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RESUMO

GONCALVES, Wagner Gonzaga, D.Sc., Universidade Federal de Vigdbka, de
2017. Mudancas nos o6rgdos excretores da abelh&pis mellifera durante a
metamorfose: morfogénese, remodelacdo, morte e proliferacdo celul Orientador:
José Eduardo Serréo.

A abelhaApis mellifera tem importancia ecolégica e econémica, no entaufie um declinio
populacional, talvez devido a exposi¢cdo a compdsiisos, que sao excretados pelos tubulos
de Malpigui. Durante a metamorfose Alemellifera, os tubulos de Malpigui degeneram e sao
formadosde novo. O objetivo deste trabalho foi verificar os eventelulares na renovacao dos
tubulos Malpighi, acompanhando na metamorfose, gasi®tapas da remodelacdo celular,
determinando os tipos celulares e seus papéis ividaae excretora e inicio do controle
homeostatico en\. mellifera. As analises ultraestruturais e de imunofluoreseénstraram
que as células dos tubulos de Malpighi de larvagmkrgram por apoptose e autofagia (larva
L5S e pré-pupa) e novos tubulos de Malpigui sdo &olos por proliferacédo celular. (larva L5S
e pupa de olhos castanhos). A ultraestrutura daksélos tibulos de Malpigui sugere que uma
remodelacdo celular ocorra a partir de pupa desotharrons, indicando o inicio de uma
atividade de excrecao nos tubulos de Malpigui pugzis abelhas adultas (recém-emergida e
forrageira), dois tipos celulares ocorrem nos tadulle Malpigui, um com caracteristicas
ultraestruturais de producdo da urina primaria &ootipo de célula com caracteristicas que
sugerem um papel na reabsorcdo da urina primasge Estudo sugere que, durante a
metamorfose, os tubulos de Mapi ndo séo funcionais até pupa de olhos castantdisaimdo
queA. mellifera pode ser vulneravel a compostos téxicos nas prameias fases pupais. Além
disso, a ultraestrutura celular sugere que os eg8bMlalpigui podem ser funcionais a partir de
pupa de olhos marrons e adquirem maior complexigedabelha operaria forrageinslos
insetos, o intestino posterior € um érgdo homeostatico, sendo este dividpulmrem
ileo e reto, que reabsorvem agua, ions e pequenas moléculas produfiittagera da
hemolinfa e nas fezes. Esse estudo reporta as mudancas morfoegisasventos
celulares que ocorrem no intestino posterior durante a metamorfose da Abelha
mellifera. No intestino posterior, a imunolocalizacdo de autofagossomos e a
ultraestrutura as células epiteliais e do revestimento cutsudg@rem que em pré-pupa
tem inicio a degradacao cuticular, que em pupas de olhos brancos & messorvida

e reciclada por autofagossomos, sendo a deposi¢do da nova cuticulaaete plipos
castanhos. Em larva L5S e pré-pupa, o intestino posterior apresenta péwifezhgar
em suas extremidades anterior e posterior. Na pupa, as regides do @it réto
estdo evidentes e com proliferagbes celulares que cessam a@gstipa de olhos
marrons. Apoptose ocorre de larva L5S até pupa de olhos rosas. Em pupassde ol



castanhos e marrons, o epitélio do ileo muda de pseudoestratificado pales sim
somente apos a producdo da lamina basal e o epitélio retal é achasdelulas do

ileo de pupa de olhos pretos ocorrem grandes vacuolos e espacos dabesitic
enquanto que na operaria adulta forrageira, ocorrem invaginacfes apigEs ke
muitas mitocondrias, sugerindo uma atividade no transporte de compostos. Os
resultados mostram que a morfogénese do intestino posterior € dinamica, com
remodelacdes teciduais e eventos celulares para a formacaecmantds regides do

orgéo, reconstrucdo de uma nova cuticula e remodelacado dos musculos viscerais.
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ABSTRACT

GONCALVES, Wagner Gonzaga, D.Sc., Universidade Federal de Vigadya2017.
Changes in the excretory organs of the beeApis melifera during the
metamorphosis: morphogenesis, remodeling, death and cell gliferation. Adviser.

José Eduardo Serréo.

The honeybeeApis mellifera has ecological and economic importance, however,
experience a population decline, perhaps due to exposure to toxic compounds, which are
excreted by Malpighian tubules. During metamorphosi&. ofellifera, the Malpighian
tubules degenerate and are forndeshovo. The objective of this work was to verify the
cellular events of the Malpighian tubules renewal and accompany in the metamorphosis,
which are the gradual steps of cell remodeling, determining diffesdintypes and their
roles in the excretory activity and onset of homeostatic controA.irmellifera.
Immunofluorescence and ultrastructural analyses showed that theotcélie larval
Malpighian tubules degenerate by apoptosis and autophagy (larvae inStaands
prepupagand the new Malpighian tubules are formed by cell proliferation (LB&da
until light-brown eyed pupae). The ultrastructure of the cells in the htafm tubules
suggest that cellular remodeling only occurs from dark-brown eyed pupae tinglica
the onset of excretion activity in pupal Malpighian tubules. In adult ljeewly
emerged and forager), two cell types occur in the Malpighian tubules, the w
ultrastructural features of primary urine production and another cell type with
characteristics that suggest a role in primary urine reabsorpotion. This study sogigest
during the metamorphosis, Malpighian tubules are non-functional until ttebligwn
eyed pupae, indicating that mellifera may be more vulnerable to toxic compounds at
early pupal stages. In addition, cell ultrastructure suggests thatpeghian tubules
may be functional from dark-brown eyed pupae and acquire greater compiettity
forager worker bee. In insects, the hindgut is a homeostatic regiondifjgstive tract,
divided into pylorus, ileum, and rectum, that reabsorbs water, ions, andsohedules
produced during hemolymph filtration. The hindgut anatompee larvae is different
from that of adult workers. This study reports the morphological changes lrdrce
events that occur in the hindgut during the metamorphosis of the henéye
mellifera. We describe the occurrence of autophagosomes and the ultrastructure of the
epithelial cells and cuticle, suggesting that cuticular degradatigms@ prepupae,
with the cuticle being reabsorbed and recycled by autophagosomesen aridt pink-
eyed pupae, followed by the deposition of new cuticle in light-brown-eyed pupae

L5S larvae and prepupae, the hindgut undergoes cell proliferation in theraatet
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posterior ends. In the pupae, the pylorus, ileum, and rectum regions are diffedent
and cell proliferation ceases in dark-brown-eyed pupae. Apoptosis occurs indbethi
from the L5S larval to the pink-eyed pupal stage. In light-brown-damki-brown-eyed
pupae, the ileum epithelium changes from pseudostratified to simple atytlze
production of the basal lamina, whereas the rectal epitheliunweys flattened. In
black-eyed pupae, ileum epithelial cells have large vacuoles wmliticular spaces,
while in adult forager workers these cells have long invaginations ioethapex and
many mitochondria, indicating a role in the transport of compounds. Our findings show
that hindgut morphogenesis is a dynamic process, with tissue remodadiraglaular
events taking place for the formation of different regions of the organ, the

reconstruction of a new cuticle, and the remodeling of visceral muscles.
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INTRODUGCAO GERAL
As abelhas exploram longas distancias na obtencdo de recursosomaisici

(néctar e polen) e agua (Haydark, 1970; Winston, 1987). Portanto, as abelhas forrageiras
podem ser expostas ou levar para coldnia compostos toxicos (Porrini et al., 26063), da
isso, tem sido reportada a presenca de residuos toxicos no interiordodiascale
abelhas, sendo esses residuos encontrados no mel, pdlen e cera (Fakhamdadeh
Lodenius, 2000; Korta et al., 2003; Chauzat et al., 2006;). Atualmente, agéxpdas
abelha a inseticidas, acaricidas, metais pesados, patégenos e mudangagasism
associada com o declinio populacional das abelhas, principalmMergemellifera
(Oldroyd,2007; vanEngelsdorp et al., 20808yron et al., 2012; Lima et al., 2016).

Como a causa da reducdo populacional das abelhasellifera ndo é
compreendida e diferentes estessambientais sdo associados com a extingdo das
abelhas, o estudo dos 6rgdos excretores é importante para compreensatodesgesan
orgdos regulam a hoemeostase corporal nas diferentes fases do desenwb@sent
abelhas; assegurando a desintoxicagioa sobrevivéncia desses indispensaveis
polinizadores.

Em insetos adultos, o sistema excretor € formado pelos tubulos de lValpig
intestino posterior, sendo esses 6rgaos banhados pela hemolinfa, fluido quedostre t
0s oOrgaos internos (Dobrovsky, 1951Bm geral, os tubulos de Malpighi sé&o
responsaveis pela filtragem da hemolifa, eliminando compostos t@uces excesso
(Gaertner et al., 1998; Beyenbach et al., 2010; ChahineOandnnell, 2011). Em
seguida, o intestino posterior recebe esse filtrado dos tubulos de Malpighi e reabsorve os
compostos Uteis, principalmente agua e ions (Phillips, 1986). Deste matkiema
excretor mantém o equilibrio homeostatico da hemolinfa.

Embora esses orgdos sejam fundamentais para as abelhas, ha podoss es

sobre os eventos celulares e as propriedades morfofuncionais dos 6rgdos excretores
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durante a metamorfose. Durante esse periodo do desenvolvimento, 0s OsJ&os int
dos insetos sdo totalmente modificados para desempenhar suas fungidisicmo
adulto (CruzLandim, 2009). Desse mod@& comum que no desenvolvimento pos-
embrionérios desses 0Orgdos ocorram intensas proliferacdes celulanes,cass
reportado para o intestino médio, cérebro e intestino posterior de difeesptecies de
insetos (Takashima et al., 2008; Cruz et al., 2013; Fernandes et aj.G2@bshina et
al., 2000; Franzetti et al., 2016).

As proliferagcdes celulares durante a metamorfose dos insetos promovem o
crescimento de orgdos e tecidowgs juntamente com mortes celulares programadas
garantem a renovacdo celular e a reestruturagcdo de 6rgdos em desentolv
(Robertison, 1936; Ganeshina et al., 2000; Harvey er al., 2003; Hakim et al., 2010).
Como observado na metamorfoseMigipona quadrifasciata (Hymenoptera) &ombyx
mori (Lepidoptera), o intestino médio tem seu epitélio renovado por proliferacdes
celulares e apoptoses (Cruz et al., 20Fanzetti et al., 2012), enquanto que as papilas
retais deM. quadrifasciata, localizadas no final do intestino posterior, surgem por
proliferacdes celulares e sdo moldadas por mortes celulares progrdBeatas et al.,
20009).

Na degeneracdo dos 6rgaos internos dos insetos, mortes celulares por sipoptose
podem ocorrer junto ou apdés a autofagia, evento celular que também pramove
degradacédo de conteudo intracelular. Eventos apoptoticos e autofagimodoatum
conjunto sao reportados no desenvolvimento do intestino médio e corpo gorduroso de
insetos (Cruz et al.,, 2013; Santos et al., 2015). Entretanto, na metamorfose de
Drosophila melanogaster (Diptera) somente a autofagia € essencial na degeneracédo do
intestino médio, enquanto que nas glandulas salivares a degeneradadoécelibida

com o bloqueio de vias autofagicas (Berry and Baehrecke, 2007; Denton et al., 2009).



Embora a apoptose, autofagia e proliferacdes celulares sejam impornpantss,
€ sabido sobre a ocorréncia desses eventos nos 6rgaos excretores duetantegose
dos insetos. Na abell¥pis mellifera, o desenvolvimento dos tubulos de Malpighi e
intestino posterior foram evidenciados somente por técnicas histolddgrasnstrando
o crescimento e a diferenciacdo anatdomica desses Orgdos ocagionanEtoses
(Dobrovsky, 1951; Cruz-Landim and Silva-Mello, 1970). Além disso, na mefaseo
das abelhas os tubulos de Malpighi sdo degenerados e formados novamenqtes fato
nao ocorre enD. melanogaster, o principal modelo utilizado no entendimento da
morfogénese e fisiologia dos 6rgdos excretdi@suzlandim, 2000; Shukla and
Tapadia, 2011).

Apesar dos tubulos de Malpighi d& melanogater ndo serem degenerados
durante a metamorfose, proteinas apoptéticas e anti-apoptéticas foramaslasonty
interior dos nucleos e nas proximidades da membrana basal das CEdyladia and
Gautam 2011; Shukla and Tapadia, 2011). Quanto ao intestino posterior deskEs i
foi reportada uma renovacao epitelial iniciada na fase larval, quangdasegbnco
localizadas na extremidade anterior do 6rgdo sdo ativadas e uma zmuifdeacao
celular é formada (Takashima et al., 2008). Nesse processo, o egdéiidestino
posterior € renovado a partir de sua extremidade anterior, enquanto qudassncéis
velhas entram em morte celular apoptética (Robertson, 1936; Takashima et al., 2008)

Os aspectos morfofuncionais dos érgaos excretores no decorrer da metamorfose
das abelhas também foram analisados por métodos histolégicos. Nt eptaA.
mellifera e M. quadrifasciata ndo foram sugeridas uma atividade funcional para aos
tubulos de Malpighi e intestino posterior no decorrer da metamorfose (Bkirov
1951; Cruz-Landim and Silva-Mello, 1970ruzlandim, 2000).

De modo geral, correlagbes entre a morfologia celular e a ativitadrcrecao

durante a metamorfose dos insetos foram realizadas somente para tubpigla



do holometéboldCal podes ethlius (Lepidopterale do hemimetabold&hodnius prolixus
(Hemiptera) (Ryerse, 1979; Skaatral., 1990). Os tubulos de Malpighi desses insetos
desenvolvem-se de maneiras diferentes durante a metamorfose, poie laaviisdo
inseto holometédbolocorre uma alta atividade de excrecéo, que posteriormente € inibida
na maior parte da fase pupal. Contudo, durante a metamorfose do inseto heohimeta
a atividade de excre¢do ndo € inibida nas fases ninfais. Apesafedasgdis, a taxa de
excrecdo dos tubulos de Malpighi desses insetos esta correlacionadantanfiologia
celular, sendo proporcional ao numero e tamanho das microvilosidadesirgosb
basais das células no decorrer da metamorfose (Ryerse, 1979; Skaer et al., 1990).
Portanto, trabalhos que reportam parametros morfofuncionais dos tubulos de

Malpighi e do intestino posterior durante a metamorfose dos insetos sao raros.

REFERENCIAS BIBLIOGRAFICAS
Berry, D. L., Baehrecke, E. H. (2007). Growth arrest and autophagy are required for

salivary gland cell degradation Drosophila. Cell, 1316), 11371148.

Beyenbach, K. W., Skaer, H., Dow, J. A. (2010). The developmental, molecular, and
transport biology of Malpighian tubules. Annual review of entomology, 55, 351-
374.

Chahine, S., O'Donnell, M. J. (2011). Interactions between detoxification mechanisms
and excretion in Malpighian tubules @frosophila melanogaster. Journal of
Experimental Biology, 21(8), 462468.

Chauzat, M. P., Faucon, J. P., Martel, A. C., Lachaize, J., Cougoule, N., and Aubert, M
(2006). A survey of pesticide residues in pollen loads collected by honeinbees
France. Journal of Economic Entomology(29253262.

Cruz, L., Aradjo, V., Fialho, M. Q., Serréo, J., Neves, C. (2013). Proliferation and cell
death in the midgut of the stingless Wdelipona quadrifasciata anthidioides
(Apidae, Meliponini) during metamorphosis. Apidologie(44 458466.

CruzLandim, C. (2000). Replacement of larval by adult Malpighian tubules during
metamorphosis oMelipona quadrifasciata anthidioides Lep. (Hymenoptera,
Apidae, Meliponinae) Ciéncia e Cultuf®, 59-63.



CruzLandim, C., Mello, M. L. S. (1970). Post-embryonic changesMdipona
quadrifasciata anthidioides Lep. IV. Development of the digestive tract
(1). Boletim do Instituto de Biociéncias da Universidade de Sao Paulo. Nova
Série, Zoologia e Biologia Marinha, 27(27), 229-263.

Denton, D., Shravage, B., Simin, R., Mills, K., Berry, D. L., Baehrecké]. EKumar,

S. (2009). Autophagy, not apoptosis, is essential for midgut cell death in
Drosophila. Current Biology, 1@0), 17411746.

Dobrovsky, T.M. (1951). Postembryonic changes in the digestive tract ofdtemw
honeybeeApis mellifera L.). Cornell. Univ. Agr. Exp. Stal. Mem. 301, 3-47.
Evans, J. D., Saegerman, C., Mullin, C., Haubruge, E., Nguyen, B. K., Frazier, M., Cox-
Foster, D., Chen, Y., Underwood, R., Tarpy, D., Pettis, J. (2009). Colony

collapse disorder: a descriptive study. PloS one, 4(8), e6481.

Fakhimzadeh, K., Lodenius, M. (2000). Heavy metals in Finnish honey, pollen and
honey bees.

Fernandes, K. M., Neves, C. A., Serrdo, J. E., Martins, G. F. (28&dgs aegypti
midgut remodeling during metamorphadparasitology international, 63(3),
506-512.

Franzetti, E., Casartelli, M., D'Antona, P., Montali, A., Romanelli, D., Caggza, S.,
CacciaS., Grimaldi, A., Eguileor, R., Tettamanti, G. (2016). Midgut epithelium
in molting silkkworm: A fine balance among cell growth, differentiation, and
survival. Arthropod structure and developmen{435368379.

Franzetti, E., Huang, Z. J., Shi, Y. X., Xie, K., Deng, X. J., Li, J.0®ng, H. M,
Cappellozza, S., Grimaldi, AXia, Q., Tettamanti, G., Cao, Y., Feng, Q. (2012).
Autophagy precedes apoptosis during the remodeling of silkworm larval
midgut. Apoptosis, 1(B), 305324.

Gaertner, L. S., Murray, C. L., Morris, C. E. (1998). Transepithelial transport of
nicotine and vinblastine in isolated malpighian tubules of the todameovorm
(Manduca sexta) suggests a P-glycoprotein-like mechanism. Journal of
Experimental Biology, 20(18), 26372645.

Ganeshina, O., Schéafer, S., Malun, D. (2000). Proliferation and programmed cell death
of neuronal precursors in the mushroom bodies of the honeybee. Journal of
Comparative Neurology, 413), 349365.

Hakim, R. S., Baldwin, K., Smagghe, G. (2010). Regulation of midgut growth,

development, and metamorphosis. Annual review of entomology, 55, 593-608.



Harvey, K. F., Pfleger, C. M., Hariharan, I. K. (2003). Theosophila Mst ortholog,
hippo, restricts growth and cell proliferation and promotes
apoptosis. Cell, 1X4), 457467.

Haydak, M. H. (1970). Honey bee nutrition. Annual review of entomology, 15(1), 143-
156.

Korta, E., Bakkali, A., Berrueta, L. A., Gallo, B., Vicente, F., Bogdanov, S. (2003).
Determination of amitraz and other acaricide residues in beeswalytiéaa
Chimica Acta, 478L), 97-103.

Lima, M. A. P., Matrtins, G. F., Oliveira, E. E., Guedes, R. N. C. (2016). Agraceém
induced stress in stingless bees: peculiarities, underlying basis, and
challenges. Journal of Comparative Physiology A,(24D), 733-747.

Moron, D., Grze$, 1. M., Skorka, P., Szentgyorgyi, H., Laskowski, R., Potts, S. G.,
Woyciechowski, M. (2012). Abundance and diversity of wild bees along
gradients of heavy metal pollution. Journal of Applied Ecology1)49418125.

Oldroyd, B. P. (2007). What's killing American honey bees?. PLoS biology, 5(6), €168.

Phillips, J. E., Hanrahan, J., Chamberlin, M., Thomson, B. (1987). Mechanisms and
control of reabsorption in insect hindgut. Advances in insect physiology, 19
329-422.

Porrini, C., Sabatini, A. G., Girotti, S., Ghini, S., Medrzycki, P., Grillenzoni, F.,
Bortolotti, L., Gattavecchia, E., Celli, G. (2003). Honey bees and bee products
as monitors of the environmental contamination. Apiacta, 38(1), 63-70.

Robertson, C. W. (1936). The metamorphosiBafsophila melanogaster, including an
accurately timed account of the principal morphological changes. Journal of
morphology, 582), 351399.

Ryerse, J. S. (1979). Developmental changes in Malpighian tubuléraetuse. Tissue
and Cell, 1{3), 533551.

Santos, C. G., Neves, C. A., Zanuncio, J. C., Serrdo, J. E. (2009). Postembryonic
development of rectal pads in bees (Hymenoptera, Apidae). The Anatomical
Record, 29¢10), 16021611.

Santos, D. E., Azevedo, D. O., Antbnio, L., Campos, O., Zanuncio, J. C., Serrao, J. E.
(2015). Melipona quadrifasciata (Hymenoptera: Apidae) fat body persists
through metamorphosis with a few apoptotic cells and an increased

autophagy. Protoplasma, 232, 619.



Shukla, A., Tapadia, M. G. (2011). Differential localization and processing ofajmopt
proteins in Malpighian tubules d@rosophila during metamorphosis. European
journal of cell biology, 9QL), 7280.

Skaer, H. L. B., Harrison, J. B., Maddrell, S. H. P. (1990). Physiologicastamctural
maturation of a polarised epithelium: the Malpighian tubules of a blookirgy
insect,Rhodnius prolixus. Journal of Cell Science, &), 537547.

Tapadia, M. G., and Gautam, N. K. (2011). Non-apoptotic function of apoptotic proteins
in the development of Malpighian tubules Dfosophila melanogaster. Journal
of biosciences, 38), 531544.

Takashima, S., Mkrtchyan, M., Younossi-Hartenstein, A., Merriam, J. R., Hartenste
V. (2008). The behaviour @rosophila adult hindgut stem cells is controlled by
Wnt and Hh signalling. Nature, 464204), 651655.

Winston, M. L. (1987).The biology of the honey bee. Harvard University Press,
Cambridge, MA.

OBJETIVOS
Descrever a morfofisiologia e caracterizar os eventos celularesatgaen na

formacdo e remodelacdo dos oOrgaos excretores no decorrer das diferentes fases do

desenvolvimento pos-embrionario da abeihenellifera.



CAPITULO 1

Post-embryonic development of the Malpighian tubules id\pis mellifera

(Hymenoptera) workers: morphology, remodeling, apoptosis and cell ptiberation

Abstract
The honeybeeApis mellifera has ecological and economic importance, however,

experience a population decline, perhaps due to exposure to toxic compounds, which are
excreted by Malpighian tubules. During metamorphosi&. ofellifera, the Malpighian
tubules degenerate and are forndeshovo. The objective of this work was to verify the
cellular events of the Malpighian tubules renewal and accompany in the metamorphosis,
which are the gradual steps of cell remodeling, determining diffeetintypes and their

roles in the excretory activity and onset of homeostatic controA.irmellifera.
Immunofluorescence and ultrastructural analyses showed that theotceélis larval
Malpighian tubules degenerate by apoptosis and autophagy (larvae inStaands
prepupagand the new Malpighian tubules are formed by cell proliferation (LB&da

until light-brown eyed pupae). The ultrastructure of the cells in the htabm tubules
suggest that cellular remodeling only occurs from dark-brown eyed pupae tinglica
the onset of excretion activity in pupal Malpighian tubules. In adult ljeewly
emerged and forager), two cell types occur in the Malpighian tubules, ithe w
ultrastructural features of primary urine production and another cell type with
characteristics that suggest a role in primary urine reabsorpotion. This study soaigest
during the metamorphosis, Malpighian tubules are non-functional until thtebligwn

eyed pupae, indicating thAt mellifera may be more vulnerable to toxic compounds at
early pupal stages. In addition, cell ultrastructure suggests thatpeghian tubules

may be functional from dark-brown eyed pupae and acquire greater comphettity
forager worker bee.

Keywords: Morphology of apoptosis, Autophagy, Excretion, Vulnerability.



Introduction
The ecological and economic importance of bees is due to their role in

pollination, production of honey, pollen, wax, propolis, and agricultural pollination
(Klein et al. 2007; Kerr et al. 2010; Potts et al. 2010; Oliveiral.e2015). In fact c.a.

75% of the plant species cultivated worldwide are pollinated by bdem @ al. 2007;

Potts et al. 2010). Among beepis mellifera is the most used in many agricultural
crops (Bauer and Wing 2010; Breeze et al 2011). Despite the ecological and
economic importance, bee populations have shown a strong decline (Oldroyd 2017;
vanEngelsdorp et al. 2009). Multiple factors may explain this reductimh as
pathogens, pesticides, fungicides and heavy metals (Oldroyd 2017; vaniéngeisal.
2009;Moron et al. 2012; Rodrigues et al. 2016). Thus, the study of homeostatic organs
is fundamental, because in environmental stress these organs ensunevitted of the

bees or are damaged, as is the case of Agidtmellifera Malpighian tubules exposed

to sublethal doses of pesticides (Almeida et al. 2013; Catae et al. 2014).

Malpighian tubules are the main regulators of homeostasis in insgctgting
toxic or excess compounds through the formation of primary urine (Dow et al. 1998;
Klowden 2007;CruzLandim 2009; Beyenbach et al. 2010). In bees, the Malpighian
tubules are long free tubular filaments in the hemocele opening atithkindgut
transition CruzLandim 2000).

Apis mellifera Malpighian tubules emerge after around 43-46 hours of
embryonic development and 10-13 hours after midgut formation (Fleig 1986). However,
during post-embryonic development many organs undergo modifications to perform
their functions in the adult insect (Dobrovsky 1951; Jiang et al. 1997; Chapman 2013)
During insect metamorphosis, many organs are modified by the balancerbetiiee
death and proliferation (Berry and Baehrecke 2007; Cruz et al. 2013; SartdXéba

Franzetti et al. 2016).



In different bee species, larvae have from 4 to 13 Malpighian tubGles- (
Landim 2009; Barbosa-Costa et al. 2012), which degenerate in the tratsipapae
(CruzLandim 2000). InApis mellifera and Melipona quadrifasciata anthidioides,
degeneration in the Malpighian tubules occurs by programmed celh deat
concomitantly new Malpighian tubules begin to be formed (Oertel 1C8%:Landm
2000). In adult bees, the number of Malpighian tubules varies from 25 to 94 (Cruz-
Landim 2009; Barbosa-Costa et al. 2012).

In general, Malpighian tubules of bees have a single layered eyithelith
cubic cells, with long microvilli and long and narrow basal labyrinther{el 1930;
CruzLandim and Silva-Mello 1970; Silva-de-Moraes a@duzLandim 1976;Cruz
Landim 2000). Variations in the size of microvilli, size and dilatiomsthe basal
labyrinths and presence of spherocrystals or vesicles in the cytoptalscate whether
the cells along the Malpighian tubules release or absorb compounds frormére lu
(CruzLandim 1998). In addition, muscles fibers are found in the outer surface of the
Malpighiantubules that arise after the larval phase (Oertel 1080~Landim 2000).

This study presents new perspectives on post-embryonic development of the
Malpighian tubules irA. mellifera workers, describing the cellular events necessary for
their degeneration and formation, as well as cellular remodeling, proagidgnce of

onset of excretory activity during metamorphosis.

Materials and Methods

Bees
Apis mellifera workers were collected directly from hives in colonies in the

Central Apiary at the Universidade Federal de Vigosa. The beescolézeted in the
following developmental phases: fifth instar larvae without sealed brob(L&¢/ fifth
instar larvae with sealed brood cell and empty midgbiS], prepupae RP) (Myser

1954), white-eyed pupa@MEP), pink-eyed pupaePEP), light-brown-eyed pupae
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(LBEP), dark-brown-eyed pupadBEP), black-eyed pupaeBEP), newly emerged
workers that did not feed yeEA) and adult workers that returned from foraging

activity (FA) (Jay 1962; Eichmduller 1994).

Histology
Five bees from each developmental phase were dissected in insgotquigal

solution (0.1 M NaCl, 20 mM KKPQ,, 20 mM NaHPQy), the whole alimentary canal
with attached Malpighian tubules was removed and transferred to Zamboni’s fixative
solution (Stefanini 1967) for 12 hours. Subsequently, the samples were dehydrated in a
graded ethanol series (70, 80, 90, 95%) and embedded in JB4 resin. Sections 3 um thick
were stained with hematoxylin and eosin, and analyzed and photographedyim a i
microscope (Olympus BX-60) with digital camera (Q-Color, 3 Olympus).
I mmunofluorescence

Apis mellifera individuals from each developmental phase, except forager adult
bees, were dissected in physiological solution for insects and the whole alimentdry ca
with Malpighian tubules was removed to identify cell proliferation, &poe and
autophagy. Seven individuals from seven different colonies were used for eadsanaly
After dissection, the alimentary canal was transferred to Zamboni’s fixative solution for
2 hours. Samples were then washed in 0.1M sodium phosphate buffer pH 7.2 plus 1%
Tween-20 (PBST) for 2 hours. Following this, the samples were incubate@Han 1
the following primary antibodies diluted in PBST: (1) anti-phospho-histon€élHB0)
(Cell Signaling Technology Cat# 9701S, Antibody Registry: AB_331534) for dmtect
of cell proliferation, (2) anti-cleaved caspase-3 (1:500) (Trevigen Cat# PG0®0,
Antibody Registry: AB_2665453) for detection of apoptosis and (3) anti-LC3A/B
(1:500) (Abcam Cat# ab128025, Antibody Registry: AB_11143008) for identification
of autophagy. The samples were then washed in PBST and incubated for 12 h in

secondary antibody anti-rabbit IgG-FITC conjugated (1:500) (Sigma-Aldrich Cat#
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F0382, Antibody Registry: AB 259384). Afterward, the samples were washed and
incubated for 30 min with nuclear marker TO-PRO-3 lodide (1:1000) (Life
Technologies). The samples were washed and mounted in Mowiol (ilgimneh,

USA) and analyzed with a Zeiss LSM-META (Carl Zeiss AG, OberkocGenmany)
confocal microscopy at the Center for Microscope and Microanalysighet
Universidade Federal de Vigosa. For negative controls, incubations pwitiary

antibodies were omitted.

Transmission electronic microscopy
Five bees from each developmental phase were dissected in inssotquigal

solution. The whole alimentary canal with attached Malighubules was removed
rapidly and transferred to 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH
7.2 with 0.2 M sucrose. Following this, fragments of the proximal and distabparti

the Malpighian tubules were dissected and post-fixed in 1% osmium tietroxithe

same buffer for two hours. The samples were dehydrated in a graded ethasdlrferie

80, 90, 99%) and embedded in LR White resin (Sigma-Aldrich, USA). Ultrathin
sections were stained for 20 minutes with 1% aqueous uranyl acetateadruitiate
(Reynolds 1963) for 10 minutes. The samples were analyzed and photographed in a
Zeiss EM 109 transmission electron microscope at the Center for Mipsosnd

Microanalysis at the Universidade Federal de Vigosa.

Results

Degeneration of the Malpighian Tubules. Morphology
To better understand the cellular events that occur during the morphogenesis

the new Malpighi tubules, we first characterize the histolysis alplghian tubules in
the larval and prepupal phases.
In the larval phase L5 oA. mellifera, the Malpighian tubules showed an

enlarged lumen and wall formed by a single layer of flattened eetls great
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cytoplasmic spaces at the apical and lateral regions and nucleus with soeod (figl.
la). The cytoplasm of these cells showed few mitochondria, extensive rough
endoplasmic reticulum in the perinuclear region and cytoplasmic sgaodar to
"glycogen islands” (Fig. 1b, c). The apical region of the Malpighianle cells showed
non-compact and long microvilli (Fig. 1c) and in the cell basal region plasma membrane
invaginations occurred, forming short and dilated labyrinths (Fig. 1d). Théseveee
fixed onto a thin basal lamina (Fig. 1d).

The Malpighian tubules of larvae L5S showed cells with littielevt microvilli
and cellular fragments containing "glycogen islands" thrown into the l{Rgn2a). In
the cytoplasm of these cells vesicles similar to autophagosonuesrext and the
endoplasmic reticulum was fragmented into vesicles (Fig. 2b, c). The basal region of the
cells showed mitochondria and a well-developed basal labyrinth (Fig. 2d)cl&s
were abundant between the basal labyrinths and scarce in theragioal of the cell
(Fig. 2a, d).

In prepupae, the Malpighian tubules showed histolysis, characterized<yfl
striated border, irregular nucleus and decrease of epithelial volume amd (&ig. 2e,
f). The cytoplasm of these cells showed Irregular nucleus, many vacaotes
autophagosomes (Fig. 2g, h). Subsequently, the cytoplasm showed only fragmented
mitochondria (Fig. 2h) and accumulation of electron-dense material dretive basal
surface of the cell and the basal lamina (Fig. 2i). In this phasedll debris were

surrounded by a basal lamina not degraded (Fig. 2i).
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Fig. 1 Micrographs of Malpighian tubules cells 8pis mellifera in last larval instar

(L5). [a] L5 larval cell showing partially acidic cytoplasmic compartreefdashed
circumference), striated border (SB), nucleus (N) and nucleolus (arrow). Note the lumen
(L). [b] Middle cell region with nucleus (N), rough endoplasmic reticulum (ER),
“glycogen islands” (GI) and mitochondria (M). [c] Apical cell region showing
microvilli (MV) and mitochondria (M). ipsert] Elongated microvilli (MV). fd] Basal

cell region with short basal labyrinths (BL), mitochondria (M), “glycogen islands” (GI)

and nucleus (N).psert] Thin basal lamina (arrowhead).
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Fig. 2 Micrographs of Malpighian tubules cells Apis mellifera in last larval instar
(L5S) and prepupaeaid] Malpighian tubules of larval L5S with cellular fragments
(CF) in the lumen (L) and cells showing irregular microvilli (MV) sides (arrow),
endoplasmic reticulum collapsed in small vesicles (white arrowhe@dghrandria (M)
and autophagosomes (AFR¢-i] Malpighian tubules of prepupae with narrow lumen (L)
and cells with irregular nuclei (N), many vacuoles (V) and afterwdskrece of
microvilli on the luminal surface (L), fragmented mitochondria (white arrawg basal
cell region with electron-dense material (asterisk) above the laasela (arrowhead).
[Inserts] Note the autophagosomes in the cytoplasm (AF) and cellular frag@ts

always contained by the basal lamina (arrowhead

Degeneration of the Malpighian tubules. Cell Death
As in L5, L5S larvae and prepupae we report the morphology of Malpighian

tubules in degeneration, analyzed by immunolocalization in which pleasats of cell
death occur. Thus, in the degeneration of the Malpighian tubules gelhi&eoccurrence
of apoptosis and authophagy in L5S larvae (Fig. 3a, c) and prepupae (Fig. 3b, d).
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Formation of the new Malpighian tubules: Cell Proliferation
Concomitant with degeneration of Malpighian tubules, we analyze in which

phase the formation of new Malpighian tubules occurs and the resulliugrcevents.
The formation of new Malpighian tubules was initiated in L5S wittense cell
proliferation (Fig. 3e), followed bg reduction until light-brown eyed pupae (Fig. 3f, g,
h).

Myoepithelial cells were associated with Malpighian tubules from thelding,
with proliferation in L5S (Fig. 3i) and prepupae (Fig. 3f). However, in prepupae some
myoepithelial cells in apoptosis also occurred (Fig. 3j). In addition,Mhabpighian

tubules showed autophagy from prepupae up until newly emerged adults (Fig. 3k).
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Fig. 3 Micrographs of Malpighian tubule cells &fpis mellifera positive for cleaved
caspase-3 (indicating apoptotic cells), phospho-hiskiéndicating cell proliferation
and proteins LC3 (indicating the presence of autophagosora¢$b$ larvae andd]

prepupae with Malpighian tubules cells showing small and irregular n{re@ and
positivity for cleaved caspase-3 (greeny] [L5S larvae and d] prepupae with
Malpighian tubules cells showing irregular nuclei (red) and pdasither LC3 (green).

Note Newly formed Malpighian tubules (asteriskd} Malpighian tubules in formation
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of L5S larvae, f] prepupae, d] white-eyed pupae andh][ light-brown eyed showing
cells with small nuclei (red) and positivity for phospho-histone-H3 (grgergerts
Longitudinal plane of the Malpighian tubules of the dashed region with ce
proliferation in cells that arisen the tubules (arrow) and myoepithelial(eeftsvhead).

[(] Myoepithelial cells (dashed region) showing positiviity phosphorylated histone-

H3 (green) in L5S larval tubuleg] Malpighian tubules of prepupae with myoepithelial
cells showing positivityjor cleaved caspase-3 (green). Note the flattened nucleus of the
myoepithelial cell (arrowhead)k] Malpighian tubules of black-eyed pupae with their

cells (arrow) and myoepithelial cells (arrowhead) positord C3 (green).

Cellular Remodeling in the Malpighian Tubules
Because we found Malpighian tubules degeneration in the final latagé

followed by intense cell proliferation in these organs, we evaluatethdhghological
features duringde novo remodeling of the Malpighian tubules with light and
transmission electron microscopies.

In the prepupae, the new Malpighian tubules showed enlarged lumen and wall
formed by cells with absent microvilli and long intercellular spgéég. 4a). In the
cytoplasm of these cells there were few mitochondria, electromtlugssicles and
"glycogen islands” (Fig. 4a, b). The Malpighian tubules were lix¢erally by a thin
basal lamina and myoepithelial cells (Fig. 4c).

In pupae of white-eyed until pupae of light-brown eyed, the Malpighian tubules
showed a closed or evident lumen (Fig. 5a, b), while the microvillhefcells were
absent or irregular (Fig. 5c-d, f-h). In these phases the cytoplasm showed fe
mitochondria, vesicles and the intercellular spaces reached onlyheniiiedian region
of the cell (Fig. 5c, e), being that in light-brown eyed pupae largé&schondrial
number occurred (Fig. 5f).

The diameter of the Malpighian tubules increase from dark-brown eyed, pupae

but the lumen was little evident (Fig. 6a). The cells showed lorggomiili and a
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cytoplasm with many mitochondria, vesicles, autophagosomes and spaitasteithe
"glycogen islands" (Fig. 6b, c). In black-eyed pupae the Malpighian d@sbwkere
similar (Fig. 6e, f), however the lumen was more evident (Fig. 6d), ta ladoyrinths

were abundant and the presence of spherocrystals occurred (Fig. 6f). From of dark-
brown and black eyed pupae, tracheoles (Fig. 6f) and muscle cells withongamyzed
myofibrils (Fig. 7a) were attached to the basal lamina.

In the newly emerged adult workers/Afmellifera, the Malpighian tubules had
large lumen and the epithelium with well-developed striated bordeyr #). In
addition, there were cells with different electron-densities ({#ay. Electron-dense cells
had many mitochondria, electron-lucent vesicles, spherocrystals, short ithiermy
enlarged basal labyrinth (Fig. 8a-c). The electron-lucid cells were similaBg-iiy, but
with longer microvilli (Fig. 8d), long and narrow basal labyrinths and few
spherocrystals (Fig. 8e, f).

Two cell types also occurred in the Malpighian tubules of forager workees. T
electron-dense ones in the proximal region of the tubules showed many mitoaho
long microvilli and a long, narrow basal labyrinth (Fig. 9a-c). HoweVect®n-dense
cells in the distal end of the Malpighian tubules showed many vacanteshorter and
less compact microvilli (Fig. 9d-f). Independently of location in the Maipig tubules,
the electron-dense cells showed spherocrystals, autophagosomes ahdrauglic
endoplasmic reticulum (Fig. 9g-)).

Electron-lucent cells occurred along the Malpighian tubules of forager mgorke
These cells had many mitochondria, long microvilli, and a long, irregnthealarged
basal labyrinth (Fig. 10a-c). The basal lamina was thick, followed uscla cells and

tracheoles (Fig. 10Qc
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Fig. 4 Micrographs of newly formed Malpighian tubulesAgis mellifera in prepupae.
[a] overview new Malpighian tubules with enlarged lumen (L), long intkreelspaces
(asterisk), outer coating of myoepithelial cells (arrow) and showing sseld and
nuclei with cytoplasmic“glycogen islands (Gl). b Apical cell region without
microvilli and with mitochondria (M). Note the intercellular spa¢asterisk) and lumen
(L). [c] Basal cell region with mitochondria (M). Note a thin basal lanfareowhead)

and myoepithelial cell (arrow) with mitochondria (M).
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Fig. 5 Micrographs of Malpighian tubules &ipis mellifera in pink-eyed pupae (PEP)
and light-brown-eyed pupae.(LBEP3-p] Malpighian tubules of PEP with closed or
evident lumen (dashed circumference) and, cell condensed nucleus (N. Not
myoepithelial cells (arrowhead]c-d] Malpighian tubules of PERith luminal region
closed or open (dashed circumference) and cells with irregular micr@vl),
mitochondria (M) and vesicles (V& Malpighian tubules of PERith basolateral cell
region with nucleus rich in decondensed chromatin (N), “glycogen islands” (GI) and

few mitochondria (M). Note basal lamina (arrowhead) and intercellularespac
(asterisks). ffth] Malpighian tubules of LBEP with luminal region closed or open
(dashed circumference) and cells with irregular microvilli (MV),atiitondria (M) and
autophagosomes (AFNote the basal lamina (arrowhead) and intercellular spaces

(asterisls).
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Fig. 6 Micrographs of Malpighian tubules @ipis mellifera in dark-brown-eyed pupae
(DBEP) and black-eyed pupa (BEP3] Malpighian tubules of DBEP with non-evident
lumen (dashed circumference) and cells with decondensed nucleus (N)mb&xtk
cells (arrows). Ip] Overview cells of DBEP with microvilli (MV), “glycogen islands”
(GI) and vesicles (V). Note the lumen (L) and some basal labyrinths [ELApical
cell region with long microvilli (M) and many mitochondria (M)][Malpighian
tubules of BEP with evident lumen (dashed circumference), striatedr jardevhead)
and cells with decondensed nucleus (N). Note muscle cells (arr@y8EP showing
apical region of the cell with long microvilli (M) and many mitochondrig.(Mote the
lumen (L). f] BEP showing basal region of the cell with mitochondria (M), vesicle
(V), “glycogen islands” (GI) and spherocrystials (dashed region). Note many sinuous

intercellular space(), basal lamina (arrowhead) and tracheoles (T).
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Fig. 7 Micrographs of Malpighian tubules ohpis mellifera in black-eyed puape
(DBEP) and adult newly emerged (AHEa] DBEP with Malpighian tubules showing
muscle cells (MC) with many organized myofibrild] [Adult newly emerged with
Malpighian tubules showing cells of decondensed nuclei (N) and striated border
(arrowhead). Note: Lumen (L) dilated and muscle cells (arroa)).Cell of the
Malpighian tubules of AE showing electron-dense cell (DC) and a macgaiducid

cell (LC) with its nucleus rich in decondensed chromatin. Note the basaha
(arrowheadl
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Fig. 8 Micrographs of electron-dense cells (DC) and electron-lucid cells ¢EGhe
Malpighian tubules ofApis mellifera newly emerged adulta] DC showing nucleus
with decondensed chromatin (N), many mitochondria (M), vesicles (V) and mficrov
(MV). [insert] Spherocrystal of the dashed region. Note the lumen Bl)Apical cell
region with short microvilli (MV), rough endoplasmic reticulum (arrowhead) and
mitochondria (M). §] Basal cell region with dilated basal labyrinths (BL). Note the
basal lamina (arrowheadyd][LC showing apical region with long microvilli (MV) and
many mitochondria (M). Note the lumen (L) with electron-lucid material (astefesi]).

LC showing basal region with "glycogen islands" (Gl), spherociy¢tidshed regign

vesicles (V) and mitochondria (M). Note the basal lamina (arrohead
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Fig. 9 Micrographs of electron-dense cells in the proximal region and electnse-de
cells in the distal region of the tubule MalpighianAgiis mellifera foragers. §-c] The
electron-dense cells in the proximal showing electron-dense nuclewspig)ypcrystals
(dashed region), microvilli (MV) and many mitochondria (M). Note the hr(le,
basal lamina (arrowhead) and long basal labyrinths (Bl-j] Electron-dense cells in
the distal region showing electron-dense nucleus (N), short microvilli (MV),
mitochondria (M) and many vacuoles (V). Note muscle cells (white ariovad)
membranous materigblack arrow in the lumen (L). §-j] All cells showed different
aspects of spherocrystals (SF) in the cytoplasm, autophagosome (AF) rehdim

endoplasmic reticulum (ER).
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Fig. 10 Micrographs of electron-lucid cells in the Malpighian tubulegyat mellifera
forager. f] Part of the electron-lucid cell (LC) between two electron-deale ®O).
[b-c] Cell with nucleus with decondensed chromatin (N), long microvilli (MV), many
mitochondria (M) and basal labyrinths (BL). Note muscle cells (arrowghéxaes (T)

and basal lamina (arrowhead).

Discussion
In the Malpighian tubules of insects, highly active cells show abwedah

mitochondria, long and numerous microvilli, extensive basal labyrinth, sphstalsry

and thick basal lamina (Berridge and Oschman 1969; Meyran 1982; Skaer et al. 1990)
Considering that iA. mellifera L5 larvae these features are absent, we suggest that in
their Malpighian tubules the excretion may occur at a reduced raigdarsto that
reported in the Malpighian tubules of the hemimetabolBbednius prolixus and
holometabolougCalpodes ethlius, with progressive increase in the excretory activity
during metamorphosis according the microvilli and basal labyrinths becoone m

developed in size and number (Ryerse 1979; Skaer et al. 1990). The lovorgxcret
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activity in the larval Malpighian tubules @&. mellifera occur because all the products

of excretion are stored in the organ lumen until the last instar lavlieh the passage
between the midgut and hindgut opens (Oertel 1930; Dobrovsky 1951; Cruz-Landim
2000).

In A. mellifera L5S larvae, many cell fragments containing "glycogen islands"
are released into the Malpighian tubules lumen, as reported for larvae siintjless
bee M. quadrifasciata anthidioides (Silva-de-Moraes an@ruzLandim 1976). In this
larval phase, the hindgut & mellifera loses the cuticular coating and subsequently
exhibits absorptive characteristics (unpublished data); therefore, as #hdabaisa is
not degraded, cellular fragments in the Malpighian tubule lumen mayrsporded to
the hindgut to be used as an additional source of nutrients, similar to neggansing
the midgut metamorphosis ™. quadrifasciata anthidioides (Neves et al. 2003) and
Bombyx mori (Lepidoptera) (Franzetti et al. 2015).

The Malpighian tubules of bee larvae are fully histolyzed during neefamsis
(Oertel 1930;CruzLandim 2000), which occurs through cell death via apoptosis and
autophagy as shown in this study. Howevemnoesophila melanogaster (Diptera), the
Malpighian tubules do not undergo histolysis (Shukla and Tapadia 2011; Tapddia a
Gautam 2011), suggesting different mechanisms among different insects.

This is the first report of the occurrence of apoptosis in the Malpighian tubules
of L5S larvae and prepupae &f mellifera, with apoptotic cells showing nuclear
chromatin condensation, increased vacuolization, endoplasmic reticuluapseoll
mitochondrial fragmentation and apical cell fragments cast offetdutihen as reported
for other organisms (Karbowski and Youle 2003; Skulachev et al. 2004; Houveerzij
al. 2004; Arbustini et al. 2008; Kroemer et al. 2009; Cruz et al. 2013; Carvalho et a

2015).
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Apoptosis in the Malpighian tubules studied here is stimulated bgrdsence
of cells containing cleaved caspase-3. Apoptosis can be triggerediffeyent
biochemical pathways with initiator caspases stimulating alg@awf executor ones
such as caspase-3 (Fuchs and Steller 201D. tnelanogaster, expression of apoptotic
proteins in the Malpighian tubules during metamorphosis does not trigger cell death, but
the imbalance in the expression of these proteins results in maifddapeighi tubules
(Shukla and Tapadia 2011; Tapadia and Gautam 2011).

Besides cell death via apoptosisAnmellifera, the Malpighian tubules of L5S
larvae show autophagy, evidenced by the presence of LC3 positiveHmllsver, the
ultrastructural analyses show few autophagosomes in these cells. Thaigygest that
in A. mellifera, apoptosis is the main mechanism of cell death in the Malpighian tubules,
although autophagy occurs at a low rate, similar to reported for thein{idgiz et al.
2013) and fat body (Santos et al. 2015) of bees.

Together with degeneration of the Malpighian tubules, the formationwf ne
Malpighian tubules occurs in the L5S larvae Af mellifera. The intense cell
proliferations contribute to the formation and growth of the new Malpighiandspul
which remain with their free distal ends in the hemocoelDInmelanogaster and
Tribolium castaneum (Coleoptera), the distal end of the Malpighian tubules haSifhe
cell, which anchors this organ in the gut, releasing a cell proliferation factor that extends
the tubules from their distal end (Skaer 1989; Denholm 2013). IrAtheellifera
studied here, there is Aap cell and cell proliferation occurs along the entire length of
the Malpighian tubules, suggesting that an extrinsic factor maylateg cell
proliferation, unlike what occurs in the Malpighian tubules @f melanogaster
(Denholm 2013).

The new Malpighian tubules initiate their formation in L5S laraad undergo

morphological changes until the mellifera adult phase. In prepupae, new Malpighian
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tubules have enlarged lumen and widened intercellular spaces up apithé cell
region, whereas untilight-brown-eyed pupae narrowing of the lumen occurs, the
intercellular spaces are shortened, and the cells have fewhomtdrta, microvilli and

an absence of spherocrystals in the cytoplasm. Similar featuredé&eneeported in

the Malpighian tubules during the post-embryonic developmerR. gfrolixus and
Calpodes ethlius (Lepidoptera) (Ryerse 1979; Skaer et al. 1990). Thus, we suggest that
new Malpighian tubules, from prepupae until light-brown-eyed pupak. afellifera

have low metabolic activity or may be non-functional.

The Malpighian tubules oA. mellifera increase in diameter as they progress in
their development, with the diameter of the Malpighian tubules inag&®m dark-
brown and black-eyed pupa. Furthermore, there is the microvilli elongation,reasac
in the mitochondrial population, presence of spherocrystals and the formatiba of
basal labyrinths. During these developmental phases, the Malpighialestushow
contact with tracheoles on their outer surface. These features are maasatts with
Malpighian tubules active in excretion (Berridge and Oschman 1969; RY6i#&
O'donnell et al. 1985; Skaer et al. 1990uzLandim 1998; King and Denholm 2014;
Goncalves et al. 2014), suggesting thaAimellifera the onset of the excretion process
during metamorphosis occurs in the dark-brown-eyed pupae, c.a. five daymalt
from larvae to pupae (Jay 1962; Michelette and Soares 1993; Eichmuller 1994).

In the Malpighian tubules of newly emergadmellifera adult workers, there are
cells of different electron-densities with differences in the basal labyrinth andvitlicro
In D. melanogaster the invasion of mesodermal cells that differentiate into stetlalis
in the Malpighian tubules has been reported (Denholm et al. 2003; Denholm 2013).
However, inA. mellifera there is no evidence of this cellular invasion. Although the
cells of the Malpighian tubules of the newly emerdedellifera adults have variations

in their microvilli, they have many mitochondria and spherocrystals, cfesaistics of
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cells with excretion activity, which may store or transport to the lumen compounds from
the hemolymph (Wigglesworth and Salpeter 1962; Berridge and Oschman 1889; C
Landim 1998; Gongalves et al. 2014).

From the beginning of their formation in L5S to the newly emerged adult, the
cells of the A. mellifera Malpighian tubules have some "glycogen islands" in the
cytoplasm. This feature was reported in the stingless Wdesguadrifasciata
anthidioides andTrigona spinipes (Silva-de-Moraes an@ruzLandim 1976; Serrdo and
CruzLandim 2000) and insects undergoing metamorphosis (Dean et al. 1985; Conti et
al. 2010; Carvalho et al. 2013; Franzetti et al. 2016). Thus\. imellifera these
"glycogen islands"” may be a necessary energy reserve (Arreseoataes 2010) for
intense cellular remodeling and the onset of excretory activity.

In A. mellifera adult forager workers, we also found two cell types in the
Malpighian tubules. However, only electron-dense cells have morphology simhat to t
reported as principal cells in other insects (Palmer et al. 1986akkn and Nicolson
1987; Wessing et al. 1999; Beyenbach 2003). In addiiomellifera electron-lucent
cells are not similar to stellate cells (Beyenbach 2003; Beyenbatl2@18).

The electron-dense cells oA. mellifera have many spherocrystals and
mitochondria, a long and narrow basal labyrinth and well-developed micrteallyres
of cells that actively store and transport solutes from the hemolymghid&e and
Oschman 1969; Bell and Anstee 1967; Beyenbach et al. 2003; BeyenladcR04iD)

The architecture of the basal labyrinth and microvilli also suggestformation of an
osmotic gradient for the water flow towards the organ lumen (Berridge astin@s
1969).

At the distal end of the Malpighian tubules/Afmellifera forager workers, the

electron-dense cells have many vacuoles, similar to that reptote@olenopsis

saevissma (Hymenoptera)Acheta domesticus (Orthoptera) andacrosteles fascifrons

30



(Hemiptera) (Smith and Littau 1960; Hazelton et al. 2001; Arab and Caetano R002)
the A. mellifera studied here, these characteristics suggest a rapid releaseuofava
content to the lumen; promoting flow from the distal to the proximal enthef
Malpighian tubules as supposed to occur in other insects (Smith and L6y 1
Hazelton et al. 2001; Klowden, 2007).

The presence of electron-lucent cells is present in newly esheadult bees
onward, which have few cytoplasm vesicles and spherocrystals. Howeverjnonly
forager bees the spherocrystals are absent. The absence of sphésdagstdso been
reported in the stellate cells dd. melanogaster and Calliphora erythrocephala
(Diptera), which has been associated with low activity in the transpasudlutes to the
lumen (Berridge and Oschman 196fgssing et al. 1999; Beyenbach 2003).Rn
prolixus, cells without spherocrystals play a role in reabsorption of compounds from the
primary urine in the proximal region of the Malpighian tubules (Wiggleswarith
Salpeter, 1962; Maddrell 1991).

In A. mellifera electron-lucent cells have long microvilli and an extensive and
enlarged basal labyrinth. Although it is difficult to determine thectwa of fluid
transport, the ultrastructural characteristics of these were sitoildnose reported for
the midgut ofB. mori andthe Malpighian tubules d¥l. quadrifasciata anthidioides, R.
prolixus, Musca domestica (Dipterg and Macrosteles fascifrons (Hemiprera), which
function in the absorption of substances from the organ lumen (Smith and Littau 1960;
Sohal et al. 1974; O'donnell et al. 1985; Cruz-Landim 1998; Goncalves et al. 2014).

Our findings during the metamorphosisAfmellifera show the occurrence of
apoptosis and autophagy in the degeneration of the Malpighian tubules. @antom
with this degeneration, new Malpighian tubules are formed with céltsviag
ultrastructural characteristics of absorption even during the metamorphosis, mkr@aps

to the need to eliminate metabolites during development (Skaér¥190). However,
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from white-eyed to light-brown eyed pupa&, mellifera Malpighian tubules seem
inactive, suggesting that in these early stages of metamorphosssniay be more
susceptible to the action of toxic compounds, siAcemellifera larvae exposed to
sublethal doses of insecticides die when they are in the pupal phaser aeétation
of the larvae when exposed to fungicides (Mussen et al. 2004; Xavier et al. 2015).
This work provides temporal and morphological parameters of the Madpighi
tubules of bees, becoming a resoufoe understanding of its formation and of

necessary mechanisms for the process of excretion insects.

Acknowledgements
I want to thank the Nucleus of Microscopy and Microanalysis (NMM) and

technicians of the Central Apiary at the Universidade Federal de a/fpogechnical
assistance. This study was funded by National Council for ScieatiticTechnologic
Development (CNPq), and the Coordination of Improvement of Higher Level Personnel
(CAPES) and Foundation of Support Research of the State of Minas Gerais

(FAPEMIG).

References
Almeida Rossi C, Roat TC, Tavares DA, Cin8acolowski P, Malaspina O (2013)

Effects of sublethal doses of imidacloprid in malpighian tubules of africanized
Apis mellifera (Hymenoptera, Apidae). Microsc res tech 76:552-558.
doi:10.1002/jemt.22199

Arab A, Caetano FH (2002) Segmental specializations in the Malpigltaites of the
fire ant Solenopsis saevissma Forel 1904 (Myrmicinae): an electron
microscopical studyArthropod Struct Dev 30:281-292. doi:10.1016/S1467-

8039(01)00039-1

32



Arbustini E, Brega A, Narula J (2008) Ultrastructural definition of apoptostseart
failure. Heart Fail Rev 3:121-135. doi:10.1007/s10741-007-9072-8

Arrese EL, Soulages JL (2010) Insect fat body: energy, metabolism, and
regulation. Annu Rev Entomol 55:207-225. doi:10.1146/annurev-ento-112408-
085356

Barbosa-Costa K, Kerr WE, Carvalho-Zilse GA (2012) Number of Malpighiaml&sb
in Larvae and Adults of Stingless Bees (Hymenoptera: Apidae) from
Amazonia. Neotrop Entomol 41:42-45. doi:10.1007/s13744-011-0017-5

Bauer DM, Wing IS (2010) Economic consequences of pollinator declines: a
synthesis. Agr Resource Econ Rev 39:368-383.
doi.org/10.1017/S1068280500007371

Bell DM, Anstee JH (1977) A study of the malphighian tubulekagiusta migratoria
by scanning and transmission electron microscopy. Micron 8:123-134.
doi:10.1016/0047-7206(77)90016-4

Berridge MJ, Oschman JL (1969) A structural basis for fluid secretion byidahn
tubules. Tissue Cell 1:247-272. doi:10.1016/S0040-8166(69)80025-X

Berry DL, Baehrecke EH (2007) Growth arrest and autophagy are required forysalivar
gland cell degradation in  Drosophila. Cell 131:1137-1148.
doi:10.1016/j.cell.2007.10.048

Beyenbach KW, Skaer H, Dow, JA (2010) The developmental, molecular, and
transport biology of Malpighian tubules. Annu Rev Entomol 55:351-374.
doi:10.1146/annurev-ento-112408-085512

Beyenbach KW (2003) Transport mechanisms of diuresis in Malpighian tublles

insects. J Exp Biol 206:3845-3856. doi: 10.1242/jeb.00639

33



Breeze TD, Bailey AP, Balcombe, KG, Potts, SG (2011) Pollinationcgrun the UK:
How important are honeybees?. Agric Ecosyst Environ 142:137-143.
doi.org/10.1016/j.agee.2011.03.020

Carvalho RBR, Andrade FGD, Levy SM, Moscardi F, Falleiros AMF (2013) Hdigjol
and ultrastructure of the fat body Afticarsia gemmatalis (HUBNER, 1818)
(Lepidoptera:  Noctuidae). Braz  Arch  Biol  Technol  56:303-310.
doi:10.1590/S1516-89132013000200016

Carvalho Y, Jethro J, Poersch LH, Romano LA (2015) India ink induces apoptosis in
the yellow clam Mesodesma mactroides (Deshayes, 1854). Optical and
ultrastructural study. An Acad Bras Ciénc 87:1981-1989. do0i:10.1590/0001-
3765201520140600

Catae AF, Roat TC, Oliveira RA, Ferreira Nocelli RC, Malaspina O (201f)t&yc
effects of thiamethoxam in the midgut and malpighian tubules of Afriedniz
Apis mellifera (Hymenoptera: Apidae). Microsc res tech 77:274-281.
doi:10.1002/jemt.22339

Chapman RF (2013) The insects: structure and function. 5th ed. Cambridge University
Press Cambridge

Conti B, Berti F, Mercati D, Giusti F, Dallai R (2010) The ultrasuuetof Malpighian
tubules and the chemical composition of the cocooAeofothrips intermedius
Bagnall (Thysanoptera). J Morphol 271:244-254. doi:10.1002/jmor.10793

Cruz LC, Araujo VA, Fialho MDCQ, Serrdo JE Neves, C (2013) Proliferation dhd ce
death in the midgut of the stingless bdelipona quadrifasciata anthidioides
(Apidae, Meliponini) during metamorphosis. Apidologie 44:458-466.

doi:10.1007/s13592-013-0196-7

34



CruzLandim C (1998) Specializations of the Malpighian tubules cells itinglasss
bee, Melipona quadrifasciata anthidioides Lep. (Hymenoptera, Apidae). Acta
Microsc 7:26-33.

CruzLandim C (2000) Replacement of larval by adult Malpighian tubules during
metamorphosis oMelipona quadrifasciata anthidioides Lep. (Hymenoptera,
Apidae, Meliponinae): Morphological studies. Cién Cult 52:59-63.

CruzLandim C (2009) Abelhas: Morfologia e Funcédo de Sistemstedl Editora
Unesp, Séo Pu

CruzLandim C, Silva-Mello ML (1970) Post-embryonic changes Melipona
quadrifasciata anthidioides Lep. IV. Development of the digestive tract Bol
Zool Biol Marinha 27:229-263. doi:10.11606/issn.2526-
3374.bffcluspnszoobm.1970.121198

Dean RL, Locke M, Collins JV (1985) Structure of the fat body. In: KerlAit Gilbert
LI (ed) Comprehensive Insect Physiology, Biochemistry and Pharmacology,
Integument, Respiration and Circulation. Oxford: Pergamon Press, pp 155-210.

Denholm B (2013) Shaping up for action: the path to physiological maturatithe i
renal tubules obrosophila. Organogenesis 9:40-54. doi:10.4161/org.24107

Denholm B, Sudarsan V, Pasalodos-Sanchez, S, Artero R, Lawrence P, Maddrell S, et al
(2003) Dual origin of the renal tubules iDrosophila: mesodermal cells
integrate and polarize to establish secretory function. Curr Biol 13:1052-1057.
doi:10.1016/S0960-9822(03)00375-0

Dobrovsky TM (1951) Postembryonic changes in the digestive tract of dinleem
honeybeeApis mellifera L.). Cornell Univ Agr Exp Stal Mem 301:3-47

Dow JA, Davies SA, So6zen MA (1998) Fluid secretion byRhesophila Malpighian

tubule. Amer Zool 38:450-460. doi:10.1093/icbh/38.3.450

35



Eichmuller S (1994). Von Sensillum zum Pilzkdrper: immunhistologische und
ontogenetische Aspekte zur Anatomie des olfaktorischen Systems der
Honigbiene (Doctoral dissertation). PhD Thesis, Freie Universitat Berlin.

Fleig R, Sander K(1986) Embryogenesis of the honeybe&pis mellifera L.
(Hymenoptera: Apidae): an SEM study. Int J Insect Morphol Embryol 15:449-
462. doi.org/10.1016/0020-7322(86)90037-1

Franzetti E, Casartelli M, D'Antona P, Montali A, Romanelli Dpfalozza S, et al
(2016) Midgut epithelium in molting silkworm: A fine balance anong cell
growth, differentiation, and survival. Arthopod Struct De\5:368-379.
doi:10.1016/j.asd.2016.06.002

Franzetti E, Romanelli D, Caccia S, Cappellozza S, Congiu T, Rajagopklat al
(2015) The midgut of the silkmottBombyx mori is able to recycle molecules
derived from degeneration of the larval midgut epithelium. Cell Tissue Res
361:509-528. doi:10.1007/s00441-014-2081-8

Fuchs Y, Steller H (2011) Programmed cell death in animal developamht
disease. Cell 147:742-758. d0i:10.1016/j.cell.2011.10.033

Gongalves WG, Fernandes KM, Barcellos MS, Silva FP, Magalhiesr MJ,
Zanuncio JC, Serrdo JE (2014) Ultrastructure and immunofluorescence of the
midgut of Bombus morio (Hymenoptera: Apidae: Bombini). C R Biol 337:365-
372. doi:10.1016/j.crvi.2014.04.002

Goncalves WG, Fialho MDCQ, Azevedo DO, Zanuncio JC, Serrdo, JE (2014)
Ultrastructure of the excretory organs &ombus morio (Hymenoptera:
Bombini): bee without rectal pads. Microsc Microana&0:285-295.

doi:10.1017/S143192761301372X

36



Hanrahan SA, Nicolson SW (1987) Ultrastructure of the Malpighian tubules of
Onymacris plana plana Peringuey (Coleoptera: Tenebrionidae). Int J Insect
Morphol Embryol 16:99-119. dol:0.1016/0020-7322(87)90011-0

Hazelton SR, Felgenhauer BE, Spring JH (2001) Ultrastructural changes in the
Malpighian tubules of the house crickécheta domesticus, at the onset of
diuresis: A time study.J Morphol 247:80-92. doi:10.1002/1097-
4687(200101)247:1<80::AID-JMOR1004>3.0.CO;2-X

Houwerzijl EJ, Blom NR, van der Want JJ, Esselink MT, Koornstra Jdl €004)
Ultrastructural study shows morphologic features of apoptosis and para-
apoptosis in megakaryocytes from patients with idiopathic thrombocytopenic
purpura. Blood 103:500-506. doi:10.1182/blood-2003-01-0275

Jay SC. Colour changes in honeybee pupae. Bee World. 1962; 43:119-122.

Jiang C, Baehrecke EH, Thummel CS (1997) Steroid regulated programmed dell deat
duringDrosophila metamorphosis. Development 124:4673-4683

Karbowski M, Youle RJ (2003) Dynamics of mitochondrial morphology in healthy cells
and during apoptosis. Cell Death DiffE9:870-880. doi:10.1038/sj.cdd.4401260

Kerr WE, Carvalho GA, Silva ACD, Assis MDGPD (2001) Aspectos pouco
mencionados da biodiversidade amazonica. Parc Estrat 6:20-41.

King B, Denholm B (2014) Malpighian tubule development in the red flourebeet
(Tribolium castaneum). Arthropod Struct Dev 43:605-613.
doi:10.1016/j.asd.2014.08.002

Klein AM, Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunningham S&mnkn C,
Tscharntke T (2007) Importance of pollinators in changing landscapes for world
crops. Proc R Soc Lond B Biol Sci 274:303-313. doi:10.1098/rspb.2006.3721

Klowden M (2007) Physiological Systems in insects. 2nd ed. Elsevier: Acaéeess

37



Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES, Baehidtket al
(2009) Classification of cell death: recommendations of the Nomenclature
Committee on Cell Death 2009.Cell Death Differ :3t61.
doi:10.1038/sj.cdd.4401724

Maddrell SH (1991) The fastest fluskcreting cell known: The upper malpighian
tubule ofRhodnius. BioEssays 13:357-362. doi:10.1002/bies.950130710

Meyran JC (1982) Comparative study of the segmental specializationthein
Malpighian tubules oBlattella germanica (L.) (Dictyoptera: Blatellidae) and
Tenebrio molitor (L.)(Coleoptera: Tenebrionidae). Int J Insect Morphol Embryol
11:79-98. d0i:10.1016/0020-7322(82)90027-7

Michelette EDF, Soares AEE (1993) Characterization of preimaginalogenwental
stages in Africanized honey bee workehpié mellifera L). Apidologie 24:431-
440.

Moron D, Grze$ IM, Skorka P, Szentgyorgyi H, Laskowski R, Potts SG, et al (2012)
Abundance and diversity of wild bees along gradients of heavy metal
pollution. J Appl Ecol 49:118-125. ddi0.1111/].1365-2664.2011.02079.x

Mussen EC, Lopez JE, Pe@y (2004) Effects of selected fungicides on growth and
development of larval honey beesApis mellifera L.(Hymenoptera:
Apidae). Environ entomol 33:1151-1154. D0i:10.1603/0046-225X-33.5.1151

Myser WC (1954) The larval and pupal development of the honeypisanellifera
Linnaeus. Ann Entomol Soc Am 47:683-711. doi:10.1093/aesa/47.4.683

Neves CA, Gitirana LB, Serrdo JE (2003) Ultrastructural study of thermogpdosis in
the midgut of Melipona quadrifasciata anthidioides (Apidae, meliponini)

worker. Sociobiology 41:443-459

38



O'donnell MJ, Maddrell SHP, Skaer HLB, Harrison JB (1985) Elaborations dbta
surface of the cells of the Malpighian tubules of an insect. TiS=lle17:865-
881. doi:10.1016/0040-8166(85)90042-4

Oertel E (1930)Metamorphosis in the honeybee. J Morphol 50:295-339. doi:
10.1002/jmor.1050500202

Oldroyd BP (2007) What's killing American honey bees?. PLoS Biol 5:€168.
doi.org/10.1371/journal.pbio.0050168

Oliveira MO (2015) Declinio populacional das abelhas polinizadoras de culturas
agricolas. APB 3:01-06. doi:10.18378/aab.v3i2.3623

Palmer CA, Wittrock DD, Christensen BM (1986) Ultrastructure of Malpighian tabule
of Aedes aegypti infected withDirofilaria immitis. J Invertebr Pathol 48:310-
317. doi:10.1016/0022-2011(86)90059-5

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin Vg&alGl
pollinator declines: trends, impacts and drivers (2010) Trends Ecol Evol 25:345-
353. doi:10.1016/j.tree.2010.01.007

Reynolds ES (1963) The use of lead citrate at high pH as an electron-gpaiguie
electron microscopy. J Cell Biol 17: 208-212.

Rodrigues CG, Kruger AP, Barbosa WF, Guedes RNC (2016) Leaf Fertilizist Af
Survival and Behavior of the Neotropical Stingless Beeesella schrottkyi
(Meliponini:  Apidae: Hymenoptera). J Econ Entomol 109:1001-1008.
doi:10.1093/jee/tow044

Ryerse JS (1979) Developmental changes in Malpighian tubule cellus¢ru€issue
Cell 11:533-551. doi:10.1016/0040-8166(79)90061-2

Santos DE, Azevedo DO, Campos LAO, Zanuncio JC, Serrdao JE (RO0dfjona

quadrifasciata (Hymenoptera: Apidae) fat body persists metamorphosis with a

39



few apoptotic cells and an increased autophagy. Protoplasma 252:619-627.
doi:10.1007/s00709-014-0707-z

Saxena A, Denholm B, Bunt S, Bischoff M, VijayRaghavan K, Skaer H (2014)
Epidermal growth factor signalling controls myosin Il planar polarity to
orchestrate  convergent extension movements  duririgrosophila
tubulogenesis. PLoS Biol 12:1002013. ddi0.1371/journal.pbio.1002013

Serrdo JE, Cruz-Landim C (2000) Ultrastructure of the midgut epithelium of
Meliponinae larvae with different developmental stages and dieipicJRes
39:9-17. doi:10.1080/00218839.2000.11101016

Shukla A, Tapadia MG (2011) Differential localization and processing of ajopt
proteins in Malpighian tubules @rosophila during metamorphosistur J Cell
Biol 90:72-80. doi10.1016/j.ejcb.2010.08.010

Silva-de-Moraes RLM, Cruz-Landim CD (1976) Estudos comparativos dos tubos de
Malpighi de larva, pré-pupa e adulto de operariad/idépona quadrifasciata
anthidiodes Lep.(Apidae, Meliponinae). Pap Avulsos Zool 29:249-257

Skaer H (1989) Cell division in Malpighian tubule developmenrDinmelanogaster is
regulated by a single tip cell. Nature 342:566-569. doi:10.1038/342566a0

Skaer HLB, Harrison JB, Maddrell SHP (1990) Physiological and striichatration
of a polarised epithelium: the Malpighian tubules of a blood-sucking tinsec
Rhodnius prolixus. J Cell Sci 96:537-547

Skulachev VP, Bakeeva LE, Chernyak BV, Domnina LV, Minin AA, PletjushkiNa
et al (2004) Thread-grain transition of mitochondrial reticulum as @ ste
mitoptosis and  apoptosis. Mol  Cell Biochem 256:341-358.

doi:10.1023/B:MCBI.0000009880.94044.49

40



Smith DS, Littau VC (1960) Cellular specialization in the excretgayhelia of an
insect, Macrosteles fascifrons Stal (Homoptera). J Biophys Biochem Cytol
8:103-133. d0i10.1083/jcb.8.1.103

Sohal RS (1974) Fine structure of the Malpighian tubules in the houdédisca
domestica. Tissue Cél6:719-728. doi:10.1016/0040-8166(74)90011-1

Stefanini M, De Martino C, Zamboni L (1967) Fixation of ejaculated spermaforoa
electron microscopy. Nature 216:173-174. doi:10.1038/216173a0

Tapadia MG, Gautam NK (2011) Non-apoptotic function of apoptotic proteins in the
development of Malpighian tubules ddrosophila melanogaster. J Biosci
36:531-544. doi:10.1007/s12038-011-9092-3

vanEngelsdorp D, Evans JD, Saegerman C, Mullin C, Haubruge E, Nguyen BK, et
(2009) Colony Collapse Disorder: a descriptive study. Plos One 4:e6481.
doi.org/10.1371/journal.pone.0006481

Wessing A, Zierold K, Polenz A (1999) Stellate cells in the Mgidin tubules of
Drosophila hydei and D. melanogaster larvae (Insecta, Diptera).
Zoomorpholog 119:63-71. doi:10.1007/s004350050081

Wigglesworth VB, Salpeter MM (1962) Histology of the Malpighian tubules in
Rhodnius prolixus Stal (Hemiptera). J Insect Physiol 8:299-307.
doi:10.1016/0022-1910(62)90033-1

Xavier VM, Picanco MC, Chediak M, Junior PAS, Ramos RS, Martins JC (2015) Acute
Toxicity and Sublethal Effects of Botanical Insecticides to HoneasBé Insect

Sci 15:137. doi: 10.1093/jisesal/iev110

41



CAPITULO 2

Post-embryonic changes in the hindgut of honeybefpis mellifera workers:

morphology, cuticle deposition, apoptosis, and cell proliferation

Abstract
In insects, the hindgut is a homeostatic region of the digestieg¢ ttevided into

pylorus, ileum, and rectum, that reabsorbs water, ions, and small molpoutdiesed
during hemolymph filtration. The hindgut anatomybee larvae is different from that of
adult workers. This study reports the morphological changes and cellulas ¢vant
occur in the hindgut during the metamorphosis of the honeppeemellifera. We
describe the occurrence of autophagosomes and the ultrastructure othtbkaépells

and cuticle, suggesting that cuticular degradation begins in prepupaehevitiiticle

being reabsorbed and recycled by autophagosomes in white- and pink-eyed pupae,
followed by the deposition of new cuticle in light-brown-eyed pupae. InlaB&e and
prepupae, the hindgut undergoes cell proliferation in the anterior and posteriomends. |
the pupae, the pylorus, ileum, and rectum regions are differentiated, and cell
proliferation ceases in dark-brown-eyed pupae. Apoptosis occurs in theuthinolg

the L5S larval to the pink-eyed pupal stage. In light-brown- and davkbeyed
pupae, the ileum epithelium changes from pseudostratified to simple etyttze
production of the basal lamina, whereas the rectal epitheliunways flattened. In
black-eyed pupae, ileum epithelial cells have large vacuoles uuiticular spaces,
while in adult forager workers these cells have long invaginations inethapex and
many mitochondria, indicating a role in the transport of compounds. Our findings show
that hindgut morphogenesis is a dynamic process, with tissue remodwadingplaular
events taking place for the formation of different regions of the organ, the

reconstruction of a new cuticle, and the remodeling of visceral muscles.
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Introduction
The honeybeeéApis mellifera has great ecological and economic importance,

benefiting nature and humans with ecosystem services, such as polliraimn,
providing food and raw materials for pharmacological products. Unfortunatedy, thi
species suffers a phenomenon called "Colony Collapse Disorder" characterittedd by
increase in honeybee colony losses (Moron et al., 2012). The stressing agents that may
cause this phenomenon are pathogens, habitat loss, pesticide exposuremated cli
changes, each exerting different effects (Oldr@@d7; Gallai et al., 2009; Moron et

al., 2012; Lima et al., 2016).

Pesticides affect different biochemical pathways of honeybees,ngaifsr
instance, ATPase inhibition and a decrease in the levels of cingutrbohydrates in
the hemolymph (Bendahou et al., 1999; Rabea et al., 2010). Insecticide effehts
excitation of neuroendocrine cells and the release of diuretic hormones leve be
reported inRhodnius prolixus (Casida & Maddrell, 1971; Singh & Orchard, 1982). All
these factors may affect hemolymph homeostasis, indicating thatsttily of
homeostatic organs is important for the comprehension of pesticide affedtsect
homeostasis and survival.

The insect hindgut is divided into pylorus, ileum, and rectum, redi@igplay a
role in hemolymph homeostasis (Phillips et al., 1987). This organ receivpsrtiay
urine produced in the Malpighian tubules and selectively reabsorbs wateored i
maintaining the bee’s osmotic balance (Phillips et al., 1987; Nicolson, 1990; Villaro et
al., 1999). In addition, small molecules may also be absorbed from the primasy uri

and the food bolus (Phillips et al., 1987).
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Despitethe hindgut’s physiological importance, its morphogenesis during the
metanorphosis of holometabolous insects is poorly studied. In honeybee larvae, the
passage from the midgut to the hindgut remains closed until the endvaef la
development, before the pupal molting, being a simple and non-functional tube
(Snodgrass, 1956). During bee metamorphosis, the posterior intestine undergses inte
remodeling, forming the ileum and rectum in adult bees (Dobrovsky, 1951; Sdntos
al., 2009). In the honeybe®e mellifera, the larval hindgut begins in the pyloric region,
having in sequence anterior-ventrally (ascending) and posterior-ver{ttaigending)
curved tubular segments (Dobrovsky, 1951). After the opening of the midgut-hindgut
passage in the prepupae, the hindgut epithelium is disorganized, andripeciiticle
and visceral muscles are lost (Dobrovsky, 1951).

During bee metamorphosis, mitoses promote the differentiation of the hindgut
into the ileum, rectum, and rectal papillae, the epithelial tell® many vacuoles and
dense granules, and a new cuticle and visceral muscles are produced (Boldrévsk
CruzLandim & Silveira-Mello, 1970). Although these studies have provided immgorta
data on the changes that occur in the hindgut during bee metamorphosemnahees
are restricted to histological aspects, and more detailed informati the events of
programmed cell death and cell proliferation are necessary.

In insect metamorphosis, there is a balance between cell pradifeeatd cell
death during the remodeling of the alimentary canal (Dobrovsky, 1951; Crub¥L&nd
Silveira-Mello, 1970; Cruz-Landim & Calvalcante, 2003; Cruz et al., 2013). In the
stingless bed/elipona quadrifasciada, apoptotic and autophagic activities are reported
to occur during the metamorphosis of the midgut (Cruz et al., 2013). During the
metamorphosis of the silkworBombyx mori, autophagy precedes apoptosis in the

midgut (Franzetti et al., 2012), while Drosophila melanogaster only autophagy is
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essential for the formation of this organ (Denton et al. 2009). Thus, different rcellula

events occur in the remodeling of the alimentary canal in different insect species.

The objective of this study was to describe the morphological chamgetake
place in the hindgut oAA. mellifera during metamorphosis and the cellular events

associated with these modifications.

Materials and Methods

Bees
Apis mellifera workers were randomly collected directly from seven colonies in

the Central Apiary of the Federal University of Vicosa, Minas GeBa&zil. The bees
were collected in different developmental phases: fifth instar lanideowt sealed
brood cell 5), fifth instar larvae with sealed brood cell and empty middu&S},
prepupaeRP) (Myser 1954), white-eyed pupa@/EP), pink-eyed pupa€ePEP), light-
brown-eyed pupad.BEP), dark-brown-eyed pupa®BEP), black-eyed pupadBEP),
newly emerged workers that did not feed yeA) and adult workers that returned from

foraging activity FA) (Jay 1962; Eichmiller 1994).

Histology
Five bees from each developmental stage were dissected insakeetsolution

(0.1 M NaCl, 20 mM KHPQ,, 20 mM NaHP(Q,), and their hindguts were transferred

and kept in a Zamboni’s fixative solution (Stefanini et al., 1967) for 12 hours. In larvae

and prepupae, fragments of the ascending region (prolongation of the gut near the
pylorus) and descending region (final prolongation of the gut) were isolatete In
pupal phases, after the anatomical differentiation, fragments of tta megion and of

the anterior and posterior regions of the ileum were separated for anahsig the
samples were dehydrated in a graded ethanol series (70, 80, 90, and 95%) and

embedded in JB4 resin. Subsequently, 3 um thick sections were stained with
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hematoxylin and eosin and analyzed and photographed under a light microscope
(Olympus BX-60) using a digital camera (Q-Color, 3 Olympus).
Transmission electron microscopy

Five bees from each developmental phase were dissected in insgotquigal
solution. The hindgut was removed and transferred to 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.2 with 0.2 M sucrose. In larvae and prepupae, fragments
of the ascending region (prolongation of the intestine near the pylorus) anddiegce
region (final prolongation of the intestine) were isolated. In the pupaeghafter the
anatomical differentiation, fragments of the rectal region and the @nésrd posterior
regions of the ileum were separated for analysis. These fragments were post-fixed in 1%
osmium tetroxide in the same buffer for two hours. The samples were dehydrated
graded ethanol series (70, 80, 90, and 99%) and embedded in LR White resin (Sigma
Aldrich, USA). Ultrathin sections were stained for 20 minutes with 1% aqueanglur
acetate and lead citrate for 10 minutes (Reynolds, 1963). The sampéeavatyzed
and photographed in a Zeiss EM 109 transmission electron microscope at #ref@ent

Microscopy and Microanalysis of the Federal University of Vicosa.

I mmunofluorescence
Apis mellifera individuals from each developmental phase were dissected in

insect physiological solution and their hindgut was removed to iden#fy c
proliferation, apoptosis, and autophagy. Seven individuals were used for eadisanaly
After dissection, thealimentary canal was transferred and kept in a Zamboni’s fixative
solution for 2 hours. Samples were then washed in 0.1 M sodium phosphate buffer pH
7.2 plus 1% Tween-20 (PBST) for 2 hours. Following this, the samples were edubat
for 12 h with the following primary antibodies diluted in PBST: (1) anti-phos
histone H3 (1:100) (Cell Signaling Technology Cat# 9701S, Antibody Registry:

AB_331534) for the detection of cell proliferation, (2) anti-cleaved caspd$e500)
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(Trevigen Cat# 2308C-100, Temporary Antibody Registry: AB_2665453) for
apoptosis detection, and (3) anti-LC3A/B (1:500) (Abcam Cat# ab128025, Antibody
Registry: AB_11143008) for the identification of autophagy. The samples wene t
washed in PBST and incubated for 12 h with an FITC-conjugated anti-rigjthi
secondary antibody (1:500) (Sigma-Aldrich Cat# F0382, Antibody Registry:
AB_259384. Afterward, the samples were washed and incubated for 30 min with the
nuclear marker TO-PRO-3 lodide (1:1000) (Life Technologies). The samples were
washed and mounted in Mowiol (Sigma-Aldrich, USA) and analyzed with ssZei
LSM-META (Carl Zeiss AG, Oberkochen, Germany) confocal microscope at the Center
for Microscopy and Microanalysis of the Federal University of Vigosa. Cell
proliferations along the hindgut were counted and statistical data were obtamaddro
computer program GraphPad Prism 5 (GraphPad Software, Inc.), being analyzed
through Tukey’s test (Significance, P < 0.05).

For negative controls, incubation with primary antibodies evaitted.

Results

Morphology
In L5 and L5S larvae, the epithelia of the ascending regions (precursor of the

ileum) and descending regions (precursor of the rectum) were similar, cansiktin
columnar cells, a thin cuticle, and circular muscles (Fig. 1a). Higitlvells had many
mitochondria and invaginations of the apical plasma membrane, whech more
developed in cells of the ascending region (Fig. 1b, c). The nucleussefdbls had a
predominance of decondensed chromatin and an evident nucleolus (Fig. 1d). The
perinuclear region showed a rough endoplasmic reticulum and cytoplasmies spac
similar to "glycogen islands" (Fig. 1d, e). In addition, this epitmelihad regular

intercellular channels and a thick basal lamina (Fig. 1d).
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The hindgut epithelium of prepupae had cells with nuclei at different heights and
many vesicles in the apical cytoplasm (Fig. 1f). The cuticlé muscle layer were
disorganized (Fig. 1f), with the cuticle containing electron-lucid reg{fis 2b, 2c).
The cytoplasm was rich in mitochondria, electron-dense vesicle ¢tonaeal
autophagosomes (Fig. 1g, h), which contained mitochondrial debris inside them (Fig. 1i,
j). The intercellular spaces were large and branched, and the draga ldisorganized
(Fig. 1k).

At the beginning of the pupal stage, in white- and pink-eyed pupae, thaitindg
epithelium of the precursor region of the ileum (ascending region) had ciéllawailei
at different heights, characterizing a pseudostratified epitheliumgegatene precursor
region of the rectum (descending region) had inclined cells with alignéei lig. 2a,

b). In both ascending and descending regions, the cuticle was disorgaitizeghw
acidophilic epicuticle and a basophilic endocuticle (Fig. 2a), which uihtgr
resolution showed only an organized epicuticle (Fig. 2c, d). Epithelialsfeowed an
apical plasma membrane with short projections to the lumen andloesteles (Fig.
2e). The pseudostratified epithelium had enlarged intercellular spaith some
narrowed regions (Fig. 2d, e), and the basal lamina was absent (Fig. 2&) nidtle-
apical cytoplasm, there were many mitochondria (Fig. 2c), vesidies @e),
microtubules, and autophagosomes (Fig. 2d, g, h).

In light-brown-eyed pupae, the ileum epithelium had cells with nirclegular
positions, large cytoplasmic spaces, and many large vesicles3@igHowever, the
rectum epithelium showed flattened cells and nuclei (Fig. 3b). Throughotbtrithgut
epithelium, the apical cell surface was weakly stained (Fig.e3a the muscles were
arranged in circular and longitudinal layers (Fig. 3c). The new cutiglesiteon started
with the epicuticle (Fig. 3d, e, f), and ileum cells were rich indavgsicles with

electron-dense content (Fig. 3g). The formation of the basal lamigan b&t this
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developmental stage (Fig. 3h). In a more advanced stage of the defdsition, the
ileum cells had few vesicles and narrow and sinuous intercellulaesggm. 3i, j);
rectum cells were flattened, with wide and sinuous intercellular spaces (Fig. 3k, |

The ileum epithelium of dark-brown-eyed pupae showed a folded lining cuticle
(Fig. 4a) and a basal lamina invading the intercellular spaags4fsj. In the basal cell
region, there were large mitochondria, whereas in the apicalegabinrthere were few
vesicles and small mitochondria (Fig. 4c, d). The rectal epithehasflattened (Fig.
4e), with few mitochondria and profiles of rough endoplasmic reticulum (Fig.)4f, g
These cells rested on a thin basal lamina (Fig. 4h), followed by encslté similar to
those of light-brown-eyed pupae. Until adult emergence, the rectum did spbaydi
other morphological changes.

In the black-eyed pupae, the ileum cells showed many cytoplasmiolea and
an acidophilic apical portion (Fig. 5a, b, c), mainly in the anterior regidhe organ
(Fig. 5a, b), in which the subcuticular spaces were larger (Fig. 5dyde)ha basal
lamina thicker (Fig. 5f, g) than in the other regions of the ileum. Tréehdmgan to
appear in the intercellular spaces (Fig. 5b, f).

In newly emerged adult bees, cells of the ileum had a nucleus wiihllpa
condensed chromatin and a more electron-dense cytoplasm than those foundchduring t
metamorphosis, with few vesicles, "glycogen islands", and largechandria (Sup. 1a,
b). The intercellular spaces were dilated and sinuous (Sup. 1a).

Forager workers had the ileum epithelium with different cell types. Tinobe
anterior region showed narrower invaginations in the apical plasma nremnthra
reached the median cell portion (Fig. 6a, b, c), associated with largehamtb@ (Fig.
6b), than those in the other cytoplasmic portions (Fig. 6¢). The inteeredjpdices were
sinuous, and the basal lamina thick (Fig. 6d, e). The cells of the posegjion of the

ileum had longer, narrower, and more irregular apical membrane invaginations,
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associated with small mitochondria (Fig. 7a, b, c), than cellseo&nterior region. The
basal lamina was thin, and the intercellular spaces regular and na(Fogve’d, f) than

those of the anterior region. Both cell types had some autophagosomes (Fig. 6f, 7e).

Fig. 1: Micrographs of the hindgut oApis mellifera in the last larval instar (L5 and
L5S) and prepupaea] Epithelium (EP) of the L5S hindgut showing columnar cells and

nucleus (N). Note the thin cuticular lining (black arrow), circular muserdaiCM) and
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intestinal lumen (L). h-c] Larva L5S showing cells of the intestine with short
invaginations of the apical plasma membrane (white arrows) and cells them
posterior region with long invaginations (white arrows) and mitochondria (M). tNete
cuticular lining (C).[d-e] Mean-basal position of L5S larvae showing nuclei (N),
nucleoli (Nu), rough endoplasmic reticulum (RER) and "glycogen islands" (Gtg N
the intercellular spaces (asterisk), basal lamina (arrowhead) and rcimagale (CM).

[f] Epithelium of the hindgut (EP) of prepupae showing columnar cells with ndlei
in different heights and many vesicles (white arrow). Note the catidwing (black
arrow) and disorganized musculature (DM:h] Prepupae with the apical portion of
an intestinal cell showing many autophagosomes (white arrowhead), mitoch@mydria
and vesicles of electron-dense content (V). Note the cuticles it€)eakectron-lucid
sites (dashed squard)j] Detail of autophagosomes (AFK] Prepupae with the basal
region of the intestinal epithelium showing a network of intercallapaces (asterisks)

and disarranged basal lamina (black arrowhead).
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Fig. 2: Micrographs of the posterior intestine Apis mellifera in the pupae phases of
white and pink eyeda] White-eyed pupae with precursor intestinal epithelium (EP) of
the ileum presenting cells with many nuclei (N) in various heightse e cuticular
lining with epicuticle (black arrow) and procuticle (white arrow) irregujaj. Pink-
eyed pupae with epithelial (EP) precursor of rectum showing inclined cells of nuclei (N)
aligned. Note the luminal region (L-f] White-eyed pupa with the apical-basal region
of its cells showing nuclei (N) at various heights, mitochondria (M), many
autophagosomes (white arrowhead), vesicle coated (white arrows), fewesesncl
"glycogen islands" (GIl). Note the cuticle only with a trace led epicuticle (black
arrow) in the lumen (L) and the intercellular spaces (asterisk) longnéerduipted by
cellular contacts (dashed rectangleg)-h] Detail of autophagosomes (AF) and

abundant microtubules (black arrowhead) in the cytoplasm.
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Fig. 3: Micrographs of the hindgut ofpis mellifera in the light-brown-eyed pupae
phase.[a] Intestinal epithelium (EP) precursor of the ileum showing columnar, cells
nuclei aligned (N), many vesicles (arrowhead) and cytoplasmic spastsisd.
[Insert] Detail of the apical pole of a cell with many vesicles (arrowhe&fi)nfestinal
epithelium (EP) precursor of the rectum showing lower cells and nuclei (N). tNet
lumen (L).[c] New muscle lining with circular fibers (C) and longitudinal fibersjL

[d-f] Deposition of the cuticular layer with the epicuticle (black arrow) t®sized
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before the procuticle (white arrow{g-h] Epithelium of the ileum with a thin cuticle
layer (C), return of the basal lamina (black arrowhead) and with cells stpanany
bulky vesicles (V) and mitochondria (M)i-j] Epithelium of the ileum with a thick
cuticle layer (C), thick basal lamina (black arrowhead), regular inter@elsgaces
(asterisks) and with cells showing mitochondria (M), "glycogen isla(@g"and few
vesicles (V) [k-1] Rectal epithelium with thick cuticle layers showed cellhvliat (N)
nuclei and many "glycogen islands” (Gl).
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Fig. 4: Micrographs of the epithelium of the ileum and rectunfpifs mellifera in the
phase of dark-brown-eyed pupaa) [Epithelium (EP) of the ileum with columnar cells
and aligned nuclei (N). Note the luminal region (L), the corrugated caitiduning
(black arrow) and the circular (CM) and longitudinal (LM) muscle fibgrls Overview
of the intestinal cell of the ileum showing nucleus with predominafckcondensed
chromatin and "glycogen islands” (Gl§] Basal pole of cell of the ileum showing large

mitochondria (M). Note the intercellular space (asterisks) and basahda(black
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arrowhead). ] Apical pole of the cell with few mitochondria (M) and vesicles (V).
Note the cuticle (C).g] Epithelium (EP) of the rectum with cells and nuclei (N) very
flattened. Note the lumen (L) and circular (CM) and longitudinal (LM) muBbéss.

[f-h] In general, the squamous cells of the rectal epitheliumshowed nuittei w
predominance of decondensed chromatin (N), few mitochondria (M) and rough
endoplasmic reticulum (RER). Note the cuticle (C) and the return of the hasahl
(black arrowhead).

Fig. 5: Micrographs of the ileal epithelium @fpis mellifera in the phase of black-eyed
pupae. @ Epithelium (EP) of the anterior region of the ileum with columnarscell

showing an eosinophilic zone at the apical pole (asterisk) and vacuolesaiVihee
56



nuclei (N). Notice the cuticle (black arrow) and the lumen [tb)).Cells of the anterior
region of the ileum with cytoplasm and electron-dense nuclei (N), bal&yoles (V)
and "glycogen islands” (Gl). Note the cuticle (C) and tracheoles (agany within the
intercellular spaces (asteriskg)] Epithelium (EP) of the posterior region of the ileum
showing columnar cells with nuclei (N) and an eosinophilic zone at plvalgpole
(asterisk). [d-e] Cell of the anterior region of the ileum forming voluminous
subcuticular spaces (SC) and cell of the posterior region with small sulb@uspaces
(SC) and mitochondria (M). Note the cuticular lining (ffyg] Cell of the anterior
region of the ileum lined with a thick basal lamina (black arrowhead}racteiolas
(white arrowhead) and cell of the posterior region of the ileum with mitocho¢M)ja

"glycogen islands” (GI) and lined by thin basal lamina (black arrowhead).

Sup. 1: Micrographs of the epithelium of the ileum Apis mellifera newly emerged to
adult phase[a] Cell showing electron-dense nucleus (N), large mitochondria (M), rare
vesicles (V) and "glycogen islands" (Glb] Apical pole of the cell with small
mitochondria (M). Note the cuticular lining (C), basal lamina (black arrog)haad
intercellular spaces (asterisk).
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Fig. 6: Cell micrographs of the anterior region of the ileum of forafs mellifera.
[a-b] Apical region of the cell showing the apical plasma membrané Wwing
invaginations and (Al) associated with elongated mitochondria [@vH] Middle-basal
region of the cell exhibiting electron-dense nucleus (N) and many smtalthondria
(M). [f] Detail of an autophagosome (AF) in the cytoplasm. Note the cuticléB),
and bifurcated intercellular spaces (asterisks), tracheoles (ainderhead) and thick

basal lamina (black arrowhead).
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Fig. 7: Cell micrographs of the posterior region of the ileum of foraiges mellifera.
[a-c] Apical region of the cell showing the apical plasma membraneimitginations
(Al) very sinuous and associated with many small mitochondria (M). Elddkal
region of the cell exhibiting nucleus (N) electron-lucid, mitochondria (M) and
autophagosomes (FA). Note the cuticular lining (C), the thin basal latblaak

arrowhead) and the narrow intercellular spaces (asterisk).

Cellular events: proliferation, apoptosis, and autophagy
In the hindgut epithelium, cell proliferation started in L5S larzaé stopped in

dark-brown-eyed pupae (Fig. 8).
In L5S larvae, cell proliferation was abundant in the pylorus and in the

descending region (precursor of the rectum) (Fig. 9a, b). In prepupae, cell grohfera
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increased in these regions and also occurred in the ascending region (prefcthveor
ileum) (Fig. 9c, d). In white-eyed pupae, cell proliferation occurred throughout the
hindgut epithelium (Fig. 9e, f, g), but from pink-eyed to brown-eyed pupgést cell
proliferation was gradually reduced, with the anterior and posterior regfidhs ileum
showing less cell proliferation (Fig. 9i, I) than the pylorus (Fig. 9h, kan@ rectum
regions (Fig. 9j, m, 0). Muscle cell proliferation occurred only in pink-layd-brown-

eyed pupae (Fig. 9p).

Apoptosis occurred throughout the hindgut epithelium from L5S larval to white-
eyed pupal stages (Fig. 10a, b), whereas in muscle cells, apoptosis@dram
prepupae (Fig. 10c) to pink-eyed pupae (Fig. 9p).

In the rectum, the epithelial cells showed many apoptotic cells thherstage of
L5S larvae (Fig. 10e) to the pink-eyed pupae (Fig. 10i, j). In prepupae,wieee many
apoptotic muscle cells (Fig. 10f), decreasing in number in the white (Fig. 10g) and pink-
eyed pupal stages (Fig. 10h, i).

Autophagy was detected in the muscle cells of L5S larvae IEg), white- and
pink-eyed pupae (Fig. 11d), and in the epithelial cells of prepupae (Fig.cllb,

Autophagy was scarce in the later pupal stages and in adult bees (Fig. 11e).
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Fig. 8: Graphic with cells ofApis mellifera positive for phosphorylated histone-H3
(showing cell proliferation) in segments of the hindgut precursors of the pylortie of
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anterior and posterior regions of the ileum and the rectal region. Larvae (L5S), prepupae
(PP) and pupae of eyed white (WEP), pink (PEP), light-brown (LBEP) and dark-brown

(DBOP) were analyzed.

Fig. 9: Micrographs of cells of the hindgut &fis mellifera positive for phosphorylated

histone-H3 (showing cell proliferation)g][L5S larvae with cells in the precursor region
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of the pylorus positive for phosphorylated histone-H3 (grebh)l.drvae L5S with cells

of the precursor region of the rectum positive for phosphorylated histone-H3 (green).
Note small nuclei (red) of tracheoles (arrow) autoflowerjogl] Prepupae with cells of

the pylorus (P) and cells of the gut regions precursor of the anterior half itéutire
(AH) and rectum (R) positive for phosphorylated histone-H3 (green). Note a line
delimiting regions, nuclei (red) and Malpighian tubules positive for phosphatylate
histone-H3 (arrow)je-g] White-eyed pupae with cells of the pylorus (P) and cells of the
gut of regions precursors of the anterior half of the ileum (AH), posteriorohaltfe
ileum (PH) and the rectum (R) positive for phosphorylated histone-H3 (gi&ejh).
Pink-eyed pupae arj#-m] light-brown-eyed pupae with many phosphorylated histone-
H3 positive cells (green) in the pyloric (P) and rectal (R) regions, wihillke anterior
(AH) and posterior (PH) halves of the ileum there is a reduction ipdssivity. Note

the rectal papillae (asterisks), a line delimiting regions anden(id). [n-o] Dark-
brown-eyed pupae with rare phosphorylated histone-H3 (green) positiveincétie
pylorus (P) and rectal papillae (asterisk) of the rectum @)Light-brown-eyed pupae
with muscular lining showing cell positiver phosphorylated histord3 (green).
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Fig. 10: Micrographs of cells of the ileum and rectumAgis mellifera positive for
cleaved caspase-3 (indicating apoptotic celks) Frepupae with the epithelium of the
ileum (bracket) and muscular lining (asteriské)sért] Detail of cell of the ileum (1)
positive for caspase-3 cleaved (greemy). White-eyed pupae with ileal epithelium
showing positivity to cleaved caspase-3 (greetj)Pfepupae with muscle lining cells
(M) of the ileum positive for cleaved caspase-3 (greed).White-eyed pupae with

muscle lining cells (M) of the ileum positive for cleaved casgaggreen). Notice the
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nucleus (red).d] White-eyed pupae with epithelium of the rectum positive forvelda
caspase-3 (green)f][Prepupae with the precursor region of the rectum with its
muscular lining (arrow) positive for caspase-3 cleaved (gregh)Vhite-eyed pupae

with its muscular lining (M) of the precursor region of the rectumsdrt] Nucleus

(red) of muscle cell with rare positivity for cleaved caspase-3 (gr@enRink-eyed
pupae and its external surface of the ileum (I) and rectum (R), withvigsiior
cleaved caspase-3 (green) only in the muscular lining of the ilgdin.Pink-eyed
pupae with epithelium of ileum without positivity (I) and the epithelf the anterior

(RA) and posterior (PR) regions of the rectum with very positivity for cleaved caspase-3
(green). [nsert] Detail of the dashed region showing a rare positivity to cleaved

caspase-3 (green) in the anterior (AR) muscle lining of the rectum.
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Fig. 11: Micrographs of cells of the ileum &pis mellifera positive for proteins-LC3
(indicating autophagosome$] Larvae L5S with muscular lining of ileum positive for
proteins-LC3 (green)b-c] Prepupae with ileal epithelium (I) showing high positivity
for proteins-LC3 (greenjd] Pink-eyed pupae with the muscular lining (arrow) of the
ileum (1) with high positivety for proteins-LC3 (greerjg] Dark-brown eyed pupae
with muscular linnig (M) of ileum (I) with low positivity for proteins-LC3régn). Note

nuclei (red) of the muscle lining cells (M) and Malpighian tubules (asterisk).
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Discussion
Our results show that during the metamorphosi8.ahellifera, the hindgut has

a dynamic development, with the remodeling of epithelial and musdle and the
deposition of new cuticle. Cell proliferation, apoptosis, and autophagy melese
events.

The L5 and L5S larvae dk. mellifera have hindgut epithelial cells with many
mitochondria and invaginations of the apical plasma membrane, wieidbrager in the
posterior region of the organ. A regional morphological difference in the hindgut has
been reported in the fruit fliprosophila melanogaster larvae (Murakami & Shiotsuki
2001). In the insect ileum, cells with long invaginations of the apieahph membrane
are specialized in the absorption of compounds from the gut content (Cruz-Landim,
1994; Villaro et al., 1999). Thus, this characteristic of the descending refithre
hindgut of A. mellifera larvae suggests a high activity in the transport of compounds,
which may occur in L5S larvae, when the mid-hindgut transition is odenedcretion
before the pupal molt (Dobrovsky, 1951; Cruz-Landim, 2000).

In prepupae oA. mellifera, the hindgut epithelium has a cuticle with electron-
lucid regions and cells with many vesicles. The high number of vesitdg be due to
enzyme secretion for the digestion of the larval cuticle, sindavhat occurs in the
body cuticle apolysis during insect molting (Reynolds & Samuels, 1996; Qil,et
2014). The epithelial cell degradation is also suggested to occur by tlesnqeest
mitochondrial debris in autophagosomes (Heynen et al., 1985).

In the ileum of white- and pink-eyed pupae, the cuticle is alrostpletely
absent, with only the presence of the epicuticle. In these stages débelopment, the
epithelial cells have apical plasma membrane invaginatiotesga number of coated
vesicles and microtubules. These characteristics suggesh ttieg early stages oA.
mellifera pupae, a mediated endocytosis of the gut lumen occurs, possibly of organic

compounds of cuticular degradation, similar to that in the hinddubaista migratoria
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(Orthoptera) and the epidermis @&l podes ethlius (Lepidoptera) during insect molting
(Locke & Huie, 1979; Peacock, 1986). The reabsorbed compounds from the degraded
cuticle are reused during the production of the new cuticle (Surholt, 1975; Kskzebw

al.,, 1986; Reynolds & Samuels, 1996). Our findings show the existence of many
autophagosomes after cuticle degradation, suggesting that this orgaagiday a role

in the recycling of absorbed cuticular compounds, since the fusion of autopimegos

with vesicles from the endocytic pathway has already been reported (Rotkee,

1979, Lamb et al., 2012; Alberts et al., 2015).

In the hindgut epithelium of prepupae, autophagosomes were evidenced by cell
ultrastructure and the immunolocalization of LC3-proteins. However, in whitd-
pink-eyed pupae, these organelles were identified only through traismedsctron
microscopy, indicating that the prepupal stage is the principal tiaaatophagosome
formation, as the LC3-proteins (LC3A and LC3B) are degraded after autophagosom
formation (Kabeya et al., 2000; Wu et al., 2006). Thus, in white- and pink-eyed, pupae
these LC3-proteins are degraded.

The light-brown-eyed pupal phase A&fmellifera honeybees may be referred to
as a transitional period, when the deposition of the new hindgut cutigiesb&eing
characterized by the presence of the epicuticle. This is simildrat reported during
insect molting (Reynolds & Samuels, 1996; Chapman, 2013), with the epicuticle
protecting the new cuticle from the enzymes in the molt-mutatedi thait degrades the
old cuticle (Merzendorfer & Zimoch, 2003, Kloden, 2007). The ileum cells, in this
developmental stage &. mellifera, have many vesicles in the apical cytoplasm that
have been suggested to participate in the release of cuticle compasmdported to
occur in C. ethlius (Lepidoptera) (Locke, 1969)Balanus balanoides (Crustacea)
(Koulish & Klepal, 1981) andDniscus asellus (Isopoda) (Price & Holdich, 1980). The

deposition of the new hindgut cuticle is complete in the dark-brown-eyed pupal stage.
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In dark-brown-eyed pupae, the basal lamina invades the intercellut@sspfa
the ileum cells, suggesting that it has a function in the formatitmedfacheoles found
in this pupal stage. IManduca sexta larvae (Lepidoptera), an extracellular matrix,
precursor of the basal lamina, is associated with the expansion leédles (Nardi,
1984; Nardi et al., 1985). In addition, the basal lamina plays an importaninrthe
attachment of migratory cells during morphogenesis (Amemiya, 1989;ndlarét al.,
2008).

In black-eyed pupae &f. mellifera, the epithelial cells have large vacuoles and
long apical plasma membrane invaginations. Vacuoles are commontheliepthat
rapidly transport great amounts of fluids, as in the Malpighian tubule&cloéta
domesticus (Orthoptera) (Hazelton et al., 2001), rectal papillad’adcilimon cervus
(Orthoptera) (Polat et al., 2016), and proximal renal tubule of mouse (Grahan &
Karnovsky, 1966). The presence of large vacuoles, basal lamina, anduboggicular
spaces in the anterior ileum region of black-eyed pupae suggddtighagion may be
specialized in fluid transport (Cruz-Landim, 1994; Cruz-Landim, 1996; Villaro et al.,
1999). However, a concomitant cellular expansion cannot be ruled out (Hazedtgn et
2001), as there is a reduction in cuticular folds and an increase imeggit. During
this stage, which is ca. four days long (Michelette & Soares, 1993), time dpithelial
cells gradually reduce the length of the apical plasma membranenatiags and the
number of vacuoles, so that in the newly emerged adult workar wéllifera, these
cells have short membrane invaginations, few vesicles, and largehoniidria,
characteristics that suggest a low transportation of fluid, such asefhated in the
ileum of L. migratoria (Peacock, 1986).

Forager workers of. mellifera are older and have the anterior region of ileum
cells with long apical plasma membrane invaginations reachmgniddle cell region

associated with mitochondria, suggesting that this region may hé hagtive in the
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absorption of water and ions from the gut lumen, as reported in the Bipihanus
spumarius (Marshall & Cheung, 1973), in the stingless Bédipona quadrifasciata
anthidioides (CruzLandim, 1994), and in the bumblebBembus morio (Gongalves et
al., 2014).

The posterior region of the ileum 6f mellifera forager workers has a greater
number of mitochondria and apical plasma membrane invaginations, both &mer
more irregular, when compared to younger bees, suggesting the formation of a
permanent osmotic gradient provided by the active transport of ions inteltlaad the
consequent influx of water from the ileum lumen, as reported in other inseatsdid
& Bossert, 1967; Villaro et al., 1999; Gongalves et al., 2014).

During the hindgut metamorphosisAfmellifera, cell proliferation in the ileum
occurs in a given sequence and, in the course of these events, the aegern has a
greater number of proliferating cells, suggesting that the growth ofethwn ioccurs
preferentially from the anterior end, similar to that suggested.inmelanogaster
(Robertson, 1936) anld. quadrifasciata anthidioides (CruzLandim & Silveira-Mello,
1970). Although the role of the anterior region of the ileum is not well understood,
hindgut cells oD. melanogaster are derived from stem cells of the pylorus (Takashima
et al., 2008; Fox & Spradling, 2009).

Our results suggest that the differentiation of the rectum occurseindeptly of
the ileum, because cell proliferation is intense during the dewveopof the rectal
epithelium ofA. mellifera, while, in the ileum, this process occurs at a low rate. The
high number of proliferating cells in the precursor region of the rectum gdsuth in
epithelial expansion and in rectal pad differentiation, which areddrim the anterior
region of the rectum of white-eyed pupae (Dobrovsky, 1951; Santos et al., 2009).

In addition to cell proliferation, the remodeling of the hindgutAofmellifera

also involves apoptosis, which is more intense in the visceral entisah in the
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epithelium of the ileum, whereas in the rectum, during metamorphosis, apaptosrs
mainly in the epithelium, suggesting an important role in the formatiolrgan
anatomy and rectal pads (Dobrovsky, 1951; Santos et al., 2009).

Overall, our results show that the morphogenesis ofAthreellifera hindgut is
dynamic, with tissue remodeling and cellular events taking pladidadifferentiation
of the ileum and rectum, organs with different anatomical and ultrastalic
organizations in adult bees. In addition, we report for the first time the formaf a
new cuticle and the reorganization of visceral muscles during the utindg

metamorphosis oA. mellifera.
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CONCLUSOES GERAIS
Esse estudo trouxe dados inovadores sobre o desenvolvimento dos o6rgaos

excretores dos insetos. Na metamorfoseAdenellifera, a fase larval apresentou as
células dos tubulos de Malpighi com caracteristicas ultraestrutlgdisixa atividade
de excrecao, periodo que toda urina primaria é estocada em seuAlsuasequente
degeneracédo desses tubulos de Malpighi pode ser necessaria pagavoldesento,
uma vez que os fragmentos celulares sdo uma rica fonte nutricional durante periodos em
gue o conteudo intestinal foi defecado e as pupas sdo privadas de ali@Emtdisso,

0s novos tubulos de Malpighi apresentaram diferentes atividades funcistéaisfase
de pupa de olhos castanhos, os tubulos de Malpighi ndo apresentaram stirasteri
ultraestruturais de atividade de excrecdo, sugerindo um periodo de ibistzajE a
compostos toxicos. Entretanto, posteriormente esses tubulos apresardataristicas
de alta atividade excretora, sugerindo que durante a metamorfose metad@mitos
eliminados. Em abelhas operarias forrageiras, expostas a diferentes &tdrientais,
os tubulos de Malpighi sdo complexos, com regides de atividadesadisiniis tipos
celulares com fungfes opostas e alta atividade metabdlica.

O intestino posterior d&. mellifera é remodelado a partir do Ultimo instar larval
até pupa de olhos castanhos. Nessas fases do desenvolvimento, lacalinagdo de
autofagossomos e a ultramorfologia epitelial e cuticular sagaratuacdo das células
epiteliais na degradacdo cuticular, reciclagem da cuticuleadbdp e deposicdo do
novo revestimento cuticular. Além disso, a participacao da lamsa ba remodelacao
epitelial é sugerida, pois ap6s a formacdo da lamina basal o epitélio mudou de
pseudoestratificado para estratificado, seguida por invasao de traqeefofaga de
olhos marrom. Em pupa de olhos pretos, as regides do intestino posterior (pilcgo, ileo
reto) esio anatomicamente diferenciadas devido as proliferacdes celulapep®ses
ocorridas nas células epiteliais e musculares. Nessa fase, as a#uépitélio retal

mostra-se achatada, enquanto que as células do epitélio do ilgoatedes vacuolos
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citoplasmaticos, sugerindo uma atividade no transporte de fluidos. Posterti®rma
abelha forrageira, as células do ileo contem muitas mitocondriasmembrana
plasmatica apical com longas invaginacoes, caracteriscapitdio especializado no
transporte de compostos.

Os resultados aqui obtidos mostram que na metamorfoge ohellifera os
orgaos excretores sao dinamicos, com as células dos tubulos de Malpitdstiao
posterior passando por apoptose, proliferaggagmodelagbes, levando a érgdos
diferenciados anatomicamente e com caracteristicas deaatvide excrecdo ainda na
fase de pupa. Ademais, os O0rgaos excretores toseamais especializados na atividade
de excrecdo na abelha adulta forrageira que estd exposta constantefatores de

estresse homeostatico.
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