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INTRODUCAO GERAL

1. O FILO MOLLUSCA COM ENFASE NA CLASSE BIVALVIA

O filo Mollusca representa um dos mais diversificados filos de metazoarios com
cerca de 200.000 espécies descritas para a fauna atual e 70.000 para o registro fossil
(Haszprunar et al., 2008). O grupo teve sua origem no final do Pré-Cambriano a partir de
um provavel ancestral de simetria bilateral, vermiforme, e cuja presenca de uma cuticula
dorsal secretora de espiculas calcérias é a principal evidéncia na sua reconstituicdo como o
“primeiro molusco” (Salvini-Plawen & Steiner, 1996). Atualmente, assumem-se como
principais sinapomorfias do filo a presenca de cuticula dorsal com secrecdes calcarias
(espiculas ou conchas sélidas), pé conspicuo, manto, radula e branquias pectinadas, sendo
essas duas Ultimas caracteristicas sujeitas a diversas alteracBes e perdas secundarias
(Haszprunar et al., 2008; Ponder & Lindberg, 2008).

Os moluscos atuais sdo tradicionalmente divididos em oito classes (estimativa do
nimero de espécies atuais indicada entre parénteses): Solenogastres (Neomeniomorpha)
(250), Caudofoveata (Chaetodermomorpha)  (150),  Polyplacophora  (1.000),
Monoplacophora (25), Scaphopoda (600), Bivalvia (20.000), Gastropoda (100.000) e
Cephalopoda (1.000) (Haszprunar et al., 2008). Neomeniomorpha e Chaetodermomorpha
correspondem ao agrupamento tradicionalmente denominado Aplacophora, incluindo
moluscos vermiformes desprovidos de concha, mas portadores de uma cuticula dorsal
secretora de espiculas calcérias (Todt et al., 2008; Todt & Wanninger, 2010). Os quitons
(Polyplacophora) sdo moluscos que apresentam oito placas dorsais que se sobrepdem (Todt
et al., 2008). Os monoplacéforos sdo moluscos de aguas profundas, pouco diversos na fauna
atual, e que possuem concha formada por uma Unica peca abrigando 6rgdos seriados
(Haszprunar, 2008). As demais quatro classes correspondem aos mais comumente
conhecidos e diversos moluscos: Gastropoda, Cephalopoda, Scaphopoda e Bivalvia. Os
gastropodes sdo caracterizados pela torcdo do corpo e pelo enrolamento espiral da concha,
enquanto os cefalopodes sdo distintos pelo pé modificado em tentaculos, bem como por uma
série de alterages morfofisiologicas relacionadas a conquista do ambiente pelagico (Aktipis
et al., 2008; Nishiguchi et al., 2008). A classe Scaphopoda retine moluscos com concha de
aspecto semelhante as presas de um elefante, além de captéaculos, estruturas tentaculares
unicas do grupo (Reynolds & Steiner, 2008). Os bivalves s&o moluscos que perderam a

radula e que apresentam a concha dividida em duas valvas. Juntamente com 0s gastropodes,



sdo 0s moluscos com maior nimero de espécies, além de ampla diversidade ecoldgica e
morfolégica (Giribet, 2008).

Com registro féssil do inicio do Cambriano (542-521 Ma), aceita-se que 0s primeiros
bivalves fossem comedores seletivos de depdsitos, cujo pé muscular desenvolvido estaria
relacionado a escavagdo e obtencgdo de particulas de alimento (Harper et al., 2000; Parkhaev,
2008; Elicki & Gursu, 2009). Na historia evolutiva de Bivalvia, é notavel a irradiacdo e
ocupacdo de diferentes zonas adaptativas pelos representantes da classe, 0 que esta
possivelmente relacionado a expressiva diversificagdo morfoldgica do grupo (Morton,
1996). Apesar de extensos esforgos taxondmicos, a atual diversidade dos bivalves ainda néo
é consenso, mas estimativas apontam para 20.000 espécies viventes (Haszprunar et al.,
2008). Durante as ultimas décadas, um progressivo aumento no ndmero de pesquisas
incluindo dados morfologicos, moleculares e paleontoldgicos permitiu profundo avango em
hipoteses filogenéticas para classe; ndo obstante, muitas questdes ainda permanecem
desconhecidas ou conflitantes (e.g., Steiner & Hammer. 2000; Giribet & Wheeler, 2002;
Giribet & Distel, 2003; Giribet, 2008; Bieler et al., 2013; Bieler et al., 2014).

Associada as principais linhagens dentro de Bivalvia (Anexo 1) (Bieler et al., 2010),
a morfologia das brénquias é aparentemente um carater profundamente relacionado a
mudancas ecoldgicas, tanto no aspecto alimentar, quanto na ocupacdo do sedimento
(Morton, 1996). Protobranchia é o agrupamento considerado mais basal em Bivalvia por
apresentar muitas das condicdes ancestrais, tais como ctenidio bipectinado (protobranquia)
e alimentacdo por acdo ciliar do pé e palpos labiais (Davenport, 1988; Bieler & Mikkelsen,
2006). Ja a subclasse Autobranchia é o grupo mais diversificado, caracterizado por um
arranjo branquial do tipo lamelibranquia, mais complexo e em forma de W (Bieler &
Mikkelsen, 2006). Por meio de ac¢do ciliar, este tipo de ctenidio é responsavel ndo somente
pela limpeza e respiracdo como também pela obtencao de particulas de alimento por filtracdo
(Morton, 1996).

O grande clado Heteroconchia compreende a maior diversidade de bivalves, com
representantes epifaunais e principalmente infaunais, além de muitos outros habitos de vida,
como perfurador e comensal. Neste grupo, assume-se que a presenga de pés escavadores e
sifdes desenvolvidos esteja associada as condi¢es que permitiram a ocupacao de diferentes
zonas nos sedimentos em ampla variedade de ambientes (Giribet, 2008). Em
Paleoheterodonta, a diversidade de espécies reunidas na ordem Unionoida representa o
maior exemplo de diversificagdo de bivalves em aguas doces, com distribuicao global (Graf

& Cummings, 2006). Dentre os Heterodonta, bivalves marinhos tipicamente infaunais,



destacam-se superfamilias megadiversas como Mactroidea, Veneroidea, Tellinoidea, e
Lucinoidea, esta ultima contendo o grupo mais diverso de moluscos associados a
quimiossimbiontes (Mikkelsen et al., 2006; Taylor & Glover, 2006; Taylor et al., 2007).
Representantes epifaunais também estdo presentes, como os bivalves gigantes da familia
Tridacnidae, que possuem associagdo com algas fotossintetizantes (Yonge, 1982). No clado
Anomalodesmata, dentre vasta diversidade morfoldgica, destaca-se a evolugdo de habitos
carnivoros em bivalves septibranquios (Harper et al., 2006).

Em Pteriomorphia, grupo-irmao de Heteroconchia, a condicdo ancestral de
escavadores superficiais foi amplamente substituida pelo habito de vida epifaunal na maioria
das linhagens (Stanley, 1972). Em Mytilida, ordem representada pelos mexilhdes, a fixagéo
por meio do bisso é a condi¢cdo predominante, ainda que o habito perfurador e semi-infaunal
tenha evoluido em alguns grupos (Distel, 2000; Owada, 2007). No diverso agrupamento das
arcas (Arcida), ocorrem bivalves endobissados ou epibissados em substratos ndo-
consolidados, e até mesmo escavadores livres (Oliver & Holmes, 2006). J& em Pteriida, as
ostras (Ostreidae) cimentam uma das valvas sobre substratos consolidados, enquanto muitos
Pteriidae vivem bissados em diferentes tipos de substrato, assim como Pinnidae (Témkin,
2006). Em Pectinida, a evolugdo do hébito epifaunal livre é notavel, incluindo espécies
natantes e vageis em Pectinidae e Limidae, embora haja casos secundarios de cimentago,

como em Spondylidae (Waller, 2006).

2. MARGEM DO MANTO

Apesar de poucos estudos detalharem a margem palial entre as classes de moluscos,
a presenca de trés pregas na regido é considerada a condicdo generalizada do grupo (Stasek
& McWilliams, 1973). Aceita-se que, no molusco ancestral, a borda do manto estaria
relacionada a producdo de uma cuticula secretora, a qual sofreu diversas modificacBes de
forma e fungdo ao longo da histéria evolutiva do filo (Stasek & McWilliams, 1973). A
secre¢cdo da concha é a funcdo mais comumente associada & margem palial e,
resumidamente, é realizada por células especializadas na deposi¢do de carbonato de calcio
(na forma de calcita ou aragonita) ao longo da superficie externa da prega externa do manto
(Timmermans, 1969; Taylor, 1973; Wilbur & Saleuddin, 1983). O periostraco, revestimento
proteico da concha formado principalmente por conchiolina, é secretado entre as pregas
externa e mediana da margem palial (Taylor, 1973).

Os aplacoforos possuem a borda do manto reduzida, sendo considerada uma

condicdo basal a presenca de pequenas dobras na diminuta cavidade palial posterior de



Caudofoveata (Stasek & McWilliams, 1973). Os quitons possuem trés pregas distintas na
margem do manto, sendo a interna e a externa reduzidas, e a mediana bastante desenvolvida
(Stasek & McWilliams, 1973). Essa hipertrofia da regido mediana origina o cinturao,
estrutura tipica de Polyplacophora, que recobre parcialmente as valvas, além de apresentar
superficie cuticular com espiculas (Stasek & McWilliams, 1973). Em Conchifera,
agrupamento que reine Monoplacophora, Gastropoda, Cephalopoda, Scaphopoda e
Bivalvia, a borda do manto possui diversas variagdes estruturais e funcionais, e a
compreensdo de sua evolucdo € considerada obscura (Stasek & McWilliams, 1973). Apesar
de gastropodes e escafépodes geralmente apresentarem a margem palial simples, ou seja,
sem pregas evidentes, alguns gastropodes possuem a prega mediana mais desenvolvida que
as demais (Stasek & McWilliams, 1973; Steiner, 1991). Ja Neopilina galathea
(Monoplacophora) possui trés pregas paliais distintas, com um sulco do peridstraco
conspicuo (Lemche & Wingstrand, 1959). De modo semelhante, dentre os cefaldpodes
viventes, o manto de Nautilus pompilius é divido em trés pregas bem definidas (Westermann
et al., 2005). Em bivalves, a condicdo de trés pregas no manto € dominante, incluindo
projecdes desenvolvidas e especializadas, bem como o marcante deslocamento do sulco do
peridstraco para sob a borda da valva (Stasek & McWilliams, 1973; Yonge, 1983).

Em Bivalvia, a borda do manto representa um ponto chave na compreensdo da
irradiacdo evolutiva do grupo, pois esta aparentemente relacionada a ocupacdo de diferentes
nichos e aos habitos de vida. A condicdo bivalve implica em um animal cuja maior parte do
corpo, sendo ele todo, esta envolto e protegido por duas valvas. Na historia evolutiva do
grupo, o encerramento do corpo pelas valvas, a reducdo da regido cefélica e a alimentacdo
por filtracdo sdo considerados importantes fatores relacionados ao estabelecimento de
alteracdes significativas na borda do manto, como funcao sensorial e controle da circulagédo
de agua (Yonge, 1983). Desse modo, a margem palial representa uma importante estrutura
de interacdo com o ambiente externo, apresentando diversas modificacGes associadas a
evolucdo dos habitos de vida em Bivalvia (Yonge, 1983). A funcdo de secrecdo do
peridstraco e das diferentes camadas da concha bivalve esta relacionada, assim como nos
demais moluscos, com a prega externa (Taylor, 1973). A prega mediana genericamente
concentra fungdes sensoriais, enquanto a prega interna é amplamente muscular (Yonge,
1983). Entretanto, esse padrdo ndo contempla a vasta diversidade de formas e fungdes da
margem palial em bivalves, tema este ainda carente de estudos sob perspectivas anatdmicas,
funcionais e evolutivas. Por exemplo, configuracdes atipicas da margem palial ocorrem em

Veneridae, com quatro pregas descritas (Ansell, 1961; Hillman & Shuster, 1966; Sartori et



al., 2008), e em bivalves da familia Arcidae, onde apenas duas pregas estdo presentes
(externa e mediana), sendo a externa duplicada (Waller, 1980; Morton & Peharda, 2008).

Uma das especializacdes mais marcantes na evolucdo de Bivalvia é a fusdo das
pregas do manto. Em diferentes graus, a fusao palial permitiu notavel irradiacdo evolutiva
na ocupacdo de nichos infaunais, principalmente devido & formacgdo de sifdes em
Heteroconchia (Yonge, 1948, 1957). Nestes bivalves, as fusdes das pregas da borda do
manto formam sifdes inalante e exalante que auxiliam na circulacdo de dgua enquanto o
animal ocupa o sedimento (Yonge, 1948, 1957, 1983). Deve-se ressaltar que os sifdes sdo
muito variados morfologicamente quanto ao grau de fusdo entre si, simetria, extensao,
funcdo sensorial e presenca de microestruturas diversas (Yonge, 1957, 1983). Em Tridacna
e Hippopus (Tridacnidae), as dobras internas séo hipertrofiadas e estdo fundidas, formando,
alem do sifdo, uma extensa superficie onde estdo abrigados dinoflagelados
fotossintetizantes, enquanto as pregas mais externas auxiliam na prote¢do do manto e na
penetracdo no substrato (Yonge, 1982). Em bivalves especializados como os teredos
(Teredinidae), perfuradores de madeira, as valvas sdo muito reduzidas e o corpo vermiforme
possui a margem do manto fundida ao longo de sua extensdo, formando, na extremidade
posterior, os sifdes e também as paletas calcérias que fecham a abertura de sua galeria (Lopes
& Narchi, 1998).

Em muitos bivalves, mesmo naqueles infaunais, a margem palial pode encontrar-se
livre, isto é, com reducdo ou auséncia de pontos de fusdo. Nestas condicdes, especializacbes
morfofuncionais sdo comuns, geralmente associadas a interacGes entre o animal e 0 meio
externo (Yonge, 1983). Na prega mediana de representantes da familia Limidae ocorrem
peculiares tentaculos ndo-retrateis relacionados a locomocao do animal, bem como a sua
protecdo (Guilmour, 1963). Tentaculos com funcdo protetora também ocorrem de modo
convergente em espécies de Galeommatidae cujas valvas sdo reduzidas (Morton, 1973).
Glandulas paliais especializadas estdo presentes em diversos grupos de bivalves, atuando na
lubrificagéo, limpeza e adesdo do manto (Beedham & Owen, 1965; Morton, 1987). Em
espécies de Lithophaga (Mytilidae), a prega mediana se estende para além da concha e
auxilia na perfuracdo de rochas ou corais por meio de secrec¢des (Morton & Scott, 1980). Em
familias como Ostreidae, Pectinidae e Spondylidae, a prega interna é intensamente muscular
e forma o velum, ou véu palial, responsavel por delimitar as regides inalante e exalante
(Nelson, 1938; Yonge, 1983). Os bivalves da familia Pectinidae sdo notaveis pela
complexidade da margem do manto, o que esta possivelmente associado a diversificacdo de

diferentes habitos epifaunais livres (Dakin, 1909; Alejandrino et al., 2011). Além dos



aspectos ecoldgicos e comportamentais, merecem destaque 0s caracteristicos tentaculos
sensoriais e olhos paliais complexos que ha tempos despertam o interesse dos zo6logos
(Morton, 2008; Serb & Eernisse, 2008). Apesar do extenso acumulo de conhecimento nas
areas de sistematica filogenética, aquicultura e ecologia, os pectinideos ainda carecem de
investigacBes sobre desenvolvimento e anatomia, principalmente quanto a margem do manto

e demais Orgaos internos.

2.1. ORGAOS SENSORIAIS DA MARGEM DO MANTO

As principais estruturas da margem palial associadas a funcdo sensorial em Bivalvia
correspondem aos tentaculos, sifées e 6rgaos fotossensiveis (Yonge, 1983). Os tentaculos
sdo estruturas sensoriais numerosas presentes em bivalves de diferentes familias,
compreendendo ampla variedade morfoldgica. A origem dos tentaculos na borda do manto
é variada, ocorrendo na prega interna, associados aos sifées ou mesmo na prega mediana
(Yonge, 1983). A presenca de conjuntos ciliares e microestruturas variadas confere aos
tentaculos as funcdes de mecano e quimiorrecep¢do, de modo que estas estruturas
representam um importante meio de contato com o ambiente (Fishelson, 2000).

Quando as margens do manto se encontram fundidas formando sifdes, estruturas
tentaculares estdo comumente presentes nas aberturas inalante e exalante (e.g., Mouéza &
Frenkiel, 1974; Fishelson, 2000; Sartori et al., 2008). Além de atuarem como 6rgaos
sensoriais, os tentaculos sifonais também impedem a entrada de particulas de tamanhos
maiores para dentro dos canais paliais formados pelos sifées (Narchi, 1972; Hodgson &
Fielden, 1984; Passos & Domaneschi, 2004). Em bivalves cujas margens do manto se
encontram livres, isto €, sem pontos de fusdo, € comum a presenca de tentaculos e papilas
ao longo de sua extensdo. Por exemplo, curtos tentdculos ocorrem na prega interna e mediana
de representantes das familias Ostreidae e Pteriidae (Témkin, 2006), enquanto bivalves da
familia Galeommatidae sdo notdveis por seus numerosos tentaculos paliais de tamanhos
variados (Lutzen & Nielsen, 2005). Em Limidae, longos tentaculos septados distribuem-se
pela margem palial, associados a autotomia e secrecdo de muco, possivelmente para evitar
predadores (Owen & McCrag, 1979). Os tentaculos que ocorrem em Pectinidae sdo variados,
incluindo pequenos tentaculos na prega interna e diferentes tipos tentaculares na prega
mediana, organizados em tentaculos exploratorios, marginais e oculares (Dakin, 1909).

Orgaos fotossensiveis s&o amplamente distribuidos em bivalves, representando uma
importante classe de receptores sensoriais no grupo (Anexo 2). Em Mollusca, os bivalves

apresentam a maior diversidade de estruturas fotorreceptoras associadas a borda do manto



(Serb, 2008). Nessa classe, a percepgdo luminosa varia de acordo com a localizagdo da
estrutura receptora, de seu mecanismo éptico e da complexidade de elementos envolvidos
(Serb, 2008; Serb & Eernisse, 2008). A fotopercepcéo pode ocorrer por receptores simples
do manto ou mesmo por olhos paliais que variam quanto a prega do manto que 0s origina
(Morton, 2008). Especula-se que estruturas mais elaboradas como os olhos paliais teriam
surgido diversas vezes de forma independente em diferentes familias de bivalves ao longo
da evolugdo do grupo (Morton, 2008). Em Arcidae, numerosos olhos compostos estdo
distribuidos na prega externa do manto, formados por unidades semelhantes a omatidios e
recobertas pelo peridstraco (Waller, 1980; Nilsson, 1994). Em Limidae, olhos paliais
ocorrem na prega mediana como tagas pigmentares que envolvem os fotorreceptores e a
lente (Morton, 2000). Uma condicao mais atipica ocorre em Tridacnidae, cuja prega palial
interna € hipertrofiada e abriga numerosos ocelos onde fotossimbiontes associados
possivelmente atuam como refletores, aumentando a eficiéncia da recepcéo de luz (Wilkens,
1986).

Olhos paliais complexos ocorrem nas familias Pectinidae e Spondylidae, cuja
estrutura ocular contém cornea, lente, retina dupla e camada refletora (Morton, 2008; Serb,
2008). Diferentes aspectos da anatomia e fisiologia de tais 6rgdos vém sendo estudados
desde o inicio do século 20 (e.g., Dakin, 1910; Land, 1965; Barber et al., 1967; Speiser &
Johnsen, 2008, Serb et al., 2013; Malkowsky & Goétze, 2014). A luz que entra pela abertura
ocular atravessa a cornea e a lente, sendo refletida no fundo do olho pela camada refletora,
de modo que os feixes Opticos convergem na retina, resultando em uma imagem de baixa
resolucdo (Land, 1965; Nilsson, 2013). Especula-se que o papel funcional dos olhos nestes
animais esteja relacionado a resposta de fuga de predadores em espécies com capacidade de
natacdo, embora haja controvérsias nessa hipotese (Wilkens, 2006). Funges relacionadas a
orientacdo do animal no ambiente e substrato também foram sugeridas a partir de
experimentos comportamentais (Hamilton & Koch, 1996). Notavelmente, em alguns
representantes da familia Laternulidae e Cardiidae, estdo presentes na prega mediana olhos
paliais muito semelhantes e tdo complexos quanto aos de Pectinidae (Adal & Morton, 1973).
Contudo, a grande distancia filogenética presente entre essas familias, pertencentes inclusive
a subclasses distintas, revela ampla plasticidade da margem palial e alto grau de
convergéncia em formacéo de sistemas visuais em bivalves (Morton, 2008). A evolucdo de
olhos complexos, particularmente daqueles presentes em Pectinidae, representa um grande
desafio de compreensdo. Diversos aspectos dessas estruturas ainda carecem de estudos, de

modo que diferentes técnicas e abordagens sdo necessarias para responder questbes



relacionadas a evolugdo, funcdo e anatomia desses 6rgdos (Serb & Eernesse, 2008). Além
dessas questdes, a formacéo e diferenciacdo de tentaculos e olhos paliais ainda representam

uma significativa lacuna no conhecimento sobre desenvolvimento na familia.

3. DESENVOLVIMENTO EM BIVALVIA

Os moluscos bivalves compartilham desenvolvimento indireto, geralmente formado
por estadios larvais de trocdfora, seguidos por larvas do tipo véliger, metamorfose e
formacéo do individuo adulto (Raven, 1958; Moor, 1983). O embrido origina em poucas
horas uma larva trocofora, caracterizada pela presenca de prototroquio ciliar, formando uma
faixa pré-oral, e tufo apical na regido distal (Raven, 1958; Moor, 1983). Eventualmente,
outros componentes ciliares podem estar presentes na trocéfora, como o metatroquio pos-
oral e o telotréquio na extremidade inferior (Raven, 1958; Hodgson & Burke, 1988). Com
excecdo dos bivalves protobranquios, cuja fase larval é caracterizada pela larva pericalima
(Gustafson & Reid, 1986), a formacéo do estadio de véliger nos demais bivalves ocorre a
partir do desenvolvimento das valvas e do futuro manto por glandulas na regido do escudo
da concha, na superficie posterior e dorsal da larva troc6fora. A formacéo da prodissoconcha
| e Il é caracteristica da larva véliger, apresentando organizacdo e composi¢do tipicas
(Waller, 1981). Também é notavel a formacdo do véu, com diversos grupos ciliares,
responsavel pela natacdo ativa das larvas e pela filtracdo de particulas de alimento (Moor,
1983). Em muitos bivalves, como no caso de Pectinidae e outras familias, o véu regride e o
pé se desenvolve originando o estadio denominado pedivéliger, caracterizando a transicao
do habito larval plancténico para o benténico (Moor, 1983; Cragg & Crisp, 1991). Uma vez
associada ao substrato, a larva sofre metamorfose, conduzindo a génese dos érgdos internos
(como os ctenidios), dissoconcha e demais estruturas componentes do animal adulto (Raven,
1958; Moor, 1983; Cragg & Crisp, 1991).

Nas ultimas décadas, extensos esforcos foram realizados para compreensdo de
diversas questdes relacionadas ao desenvolvimento em Mollusca, principalmente quanto a
caracterizacdo dos processos de morfogénese e as implicacbes na histdria evolutiva dos
grupos. Particularmente em Bivalvia, estudos de morfogénese sdo escassos, e com base na
revisao bibliogréfica realizada, identificaram-se lacunas do conhecimento e perspectivas
para pesquisas futuras com a classe. A grande maioria das investigacbes com larvas de
bivalves é voltada para a caracterizacdo geral dos estadios larvais e sua morfologia. Neste
caso, o material de estudo corresponde principalmente a espécies comerciais de mexilhdes

(Mytilidae), ostras (Ostreidae), vieiras (Pectinidae) e berbigdes (Veneridae) (e.g., Waller,



1981; Hodgson & Burke, 1988; Moueza et al., 1999). Apesar dos inimeros estudos com
Pectinidae voltados a aquicultura, em que s&o analisadas taxas de crescimento, assentamento
e maturacao, além de caracteristicas de resisténcia e produtividade, esses trabalhos nao tém
por objetivo o detalhamento anatdmico, por isso ndo serdo citados aqui

O uso de Microscopia Eletronica de Varredura permitiu grandes avancos nos estudos
de embriogénese e anatomia larval, porém, tradicionalmente, as anélises estiveram restritas
a formacdo das valvas, charneira, ligamento e véu (e.g., Doroudi & Southgate, 2003;
Silberfeld & Gros, 2006; Wassnig & Southgate, 2012). Ja os 6rgdos e demais estruturas
internas, como trato digestivo e ctenidios, foram brevemente consideradas em poucos
estudos de anatomia geral (e.g., Cole, 1938; Allen, 1961; Sastry, 1965; Le Pennec, 1974;
Elston, 1980; Hodgson & Burke, 1988; Bellolio et al., 1993).

Recentemente, trabalhos que empregaram técnicas integradas de microscopia
(microscopia de luz, eletrénica e confocal), além de métodos em marcagdo celular e
expressao génica, apresentaram resultados satisfatorios e inovadores na compreensdo da
ontogénese de invertebrados (Wanninger et al., 2008). Atualmente, a abordagem da evo-
devo, incluindo as frentes de estudos ontogenéticos e moleculares (Miller, 2012),
representam a perspectiva mais promissora para compreensao da origem e das implicacfes
evolutivas do desenvolvimento nos diferentes grupos de moluscos (Ponder & Lindberg,
2008). No caso de Mollusca, a maioria dos estudos de desenvolvimento e anatomia utilizou
representantes de diferentes classes como modelos de estudo, obtendo evidéncias
importantes para a proposicao ou revisdo de hipéteses acerca da evolucgao do grupo e de seus
sistemas (Wanninger et al., 2008). A investigacdo da miogénese e neurogénese em
aplacoforos e poliplacoforos forneceram, entre outros aspectos, informacGes cruciais a
discussdo sobre sistemas seriados em moluscos (e.g., Haszprunar & Wanninger, 2000;
Wanninger & Haszprunar, 2002a; Scherholz et al., 2013). Dados relevantes também foram
obtidos para Scaphopoda (Wanninger & Haszprunar, 2002b), porém os gastropodes
provavelmente representam o grupo mais bem estudado em abordagens morfogenéticas,
incluindo vasto registro de padroes e variacdes (e.g., Wollesen et al., 2008).

Como apontado por Wanninger et al. (2008), analises do desenvolvimento de
Mollusca que empreguem técnicas de microanatomia sdo essenciais para melhor
compreensdo da evolucdo e ontogénese dos grupos, principalmente daqueles clados que
ainda foram pouco estudados. Considerando a ampla diversidade de Bivalvia, e sua profunda
importancia em estudos comparativos entre moluscos, a caréncia de informagfes sobre

morfogénese no grupo é acentuada. O conhecimento sobre desenvolvimento muscular e



nervoso em bivalves estd principalmente resumido a informacgdes obtidas com Mytilus
trossulus (Voronezhskaya et al., 2008; Dyachuk & Odintsova, 2009). Por sua vez, a
morfogénese e diferenciacdo dos ctenidios foram estudadas em detalhes para Mytilus edulis
(Cannuel et al., 2009). Sendo assim, estudos de morfogénese de diferentes sistemas larvais
em diferentes grupos de bivalves se mostram fundamentais para compreensédo da variagéo
na classe e suas implicagdes morfofuncionais.

A margem do manto dos bivalves é provavelmente um dos temas que recebeu menor
atencdo quanto a sua morfogénese. Especificamente para Bivalvia, segundo Cragg & Crisp
(1991), a borda do manto possui muitas questdes em aberto, especialmente quanto a sua
organizacdo e relacdo entre os distintos estadios ao longo do desenvolvimento.
Tradicionalmente, considera-se que a larva bivalve possui apenas duas pregas paliais,
enguanto o adulto, trés (Moor, 1983; Cragg & Crisp, 1991). Contudo, pouco se sabe sobre a
origem das pregas paliais e suas modifica¢des ao longo do desenvolvimento larval e pos-
larval. Poucos trabalhos descrevem a organizacdo dessa regido nos estadios larvais e, dentre
as esparsas contribuicfes ao tema, destaca-se a descri¢do dos cilios da borda do manto do
pectinideo Argopecten purpuratus, observados sob microscopia eletrénica de varredura
(Bellonio et al., 1993), e estudos histol6gicos da margem palial da ostra Ostrea edulis
(Cranfield, 1974). Em suma, o desenvolvimento da margem do manto em bivalves, incluindo
a formacdo e diferenciacao das pregas, permanece pouco compreendido. Mais notavel ainda
¢ a auséncia de estudos que relacionem as estruturas larvais com a formacao do adulto, ou
seja, que cologuem a margem do manto sob a perspectiva de sua morfogénese. Neste
contexto, espécies da familia Pectinidae representam um potencial modelo de estudo para a
investigacdo de tais questdes. Dentre 0os motivos, destacam-se o longo historico de estudos
sobre a margem palial das vieiras e informacdes disponiveis sobre sua anatomia larval. Além
do mais, espécies comerciais da familia, assim como para outros grupos de bivalves,
facilitam a obtencdo de amostras em diferentes estadios do ciclo de vida e em quantidades

satisfatorias, o que se revela muito vantajoso para estudos detalhados de desenvolvimento.

4. OBJETIVOS

Considerando o contexto aqui apresentado, o presente estudo visou preencher as
diversas lacunas no conhecimento relacionado a morfogénese da margem do manto em
Pectinidae, utilizando como modelo a espécie Nodipecten nodosus (Linnaeus, 1758),
popularmente conhecida como vieira, veria pata-de-ledo, ou coquille Saint-Jacques. Mais

especificamente, a investigacdo visou contemplar os seguintes objetivos:
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1. Descrever a anatomia da margem palial quanto a musculatura, epitélio, tecido
conjuntivo, inervagdo e estruturas sensoriais (olhos, tentaculos e cilios) nos estadios de
véliger, pedivéliger, pos-larva, juvenil e adulto;

2. Analisar a formacdo e diferenciacdo das pregas paliais ao longo do
desenvolvimento da espécie por meio do emprego de diferentes técnicas de analise
morfolégica;

3. Analisar o desenvolvimento e anatomia das estruturas associadas a margem palial,
como tentaculos, olhos paliais e véu palial, empregando técnicas integradas de microscopia;

4. Confrontar as informacdes obtidas para Nodipecten nodosus com os demais dados
provenientes de outras espécies e familias de bivalves, a fim de possibilitar uma abordagem
comparativa;

5. Com base nas evidéncias obtidas, propor um modelo de desenvolvimento que
explique a morfogénese da margem do manto em Pectinidae, bem como de 06rgédos
associados, contribuindo para compreensdo da anatomia e desenvolvimento dessa regido em

Bivalvia.

5. METODOLOGIA GERAL

Amostras de N. nodosus em estadios de véliger, pedivéliger, pds-larva, juvenil e
adulto foram obtidas no Instituto de Ecodesenvolvimento da Baia de Ilha Grande, IED-BIG
(Angra dos Reis, Rio de Janeiro). Os diferentes estadios foram amostrados ao longo dos
meses de setembro de 2012, mar¢o, maio e setembro de 2013. Os espécimes larvais e juvenis
foram removidos de tanques artificiais, onde eram mantidos sob condigdes controladas de
temperatura, salinidade, aeracdo e alimentacdo. Individuos adultos foram coletados na baia,
onde sistemas de lanterna oferecem substrato e abrigo artificial para criacdo de vieiras.

Os estudos com espécimes vivos, bem como a preparacdo para fixacdo, foram
conduzidos nas instalagdes do Centro de Biologia Marinha da Universidade de S&o Paulo,
CEBIMar-USP (Séo Sebastido, S&o Paulo). Os estudos de microscopia de luz e eletrénica
foram realizados nas dependéncias do Instituto de Biociéncias da Universidade de Sdo Paulo,
IB-USP (Sao Paulo). Os estudos de microscopia confocal e reconstrucdo tridimensional
foram conduzidos na Faculdade de Ciéncias da Vida, Universidade de Viena (Viena,
Austria).
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5.1. ESTUDO DE ESPECIMES VIVOS

Apbs a obtengdo do material de pesquisa no instituto de cultivo (IED-BIG),
individuos de N. nodosus em diferentes estadios de desenvolvimento foram transferidos ao
Centro de Biologia Marinha da Universidade de Sdo Paulo (CEBIMar-USP). As amostras
foram mantidas por curto periodo de tempo (entre 2 a 3 dias) até sua fixacdo para estudos de
microscopia. Aspectos de comportamento e morfologia dos espécimes vivos foram
observados e devidamente registrados por meio de fotografias e filmagens, com auxilio de

estereomicroscopio e microscopio éptico.

5.2. FIXACAO DO MATERIAL PARA ESTUDOS DE MICROSCOPIA

Antes da fixacdo, os individuos foram anestesiados em solucdo de cloreto de
magnésio a 7,5% adicionada a agua do mar (proporc¢do 1 anestésico: 3 dgua do mar), sob
refrigeracdo, por um periodo de até 3 horas (conforme o tamanho dos individuos). Esse
procedimento foi realizado com o objetivo de se reduzir as contracbes musculares
observadas durante a fixacdo. Individuos até o estadio juvenil foram fixados inteiramente,
enguanto que vieiras adultas tiveram sua margem palial dissecada e posteriormente fixada.
Trés protocolos de fixacdo foram empregados. Parte das amostras foi fixada em solugéo de
paraformaldeido a 4% em tampdo PBS a 1,0 M (com osmolaridade ajustada para 1000
mOsm e pH 7.2) por trés horas, sendo em seguida lavadas e mantidas em tampéo PBS. Outro
conjunto de amostras foi fixada em solucdo de Karnovsky modificada (paraformaldeido a
2% e glutaraldeido a 2,5% em solucdo tampédo cacodilato de sodio a 0,1 M, com
osmolaridade ajustada para 1000 mOsm e pH 7.4) por trés horas, sendo em seguida lavadas
e mantidas em tampéo cacodilato de sédio a 0,1 M. Todas as amostras utilizadas para
microscopia eletrénica foram fixadas em solucdo de Karnovsky, enquanto os estudos
histoldgicos foram realizados tanto com amostras fixadas em Karnovsky quanto com aquelas
fixadas em paraformaldeido a 4% em PBS. Finalmente, as amostras submetidas ao
procedimento de microscopia confocal foram fixadas em paraformaldeido a 4%, lavadas em

tampédo PB, e mantidas sob refrigeracdo em tampao PB contendo NaNz a 0.1%.

5.3. HISTOLOGIA E HISTOQUIMICA

Espécimes inteiros e porgdes da margem palial foram utilizados para analises
histoldgicas a partir da metodologia de fixacdo descrita acima. Amostras larvais e juvenis
foram descalcificadas em solucdo de acido ascorbico a 3% overnight. Apos desidratacdo em

série alcoodlica ascendente até etanol a 100%, as amostras foram incluidas em resina a base

12



de glicol-metacrilato da marca “Leica” (“Leica Historesin Kit”), seguindo-se instru¢des do
fabricante. Foram obtidos cortes de 3 um de espessura para amostras de juvenis e adultos, e
cortes de 2 um para larvas e pos-larvas. Os cortes seriados foram corados com Hematoxilina
de Mayer e Eosina, ou com Azul de Toluidina e Fucsina Béasica. Ensaios histoquimicos
foram realizados utilizando espécimes dos estadios de veéliger, juvenil e adulto. As amostras
foram processadas como descrito anteriormente e incluidas em historresina. Cortes de 3-4
um de espessura foram corados com os seguintes métodos: Acido Periodico e Reativo de
Schiff (PAS), para deteccdo de polissacarideos; Azul de Alcian, para deteccdo de
polissacarideos &cidos; Azul de Bromofenol, para deteccao de proteinas; e Alizarina Sédica,
para deteccdo de depésitos de célcio. Todas as laminas produzidas foram finalmente

montadas com resina apropriada (“Entellan”) e laminula.

5.4. MICROSCOPIA ELETRONICA DE VARREDURA (MEV)

Amostras fixadas em solucdo de Karnovsky foram lavadas em tampéo e submetidas
a segunda fixacdo com tetroxido de 6smio a 1% em solucdo tampédo de cacodilato de sddio
a 0.1 M durante 30 minutos. Subsequentemente, foram lavadas com &cido tanico em solugédo
tampé&o por 15 minutos e, entdo, mantidas em nova solugdo de OsO4 por mais 15 minutos.
Larvas e pos-larvas foram descalcificadas segundo a metodologia descrita anteriormente.
Todas as amostras foram desidratadas até etanol a 100% em série alcodlica ascendente,
submetidas ao ponto critico com CO. como fluido transicional, montadas em stubs,

metalizadas com ouro e analisadas no Microscopio Eletrdnico de Varredura.

5.5. MICROSCOPIA ELETRONICA DE TRANSMISSAO (MET)

Amostras fixadas em solucdo de Karnovsky foram lavadas em tampao, submetidas a
segunda fixagdo com OsO4 a 1% em solucdo tampao de cacodilato de sodio a 0.1 M durante
uma hora e lavadas em tampdo. Subsequentemente, foram desidratadas até etanol a 100%
em série alcodlica ascendente e incluidas em resina Epoxi. Cortes ultrafinos (50-70 nm)
foram obtidos, montados em telas de cobre, contrastados com acetato de uranila e citrato de

chumbo, e analisados no Microscépio Eletronico de Transmissao.

5.6. MICROSCOPIA CONFOCAL DE VARREDURA A LASER (MCVL)

Para marcacdo dos filamentos de actina F, as amostras foram mantidas em solucao
tampédo PBT (PB contendo Triton-X 100 a 2%) overnight e incubadas em Alexa Flour 488
Phalloidin (Molecular Probes) em PBT, com diluigdo de 1:40, por 24 horas no escuro. Para
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marcagdo neuronal, as amostras foram incubadas em PBT contendo soro de cabra a 6%
(block-PBT) overnight. Em seguida, anticorpos primarios, i.e., anti-serotonina, anti-
FMRFamida e anti-a-tubulina, foram aplicados em concentracdo de 1:400 em solucéo de
block-PBT por 24 horas. As amostras foram lavadas repetidas vezes em block-PBT antes da
incubacdo com anticorpo secundario conjugado a fluorocromo (Alexa Fluor 488 e 633,
Molecular Probes) em concentragdo de 1:200, por 24 horas no escuro. Nucleos foram
corados com 1 pl de 4°, 6-diamidino-2-fenilindol (DAPI, Invitrogen). Todas as amostras
foram devidamente lavadas em solucdo tampédo PBS, montadas em laminas de microscopia
utilizando Fluoromount G como meio de montagem, e mantidas sob refrigeracéo antes da
analise no Microscopio Confocal de Varredura a Laser. Planos Opticos foram registrados a
cada 0,3 um ao longo do eixo z, e digitalmente agrupados pelo método de projecdo de
méaxima intensidade. Reconstrucdes tridimensionais foram geradas a partir do conjunto de

planos Opticos varridos, utilizando o software Imaris.

6. ORGANIZAGAO DA DISSERTAGAO

Além da presente “Introducao” e das “Consideragdes Finais”, a Dissertacdo esta
organizada em mais trés capitulos estruturados como artigos cientificos e redigidos em
inglés. Precedendo cada capitulo, ha um breve resumo em portugués, contendo as principais
ideias e contribuicdes do artigo. As respectivas figuras sao apresentadas independentemente
ao final de cada capitulo. Embora estejam organizados para publicacdo, nenhum dos
manuscritos esta submetido, publicado ou no prelo. Dessa forma, todas as sugestdes,
correcdes e criticas dos membros da Banca poderdo ser incorporadas aos mesmos antes de
sua publicacéo.

O capitulo 1, “Mantle margin morphogenesis in Nodipecten nodosus (Mollusca:

Bivalvia): new insights into the development and roles of bivalve pallial folds”, descreve
detalhadamente o desenvolvimento da margem do manto em N. nodosus, por meio de
técnicas combinadas de analise anatdbmica, e apresenta um modelo de desenvolvimento da
regido para Pectinidae. Esse manuscrito sera submetido ao periodico Journal of Morphology.

O capitulo 2, “Anatomy of tentacular organs from the mantle margin of the scallop

Nodipecten nodosus (Bivalvia: Pectinidae)”, compreende a formacao e anatomia dos 6rgéos

tentaculares presentes na margem palial de N. nodosus, amplamente discutidos com base no
conhecimento sobre estruturas similares nos demais bivalves. Esse manuscrito sera

submetido ao periodico Zoologischer Anzeiger.
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O capitulo 3, “Development of the pallial eye in Nodipecten nodosus (Mollusca:

Bivalvia): insights into early visual performance in scallops”, expde meticulosamente a
sequéncia de mudancas anatémicas durante a diferenciacdo dos olhos paliais de N. nodosus
e sua contribuicdo para a compreensao de estruturas visuais em Pectinidae. Esse manuscrito
serd submetido ao periédico Zoomorphology.

Ao final da dissertacdo, o anexo 1 apresenta a relagdo taxondmica dos principais
grupos recentes de bivalves, basecada na literatura cientifica. O anexo 2, “Sintese do
conhecimento sobre a diversidade de sistemas visuais em Mollusca, com énfase em
Bivalvia”, compreende uma extensdo revisao sobre o tema, incluindo informacdes sobre a
morfologia e evolugédo de estruturas fotorreceptoras no grupo. O manuscrito foi submetido

ao periodico nacional Papéis Avulsos de Zoologia.
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CAPITULO 1

DESENVOLVIMENTO DA MARGEM PALIAL EM NODIPECTEN NODOSUS

(BIVALVIA: PECTINIDAE)

REsSuUMO

Apesar do extenso conhecimento acumulado para a margem do manto em bivalves,
diversas questdes relacionadas ao seu desenvolvimento, anatomia e diversidade morfolégica
permanecem pouco compreendidas. Por exemplo, a formacdo das pregas paliais e sua
subsequente diferenciagdo ainda sdo obscuras. Bivalves da familia Pectinidae (vieiras) sdo
particularmente promissores para esclarecer essa questao, pois eles possuem uma complexa
margem palial e seus diferentes estadios de desenvolvimento podem ser obtidos a partir da
maricultura. A margem do manto da vieira Nodipecten nodosus (L. 1758) foi investigada
por meio de técnicas integradas de microscopia (i.e., histologia, microscopia eletrdnica de
varredura e transmissao, além de imunocitoquimica aplicada a microscopia confocal). Uma
minuciosa descricdo da margem palial é fornecida ao longo da ontogenia da espécie, com
énfase em aspectos conservados e profundas modificacdes. Inicialmente sem pregas, a
margem palial é dividida em regides proximal e distal pela zona de formag&o do peridstraco.
O surgimento da musculatura palial, combinada a inervacdo do manto, sdo etapas cruciais
durante o desenvolvimento larval. No estadio de pediveliger, a margem se torna pregueada,
resultando na condicdo bilobada, com um sulco do peridstraco e a formacdo de diferentes
tipos ciliares. Apds a metamorfose, um segundo evento de evaginacdo é responsavel pela
formacdo da prega palial mediana a partir da regido interna da prega interna. Assim que a
condicdo de trés pregas paliais estabelece-se, as caracteristicas do manto adulto rapidamente
se desenvolvem. Com base em diferentes linhas de evidéncias, nés propomos um modelo
para explicar a formacdo da margem do mando em Pectinidae. Os resultados obtidos devem
fornecer potencial contribuicdo ao desenvolvimento da margem palial em Bivalvia, além de
base para futuros estudos comparativos na classe.
Palavras-chave: borda do manto, microscopia integrada, ontogenia, Pectinidae, sulco do
peridstraco.

O manuscrito a seguir contendo as informagfes detalhadas serd submetido ao

periddico internacional Journal of Morphology.
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CHAPTER 1

MANTLE MARGIN MORPHOGENESIS IN NODIPECTEN NODOSUS (MOLLUSCA:
BIVALVIA): NEW INSIGHTS INTO THE DEVELOPMENT AND ROLES OF BIVALVE

PALLIAL FOLDS

ABSTRACT

Even though extensive amount of knowledge of bivalve mantle margin is available
in the literature, several issues concerning its development, anatomy and morphological
diversity remain unclear. For example, the formation of bivalve mantle folds and their further
differentiation are still obscure. Bivalves from the family Pectinidae (scallops) are
particularly promising to cast some light into this question, for they exhibit a complex mantle
margin, and their developmental stages are easily obtained due to scallop farming. We
investigated the mantle margin of the scallop Nodipecten nodosus (L. 1758) during larval
and postmetamorphic stages, by means of integrative microscopy techniques (i.e. histology,
scanning and transmission electron microcopy, and immunocytochemistry combined with
confocal microscopy). A thorough description of the mantle edge is provided throughout the
species ontogeny, with emphasis on conservative features and major changes. Initially
unfolded, the pallial margin is divided into distal and proximal regions by the periostracum
forming zone. The emergence of the pallial musculature, combined with mantle innervation,
are crucial steps during larval development. By the late pediveliger stage, the margin
becomes folded, resulting in a bilobed condition, with a periostracal groove and the
development of different types of cilia. After metamorphosis, a second folding process is
responsible for developing the middle mantle fold from the inner surface of the inner fold.
Once the three-folded condition is established, the general adult features are rapidly
developed. Based on several lines of evidence, we propose a model to explain mantle margin
formation in the Pectinidae. Our data should provide insights into pallial margin
development in other Bivalvia, as well as a basis for future comparative studies within the

class.

Key words: integrative microscopy, mantle edge, ontogeny, Pectinidae, periostracal groove
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INTRODUCTION

The molluscan mantle margin, which corresponds to the free portion of the mantle,
exhibits great diversity of form and function. The presence of three pallial folds in this region
is claimed to be the general condition for conchiferan molluscs; nevertheless, structural
diversity in the pallial margin is very pronounced among and within molluscan classes
(Stasek and McWilliams, 1973). Even though gastropods and scaphopods most often display
a simple, swollen projection in the mantle rim, in a few gastropods the mantle margin is
molded into distinctive folds (Stasek and McWilliams, 1973; Steiner, 1991). The
monoplacophoran Neopilina galathea displays three folds in the mantle margin, and a
periostracal groove is placed between the outer and middle folds (Lemche and Wingstrand,
1959). Similarly, among living cephalopods, the mantle of Nautilus pompilius also exhibits
the three-folded pattern (Westermann et al., 2005).

In Bivalvia, the mantle margin is divided into three pallial folds, each with a specific
function: the secretory outer fold, the sensorial middle fold, and the muscular inner fold
(Yonge, 1957, 1983). The periostracum is formed in a deep groove between the outer and
middle folds, while the shell layers are secreted by the outer mantle epithelium (Taylor,
1973; Wilbur and Saleuddin, 1983). However, exceptions in this three-folded pattern do
exist, e.g., four pallial folds are conventionally described in the Veneridae (Ansell, 1961;
Hillman and Shuster, 1966; Sartori et al., 2008), and two pallial folds occur in the Arcidae
(with the outer one duplicated; Waller, 1980; Morton and Peharda, 2008).

The bivalve mantle margin displays several adaptive traits associated with bivalve’s
lifestyles, resulting in the huge morphological diversity observed within the class. Different
levels of fusion in the mantle margin and siphon formation are among the key features
associated with the evolutionary radiation of infaunal bivalves (Yonge, 1948, 1957, 1982).
Specialized, secretory glands from the mantle margin are widespread in many groups
performing a variety of roles, e.g., cleansing, adhesion, lubrication, and boring (Beedham
and Owen, 1965; Morton and Scott, 1980; Morton, 1987). Pallial tentacular structures are
also present in some families, such as Limidae, Pectinidae and Galeommatidae, performing
sensorial, defensive and secretory functions (Gilmour, 1967; Morton, 1973; Moir, 1977
Mikkelsen and Bieler, 2003). In addition, photoreceptors and pallial eyes have evolved
independently in the mantle margin of several unrelated Bivalvia taxa (Morton, 2008; Serb

and Eernisse, 2008). Even though extensive amount of knowledge of bivalve mantle margin
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has been produced, these studies have mainly focused on adult anatomy, several
developmental and functional issues remaining largely unclear (Cragg, 2006).

Bivalve organogenesis is poorly understood compared to other molluscan groups,
such as gastropods, and further investigations applying techniques of microanatomy are vital
to evaluate the functional ontogeny in the Bivalvia (Wanninger et al., 2008). Morphogenesis
of the bivalve mantle margin has been scarcely studied so far, and further developmental
evidence is still necessary to understand the changes and mechanisms underlying fold
differentiation. Apart from the detailed study on mantle anatomy of Ostrea edulis larvae
carried out by Cranfield (1974), details on larval mantle are fragmentary, and restricted to
descriptions on general larval morphology (Raven, 1958; Waller, 1981; Moor, 1983;
Carriker, 1990; Cragg, 1996). In contrast, the development of other organs and structures,
such as gills, foot, velum, and, most of all, shell, has been thoroughly documented for several
bivalve representatives (e.g., Cole, 1938; Ansell, 1962; Gruffydd et al., 1975; Hodgson and
Burke, 1988; Moueza et al., 1999; Carriker, 2001; Weiss et al., 2002; Cannuel et al., 2009).

Scallops (bivalves of the family Pectinidae) are particularly promising to cast some
light into the origin and differentiation of the bivalve mantle margin. Due to their economical
importance, developmental stages are easily obtained in scallop farming areas. In addition,
pectinids bear an especially complex mantle margin, displaying distinct organs and pallial
structures, such as elaborate eyes and tentacles. Scallops are a well-studied group, and large
background knowledge of their behavior, taxonomy, phylogeny and farming is available
(e.g., Alejandrino et al., 2011; Beninger and Le Pennec, 2006; Waller, 2006; Wilkens, 2006).
Their pallial eyes have been extensively studied due to their intricate structure and optical
performance (Dakin, 1910; Land, 1965; Morton, 2001; Malkowsky and Jochum, 2014). The
inner mantle fold is a muscular curtain responsible for the regulation of the water flow into
and out of the mantle cavity, especially during clapping movements and swimming behavior
(Buddenbrock, 1911; Yonge, 1936; Moore and Trueman, 1971). Although there is a plethora
of studies on scallop pallial structures, there is no specific information concerning anatomy
and developmental changes of their mantle margin.

The present study aimed at analyzing the morphogenesis of the mantle margin in the
scallop Nodipecten nodosus (Linnaeus, 1758). We provide a thorough description of this
region throughout its development, from veliger larvae to mature adults, by means of

integrative microscopy techniques, i.e. light, electron and confocal microscopy.
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MATERIAL AND METHODS

Specimens of Nodipecten nodosus at different developmental stages were obtained
in the scallop farm Institute of Eco-Development from Baia da Ilha Grande (IED-BIG), Rio
de Janeiro, Brazil. Veligers (about 100 um length) correspond to larvae two weeks after
fertilization, while pediveliger (around 150 um length) were three weeks old, and settled
individuals (about 400 um length) reached metamorphosis slightly before the fourth week.
Juveniles (maximum of 4 mm length), around a few weeks after metamorphosis, and adult
mature individuals (about 8 cm length) were obtained as well. The specimens were removed
from artificial hatcheries and, in case of larvae, observed under the light microscope to check
if they exhibited healthy morphology and behavior. Then, samples were anesthetized by

gradual addition of drops of 7.5% MgClI> for 2 hours prior to fixation.

HISTOLOGICAL PROCEDURES

Specimens were fixed for 3 hours at 4°C in a modified Karnovsky solution (2%
paraformaldehyde + 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 7.4 and
1000 mosm adjusted with sucrose). Larvae, postlarvae and juveniles were decalcified for 12
hours at room temperature in 3% ascorbic acid in distilled water, while adult specimens were
dissected after anesthesia to remove fragments from the pallial margin. Then, specimens
were dehydrated in a graded ethanol series and embedded in glycol-methacrylate resin
(Leica Historesin Kit). Serial sections of 2-3 um were produced on a Leica RM2255
microtome and stained with hematoxylin and eosin (HE) or toluidine blue and acid fuchsin
(TB). In order to evidence possible secretory cells in the mantle, histochemical methods were
applied using Periodic acid-Schiff stain (PAS) and Alcian blue (AB) for neutral and acid
mucopolysaccharide staining, respectively. Digital images were captured using a Nikon
eclipse 80i microscope equipped with a Nikon DS-Ril camera.

SCANNING AND TRANSMISSION ELECTRON MICROSCOPY

For Scanning Electron Microscopy (SEM), samples were previously fixed in
modified Karnovsky solution. Post-fixation was performed for 30 minutes in 1% OsO4 in
buffer solution (sodium cacodylate buffer at pH 7.4), followed by 15 minutes in 1% tannic
acid in buffer solution, and more 15 minutes in new solution of 1% OsO4 at 4°C. Then,
specimens were decalcified as previously described for histological procedures and
dehydrated in graded ethanol series. Samples were critical point dried using CO2 as a
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transitional fluid in a Balzers CPD 030, mounted on stubs, coated with gold in a Balzers
SCD 050 sputter coater, and observed in a Zeiss DSM 940. For Transmission Electron
Microscopy (TEM), post-fixation was performed for 1 hour in 1% OsOg in buffer solution.
Larval samples were embedded in Epoxi resin; ultrathin sections (50-70 nm) were cut using
a Leica Ultracut UCT microtome, mounted on copper slot-grids, contrasted with uranyl
acetate and lead citrate, and analyzed using a Zeiss EM 900 electron microscope.

IMMUNOCYTOCHEMISTRY, CONFOCAL LASER SCANNING MICROSCOPY AND 3D

RECONSTRUCTION

Specimens were fixed in 4% paraformaldehyde in 0.1 M phosphate buffered (PB) for
1 hour, followed by four rinses with buffer solution. Until further preparation, all samples
were properly stored in 0.1 M PB containing 0.1% NaNz at 4°C. Prior to staining procedures,
larval and postmetamorphic individuals were decalcified in 0.05 M EGTA for 1 hour.
Juvenile specimens were dissected in order to remove small fragments of the mantle margin
for Confocal Laser Scanning Microscopy (CLSM).

For F-actin staining, specimens were permeabilized in PB containing 2% Triton-X
100 (PBT) overnight and then incubated in a 1:40 dilution of Alexa Fluor 488 Phalloidin
(Molecular Probes) in PBT, for 24 hours at room temperature, in the dark. For neuronal
staining, larval specimens were incubated in 6% normal goat serum in PBT (block-PBT)
overnight at room temperature. Subsequently, primary antibodies (e.g., anti-serotonin raised
in rabbit and anti-a-tubulin raised in mouse) were applied at a concentration of 1:400 in
block-PBT for 24 hours. Then, specimens were rinsed several times in block-PBT prior to
application of a secondary fluorochrome-conjugated antibody (goat anti-rabbit Alexa Fluor
488 and goat anti-mouse Alexa Flour 633, Molecular Probes) in block-PBT at a
concentration of 1:200 for 24 hours in the dark. Nuclei were stained by adding a 1 ul drop
of 4°, 6-diamidino-2-phenylindole (DAPI) (Invitrogen, 3 pug mL?) in conjunction with
secondary antibody or Phalloidin incubation. Then, all samples were washed three times in
PBS for about 30 minutes and mounted in Fluoromount G (Southern-Biotech, Alabama) on
standard microscope slides, which were stored in freezer prior to analysis.

Analysis and image acquisition were performed on a Leica TCS SP5 Il confocal laser
scanning microscope equipped with the software Leica Application Suite Advanced
Fluorescence (LAS AF), Version 2.6.0 (Leica Microsystems, Wetzlar, Germany). Confocal

image stacks were recorded with 0.3 pum step size along the z-axis and digitally merged as

31



maximum intensity projections. 3D reconstructions were created from selected confocal
stacks using the imaging software Imaris, Version 4.1 (Bitplane, Zirich, Switzerland).
Images were further processed with Photoshop CS3 (Adobe Systems, San Jose, USA) to
adjust contrast and brightness, and digital complementary drawings were created with Corel

Draw X5 (Corel Corporation, Ottawa, Canada).

RESULTS

In veliger larvae of Nodipecten nodosus, the mantle comprises two lobes that enclose
the animal body and define a small pallial cavity where the larval velum is located (Fig. 1D,
E). The mantle margin runs along the shell edge from each side of the mantle isthmus (i.e.,
dorsal region where the hinge is situated). The pallial margin of live larvae cannot be
properly visualized by means of conventional light microscopy because of its transparency
and location underneath the shell edge, being also partly obliterated by the large, anterior-
ventrally located ciliated velum (Fig. 1A-C). Histological cross sections from decalcified
veligers show the mantle margin as a slender mantle projection connected to the velum by a
short membrane (Fig. 1D, E). A schematic illustration of the larval mantle margin is
represented in Figure 2. The margin, which becomes thinner towards the distal region, is
unfolded, and no particular structure is present. As revealed by scanning electron
microscopy, the periostracum is a fine layer originating on the inner surface of the pallial
margin, close to the distal region (Fig. 1F, 2). The secretion occurs in a well-defined site, the
periostracum forming zone (PFZ), marked by a line, parallel to the margin, between the
mantle epithelium and the newly formed sheath (Fig. 1G). From this region, the periostracum
begins as a wrinkled band, but becomes smooth when covering the rest of the distal mantle
margin (Fig. 1H). In the proximal region, immediately before the PFZ, the exposed inner
epithelium contains short microvilli on its surface, and no cilia are present (Fig. 1G).

By the early pediveliger stage, larvae of N. nodosus grow and develop an extensible
foot (Fig. 3A). The swimming habit prevails, although the crawling behavior becomes
gradually common upon available hard surfaces. The general morphology of the pallial
margin in pediveligers closely resembles that observed in veligers, including an unfolded
projection (Fig. 3B) with an evident PFZ. However, a major difference is present in both
mantle margins: the emergence of a row of cilia along all the periostracum forming zone
(Fig. 3C, 4A, 4B). These cilia exhibit the classical microtubular arrangement “9 + 2” (Fig.
4C, D). From the PFZ, the periostracum covers the rest of the inner distal pallial margin (Fig.
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4C, E) and extends to cover the shell. The proximal portion of the mantle margin is
characterized by the presence of several secretory cells, particularly in the inner surface (Fig.
4C, F), as well as well-developed rough endoplasmic reticula around nuclei (Fig. 4C, G).
The content of those vesicles are granular, electron-lucent and seems to be released on the
inner surface (Fig. 4F). Despite the presence of secretory activity in this region, no evidence
for mucopolysaccharides was detected applying standard histochemical techniques (Fig.
3D).

Even though the pediveliger’s mantle margin is quite similar to the veliger’s, crucial
anatomical changes arise during this period, contributing to pallial system morphogenesis.
In scallop veligers, no muscle or nerve were detected associated to the mantle margin. On
the other hand, distinctive serotonergic fibers are found in the mantle of pediveligers, where
a conspicuous nerve runs along the entire edge (Fig. 5A), likely corresponding to the
developing circum-pallial nerve. Whereas the mantle is anteriorly innervated by projections
from the apical-cerebral ganglia, the posterior portion receives fibers from the visceral
ganglion (Fig. 5B). A distinctive pallial musculature is also developed in pediveliger larvae,
containing smooth and striated myofibers (Fig. 5C, D). While some of them are parallel to
the edge, other bundles are branched retractors, attached to the shell, and running towards
the mantle margin (Fig. 5D).

In late pediveliger larvae, when the foot is completely developed and the velum
gradually shrinks, another crucial modification takes place in the mantle margin. A folding
process gradually occurs where the ciliary row is located, exactly at the level of the
periostracum forming zone, resulting in a lateral evagination of the proximal region (Fig.
6A-C). As a result, two projections are eventually present in the mantle margin with the PFZ
between them (Fig. 6C). This folding process is responsible for the appearance of an inner
pallial extension and, at the same time, for positioning the periostracum forming zone (and
respective ciliary row) at the bottom of the newly formed groove, i.e., the periostracal groove
(Fig. 6C). The distal region of the mantle margin, permanently covered by the periostracum,
corresponds to the outer pallial fold, while the proximal region is modified into a projection,
henceforward named inner pallial fold.

Metamorphosis produces intense changes in larval anatomy and behavior. The settled
larva secretes the dissoconch, while internal organs are reorganized. The larval velum
completely degenerates and the first gill filaments grow rapidly (Fig. 7A, B). Whereas the
larval mantle margin is inconspicuous and not visible in live specimens, the mantle edge in

postlarvae is evidenced by the presence of a well-developed curtain-like inner fold bearing
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cilia (Fig. 7B, C). The mantle lobes become much longer, extending the free margin far from
the visceral organs, providing space for the numerous developing gills within the pallial
cavity (Fig. 7D, E). The pallial musculature is enlarged, bundles grow thicker, and the
combined arrangement of margin-parallel bundles and retractor muscles persists (Fig. 7F,
G).

The mantle margin in postmetamorphic scallops comprises the outer and inner folds
(Fig. 8), as in late pediveligers. The outer fold is usually reduced, covered by the
periostracum, while the curtain-like inner fold is pronounced (Fig. 9A, B, C). Two types of
cilia arrangement are present on the inner fold. The first type, present along the rim of the
inner fold, corresponds to ciliary tufts sparsely scattered over the epithelium, containing few
cilia (Fig. 9D). The second type comprises a ciliary band, in which long cilia are densely
distributed on the inner surface of the inner fold. This later type, however, is restricted to the
anterior portion of the left mantle lobe (Fig. 7B, 9B, C, E). In live animals, intense ciliary
beating from this later type is produced in this region. In the dorsal region of
postmetamorphic individuals, the inner folds are fused both anteriorly and posteriorly, the
outer fold and periostracal groove remaining intact (Fig. 9F, G). Such fusion occurs near the
mantle isthmus, where the right and left mantle lobes are originated.

In juvenile individuals of N. nodosus, most of general adult morphological features
are displayed (Fig. 10A). A few weeks after metamorphosis, the pallial margin now
comprises three folds, including the newly formed middle fold, which contains numerous
eyes and tentacles (Fig. 10B, C, D). The scallop three-folded condition is represented in
figure 11. The epithelium of the outer surface of the middle fold (i.e., the one facing the
periostracal groove) exhibits densely distributed cilia continuous with the cilia of the
periostracal groove (Fig. 10E). The inner fold, usually referred as “velum” for pectinid
bivalves, is a muscular curtain-like fold bearing sparsely distributed ciliary tufts (Fig. 10C,
D). Whereas mucin cells were not detected in the mantle of. N. nodosus larvae, they were
observed in juvenile individuals. In those specimens, gland cells producing acid
mucopolysaccharides are spread in the outer surface of the mantle and outer fold, suggesting
intense mucous secretion in the extra-pallial cavity, i.e., the space between the mantle and
the shell (Fig. 10F).

In juveniles, the pallial musculature becomes evident in histological sections due to
the increase of thickness and number of bundles (Fig. 12A). Within the mantle margin,
numerous, long muscles are radially distributed, with striated and smooth fibers mixed in

parallel bundles running from the pallial line to the mantle margin (Fig. 12B, C). Within the
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inner fold, besides radial muscles, densely organized striated muscle bundles running
parallel to the mantle margin are present (Fig. 12A, B). These bundles are more closely
arranged in the distal region of this fold (Fig. 12D).

The nervous system of the mantle margin comprises numerous radial nerves that run
towards the distal region and exhibit strong immunoreactivity for a-tubulin (Fig. 13A, E). In
addition, the serotonergic pallial system includes a reticulate pattern distribution over the
entire mantle margin (Fig. 13B). The very prominent circum-pallial nerve is responsible for
innervation of the pallial margin (Fig. 13C, D, F). Unlike other nerves, completely formed
by fibrous projections combined with glia cells, the circum-pallial nerve displays a typical
ganglionic structure. The central portion (i.e., the neuropil) is composed exclusively by
neuronal fibers, while the periphery (i.e., the cortical region) contains the cell bodies (Fig.
13D).

Adult individuals of Nodipecten nodosus (Fig. 14A) display a very prominent mantle
margin, with numerous tentacles, eyes, and a pigmented velum (Fig. 14B). At the auricular
region (dorsal ears), the inner fold remains fused (Fig. 14C). The mantle is proportionally
larger and thicker than in juveniles, and the outer fold is quite smaller compared to the
remaining folds (Fig. 14D). The pallial musculature is provided with large bundles of striated
and smooth fibers, which form two major muscle groups that run close to the outer and inner
epithelium, respectively (Fig. 15A). Small transversal muscles are also present (Fig. 15A).
Embedded within the connective tissue, pallial nerves reach the circum-pallial nerve at the
level of the pallial folds (Fig. 15B). The circum-pallial nerve preserves its ganglionic
organization, i.e., with neuronal bodies distributed at the periphery, and numerous axons
merged at the core (Fig. 15C, D).

Simple, cuboidal cells are found in the inner surface of the outer fold, in the middle
fold epithelium and in the inner pallial surface. Simple, columnar cells are common in the
inner fold, in the outer pallial surface, as well as in the outer surface of the outer fold. The
adult inner mantle margin surface is covered by sparsely distributed tufts of cilia (Fig. 15E),
and few epithelial mucous cells with neutral mucopolysaccharide content (Fig. 15F). The
outer mantle margin epithelium differs from the inner one by the presence of short microvilli
(Fig. 15G), and numerous secretory cells containing exclusively acid mucopolysaccharide
vesicles (Fig. 15H). This condition remains the same at the outer surface of the outer fold
(Fig. 16A). However, the inner epithelium of the outer fold possesses two types of secretory
cells, related to acid and neutral mucopolysaccharide secretion (Fig. 16B). At the periostracal

groove, a pair of glandular folds is responsible for periostracum secretion (Fig. 16C, D).
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The adult middle fold epithelium is intensively ciliated on its outer surface (Fig.
17A). The middle fold tentacles contain mucous and pigment cells (Fig. 17B, C), while the
pallial eyes display many ocular components (Fig. 17D). The inner fold is the largest
structure of the adult pallial margin, bearing small tentacles at its extremity (Fig. 14B). The
inner fold musculature becomes more prominent and regionalized in adults (Fig. 18A-D).
Radial muscles come from the pallial musculature and extend through the entire fold (Fig.
18A), running from the base of the velum to the marginal end (Fig. 18A, D). The margin-
parallel muscles seen in juveniles are now organized in bundles that become more numerous
and larger as they approach the middle and distal portions (Fig. 18C, D). During this gradual
transition, the radial musculature is laterally compressed against the base of the epithelium,

providing space for the margin-parallel fibers (Fig. 18D).

DIscuUsSION

LARVAL AND POSTMETAMORPHIC ANATOMY OF THE MANTLE MARGIN

Larval mantle folds and periostracum forming zone

The larval mantle margin in N. nodosus is unfolded, comprising a single projection
divided into distal and proximal regions by the periostracum-forming zone. Nevertheless,
many authors have adopted the term “fold” to designate such division at early larval stages,
which may have led to possible misinterpretations of larval morphology, particularly
concerning mantle margin development. Two folds were reported at the mantle rim in larvae
of Pecten maximus by Cragg (2006): the “outer fold” being covered by the periostracum,
and the epithelium of the “inner fold” being exposed and covered by short microvilli.
However, the schematic representation of the mantle margin provided by Cragg (2006)
exhibits no folds, but proximal and distal regions, quite similar to the larval pallial
organization of N. nodosus described herein. Other similar examples include the mantle
margin of Crassostrea virginica (Elston, 1960), Cardium edule (Creek, 1998), Nucula
delphinodonta (Drew, 1901), and Lasaea adansonii (Altndder and Haszprunar, 2008), and
Ostrea edulis (Waller, 1981), where the figures (illustrations or photographs based on light
or electron microscopy) provided by the authors all clearly show an unfolded larval margin.

Considering the results obtained in the present study combined with the above-mentioned
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information, it seems more suitable to use the terms “distal” and “proximal” regions rather
than “fold” to designate specific areas of the larval mantle margin.

Although it is assumed that the presence of two pallial folds corresponds to the
typical condition of bivalve larvae (Cranfield, 1974), most of the available information for
larval mantle margin is restricted to observations of a single larval stage, generally with no
data on previous stages (e.g., Cranfield, 1974). In a developmental perspective, this could
suggest that early mantle traits are unknown for some species. Therefore, it is reasonable to
consider that, at least for some bivalves, such as scallops, the larval mantle margin may count
with an unfold step in early development, with subsequent division into two mantle folds.

In N. nodosus, the larval periostracum begins as a wrinkled band before covering the
distal margin and shell, a condition also detected for O. edulis by Cranfield (1974) (referred
by him as “convoluted periostracum™) and Waller (1981). According to Cranfield (1974),
this organic sheath is comprised by three layers formed within a groove between the outer
and inner folds of bivalve larvae. However, periostracum secretion is started before the
mantle folds are developed, i.e., when real groove is not present. In this case, the secretory
activity occurs on a band/line at the distal region of the inner mantle margin surface (Cragg,
2006; Altndder and Haszprunar, 2008), as confirmed by the herein TEM observations on N.
nodosus. The name “periostracum forming zone” was proposed to designate the site where
the organic sheath is produced in the unfolded mantle margin of L. adansonii larvae by

Altndéder and Haszprunar (2008), and we agree with the appropriateness of this term.

Larval mantle margin anatomy

The covering of the inner surface of the mantle margin by microvilli seen in N.
nodosus was previously observed in P. maximus (Cragg, 2006) and O. edulis (Cranfield,
1974, Waller, 1981). The presence of cilia has been reported for the larval mantle margin of
several bivalves, but this information is quite always imprecise. For instance, cilia were
described along the pallial margin of veligers of the scallop Aequipecten irradians, but no
details about type or distribution were obtained (Sastry, 1965). In N. nodosus, cilia are not
present until the pediveliger stage, when a row of long cilia is formed adjacent to the PFZ.
According to Cragg (1996), five ciliary types are present on the mantle margin of P. maximus
larvae. Type 1 represents few cilia located in small depressions; type 2 is a row of long cilia
in line, close to the distal region of the edge; type 3 includes tufts of numerous cilia scattered
on the posterior margin; type 4 is a line of single cilia around the posterior edge; and type 5

is a row of short cilia in a protuberance dorsal to the anus. Even though not all these ciliary
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types were detected in larvae of N. nodosus, the row of cilia adjacent to the periostracum
forming zone likely matches type 2.

When the mantle margin becomes two-folded in late pediveligers of N. nodosus, new
ciliary groups arise, and after metamorphosis, they become more prominent. Within the
periostracal groove, dense rows of cilia are distributed on the outer surface of the inner fold.
Such ciliary band was also detected in O. edulis by Cranfield (1974), but not by Waller
(1981). Epithelial cells containing several electron-lucent vesicles were found in P.
maximus, close to the ciliated cells at the PFZ (Cragg, 2006). In addition, great abundance
of rough endoplasmic reticulum was detected in mantle margin cells of C. virginica (Elston,
1980). In general, these ultrastructural characteristics seem in accordance with the present
data for N. nodosus. On the edge of the inner fold, tufts of cilia are scattered along the margin,
exactly like those classified as type b in pediveligers of Argopecten. purpuratus (Bellolio et
al., 1993), and type 3 in P. maximus (Cragg, 2006). Long cilia, similar to those present in
the ciliary band from the inner surface of the inner mantle fold of N. nodosus, also occur in
tufts along the inner larval fold of Mytilus edulis (Bayne, 1971), O. edulis (Cranfield, 1974)
and Pinna carnea (Allen, 2010). However, no cilia were detected in the mantle margin of
Pandora inaequivalvis larvae prior or after metamorphosis (Allen, 1961).

The larval anatomy of bivalve pallial musculature and nervous system remains
largely unknown, given that mantle muscles and innervation received little attention in
previous studies. Some muscle fibers were described for the inner fold of some Pinnidae
species (Allen, 2010), but a detailed comparison with the present data is prevented, since no
image was provided in that study. Smooth fibers are supposed to be present near the mantle
folds of P. maximus, based on larval descriptions (Cragg, 2006). In a detailed anatomical
study conducted with pediveligers of O. edulis, Waller (1981) suggested that radial muscles
must be present in the larval mantle margin based on his observations of mantle contractions
in live specimens. The present investigation with N. nodosus provided clear evidence for the
emergence of pallial musculature during the pediveliger stage, including retractor and
margin-parallel bundles. The formation of pallial muscles in mid-stage larvae was also
observed in A. adansonii, where both muscle types are formed by smooth fibers and spread
over the mantle margin (Altndder and Haszprunar, 2008). Regarding pallial innervation, the
mantle of N. nodosus seems to become assisted by the peripheral nervous system only by
the pediveliger stage, when neuronal serotonergic projections extend to the mantle forming
a nerve that run parallel to the margin. Besides Cragg (1996), who suggested the possible

presence of neuronal cells adjacent to the mantle margin, a serotonergic nerve was detected
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running along the mantle in M. edulis pediveligers, and catecholaminergic cells in
Placopecten magellanicus (Croll et al., 1977).

Postmetamorphic mantle margin anatomy

The mantle of adult bivalves has been extensively studied, mainly regarding aspects
of shell secretion and siphon anatomy (e.g., Kellog 1892; Yonge, 1983; Carriker, 2001,
Sartori et al., 2008). The bivalve mantle epithelium generally comprises cuboidal to
columnar cells, with numerous secretory cells spread on both surfaces. The mantle lobes
may exhibit free margins partially united at specific regions, as commonly observed in
several protobranchs and pteriomorphian groups, as well as different degrees of marginal
fusion, including a variety of siphons, such as those present in infaunal bivalves (Yonge,
1948, 1957; Stanley, 1968). At the auricular region of N. nodosus, the inner folds from both
lobes are dorsally fused, characterizing a very restricted fusion in contrast to the wide free
ventral margins. In general, reduced fusion or the lack thereof are common features in the
mantle margin of epifaunal bivalves from the Pteriomorphia clade (Allen, 2010).

Whereas the outer mantle fold remains unaltered and covered by the periostracum
after metamorphosis, the inner fold of N. nodosus becomes greatly pronounced into the
typical curtain-like fold (“‘velum’) observed in grown scallops (Drew, 1906). In this respect,
“pallial curtain” is the name applied to the hypertrophied marginal projection of the inner
fold that controls the passage of water into and out of the pallial cavity (Nelson, 1938). Pallial
curtains are also found in Ostreidae and Pteridae, where the inner mantle fold is enlarged
(Yonge, 1957).

As demonstrated herein, the middle fold emerges after metamorphosis, giving origin
to tentacles and eyes in N. nodosus. Such organs were described as papillary projections and
pigmented protuberances that arise in the mantle margin after metamorphosis of A. irradians
(Sastry, 1965). The pallial organs from the scallop middle fold have been extensively studied
by several authors since the beginning of the last century (e.g., Drew, 1906; Dakin, 1909;
Ciocco, 1998).

The late larval musculature of N. nodosus mantle seems to be preserved after
metamorphosis. Notwithstanding, little is known about the anatomy of bivalve mantle
musculature shortly after metamorphosis. In M. trossulus, the postlarval muscles of the
mantle margin comprise margin-parallel bundles emerged during the pediveliger stage
(Dyachuk and Odintsova, 2009). A rapid development of mantle retractor muscles was also

observed after metamorphosis in pinnids (Allen, 2010), but it is possible that mantle muscles
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were present in late larvae, but may not have been detected due to methodological
limitations. In N. nodosus, the inner fold is the most muscular region of the mantle margin,
being composed mainly of numerous margin-parallel bundles of striated fibers, as well as
mantle retractors. In contrast, striated muscles are not present in mussels and other bivalves
after metamorphosis, resulting in an entire muscular system reorganized by smooth
myofibers (Dyachuk & Odintsova, 2009). Bivalve muscular development is poorly
understood, especially in larvae, although they could be very insightful for many anatomical,
functional and developmental approaches, as confirmed in the present investigation with
Pectinidae and in other molluscan taxa (e.g., Wanninger and Haszrpunar, 2002; Wollesen et
al., 2008).

The innervation of the mantle margin in adult scallops is relatively well-known for
some species, the studies covering several anatomical and physiological topics (Drew 1906,
Dakin, 1928; Spagnolia and Wilkens, 1983; Ciocco, 1998; Wilkens, 2006). Nevertheless,
little information is available on its development. The circum-pallial nerve is the most
significant nerve in the scallop pallial margin, running parallel to the margin’s entire
extension, and being responsible for the innervation of the pallial folds and organs (Drew,
1906). The anterior dorsal portion of the nerve is formed by fibers from the cerebral-ganglia,
while the ventral and posterior regions are innervated by long fibers from the visceral
ganglion (Drew, 1907; Dakin, 1928). Strong serotonergic immunoreactivity was detected in
the circum-pallial nerve of juvenile N. nodosus, as well as in projections towards mantle
organs. Considering that these characteristics were also detected in the nervous system of
pediveligers, it seems reasonable to conclude that the nerve along the larval mantle margin
is, in fact, the circum-pallial nerve (formed, therefore, even before marginal folding). Such
information is vital to support hypotheses of early emergence and subsequent development
of neuronal activity in the pallial margin. The presence of a neuropil and a cortex in the
circum-pallial nerve is regarded by some authors as an anatomical evidence for the crucial
role of this nerve to the mantle margin, which was even considered a marginal ganglion by
Drew (1907).

MANTLE MARGIN DEVELOPMENT

General development of the mantle margin
A hypothesis for the development of the pectinid mantle margin (summarized in

Figure 19) is proposed based on the data obtained herein for N. nodosus combined with
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revisited information from literature (e.g., Cole, 1938; Creek, 1960; Elston, 1960; Cranfield,
1974; Waller, 1981; Bellolio et al., 1993; Cragg, 2006, Altndder and Haszprunar, 2008).
Even though the developmental sequence includes some unique characters from scallops,
such as the pallial eyes from the middle fold, the morphogenesis is represented in order to
provide general insights into mantle margin development in the Bivalvia.

The bivalve mantle is formed shortly after the appearance of the shell field on the
dorsal surface of late trocophore larvae (Moor, 1983; Moueza et al., 1999). The epithelium
of the shell gland then extends, giving rise to the mantle which will permanently underlie
the valves (Raven, 1958; Silberfeld and Gros, 2006). In scallops, the veliger exhibits an
unfolded mantle margin, i.e., a single projection beneath the shell margin with no distinct
folds (Fig. 19). The PFZ marks the division between the distal region of the mantle margin,
which is permanently covered by the periostracum, and the proximal region (Fig. 19). During
larval development, the transition to the pediveliger stage is marked by the emergence of a
row of cilia in the proximal region, adjacent to the PFZ (Fig. 19). In addition, the pallial
musculature arises, as well as the mantle innervation (Fig. 19). The unfolded condition is
conserved until slightly before metamorphosis, when the first of two major folding processes
takes place. An evagination of the proximal region near the row of cilia produces the inner
mantle fold, the distal region now corresponding to the outer fold (Fig. 19). Consequently,
the PFZ is confined within a groove, and the row of cilia, previously present on the surface
of the proximal mantle region, comes to lie on the outer surface of the inner mantle fold.
Metamorphosis produces a variety of anatomical changes, the inner fold becoming a
prominent pallial curtain-like fold (Fig. 19). Also, at this stage the second folding process
occurs, forming the middle fold through an evagination at the base of the outer surface of
the inner fold (Fig. 19). Consequently, the ciliated epithelium of the periostracal groove is
now located on the outer surface of the middle fold (Fig. 19). Once the three-folded condition
is achieved, further development includes the growth of sensorial organs (middle fold
tentacles and eyes first appearing at the juvenile stage), and further growth of the pallial
curtain (Fig. 19).

Implications for mantle fold developmental hypotheses

The present investigation on the development of the mantle margin in N. nodosus
responds and casts new questions to old issues in anatomy and development of bivalves.
Firstly, the unfolded condition of the mantle margin is indeed an initial condition, at least

for some bivalves. Whereas two folds are achieved in late pediveliger of N. nodosus,
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apparently such a condition may occur early in other bivalve species (e.g., Cole, 1938;
Cranfield, 1974). In addition, the groups of cilia scattered on the larval inner mantle fold of
some species (e.g., Cranfield, 1974; Waller, 1981) only arise in scallops after
metamorphosis. Despite common pallial features in those bivalves, the timing of emergence
of cilia and mantle folds seems to vary. This could be explained by different rates of
differentiation during ontogeny, leading to heterochronical alterations across Bivalvia
groups (Smith, 2001; McNamara, 2012). Heterochrony has been argued as the reason for
modifications in developmental time of bivalve larvae, and for significant anatomical and
evolutionary changes (Yonge, 1962; Stanley, 1972).

In adult Arcoida, the outer mantle fold is usually subdivided into two distinctive
folds, while the remaining folds are more variable. Whereas species of Arca and Glycymeris
exhibit no middle fold (Waller, 1980), the inner fold in Philobrya, Bathyarca, Barbatia and
Trisidos is duplicated, exhibiting variation in size and shape (Morton, 1982, 1987). Based
on epithelial differences observed in the single inner fold of Arca noae, Morton and Peharda
(2007) suggested that both middle and inner folds are present in ark clams, although they are
combined in one single fold. In addition, the two-folded mantle margin of adults of some
arks (Waller, 1980; Morton, 1982) and the presence of two folds in oyster pediveligers
(Waller, 1981) led Morton and Peharda (2008) to suggest that the inner surface of the inner
mantle fold would be the putative middle fold, not ontogenetically differentiated into a
distinctive structure. The present investigation with N. nodosus has provided the first
developmental evidence to support the origin of the middle fold from the inner surface of
the inner fold, reinforcing Morton and Peharda’s (2008) hypothesis.

The two-folded arrangement was claimed to be a primitive condition in the Bivalvia
(Waller, 1980; Morton and Peharda, 2008). There are, however, few comparative studies on
the bivalve mantle margin, particularly in Pteriomorphia, and none of them was analyzed
under a cladistic perspective, which prevents further inferences on character evolution. We
agree with Smith (2002) that analysis of developmental sequence make no a priori
assumptions on the conservation of developmental stages or about how sequence should
evolve, so we are not able to ascertain if the two-folded mantle margin is a primitive
condition, or a highly derived trait of some species (e.g., in which the middle fold would not
be differentiated).
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FUNCTIONAL ONTOGENY AND MORPHOLOGY OF THE MANTLE MARGIN

Shell secretion is generally regarded to be the main function of the mantle, which
exhibits different secretory cells spread on the outer epithelium adjacent to the outer fold
(e.g., Wada, 1964; Wilbur, 1964; Timmermans, 1969; Wilbur and Saleuddin, 1983,
Furihashi et al., 2009). Biomineralization has been extensively studied in bivalve molluscs,
including mechanisms of calcification and shell microstructure (e.g., Taylor, 1973; Addadi
et al., 2006). During development, shell formation is initiated during the late trocophore
stage, when mantle gland cells are involved in secretion of the larval prodissoconch I and II,
and subsequently, the postmetamorphic dissoconch (Carriker, 2001; Weiss et al., 2002).
Apart from shell secretion, functional studies on larval mantle margin are very scarce,
although some efforts have been made to elucidate the roles of chitin secretion in bivalve
larvae (Weiss and Schonitzer, 2006). PAS-reactive vesicles and acid mucopolysaccharide-
protein complex content were detected in cells from the outer and inner mantle folds of O.
edulis pediveligers (Cranfield, 1974). In contrast, the results obtained with N. nodosus have
provided no evidence for such secretory roles at least until metamorphosis. Further studies
are still necessary to investigate the developmental origin and possible changes in mantle
secretory activity during development.

In juvenile and adults of N. nodosus, secretory cells are present in all three pallial
folds, as well as in the remaining inner and outer mantle epithelia. The columnar cells of the
outer surface of the outer fold gradually become the cuboidal epithelium observed on the
inner surface of the same fold and in the rest of the mantle. Reduction of mantle epithelial
thickness throughout the outer fold was reported for other bivalves, such as M. edulis,
Cardium edule, Nucula sulcata (Bubel, 1773), and Gomphina veneriformis (Lee et al.,
2007), and related to possible differences in secretory activities (Beedham, 1958). Similar to
the gland cells observed in the outer mantle fold of N. nodosus, positive reaction for PAS
and Alcian Blue was obtained in secretory cells from the outer fold of Pinctada fulcata (Fang
et al., 2008) and Cerastoderma edule (Richardson et al., 1981), suggesting intense secretion
of neutral and acid mucopolyssacharides in this region. In the extra-pallial cavity of the outer
mantle fold, the calcified shell is deposited in an organic matrix formed by proteins,
mucopolyssacharides, glycoproteins and lipids (Beedham, 1958; Wada, 1964; Wilbur and
Saleuddin, 1983). The importance of the organic matrix to shell formation may explain the
role of the several mucous-secreting cells concentrated in the outer mantle epithelium
observed in these bivalves. Additionally, it has also been suggested that the products of

mucous cells in this region may be concerned with mantle lubrication (Beedham, 1958;
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Timmermans, 1969). Mantle secretory cells of P. margaritifera exhibit mucous or granular
content in all three mantle folds, although the number of cells responding to PAS-Alcian
blue decreases in the middle one (Jabbour-Zahab et al., 1992), a condition also observed in
C. edule (Richardson et al., 1981). In contrast, numerous cells secreting acid
mucopolysaccharides were detected in the middle fold tentacles of N. nodosus. Although
PAS-positive and Alcian Blue-positive gland cells are present in both middle and outer folds,
we observed some differences within each group when applying hematoxylin to stain nuclei
(different purple to bluish tones), suggesting that more types of mucous secretion are present.

In several bivalves, including scallops, the inner mantle fold and the inner pallial
surface commonly display mucous cells, usually associated with ciliated cells (Richardson
et al., 1981; Jabbour-Zahab et al., 1992; Beninger et al., 1999; Beniner and Le Pennec,
2006). Cilia and mucocyte distribution on the inner mantle surface of N. nodosus are in
accordance with previous observations on P. magellanicus, where mantle cilia are suspected
not to contribute much to the water flow or particle transportation inside the mantle cavity,
due to their sparse distribution (Beninger et al., 1999). Furthermore, the high viscosity of the
acid mucopolysaccharides secretions in scallop mantle surface, in addition to the absence of
a specialized mantle ciliary transportation, suggest that this mucous secretion might facilitate
the passage of water over the mantle surface (Beninger et al. 1997; Beninger and St-Jean
1997; Beninger and Le Pennec, 2006).

The tufts of cilia in P. maximus larvae are assumed to perform sensory tasks, likely
acting as mechanoreceptors, and no water current formation seems to be produced (Cragg,
2006). Similarly, the tufts of cilia in the inner fold of oyster pediveligers are related to
sensory cells, while the wide ciliary band may display cleansing functions (Cranfield, 1974).
However, in the case of N. nodosus postlarvae, the wide ciliary band is restricted to the
anterior portion of the inner fold, within the inhalant region of the pallial cavity. In live
postlarvae, those cilia exhibit intense beating, which may suggest a potential contribution to
water flow into the mantle cavity, instead of a sensorial function.

The emergence of the pallial musculature in pediveligers indicates effective
retraction of the mantle margin into the mantle cavity, which has been suggested by previous
study with pectinids (Waller, 1981). By the same time, the development of the circum-pallial
nerve along the mantle margin may contribute to innervation of this region, allowing sensory
functions and muscular control. For instance, serotonin is known to play a vital role in
regulation of cilia activity in bivalve and other molluscan larvae (Gosselin, 1961; Beiras &
Widdows, 1995; Kuang & Goldberg, 2001). In addition, the larval development of mantle
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muscles and innervation demonstrate how anatomical organization anticipates fold
establishment during mantle margin morphogenesis. After metamorphosis, further
modifications in both systems are deeply associated with specialization of mantle folds and
structures.

By the juvenile stage, the scallop mantle margin is completely organized in three
pallial folds containing specialized structures and organs. The typical functions concerning
each bivalve mantle fold are present in the Pectinidae, including a secretory outer mantle
fold, a sensorial middle fold and a muscular inner fold (Yonge 1957, 1987). The
concentration of chemical, mechanical and optical receptors in the middle mantle fold
stimulated extensive studies on functional properties. The pallial eyes, remarkable by their
complexity and debatable evolutionary significance, have been deeply studied (Dakin, 1909,
1928; Ciocco, 1998; Morton, 2001; Speiser and Johnsen, 2008; Malkowsky and Jochum,
2014), and recent molecular investigations have cast some light into the origin and
diversification of such organs (Pairett and Serb, 2013; Serb et al., 2013).

Finally, within an evolutionary context, issues concerning the development and
diversification of mantle folds are still unclear. According to Waller (1980), the evolution of
the bivalve mantle margin might have been associated with the emergence of new functions,
new pallial structures, and fold specialization. Nevertheless, general hypotheses concerning
both phylogenetic and developmental diversification of the bivalve mantle margin are still
challenging. Even though our current knowledge of mantle margin diversity is very
fragmentary, the plasticity of this region is a certainty (Morton and Peharda, 2008). The
mantle margin is a complex system, and its evolution should be regarded as anatomical and
developmental innovations combined to selective forces leading to diversification of form

and function.
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Figure 1. Veliger larvae of N. nodosus. A. Specimen observed by light microscopy applying differential
interference contrast; lateral view. B. Same individual, ventral view. C. General morphology of a decalcified
veliger as observed by SEM. D. Cross section of a veliger individual with the larval velum retracted. TB. E.
Cross section of a veliger individual with the larval velum exposed. Arrow points to the membrane connecting
the larval velum and the mantle margin. HE. F. Detail of the larval ventral view under SEM. G. Detail of the
periostracum forming zone. H. Detail of the newly formed periostracum, with smooth and wrinkled zones.
Abbreviations: hi, hinge line; me, mantle epithelium; mm, mantle margin; pe, periostracum; pfz, periostracum
forming zone; se, shell edge; ve, larval velum.
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Figure 2. Schematic representation of the mantle margin in veliger larvae of N. nodosus. The
unfolded mantle margin is divided into two regions, the distal and proximal ones, by the periostracum
forming zone. Abbreviations: drm, distal region of the mantle edge; fm, free mantle margin; ma,
mantle; sh, shell; pe, periostracum; pfz, periostracum forming zone; prm, proximal region of the
mantle edge.
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Figure 3. Pediveliger larvae of N. nodosus. A. Specimens observed by light microscopy applying
differential interference contrast; lateral view. B. Cross section of the mantle margin and velum. HE.
C. Cross section of the mantle margin showing cilia close to the periostracum forming zone. HE. D.
Cross section of an individual showing no particular reaction to Periodic Acid-Schiff staining.
Abbreviations: ci, cilia; fo, foot; mm, mantle margin; pe, periostracum; ve, larval velum.
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Figure 4. Pediveliger larvae of N. nodosus analyzed under scanning electron microscopy (A-B) and
transmission electron microscopy (C-G). A. General morphology of the mantle margins exposed by
the retracted larval velum, ventral view. B. Detail of the mantle margin showing the periostracum
forming zone and the adjacent row of cilia. C. Mantle margin of a pediveliger specimen, proximal
region to the right and distal region to the left; white arrows point to periostracum secretion. D. Cross
section of cilia present in the periostracum forming zone, showing the classical microtubular
arrangement “9 + 2”. E. Periostracal layer covering the distal region of the mantle. F. Detail of
electron-lucent vesicles (black arrows) present in the epithelium of the inner surface of the proximal
region of the mantle, covered by short microvilli G. Detail of the rough endoplasmic reticulum
around nucleus in a cell from the proximal region of the mantle margin. Abbreviations: ci, cilia; me,
mantle epithelium, mi, microvilli; pe, periostracum; pfz, periostracum forming zone; ve, larval velum.
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Figure 5. Pediveliger larvae of N. nodosus treated against serotonin (A-B) and stained with
phalloidin (C-D), as revealed by confocal laser scanning microscopy (CLSM). A. Pediveliger
showing strong serotonergic immunoreactivity (yellow) in the central and peripheral nervous system,
particularly in the circum-pallial nerve (arrows) and foot nervous plexus. Lateral view, posterior
region to the right. Nuclei are stained in blue by DAPI. B. 3D reconstruction of pediveliger nervous
system based on CLSM image stack showing the mantle innervation in detail. Arrow points to the
apical-cerebral ganglia and arrowhead to the visceral ganglion C. Larval musculature of half-
individual, lateral view, posterior region to the right. D. 3D reconstruction of pediveliger pallial
musculature, showing retractor and margin-parallel muscles; arrows point to striated fibers and
arrowheads to non-striated fibers. Abbreviations: cp, circum-pallial nerve; fo, foot; Im, longitudinal
muscles; mm, mantle margin; pn, pallial nerves; rm, retractor muscles; ve, larval velum.
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Figure 6. Cross sections from late pediveliger larvae of N. nodosus. TB. A. Unfolded mantle margin
with cilia in the periostracum forming zone. B. Proximal region of the mantle slightly projected. C.
Two-folded mantle margin with distinctive outer and inner folds. Abbreviations: ci, cilia; fo, foot; if,
inner fold; mm, mantle margin; of, outer fold; pe, periostracum; pfz, periostracum forming zone; pg,
periostracal groove; pp, projection of the proximal region of the mantle margin; ve, larval velum.
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Figure 7. Postmetamorphic N. nodosus scallops. A. Specimen observed by light microscopy
applying differential interference contrast; ventral view, posterior region to the right. B. Detail from
the same individual, showing the inner curtain-like fold, with cilia on its edge. C. Mantle margin
with inner fold and row of cilia on the periostracal groove, as revealed by SEM; ventral view,
posterior region to the right. D. Cross section of an entire specimen showing extension of the mantle
and pallial cavity where gill filaments are growing. TB. E. Detail of the pallial cavity and the two-
folded mantle margins. TB. F. Postmetamorphic musculature stained with phalloidin and
reconstructed based on CLSM image stack. Pallial muscles are presented in yellow; lateral view,
posterior region to the right. G. Detail of the pallial musculature from F, showing retractor and
margin-parallel muscles. Abbreviations: ci, cilia; fo, foot; gf, gill filaments; if, inner fold; mm,
margin-parallel muscles; of, outer fold; pe, periostracum; pg, periostracal groove; pm, pallial margin,
rm, retractor muscles.
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Figure 8. Schematic representation of the postmetamorphic mantle margin in N. nodosus. The two-
folded condition includes the outer and inner folds, which correspond to the distal and proximal
regions of the larval mantle margin, respectively. The periostracum forming zone ends up in the
bottom of a groove between the folds. Abbreviations: drm, distal region of the mantle; imf, inner
mantle fold; ma, mantle; omf, outer mantle fold; pe, periostracum; pfz, periostracum forming zone;
pg, periostracal groove; prm, proximal region of the mantle; sh, shell.
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Figure 9. Postmetamorphic mantle margin in N. nodosus, as revealed by histological cross sections (A-B, F-
G) and scanning electron microscopy (C-E). A. Mantle margin showing the two-folded condition and cilia
present on the periostracal groove. TB. B. Anterior region of the left mantle margin, showing a developed inner
fold with a dense ciliary band on the inner surface. HE. C. Detail of the anterior region of the left mantle
margin, showing rows of cilia on the periostracal groove, scattered cilia on the rim of the inner fold, and dense
ciliary band (arrow) on the inner surface of the inner fold. D. Tufts of cilia (arrows) scattered along the rim of
the inner mantle fold. E. Detail of the dense ciliary band on the inner surface of the left inner fold. F. Free
edges of the mantle margin in the ventral region. HE. G. Fused inner folds in the dorsal region; periostracal
groove and outer fold remain intact. HE. Abbreviations: ci, cilia; if, inner fold; of, outer fold; pe, periostracum;
pg, periostracal groove.
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Figure 10. Juvenile scallops of N. nodosus, as revealed by magnifying lens (A, B), histological cross
sections (C, F) and scanning electron microscopy (D, E). A. Juvenile individual few weeks after
metamorphosis. B. Detail of the mantle margin with a large inner fold (“velum”), and numerous
tentacles and eyes on the middle fold. C. Three-folded condition of the mantle margin, including the
newly formed middle fold provided with tentacles. TB. D. Ciliated surface of the middle mantle fold,
with eyes and tentacles, and inner fold, very enlarged and containing small tentacles on its edge.
Arrow points to the view observed in E. E. Detail of the outer surface of the middle fold, showing
dense cilia covering continuous with the periostracal groove. F. Secretory cells (arrows) in the mantle
epithelium, containing acid mucopolysaccharides stained by Alcian Blue. Abbreviations: if, inner
mantle fold; it, inner fold tentacles; ma, mantle; mf, middle fold; of, outer mantle fold; pa, pallial eye;
pe, periostracum; pg, periostracal groove; te, middle fold tentacles.
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Figure 11. Schematic representation of the juvenile three-folded mantle margin in N. nodosus. The
curtain-like inner mantle fold is greatly enlarged. The outer fold and the periostracal groove are
similar to the postmetamorphic arrangement. The last fold to be formed, the middle one, is provided
with numerous tentacles and pallial eyes. Abbreviations: imf, inner mantle fold; ma, mantle; mmf,
middle mantle fold; omf, outer mantle fold; pe, periostracum; pg, periostracal groove; sh, shell.
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Figure 12. Pallial musculature in N. nodosus juveniles, as observed by histological sectioning (A)
and stained with phalloidin combined with confocal laser scanning microscopy (B-D). A. Detail of
muscle fibers in the mantle and dense muscular bundles in the inner mantle fold. TB. B. Overview
of the mantle margin (distal region above, proximal region below), including the inner pallial fold
(distal region below, proximal region above). Pallial muscles are radially distributed throughout the
mantle margin, and margin-parallel muscles are present within the inner fold. Nuclei stained in blue
by DAPI. C. Detail of the mantle margin radial musculature, showing a combination of non-striated
(arrows) and striated myofibers (arrowheads). D. Detail of the arrangement of margin-parallel
striated muscle fibers within the inner fold (proximal region above, distal region below), more
densely arranged at the distal region. Nuclei stained in blue by DAPI. Abbreviations: im, inner mantle
fold; mm, mantle margin; pm, pallial muscles.

65



Figure 13. Innervation of the mantle margin in juveniles of N. nodosus, as revealed by histological
cross sections (C, D), and immunoreactivity to serotonin (B, F) and a-tubulin (A, E) combined with
confocal laser scanning microscopy. A. Radial nerves, shown in green, crossing the mantle towards
its distal region. B. Serotonergic immunoreactivity in the mantle, exhibiting a reticulate pattern of
innervation. C. Mantle margin showing the circum-pallial nerve and sensorial structures, such as
tentacles and eyes. HE. D. Detail of the circum-pallial nerve, where a cortical region surrounds the
neuropil. HE. E. Strong a-tubulin immunoreactivity in pallial nerves reaching the distal marginal
region. Arrow points to the ciliated outer surface of the middle fold. F. Circum-pallial nerve and
tentacles nerves showing strong serotonergic immunoreactivity. Abbreviations: cn, circum-pallial
nerve; co, cortical layer; if, inner mantle fold; ma, mantle; ne, neuropil; of, outer mantle fold; pe,
pallial eye; pn, pallial nerve; te, tentacle; tn, tentacle nerve.
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Figure 14. Mantle margin of adult N. nodosus. A. Living specimen with valves slightly opened,
showing the pallial tentacles and eyes. B. Detail of the mantle margin in an anesthetized specimen,
showing the large inner mantle fold with tentacles, and the middle fold with tentacles and eyes. C.
Detail of the mantle margin at the auricular region, where the inner folds from both mantle lobes are
fused. D. Cross dissection of the mantle margin. Abbreviations: cn, circum-pallial nerve; if, inner
mantle fold; it, inner fold tentacle; ma, mantle; of, outer mantle fold; pe, pallial eye; te, middle fold

tentacle.
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Figure 15. Histology of the adult mantle close to the folded margin. A. Adult pallial musculature
composed of radial bundles (divided into outer and inner groups), and transversal bundles (arrow).
TB. B. Long pallial nerve connecting to the circum-pallial nerve. TB. C. Longitudinal section of the
circum-pallial nerve with cortical cellular bodies at the periphery. TB. D. Detail of a cross section
through the circum-pallial nerve showing the cortical region and neuropil. TB. E. Inner mantle
epithelium with cells bearing tufts of cilia (arrows). HE. F. Detail of neutral mucopolysaccharide
secretion in a gland cell from the inner mantle epithelium. PAS. G. Outer mantle epithelium with
long microvilli (arrows) covering the surface. HE. H. Subepithelial secretory cells with acid
mucopolysaccharide content in the outer mantle epithelium. AB. Abbreviations: cn, circum-pallial
nerve; co, cortex; im, inner radial muscles; ne, neuropil; om, outer radial muscles; pn, pallial nerve.
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Figure 16. Histology of the outer mantle fold and periostracal groove of adult N. nodosus. A. Acid
mucopolysaccharide-secreting cells spread over the outer mantle epithelium. AB. B. Two distinct
types of secretory cells in the inner surface of the outer mantle fold: Alcian Blue-positive (acid
mucopolysaccharides, AMS) and PAS-positive (neutral mucopolysaccharides; magenta color). C.
Overview from the periostracal groove region, located between the middle and outer mantle folds.
TB. D. Detail of the periostracal groove, with two glandular folds responsible for periostracum
secretion at the bottom of the groove. TB. Abbreviations: mf, middle mantle fold; gl, periostracal

glands; of, outer mantle fold; pg, periostracal groove; te, tentacles.
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Figure 17. Histology of the middle and inner mantle folds of adult N. nodosus. A. Ciliated epithelium
(arrow) of the outer surface of the middle mantle fold. HE. B. Middle fold tentacle displaying muscle
and nervous fibers, and a pigmented epithelium. TB. C. PAS-positive mucous cells (arrows) in the
middle fold tentacle. D. Section through the pallial eyes showing its basic structure. TB. E. Outer
epithelium of the inner mantle fold with sparse tufts of cilia (arrows). HE. Abbreviations: co, cornea;
le, lens; mu, muscles; ne, nerve; pi, pigmented epithelium; re, retina; rl, reflector layer.
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Figure 18. Sequence of sections through the
inner mantle fold of N. nodosus, from the
proximal to the distal region, showing gradual
increase in  margin-parallel  musculature
towards the distal region. TB. A. Radial
muscles from the mantle extends into the inner
fold’s base. B. At intermediate levels of the
inner fold, there is a combination of radial and
margin-parallel muscles. C. Towards the
margin, the connective tissue is reduced and
margin parallel muscles increase in volume. D.
At the distal region, the radial muscles are
compressed and margin parallel muscles
predominate.  Abbreviations: rm, radial
muscles; mm, margin parallel muscles.
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Mantle Margin Development
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Figure 19. Schematic representation of the development of the mantle margin in N. nodosus,
illustrating the developmental hypothesis to explain morphogenesis of the mantle folds. Processes
are depicted in different colors for the same developmental sequence; blue arrows on the drawings
indicate the point of origin of the inner and middle folds. Two folding processes are responsible for
mantle fold formation (blue). The first one occurs in late pediveligers, forming the inner and outer
mantle folds. After this process, the periostracum forming zone ends up situated between the folds,
within a groove. The second folding process takes place after metamorphosis, originating the middle
mantle fold from the inner surface of the inner fold. Periostracum and shell secretion (grey) is
continuous throughout development since the formation of shell field in trocophores. Both muscle
(red) and nervous systems (green) are initially formed by the early pediveliger stage, and further
modifications are involved during folds’ development. See text for more information.
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CAPITULO 2

ANATOMIA DOS ORGAOS TENTACULARES DO MANTO DE NODIPECTEN

NODOSUS (BIVALVIA: PECTINIDAE)

REsSuUMO

Orgdos tentaculares abrangem ampla variacdo de projecbes corporais que
desempenham funcbes especializadas em diversos filos de invertebrados. Em moluscos
bivalves, tentaculos presentes na margem do manto possuem fungdes sensoriais e secretoras
envolvidas na deteccdo de predadores e interacdo com o ambiente externo. Contudo, a
diversidade morfoldgica, anatomia detalhada e papéis de tais estruturas foram pouco
investigadas nesses moluscos. Bivalves da familia Pectinidae sdo de amplo interesse neste
contexto devido a sua diversidade de tentaculos paliais, incluindo distintos tipos tentaculares
formados em diferentes pregas paliais, e até mesmo tentaculos portadores de olhos. Por meio
de técnicas combinadas de microscopia, 0 presente estudo investigou a anatomia dos 6rgéos
tentaculares em estadios pds-metamarficos da vieira Nodipecten nodosus (Linnaeus, 1758).
Os tentaculos na espécie sdo formados apds a metamorfose e, com excecdo da pigmentacéo,
eles crescem sem profundas modificacbes morfoldgicas. Os 6rgdos tentaculares de N.
nodosus compreendem olhos paliais (tentaculos modificados), tentaculos curtos e longos da
prega palial mediana e tentaculos da prega interna. Apesar dos todos os tipos mencionados
possuirem uma mesma estrutura basica formada por epitélio ciliado, muasculos periféricos e
nervo central imerso em tecido conjuntivo, eles exibem acentuadas diferencas quanto a
distribuicdo de cilios, atividade secretora epitelial e tipo de fibra muscular. A distribuicao
ciliar na extremidade distal de papilas sensoriais representa uma condicao Unica dos longos
tentaculos da prega mediana, e a secre¢do de muco é restrita aos tentaculos desta prega (com
excecdo dos pedunculos oculares). Notavelmente, tentaculos da prega interna e da prega
mediana exibem fibras musculares estriadas e ndo-estriadas, respectivamente. Finalmente,
os dados obtidos sdo discutidos a luz da anatomia funcional da margem palial em bivalves.
Palavras-chave: bivalves, cilios, 6rgdos sensoriais, secrecéo, tentaculo.

O manuscrito a seguir contendo as informagdes detalhadas sera submetido ao

periddico internacional Zoologischer Anzeiger.
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CHAPTER 2

ANATOMY OF TENTACULAR ORGANS FROM THE MANTLE MARGIN OF THE

SCALLOP NODIPECTEN NODOSUS (BIVALVIA: PECTINIDAE)

ABSTRACT

Tentacular organs comprise a variety of body projections that play specialized
functions in several invertebrate phyla. In bivalve molluscs, tentacles present on the mantle
margin serve sensorial and secretory functions involved in predator detection and
interactions with the surrounding environment. Nevertheless, their morphological
diversity, detailed anatomy and functional roles have been scarcely investigated in these
molluscs. Bivalves from the family Pectinidae are of particular interest in this context
given the diversity of pallial tentacles, including distinct tentacle types arising on different
mantle folds, and even eye-bearing tentacles. Combining several microscopy techniques,
the present study investigated the anatomy of tentacular organs in postmetamorphic stages
(juveniles and adults) of the scallop Nodipecten nodosus (Linnaeus, 1758). Scallop
tentacles are formed shortly after metamorphosis, and except for pigmentation, they grow
with no major morphological modifications. Tentacular organs of N. nodosus comprise
eye-bearing and short and long tentacles from the middle mantle fold, and velar tentacles
from the inner fold. Although all tentacle types share a common basic structure formed by
a ciliated epithelium, peripheral muscle bundles, and a central nerve embedded in
connective tissue, they exhibit marked differences in ciliary distribution, epithelial
secretory activity, and type of muscle fibers. Cilia distribution at the distal tip of sensory
papillae represents a unique condition for the long tentacles from the middle mantle fold,
and mucous secretion is restricted to the middle fold tentacles (except for eyestalks).
Strikingly, velar tentacles and middle fold tentacles exhibit striated and non-striated
myofibers, respectively. These data are discussed in light of the functional anatomy of the

bivalve mantle margin.

Keywords: bivalves, cilia, secretion, sensorial organs, tentacle
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INTRODUCTION

Involved in a plethora of functions, tentacular organs are widespread in
invertebrates, displaying extensive morphological diversity. For instance, oral tentacles
play vital roles in protection and food acquisition in cnidarians and bryozoans, and ciliated
tentacles and palps are commonly present in suspension- and deposit-feeder Polychaeta
(e.g., Gilmour, 1978; Dauer, 1985; Nielsen and Riisgard, 1998; Shimizu and Hiroshi
Namikawa, 2009). In Mollusca, the cephalic and buccal tentacles found in gastropods are
probably the most familiar example of tentacular organs (Kiinz and Haszprunar, 2001).
Nevertheless, bivalve molluscs exhibit great diversity of tentacles on their mantle margin,
usually associated with sensorial functions, but they have been scarcely explored so far.

Sensorial organs in Mollusca comprise not only complex structures, such as the
camera-type eyes of cephalopods and rinophores of opistobranch gastropods (Young,
1971; Wertz et al., 2006; Serb, 2008), but also a wide range of sensorial structures in
bivalves, associated with the mantle margin, and acting as mechano-, chemo- or
photoreceptors. Whereas some sense organs are sheltered inside the pallial cavity, e.g., the
abdominal organ of pteriomorphian bivalves (Haszprunar, 1985), pallial tentacles are
exposed structures in direct contact with the surrounding environment (Yonge, 1983).
Photoreceptive organs have independently evolved in tentacular organs of several
unrelated Bivalvia taxa (Morton, 2008; Serb and Eernisse, 2008). Eye-bearing tentacles are
known to perform a variety of optical tasks, usually associated to shadow or movement
detection with consequent siphonal retraction, shell closure or escape response (Morton,
2008; Serb, 2008). Chemo- and mechanoreceptors are commonly found in the pallial
epithelium of bivalves, also usually concentrated in the pallial tentacles (Fishelson, 2000).
In fused mantle margins, tentacular structures are typically associated with the exhalant
and inhalant apertures of siphons (e.g., Moueza and Frenkiel, 1974; Fishelson, 2000;
Sartori et al., 2008). Besides sensorial functions, these siphonal tentacles prevent the
entrance of large particles into the siphonal channel (Narchi, 1972; Hodgson and Fielden,
1984; Passos and Domaneschi, 2004). In a few species of razor clams (e.g., Solen
dactylus), a pair of extensible pallial tentacles is located at the dorsal end of the anterior
pallial region, between the inner and middle folds, but their function is unknown (Saeedi et
al., 2013). In bivalves with free mantle edges, pallial tentacles may occur along its entire
extension, but they exhibit considerable diversity in structure and distribution. In pinnids,

for example, neither tentacles nor sensory structures occur on the middle mantle fold, but
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in Pinna carnea, a row of short tentacles occur at the posterior region of the prominent
inner fold (Yonge, 1957). In oysters and most pteriids, short tentacles are regularly
distributed in both middle and inner folds, including branched tentacles in Pinctada
imbricata (Waller, 1976; Témkin, 2006). Galeommatoid bivalves bear conspicuous pallial
projections (Litzen and Nielsen, 2005), ranging from sensory ciliated papillae, like those
observed on the middle mantle fold of Mysella charcoti (Passos et al., 2005), to specialized
tentacles, as reported for Galeomma layardi (Morton, 1973). In addition, secretory activity
has been extensively reported for bivalve tentacles, representing an important aspect in the
anatomy and roles of such structures (Yonge, 1983). Bivalves from the family Limidae are
notorious by the presence of long and extensible tentacles, unable to be enclosed within the
valves (Gilmour, 1967). Secretory cells are largely distributed in those organs, and
associated with autotomy and release of distasteful mucous to avoid predators (Owen and
McCrae, 1979).

Bivalves from the family Pectinidae (i.e., scallops) have an enlarged mantle margin
notable by its complex structures. Numerous tentacles are distributed along the entire
margin, being divided into two categories: tentacles from the middle mantle fold and
tentacles from the inner fold (Dakin, 1909). The first type includes numerous tentacles,
some of them being differentiated into pallial eyes at irregular intervals. The second type
consists of short tentacles located at the edge of the pallial curtain, i.e., the inner mantle
fold (or velum). Scallop tentacles are known to be involved in the perception of the
substrate and detection of predators by mechanical and chemical stimulation, with
subsequent triggering of behavioral responses (Wilkens, 2006). Considering the extensive
diversity of tentacular form and function exhibited by pectinids, scallops may represent
suitable models to investigations on tentacle structure and function in bivalves. Therefore,
we investigated tentacle anatomy of the scallop Nodipecten nodosus (Linnaeus, 1758) to
explore anatomical variation in tentacle types of Pectinidae, and to gain insight into their
possible functions. Given the plethora of studies focused on the scallop optical system and

eye anatomy, in the case of eye-bearing tentacles we restricted our analysis to the eyestalk.

MATERIAL AND METHODS

Specimens of Nodipecten nodosus were obtained in the scallop farm Institute of
Eco-Development from Baia de Ilha Grande (IED-BIG), Rio de Janeiro, Brazil. Fragments

from the mantle margin were removed from juvenile and adult individuals. Small scallop
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juveniles (about 4 mm length) were removed from artificial tanks, while large mature
individuals (about 8 cm length) were collected from artificial baskets. Prior to fixation,
animals were anesthetized for 2 hours by gradual addition of drops of 7.5% MgCl..
General morphology was observed using a Zeiss Stemi 2000-C stereomicroscope, and
Images were captured using a Zeiss AxioCam MRc. Digital microscopy images were
further processed using Photoshop CS3 (Adobe Systems, USA) to adjust contrast and
brightness, and drawings were created using Corel Draw X5 (Corel Corporation, Canada).

Histology. Specimens were fixed for 3 hours at 4 °C in a modified Karnovsky
solution (2% paraformaldehyde + 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
at pH 7.4 and 1000 mosm adjusted with sucrose). Then, pallial margin fragments were
dehydrated in a graded ethanol series and embedded in glycol-methacrylate resin (Leica
Historesin Kit). Serial 3 um sections were obtained using a Leica RM2255 microtome and
stained with hematoxylin and eosin (HE) or toluidine blue and acid fuchsin (TB).
Histochemical procedures were conducted with Alcian Blue (AB) and Periodic Acid-Schiff
(PAS) staining. Digital images were captured using a Nikon eclipse 80i microscope
equipped with a Nikon DS-Ril camera.

Scanning Electron Microscopy (SEM). After fixation in the modified Karnovsky
solution, post-fixation was performed for 30 minutes in 1% OsOs in buffer solution
(sodium cacodylate buffer at pH 7.4), followed by 15 minutes in 1% tannic acid in buffer
solution, and more 15 minutes in new solution of 1% OsOs at 4°C. After complete
dehydration in graded ethanol series, samples were critical point dried using CO> as a
transitional fluid in a Balzers CPD 030, mounted on stubs, coated with gold in a Balzers
SCD 050 sputter coater, and observed in a Zeiss DSM 940.

Immunocytochemistry, Confocal Laser Scanning Microscopy and 3D
Reconstruction. Juvenile specimens were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffered (PB) for 1 hour, followed by four rinses with buffer solution.
Individuals were dissected in order to remove small fragments of the mantle margin for
Confocal Laser Scanning Microscopy (CLSM). For F-actin staining, specimens were
permeabilized in PBS containing 2% Triton-X 100 (PBT) overnight and then incubated in
a 1:40 dilution of Alexa Fluor 488 Phalloidin (Molecular Probes) in PBT, for 24 hours at
room temperature, in the dark. For neuronal staining, samples were incubated in 6%
normal goat serum in PBT (block-PBT) overnight at room temperature. Subsequently,
primary antibodies, i.e., anti-serotonin raised in rabbit and anti-a-tubulin raised in mouse,

were applied at a concentration of 1:400 in block-PBT for 24 hours. Then, specimens were
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rinsed several times in block-PBT prior to application of a secondary fluorochrome-
conjugated antibody (goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Flour
633, Molecular Probes) in block-PBT at a concentration of 1:200 for 24 hours in the dark.
Nuclei were stained by adding a 1 ul drop of 4°, 6-diamidino-2-phenylindole (DAPI)
(Invitrogen, 3 ug mL™) in conjunction with secondary antibody or Phalloidin incubation.
Then, samples were washed three times in PBS for about 30 minutes and mounted in
Fluoromount G (Southern-Biotech, Birmingham, Alabama) on standard microscope slides.
Analysis and image acquisition were performed on a Leica TCS SP5 Il confocal laser
scanning microscope equipped with the software Leica Application Suite Advanced
Fluorescence (LAS AF), Version 2.6.0 (Leica Microsystems, Wetzlar, Germany). Confocal
image stacks were recorded with 0.3 pm step size along the z-axis and digitally merged as
maximum intensity projections. 3D reconstructions were created from selected image

stacks using the software Imaris Version 4.1 (Bitplane, Switzerland).

RESULTS

Tentacle organs emerge as conspicuous, translucent projections of the middle and
inner mantle folds in postmetamorphic juveniles of Nodipecten nodosus (Fig. 1A).
Whereas middle fold tentacles are generally elongated with tapered ends, the eye-bearing
ones are short and differentiate their distal regions into an ocular apparatus (Fig. 1B). The
inner fold tentacles consist of short projections at the edge of the inner mantle fold (Fig.
1B). From the early emergence of the juvenile stage until the adult stage, tentacle anatomy
remains similar throughout development, except for the increase in size, muscular density
and pigmentation (Fig. 1B).

Middle mantle fold eyestalks. Pallial eyes are easily noticeable by their blue
pigmentation in N. nodosus (Fig. 1B). While distal optic components comprise unique
structures in scallop’s anatomy, the eyestalk shares great similarity with adjacent middle-
fold tentacles. The stalk is a short peduncle filled by connective tissue and a pair of
longitudinal muscle bundles (Fig. 2A). The epithelium ranges from cuboidal to columnar
cells, usually pigmented (Fig. 2A) and covered by microvilli (Fig. 2C), but without gland
cells. The distal epithelium exhibits scarce tufts of cilia (Fig. 2B), while the proximal
surface of the eyestalk is more densely ciliated, with several sparse ciliary tufts (Fig. 2D).

Middle mantle fold tentacles. Middle fold tentacles can be divided into two types:

long and short. Long tentacles are extensible projections occurring at irregular intervals
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along the middle mantle fold (Fig. 1A, B; 3A, B). These tentacles slowly extend to interact
with the surrounding environment, and can rapidly contract when the animal is disturbed.
The long tentacle’s epithelium displays a gradual increase in ciliary density from proximal
to distal regions (Fig. 3B). In the distal third of the tentacle, tufts of cilia occur at the tip of
papillary projections (Fig. 3C). Ciliary tufts are also found interspersed between these
projections (Fig. 3C). At the proximal surface, however, ciliary tufts are fewer and sparsely
distributed (Fig. 3D). Short tentacles (Fig. 1B, 3E) are far more numerous and their length
slightly exceeds the eye’s stalk length. In this case, cilia are organized in dense tufts
distributed over the entire tentacular surface (Fig. 3F).

Long and short tentacles share the same general histology. They bear several thin
muscles and a central, branched nerve embedded within the connective tissue (Fig. 3G).
Their epithelium have numerous secretory cells with large basal content with strong
affinity for Alcian blue and PAS, which suggests intense acid mucopolysaccharide
secretion (Fig. 3H, ). Both tentacle types are also innervated by long projections from the
circum-pallial nerve. Tentacular nerves exhibit strong serotonergic (Fig. 4A, C) and a-
tubulin (Fig. 4B, C) immunoreactivity, which permitted tracing their trajectory from the
circum-pallial nerve at the mantle margin to the tentacular tip. The tentacular nerve is
directly connected to the ciliated cells from the epithelium by thin neuronal projections, as
revealed by a-tubulin and serotonin markers (Fig. 4A-C). Tentacular muscles originate
from the pallial muscular system associated with the mantle margin (Fig. 5A). Surrounding
the nervous axis, numerous bundles of longitudinal muscles run along the entire tentacle
extension (Fig. 5A, B). Additionally, short transversal fibers are present as well (Fig. 5B).
Both longitudinal and transverse muscle bundles in the middle fold tentacles are formed by
non-striated myofibers (Fig. 5B).

Inner mantle fold tentacles. The tentacles distributed along the edge of the inner
fold (Fig. 1B) are also referred to as “velar” or “guard tentacles” (e.g., Beninger and Le
Pennec, 2006). They are pigmented projections, of which general structure resembles that
of the short middle fold tentacles, including a ciliated epithelium, and a central nerve and
muscles embedded within the connective tissue (Fig. 3J). In addition, similarly to them,
innervation exhibits strong serotonin and a-tubulin signals, with tentacular nerves passing
through the inner fold from the circum-pallial nerve towards the velar tentacle distal tip
(Fig. 4D, E). Nevertheless, there are some key differences between the tentacles from both
folds. In velar tentacles, cilia are present in less dense and more sparsely distributed tufts

than in the short tentacles of the middle fold (Fig. 3K). More strikingly, the velar tentacle
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musculature is formed mainly by longitudinal fibers composed of striated myofibers, in
contrast to the non-striated muscular structure exhibited by middle fold tentacles (Fig. 5C).
Another important difference concerns the lack of secretory activity in velar tentacles, not

detected by any staining method applied.

DiSCUSSION

Tentacular organs of N. nodosus comprise eye-bearing and short and long tentacles
from the middle mantle fold, and velar tentacles from the inner fold. While short tentacles
are regularly present in the pectinid middle pallial fold, the extensible, long tentacles
observed in N. nodosus were previously detected in other scallops, such as Pecten maximus
(Dakin, 1909), although they were not reported for either Argopecten irradians (Gutsell,
1931) or Placopecten magellanicus (Drew, 1906). Such difference is intriguing, and
deserves further studies to evaluate tentacle type and distribution in Pectinidae to
understand functional roles and variation. Velar tentacles, similar to those described herein,
are apparently more common, occurring on the edge of the inner mantle fold of A.
irradians (Gutsell, 1931) and P. magellanicus (Moir, 1977). In Spondylidae, cemented
bivalves phylogenetic close to Pectinidae (Waller, 2006), the mantle margin exhibits great
similarity to the general pectinid condition, including the presence of pallial eyes, short
tentacles and a pigmented velum. Nevertheless, neither long tentacles nor a row of velar
tentacles are present (Dakin 1928; Viana and Rocha-Barreira, 2007). Short tentacles also
occur on both middle and inner mantle folds of Ostreidae and Pteriidae (Témkin, 2006),
which apparently suggests a convergent condition to tentacle organization in Pectinidae.
Notwithstanding, tentacle variation and distribution is still poorly understood in more
inclusive bivalve groups, so speculations on tentacle evolution should be treated with
caution at this time.

Eye-bearing tentacles are not exclusive of Pectinidae, also occurring in the
phylogenetically distant families Cardiidae and Laternulidae (Adal and Morton, 1973). The
eyestalk of Cerastoderma edule shares great similarity with the scallop eyestalk, including
an epithelium covered by microvilli, peripheral muscle bands and a central nerve (Barber
and Wright, 1969). In contrast to the ciliated epithelium of scallop pallial eyestalks, ciliated
receptor cells of C. eduli and Cochlodesma praetenue are restricted to the tip of the eye-
bearing tentacles (Barber and Wright, 1969, Morton, 2008). Even though mechanisms of
tentacle differentiation into pallial eyes have not been determined, the convergent
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evolution of optic apparatus in tentacles highlights the potential for diversification and the
high plasticity of tentacular organs in the Bivalvia.

The general anatomy of the scallop tentacle consists of a tentacular nerve
surrounded by muscles and connective tissue. Tentacle extension is generated by
hydrostatic pressure from the haemolymph, while retraction is produced by contraction of
longitudinal muscles (Beninger and Le Pennec, 2006). To our knowledge, the present
study is the first to detect differences in tentacle muscle types between middle and inner
mantle folds. Whereas tentacles from the middle pallial fold of N. nodosus are formed by
non-striated myofibers, velar tentacles possess striated fibers, similar to those observed in
the musculature from the inner fold.

In a thorough description of central and peripheral nervous systems in bivalves,
Duvernoy (1853) identified thin nerves from the circum-pallial nerve of P. maximus that
reach tentacle structures of the middle mantle fold. According to the same author, those
organs were named “tactile” and “visual pedicles”, due to their supposed sensory
functions. The same innervation pattern was reported for P. magellanicus by Drew (1906).
Dakin (1909) assumed that ciliated cells occurring on the epithelia of short and long
tentacles of P. maximus were receptors, emphasizing the sensory role of such pallial
structures. Serotonergic innervation was detected in the present study, confirming nervous
activity in tentacles from the middle and inner folds, and a close connection of epithelial
cilia and nerves by slender neuronal projections. Even though neuronal or muscular
markers (combined with confocal microscopy) have never been used in studies with adult
bivalves, this technique has already demonstrated great potential in understanding nervous
organization in other molluscan taxa (e.g., Wertz et al., 2006; Wollesen et al., 2009; Byern
et al., 2012). Consequently, our results represent a successful example applying such
method to anatomical investigations in bivalves, especially concerning muscular and
sensory organs.

The ultrastructure of the ciliated receptor cells spread over scallop tentacles have
been studied in detail by Moir (1977). The long tentacles of P. magellanicus have their
distal third organized in ciliated papillae, which radiate out from the central column (Moir,
1977). Similarly to N. nodosus, ciliary tufts are located on the distal tip of these papillae,
where they are supposed to act as mechanoreceptors, while another ciliated cell type is
present between the papillae (Moir, 1977). At the tentacle proximal region, ciliated groups
of cell are irregularly spread over the surface and their function is still debatable (Moir,

1977, present study). In the mussel Brachidontes pharaonis, sensory ciliary tufts, similar to
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those present in the short and velar tentacles of N. nodosus, are spread among short kinetic
cilia in short tentacles (Fishelson, 2000). In infaunal bivalves, e.g., from the families
Veneridae and Donacidae, sensorial cilia are commonly distributed on siphonal tentacles,
but the dimension, structure and number of cilia are remarkably different from ciliary types
observed in scallops (Hodgson and Fielden 1984; Ansell et al., 1999; Fishelson, 2000).
Tentacle ciliated receptors have also been analyzed in detail in Limaria hians, in which
different ciliary tufts are in close association with gland cells, acting as chemo- and
mechanoreceptors (Owen and McCrae, 1979). In contrast to limid bivalves, no evidence
has been reported in N. nodosus for mucous secretion associated to sensorial reception in
tentacles. Sensorial performance of pectinid tentacles has been studied under many
behavioral and physiological contexts in attempt to integrate stimulation and mantle
margin response (e.g., Gutsell, 1930; Stephens, 1978). These studies demonstrated that
tentacle ciliated cells seem to serve as primary sensory receptors for tactile and chemical
stimuli, triggering adjusts in pallial curtain movements, animal position, escape behavior
and shell closure (Wilkens, 2006).

Our results suggest nervous anatomical similarity between velar tentacles and
tentacles from the middle mantle fold in N. nodosus, including serotonergic innervation by
a central nerve connected to the ciliated epithelial cells. Despite no evidence for
differences in sensitivity between velar and long tentacles, Wilkens (2006) argues that both
types would be able to detect tactile stimuli, but only the second one would detect substrate
suitability and chemical stimulants from predators. Apart from sensorial functions, the
secretory activity is clearly distinct between these tentacle types in N. nodosus. While short
and long tentacles from the middle pallial fold exhibit intense mucous secretion, no
secretory cell was detected in eyestalks and velar tentacles. Intense production of high-
viscosity acid mucopolyssacharides was reported for the pallial epithelium of Placopecten
magellanicus, probably facilitating the passage of water over the mantle surface (Beninger
and St-Jean, 1997; Beninger and Le Pennec, 2006). Mucous secretion in scallop middle
fold tentacles might be associated to lubrication and cleansing of the mantle margin (a role
possibly lost during eyestalk evolution), the function of velar tentacles being possibly
restricted to tactile detection. In the pearl oyster Pinctada margaritifera, the number of
cells with affinity to PAS and Alcian blue decreases in the tentacles from the middle
mantle fold in contrast to the inner fold (Jabbour-Zahab et al., 1992), a condition also

observed in Cerastoderma edule (Richardson et al., 1981). Therefore, the abundance of
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mucous-secreting cells in the tentacles of N. nodosus may represent a particular condition
of Pectinidae in respect to the functional anatomy of tentacular organs.

Comparative analyses of tentacular features in bivalves are still scarce, evoking the
necessity of more studies to evaluate and test possible homologies and convergent
evolution of tentacular traits. Furthermore, investigations on tentacle functional anatomy in
the Bivalvia are still necessary to cover structural diversity and to provide substantial
evidence to explain tentacle evolution in the group. The present paper should stimulate and
serve as a basis for further attempts in understanding tentacular functional morphology and

evolution in the Bivalvia.
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Figurel. Nodipecten nodosus. A. Postmetamorphic juvenile scallop with extended tentacles from
the middle pallial fold. B. Detail of adult mantle margin displaying different tentacular organs.
Abbreviations: It, long tentacle; pe, pallial eye; st, short tentacle; vt, velar tentacle.
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Figure 2. Eye-bearing tentacles from N. nodosus. A. Longitudinal section through the eyestalk
showing internal muscular and nervous components. TB. B. General view of the pallial eye as
revealed by scanning electron microscopy. C. Detail of a ciliary tuft present on the distal eyestalk
epithelium of B. D. Detail of sparse ciliary tufts on the eyestalk of B. Abbreviations: es, eyestalk; m,
muscle bundles; on, optic nerve; pc, pigmented epithelial cells; pe, pallial eye; te, tentacle.
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Figure 3. Tentacles from the middle mantle fold (A-1) and inner fold (J-K) of N. nodosus. A. General view of
a long tentacle of a live specimen. B. Long tentacle morphology as revealed by scanning electron microscopy.
C. Detail of the distal tentacular region of B, with cilia located on the tip of papillary projections and few ciliary
tufts interspersed between the projections (arrows). D. Detail of the proximal tentacular region of B, with sparse
ciliary tufts. E. Short tentacle morphology. F. Detail of the tentacular surface of E, with dense distribution of
ciliary tufts. G. Longitudinal (left) and transverse (right) sections of short tentacles showing internal
components, such as peripheral muscles and a central nerve. TB. H. Secretory cells from the tentacular
epithelium with PAS-positive content (arrow). |I. Same secretory cells from H showing affinity also for Alcian
blue (acid mucopolysaccharide content; arrow). J. General histology of a velar tentacle. HE. K. Detail of the
velar tentacle surface with sparse ciliary tufts. Abbreviations: if, inner mantle fold; pc, pigmented epithelial
cells; te, tentacle epithelium; tm, tentacle muscle; tn, tentacle nerve.
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Figure 4. Nervous organization in tentacles from the middle mantle fold (A-C) and inner fold (D-E)
of N. nodosus, as revealed by immunocytochemistry combined with confocal microscopy. A.
Serotonergic immunoreactivity in the tentacular nerve; neuronal projections towards epithelial cells
are shown in detail in the inset. B. Immunoreactivity to a-tubulin in the tentacular nerve; neuronal
projections towards epithelial cells are shown in detail in the inset. C. Overlap of serotonin, a-tubulin
and nuclei immunoreactivity in the tentacle. D. Serotonergic immunoreactivity in the velar tentacle
nerve (arrow), which originates in the circum-pallial nerve passes through the inner mantle fold. E.
Immunoreactivity to a-tubulin in the velar tentacle nerve (arrow). Abbreviation: cp, circum-pallial
nerve. Scale bars: 30 um.
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Figure 5. Muscular organization of tentacles from the
middle mantle fold (A-B) and inner fold (C) of N.
nodosus, as revealed by phalloidin staining combined
with confocal microscopy. A. General muscle
organization in short and long tentacles. B. Detail of a
long tentacle musculature, showing non-striated
longitudinal and transverse fibers. C. Detail of a velar
tentacle musculature with striated longitudinal and
transverse muscles.
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CAPITULO 3

DESENVOLVIMENTO E ANATOMIA DOS OLHOS PALIAIS EM NODIPECTEN

NODOSUS (BIVALVIA: PECTINIDAE)

REsSuUMO

Os olhos paliais dos pectinideos sdo os sistemas visuais mais estudados dentre os
moluscos bivalves. Apesar de avangos recentes no entendimento da funcédo e evolucéo de
tais estruturas, pouca atengédo foi dedicada ao desenvolvimento ocular e sua performance
visual inicial. O presente estudo investigou a anatomia e desenvolvimento dos olhos paliais
da vieira Nodipecten nodosus (L. 1758) por meio de técnicas integradas de microscopia (i.e.,
microscopias de luz, eletrénica e confocal). Ap6s a metamorfose, vieiras juvenis
desenvolvem pequenas papilas que rapidamente se diferenciam em diminutos 6rgaos
oculares na prega mediana do manto. O epitélio distal gradualmente torna-se pigmentado,
com excecdo da cornea situada na extremidade central do olho. Internamente, a vesicula
oOptica compreende células indiferenciadas na regido distal, enquanto placas refletoras sdo
secretadas na base do sistema ocular, proximas as células pigmentadas. Em meio as células
indiferenciadas, a retina proximal é a primeira a ser formada, seguida pela retina distal e, por
ultimo, pela lente. Olhos em individuos adultos sdo caracterizados pela ampla distribuicao
de pigmento no epitélio e lente com formato conico acima da dupla camada de retina, que
se encontra levemente curvada. Enquanto os olhos paliais em animais adultos s&o um
complexo sistema visual baseado em um mecanismo de espelho para formacéo da imagem
na retina, olhos em desenvolvimento sugerem um simples nivel de fotopercepcao direcional,
sem visao espacial. Além disso, a morfologia da lente e cornea dos adultos de N. nodosus
diferem significativamente de outras espécies filogeneticamente proximas, reforcando

hipoteses prévias sobre variagao ocular e evolugdo convergente no grupo.

Palavras-chave: bivalves, juvenil, morfologia funcional, sistema dptico, vieira.

O manuscrito a seguir contendo as informagdes detalhadas sera submetido ao

periddico internacional Zoomorphology.

94



CHAPTER 3

DEVELOPMENT OF THE PALLIAL EYE IN NODIPECTEN NODOSUS (MOLLUSCAZ

BIVALVIA)Z INSIGHTS INTO EARLY VISUAL PERFORMANCE IN SCALLOPS

ABSTRACT

Scallop pallial eyes have been the most studied optical system in bivalve molluscs.
Even though recent advances have been achieved in understanding scallop eye’s function
and evolution, little attention has been focused on eye development and early visual
performance. Here, the anatomy and development of pallial eyes were investigated in the
scallop Nodipecten nodosus (Linnaeus, 1758) by means of integrative microscopy
techniques (i.e., light, electron and confocal microscopy techniques). After metamorphosis,
juvenile scallops bear small papillae that rapidly transform into minute ocular organs on
the middle mantle fold. The distal epithelium gradually becomes pigmented, except for the
cornea formed at the distal center of the eye. Internally, the optic vesicle comprises
undifferentiated cells at the distal region, while mirror plates are secreted at the base of the
eye, next to pigmented cells. Within the undifferentiated cell mass, the proximal retina is
the first to be formed, followed by the distal retina and then by the lens. Adult eyes are
characterized by large pigment distribution in the epithelium, and conical lens above a
slightly curved double retina. Whereas the pallial eyes from adult scallops are a complex
visual system based on a mirror mechanism to form a focused image on the retina, early
eye condition suggests a simple degree of directional photoreception, with no spatial
vision. In addition, morphology of lens and cornea from adult N. nodosus significantly
differs from other closely related scallops, reinforcing previous assumptions on eye

variation and convergent evolution in the group.

Keywords: bivalves, functional morphology, juvenile, optical system, scallop
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INTRODUCTION

In the diverse phylum Mollusca, eye morphology ranges from simple photoreceptor
cells to complex ocular organs able to perform a variety of visual tasks (Serb, 2008).
Consequently, molluscan eyes stimulated a myriad of scientific investigations, and
provided suitable models to studies on photoreceptor structures evolution, visual ecology,
and functional morphology (Salvini-Plawen, 2008; Serb and Eernisse, 2008). Cephalopod
eyes are among the well-studied optic models in molluscs, including the pin-hole eye type
of nautiloids and the camera-type eyes of coleoids (squids, cuttlefishes and octopuses), the
latter type exhibiting a complex structure that strongly resembles vertebrate eyes, thus
representing a striking example of convergent trajectory in eye evolution (Muntz and Raj,
1984; Young, 1971; Hanlon and Shashar, 2003). Most gastropods commonly display lens-
bearing eyes located at the tip or base of cephalic tentacles (Zieger and Meyer-Rochow,
2008). While cephalic eyes prevail in gastropods and cephalopods, serially repeated
photosensitive organs are located in the shell of chitons and on the mantle edge of bivalves
(Serb and Eernisse, 2008). In the Polyplacophora, simple photoreceptors are located in
aesthetes, embedded in the shell tegumentum, where they are likely associated to light-
response behavior (Fitzgerald, 1975; Boyle, 1972). Nevertheless, complex ocelli with lens
and retina may also be present in members of the family Chitonidae, forming a
sophisticated optical system (Moseley, 1884; Speiser et al., 2011a).

The Bivalvia is the second most diverse molluscan class, occurring in marine and
freshwater environments, and with enormous variation in lifestyle, form and function
(Giribet et al., 2008). Bivalves comprise molluscs with a laterally compressed body
enclosed by two valves, head reduction, and sensorial structures mainly distributed along
the mantle margin (Stasek and McWilliams, 1973; Yonge, 1983). In comparison to other
molluscan groups, bivalves exhibit the greatest diversity in photoreceptor organs (Serb,
2008). Besides light-sensitive nerves and larval cephalic eyespots, light perception is also
performed by simple photoreceptors or even by complex organs located on one of the three
pallial folds, hence the name “pallial eyes” (Morton, 2008). Bivalve eyes vary from simple
pigmented pits in Barbatia virescens (Morton, 1987) to pigmented cups with lens in
Cerastoderma edule (Barber and Land, 1967), eyespots in Tridacna maxima (Wilkens,
1986), compound eyes in Arca noae (Waller, 1980; Nilsson, 1994), and complex eyes in
Ctenoides floridanus (Morton, 2000a), and Laternula truncata (Adal and Morton, 1973).
In addition, the elaborate pallial eyes of the Pectinidae, distributed along the middle mantle
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fold, are the most familiar example of eye complexity in bivalves (Morton, 2008; Serb and
Errnisse, 2008). Consequently, they have been extensively studied regarding their
anatomy, physiology and role in behavior (e.g., Hayami, 1991; Hamilton and Koch, 1996;
Morton, 2000b; Wilkens, 2006; Speiser et al., 2011b).

The pallial eyes of Pectinidae were described for the first time by Poli (1795), and
numerous subsequent descriptions were produced in attempt to understand general eye
morphology (e.g., Krohn, 1840; Hensen, 1865; Patten, 1886). Dakin (1910) was the first
author to review previous knowledge of scallop eyes, providing fine details on the
arrangement and anatomy of each ocular component. Later, more efforts were put forward
to clarify scallop eye anatomy (Dakin, 1928; Ciocco, 1998), and more recently
comparative studies have provided vital insights into the evolution and function of these
organs (Speiser and Johnsen, 2008; Malkowsky and Jochum, 2014). Additionally, recent
molecular approaches based on transcriptome and opsin genes have contributed to our
understanding of the visual ecology in Pectinidae (Pairett and Serb, 2013; Serb et al.,
2013). Even though substantial knowledge of scallop eyes has been accumulated for about
two centuries, the development of such visual organs remains obscure. Drew (1906)
noticed that eye development had not been carefully investigated at his time, and Kupfer
(1916) offered the first insights into this issue. Nevertheless, eye formation has been
overlooked so far for pectinids and other bivalve groups. Therefore, to gain insight into the
developmental sequence of the eye and early visual performance in scallops, the present
study investigated eye development in postmetamorphic stages of Nodipecten nodosus
(Linnaeus, 1758).

MATERIAL AND METHODS

Specimens of Nodipecten nodosus were obtained in the scallop farm Institute of
Eco-Development from Baia de Ilha Grande (IED-BIG), Rio de Janeiro, Brazil. Juvenile
individuals (i.e., around a few weeks after metamorphosis, with a maximum length of 4
mm) were removed from artificial tanks, and adult mature individuals (about 8 c¢cm in
length) were collected from artificial lantern baskets. Prior to fixation, animals were
anesthetized for 2 hours by gradual addition of drops of 7.5% MgCl,. Observations of live
animals were carried out under a Zeiss Stemi 2000-C stereomicroscope, images being

captured using a Zeiss AxioCam MRc. Digital microscopy images were further processed
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using Photoshop CS3 (Adobe Systems, USA) to adjust contrast and brightness, and
complementary drawings were created using Corel Draw X5 (Corel Corporation, Canada).

Histology. Specimens were fixed for 3 hours at 4°C in a modified Karnovsky
solution (2% paraformaldehyde + 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
at pH 7.4 and 1000 mosm adjusted with sucrose). Juveniles were decalcified for 12 hours
at room temperature in a 3% ascorbic acid, while adult specimens were dissected after
anesthesia to remove pallial margin fragments containing the eyes. Then, specimens were
dehydrated in a graded ethanol and embedded in glycol-methacrylate resin (Leica
Historesin Kit). Serial 3 um sections were obtained using a Leica RM2255 microtome and
stained with hematoxylin and eosin (HE) or toluidine blue and acid fuchsin (TB). Digital
images were captured using a Nikon eclipse 80i microscope equipped with a Nikon DS-
Ril camera.

Scanning and Transmission Electron Microscopy. For Scanning Electron
Microscopy (SEM), juvenile and adult samples were previously fixed in modified
Karnovsky solution. Post-fixation was performed for 30 minutes in 1% OsOa in buffer
solution (sodium cacodylate buffer at pH 7.4), followed by 15 minutes in 1% tannic acid in
buffer solution, and more 15 minutes in new solution of 1% OsO4 at 4°C. Then, specimens
were decalcified as previously described for histological procedures and dehydrated in
graded ethanol series. Samples were critical point dried using CO> as a transitional fluid in
a Balzers CPD 030, mounted on stubs, coated with gold in a Balzers SCD 050 sputter
coater, and observed in a Zeiss DSM 940. For Transmission Electron Microscopy (TEM),
only adult pallial eyes were post-fixed for 1 hour in 1% OsOs in buffer solution. Larval
samples were embedded in Epoxi resin; ultrathin sections (50-70 nm) were cut using a
Leica Ultracut UCT microtome, mounted on copper slot-grids, contrasted with uranyl
acetate and lead citrate, and analyzed using a Zeiss EM 900 electron microscope.

Immunocytochemistry, Confocal Laser Scanning Microscopy and 3D
Reconstruction. Juvenile specimens were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffered (PB) for 1 hour, followed by four rinses in buffer solution. Individuals
were dissected to remove small fragments of the mantle margin containing the eyes. For
neuronal staining, samples were incubated in 6% normal goat serum in PBT (block-PBT)
overnight at room temperature. Subsequently, primary antibodies, e.g., anti-serotonin
raised in rabbit or anti-FMRFamide raised in rabbit, were applied at a concentration of
1:400 in block-PBT for 24 hours. Then, specimens were rinsed several times in block-PBT

prior to application of a secondary fluorochrome-conjugated antibody (goat anti-rabbit
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Alexa Fluor 488, Molecular Probes) in block-PBT at a concentration of 1:200 for 24 hours
in the dark. Nuclei were stained by adding a 1 ul drop of 4°, 6-diamidino-2-phenylindole
(DAPI) (Invitrogen, 3 ug mL™) in conjunction with secondary antibody incubation. Then,
samples were washed three times in PBS for about 30 minutes and mounted in
Fluoromount G (Southern-Biotech, Birmingham, Alabama) on standard microscope slides.
Analysis and image acquisition were performed on a Leica TCS SP5 Il confocal laser
scanning microscope equipped with the software Leica Application Suite Advanced
Fluorescence (LAS AF), Version 2.6.0 (Leica Microsystems, Wetzlar, Germany). Confocal
image stacks were recorded with 0.3 pum step size along the z-axis and digitally merged as
maximum intensity projections. 3D reconstructions were created from selected image

stacks using the software Imaris Version 4.1 (Bitplane, Switzerland).

RESULTS

Few weeks after metamorphosis of Nodipecten nodosus, numerous pallial eyes are
found scattered along the entire middle mantle fold on both sides of the animal (Fig. 1A).
At the juvenile stage, they consist of short projections not exceeding 100 pum, being
intensively pigmented at the distal portion, but unpigmented at the eyestalk (Fig. 1B). A
transparent cornea is already conspicuous at this stage (Fig. 1B). The ocular epithelium
surface is quite similar throughout the length of the eye, bearing rare tufts of cilia, which
are absent on the cornea (Fig. 1C). At the final stages of juvenile development, the eye
displays the lens, retina, reflector layer and pigmented layer (responsible for the blue color
of the eyes) ordered in a sequential arrangement (Fig. 1D). As will be seen, however, these
structures do not develop simultaneously.

Juvenile eyes in early differentiation have a short stalk supporting an enlarged distal
region (Fig. 2A). Their cornea contains columnar cells, while the surrounding epithelium
gradually becomes pigmented, few pigmented cells forming a narrow band around the eye
(Fig. 2A). Bellow the cornea, the optic vesicle, i.e. the inner cavity where the optical
components develop, exhibits a cluster of undifferentiated cells, apparently with no defined
structures, and the retinal matrix (Fig. 2A).

During ocular development in juveniles, more pigmented cells are added to the
epithelium, enlarging the bluish band (Fig. 2B-D). In addition, both cornea and pigmented
epithelium have their cells elongated, the columnar pattern becoming more conspicuous

(Fig. 2B-D). The cellular mass is gradually organized in layers, the proximal retina being
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apparently the first to differentiate, followed by the distal retina (Fig. 2B-D). At the base of
the optic vesicle, numerous minute crystals (i.e., refractional plates) form the mirror layer
(or argentea), beneath the retina and above the developing pigmented cells (Fig. 2B, C, D).
The cellular lens is the last component to be formed, comprising small cells pressed against
the cornea (Fig. 2C, D) and enclosed basally by the double retina (Fig. 2C, D).

Even though the developing eyes are still in differentiation, innervation is already
present. Whereas FMRFamide neuropeptide is weakly expressed inside pallial eyes (Fig.
3A), serotonin displays strong immunoreactivity (Fig. 3B). The circum-pallial nerve is
responsible for emitting neuronal projections through each eye (Fig. 3B). The optic nerve
goes through the eye and profoundly branches at the region of the proximal retina,
exhibiting intense signal over the photoreceptor cells (Fig. 3C). Also, a small branch leaves
the optic nerve at the optic vesicle level and innervates the distal retina (Fig. 3D).

In adults, the mantle margin is greatly enlarged, displaying numerous pallial eyes
that reach 1 mm in diameter and almost 3 mm in length, being also more intensely
pigmented (Fig. 4A). Externally, the transparent cornea is a conspicuous dome at the distal
center of the eye, surrounded by a blue-pigmented epithelium (Fig. 4B). The eyestalk is
also pigmented, but varying from white to brown (Fig. 4A, B).

Adult eyes preserve the sequential arrangement previously described for juveniles,
i.e., with cornea, lens, retina, mirror layer, and pigmented layer (Fig. 5A). The cornea is
formed by tall columnar cells displaying microvilli, centered nuclei, and no pigmentation
(Fig. 5B, C). Similarly, the pigmented epithelium is formed by thousands of numerous
columnar cells covered by long microvilli, but differently from the cornea, large pigment
granules occupy the basal cellular portion, the nuclei located at a more distal position (Fig.
5D, E). The lens comprises numerous irregularly shaped cells; its distal curvature is
slightly convex, while the basal curvature is strongly curved (Fig. 5F). Change in lens
shape (from flattened to conical) and the flattening of the retina during development create
a free space around the lens, known as the distal chamber (Fig. 5A, F). The double retina is
relatively more flattened, only slightly curved, and formed by rod cells with a typical, very
elongated morphology (Fig. 5G, H), clearly distinct from their juvenile counterparts. The
proximal region of the rod cells from the proximal retina is embedded within the retinal
matrix, while the distal retina is in direct contact with the proximal region of the lens (Fig.
5G, H). Bellow the retinal matrix, crystal plates are organized in sheets forming the mirror

layer (Fig. 5J, K, L). At the base of the eye, the pigmented layer consists of irregular cells
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containing large pigment granules (Fig. 51). Both mirror and pigmented layers are
relatively more compact at this stage (Fig. 5G, H, J).

DiISCUsSION

Summary of N. nodosus eye development

Eye development of N. nodosus is summarized in figure 6. Although final eye
structure and morphology are achieved only later in development, all optical components
are formed during scallop juvenile stages. Innervation is established early, with intense
serotonergic immunoreactivity in the optic nerve and retinal branches. The elongation of
the pallial eye seems to be caused by longitudinal extension of the epithelium, combined
with general growth and cell proliferation within the optic vesicle. Differentiation of the
optic vesicle has apparently a proximal-distal orientation. Both mirror and pigmented
layers are early detected at the base of the vesicle (Fig. 6A). Subsequently, the proximal
retina is formed, followed by the distal retina, and then, by the lens (Fig. 6A-D).
Afterwards, the retina becomes more flattened and less curved (Fig. 6E), and its cells
develop the characteristic rod morphology. The flattening of the retina combined with the
more spherical shape of adult lens creates a free space in the distal portion of the optic
vesicle (Fig. 6E). The organization of the plates from the mirror layer seems to become

more compact with time, while the pigmented layer gradually increases pigmentation.

Pallial eye development in scallops

The anatomical changes described herein for eye development in N. nodosus
suggest gradual modifications in eye morphology by differentiation of internal components
combined with general growth. Similar patterns were suggested by Kupfer (1916) based on
the anatomy of juvenile scallop eyes of Palliolum incomparabile. In both species, the eye
develops from small papilla, the optic vesicle is formed at its distal portion, and,
subsequently, internal cells gradually differentiate into proximal and distal retina, and then
into the lens. Butcher (1930), investigating eye formation and regeneration in adult
specimens of Argopecten gibbus, assumed that pallial eyes are formed as available space is
provided on the mantle margin, and that the potential to form more eyes seems to be
gradually lost as the scallop becomes larger. Similar to developing juvenile eyes in N.
nodosus, during formation of new eyes in adults of A. gibbus, the cellular mass

differentiates into the double retina, and the lens gradually appears above it. Nevertheless,
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in the case of eye formation in adults, the epithelium first loses pigmentation to form the
cornea (Butcher, 1930), but in N. nodusus the epithelium is first unpigmented, pigmented
cells gradually developing around the cornea. Such difference may be explained by the
distinct condition of the pallial epithelium in adults (pigmented) and juveniles
(unpigmented). Therefore, despite minor variances, the general process of eye formation in
adult scallops closely resembles the early eye development observed in juveniles of N.
nodosus. The results provided herein, combined with developmental observations from
Kipfer (1916) and Butcher (1930), suggest a single common process of eye organogenesis

in these animals, regardless of the postmetamorphic stage.

Pallial eye anatomy

N. nodosus eye morphology greatly resembles that of Chlamys islandica and
Palliolum incomparabile (Malkowsky and Jochum, 2014). Even though the same
sequential organization has been constantly documented for scallop eyes, divergences in
shape and size have attracted great attention in anatomical investigations. Recently,
morphological variation in scallop ocular components was appointed as crucial for
understanding eye diversity and visual performance (Speiser and Johnsen, 2008;
Malkowsky and Gotze, 2014).

The pigmented epithelium around the optic vesicle is typically formed by prismatic,
columnar cells, densely filled with dark pigment granules (Drew, 1906). Apart from the
distal region, epithelial cells gradually become cuboidal, exhibiting fewer pigments. The
intense blue pigmentation observed in N. nodosus is also present in eyes of Argopecten
irradians, Aequipecten tehuelchus and Pecten maximus (Speiser and Johnsen, 2008;
Ciocco, 1998). However, color patterns may vary, with brown eyes occurring in Amusium
balloti, and black pigmentation in other scallops such as C. hastata and Spondylus
americanus (Speiser and Johnsen, 2008).

The most distal epithelial cells are differentiated into the transparent cornea, which
differs in height and extension among scallop species. A layer of nucleated, cuboidal cells
was detected in Amusium balloti, A. irradians, C. hastata, C. rubida, and Placopecten
magellanicus (Speiser and Johnsen, 2008). Small, cubic cells were also reported for
Aequipecten opercularis, P. maximus (Malkowsky and Jochum, 2014), Flexopecten
flexuosus, F. glaber (Malkowsky and Gotze, 2014), and for the sessile scallop Spondylus
americanus (Viena and Rocha-Barreira, 2007). In contrast, columnar cells were observed

in Crassadoma gigantea (Speiser and Johnsen, 2008), Patinopecten yessoensis (Morton,
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2000b) and Chlamys (Dakin, 1928). Columnar cells similar to the ones described herein for
the cornea of N. nodosus, i.e., increasing in height towards the center, occur in C. islandica
and Palliolum incomparabile (Malkowsky and Jochum, 2014).

In scallop pallial eyes, the lens are located centrally, bellow the cornea. In P.
maximus, the lens was described as bi-convex, with a flattened distal surface and a dome-
shaped proximal surface by Dakin (1910). Land (1965) described the lens of the same
species as exhibiting a curved distal surface associated with the correction of spherical
aberration caused by light reflection in the mirror layer. Spherical shape with a hyperbolic
front surface was reported for Amusium balloti and Placopecten magellanicus (Drew,
1906; Speiser and Johnsen, 2008). In contrast, relatively spherical distal surfaces are
present in the elliptical lens of Argopecten irradians, C. hastata, C. rubida, Crassadoma
gigantea and Spondylus americanus (Speiser and Johnsen, 2008), Patinopecten yessoensis
(Morton, 2000), Aequipecten tehuelchus (Ciocco, 1998), Flexopecten flexuosus and F.
glaber (Malkowsky and Gotze, 2014). In N. nodosus, the lens exhibits a conical shape,
similar to the curvilinear triangulate pattern observed in C. islandica and Palliolum
incomparabile, (Malkowsky and Jochum, 2014).

In the light of recent comparative studies on pallial eye anatomy, a correlation
between the variation in shape of both the lens and the cornea was identified by
Malkowsky and Gotze (2014). According to recent molecular phylogenies, N. nodosus
would be closely related to P. maximus within the subfamily Pectninae (Waller, 2006;
Puslednik and Serb 2008; Alejandrino et al., 2011). Nevertheless, the typical eye
morphology of this group, with flat cornea and elliptical lens, is not present in N. nodosus.
The general morphology of N. nodosus’s eye is, however, quite similar to that observed in
C. islandica and P. incomparabile, including a similar columnar cornea combined with a
conical lens. Both these characters’ states were considered apomorphic within Pectinidae,
but evolving independently in both C. islandica and P. incomparabile (Malkowsky and
Gotze, 2014). Considering the phylogenetic distance among N. nodosus and the remaining
scallop species with similar eye morphology, combined with the plesiomorphic states
displayed by its closest relatives, it seems reasonable to suggest that eye morphology in N.
nodosus could represent another case of convergence, although this should be tested in a
cladistic framework. This hypothesis would further reinforce several lines of evidence
highlighting recurrent convergent and parallel evolution of morphological features and life
habits within the Pectinidae (Alejandrino et al., 2011; Serb et al., 2011; Malkowsky and
Gotze, 2014).
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The mirror layer, or tapetum according to Dakin (1910), comprises several layers of
minute square plates above the pigmented cells as demonstrated herein for N. nodosus and
for P. maximus by Barber et al. (1967). These plates, identified as guanine crystals by
Land (1995) are organized in a curved shape, acting as a concave mirror responsible for
focusing the reflected image at the level of the distal retina. A fluid cavity has been
recurrently described between the proximal retina and the mirror layer in preserved
specimens of several scallop species (Dakin, 1910; Land, 1965; Speiser and Johnsen,
2008), including in the present investigation on N. nodosus. Nevertheless, no cavity is
observed in sectioned eyes in vivo, corroborating the argument of Dakin (1910) that such a
cavity actually is an artefact resulting from tissue shrinking during fixation.

Functional perspectives in eye development

The functional implications of pallial eye development in scallops have, to our
knowledge, never been investigated, which is surprising given the extensive list of studies
concerning evolutionary significance and roles of eyes in the Pectinidae (e.g., Morton,
2000b; Speiser and Johnsen, 2008). The emergence of eyes after metamorphosis has long
been known to occur (Kupf, 1916; Sastry, 1967), but how light information could be
processed and used by early juvenile scallops, with newly adopted benthic habits, is still
obscure. But as the eyes develop and ocular components are gradually modified, some
changes in optical performance are expected to occur during postmetamorphic
development.

According to Nilsson (2013), adult scallop pallial eyes may be classified into
directional photoreceptors of low-resolution vision (class Il1). Such a category of eyes is
unique among bivalves because image can be formed in the retina by a concave mirror
system (Land, 1965). Besides this sophisticated optical system, different functions and
responses attributed to the adult double retina might provide visual clues for habitat
selection and alarm against predators (Nilsson, 1994; Hamilton and Koch, 1996; Speiser
and Johnsen, 2008).

Nevertheless, such assumptions might not be applicable in the case of developing
eyes, for their morphology significantly differs from completely formed organs, as
demonstrated herein. The present anatomical investigation with N. nodosus suggests that
early developing eyes would not provide image resolution, but would instead be restricted
to directional photoreception, i.e., class Il according to Nilsson (2013). The double retina

comprises the layer of photoreceptor cells, and in the case of N. nodosus, these cells
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rapidly differentiate during the juvenile stage. Serotonergic innervation was detected in the
retina of forming eyes, suggesting the presence of early nervous activity in functional
photoreceptors. The lens, however, is the last component to be formed, with a small size
and flattened shape. Considering this ocular configuration, even if the crystal plates at the
base of the optic vesicle could act as a concave mirror, the resulting spherical aberration
would not be corrected. In other words, the light would pass through the cornea and retina,
and would be reflected by the mirror region, but the reflected rays would not be correctly
converged in a common focus on the retina, as is the case of adult eyes (Jonasova and
Kozmik, 2008; Land and Nilsson, 2012).

In summary, the results obtained herein for N. nodosus suggest that developing eyes
(present at the early juvenile stage) are most probably not capable of more than a simple
degree of light perception. Our data indicate a gradual improvement in photoreceptive
performance during eye development in scallops, starting from a directional photoreceptor
structure to an image-forming organ. However, further investigations are needed to answer
if juvenile eye condition is somehow associated to juvenile life habits or behavioral
responses.

Other questions remain, though. For example, are eye developmental sequences
similar among scallop species? What is the molecular basis for eye formation? How does
gene expression mold eye organogenesis and visual activity? Over more than a century of
studies on scallop pallial eyes, understanding their evolution and function is still

challenging, which should stimulate future studies on these enigmatic ocular structures.
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Figure 1. Pallial eyes in juvenile N nodosus. A. Ventral view of a juvenile specimen, showing pallial
eyes scattered along both mantle margins. B. Detail of the middle pallial fold with eyes interspersed
with tentacles; arrow points to the cornea. C. Scanning electron microscopy of a juvenile eye,
showing a tuft of cilia (arrow) in the ocular epithelium. D. Section of the eye, showing all ocular
components already present at this stage. TB. Abbreviations: co, cornea; dr, distal retina; le, lens; ml,
mirror layer; pe, pigmented epithelium; pl, pigmented layer; pr, proximal retina; rm, retinal matrix.
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Figure 2. Median cross sections of developing pallial eyes in juvenile N. nodosus. A. Early stage
with few pigmented cells in the epithelium, and optic vesicle with an undifferentiated cell mass in
the distal portion, and retinal matrix at the center. HE. B. Intermediate stage with pigmented
epithelium expanded, proximal and distal retinas beginning to differentiate, and mirror layer at the
base of the optic vesicle. TB. C. Intermediate stage with developing lens, and distal and proximal
retinas more differentiated and curved. HE. D. Late juvenile stage with optic vesicle completely filled
by ocular components, and curved retina enclosing the base of the lens. TB. Abbreviations: cm, cell
mass; co, cornea; dr, distal retina; le, lens; ml, mirror layer; pe, pigmented epithelium; pl, pigmented
layer; pr, proximal retina; rm, retinal matrix.
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Figure 3. Neuronal marker immunoreactivity in developing pallial eyes of juvenile N. nodosus, as
revealed by confocal microscopy. A. Expression of FMRFamide in the mantle margin, showing very
weak signal within the eye. View from the base of the eye. B. Serotonergic immunoreactivity in the
mantle margin, showing the circum-pallial nerve and its projection to the eye via optic nerve. C.
Neuronal serotonergic projections in the retina (yellow), as observed by 3D reconstruction based on
confocal image stacks. Nuclei stained in blue by DAPI. D. Same reconstruction exhibiting the
innervation of the proximal retina (yellow), and a small branch innervating the distal retina (red).
Abbreviations: cp, circum-pallial nerve; on, optic nerve; pe, pallial eye; te, tentacle.
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Figure 4. Pallial eyes of adult N. nodosus. A. Detail of the mantle margin with pallial eyes. B.
External ocular morphology.
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Figure 5. Pallial eye’s ocular components of adult N. nodosus. A. General eye anatomy. B. Columnar,
unpigmented cells forming the cornea. TB. C. Microvilli from cornea cells. TEM. D. Pigmented epithelium.
HE. E. Detail from the pigmented epithelium, with columnar cells with basal pigment granules and microvilli
at the apical surface. TEM. F. Lens. HE. G. Proximal and distal retina. TB. H. Histology of rods, with proximal
cell portion embedded within the retinal matrix, and of the pigmented layer at the base of the optic vesicle. HE.
I. Pigmented layer with irregular cells containing large pigment granules. TEM. J. Mirror layer located adjacent
to the retinal matrix. TB. K. Layers of crystal plates forming the mirror layer. TEM. L. Detail of the square
plates forming the mirror layer. SEM. Abbreviations: co, cornea; cp, crystal plates; dc, distal chamber; dr,
distal retina; es, eyestalk; le, lens; mi, microvilli; ml, mirror layer; nu, nucleus; pc, pigmented cell; pe,
pigmented epithelium; pi, pigment granules; pl, pigmented layer; pr, proximal retina; rm, retinal matrix.
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CONSIDERACOES FINAIS

Os resultados obtidos com Nodipecten nodosus sustentam diferentes linhas de
evidéncia que permitiram confrontar especulacdes prévias da literatura e propor um modelo
generalizado para o desenvolvimento da margem palial. A anatomia larval da espécie, em
conjunto com descri¢bes da literatura (Creek, 1960; Elston, 1980; Waller, 1981; Cragg,
2006; Altndder and Haszprunar, 2008), sugere a auséncia de pregas como condicéo inicial
da margem do manto. Ao longo do desenvolvimento, dois processos de evaginacdo séo
cruciais na formacdo das pregas paliais. O primeiro ocorre no estadio de pedivéliger,
originando também o sulco do periostraco, enquanto o segundo ocorre apds a metamorfose,
responsavel pela origem da prega palial mediana. As informacg6es coligidas corroboram
hipo6teses anteriores sobre a origem da prega mediana a partir da por¢do interna da prega
interna do manto (Waller, 1980; Morton & Peharda, 2008). Estruturas associadas, como
tentaculos e olhos paliais, sdo formadas apenas ap6s a metamorfose, e compdem a complexa
condicdo final da margem do manto em Pectinidae. Apesar de mudancas drasticas na
morfologia p6s-metamorfose, o presente estudo revela significativa importancia do periodo
larval para a constituicdo da margem palial. A emergéncia dos sistemas muscular e nervoso
na borda do manto ocorre ainda na fase de pedivéliger, o que representa uma etapa essencial
na organizacdo da regido, assim como o surgimento e distribuicdo de cilios no epitélio. Em
suma, tanto modificacdes larvais quanto po6s-metamorficas sdo essenciais para definicdo da
condicdo de trés pregas paliais. Desse modo, a investigagdo realizada com N. nodosus
proporcionou o primeiro modelo geral para o desenvolvimento da margem palial em
Pectinidae, além de prover profunda contribuicdo para o entendimento da morfogénese da
regido em Bivalvia. Consequentemente, o estudo detalhado da formacdo e anatomia de
6rgdos paliais associados, como tentaculos e olhos, também representa amplo avan¢o no
conhecimento das especializa¢cdes do manto.

Embora estruturas tentaculares sejam comuns na margem palial de bivalves, estudos
detalhados de morfologia, fungdo e desenvolvimento ainda sdo escassos para tais 6rgdos
(Guilmour, 1967; Moir, 1977; Yonge, 1983; Témkin, 2006). O estudo com N. nodosus
forneceu contribuigdes substanciais a caracterizacdo do desenvolvimento e da anatomia de
tentaculos paliais em Pectinidae, revelando, por exemplo, a organizacdo comum em epitélio
ciliado, musculatura periférica e inervacdo central. A ampla plasticidade tentacular do grupo

é evidenciada por diferentes tipos tentaculares formados ap0s a metamorfose, que diferem
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em tipos ciliares sensoriais, atividade secretora e percepcao visual. Os dados obtidos para a
espécie de estudo sugerem também importantes similaridades com os demais pectinideos,
além de diferencas particulares com outras espécies de bivalves. Neste sentido, analises
comparativas de caracteres tentaculares em Bivalvia ainda sdo muito escassas, 0 que
evidencia a necessidade de mais estudos ontogenéticos e morfoldgicos para o grupo.
Enquanto diferentes abordagens e técnicas foram empregadas nos estudos de olhos
paliais em Pectinidae (e.g., Dakin, 1910; Ciocco, 1998; Morton, 2001; Speiser & Johnsen,
2008; Serb et al., 2013; Malkowsky & Jochum, 2014), a origem e o desenvolvimento de tais
orgéos foram considerados apenas em esparsas contribui¢des (Kupfer, 1916; Butcher, 1930).
Em N. nodosus, a formacdo de olhos paliais se assemelha as descrigdes de regeneragdo e
formacdo de olhos em outras espécies de pectinideos (Kupfer, 1916; Butcher, 1930). Neste
sentido, uma sequéncia de desenvolvimento geral foi proposta para descrever a origem e
modificacdo dos componentes oculares na familia. A diferenciacdo da capsula éptica ocorre
em sentido proximal-distal, gerando 0s componentes proximais (camada refletora e
pigmentada), e um grupo celular distal que se diferencia em: retina proximal, retina distal e,
por ultimo, em lente. Enquanto os olhos paliais em vieiras adultas possuem um complexo
sistema visual, baseado em um mecanismo refletor para formacgédo de imagem (Land, 1965),
a organizacdo de olhos em formacédo sugere um simples nivel de fotopercepcédo direcional,
aparentemente incapaz de gerar visdo espacial. Desse modo, as modificacGes da morfologia
ocular ao longo do desenvolvimento parecem estar vinculadas ao desempenho 6ptico da
estrutura, revelando pontos vitais na compreensdo da morfogénese funcional desses érgaos.
Em olhos completamente formados de N. nodosus, a morfologia da lente e cornea diverge
significativamente de outros pectinideos, corroborando hipdteses prévias sobre estruturas-
chave na variacdo da morfologia ocular do grupo (Speiser & Johnsen, 2008; Malkowsky &
Jochum, 2014). Finalmente, o estudo realizado deve servir como ponto de partida para novas
linhas de investigacdo sobre olhos de bivalves, especialmente sobre mecanismos associados

ao desenvolvimento ocular e performance visual em pectinideos.
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RESUMO

O atual conhecimento sobre a margem do manto em moluscos bivalves é
extenso, incluindo informac6es sobre morfologia, funcdo e diversidade. Bivalves da
familia Pectinidae, também conhecidos como vieiras, possuem complexa margem
palial, organizada em trés pregas, incluindo olhos e tenticulos. Questdes acerca do
desenvolvimento da margem do manto em bivalves continuam amplamente
incompreendidas, assim como a relacdo entre caracteristicas paliais ao longo dos
diferentes estadios do ciclo de vida. Neste contexto, a presente investiga¢do utilizou a
espécie de vieira Nodipecten nodosus como modelo para compreensdo da morfogénese
da margem palial em Pectinidae, com énfase na origem e diferenciacdo das pregas
paliais e estruturas associadas. Para contemplar esses objetivos, espécimes em diferentes
estadios de desenvolvimento larval e p6s-metamorfico foram analisados por meio de
técnicas integradas de microscopia (i.e., histologia, microscopia eletronica de varredura
e transmissdo, e imunocitoquimica aplicada a microscopia confocal). Inicialmente, a
margem palial em larvas véliger de N. nodosus ndo é pregueada, porém, ao longo do
desenvolvimento, dois processos de evaginacdo sdo determinantes na formacéo das
pregas paliais. O primeiro ocorre no estadio de pedivéliger, originando as pregas externa
e interna, bem como o sulco do peridstraco. O segundo ocorre apds a metamorfose,
sendo responsavel pela origem da prega palial mediana a partir da porcao interna da
prega interna. Os sistemas muscular e nervoso da margem palial tém origem durante o
periodo larval, tornando-se amplamente desenvolvidos posteriormente. Estruturas
associadas, como tentaculos e olhos paliais, sdo formadas apenas ap6s a metamorfose, e
compdem a complexa condi¢do final da margem do manto em Pectinidae. Os diferentes
tipos tentaculares possuem desenvolvimento e anatomia similar, entretanto diferem
quanto ao tamanho, tipo de musculatura, organizacdo ciliar e presenca de células
glandulares. Os olhos paliais em formacdo diferenciam-se gradualmente em sentido
proximal-distal, essas caracteristicas morfolégicas sugerindo um nivel simples de
fotopercepcao direcional como condicao inicial. Os dados aqui apresentados para N.
nodosus permitiram propor um modelo geral para o desenvolvimento da margem palial
em Pectinidae, além de contribuir para o entendimento da morfogénese dessa regido em

Bivalvia.

Palavras-chave: bivalves, desenvolvimento, larva, moluscos, prega palial.
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ABSTRACT

Current knowledge of the bivalve mantle margin is extensive, covering several
aspects of its morphology, function and diversity. Bivalves from the family Pectinidae,
also known as scallops, bear three pallial folds at the mantle margin, including complex
structures, such as tentacles and eyes. The development of the bivalve mantle margin is
still poorly understood, the morphogenesis and functional anatomy of mantle margin
features during developmental stages being enigmatic. The present investigation used
the scallop Nodipecten nodosus (L. 1758) as a model species to understand mantle
margin morphogenesis in the Pectinidae, with emphasis on the origin and differentiation
of pallial folds and associated pallial structures. To achieve these goals, specimens from
larval and postmetamorphic stages were thoroughly analyzed by means of integrative
microscopy techniques (i.e., histology, scanning and transmission electron microcopy,
and immunocytochemistry combined with confocal microscopy). In veliger larvae of N.
nodosus, the mantle margin is initially unfolded, two folding processes being crucial for
pallial fold establishment during further development. The first one occurs by the
pediveliger stage, forming the outer and inner folds, as well as the periostracal groove.
The second folding process takes place after metamorphosis and is responsible for the
formation of the middle pallial fold from the inner region of the inner mantle fold. The
emergence of muscular and nervous systems in the mantle margin occurs early during
development, at the larval stage. Associated pallial structures, including tentacles and
eyes, develop only after metamorphosis, and contribute to the complex final condition
of the mantle margin in Pectinidae. Although different tentacular types have similar
development and anatomy, they differ in size, muscle type, ciliary organization, and
gland cells distribution. Developing pallial eyes exhibit gradual differentiation in a
proximal-distal direction, and their morphological features suggest a simple level of
directional photoreception as the initial ocular condition in juveniles. The present
investigation conducted with N. nodosus provided a general model to understand mantle
margin development in the Pectinidae, as well as insights into the morphogenesis of this

region in the Bivalvia.

Keywords: bivalves, development, larva, molluscs, pallial fold.
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ANEXOS




ANEXO 1

Relagdo taxondmica dos principais grupos viventes contidos em Bivalvia, baseado em Bieler
et al. (2010).

CLASSE BivALviA Linnaeus, 1758
Subclasse Protobranchia Pelseneer, 1889
Ordem Nuculida Dall, 1889
Ordem Solemyida Dall, 1889
Ordem Nuculanida Carter et al., 2000
Subclasse Autobranchia Grobben, 1894
Superordem Pteriomorphia Beurlen, 1944
Ordem Mytilida Férussac, 1822
Ordem Arcida Gray, 1854
Ordem Pteriida Newell, 1965
Ordem Ostreida Férussac, 1822
Ordem Pectinida Gray, 1854
Ordem Limida Moore, 1952
Superordem Heteroconchia Hertwig, 1895
Clado Palaeoheterodonta Newell, 1965
Ordem Trigoniida Dall, 1889
Ordem Unionida Gray, 1854
Clado Heterodonta Neumayr, 1884
Ordem Lucinida Gray, 1854
Ordem Carditida Dall, 1889
Ordem Venerida Gray, 1854
Ordem Myida Stoliczka, 1870
Ordem Pholadomyida Newell, 1965 = Anomalodesmata Dall, 1889
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ANEXO 2

SINTESE DO CONHECIMENTO SOBRE A DIVERSIDADE DE SISTEMAS VISUAIS EM

MOLLUSCA, COM ENFASE EM BIVALVIA

SYNTHESIS OF THE KNOWLEDGE OF VISUAL SYSTEMS DIVERSITY IN MOLLUSCA, WITH
EMPHASIS ON BIVALVIA

RESUMO

A diversidade de orgaos fotorreceptores encontrada em Metazoa é surpreendente. O
estudo dos sistemas visuais animais vem crescendo nos ultimos anos e contribuindo com
avancos significativos, principalmente por meio da pesquisa baseada em diferentes taxons e
pela incorporacdo de novas técnicas moleculares e de microscopia. A maior variedade de
sistemas visuais ocorre no filo Mollusca, em especial na classe Bivalvia, sendo por isso
animais considerados potenciais modelos para ampla gama de investiga¢des no contexto da
evolugéo da visdo em Metazoa. Primeiramente, este artigo exp0de as principais discussoes
atuais sobre homologias e convergéncias da fotopercepcdo animal. Em seguida, €
apresentada uma revisao critica do conhecimento sobre sistemas visuais em moluscos,
destacando-se a diversidade estrutural e os aspectos centrais da organizacdo ocular dos
bivalves. Finalmente, sdo apontadas lacunas no conhecimento e novas perspectivas de
estudos empregando moluscos, considerando o historico de investigacdes no grupo e 0s

atuais paradigmas de diversidade e evolucdo da visao animal.

Palavras-chaves: bivalves, convergéncias, fotorreceptores, moluscos, olhos.

ABSTRACT
The diversity of metazoan photoreceptor structures is astonishing. Studies on animal
visual systems are increasingly growing in number and advancing our knowledge by
incorporating various taxa and novel molecular and microscopy techniques. The phylum
Mollusca exhibits huge diversity of ocular structures and Bivalvia is the most diverse class
in this aspect. Besides morpho-functional variation, these animals represent potential models
for different kinds of studies; therefore, investigations on molluscan eyes are vital within the

context of evolution of vision in Metazoa. Firstly, this paper presents the main current
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hypotheses about homologies and convergences of animal photoreception. Then, a critical
review of the knowledge of molluscan visual systems is presented, with emphasis on the
structural diversity exhibited by several of its representatives, as well as central aspects of
ocular organization in bivalves. Finally, gaps in our knowledge and potential perspectives
for future research are described based on the historical record of investigations for the
group, and current paradigms for the diversity and evolution of animal vision are discussed.

Keywords: bivalves, convergences, eyes, mollusks, photoreceptors.

INTRODUCAO

Estruturas fotossensiveis estdo presentes nas mais diversas espécies de seres vivos,
desde fotorreceptores simples em bactérias e eucariontes unicelulares, até olhos complexos
em muitos animais (Nilsson, 2009). Ha pouca informac&o disponivel sobre o surgimento de
Orgdos fotossensiveis em Metazoa, principalmente porque os registros mais antigos sobre
estruturas oculares estdo presentes apenas em fosseis de trilobitas do inicio do Cambriano,
ha cerca de 530 milhGes de anos atrés (Land & Nilsson, 2012). Apds este periodo, no inicio
do Ordoviciano (488 maa), o registro féssil ja contém representantes da maioria dos filos de
metazodrios atualmente reconhecidos e, surpreendentemente, também revela ampla
variedade de estruturas oculares (Nilsson, 2009; Land & Nilsson, 2012).

A compreensdo da evolugdo e funcdo adaptativa dos fotorreceptores € um tema
complexo, amplamente estudado e com avancos recentes significativos a partir do emprego
de diferentes abordagens (e.g., Erclik et al., 2009; Vopalensky & Kozmik, 2009; Gehring,
2012). Este artigo apresenta uma revisdo critica sobre o atual conhecimento relacionado a
diversidade de estruturas fotorreceptoras em Mollusca, com énfase nos moluscos bivalves.
Para abordar o tema em um contexto mais integrado, uma sintese geral da fotopercepcdo em
Metazoa é apresentada com o objetivo de pontuar as atuais discussdes sobre homologias e
convergéncias associadas a evolucdo da fotopercepc¢do. Considerando tais perspectivas e
também o histérico de estudos em Mollusca, sdo apontadas lacunas no conhecimento e
potenciais campos de pesquisa relacionados a diversidade e evolucdo dos sistemas visuais

no grupo.

FOTOPERCEPCAO
Apesar do emprego recorrente na literatura cientifica de termos como “visdo” e

“olho”, esses conceitos nem sempre séo claramente definidos. O crescente avango no estudo
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da fotopercepcdo animal faz com que este seja um tema constantemente reavaliado. A
proposta de classificacdo apresentada a seguir baseia-se no estado da arte da literatura sobre
fotopercepcdo em Metazoa (Land & Nilsson, 2012; Nilsson, 2013), sendo particularmente
util na compreenséo da diversidade ocular em Mollusca, como discutido mais adiante. Neste
contexto, sdo consideradas quatro classes morfofuncionais associadas a comportamentos
visualmente guiados:

I. Fotopercepcdo ndo-direcional. Células fotorreceptoras simples, geralmente
isoladas, apenas identificam a presenca, intensidade e auséncia de luz no ambiente.

I1. Fotopercepcéo direcional. Celulas fotorreceptoras sdo acompanhadas de celulas
pigmentadas que atuam sombreando os fotorreceptores, de modo que a luz é detectada em
algumas direcdes, mas nao em outras. Deve-se ressaltar que qualquer resposta de fototaxia
exibida por um animal é dependente de um sistema direcional de fotopercepcéo.

I11. Visdo de baixa resolugdo. Quando diferentes células fotorreceptoras encontram-
se organizadas, por exemplo, em tacas pigmentares, diferentes direcdes sao simultaneamente
percebidas. Este é o principio da visdo, onde a estrutura que contém os fotorreceptores é
informada sobre a variacdo de luz no espaco de forma simultanea e comparada.

IV. Visdo de alta resolugéo. A incluséo de diferentes componentes e estruturas ao
sistema 111 esta associada ao avan¢o da resolucdo Optica e, consequentemente, a0 aumento
da diversidade de morfologias oculares. O surgimento de lentes e outros mecanismos para
obtencdo de foco foram inovacdes-chave na evolucdo de comportamentos visualmente
guiados mais especificos e complexos.

Em suma, apenas as classes 11 e IV séo considerados visdo em razdo de sua acuidade
espacial. Consequentemente, olhos sdo estruturas visuais incluidas nestas duas classes. Os
tipos | e Il sdo classes de fotopercepcdo mais simples que ndo correspondem a olhos
propriamente ditos devido a auséncia de uma morfologia conspicua e limitagbes Opticas
(Nilsson, 2013). Os principios gerais expostos acima correspondem a um modo de avaliar a
diversidade de morfologias oculares presente entre os animais por meio da variagdo conjunta
entre gradientes de complexidade dos elementos constituintes, suas propriedades dpticas e

as respostas comportamentais associadas (Land & Nilsson, 2012).

ESTRUTURAS FOTORRECEPTORAS EM METAZOA
As células fotorreceptoras animais podem apresentar dois tipos de modificacdo da
membrana celular relacionadas a sensibilidade e resposta a luz (Eakim, 1965): rabdoma (Fig.

1A), conjunto de microvilosidades presente em diversos filos de animais protostomios, e
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cilio (Fig. 1B), no qual h& dobras na regido da membrana que o envolve, presentes nos
deuterostdmios (Eakim, 1965; Nilsson, 2004; Fain et al., 2010). Receptores rabdoméricos e
ciliares também diferem entre si quanto as proteinas envolvidas na fotopercep¢édo e quanto
ao tipo de cascata de sinalizacdo celular produzida (Arendt, 2003). Embora se observe uma
aparente dicotomia entre deuterostdmios e protostdmios, a evolucdo das células receptoras
ainda é tema de discussdo, pois h& muitas controvérsias e exce¢des (Fain et al., 2010). Por
exemplo, invertebrados protostdbmios como bivalves e artropodes tambeém apresentam
receptores ciliares semelhantes aos de vertebrados, revelando casos de convergéncia
evolutiva (Arendt, 2003). De forma consensual, a evolu¢do da morfologia das células
fotorreceptoras é considerada homopléstica, com indmeros casos de convergéncia e
evolucdo independente em distintos tdxons animais (Salvini-Plawen, 2008).

A fotopercepcdo mais simples em Metazoa corresponde as classes | e 1, presentes
na maioria dos filos animais (Nilsson, 2009; Land & Nilsson, 2012). Entretanto, estruturas
como manchas ocelares frequentemente variam quanto & classificacéo (11 ou I1l) conforme
critérios dpticos e comportamentais (Nilsson, 2013). Os sistemas oculares (classes Il e 1V)
sdo classificados de acordo com os mecanismos de formacdo de imagem, podendo ser
subdivididos em olhos compostos e simples. Os olhos compostos sédo formados pelo arranjo
de milhares de unidades fotorreceptoras denominadas omatideos, cuja organizacao estrutural
e distribuicdo dos pigmentos estao classificadas em seis subtipos distintos (Land, 1992). Este
tipo ocular é caracteristico dos artropodes, principalmente de representantes de Crustacea e
Insecta, além de ocorrer também em outros grupos, como poliquetos e bivalves (Nilsson,
1994). Os olhos simples s&o formados por camadas de células fotorreceptoras associadas a
células pigmentadas; entretanto, muitos outros elementos podem estar presentes (Land,
1992; Jonasova & Kozmik, 2008). Tanto olhos compostos quanto simples sdo chamados de
complexos quando possuem maior acuidade e/ou sensibilidade visual. Olhos nesta condi¢édo
ocorrem em apenas seis filos de metazoarios: Cnidaria, Annelida, Mollusca, Onycophora,
Arthropoda e Chordata (Land & Nilsson, 2012).

HOMOLOGIAS
Como descrito acima, olhos s&o encontrados em diversos filos e possuem uma
variedade morfologica surpreendente. O desenvolvimento ocular € distinto entre os grandes
grupos de animais e, apesar de haver semelhangas, em geral assume-se que ndo ha qualquer
homologia estrutural envolvida (Land & Nilsson, 2012). Mesmo dentro dos filos, como no

caso de Mollusca, a evolugéo dos fotorreceptores e estruturas oculares é reconhecidamente
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ndo-homologa (Salvini-Plawen, 2008). Neste sentido, estudos detalhados de anatomia e
ontogenia sdo fundamentais para compreensdo de convergéncias evolutivas e possiveis
homologias (Serb & Eernisse, 2008).

Apesar das evidéncias morfologicas apontarem para caminhos independentes e
convergentes, nas Ultimas décadas dados da biologia molecular colocaram em questéo a
completa auséncia de homologia entre tantas estruturas visuais. Pesquisas na area de
regulacdo génica de estruturas oculares revelaram que genes da familia Pax estdo
intimamente relacionados a regulacéo de transcri¢fes envolvidas na formacao de estruturas
visuais em metazoarios (e.g., Gehring, 2002; Nilsson, 2004; Fernald, 2006). Recentemente,
diversos estudos foram realizados para avaliar a expressédo desses genes e sua agao de
regulacdo sobre transcricbes em diferentes grupos animais (e.g., Gehring, 2005, 2012;
Vopalensky & Kozmik, 2009). A variedade Pax6 aparece como iniciador do processo de
formacgdo de estruturas fotorreceptoras em Bilateria, atuando na transcricdo das duas
principais classes de opsinas que estdo presentes no sistema de receptores rabdomérico e
ciliar (Nilsson, 2009). As opsinas sdo proteinas trans-membranas de dominios
caracteristicos, essenciais na cascata proteica envolvida na despolarizacdo ou
hiperpolarizagcdo da membrana celular durante a transducdo do sinal luminoso (Fain et al.,
2010). Além de iniciarem a cascata de eventos da fotopercepcdo, estudos apontam que esse
grupo de proteinas se apresenta altamente conservado em Metazoa (Fain et al., 2010). Por
exemplo, a formacdo de olhos em medusas das classes Cubozoa e Hydrozoa esta associada
a expressao de genes da familia Pax (também presente em outros grupos de Cnidaria), que,
por apresentar variacdes nos dominios principais, recebeu o nome de PaxB (Piatigorsky,
2003). Estudos recentes sugerem ainda que o gene PaxB possa corresponder a condicao
ancestral, a qual, por meio de eventos de duplicacdo e diversificacdo, teria originado as
variedades Pax6 e Pax 2/5/8 dos bilatérios (e.g., Ruzickova et al., 2009). Recentemente, a
expressdo de opsinas em Ctenophora também foi constatada, contribuindo para o
conhecimento sobre a origem e conservacdo dessas proteinas (Schinitzler, 2012).

Em suma, as evidéncias acumuladas para diferentes grupos animais revelam que,
apesar da origem embrionaria distinta e das demais diferencas no desenvolvimento de 6rgéos
fotorreceptores, ha uma base molecular ancestral comum: os animais compartilham genes
ortologos reguladores de transcri¢ao, fundamentais para formagéo de estruturas visuais (e.g.,
Nilsson, 2004; Fernald, 2006; Ruzickova et al., 2009; Gehring, 2012). Sendo assim, pode
ndo haver homologia nos tecidos que originam os olhos, porém ela existe quando

considerada a base molecular reguladora dessa formag&o. Como apontado por Piatigorsky
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(2008), é fundamental se pensar em diferentes niveis de homologia quando se trata da

evolugéo das estruturas visuais nos animais.

MoOLLUSCA

O contexto evolutivo e morfologico dos sistemas visuais dos metazoarios €
fundamental para o embasamento das discussdes sobre evolugdo e caracterizagdo das
estruturas fotorreceptoras de Mollusca. O filo corresponde a um dos mais diversificados
grupos de metazoarios, com cerca de 130.000 espécies descritas para a fauna atual e 70.000
para o registro fossil (Haszprunar et al., 2008). A diversidade de estruturas fotossensiveis
também é surpreendentemente diversa, pois, além da fotopercepcdo direcional e nédo
direcional (classes I e 1), a visdo no grupo pode ocorrer em tacas ou cupulas pigmentares
(classes Il e 111) ou em olhos do tipo camera (classes Il e V). A variedade de estudos sobre
fotopercepcao no filo inclui abordagens genéticas, experimentais, fisioldgicas e anatémicas,
permitindo o reconhecimento de padrdes gerais bem como especificidades em cada classe.

Uma das sinapomorfias de Polyplacophora € justamente a presenca de estruturas
sensoriais caracteristicas denominadas estetos, presentes em canais que atravessam as placas
valvares (Todt et al., 2008). Células fotorreceptoras presentes em tais canaliculos percebem
a luminosidade do meio externo, permitindo ao animal uma resposta de exposic¢éo ou fuga
de ambientes mais iluminados (Moseley, 1884). Quitons do género Mopalia (Mopaliidae),
por exemplo, apresentam fototaxia negativa, ou seja, movimentam-se na direcdo contraria a
luz (Fitzgerald, 1975). A distribuicdo de ocelos pode ser regular ou irregular e, em alguns
casos, com maior concentragdo nas valvas anteriores (Speiser et al., 2011a). Pode haver
também variedade nos tipos estruturais presentes, como ocelos intra e extra-pigmentares,
que permitem a percepcdo de intensidade e direcdo da luz (Crozier, 1920). Em uma condicéo
mais simples, células fotorreceptoras rabdoméricas podem estar associadas a células
pigmentadas ao longo do canaliculo, como observado em Chiton olivaceus (Chitonidae)
(Fischer, 1978). Surpreendentemente, casos de visdo em baixa resolugdo ocorrem no grupo
a partir de estruturas diferenciadas. Por exemplos, estudos de morfologia e comportamento
do quiton Acanthopleura granulata (Chitonidae) revelaram a presenca de estetos cujos
ocelos (Fig. 2A) contém lentes compostas por aragonita, uma curiosa excegdo entre 0s
animais, 0s quais, em sua maioria, possuem lentes formadas por proteinas (Speiser et al.,
2011a). InvestigacBes conduzidas com a espécie sugerem que a lente de aragonita seja
responsavel, em parte, pela capacidade de formagdo de imagem na retina, tanto na condicéao

submersa como em exposicdo ao ar (Speiser et al., 2011a). Apesar das descri¢es gerais e
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dos estudos aprofundados com A. granulata, as estruturas fotorreceptoras dos poliplacéforos
ainda foram pouco investigadas. Detalhes da anatomia e variagéo entre os diferentes grupos
da classe sdo escassos, assim como estudos genéticos, ontogenéticos e fisioldgicos.

Os gastropodes, em sua maioria, apresentam olhos cefalicos localizados na base dos
tentaculos. No caso dos gastropodes pulmonados terrestres (Stylommatophora), os olhos séo
terminais, localizados no &pice dos tentaculos cefélicos (Mordan & Wade, 2008). Duas
morfologias oculares podem estar presentes em Gastropoda: olhos fechados, que podem
apresentar lentes, e olhos sem cornea, abertos para o0 meio (open pit) (Serb, 2008). De modo
geral, tais condi¢cBes morfologicas sugerem fotopercepcdo associada as classes Il e IlI.
Caramujos e lesmas terrestres, como o scargot (Helix aspersa, Helicidae), possuem estrutura
ocular terminal com coérnea, retina e lente celular (Fig. 2B) (Meisenhaimer, 1912).
Gastropodes marinhos do género Littorina (Littorinidae), comuns em costées rochosos,
possuem organizacdo similar, embora seus olhos ocorram na base dos tentaculos cefalicos e
apresentem lente celular com diferentes indices refrativos (Seyer, 1992). J& em outros
grupos, como no género Haliotis (Haliotidae), conhecidos como abalones, o olho possui uma
abertura estreita para o meio, além de uma cavidade com retina e preenchimento gelatinoso
homogéneo (Fig. 2C) (Cox, 1962). Componentes oculares com funcdes especificas ja foram
descritos para diversos gastrépodes, como retinas acessérias em Limacidae (lesmas
terrestres), potencialmente envolvidas na percepcdo de infravermelho (Kataoka, 1975). E
interessante notar que, além dos olhos cefalicos, estudos morfofisiologicos também foram
conduzidos com ocelos localizados em papilas dorsais de lesmas marinhas da familia
Onchidiidae (Katagiri et al., 2002).

As areas mais estudas no contexto da fotopercep¢do em Gastropoda sdo a
ultraestrutura e a fisiologia, principalmente com espécies de pulmonados terrestres e
aquaticos, modelos comuns em investigacdes sobre olhos (e.g., Bobkova et al., 2004; Zieger
& Meyer-Rochow, 2008). A regeneracdo ocular € outro tema muito explorado, havendo
grande variedade de informacdes compiladas para diferentes espécies de gastrépodes
(Tuchina & Meyer-Rochow, 2010). Detalhes da formacdo do 6rgdo visual foram descritos
para Helix aspersa (Eakin & Bradenburger, 1967), entretanto estudos mais recentes de
morfogénese e expressao génica ainda sdo escassos para o grupo (e.g., O'Brien & Degnan,
2002).

Em Cephalopoda ocorrem dois padrbes basicos de olhos cefélicos do tipo camera.
Na subclasse Nautiloidea, cujos representantes sdo os nautilos, os olhos possuem uma

organizacdo conhecida como pinhole camera, pois se trata de uma cavidade aberta para o
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meio, sem lente nem cornea (Fig. 2D). Sendo assim, a retina estd localizada ao fundo do
olho e em contato direto com a 4gua do mar (Muntz & Raj, 1984). Os olhos dos nautilos s&o
relativamente grandes quando comparados aos demais cefalépodes e possuem capacidade
de regular a pupila em resposta a intensidade de luz (Muntz & Raj, 1984). Estima-se que
esse arranjo ocular permita percepcdo de movimento e resolucdo potencialmente alta,
contudo a sensibilidade é muito reduzida devido a pequena abertura do olho, o que limita a
captura de luz (Muntz & Raj, 1984; Muntz, 1999). Diferentes hipdteses sobre a evolucdo dos
olhos associada a habitos de vida em nautilos ja foram levantadas, explorando
principalmente a compatibilidade do sistema visual com viséo a curta distancia, movimentos
lentos de natagdo e migragéo vertical (Muntz, 1999; Colicchia, 2006).

Na subclasse Coleoidea (grupo que abrange as lulas, sépias e polvos) ocorrem olhos
do tipo cadmera, cuja organizacdo é a mais complexa dentre os invertebrados e de notavel
convergéncia com o modelo ocular de vertebrados (Fig. 2E) (Serb, 2008). Os olhos desses
cefalopodes sdo classificados dentro da classe 1V em razdo de sua complexidade estrutural,
Optica e vasto repertério de comportamentos visualmente guiados, de modo que este é 0
unico grupo de Mollusca a receber tal classificacdo (Nilsson, 2013). Esse tipo ocular
apresenta alta resolucdo, contendo um sistema de retina, lente, iris e cornea, porém, diferente
dos receptores ciliares dos vertebrados, a organizacdo da membrana nos coleoides é
rabdomérica, ou seja, por microvilosidades (Young, 1971). Outro aspecto fundamental em
que ambos diferem € a organizacdo dos tecidos: a camada de células ganglionares esta
situada sob a retina nos coleoides, situacédo inversa a dos vertebrados (Young, 1971). Dentre
os cefaldpodes, o olho mais sofisticado pertence as lulas (ordem Teuthida), contudo ha
grande variacdo na forma, simetria e composicao ocular, de modo que diferentes aspectos
da evolucdo do sistema visual em Coleoidea vém sendo investigados em conjunto com
informacBes sobre habito de vida pelagico, profundidade de ocorréncia, metabolismo e
captura de presas (Sweeney et al., 2007; Serb, 2008). O sistema sensorial e nervoso de
cefalépodes foi e ainda é o mais intensamente estudado em comparagdo com os demais
grupos de moluscos. Neste sentido, ¢é interessante ressaltar que informacdes mais detalhadas
podem ser encontradas na literatura em extensos conjuntos de trabalhos sobre anatomia
ocular, neurofisiologia, comportamento e ecologia visual de cefalépodes (e.g., Hanlon &
Messenger, 1996; Hanlon & Shashar, 2003; Nixon & Young, 2003; Sweeney et al., 2007).
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BIVALVIA

Os moluscos bivalves sdo animais de corpo mole protegido por duas valvas e que
apresentam extensa diversidade de formas e habitos de vida (Giribet, 2008). O adulto nédo
possui cabeca e os diferentes tipos de Orgdos sensoriais ocorrem principalmente
concentrados no manto e em sua margem livre (Stasek & McWilliams, 1973; Yonge, 1983).
Dentre os demais moluscos, os bivalves apresentam a maior diversidade de estruturas
fotorreceptoras (Serb, 2008). Nessa classe, a percep¢do luminosa varia de acordo com a
localizagdo da estrutura receptora, a complexidade de elementos envolvidos e 0 mecanismo
de fotopercepgéo, podendo inclusive haver olhos notadamente complexos (Serb & Earnisse,
2008). Segundo Morton (2008), a fotopercepcgdo neste grupo pode ocorrer basicamente por
trés tipos: receptores simples do manto, ocelos cefalicos ou olhos paliais. O primeiro tipo
corresponde a fotorreceptores simples, onde o proprio nervo palial contém células sensiveis
a luminosidade (Kennedy, 1960). Essa condi¢do sugere uma fotopercepg¢do nao-direcional
vinculada a classe |. Respostas a sombra sdo tipicas nesse caso, por exemplo, com
consequente retracdo dos sifdes. Esse tipo de mecanismo ¢é observado em diversos bivalves,
principalmente em habitantes de &guas mais rasas e de substratos pouco profundos, como é
0 caso do escavador Donax (Donacidae), que responde a variaces de luminosidade com
ajustes de sua posic¢ao no sedimento (Ansell et al., 1998).

Os ocelos cefalicos foram descritos para a fase larval de representantes de apenas
algumas familias da infraordem Pteriomorphia (e.g., Cole, 1938; Hodgson & Burke, 1988;
Carriker, 1990), agrupamento que inclui as ostras, vieiras e mexilhdes, o que levou & hipotese
de que tais 6rgdos teriam surgido apenas uma vez em Bivalvia (Morton, 2008). Situados na
regido cefalica da larva (anteriormente as branquias), os ocelos cefalicos possuem forma de
taca pigmentar uniforme, podendo inclusive haver uma lente amorfa (Waller, 1981; Hodgson
& Burke, 1988). Tais estruturas ocorrem apenas na fase larval e sofrem degeneracédo ao longo
do desenvolvimento (Carriker, 1990). Apesar de aspectos funcionais serem ainda
especulativos, os estudos realizados até 0 momento permitem o reconhecimento de um
padrdo morfoldgico para esses ocelos cujas caracteristicas sugerem uma fotopercepcao
direcional (classe II).

Os olhos paliais certamente compdem o tipo ocular que mais se destaca, tanto pela
diversidade quanto pela plasticidade (Fig. 3). Tais estruturas ocorrem na margem livre do
manto e assume-se que seu surgimento tenha ocorrido diversas vezes de forma independente
em diferentes linhagens de bivalves ao longo da evolugéo do grupo (Morton, 2008). A

hipdtese da evolucdo homoplastica de estruturas oculares em Bivalvia, principalmente de
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olhos paliais, é fortemente sustentada por diferentes dados morfoldgicos e ultraestruturais
sobre evolucdo e diversidade de fotorreceptores na classe (Salvini-Plawen, 2008). Tal
cenario é congruente com a evolucdo da fotopercepcdo em Mollusca e também entre os
demais grupos de metazodarios, cujo recrutamento e interacdo independente de genes
regulatdrios sdo responsaveis pela formagao da diversidade observada de estruturas oculares,
muitas vezes com notaveis convergéncias evolutivas (Jonasova & Kozmik, 2008;
Piatigorsky, 2008).

A borda livre do manto apresenta geralmente trés pregas distintas e, segundo Morton
(2008), a classificacdo dos olhos paliais em bivalves pauta-se na localizagdo nessas pregas,
havendo, portanto, trés categorias de olhos. No primeiro tipo ocular, os olhos séo formados
na face interna da prega externa, sendo a por¢do mais externa responsavel pela secrecdo dos
componentes da valva. O arranjo ocular pode ser de taca pigmentar ou de taca evertida,
formando uma cupula fotorreceptora (Morton & Peharda, 2008). E interessante notar que o
sulco entre a prega mediana e a externa é responsavel pela secrecdo do peridstraco, camada
proteica mais externa da concha. Devido a sua localizacdo, as estruturas visuais ficam
permanentemente sob a camada do periostraco, o que limita a percepc¢édo luminosa (Morton,
1995). Tais olhos paliais estdo presentes em poucas familias de Pteriomorphia (i.e., Pteriidae,
Limopsidae, Anomiidae e Arcidae) (Morton, 2008). Para Pteria brevialata (Pteriidae),
foram descritos detalhes da organizacdo da margem do manto, incluindo as células
fotossensiveis e células pigmentadas presentes na prega externa sob o peridstraco (Morton,
1995). Em espécies de Arcidae com ocorréncia em aguas rasas, além de olhos em forma de
clpula ou taca, podem ocorrer olhos peculiares denominados multifacetados, que
correspondem a olhos compostos (Fig. 3D) (Morton & Peharda, 2008). Em Barbatia
virescens e Anadara notabilis observam-se células fotossensiveis entremeadas as células
pigmentadas formando pequenas cUpulas na porcdo anterior do manto (Morton, 1987,
Nilsson, 1994). J& Arca zebra, A. noe e B. cancellaria apresentam centenas de olhos
compostos multifacetados cuja organizacdo em omatideos se assemelha superficialmente
aos olhos compostos dos artropodes (Waller, 1980; Nilsson, 1994; Morton & Peharda,
2008). Os olhos multifacetados dos Arcidae sdo circulares, céncavos e organizados em
dezenas de facetas com alta densidade de microvilosidades (Waller, 1980). Cada unidade
formadora corresponde a um tubo afunilado, desprovido de lente e com celulas receptoras
ao fundo cercadas por células pigmentadas (Nilsson, 1994). Tal arranjo indica uma
fotopercepcao direcional (classe Il) associada a resposta de fechamento das valvas por

deteccdo de sombra e movimentos (Nilsson, 1994, 2013).

134



A formagdo de olhos paliais nas pregas mediana e interna é apontada como uma das
possiveis condigdes que favoreceram o surgimento de estruturas visuais mais complexas. A
vantagem oferecida no desenvolvimento de estruturas oculares nessas pregas € a auséncia
da cobertura do periostraco, condi¢do que pode estar associada ao aumento da resolucao e
sensibilidade visual (Morton, 2008). A segunda categoria ocular corresponde aos olhos
formados pelo lobo palial mediano, que estdo presentes nas familias Limidae, Pectinidae e
Spondylidae (Dakin, 1928). Na base dos tentaculos de Ctenoides floridanus (Limidae), os
olhos correspondem a invaginacfes da por¢do externa da prega mediana e possuem forma
de taca pigmentar que envolve os fotorreceptores (Fig. 3F) (Morton, 2000a). Outro aspecto
relevante é a presenca de uma lente celular oposta a retina, contudo, o olho possui,
curiosamente, conexdo com o meio externo, sendo preenchido por uma matriz amorfa
(Morton, 2000a). Com excecdo dessas informacdes e daquelas acerca da fisiologia dos
fotorreceptores de Lima scabra (Nasi, 1991), dados mais detalhados da anatomia,
desenvolvimento e variabilidade ocular s&o ausentes para familia.

Situacdo inversa ocorre com os olhos de vieiras (Pectinidae), possivelmente o grupo
mais bem estudado dentre os Bivalvia quanto a aspectos visuais (Serb & Earnisse, 2008). Os
olhos paliais deste grupo apresentam coOrnea, lente, retina dupla e diversos outros
componentes (Fig. 3A) (Dakin, 1910). E interessante notar que esse tipo ocular complexo
ocorre tanto em Pectinidae, familia de bivalves com grande capacidade de mobilidade,
inclusive de natacdo, como em Spondylidae, que reune bivalves que apresentam uma das
valvas cimentadas ao substrato e que, portanto, sdo sésseis (Dakin, 1928; Speiser & Johnsen,
2008). Devido a proximidade de parentesco entre ambas as familias citadas, supde-se que
esses olhos paliais ja estivessem presentes em seu ancestral comum (Morton, 2008).

Os olhos das vieiras vém sendo extensamente estudados quanto a aspectos de
anatomia e fisiologia desde o inicio do século 20 (e.g., Dakin, 1910; Land, 1964; Barber et
al., 1967; Speiser & Johnsen, 2008). Localizados no apice de pequenos pedunculos, os olhos
ocorrem entre centenas de tenticulos na prega mediana da margem palial (Dakin, 1910). A
retina dupla destes olhos € formada por fotorreceptores em uma camada proximal,
rabdomérica, e uma camada distal, ciliar (Barber et al., 1967). Abaixo da retina dupla ha
uma camada cdncava refletora, denominada argénteo, composta por cristais de guanina que
refletem a luz como um espelho (Barber et al., 1967; Wilkens 2006). A luz que entra pela
abertura ocular passa pela cérnea e lente, sendo refletida no fundo do olho pelo argénteo de
modo que a imagem em baixa resolucéo resultante é formada na retina (Land, 1964, Nilsson,

2013). Alem de diferirem quanto a morfologia das céelulas fotorreceptoras, as camadas de
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retina possuem diferentes sensibilidades ao espectro de luz, o que se soma ao conjunto de
evidéncias que apontam para a hipdtese da especializacdo dessas retinas para diferentes
tarefas visuais (Speiser et al., 2011b).

Duas vias distintas de fototransducao foram observadas em pectinideos, ou seja, duas
cascatas de eventos intracelulares podem ser desencadeadas pela percepcao luminosa, porém
andlises de transcriptoma ocular em vieiras indicam a presenca de uma terceira via associada
ao ritmo circadiano e, possivelmente, a outras funcdes sensoriais (Pairett & Serb, 2013).
Estudos pioneiros em genética de pectinideos revelaram como genes que codificam
fotoproteinas variam nesses animais, fornecendo dados moleculares para hipéteses sobre
origem e diversificacdo da ecologia visual no grupo (Serb et al., 2013).

Debates sobre fungédo dos olhos em Pectinidae e Spondylidae sdo extensos, e muitas
vezes incertos, principalmente devido a complexidade de fatores associados a evolucdo de
tais 6rgdos (Morton, 2000b). Especula-se que o papel funcional dos olhos nestes animais
esteja relacionado a resposta de fuga de predadores em espécies com capacidade de natacéo,
embora haja controveérsias nessa hipotese devido a participacdo de quimiorreceptores em tais
tarefas (Wilkens, 2006). Funcdes relacionadas a orientacdo do animal no ambiente e
substrato também foram sugeridas a partir de experimentos comportamentais com
Argopecten irradians (Hamilton & Koch, 1996). Dados de anatomia comparada tambem
indicam variacdo ocular em fungdo da mobilidade do organismo, embora o papel funcional
desses olhos ainda esteja em ampla discussdo (Speiser & Johnsen, 2008). Em suma, apesar
das controvérsias, os dados de anatomia, fisiologia e comportamento sugerem uma condi¢do
ocular associada a fotopercepgdo de baixa-resolucéo (classe I11).

Finalmente, a Gltima categoria de olhos corresponde aqueles formados na prega palial
interna (i.e., familias Myidae, Cardiidae, Tridacnidae, Laternulidae). A presenca de um tufo
ciliar associado ao 6rgdo fotorreceptor parece comum neste caso, porém sua funcdo é
desconhecida (Morton, 2008). Na familia Cardiidae, os olhos paliais mais estudados sao 0s
que ocorrem nos tentaculos dos sifées de Cerastoderma edule, cuja organizacdo ocular é em
forma de cupula com células pigmentadas envolvendo os fotorreceptores (Fig. 3B) (Barber
& Land, 1967). Os representantes do género Tridacna (Tridacnidae), os maiores bivalves
existentes, possuem numerosos ocelos ao longo da margem hipertrofiada do manto, a qual
abriga milhares de zooxantelas (i.e., dinoflagelados fotossintetizantes endossimbiontes) em
hemoceles paliais (Yonge, 1932). Morfologicamente os ocelos de Tridacna sdo muito
similares aos de Cardiidae, contendo cornea, lente e retina; ndo obstante, had uma diferenga

fundamental associada a presenca das zooxantelas localizadas no entorno dos componentes
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visuais (Fig. 3E). Essa organizacdo ocular parece se utilizar dos simbiontes como refletores
de luz, aumentando a eficiéncia de percepcao direcional da luz (Fankboner, 1981; Wilkens,
1986). Apesar de haver poucos dados ultraestruturais e fisiologicos sobre os ocelos de
Tridacnidae, um vasto repertorio de comportamentos visualmente guiados foi registrado em
estudos experimentais, como retracdo do manto e sifdo, producdo de jatos de &gua e
fechamento das valvas (Wilkens, 1986; Land 2003). De modo geral, o conjunto de
informacBes comportamentais que se soma aos dados de anatomia sugere uma fotopercepgéo
direcional (classe 11) como condi¢do desses bivalves.

Outro exemplo notavel de organizacdo estrutural esta presente nos representantes de
Laternulidae, cujos olhos sdo muito semelhantes e tdo complexos quanto os de Pectinidae.
Entretanto, a distancia filogenética entre essas familias sugere um alto grau de convergéncia
(Morton, 2008). Os olhos de Laternula truncata, associados aos tentaculos dos sifdoes na
prega interna do manto, possuem cornea, lente e duas camadas de retina (ambas com
fotorreceptores rabdoméricos), alem de um érgéo sensorial ciliar acessorio (Fig. 3C) (Adal
& Morton, 1973; Morton, 1973). Todavia, ndo ha mais informac@es além da anatomia geral

desses olhos.

CONSIDERAGOES FINAIS

Ao longo das ultimas décadas novas metodologias vém sendo empregadas e
integradas a diferentes areas do conhecimento na tentativa de esclarecer questdes sobre a
evolugdo e diversidade dos sistemas visuais em animais. Dentre elas, destacam-se técnicas
de biologia molecular, genética, ecologia comportamental e microscopia. Os debates sobre
homologias e convergéncias ganham continuamente mais elementos a medida que novas
informacdes sdo descobertas para diferentes grupos de animais, genes e proteinas. Consensos
estdo finalmente sendo definidos, principalmente quanto a variabilidade no recrutamento e
expressdo de genes regulatorios ortdlogos que estdo diretamente envolvidos na formacéao de
uma infinidade de estruturas oculares. De modo geral, entretanto, a maior parte dos estudos
sobre sistemas visuais € baseada em animais vertebrados, sendo estes os principais objetos
de estudo na area. Para melhor compreender a evolugdo da visdo em Metazoa, 0s
invertebrados ganharam mais atencdo nas ultimas décadas, principalmente artropodes,
moluscos e, mais recentemente, cnidarios.

O filo Mollusca € extensamente diverso, assim como a vasta gama de estruturas
visuais ja registradas para o grupo. Foram descritos olhos que diferem na origem,

localizag@o, morfologia, composicdo e mecanismos de fotopercep¢do. Dentre 0s moluscos,
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os cefalépodes sdo o grupo mais bem estudado neste aspecto, principalmente em virtude da
complexidade neurocomportamental. Ainda assim, outros grupos de moluscos se destacam
nessa area, como 0s gastropodes e bivalves e, ainda de forma incipiente, os poliplacoforos.
Em Bivalvia, a diversidade de formas e organizacGes oculares & notavel. A
fotopercepgao no grupo € muito variada, atingindo surpreendentes niveis de especializagéo
e convergéncia. Neste contexto, a borda do manto parece ser a regido com maior plasticidade
e variabilidade de sistemas oculares, abrigando tipos variados nas mais diferentes familias
de bivalves. Podem ocorrer olhos simples ou compostos, cuja combinacdo de componentes
(e.g., lente, cornea, retina, cilios, refletores e pigmentos) € muito varidvel. Embora
descricdes gerais de 6rgaos visuais sejam abundantes, essa classe de moluscos ainda carece
de dados comparativos de anatomia e comportamento que correspondam a sua diversidade
taxonémica. Diferentemente da situacdo ja alcancada para outros representantes de
Mollusca, informacdes morfoldgicas e ultraestruturais ainda sdo insuficientes para
compreensdo da diversidade e funcionamento de 6rgdos visuais para a maioria dos grupos.
Deve-se ressaltar ainda que a plasticidade de estruturas fotorreceptoras dos bivalves torna
esses animais excelentes modelos para investigacdes sobre diversificacdo da fotopercepcao.
Estudos moleculares voltados a pesquisa de fotorreceptores sdo escassos para 0 grupo,
embora iniciativas recentes tenham contribuido significativamente no entendimento da
maquinaria molecular a partir de dados de transcriptoma. Neste sentido, novas perspectivas
na compreensdo da evolucdo dos olhos em bivalves devem surgir a partir de estudos de
expressdo génica e regulacdo da formagéo de olhos. De forma complementar, investigagdes
ontogenéticas também sdo carentes e devem acrescentar substancial informagao sobre o tema
ao grupo. Em sintese, o uso integrado de diferentes técnicas e abordagens mostra-se vital na

continuidade dos estudos sobre estruturas fotorreceptoras em Bivalvia.
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Figura 1. Representacao esquematica dos dois tipos morfoldgicos de células fotorreceptoras animais.
A. Célula fotorreceptora rabdomérica cujas proteinas fotossensiveis (opsinas) estdo agrupadas na
membrana celular organizada em microvilosidades (rabdomas). B. Célula fotorreceptora ciliar onde

as opsinas encontram-se presentes em expansfes da membrana celular do cilio modificado. Cb,
corpusculo basal; Ci, cilio; Mc, microvilosidades; Mi, mitocdndrias; Nu, ndcleo.
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Figura 2. Diversidade de estruturas oculares em Mollusca. A. Acanthopleura granulata
(Polyplacophora: Chitonidae). Quitons podem possuir milhares de estetos com ocelos desenvolvidos
distribuidos ao longo das placas valvares. B. Helix aspersa (Gastropoda: Helicidae). Alguns
gastropodes terrestres apresentam olhos fechados no é&pice dos tentaculos cefalicos. C. Haliotis sp.
(Gastropoda: Haliotidae). Muitas espécies de gastropodes marinhos possuem olhos abertos,
preenchidos por uma matriz homogénea, e localizados na base dos tentaculos cefalicos. D. Nautilus
pompilius (Cephalopoda: Nautilidae). Os néutilos possuem um par de olhos abertos do tipo cdmera
e com o interior em contato direto com o ambiente. E. Doryteuthis plei (Cephalopoda: Loliginidae).
Lulas, sépias e polvos apresentam caracteristico arranjo ocular fechado, do tipo camera e com
diversos componentes oculares.
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Figura 3. Representacdo de diferentes membros da classe Bivalvia com seus respectivos esquemas
de olhos paliais em destaque. A. Argopecten irradians (Pectinidae), vieira que possui dezenas de
olhos paliais espelhados na prega mediana do manto e distribuidos em ambos os lados do animal. B.
Cerastoderma edule (Cardiidae), bivalve que apresenta pequenos ocelos na regido da prega palial
interna em tentaculos associados aos sifdes e a abertura ventral. C. Laternula truncata (Laternulidae),
bivalve com olhos complexos presentes em tentaculos Opticos dos sifdes. D. Arca zebra (Arcidae),
bivalve que possui varios olhos compostos distribuidos na prega palial externa. E. Tridacna maxima
(Tridacnidae), bivalve com milhares de ocelos associados a zooxantelas presentes na prega interna
hipertrofiada do manto. F. Ctenoides floridanus (Limidae), bivalve com olhos abertos para o
ambiente e localizados na prega palial mediana.
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