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RESUMO GERAL

Para os vertebrados, o sistema circulatorio pode ser visto como um sistema
integrador. Entre os papéis desempenhados diretamente por ele, através do sangue e
seus componentes, um dos mais importantes € a identificacdo de particulas e/ou
substancias estranhas. Nesse contexto, as células sanguineas (especificamente o0s
leucdcitos) sdo responsaveis por cumprir essa missdo. Nos invertebrados, dentro de suas
restricdes, o sistema circulatério também desempenha fungdes semelhantes realizadas
por suas células circulantes. Dependendo do grupo, essas células sdo denominadas
hemdcitos de coelomdcitos. Para os equinodermos, os celomdcitos (as células livre
circulantes na cavidade celelomica) estdo envolvidas na maioria das reagdes imunes,
sendo os principais responsaveis pela luta contra corpos e substancias estranhas. No
entanto, diferentemente dos vertebrados, o nivel de conhecimento sobre os efetores
imunes dos equinodermos é consideravelmente menor. Mesmo para o Echinoidea —

0 grupo mais bem estudado em Echinodermata — 0s aspectos basicos ainda precisam ser
mais detalhados. Perguntas basicas como a diversidade de células da classe Echinoidea,
0 numero real de subpopulacdes de células em ouricos do mar e o papel fisioldgico de
algumas subpopulacdes (e.g. esferuldcitos e células vibréateis), ainda permanecem sem
respostas. Nesse contexto, este estudo tem como objetivo investigar a diversidade e a
funcdo fisioldgica dos coelomdcitos dos equinodermos, utilizando equindides como
organismos modelo. Cinco tipos principais de células foram encontrados,
compreendendo 14 subpopulag¢fes, um numero significativamente diferente do indicado
na literatura geral. As células dos ouricos-do-mar de Paracentrotus foram estudadas,
um dos modelos mais importantes na pesquisa de equinodermos (i.e. P. lividus),
revelando novos tipos de células para as espécies do género. Além disso, fornecemos
um modelo que explica a sequéncia de maturacdo dos esferuldcitos de Paracentrotus.
Ainda, uma caracterizacdo detalhada das células vibrateis de Eucidaris tribuloides foi
feita e & luz desses novos dados, uma discussdo sobre a fungdo desta célula é fornecida.
Por meio de uma técnica recente de citometria de fluxo (citometria de fluxo por imagem
- IFC), obtivemos pela primeira vez gates com subpopula¢Bes celdmicas isoladas, e
através de experimentos de infeccdo bcteriana, analisados pelo IFC, observamos o
envolvimento de células vibrateis nas reagGes imunes. Por fim, elucidamos como os
esferuléeitos vermelhos liberam o equinocromo-A, um mecanismo completamente

diferente do especulado na literatura, e relatamos um estudo de caso em que alteragdes



fisiolégicas em um ourico-do-mar pareciam ser causadas por um briozoario, durante
uma associagdo simbidtica. Assim, os resultados obtidos neste estudo langcam luz sobre
alguns aspectos cruciais da fisiologia e imunobiologia dos equinodermos, fornecendo os

primeiros passos para a resolucao destas questdes.

Palavras Chave: Citometria de fluxo, degranulacao, esferuldcito vermelho, ouri¢o-do-
mar, sistema imune.



ABSTRACT

To vertebrates, the circulatory system may be seen as an important system that
integrates the organism. Among the roles performed directly by it, through the blood
and its components, one of the most important ones is to patrol the body for foreign
particles and/or substances. In this context, the blood cells (specifically the leukocytes),
are responsible to accomplish this mission. In the invertebrates, within your restrictions,
the circulatory system also performs similar functions accomplished by its circulating
cells. Depending on the group, these cells have been named hemocytes of
coelomocytes. To the echinoderms, the cells in their coelomic cavity (coelomocytes) are
involved in most of the immune reactions, being the main effectors responsible to fight
against foreign bodies and substances. However, differently from the vertebrates, the
level of knowledge about the echinoderm immune effectors is considerably lower. Even
to the Echinoidea — the best-studied group in Echinodermata — the basic aspects still
needs further studies. Basic questions, such as the diversity of cells in the class
Echinoidea, the real number of cell subpopulations in sea urchins, and the physiological
role of the less studied cells (e.g. spherulocytes and vibratile cells) remain unsolved. In
this context, this study aims to investigate the diversity and the physiological function
of echinoderm coelomocytes, using echinoids as model organisms. We found five main
cell types, comprising 14 subpopulations, a number significantly different from the
pointed out in the general literature (three and four, respectively). The cells of
Paracentrotus sea urchins were studied, one of the most important models in
echinoderm research (i.e. P. lividus), revealing new cell types to these species.
Additionally, we provided a model that explains the maturation sequence of the
spherulocytes of Paraaacentrotus. Still, a detailed characterization of Eucidaris
tribuloides vibratile cells’ was made, and on the light of these new data, a discussion on
the function of the vibratile cell is provided. Through an unusual flow cytometric
technic (i.e. image flow cytometry - IFC), we obtained for the first time gates with
isolated coelomocyte subpopulation, and through infection experiments analyzed by
IFC, we observed the involvement of vibratile cells in immune reactions. Lastly, we
elucidate how red spherulocytes release the echinochrome-A, which is a mechanism
completely different from the speculated in the literature, and reported a study case
where physiological alterations in a sea urchin seemed to be caused by a bryozoan

during a symbiotic association. Thus, the results obtained in this study shed light on
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some crucial aspects of echinoderm physiology and immunobiology, providing the first

steps on these important questions.

Keywords: Degranulation, flow cytometry, immune system, red spherulocyte, sea

urchin.
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Introdugao Geral

INTRODUGCAO GERAL

Nos vertebrados, o sangue possui funcdes diversas, executadas por tipos
celulares distintos e sobre os quais o nivel de conhecimento € muito elevado,
principalmente nos mamiferos. De maneira geral, as células do tecido sanguineo dos
vertebrados, tais como os trombdcitos, os eritrocitos e os leucocitos sdo responsaveis
pela execucdo de processos muito importantes na manutencdo da homeostase, como,
por exemplo, coagulacdo, transporte de gases e resposta imune, respectivamente
(Snyder & Sheafor, 1999; Tavares-Dias & Oliveira, 2009; Zimmerman et al., 2010).
Sabem-se detalhes sobre as caracteristicas basicas, tais como morfologia (Azwai et al.,
2007), ultraestrutura (Williams et al., 2009), mecanismos moleculares e funcoes
fisioldgicas (Falanga et al., 2000). Além disso, os 6rgdos ou tecidos de origem destas
células (Palis, 2014) e seus processos de diferenciacdo e maturacdo (Yang et al., 2013)
sdo bem definidos. Mesmo para os vertebrados mais basais, o estado do conhecimento é
avancado (Old & Huveneers, 2006; Arikan & Cicek, 2014) e isso pode ser constatado
pelo fato de que até patologias apresentadas pelas células sanguineas destes animais sao
conhecidas (Maciel et al., 2011; Sailasuta et al., 2011). Este cenéario, no entanto, ndo é o
mesmo para a maioria dos invertebrados.

Invertebrados também possuem células circulantes com caracteristicas
funcionais similares as encontradas nos vertebrados, embora recebendo nomes distintos
devido as diferentes organizacBes corporais. Nos grupos mais basais, tais como
Porifera, Cnidaria e Platyhelminthes, os quais ndo apresentam uma cavidade corporal
preenchida por fluido, estas células sdo comumente denominadas de amebdcitos, células
intersticiais ou neoblastos (Frank et al., 2004). Nos mais derivados como os Mollusca,
Arthropopda, ou Echinodermata, os quais possuem uma cavidade preenchida com
fluido denominda de hemocele ou celoma, as células livre-circulantes sdo denominadas
coletivamente de hemdcitos e/ou celomdcitos respectivamente (Tahseen, 2009).

Dentre 0s grupos que apresentam celoma, temos os Echinodermata. Este filo é
composto por deuterostdmios (Figura 1) exclusivamente marinhos, que apresentam
como caracteristicas distintivas um endoesqueleto de carbonato de calcio na forma de
calcita, um sistema vascular aquifero e uma conspicua simetria radial pentdmera quando
adultos (Pawson, 2007). As 7000 espécies de equinodermos (Pawson, 2007) sdo
agrupadas em cinco classes bem distintas (Crinoidea, Asteroidea, Ophiuroidea,
Echinoidea e Holothuroidea), cujo relacionamento filogénético ainda encontra-se sob
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Introdugao Geral

debate (Pisani et al., 2012; Reich et al., 2015). Duas hipdteses sdo atualmente aceitas
para explicar as relagdes dentro de Echinodermata (i.e. Asterozoa e Cryptosyringida), e
0 ponto contrastante reside no posicionamento da classe Ophiuroidea (Figura 2). Na
hipétese Aterozoa, Ophiuroidea e Asteroidea formam um grupo monofilético
(Asterozoa), que € grupo-irmdo de Echinozoa (Echinoidea + Holothuroidea). Por outro
lado, a segunda hypotese pontua que Ophiuroidea seria 0 grupo irmao de Echinozoa,
formando o clado Cryptosyringida (Ophiuroidea + (Echinoidea + Holothuroidea)
(Figura 2). Embora ambas as hipoOteses sejam constatemente pontuadas, a hypoétese
Asterozoa vem ganhnado cada vez mais suporte (Telford et al., 2014; Reich et al.,
2015).

Do ponto de vista fisiolégico, os equinodermos sdo desprovidos de sistemas
respiratorios e circulatorios especializados, como visto nos deuterostbmios mais
derivados (e.g. Vertebrata), contudo, o fluido celomatico e seus componentes celulares
(celomacitos) tém sido pontuados por desempenhar diversas das funcgdes fisioldgicas
fundamentais, tais como nutricdo e imunidade (Boolotian, 1966; Smith et al., 2010).
Tradicionalmente, estes celomdcitos sdo identificados por caracteristicas morfoldgicas
superficiais e divididos em seis categorias principais: fagocitos ou amebdcitos,
hemacitos, células cristal, células progenitoras, células vibrateis e esferuldcitos (Chia &
Xing, 1996). No entanto, estes tipos celulares ndo se distribuem igualmente entre os
grupos internos de Echinodermata. Em Asterdides, por exemplo, fagocitos sdo
constantemente pontuados como o principal (ou o Unico) tipo celular existente
(Kaneshiro & Karp, 1980; Coteur et al., 2002), enquanto que em Holothuroidea, as seis
grandes categorias sdo comumente descritas (Xing et al., 2008).

Para os Echinoidea, o grupo mais conhecido de equinodermos, quatro tipos
celulares tém sido comumente mencionados: fagdcitos, células vibrateis, e o0s
esferuldcitos vermelho e transparente (Smith et al., 2006; 2018). No entanto, estes tipos
sdo caracteristicos dos equindides regulares (i.e. ouricos-do-mar), e alguns trabalhos
chegam a pontuar que estes sdo 0s Unicos tipos celulares presentes na classe Echindidea
(Karp & Cofaro, 1982; Cavey & Markel, 1994). Contudo, embora equinoides regulares
possam ser 0s equinoides mais conhecidos, echindides irregulares (i.e. bolachas-do-mar
e ouricos cordiformes) formam um grupo bem consistente e diverso denominado
Irregularia (Figura 3), que contém uma maior diversidade de espécies que entre oS
ourigos regulares (Kroh & Mooi, 2019). Estudos abordando as células dos equinoides

irregulares sdo escassos e restritos geralmente a descri¢do dos tipos celulares existentes
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Introdugao Geral

(Kawaguti & Yamasu, 1976), com pouquissimos trabalhos abordando aspectos

fisiol6gicos nestes animais (Bookhout & Greenburg, 1940).

] = f ==

Echinodermata Hemichordata Cephalocordata Urochordata Vertebrata

Ambulacraria Chordata

Deuterostomia

Figura 1 — Filogenia dos Deuterostomia, destacando a posi¢do dos equinodermos e sua relacao
com os outros deuterostomados. Adaptado de Grahan & Richardson, 2012,

Crinoidea Crinoidea

Lirio-do-mar

Asteroidea g e Asteroidea —

Asterozoa Estrela-do-mar

Ophiuroidea Ophiuroidea

Estrela serpente

Holothuroidea Holothuroidea Cryptosyringida

Echinozoa
Echinoidea Echinoidea
Hipétese ? : Hipétese
Asterozoa L Cryptosyringida
Ourigos e bolachas-do-mar

Figura 2 — HipGteses concorrentes das relagdes filogenéticas entre 0s equinodermos existentes.
Adaptado de Reich et al., 2015.
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EUECHINOIDEA
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SPATANGOIDA

NEOGNATHOSTOMATA ATELOSTOMATA

Figura 3 — Entendimento atual das relacGes filogenéticas dentro da classe Echinoidea.
Adaptado de Ziegler et al., 20009.

Apesar do papel fundamental que os celomdcitos desempenham na fisiologia
dos Echinodermata, e consequentemente dos Echinoidea, e do alto nivel de
conhecimento em relacdo as células celémicas dos equinoides, estudos investigando as
grandes questfes envolvendo estas células ainda sdo necessarios (Chia & Xing, 1996).
Por exemplo, com relacdo aos tipos celulares presente na classe Echinoidea, é notério
que a grande maioria dos dados provém de estudos com ouri¢os regulares (Smith et al.,
2006; 2010; 2018). No entanto, exceto para os fagdcitos, que tém sido bem estudados
tanto em relacdo a quantidade de subpopulacBes quanto em relacdo as respectivas
morfologias (Edds, 1993), existe uma caréncia de informacao para os outros tipos. Para
os esferuldcitos, existem informacgdes conflitantes sobre a quantidade real de tipos
existentes, onde tem sido descrito que a quantidade pode variar entre duas a quatro
(Chien et al., 1970; Vethamany & Fung, 1972). De fato, um trabalho recente fez uma
caracterizagdo morfologica detalhada dos esferuldcitos de Eucidaris tribuloides,
mostrando que, pelo menos para esta especie, existem trés subpopulacGes de
esferuldcitos (Queiroz & Custodio, 2015). Para a célula vibratil, trabalhos mais
detalhados ainda se fazem necessarios.

Outra questdo interessante pode ser vista em relacdo a natureza quimica das
inclus@es citoplasmaticas dos esferuldcitos e da célula vibratil. Dentre os esferulécitos,

apenas o contetdo de um tipo é relativamente bem conhecido: o esferuldcito vermelho.
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Este celomdcito contém Equinocromo-A (Service & Wardlaw, 1984; Ageenko et al.,
2011), uma naftoquinona que da a cor avermelhada caracteristica desta célula e é dita
por possuir funcdo antioxidante, antibacteriana e antiflngica, antitumoral ou como
tendo participacdo em reacGes imunes (Koltsova et al., 1981; Ageenko et al., 2011).
Para os outros esferuldcitos e a célula vibratil, as informacdes sdo mais gerais, frutos de
andlises citoquimicas (Liebman, 1950; Johnson, 1969b; Queiroz & Custddio, 2015).
Observaram-se mucopolissacarideos e proteinas respectivamente, no conteido das
esférulas citoplasmaticas dos esferulocitos transparente e granular de Euciddaris
tribuldides (Queiroz & Custodio, 2015). Para a célula vibratil, sabe-se que as esférulas
séo preenchidas com glicosaminoglicanos (Johnson, 1969b).

Uma questédo crucial no estudo dos celomdcitos de Echinodermata, e que ainda
parece estar longe de ser resolvida, € o isolamento/separacdo das fracGes celulares (Chia
& Xing, 1996). Independente do objetivo do estudo, os trabalhos que abordam os
celomacitos utilizam duas abordagens principais: uma suspensdo de células contendo
todas as subpopulagdes celulares (Johnsson, 1969a), ou uma suspensdo enriquecida,
contendo um tipo celular predominante (Arizza et al., 2007). Embora algumas fracdes
possam ter um alto grau pureza (e.g.esferulécitos vermelhos — Arizza et al., 2007), as
técnicas usualmente empregadas ainda nao permitiram o isolamente completo dos tipos
celulares (Chia & Xing, 1996). Mesmo, técnicas mais avangadas, como por exemplo, a
citmoetria de fluxo, tém se mostrado pouco eficientes na resolucdo desta questdo
(McCaughey & Bodnar, 2012).

Para as funces fisiologicas dos celomocitos dos Echinodermata, o principal
modelo de estudo tem sido os Echinoidea, com um alto nivel de conhecimento para
estes animais (Smith et al., 2018), se comparado com 0s outros grupos de equinodermos
(Ramirez-Gémez & Garcia-Arraras, 2010). Sabe-se que os fagdcitos sdo 0s principais
efetores imunes, estando envolvidos em uma ampla variedade de funcdes, tais como
fagocitose, regeneracdo, encapsulamento, rejeicdo de enxerto, dentre outras (Smith et
al.,, 2006). Para os esferuldcitos vermelho e transparente, sabe-se do seu ativo
envolvimento com atividade bactericida e citotaxica, respectivamente (Arriza et al.,
2007; Coates et al., 2018). Para a célula vibratil, a fungdo ainda continua sob debate,
mas duas hipoteses sdo atualmente aceitas: envolvimento na movimentacdo do fluido
celémico e/ou coagulacdo (Smith et al., 2010). Para o recén descrito esferulocito

granular de E. tribul6ides, ndo héa dados de funcéo.

17



Introdugao Geral

Outro ponto de relevancia acerca dos celomadcitos de Echinodermata, e
consequentemente dos Echinoidea, é em relacdo a onde estas células sdo formadas. A
pergunta consiste especificamente em saber o local onde os celomdcitos se originam, e
existem duas hipdteses acerca deste aspecto (Matranga, 2005). A primeira propde a
existéncia de um érgdo celomopoiético, que no caso dos Echinoidea seria o 6rgédo axial,
de onde as subpopulacbes celomdcitos seriam originadas (Millott 1969; Bachmann &
Goldschmid 1978). A segunda hipotese propde a existéncia de uma célula multipotente
livie no fluido celémico (i.e. célula progenitora) capaz de originar as demais
subpopulacdes (Smith, 1981). Por fim, outra questdo extremamente relacionada a
origem das células, mas pouco abordada, é a existéncia de um processo de maturacao
para os celomdcitos. Embora existam evidéncias de maturacdo, tanto a para células
formadas em um possivel 6rgao celomopoiético (Bachmann & Goldschmid, 1978),
como para céluals originandas a partir de uma célula progenitora (Fontaine & Hall,
1981; Queiroz and Custddio, 2015), o assunto ainda necessita ser abordado
adequadamente para rresposnder esta quest&o.

Isso mostra que mesmo para equindides regulares, que sao os principais modelos
de estudo dentro dos Echinodermata, pontos chave ainda necessitam de elucidacao.
Neste sentido, este trabalho se dispOs a investigar alguns destes pontos bésicos, que
ainda permanecem em aberto. Dentre as questdes abordadas aqui, tentamos responder as
seguintes perguntas: Quantos tipos celulares ocorrem nos Echinoidea? Como se da a sua
distribuicdo entre os equinoides regulares e irregulares? Quais as funcdes fisioldgicas
dos esferuldcitos e da célula vibratil? Estas células cooperam durante um desafio

imune?
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OBJETIVOS

O objetivo geral deste trabalho € investigar a diversidasde e a funcéo fisioldgica
dos celomdcitos de Echinodermata, utilizando equindides como modelo.

Especificamente, este trabalho aborda as seguintes questdes:

1 — Qual a diversidade celular na classe Echinoidea, e como estas células estdo
distribuidas entre equinoides regulares e irregulares?

2 — Quantos tipos celulares existem nos ouricos regulares?

3 — Qual a fungdo fisioldgica dos esferuldcitos e da célula vibréatil?

4 — Qual a dindmica dos celomdcitos sob diferentes condi¢des de estresse?
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ORGANIZACAO DA TESE

Além dos tépicos Introducdo Geral e Consideracfes Finais, esta tese tem mais
seis capitulos escritos em inglés sob a forma de manuscritos que estdo sendo submetidos
para publicacdo. Antes de cada um, se encontra uma pagina detalhando a motivacao
pela qual aquele capitulo foi escrito. A formatagdo de cada um dos textos esta de acordo
com a revista a qual se pretende submeté-los.

O capitulo 1, intitulado “Diversidade de celomdcitos em Echinoidea” traz o
manuscrito “Diversity of coelomic cells in Echinoidea: a morphological and
comparative approach”, que apresenta a caracterizagdo dos celomocitos da classe
Echinoidea, utilizando uma abordagem morfoldgica, baseado em observagdes diretas e
levantamento bibliografico. As células de sete espécies foram analisadas por meio da
observacao da morfologia de células vivas em suspensdo e de preparac6es citoquimicas.
Além disso, uma compilacdo de dados da literatura foi realizado, e o padrdo de
distribuicdo das células nos diferentes grupos de equinoides é comentada, sob uma
perspectiva evolutiva.

O capitulo 2, intitulado “Célomdcitos das espécies do género Paracentrotus
(Echinoidea)” traz o artigo “Coelomic cells of Paracentrotus sea urchins
(Echinodermata): a comparative approach”. Este manuscrito caracteriza as células dos
ouri¢os do género Paracentrotus (P. gaimardi e P. lividus), utilizando uma abordagem
integrativa, sob uma perspectiva comparativa. Neste capitulo, os celomdcitos sao
analisados de uma forma bem detalhada, por meio da utilizacdo integrada de varias
técnicas (e.g. células vivas, preparacfes citoquimicas e microscopia eletrbnica de
transmisdo). Além disso, propde-se um modelo que explica o processo de maturacdo
dos esferuldcitos.

O capitulo 3, intitulado “Células vibréateis de Eucidaris tribuloides (Echinoidea:
Cidaroida)” tras o manuscrito “Ultrastructure and energy-dispersive X-ray spectroscopy
profile of the vibratile cell of Eucidaris tribuloides (Echinoidea: Cidaroida)”, que
apresenta a caracterizacdo da célula vibratil da espécie E. tribuloides, também
utilizando uma abordagem integrativa. Neste capitulo, a célula vibratil é caracterizada
de forma bastante detalhada, um possivel processo de maturacdo é proposto, além da
obtencdo de dados quimicos do conteudo das esférulas desta célula. Por fim, as

hipoteses de funcdo da célula vibratil sdo discutidas a luz destes novos dados.
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O capitulo 4, intitulado “Isolamento e funcéo fisioldgica dos celomacitos de
Arbacia lixula and Lythechinus variegatus (Echinoidea: Camarodonta)” traz o
manuscrito “Comparative study of coelomocytes from Arbacia lixula and Lythechinus
variegatus: cell characterization and evidences of physiological functions”. Este
manuscrito apresenta a caracterizacdo dos celomocitos das espécies A. lixula e L.
variegatus, utilizando citometria de fluxo por imagem. Com esta técnica, foi possivel
obter gates com populagdes isoladas, para ambas as espécies. Além disso, avaliou-se a
possibilidade da utilizacdo desta técnica na analise da dindmica das populacdes de
celomdcitos durante uma infecgdo bacteriana.

O capitulo 5, intitulado “Mecanismo de liberacdo de equinocromo-A pelo
esferuldcito vermelho de Paracentrotus lividus” tras o manuscrito “To degranulate, or
not to degranulate, that's the question: Mechanism of echinochrome-A release in
Paracentrotus lividus red spherulocytes stimulated by lipopolysaccharide” descreve o
mecanismo cellular e subcelulr de liberacdo do equinocromo-A pelo esferuldcito
vermelho. Além disso, observou-se que este 0 processo é dependente de s6dio, mas nao
de potassio.

O capitulo 6, intitulado “O estado de saude de ourigos-do-mar durante
associagdes biologicas: um estudo de caso com Echinometra lucunter (Echinoidea)”
traz o manuscrito “Taxonomical and biological aspects of the epibiotic association
between Schizoporella errata (Bryozoa) and the sea urchin Echinometra lucunter”.
Aqui um estudo de caso é apresentado, relatando um evento bastante incomum: um
briozoario vivendo fixada a carapagca de um equinoide. Neste trabalho, a espécie S
errata foi encontrada vivendo sobre a carapaca de E. lucunter. Além das informacGes de
cunho taxonémico relativos a associacdo, o trabalho também traz informacGes
fisioldgicas, sugerindo que o ouri¢co pode ter sido negativamente afetado, durante o

periodo em que o briozoério estava fixado.
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Justificativa

Dentre todos os grandes grupos de equinodermos, os Echinoidea tém sido o
mais estudado com relagéo as células celdmicas. E amplamente conhecido que quatro
subpopulacdes celdmicas sdo comumente encontradas nos equindides: fagécitos, células
vibrateis, esferuldcitos vermelhos e os transparentes. No entanto, a esmagadora maioria
dos trabalhos utiliza equinoides regulares (ourigos-do-mar) como modelo de estudo,
extrapolando para toda a classe o padrdo encontrado nestes organismos. Trabalhos que
abordam as ceélulas celémicas dos ourigcos irregulares (bolachas-do-mar e ourigos
cordiformes) sdo pontuais e geralmente restritos a descricdo dos tipos celulares
existentes. Neste contexto, o presente capitulo aborda a diversidade de células presentes
nos Echinoidea, considerando os grandes grupos detro desta classe. Uma abordagem
comparativa é realizada, utilizando a morfologia das células vivas em suspensao e
fixadas em preparaces citoquimicas, além da compilacdo de dados bibliograficos.

Todos os resultados sdo interpretados sob uma perspectiva evolutiva.
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Diversity of coelomic cells in Echinoidea: a morphological and comparative

approach
Vinicius Queiroz and Marcio R. Custodio
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Pesquisa

— Centro de Biologia Marinha (NAP—CEBIMar), Universidade de Sdo Paulo, Séo
Paulo, Brazil

Abstract: Echinoidea is by far the most known echinoderm group regarding the
coelomic cells and their functions. Most knowledge about the morphology and
physiological roles of the coelomocytes in Echinodermata has been based on echinoids.
However, careful analyses show that these data deal with regular echinoids (sea
urchins), leaving a gap regarding the irregular species, (i.e. Clypeasteroidea = sand
dollars, and Spatangoidea = heart urchins). To this latter group, only descriptive studies
are available and even the number of cell types is poorly known. Thus, the present study
aims to investigate the diversity of cell types in Echinoidea under an evolutionary
perspective, trying to answer two main questions: 1 — What are the most common
coelomocytes populations in basal echinoids? 2 — Do basal and derived echinoids share
the same coelomic populations? We find six coelomic subpopulations in basal echinoids
(cidaroid sea urchins), which also are present in the most derived regular sea urchins.
Regarding the irregular species, we find an interesting pattern: in general, spatangoid
species showed the same basic cell types observed in regular species, while a very huge
diversity of cell types, mainly sperulocytes (viz. eight subpopulations) were observed in
Clypeasteroidea. Thus, our work shows that the diversity of cellular subpopulations is
still underestimated and the generalization should be avoided. Still, the lack of data on
irregular echinoids impairs the understanding of their physiology.

Keywords: Clypeasteroidea, evolution, immune cells, physiology,
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INTRODUCTION

In physiology, the evolution of biological structures may be described in terms
of more or less specialized, instead basal and derived, and such specializations may be
observed in all main physiological systems. A remarkable example may be seen in the
evolution of the digestive system (Yonge, 1937). It is possible to see since animals with
no digestive system, and a completely intracellular digestion (e.g. sponges — Godefroy
et al., 2019); going through the emergence of a rudimentary digestive cavity (Cnidaria
and Platyhelminthes - van Praet, 1985), and the beginning of a extracellular digestion
(Cnidaria — Yonge, 1937); until the sophisticated digestive system of the mammals
(Furness et al., 2015). In this latter, we can see a remarkable specialization of gut
regions as well as accurate control of the system (Withers, 1992), making the digestive

process more efficient.

The same reasoning can be applied to the evolution of blood cells, in which we
can see evidence of specializations towards both pathways: increase of cell types and
specificity of its functions. In the basal groups, such as Porifera, archeocytes are the
main cell types moving in the inner layers (Hartenstein, 2006) and performing different
functions such as phagocytosis and collagen synthesis, besides serving as stem cells
(Simpson, 1984). Contrarily, a huge amount of cell types with very specific roles has
been described to vertebrates (Rowley et al., 1988).

In Echinodermata, a group of deuterostomes that comprise marine invertebrates
with a pentarradial symmetry during adult life (Pawson, 2007), the number of “blood
cells” is relatively high. For these animals, in which the main circulatory media is called
coelomic fluid, the free circulating cells are named coelomocytes (Chia, 1996).
Echinoderms have been said to have six groups of coelomocytes: phagocytes,
spherulocytes, vibratile cells, crystal cells, progenitor cells, and haemocytes. However,
these coelomic populations are not present in all classes. All are relatively common in

the major groups of Holothuroidea (Endean, 1958; Xing et al., 2008). For echinoids,
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three main types have been described, while only phagocytes are commonly described
to Asteroidea (Jangoux and Vanden Bossche, 1975; Coteur et al., 2002).

Echinoids comprise species with a spherical or flatten calcareous test covered
with spines. These organisms have been commonly known as regular (sea urchins) and
irregular (sand dollars and heart urchins), although only the irregular ones are
monophyletic (Irregularia — Koch et al., 2018). Regarding the state of knowledge of
their coelomocytes, Echinoidea is the taxon with the highest level of information (Smith
et al., 2006; 2018). Phagocytes, vibratile cells, as well as two subpopulations of
spherulocytes (i.e. the red and colorless spherulocytes), have been commonly stated as
the main cell subpopulations (Smith et al., 2006). Phagocytes are involved with
phagocytosis and encapsulation (Gross et al., 2000; Clow et al., 2004), while red and
colorless spherulocytes perform antibacterial and cytotoxic activities (Arizza et al.,
2007; Coates et al., 2018). Regarding vibratile cells, their physiological roles are not
fully understood yet, but it has been proposed that they are involved in the agitation of
coelomic fluid or clotting (Bertheussen and Seljelid, 1978).

Despite all knowledge obtained to Echinoids regarding the cell types and their
specific functions, almost all data are based on the cells of derived regular echinoids
(Smith et al., 2006; 2010; 2018). Still, data on cells of irregular echinoids have been
punctual and restricted to descriptive works (Kawaguti and Yaimasu, 1954), while
comparative studies under an evolutionary perspective are nonexistent. Thus, the aim of
this work is to examine the diversity of coelomocytes from Echinoidea, under an
evolutionary perspective. To do this, direct observations of coelomic populations from
basal and derived species, combined with data from the literature, were used to address
the diversity of cell types. In this context, we intend to answer two main questions: 1 —
What are the most common coelomocytes populations in basal echinoids (i.e. Cidaroida

sea urchins)? 2 — Do basal and derived echinoids share the same coelomic populations?

MATERIAL AND METHODS
Animals, coelomic fluid collection and comparative approach

The coelomocytes of seven regular (Eucidaris tribuloides, Arbacia lixula,
Lytechinus variegatus, Echinometra lucunter, and Paracentrotus gaimardi) and

irregular echinoids (Encope emarginata and Clypeaster subdepressus) were analyzed.
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Three to five individuals of each species were collected in the Sdo Sebastido Channel
(Brazil) and maintained at 23 °C in marine aquaria at the Instituto de Biociéncias —
Universidade de S& Paulo (IB-USP) or at the Centro de Biologia Marinha da
Universidade de Sdo Paulo (CEBIMAR).

The coelomic fluid of all specimens was collected by inserting a syringe needle
preloaded with 1.5 ml of isosmotic anticoagulant solution (20 mM ethylenediamine
tetraacetic acid (EDTA), sodium chloride 460 mM, sodium sulfate 7 mM, potassium
chloride 10 mM, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 10 mM,
pH 8.2; Dunham and Weissman, 1986) into the peristomial membrane. An equal
volume of coelomic fluid was collected, and density was adjusted to 10° cells/mL using
a Neubauer chamber and anticoagulant solution. After this, the cells were processed

following specific protocols described below.

Due to its basal phylogenetic position among echinoids (Lessios et al., 1999),
we decided to use the cidaroid sea urchin E. tribuloides as the main model in our direct
observations. The cells of this basal species were carefully studied using an integrative
approach, consisting of live cells in suspension, cytological preparations through
cytospin slides as well as scanning and transmission electron microscopy. For the

remaining species, only live cells and cytological preparations were considered.

Morphological analyses

Cell types were determined based on morphological parameters, such as the
overall shape, and features of the nucleus and cytoplasm inclusions. This information
was compared with the main descriptions in the literature (e.g. Liebman 1950; Holland
et al. 1965; Johnson 1969b; Queiroz and Custddio, 2015).

For living cells, drops of a solution containing cells in suspension were placed
in glass slides immediately after being collected and covered with a coverslip. The cells
were photographed using a digital imaging system (Leica). Cytological preparations
were done using a cytocentrifuge (FANEN 248 - 80 pL per spot, 80 x g/5 min) to attach
freshly collected cells to a microscope slide. After, the slides were fixed for 45 min in
formaldehyde sublimate and stained with toluidine blue (TB) or Mallory’s trichrome
(MT) (Martoja & Martoja 1967; Behmer et al. 1976).
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Ultrastructural details were obtained using scanning and transmission electron
microscopy. For scanning electron microscopy (SEM), cells were cytospun on round
coverslips (10 mm) as described above, and washed once in Mili-Q water for 20
minutes. Afterward, the coverslips were dried in a laminar flow hood at room
temperature, dehydrated under vacuum (6-12 h) and then stored at room temperature in
an enclosed container containing silica gel. Finally, the coverslips were attached on
stubs, sputter-coated with a 40-60 nm thick layer of gold and photographed in a
scanning electron microscope (Sigma VP, Zeiss). For transmission electron microscopy
(TEM), cells were directly fixed in 2.5% glutaraldehyde in natural filtered (0.22 pum)
seawater by 4 h and prepared following Taupin’s (2008) method. Briefly, the
coelomocytes were embedded in agar 2.5%, centrifuged for 5 min (800 rpm) and
postfixed in osmium tetroxide (1%) with cacodylate buffer at pH 7.4 for 2 h at 4°C. The
coelomocytes were then dehydrated in a graded ethanol series (50, 70, 90 e 100%) and
embedded in resin (Embed-812, Electron Microscopy Science). Ultrathin sections were
stained with uranyl acetate and lead citrate (30 and 5 min, respectively) and examined

under a Zeiss EM900 electron microscope.

Literature survey

Lastly, we did an extensive literature survey about the diversity of
coelomocytes in Echinoidea the most common cell types found in these animals, how
many species were already analyzed and compared with our results from direct
observations. The bibliographic survey consisted of published literature that directly or
indirectly dealt with coelomocytes. However, the main requirement to consider a
specific publication was that these studies should obligatorily describe, illustrate or at
least mention all or most cell types, found in the species analyzed. Studies using
inaccurate identifications such as “coelomocytes” or ‘“amoebocytes”, which do not
provide a description of the cell types were not considered. In this sense, older literature
about Echinoidea was used (e.g. Geddes, 1880; Kindred, 1924; Boolotian, 1962), as
well as recent studies dealing with physiological/immune aspects that mentioned the
cell types found (e.g. Jellet et al., 1988; Borges et al., 2002). Based on this, we provide a
list with all species already analyzed and their coelomic populations, as well as a
description of the main coelomocytes observed in Echinoidea. Here, data from literature

and direct observations are considered together.
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RESULTS
Coelomocytes of Eucidaris tribuloides

For this basal species, four main categories of coelomocytes were observed in
all techniques employed (Fig. 1): phagocytes, spherulocytes, vibratile and progenitor
cells. For phagocytes, two different types were observed: filopodial and petaloid, as

well as three spherulocyte subpopulations: red, colorless and granular.

Phagocytes — Live cells in suspension presented two morphologies: petaloid and
filopodial. Both showed a large cell body, with large round cytoplasmic expansions in
the first (Fig. 1A), and long filiform cytoplasmic processes in the second. After 10
minutes resting on microscopic slides, most petaloid and filopodial forms disappear and
three different morphologies may be seen, named: discoidal and polygonal cells and
small phagocytes (not shown). In cytological preparations, the most common
morphology was a cell with a very flatten and vacuolated cytoplasm, a large nucleus
and no specific affinity to TB or MT (Fig. 1G and M). Petaloid forms were also
observed, however they were scarce in cytological preparations. In TEM preparations,
phagocytes showed a large central to subcentral nucleus, and one round to oval
cytoplasm. The latter is highly vacuolated and sometimes filled with inclusions from
phagocytized material. It was common to see many vacuoles/cytoplasm projections next
to the cytoplasmic membrane (Fig. 1S). Scanning electron microscopy showed cells
with a large and thicker nucleus, surrounded by a flattening vacuolized cytoplasm and a

pronounced nucleus (Fig. 1Y).

Vibratile cells: Live cells are unusual coelomocytes, with a round spherulous cell body,
nucleus generally central and a long flagellum by which the cell moves (Fig. 1B).
Differently from other cell types, vibratile cells do not show amoeboid movements. In
cytological preparations vibratile cells show a very flatten cytoplasm, with a central to
subcentral nucleus and large round cytoplasmic spherules that stain purple with TB,
indicating R-metachromasia (Fig. 1H, 1N, and 1N inset). In TEM preparations, vibratile
cells showed a round to oval shape, large cytoplasmic spherules filled with a sparse
material and a large central nucleus (Fig. 1T). SEM analyses showed a very flatten cell
with a very spread cytoplasm, in which it is possible to discern the spherules’ outline,
and a notable central to subcentral nucleus. The flagellum is remarkable, sometimes can
be absent (Fig. 1Z).
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Progenitor cells — This cell type was scarce in the collected coelomic fluid. In live
suspensions, progenitor cells are small and can be easily confused with debris in freshly
collected samples (Fig. 1C). After five to ten minutes on the slides, these cells spread
and it is possible to see the large and central nucleus surrounded by a very thin layer of
cytoplasm (Fig. 11 and O). In TEM analysis, the very large nucleus and its nuclear
membrane are remarkable, as well as its condensed chromatin. No visible nucleolus was
present. In the cytoplasm, a few scattered mitochondria can be seen (Fig. 1U). In SEM
preparations, progenitor cells seem very flat, with a large nucleus surrounded by a very
thin layer of cytoplasm (Fig. 1AA).

Spherulocytes — Three subpopulations of spherulocytes were found in E. tribuloides:
red colorless and granular spherulocytes. Live red and granular spherulocytes are small
cells with small homogeneous spherules, with a red content in the first and a colorless
one in the second (Fig. 1D and F). On the other hand, colorless spherulocytes have large
and heterogeneous spherules (Fig. 1E). In cytochemical preparations, red spherulocytes
shows central to subcentral nucleus and small homogeneous spherules, with a brown
color when stained with MT (Fig. 1J) or dark blue in TB slides (Fig. 1P). In colorless
spherulocytes, the nucleus is usually small and peripheral, and the large heterogeneous
spherules stain light blue with MT, or it blue with TB (Fig. 1K and Q). In the center of
the spherules, it is possible to see a darker mass. Granular spherulocytes show a
remarkable large nucleus and round cytoplasmic spherules that stain pinkish with MT
and bluish-gray with TB (Fig. 1L and R).

Electron microscopy analyses (TEM and SEM) showed conspicuous
differences among the spherulocytes (Fig. 1V-X and AB-AD). Red spherulocytes
showed a large nucleus, with a cytoplasm filled with spherules of variable sizes, bearing
a slight electron-dense material (Fig. 1V). TEM analyses show a cell with small
homogeneous spherules (Fig. 1A and B). Colorless spherulocytes have a small
peripheral nucleus and spherules with variable sizes. The periphery of the spherules
seems to be empty, but there is an electron-dense material in the center, corresponding
to the dark mass observed in the cytochemical preparations (Fig. 1W). In SEM analyses,
the spherules are heterogeneous, as observed in live cells (Fig. 1AC). Granular
spherulocytes show large nucleus In TEM, and large round vacuoles, filled with an
electron-dense material (Fig. 1X). Cells in SEM preparations show larger spherules,

with more homogeneous sizes (Fig. 1AD).
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Coelomocytes of regular echinoids

The same coelomocyte subpopulations observed in E. tribuloides were also
observed in all derived regular sea urchin species analyzed directly (A. lixula, L.
variegatus, E. lucunter, and P. gaimardi). Phagocytes, vibratile cells, red, colorless and
granular spherulocytes were the most common cell types and were observed in live
suspensions (Fig. 2), and in cytochemical preparations (Fig. 3). Progenitor cells were
also observed, mainly in live suspensions, but they were very rare. This fact hindered a
correct characterization of this cell population in the derived regular sea urchins. The
coelomic populations observed in these derived sea urchins were quite similar to that

described to E. tribuloides, in both morphological and cytochemical features.

Coelomocytes of irregular echinoids

For the two irregular echinoids analyzed, there were consistent differences
regarding the cell types observed. The differences were among both regular and
irregular species, as well as between the irregular species themselves. For C.
subdepressus, phagocytes, vibratile cells as well as yellowish-green, iridescent and
bluish-green spherulocytes were found, while phagocytes, reddish vesicular, red,
colorless and brown spherulocytes were the main types in E. emarginata (Fig. 4).
Phagocytes and vibratile cells from C. subdepressus as well as phagocytes, red and
colorless spherulocytes from E. emarginata were morphologically and cytochemically
similar to coelomocytes observed in E. tribuloides and other regular species. On the
other hand, the yellowish-green, iridescent and bluish-green spherulocytes from C.
subdepressus and the brow and the reddish vesicular spherulocytes of E. emarginata

were completely different and are characterized bellow.

Yellowish-green spherulocyte — Live cells are filled with homogeneous spherules
ranging from olive green to golden-brownish (Fig. 4C). In cytochemical preparations,
the nucleus is usually peripheral and it is common to find cells with brownish color in
MT and bluish color in TB (Fig. 4H and M), similar to the red spherulocyte.

Iridescent spherulocyte — Live cells show large, lightly heterogeneous orange-reddish
iridescent spherules and a peripheral nucleus (Fig. 4D). In cytochemical preparations,
the heterogeneous spherules are more visible and stain bluish with MT, and blue with
TB (Fig. 41 and N). Stained cells are very similar to colorless spherulocytes.
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Bluish-green spherulocytes — Live cells show homogeneous bluish-green spherules
and a subcentral to peripheral nucleus (Fig. 4E). Stained cells show homogeneous pink-
orange spherules in MT preparations, while cells stained with TB show a grayish-blue
coloration. (Fig. 4J and O). These cells were cytochemically similar to granular

spherulocytes.

Large spherical cells — Live cells are large coelomocytes with a remarkable vacuole
filled with reddish content, few small spherules, and a peripheral nucleus. However, in
individuals kept longer times in aquaria, this cell becomes bright red, vacuolated and
with large granules inside the vacuoles (Fig. 4Q). In cytochemical preparations, the
reddish vesicular spherulocyte shows a large vacuolated cytoplasm, apparently empty,
and with dark blue granules in TB and brownish in MT (Fig. 4V and AA). The
characteristics of live and stained cells suggest that this subpopulation may contain

echinochrome.

Brown spherulocyte — Live cells are very similar to red spherulocytes, having small
homogeneous vacuoles, but with brown coloration and elongated shape (Fig. 4T). In
MT preparations, brown spherulocytes showed brown spherules with an elongated
profile (Fig. 4Y). In TB slides, these cells were not found. Cytochemical features also

suggest that this cell may contain some pigment similar to echinochrome.

Coelomocytes in Echinoidea — Literature survey

Altogether, data from 55 echinoids, belonging to six orders and 19 families
were obtained (Table 1), based on a literature survey and direct observations.
Specifically, 40 regular sea urchins, nine sand dollars and six heart urchins were
considered in this analysis. The literature survey showed us that more than 20 different
cell types were already recorded in Echinoidea. However, based on descriptions and
pictures of the previously studied coelomocytes, and the features of live cells found in
the specimens directly analyzed, we observed overlapping of cell types. Thus, we are
considering only 14 different subpopulations (Fig. 5), which were grouped in the five

main cell types:

Phagocytes — We defined phagocytes as a heterogeneous group, composed of cells with
a translucent cytoplasm, which have large cytoplasmic expansions, a large and visible

nucleus as well as a cytoplasm without spherules. In this context, three different
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subpopulations were observed. Petaloid phagocytes (Fig. 5A): cells with a central to
subcentral nucleus, large cell body, and huge bladder-like cytoplasmic expansions;
Filopodial phagocytes (Fig. 5B): cells with a central to subcentral nucleus, a large cell
body, and elongated branched pseudopodia; Large vesicular cells (Fig. 5C): large cells
composed by a huge bladder-like inclusion with very few or without very small

vacuoles and a peripherical nucleus.

Fusiform cells (Fig. 5D) - Small but elongated cells with a usually central body, a

remarkable nucleus and thin projections in opposite directions;

Progenitor cells (Fig. 5E) — Small cells bearing a very large nucleus in relation to the

tiny cytoplasm surrounding it.

Vibratile cells (Fig. 5F) — Small spherule-filled round cell, with a central to subcentral
nucleus. The cytoplasm is crowded with small homogeneously colorless spherules. The

flagellum is the most remarkable feature of this cell, which is able to swim.

Spherulocytes — Spherulocytes or spherule cells comprise coelomocytes crowded with
cytoplasmic vacuoles (spherules), and filled with the most diverse kind of substances.

Eight distinct subpopulations were observed:

- Colorless spherulocytes (Fig. 5G): Usually oval to a little elongated cell with a
subcentral nucleus and a spherule-filled cytoplasm crowded of heterogeneous-sized
colorless spherules;

- Red spherulocyte (Fig. 5H): Round to elongated coelomocyte, with a subcentral

nucleus and cytoplasm filled with remarkably homogeneous red spherules;

- Granular spherulocyte (Fig. 51): Round cell, filled with large round homogeneous

colorless spherules and a subcentral nucleus;

- Brownish spherulocyte (Fig. 5J): Round to oval cell, peripheral nucleus and a

cytoplasm filled with brownish homogeneous spherules;

- Yellowish-green spherulocyte (Fig. 5K): Round to elongated cell, filled with
yellowish-green spherules;

- Iridescent spherulocyte (Fig. 5L): Round to oval cell, with a colorless cytoplasm

background and large heterogeneous greenish spherules;
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- Bluish-green spherulocyte (Fig. 5M): Round to oval spherule-filled cell, with a
peripheral nucleus, a bluish-green color that sometimes can be very light, and a so
discrete cytoplasm compartmentalization that sometimes does not seem to have

spherules;

- Reddish vesicular spherulocyte (Fig. 5N): cells filled with small granules/vacuoles
with a visible Brownian movement and a light cytoplasm background. On some

occasions, this cell can show a very bright red coloration and large vacuoles.

Quantitative data about the distribution of Echinoidea coelomocytes showed
interesting patterns, and two main aspects deserve to be highlighted: (I) the frequency of
specific cell types among echinoids, and (1) the frequency of specific cell types among
the different groups of echinoids (i. e. sea urchins, sand dollars and heart urchin). At
first glance, it is possible to see that all main cell types considered here (i.e. phagocytes,
fusiform, progenitor and vibratile cells, as well as spherulocytes) are relatively common
in echinoids (Table 1 and Fig. 6A). However, the distribution of the subpopulations was
different. Phagocytes vibratile cells, red and colorless spherulocytes were the most
common cell types, occurring in more the 50% of the analyzed species (Table 1 and Fig.
6A). Fusiform and progenitor cells occurred in 40 and 30% of the species, respectively,
while the occurrence of the remaining spherulocyte subpopulations was very low, with a
maximum of 21.82% in the yellow-green spherulocyte (Table 1 and Fig. 6A).

The distribution of cell types among the main groups of echinoids showed even
more interesting patterns (Fig. 6B and 7). In general, regular echinoids and spatangoids
present similar patterns of coelomic types, while some subpopulations were restricted to
sand dollars (Fig. 7). Phagocytes were present in all echinoids (Table 1 and Fig. 6B and
7), while fusiform and progenitor cells showed low frequencies. To fusiform cells, the
highest frequency of occurrence was observed in sea urchins (45%), followed by heart
urchins (33.33%) and sand dollars (22.22%). On the other hand, the occurrence of
progenitor cells was similar in all echinoid groups (Fig. 6B). Vibratile cells were
common in sea urchins (77.50%) and heart urchins (83.33%), but not in sand dollars,
being found only in C. subdepressus (11.11%). Spherulocytes showed the most
interesting pattern: red and colorless spherulocytes were observed in 100% of sea
urchins and heart urchins, but they were observed only 55.56 and 77.78%, respectively,
of sand dollars (Fig. 6B). Granular spherulocytes were not observed in sand dollars,

while yellowish-green spherulocytes were more frequent in irregular species, occurring
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in only 10% of sea urchins analyzed (Fig. 6B). Lastly, brown, iridescent, bluish-green
and reddish vesicular spherulocytes were restricted to irregular echinoids, and except to
iridescent spherulocytes that were observed in E. cordatum, these subpopulations were

specific of sand dollars (Fig. 6B).

DISCUSSION
Diversity and distribution of coelomic cells in Echinoidea

Echinoderms have been pointed out to have six main cell types in their
coelomic fluid (Chia and Xing, 1996), but these types are not equally distributed among
the main groups. Crinoidea and Ophiuroidea have been the less investigated (Endean,
1966), and due to the low number of studied species, general conclusions have been
impaired (for review see Endean, 1966; Smith 1981). On the other hand, Asteroidea,
Holothuroidea, and Echinoidea have been by far the most studied groups. Although nine
coelomic subpopulations have already been recorded to sea stars (Kanungo, 1994),
phagocytes seem to be the most common cell type, while other subpopulations seem to
be sporadically found (Kanungo, 1994). In fact, sometimes phagocytes were the only
cell type descried to Asteroids (Kaneshiro and Karp, 1980; Coteur et al., 2002).
Holothuroidea is the order with the highest diversity of coelomic cells (Endean, 1966).
For these echinoderms, phagocytes, spherulocytes, vibratile cells, crystal cells,
progenitor cells, and haemocytes have been constantly recorded (Endean, 1958; Xing et
al., 2008), and even new subpopulations were recently described (Ramirez-Gomez et
al., 2010).

Echinoidea is the best-known group regarding the coelomic cells (Smith et al.,
2006; 2010; 2018), and most of the available information is based on regular echinoids.
Thereby, phagocytes, vibratile cells, as well as red and colorless spherulocytes were
sometimes pointed out as the only coelomic subpopulations (Karp and Cofaro, 1982;
Cavey and Markel, 1994). However, our study shows two interesting points: (1) a
remarkable diversity of cell types in the coelomic fluid of echinoids, and (2) an

intriguing pattern of occurrence among echinoid groups.

Here, we found a high diversity of cell types in Echinoidea (Cf. Fig. 5).
Altogether, 14 types of coelomocytes were considered in this study, most of them

phagocytes and spherulocytes. These cell types comprise three and eight subpopulations
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respectively, and this can be an indicator of their importance in echinoid physiology.
Although some studies have argued that some coelomic populations may be involved
with other physiological functions unrelated to immune response (e.g. nutrition or
oxygen transport — Endean, 1966; Smith et al., 2010), there are few studies
corroborating this idea. Actually, at least to sea urchins, all cell populations really seem

to be engaged with the immune responses (Smith et al., 2018).

Phagocytes are one of the most widespread cell types in the coelomic fluid of
echinoderms (Endean, 1966), and this is also true to Echinoidea. As seen in our results,
phagocytes were observed in all echinoid analyzed (Cf. Table 1). Filopodial and
petaloid phagocytes were the most common subpopulations in both directly analyzed
species and in the literature survey. As described in the literature (Smith et al., 2006;
2010), and seen in the species directly analyzed, filopodial and petaloid always show
high cell counts. These cells have been linked with many immune functions, such as
encapsulation, clotting, graft rejection, opsonization and phagocytosis (Smith et al.,
2006; 2010). Actually, filopodial and petaloid phagocytes seem to be the main effector
cells in these processes. On the other hand, large vesicular cells were observed only in
Peronella japonica, Clypeaster japonicus, and C. subdepressus. Although this cell type
is here considered a phagocyte, this assumption was based on morphological criteria,
and there is no evidence if it can be ontogenetically or functionally related to

phagocytes.

Fusiform and progenitor cells were observed in all main groups of echinoids
(Cf. Table 1), although they were not so widespread among them. They were observed
in all species analyzed directly, from the basal E. tribuloides to the sand dollars. Still,
data from literature showed that both cell types are found in the main families of regular
sea urchins and in some spatangoid echinoids. Differently from Holothuroidea, in which
fusiform and progenitor cells have been documented (Xing et al., 2008; Vazzana et al.
2015), and considered as a usual cell type in coelomic fluid (although fusiform cells
show very low frequencies), both cell types seem not so common in echinoids. Despite
found in all species directly analyzed, their frequency was low and, it was difficult to
find fusiform and progenitor cells, as well as their observations, were sporadic. The low
number may answer why these cells were scarcely reported in previous works.
Regarding their functions, it is unanimous that progenitor may be a pluripotent cell in

echinoderms (for review see Smith, 1981). There is no information about the
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physiological function of fusiform cells in sea urchins; however, it is believed that in
Antedon rosacea (Crinoidea), Gorgonocephalus euneumis (Ophiuroidea), Caudina
chilensis and Cucumaria plankii (Holothuroidea), this cell may be progenitor cells
undergoing maturation (Smith, 1981). Thus, it is possible that both cell types may
represent usual populations, but their very low frequency may have hindered their

observation in previous studies.

Vibratile cells are the most intriguing coelomic population in Echinodermata.
Although already been found in Ophiuroidea and Holothuroidea, it seems to be typical
of echinoids (Endean, 1966). In our study, vibratile cells were observed in most regular
sea urchins, and heart urchins. On the other hand, in clypeasteroid echinoids, vibratile
cells were observed only in C. subdepressus. The metachromatic reaction with TB
enabled accurate identification of this cell type in cytological preparations. During our
study, we observed that the movement of vibratile cells was impaired in samples
obtained using the anticoagulant solution. This was probably due to the chelating effect
of EDTA and makes difficult an accurate distinction between vibratile cells, colorless
and granular spherulocytes. Additionally, the handling of coelomic fluid solution
(vigorous agitation using pipets) may break the flagellum, making them more similar to
colorless or granular spherulocytes. Thus, these two procedures may explain why this
apparently widespread and characteristic coelomic population in Echinoidea was not

found in the sea urchins previously studied (Cf. Table 1).

Our data reveal an interesting pattern about the distribution of vibratile cells,
showing that it seems to be related to species possessing large coelomic cavities, and
this may be related to its physiological function. There are two hypotheses dealing with
the function of vibratile cells: coelomic fluid circulation or clotting. The first one
advocates that the movement of the flagellum is able to move the coelomic fluid
(Cuénot 1981), while according to the second one, vibratile cells may be involved with
immune functions by promoting/cooperate in clotting reaction. The first hypothesis
seems quite attractive, but two main points argue against it: cells able to move fluids
need to be attached to any substrate (e.g. choanocytes from sponges or flame cells from
Platyhelminthes — Leys and Eerkes-Medrano, 2006; Kieneke et al., 2008). Still, “in
hanging drops vibratile cells, though they jostle other cells during their constant
movement, do not radically change the position of other cells nor cause major mixing of

the fluid” (Johnsson, 1969a). On the other hand, there is some evidence corroborating
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its involvement during clotting events. Two studies did in vivo observations on
Strogylocentrotus sea urchins (Johnsson, 1969a; Bertheussen and Seljelid, 1978), and
they observed that coagulation started with a mucous substance secreted from vibratile
cells. Additionally, a recent study based on experimental procedures (Cf. chapter 3/4)

seems to corroborate the involvement of this coelomocyte in immune reactions.

Spherulocytes are by far the most diverse coelomic population in Echinoidea,
comprising eight different subpopulations (Cf. Table 1 and Fig. 5). Red and colorless
spherulocytes were the most widespread subpopulations in Echinoidea. They were
present in all sea urchins and heart urchins and in more than half sand dollars (Cf. Fig.
6). On the other hand, granular spherulocytes were found only in sea urchins and heart
urchins. These cells have very characteristics morphological features that enable their
identification in any echinoid. Live red and granular spherulocytes have small
homogeneous spherules with red coloration in red spherulocytes and colorless in
granular ones. However, these cells display remarkable characteristics in stained
preparations: Red spherulocytes shows a brown coloration, while the granular is
reddish/pinkish color in MT preparations. On the other hand, live colorless
spherulocytes have heterogeneous colorless spherules, which stain blue in MT

preparations.

Live red and colorless spherulocytes were observed in all analyzed species (Cf.
Table 1), but cytochemical features were observed only in those directly observed, and
in few previous works (Liebman, 1950; Johnson, 1969b). Granular spherulocytes were
properly described recently (Queiroz and Custodio, 2015), although some previous
works have recorded cells with similar morphological, cytochemical or ultrastructural
features (Kawaguti, and Yaimasu, 1954; Seargant, 1964; Vethamany and Fung, 1972).
Regarding the spherules, it is known that red spherulocytes contain the naphthoquinone
Echinochrome-A (Service and Wardlaw, 1984). For the colorless and granular, our
cytochemical data indicate that their spherules probably contain mucopolysaccharides
and peptides, respectively (Queiroz and Custddio, 2015).

Red and colorless spherulocytes have been associated with the immune system.
The first has been related to bactericidal activity and only recently the mechanism was
unraveled. It was shown that red spherulocytes release echinochrome-A, decreasing or
even stopping bacterial growth by chelating the iron necessary to bacterial growth

(Coates, 2018). On the other hand, the colorless spherulocytes seems to contain
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molecules able to lysate eucaryotic cells. Arizza and coworkers (Arrizza et al., 2007)
found that colorless spherulocytes suffer morphological alterations when in contact with
foreign cells, releasing cytolytic compounds. For the granular spherulocytes, only
morphological information is available (Queiroz and Custddio, 2015), and there are no
data on the physiological function. However, its presence in the main orders of sea
urchins, and its distribution in most of the analyzed families may suggest a wide

distribution among sea urchins.

Yellowish-green spherulocytes were more common in irregular echinoids than
in sea urchins (Cf. Fig. 6B). However, differently from other spherulocytes addressed
here in both morphological and cytochemical approaches, the criteria adopted to
consider it as a different type was completely based on live cells. Thus, this makes it the
more problematic category considered here. A good example as this criteria can be
flawed, was seen during our direct observation on Arbacia lixula. In this species, we
found a very rare type of spherulocyte, bearing small homogeneous yellowish spherules
in live suspension (Cf. Fig. 6K), but with no correspondence in cytochemical
preparations. However, in the literature review, we saw that a morphologically similar
spherulocyte, named green spherulocyte, was recorded in the same species (Seargeant,
1964), and in A. punctulata (Liebman, 1950). According to Seargeant (1964), “these
cells are the same size as the red spherule amoebocytes; the spherules are 1-2 micra in
diameter, and are bright yellowish-green in colour”, and Liebman (1950) reported that
green spherulocytes stain reddish with MT. Except for the color of live cells, both
descriptions fit perfectly the characterization of granular spherulocytes. Green
spherulocytes, as described by Seargeant (1964), were also found in Echinocardium
cordatum, Spatangus purpureus, and Brissopsis lyrifera, suggesting the presence of

granular spherulocytes in these organisms.

On the other hand, the yellowish-green spherulocytes of C. subdepressus were
completely different from those observed in A. lixula (Cf. Fig. 5), fitting the pattern
described by Kawaguti and Yamasu (1976). They found this cell type in the irregular
echinoids C. japonicus, E. cordatum, and Lovenia elongata, and characterized it as a
spherical cell, measuring 10-20 pum in diameter, and filled with yellowish-green brilliant
granules (Kawaguti and Yamasu, 1976). The live yellowish-green spherulocytes of C.
subdepressus fits this pattern. However, cytochemically it resembles red spherulocytes,

due to its brown color in MT and the blue color in TB. Red spherulocytes are filled with
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the naphthoquinone Echinochrome-A, however, that is not the only type of
naphthoquinone present in echinoids (Hou et al., 2018). Thus, our data show that
yellowish-green spherulocytes deserve accurate studies to solve the question about its
existence: are they two distinct coelomic populations or they comprise only one cell

type? Apparently, the first hypothesis seems more likely.

The remaining spherulocyte subpopulations (i.e. brown, iridescent, bluish-
green and reddish-vesicular) showed very interesting morphological and cytochemical
features. For instance, live brown and reddish-vesicular spherulocytes have a coloration
resembling echinochrome pigments. Still, in MT preparations, brown spherulocytes
show elongated brownish spherules, while reddish-vesicular spherulocytes show large
and apparently empty vacuoles containing small brownish granules. The color and
appearance of this brownish material are similar to the content of red spherulocytes (Cf.
Fig. 5). On the other hand, although live iridescent and bluish-green spherulocytes do
not resemble other subpopulations, they were cytochemically similar to colorless and
granular spherulocytes respectively. In cytochemical slides, iridescent spherulocytes
stain bluish with MT and dark blue with TB, while bluish-green coelomocytes stain
orange-reddish with MT and grayish-blue with TB. These specific colorations with MT
were characteristics from colorless and granular spherulocytes. Regarding the
physiological functions of these spherulocytes, there is no available information.
However, considering cytochemical data, it is possible that brown and reddish-vesicular
may be involved in antibacterial activity, while iridescent and bluish-green cells may

perform similar functions to colorless and granular spherulocytes.

Regarding the distribution of these subpopulations, except for the iridescent
spherulocyte found in the heart urchin E. cordatum, all others were restricted to
clypeasteroid echinoids. However, the distribution of these cells among the main groups
of sand dollars was intriguing. For example, brown spherulocytes were observed only in
Mellitidae, while reddish-vesicular spherulocytes were found in Mellitidae and
Scutellidae sand dollars (Cf. Table 1). On the other hand, bluish-green and iridescent
spherulocytes were found in Laganidae, Astriclypeidae and Clypeasteridae sand dollars
(i.e. Peronella japonica, Astriclypeus mannii, Clypeaster japonicus, Clypeaster
subdepressus respectively). Considering the sand dollars analyzed in this work, most
species belong to suborder Scutellina, while only C. japonicus and C. subdepressus

belong to Clypeasterina. These two Clypeaster species showed an interesting set of
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coelomocytes: no red, colorless or granular spherulocytes, but three cells that have
strong cytochemical similarity with them (i.e. yellowish-green, iridescent and bluish-

green spherulocytes respectively).

In summary, this study made an extensive characterization of live and stained
coelomocytes of several Echinoidea species, in addition, to bring a systematic
bibliographic survey dealing with the cell types already recorded. Altogether, based on
direct observations and literature survey, we collected information of 55 species and
interesting patterns were observed regarding the distribution of cell types. Phagocytes
were the most widespread cell type, occurring in all species analyzed. The same pattern
was observed to red and colorless spherulocytes, found in most of the studied species.
Their role in echinoderm physiology (i.e. antibacterial and cytotoxic activities), also
shows how these cells seem to be important, supporting their wide occurrence. Vibratile
cells also showed an interesting distribution. Except for the sand dollars, this cell was
recorded in most sea urchins and heart urchins. This shows that this cell type seems to
be related to echinoderms possessing large coelomic cavities, reinforcing the hypothesis
about the clotting function. Considering that echinoids have a hard testis and there is no
musculature to close possible wounds and avoid liquid loss and bacterial entrance, as
already seen in Holothuroidea (Vazzana et al., 2015), a motile cell able to detect, and
access the injured site may be an interesting strategy to deal with wounds.

Regarding the uncommon types, fusiform and progenitor cells, as well as
granular spherulocytes showed a similar occurrence, except by the fact that the latter
was not found in sand dollars. These cells occurred in 30 to 40% of the species.
However, this percentage may be explained by the fact that fusiform and progenitor
cells are rare, while live granular spherulocytes may be confused with vibratile cells or
colorless spherulocytes, being accurately identified only in cytochemical preparations.
The frequency and characteristics of yellowish-green spherulocytes also show an
interesting pattern. Apparently, these cells may be two different populations, depending
on the group considered: granular spherulocytes in sea urchins and heart urchins and an
echinochrome-bearing spherulocyte in sand dollars. Lastly, brown, iridescent, bluish-
green and reddish vesicular cells deserve more studies, not only related to their

physiological function but also regarding their occurrence in sand dollars.

As a general conclusion, one can notice that the diversity of cellular

subpopulations is still underestimated and their physiological roles poorly understood in

41



Capitulo 1

both regular and irregular echinoids. At the end of this study, we are able to answer the
main questions that have derived this work, as well as the new ones which aroused
during its course. Regarding the first question about the most common coelomocytes
populations in basal echinoids, we observed that phagocytes, vibratile cells, red and
colorless spherulocytes were found in all Cidaroida. Considering the second question, if
basal and derived echinoids share the same coelomic populations, we also saw that both
possess the same set of coelomocytes and that these cells are similar to that of heart
urchins. On the other hand, sand dollars showed the highest diversity of cell types. Of
course, more irregular species need to be investigated, but the pattern observed here
seems consistent. Lastly, some interesting questions came to our mind after finished this
work: which evolutionary pressures could be driven by the diversification of
coelomocytes in Echinoidea? How do these cells have diversified? What is the
physiological function of these cells? Why sand dollars seem to have more cell types?
This study shows that this field is far from being solved and new questions that deserve

further attention.
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Figure 1 — Coelomocytes of the baal sea urcin Ehcidaris tribuloides in different
approaches. A-F — Live cells; G-R cytochemistry; G-L — Mallory trichrome; M-R —

Toluidine blue; S-X — Transmission electron microscopy; Y-AD — Scanning electron
microscopy.
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Figure 2 — Live coelomocytes of the derived sea urchins. A-E — Arbacia lixula; F-J —
Lytechinus variegatus; K-O — Echinometra lucunter; P-T — Paracentrotus gaimardi. A, F,
K, P —Phagocytes; B, G, L, Q — Vibratile cell; C, H, M, R — Red spherulocytes; D, I, N, S —
Colorless spherulocyte; E, J, O, T — Granular spherulocyte.
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Figure 3 — Stained coelomocytes of the derived sea urchins. A-E — Arbacia lixula; F-J — Lytechinus
variegatus; K-O — Echinometra lucunter; P-T — Paracentrotus gaimardi. A, F, K, P — Phagocytes; B,
G, L, Q — Vibratile cell; C, H, M, R — Red spherulocytes; D, I, N, S — Colorless spherulocytes; E, J,
O, T — Granular spherulocytes.
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Encope emarginata

Figure 4 — Live and stained coelomocytes of Clypeaster subdepressus (A-O) and Encope
emarginata (P-AC). A, F, K, P, U, Z — Phagocytes; B, G, L — Vibratile cells; C, H, M — Yellowish-
green spherulocyte; D, I, N — Iridescent spherulocyte; E, J, O — Bluish-green spherulocyte; Q, V, AA
— Reddish vesicular spherulocyte; R, W, AB — Red spherulocyte; S, X, AC — Colorless spherulocyte;
T, Y — Brownish spherulocyte. A-E and P-T — Live cells (Differential interference contrast — DIC);
F-J and U-Y — Mallory trichrome; K-O and Z-AC — Toluidine blue.
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Figure 5 — Main cell types already observed in Echinoidea: A-C — Phagocytes; D —
Fusiform cell; E — Progenitor cell; F — Vibratile cell; G-N — Spherulocytes. A — Petaloid
phagocyte; B — Filiform phagocyte; C — Large vesicular cells; D — Fusiform cell; E —
Progenotor cell; F — Vibratile cell; G — Colorless spherulocyte; H — Red spherulocyte; | —
Granular spherulocyte; J - Brownish spherulocyte; K — Yellowish-green spherulocyte; L —
Iridescent spherulocyte; M — Bluish-green spherulocyte; N — Reddish vesicular
spherulocyte. Drawings: A-E, G-I, and K-N = Adapted from Kawaguti and Yamasu,
1976; F = Kindred, 1921; J = Bookhout and Greenburg, 1940. Pictures from author = A-
D, F, L, M = Clypeaster subdepresus; E = Eucidaris tribuloides; G-I = Echinometra
lucunter; J and N = Encope emarginata; K = Arbacia lixula. Drawings and photos are not
in scale.

51



Capitulo 1

[
[=]
Q

1] [}
(=] Q

Occurency of Cell types in Echinoidea (%)
=
o

Found
m Not
Found
20 I
0 - T —T B _I_._ _-_|_ — T T B B N
FC PC A" RS cs GS BS YGS IS BGS RVS

Pha

mSea urchins
m5and Dollars

80
W Hearturchins

60 |

40

20_ I I I I | I

O T T T T T T T T T T T 1
Pha FC PC vC RS cs GS BS YGS IS BGS RVS

Figura 6 — Cell types recorded in the class Echinoidea. A — Percentage of presence and
absence of the cell types in the class Echinoidea. B — Percentage of the presence of the
different cell types in the three main groups of Echinoidea. Legend: Pha = Phagocytes, FC
= Fusiform cell; VC = Vibratile cell; RS = Red spherulocyte; CS = Colorless
spherulocytes; GS = Granular spherulocyte; BS = Brown spherulocyte; YGS = Yellowish-
green spherulocyte; IS = Iridescent spherulocyte; BGS = Bluish-green spherulocyte; RVS
= Redish vesicular spherulocyte.
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Figure 7 — Graphic representation of cell distribution among the orders of Echinoidea
analyzed in the present study (Adapted from Ziegler et al., 2009). Legend: Pha
Phagocytes, FC = Fusiform cell; VC = Vibratile cell; RS = Red spherulocyte; CS
Colorless spherulocytes; GS = Granular spherulocyte; BS = Brown spherulocyte; YGS
Yellowish-green spherulocyte; IS = Iridescent spherulocyte; BGS = Bluish-green
spherulocyte; RVS = Redish vesicular spherulocyte; Red asterisk = Lost: found only in
Clypeaster subdepressus. Red star = Gain: found only in Echinocardium cordatum.
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Table 1 — List of analyzed species and cell types found in the class Echinoidea, based on literature survey and
direct observations. Legend: Pha = Phagocytes, FC = Fusiform cell; VC = Vibratile cell; RS = Red
spherulocyte; CS = Colorless spherulocytes; GS = Granular spherulocyte; BS = Brown spherulocyte; YGS =
Yellowish-green spherulocyte; 1S = Iridescent spherulocyte; BGS = Bluish-green spherulocyte; RVS = Redish

vesicular spherulocyte; DO = Direct observations; ? = need confirmation.

Most common cell types

Order Family Species Reference
Pha FC PC VC RS CS GS BS YGS IS BGS RVS
Eucidaris tribuloides X X X X X x x DO, 37
Cidaroida Cidaridae Cidaris cidaris X X X X 7,8,24
Stylocidaris affinis X X X X 1
~ = Arbacia lixula X X X X X X X X DO, 1,25
Arbacioida Arbaciidae .
Arbacia punctulata X X X X X 17,19, 22, 45
Diadema antillarum X X WX A X X 6, 25, 30
Diadema savignii X X X X X 4
a s pa N Diadema setosum X X X 16
Centrostephanus longispinus X X X % 1
Echinothrix diadema X X X X X 4
Echinothrix calamaris X X %X X X X X 4,16
Lytechinus variegatus X X X X X X X X DO, 2,32,35
Lytechinus pictus X X X X 21
Toxopneustidae Sphaerechinus granularis X X X X X 1,11
Toxopneustes pileolus X X X 16
Tripneustes gratilla X x x X 16
Paracentrotus lividus X X X X X %X X 1,7,8,10,13,25,39,43
_— Paracentrotus gaimardi X X X X X X X DO
Parachinidae A )
Psammechinus microtuberculatus X X X X 7,8
Psammechinus miliaris X X: X X 6, 20, 26, 27, 31
Regular Slrong\'Im'enlr()mx purpuratus X X X X ? 3,4, 34,36, 40,42
Strongyloncentrotus fragilis ) S ¢ X X X 3,4
. ) Strongylocentrotus droebachiensis X X X X X 14, 15, 18, 38,41
Strongylocentrotidae
Pseudocentrotus depressus X X X X 16
Hemicentrotus pulcherrimus X X X X 16
Camarodonta Mesocentrotus franciscanus X X X X X 3,4
Heliocidaris crassispina X X X X 16
Echinometra lucunter X X X X X X X DO, 33
Echinometra mathaei X % X X X X X 4,16,44
. . Echinometra oblonga O ¢ X: X X 4
Echinometridae s :
Echinometra vanbrunti X X X X X 4
Echinostrephus aciculatus X: X x X 4
Heterocentrotus trigonarius S X X X 4
Heterocentrotus mamilatus X X X X X 4
Echinus sculentus X X X X x 12,31
Echinidae Gracilechinus acutus X X X X 7.8
Sterechinus neumayeri X X X X 5
Temnopleurus toreumaticus X x x ? 16
Ti pleuridae Te pleurus hardwickii X X X X 16,23
Mespilia globulus X X X 16
Encope emarginata X X N X X X DO
Mellitidae pe emarginaia
Mellita quinquiesperforata X X X X 28,29
Dendrasteridae Dendraster excentricus X X X X 3,4,18
Echinarachniidae  Echinarachnius parma X X X 9
Clypeasteroida Scutellidae Scaphechinus mirabilis X X X 16
Laganidae Peronella japonica X X X 16
Astriclypeidae Astriclypeus mannii X X X X 16
Irregular " Clypeaster japonicus X X % X 16
8 Clypeasteridae P Ja
Clypeaster subdepressus X X X X X X DO
Brissus latecarinatus X X X X X 3
Brissidae Rhynobrissus sp. > I X X X 3
= ) Brissopsis lyrifera X X X X X X 25
Spatangoida . s
.. Lovenia elongata X X X X b 16
Loveniidae i = %
Echinocardium cordatum X X X X % X X X 16, 25
Spatangidae Spatangus purpureus X X X X X X 12,25

List of references - 1 — Abraham, 1963 2 — Boliek, 1935; 3 — Boolootian and Giese, 1958; 4 — Boolootian, 1962; 5 — Borges et al.,
2002; 6 — Burton, 1996; 7 — Cuénot, 1891; 8 — Cuénot, 1897; 9 — Davidson; 1953; 10 — Deveci et al., 2015; 11 - Fauré-Premiet, 1927; 12
— Geddes, 1880; 13 — Henri, 1906; 14 — Jellett et al., 1988; 15 — Jones et al., 1985; 16 — Kawaguti and Yaimasu, 1954; 17 — Kindred,
1921; 18 — Kindred, 1924; 19 — Kindred, 1926; 20 — Kuhl, 1957; 21 — Laughlin, 1989; 22 — Liebman, 1950; 23 — Ohuye, 1936; 24 —
Prouho, 1887; 25 — Saergant, 1964; 26 — Schinke, 1950; 27 — Theél, 1919; 28 — Behre, 1932; 29 — Bookhout et al., 1940; 30 — Jacobson
and Millott, 1953; 31 — Theél, 1896; 32 — Mangiaterra and Silva, 2001; 33 — Faria and Silva, 2008; 34 — Gross et al., 2000; 35 — Borges
et al., 2005; 36 — Brockton et al., 2008; 37 — Queiroz and Custddio, 2015; 38 — Vethamany and Fung, 1972; 39 — Arizza et al., 2007; 40
— Holland et al., 1965; 41 — Bertheussen and Seljelid, 1978; 42 — Smith et al., 1992; 43 — Matranga and Bonaventura, 2002; 44 — Piryaei
etal., 2018; 45 - Lin et al., 2007.
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Justificativa

Paracentrotus (Lamarck, 1816), € um género de equinGides regulares
conhecidos pelo seu polimorfismo cromético, sendo composto por apenas duas
espécies: P. gaimardi e P. lividus. A primeira tém sido pouquissima estudada, enquanto
a segunda € um dos principais modelos de estudo dentro dos Echinoidea. Paracentrotus
lividus vem sendo utilizada nas mais diversas areas, desde embriologia e biologia
celular até genética de populacgdes e aquicultura. Em imunologia, esta espécie também é
um importante modelo, tendo seus mecanismos imunes moleculares e celulares bem
estudados. Para os celomaocitos, existem varios estudos caracterizando os tipos celulares
de P. lividus, que sdo os seus principais efetores imunes. No entanto, durante a
caracterizacdo dos celomacitos de P. gaimardi, alguns, além dos tipos celulares comuns
a P. lividus (i.e. fagocitos, celulas vibrateis e os esferulocitos vermelhos e
transparentes), dois tipos adicionais foram observados: o esferuldcito granular e um tipo
de célula cristal. Ainda para todas as subpopulacdes de esferuldcitos encontradas em P.
gaimardi, foi observado um continuum de células, que emboram fossem bastante
similares em linhas gerais, apresentavam algumas diferengas em relacdo ao tamanho do
nicleo e organizacdo do citoplasma, que possibilitavam a sua organizacdo em uma
sequéncia. Assim, o presente capitulo apresenta a caracterizacdo dos celomacitos de P.
gaimardi e P. lividus, usando uma abordagem morfologica (e.g. células vivas em
suspensdo, preparacdes citoquimicas e microscopia eletrbnica de varredura), nun
contexto comparativo, visando analisar se os tipos novos observados em P. gaimardi
poderiam ser encontrados em P. lividus. Além da caracterizacdo, apresentamos uma
hipdtese de maturacdo dos esferuldcitos, a qual explica a variagdo morfoldgica dentro

de uma mesma subpopulacao.
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Coelomic cells of Paracentrotus sea urchins (Echinodermata): a comparative

approach
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Abstract: The genus Paracentrotus comprises two species: P. lividus and P.
gaimardi. The first one is one of the most studied sea urchins in the world, while the
second is poorly known. Even basic aspects, such as the types of cells circulating in the
coelomic fluid are unknown for P. gaimardi. Thus, this works aims to characterize the
coelomic cells of Paracentrotus sea urchins, from a comparative perspective, using an
integrative approach. Seven different coelomic subpopulations were found in
Paracentrotus sea urchins. Phagocytes, vibratile cells, red, colorless and granular
spherulocytes were common to both species, while crystal cells were specific to P.
gaimardi and progenitor cells were found only in P. lividus. For all spherulocyte
subpopulations, a set of morphologically similar cells were observed in both cytological
preparations and scanning electron microscopy analyses, being interpreted as a putative
maturation sequence. Based on morphological and morphometric data (nucleus and
cytoplasm diameter as well as nucleus/cytoplasm ratio), this sequence may be organized
in different stages: Early, Intermediate and Final. Lastly, we propose a model that
describes how spherulocytes maturate. Thus, in addition to important questions raised in
this paper for Paracentrotus sea urchins, our results also show that after to find a new
coelomic subpopulation in P. lividus, one of the most studied sea urchin species of the

world, the basics aspects of sea urchin physiology/immunology need to (re)visited.

Keywords: Coelomocytes cytology, granular spherulocyte, maturation process.
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INTRODUCTION

The genus Paracentrotus comprises only two sea urchin species: P. gaimardi
and P. lividus (Calderon et al., 2009). Paracentrotus gaimardi is a little-known species
from the South Atlantic Ocean, found only in some places of African and Brazilian
coasts (Mortensen, 1943; Calderon et al., 2010). In Brazil, its distribution is restricted to
the south-southern region, ranging from Rio de Janeiro to Santa Catarina states
(Mortensen 1943; Lopes and Ventura, 2012). This sea urchin presents an astonishing
and intriguing color polymorphism (e.g. black, brown, gray, green, or pink),
characteristic which has guided most studies about it (Calderon et al. 2010; Lopes and
Ventura 2012; Duarte et al. 2016). Studies addressing its biology are scarce
(Boudouresque and Yoneshigue 1987; Villaga and Yoneshigue 1987) and information
about the physiological and/or immunological aspects of P. gaimardi are unavailable.

On the other hand, the Mediterranean sea urchin Paracentrotus lividus
(Lamarck, 1816) is a well-known species. It is a North-Eastern Atlantic echinoid with a
wide distribution, ranging from Scotland and Ireland to Southern Morocco and the
Canary Islands, including all Mediterranean Sea (Boudoresque & Verlaque 2007; 2013;
Pantazis, 2009; Soliman et al. 2015; Yeruham et al., 2015). Its main biological aspects
are well-understood, not only due to its commercial significance (Gianguzza et al.,
2008), but also because it has been used in basic and applied researches (Telford et al.,
2014; Schillaci et al., 2014). In fact, this species has been a model in the most diverse
areas, such as developmental biology (Gildor et al., 2016), physiology (Arizza et al.,
2013), cellular and molecular biology (Cervello et al., 1994) and immunology (Arizza et
al., 2007).
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Similarly to vertebrates, the sea urchin immune system also consists of humoral
and cellular responses, with the latter considered as the first line of defense
(Chiaramonte and Russo, 2015). The immune aspects of P. lividus are relatively well
understood, mainly regarding the coelomocytes, the circulating cells in the coelomic
fluid. The main cell populations have been identified (Matranga et al., 2005), as well as
their morphology properly depicted in light and transmission electron microscopy
(Devecy et al., 2015). It has been shown that P. lividus’ phagocytes are also responsible
for removal of foreign particles (Smith et al., 2010, Arizza et al., 20013), while red and
colorless spherulocytes are linked to bacterial growth inhibition (Gerardi et a., 1990)
and cytotoxicity (Arizza et al., 2007), respectively. Still, that pathogen-associated
molecular patterns (PAMPs), toxic metals and nanoparticles are able to modulate
coelomocyte activity (Pagliara and Stabili, 2012; Pinsino et al., 2015; Romero et al.,
2016). On the other hand, even the basic aspects of coelomocytes and the immune

system of P. gaimardi are still unknown.

In this context, this works aims to characterize the coelomic cells of
Paracentrotus sea urchins, from a comparative perspective. Using morphological and
morphometric data, the coelomocytes of the poorly known sea urchin P. gaimardi and
the well-know P. lividus were thoroughly studied. Data from light microscopy of living
and stained cells, as well as scanning electron microscopy, were used to address the
coelomocytes of these two sea urchins, showing unknown cell types in both species.
Additionally, based on morphological and morphometric parameters, we propose a

model that explains how the spherulocyte subpopulations maturate.

MATERIAL AND METHODS
Animals, bleeding procedure and cell counts

Specimens of P. gaimardi (n=6) were collected by free diving at Praia Grande,
Sdo Sebastido, SE Brazil (23°49°24” S, 45°25°01” W), while specimens of P. lividus
(n=6) were collected in the Gulf of Palermo (38°06.00' N; 13°30.00" E), Palermo, SW
Italy. For both species, coelomic fluid was collected with a syringe needle preloaded
with 0.5 ml of isosmotic anticoagulant solution (20 mM ethylenediamine tetraacetic
acid (EDTA), sodium chloride 460 mM, sodium sulfate 7 mM, potassium chloride 10
mM, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 10 mM, pH 8.2 —
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Dunham and Weissman, 1986), inserted into the peristomial membrane and the same
volume of coelomic fluid was withdrawn from each sea urchin. Total cell counts (TCC)
were made using a Neubauer chamber just after coelomic fluid collection, and the
results adjusted to compensate initial dilution. For differential cell counts (DCC), cell
density was adjusted to 1x10° cells/ml using an anticoagulant solution, and the
proportion of main cell types, viz. phagocytes, vibratile cells, red and colorless
spherulocytes, were recorded under a light microscope. In this procedure, due to the
delay in finding typical colorless and granular spherulocytes during differential cell
counts, and the fact that this delay is able to affect the analysis, these two populations
were considered together. Cell viability was determined by the Trypan Blue assay
(0.4%) and was higher than 95% in all samples.

Morphological and morphometric analysis

Live cells in suspension were observed just after being collected, as described
in Queiroz and Custddio (2015) and 20 cells of each type were measured, except for the
rare crystal and progenitor cells, in which only five were measured. For cytological
analyses, live cells were deposited on a slide using a cytocentrifuge (FANEN 248, 6
x10* cells per spot, 80 x g / 5 min), fixed for 45 min in formaldehyde sublimate
(Custodio et al. 2004; Queiroz and Custddio, 2015) and stained with toluidine blue (TB)
or Mallory’s trichrome (MT) (Behmer et al., 1976). For scanning electron microscopy
(SEM), live cells were deposited on round coverslips using the cytocentrifuge and fixed
with formaldehyde sublimate, as described before. After, the coverslips were washed
once in Milli-Q water for 40 minutes, air-dried and stored at room temperature in a
closed container with silica gel. Finally, the coverslips were sputter-coated with a 40-60
nm thick layer of gold and photographed in a scanning electron microscope Sigma VP
(Zeiss). For morphological descriptions, we will use the terms flat and spread with
different practical meanings. Flat/flatten will be used to cells in which it is possible to
see the cytoplasm outline (e.g. phagocytes), while spread will be used to cells in which
the cytoplasm is so thin that is difficult to see the boundary between the cell and the

substrate (e.g. vibratile cells).

For the spherulocytes, three putative differentiation stages - early, intermediate
and final - were defined, based on nucleus and spherule diameter as well as cytoplasm

organization, as previously observed to Eucidaris tribuloides (Queiroz and Custédio,
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2015). Measurements of nucleus and cytoplasm of 30 cells in each maturation stage (n=
90 cells for each species) were made using the Image) software, and the
nucleus/cytoplasm ratio calculated dividing the nucleus diameter by the cytoplasm
length of the same cell. Measurements of three spherules per cell from 15 cells per
maturation stage were also obtained (n=45 spherules per species). Values are presented
as mean = standard deviation (Table 1 and 2), or maximum-minimum (Table 3). One-
way analysis of variance (ANOVA) was used to test differences among nucleus,
cytoplasm and spherules diameters, as well as the nucleus/cytoplasm ratio (NCR) of
different maturation stages. Student t-test was used to analyze differences in cell type
measurements between species. To analyze the relation between spherule size and the
stage of maturation, the spherule diameter was tested against the nucleus diameter of the
same cell using a Pearson correlation. The GraphPad Prism software v. 5.01 was used to

perform all statistical analyses.

RESULTS

Five cell types, phagocytes (Ph), vibratile cells (VC), red, colorless and
granular spherulocytes (RS, CS, and GS, respectively) were found in both species (Fig.
1 and 2). Crystal cells (CC), small cells bearing a crystal-like structure in the cytoplasm,
were found only in P. gaimardi. Meanwhile, progenitor cells (PC), coelomocytes with a
disproportionally large nucleus, were found in P. lividus. For all spherulocyte
subpopulations, a set of morphologically similar cells were observed and interpreted as
a putative maturation sequence. These cells can be organized in different stages based
on their nuclear size and cytoplasmic characteristics, named Early, Intermediate and
Final, (Fig. 3 and 4). Spherulocytes in the early stage have a large nucleus and a
homogeneous or lacy cytoplasm. In the intermediate stage, the nucleus becomes smaller
and more condensed and the spherules more evident. In the final stage, the cells have
the smallest nucleus diameter in comparison to other coelomocytes and a completely
spherule-filled cytoplasm. Ultrastructural analyses confirm the pattern observed in

cytochemical preparations (Fig. 4).
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Total and Differential Cell Counts (TCC and DCC)

The total cell count in the coelomic fluid was similar for both species (p >
0.05) (Table 1). Except for the red spherulocyte, there was no significant difference in
the cell percentage among the species. Phagocytes were the most frequent
subpopulation in both, but the prevalence of the other populations differed (Table 1).
For P. gaimardi, red spherulocytes were more frequent than colorless/granular and
vibratile cells. On the other hand, vibratile cells were the second most frequent type in
P. lividus, followed by colorless/granular and red spherulocytes. Crystal cells from P.

gaimardi and progenitor cells from P. lividus were rare, accounting for less than 1%.

Morphology of living and stained mature coelomocytes

Live phagocytes were the largest cells (Table 2), usually with many filiform or
bladder-like cytoplasmic expansions (Fig. 1A and M). Stained phagocytes were large
round to oval flatten cells, with large central to subcentral nucleus (Table 2), and an
irregularly vacuolated cytoplasm (Fig. 1G and S). Vibratile cells were round and
translucent, with a conspicuous flagellum (Fig. 1B and N). In cytospin preparations,
these cells are round spread cells, filled with spherules containing proteoglycans, as
indicated by the metachromasia in TB preparations (Fig. 1S and T). We also observed
two uncommon cell types: the crystal cell of P. gaimardi and the progenitor cell of P.
lividus. Live crystal cells were small (Table 2), with a prominent translucent green
crystal-like structure in its cytoplasm (Fig. 1C). In cytological preparations, this spread
cell showed no specific affinity to TB (Fig. 11) or MT, but the intracellular crystal
became darker with both stains. No nucleus could be detected in both preparations. Live
progenitor cells showed a round to oval shape, with a relatively large nucleus (Table 2
and Fig. 10) and the exact morphology can be seen in cytological preparations (Fig.
1U). The nucleus/cytoplasm ratio of this cell (0.77 £ 0.07) is very high in comparison
with other cell types.

Live RS and GS were usually round, with round uniform spherules (Fig. 1D, F,
P, and R). The colorless spherulocyte (CS) showed an elongated profile, with spherules
of various sizes and shapes (Fig. 1E and Q). In RS, the spherules contained
echinochrome, as indicated by the red color, and hyaline substances in GS and CS (Fig.
1D-F and P-R). In cytochemical preparations, typical mature red spherulocytes were
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very difficult to find, mainly in P. lividus RS were very flattened cells tending
sometimes to spread, with homogeneous round spherules which stain brownish in MT
preparations (Fig. 1J and V inset) and dark blue in TB (Fig. 1V). However, mainly in P.
lividus the most common morphology of mature RS in cytochemical preparations is an
almost spread cell with round homogeneous empty vacuoles (Fig. 3D and P). Colorless
spherulocytes showed large round to elongated spherules, light blue with MT (Fig. 1K
and W) and dark blue in TB slides. Granular spherulocytes showed small round
homogeneous spherules, similar in size to that of RS. The GS stain reddish/pinkish with
MT (Fig. 1L and X), but not with TB, showing a grayish-blue color.

Morphology of mature coelomocytes in SEM

Phagocytes showed a quite flat and vacuolated cytoplasm, with filiform or
bladder-like cytoplasmic expansions and a large nucleus (Fig. 2A and G). Vibratile cells
had a pronounced and usually central nucleus and a very spread cytoplasm. Different
from the other cells with spherules, vibratile cells seem to be much fragile, losing its
spherule integrity and becoming much spread (Fig. 2B and H). Sometimes it is possible
to observe the flagellum (Fig. 2B), but it is easily lost during preparations/analysis (Fig.
2H). Crystal cells showed a very spread cytoplasm, with no visible nucleus and a
remarkable cubic crystalloid beneath a thin layer of cell membrane (Fig. 2C). Progenitor
cells are flat and round, with a large central nucleus surrounded by a thin layer of
cytoplasm (Fig. 21).

Red spherulocyte showed a remarkable thicker nucleus and a very flatten
cytoplasm (almost spread), composed by a lattice of large and uniform spaces that
contained the spherules (Fig. 2D and J). Although very difficult to find, typical mature
RS showed the round regular-sized spherules loosely grouped (Fig. 2D inset). On the
other hand, CS and GS showed a comparatively thicker cell, with well-delimited
spherules of irregular sizes and shapes in CS (Fig. 2E and K), or regular sizes and
shapes in GS (Fig. 2F and L).

Spherulocyte morphology during the maturation process

For all spherulocyte subpopulations of both species, a set of morphologically
and cytochemically similar cells were found (Fig. 3 and 4), and we interpreted them as a
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putative maturation process. In the early stage, RS is a compact cell with a prominent
peripheral nucleus. The cytoplasm is composed of a large amount of an unorganized and
apparently empty mesh, composed of small granules (Fig. 3A and M; Fig. 4A and J).
The CS and GS also showed a large nucleus, but differently from the RS, they have a
uniformly homogeneous cytoplasm with a quite finely granular appearance (Fig. 3E, I,
Q and U). However, in SEM it is possible to observe that the cytoplasm is formed by
discrete divisions, which seem the formation of the spherules (Fig. 4D, G, M, and P).
Still, in GS clear spots are common (Fig. 31, U) that can be seen as empty spaces in
SEM (Fig. 4P).

Cells in the intermediate stage showed more evident characteristics. In RS, the
nucleus continues remarkable, but the lattice in the cytoplasm becomes more organized
than in the previous stage, being composed of a mix of large and small spaces (Fig. 3B,
C, N, O and Fig. 4B and K). However, although not so common, sometimes it may be
difficult to see this organization in some RS of P. gaimardi because the cytoplasm may
be covered by a granular material with a brownish coloration in MT preparations (Fig.
3B and C insets and Fig. 4B inset). In the CS and GS, the homogeneous cytoplasm
becomes more subdivided and the spherule outline becomes more and more evident
(Fig. 3F, G, J, K, R, S, V, X). In this stage, the heterogeneous spherules of CS are
visible (Fig. 4E and N), as well as the homogeneous spherules of GS (Fig. 4H and Q).

In the final stage, for all spherulocytes, the nucleus is condensed and it is
possible to completely differentiate the spherules. The RS show a lattice with large and
more regular round inclusions (Fig. 3D and P; Fig. 4C and L), that may be covered with
a granular material in P. gaimardi (Fig. 3D inset). The CS and GS present quite evident
spherules, with heterogeneous shapes and sizes in CS, and more round and uniform-
sized in GS (Fig. 3H, L, T, Z, and Fig. 4F, I, O, and R).

Spherulocyte morphometry during maturation

The measurements show that while nucleus diameter and the Nucleus/Cytoplasm
Ratio decreased along the maturation process, the cytoplasm size was stable (Fig. 5 and
Table 3). Early RS nuclei were larger, decreasing during the maturation, with the
smaller values in the final stage (Fig. 5A). Except for the intermediate stage, there were
no differences in nucleus diameter between species (Fig. 5A). The cytoplasm of the red
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spherulocyte showed a uniform size along the maturation process (Fig. 5B). Except for
the intermediate stage, there was no difference between P. gaimardi and P. lividus
cytoplasm diameter. Considering the Nucleus/Cytoplasm Ratio, the highest values were
found in the early stage, which decreased in the final stage. There were differences

between early and final stages for both species, but not between species (Fig. 5C).

The CS followed the same general pattern seen in RS (Fig. 5D): the nucleus was
larger in the early stage and smaller in the final stage, with significant differences
between the early and final stages. Significant differences between species were seen
only in the early stage (Fig. 5D). Cytoplasm diameter was similar among all categories,
and except for the final stage, there was no difference between the P. gaimardi and P.
lividus (Fig. 5E). Nucleus/Cytoplasm Ratio followed the same tendency observed to RS:
highest values in the early stage and smallest ones in the final. The ratio was
significantly different between the early and final stages in both species, but
interspecific differences were seen only in early and intermediate stages (Fig. 5F),
except for the final.

The GS showed interspecific differences in nucleus and cytoplasm diameters
since P. gaimardi has higher values than P. lividus (Fig. 5G-1). The nucleus was
significantly larger in the early stage than in the final (Fig. 5G), but the cytoplasm
diameter showed similar values among the stages (Fig. 5H). However, interspecies
comparisons showed that the measures of P. gaimardi’s GS cytoplasm were
significantly higher than P. lividus’ (Fig. 5H). Regarding the NCR, cells in the early
stage showed higher values than the final stages, and except for the early stage,
interspecies differences were statistically significant (Fig. 5I).

The spherule content of RS is very sensitive to cytological procedures, which
makes difficult to find typical mature RS (Fig. 1J and V). However, this fact was more
frequent in P. lividus than in P. gaimardi. It was common to find RS in both species
completely empty, but with a peculiar cytoplasmic organization, ranging from small to
large cytoplasmic reticules (Fig. 3A-D and M-P). After careful analyses, we observed
that different spherule diameters could be related to the maturation sequence. There is a
strong negative correlation between spherule diameter and nucleus size (P. gaimardi: r
=-0.742, p = 0.0001; P. lividus: r = - 0.715; p < 0.0001), indicating that the spherules
increase while nucleus become more condensed (Fig. 6A and B). Additionally, the

spherule diameters of each spherulocyte population differ along the maturation process
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(Fig. 6C). The RS in the early stage (Fig. 3M) showed a reticulated and unorganized
cytoplasm with very small spherules (0.58 + 0.13 pum in P. gaimardi; 0.64 + 0.12 um in
P. lividus), while there was a mix of organized and unorganized areas with
heterogeneously-sized spherules in the intermediate stages (Fig. 3B-C and N-O),
measuring 0.95 £ 0.25 um in P. gaimardi and 1.05 + 0.13 um in P. lividus (Fig. 6C). In
the final stage, the cytoplasm of RS showed a uniformly organized lattice composed by
large round-shaped spaces (Fig. 4D and P), whose diameter is 1.61 £ 0.30 pum in P.
gaimardi 1.5 £ 0.31 um in P. lividus. These differences were significant among

maturation stages in the same species, but not between species (Fig. 6C).

DISCUSSION

The main biological aspects of P. lividus have been well-known since it is
widely used as an animal model (Cervello et al., 1994; Arizza et al., 2007). In an
immunological perspective, although there are works addressing the dissolved
molecules in the coelomic fluid (Stabili et al., 1996; Drago et al., 2009), the coelomic
cells have been the main target (Cervello et al., 1994; Stabili et al., 1996; Arizza et al.,
2007; Giaramita et al., 2008). These studies, in addition to contributing to the
knowledge of P. lividus physiology, increased significantly the understanding of the
immune aspects of Echinoidea as a whole (Smith et al., 2010; 2018). On the other hand,
the knowledge on these aspects on the South Atlantic congener P. gaimardi is
completely absent, and even basic data such as the number of coelomic subpopulations

or their proportions are yet unknown.

Total and differential cell counts of P. lividus were similar to that of P.
gaimardi and fitted the pattern previously described for echinoids in the literature
(Bertheussen and Seljelid, 1978; Smith et al., 2010; Coates et al., 2017). Even for the
red spherulocytes, that showed a higher percentage in P. gaimardi, the proportions are
in accordance with P. lividus and other sea urchins (Smith et al., 2010; Coates et al.,
2017). Some factors have been pointed out as influencing physiological or immune
parameters, such as gender or age (Arizza et al., 2013; McCaughey and Bodnar, 2012),
the last one also affecting cell counts (McCaughey and Bodnar, 2012). Thus, it is
possible that the difference observed in the RS percentage can be related to factors other

than the interspecific differences.
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Both species presented six cell types, (cf. Fig. 1, 2), and not only the four usual
coelomocytes commonly described in the literature (i.e. phagocytes, vibratile cells, and
red and colorless spherulocytes - Deveci et al., 2015; Smith et al., 2010; 2018). Petaloid
and filopodial phagocytes were the most common morphologies observed in the fresh
coelomic fluid. However, they not represent the real subpopulation of phagocytes (Edds
1993, Gross et al., 2000). In fact, petaloid and filopodial forms have been pointed out as
transitory stages of the same cell type (Eliseikina and Magarlamov, 2002; Matranga et
al., 2005). In cytochemical preparations, phagocytes are quite remarkable, and both
morphologies can be seen. They are flattened large cells, with a large and poorly
condensed nucleus, many filiform or bladder-like expansions and a vacuolated
cytoplasm. All these features make this cell type unmistakable, and the same features

were already recorded to P. lividus (Deveci et al., 2015).

Vibratile cells are a very intriguing subpopulation of coelomocytes. Live cells
show a round outline, vacuolated cytoplasm and a remarkable flagellum, which is its
main distinctive characteristic (Johnson, 1969). However, these cells are very sensitive
to handling/fixation, easily losing the flagellum. Nevertheless, vibratile cells can be
promptly identified in cytological preparations by using TB stain, even after losing the
flagellum (cf. Fig. 1). In TB preparations, vibratile cells show a usual central to
subcentral nucleus and a very spread cytoplasm composed by homogeneous spherules
that stain purple. Among the sea urchin coelomocytes, vibratile cells are the only cell
type that stains purple in TB preparations. This color means a weak metachromasy (8 —
metachromasia; Sridharan and Shankar, 2012) provided by its glycosaminoglycan
reserves (Volpi and Maccary, 2002). This reaction was seen here for both Paracentrotus
species and an apparently purple coloration was previously seen in P. lividus (Deveci et

al., 2015) and Strongylocentrous purpuratus (Holland et al. 1965).

Crystal cells were already recorded in holothuroids, ophiuroids and asteroids
(Andrew, 1962; Johnson and Beeson, 1966; Smith, 1981), but this is the first record in
sea urchins. The crystalloid in CC from holothurians, which are the most known model,
dissolve under the slight osmotic stress or staining procedures (Hetzel, 1963). On the
other hand, the one from P. gaimardi’s cells is resistant to staining and SEM procedures
(cf. Fig.s 1 and 2). These characteristics suggest that, although the CC of P. gaimardi
also has a crystal in its cytoplasm, probably it is not the same cell found in holothuroids.

Progenitor cells found in P. lividus were morphologically similar to the small cells
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described by Deveci et al. (2015), with a large nucleus, a thin cytoplasm and a very low
percentage in the coelomic fluid suggesting that they are the same cell type. Lastly,
although CC and PC have been specific to P. gaimardi and P. lividus respectively, we
cannot discard the possibility of their widespread presence in this genus. These cells
were very rare in the coelomic fluid, and we may have failed to find them in the studied

samples.

Red and colorless spherulocytes have been traditionally studied as live cells,
being easily identified according to the spherule content (Deveci et al., 2015; Queiroz
and Custodio, 2015). However, these two subpopulations can also be easily
distinguished in cytochemical preparations, according to their morphology and stain
affinity (Queiroz and Custddio, 2015). The RS and CS of P. gaimardi and P. lividus
followed exactly the same pattern observed in E. tribuloides (Queiroz and Custddio,
2015), but CS morphology differed from that previously illustrated to P. lividus.
Actually, the stained cell illustrated as colorless spherulocytes by Deveci et al. (2015) is
very similar in morphology to the empty RS depicted here (Cf. Fig. 30 and P), or the
degranulated RS of P. lividus depicted by Coates et al. (2017 — Fig. 3). Still, the large
subcentral nucleus and cytoplasmic organization of P. lividus CS depicted by Deveci et
al. (2015) resembles in some aspects the red spherulocyte of E. tribuloides (Queiroz and
Custodio, 2015 — Fig. 4).

In addition to the spherulocyte subpopulations usually observed in sea urchins,
we found a little-known subtype: the granular spherulocyte. This newly-described cell
(Queiroz and Custodio, 2015) was found in P. gaimardi and in P. lividus and is quite
similar to that of E. tribuloides. Despite all similarity, live granular spherulocytes in
Paracentrotus species were not brown as in E. tribuloides. However, Jacobson and
Millot (1953) suggest that all spherule cells are colorless in the coelomic fluid, and the
red coloration of the red spherulocyte is due to some unknown chemical reaction of its
content when exposed to the air. Clearly, this is not true to the RS but explains properly
why only a few live brown granular spherulocytes were found in E. tribuloides (Queiroz

and Custddio, 2015), and only colorless cells were found in Paracentrotus species.

Works addressing echinoderm coelomocytes through SEM are scarce and only
sea stars and sea cucumber were already studied (Kaneshiro and Karp, 1980; Silva and
Peck, 2000; Xing et al., 2008). These works used different methods to fix the cells

and/or attach them on stubs, which hinder morphological comparisons. However, in this

68



Capitulo 2

study we used SEM analysis to obtain structural details for Paracentrotus
coelomocytes, confirming all morphological features observed in cytological
preparations. Morphological characteristics were quite specific, allowing accurate
identification and based on these characteristics, coelomocytes could be divided into
non-spherulous and spherulous cells. Phagocytes, crystal, and progenitor cells are in the
first group. Phagocytes and progenitor cells have a flattened appearance, but the
analysis of the very heterogeneous cytoplasm with a filiform or blader-like expansion of
the phagocytes and the remarkably large nucleus surrounded by a thin layer of
cytoplasm of the progenitor cell is enough to accurate identification. Crystal cells are
non-spherulous cells with a very spread cytoplasm and a conspicuous crystalloid.
Regarding spherulous cells, they can be divided into two subgroups: cells with flattened
or spread cytoplasm and a thicker nucleus; or cells with thicker cytoplasm and
depressed nucleus. Although vibratile cells and RS share the characteristics of the first
subgroup, the very spread cytoplasm of vibratile cells and the apparently empty
reticulated cytoplasm in RS provide characteristics to accurate identification. Colorless
and GS are in the second subgroup and can be differed according to their cytoplasmic

spherules, large and heterogeneous in CS and smaller and homogeneous in GS.

For vertebrates, the main aspects of blood cells have already long been
unraveled (Turgeon, 2012; Campbell, 2015), including the identification of specific
markers to differentiate maturation stages (Terstappen et al., 1990). However, the
situation for invertebrate is quite different and except for insects, the study of their
“blood cells” is comparatively less usual. Molecular or fluorescent markers are limited,
and unable to differentiate cell types (Dyrynda et al., 1997), which is also true to
echinoderms (Lin et al. 2007; Li et al. 2010). Thus, most studies with invertebrates still
use morphological features to examine hemocyte/coelomocyte maturation (Battison et
al., 2003; Rebelo et al. 2013).

Morphological and cytochemical data were clearly useful for our
understanding of the set of spherulocytes bearing similar features. Since each
subpopulation showed a continuous set of specific features, we observed that these cells
could be organized in a sequence. Based on the nucleus and cytoplasm modifications,
we propose a model that describes how spherulocytes maturate (Fig. 7). Immature cells
show a large nucleus, a homogeneous cytoplasm filled by small spherules and present a

high NCR. During maturation, the nucleus becomes more condensed, the spherules
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become larger, and the NRC decreases; culminating in mature cells, which have the
smallest nuclear diameter, a cytoplasm completely organized and filled with spherules
as well as the lowest NCR value.

The changes in the nucleus size along the maturation suggest an intense RNA
transcription in immature cells (Sato et al. 1994; Schmidt & Schibler 1995; Webster et
al. 2009), which seems to be reduced in mature spherulocytes. In immature
spherulocytes, the spherule outline is tenuous and the content is homogeneous, but these
characteristics change during maturation, and the spherules can be easily distinguished
in mature stages. This fact was also observed in the early GS of E. tribuloides, in which
the cytoplasm is filled with tiny structures, which seem to fuse, originating the large
spherules in mature cells (cf. Queiroz and Custddio, 2015 - Fig. 8). A similar situation
was observed here mainly in RS, in which immature cells showed smaller vacuoles than
mature ones. Thus, we hypothesize that immature spherulocytes with a large nucleus
and small vacuoles would be actively transcribing to produce their contents. Along with
the maturation the RNA transcription is reduced, the nucleus starts to condense and the

tiny spherules fuse, originating mature cells with a smaller nucleus and larger spherules
(Fig. 8).

The maturation process of Paracentrotus spherulocytes hypothesized here
follows the pattern observed for other invertebrate circulating cells bearing vacuoles.
Hemocytes from the mollusks Crassostrea rhizophorae and Bulinus truncate, and the
crustacean Homarus americanus increased the number and/or the size of cytoplasmic
spherules. For the last two species, the chromatin was more condensed and organized in
mature cells (Cheng and Guida 1980; Battison et al., 2003; Rebelo et al., 2013), and the
NCR was also high in immature hemocytes of H. americanus (Battison et al., 2003).
Similar changes in the nuclei were also observed in mammalian blood cells (Moras et
al., 2017, Arpitha et al., 2005; Pethig et al., 2010), and related to the levels of
transcriptional activity (Efroni et al., 2008).

There has long been a consensus that echinoids present only four main types of
circulating cells in the coelomic fluid (Smith, 1981; Smith et al., 2010; 2018), although
new subpopulations have recently been identified (Queiroz and Custddio, 2015). Here,
using an integrative approach combining live cells in suspension, cytology and scanning
electron microscopy, we characterize sea urchin coelomocytes for the first time in a

completely comparative approach. This is also the first study dealing with
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Paracentrotus cells and seven coelomic subpopulations were found in their coelomic
fluid, including the newly-described granular spherulocyte and the crystal and
progenitor cells. Lastly, we propose a model to explain how spherulocytes maturate in

sea urchins, based on evidence of Paracentrotus species.

Thus, the results in this paper arise some important questions about sea urchin
coelomocytes that can guide future researches: would the same coelomic subpopulations
and the maturation process be found in other sea urchin species? What are the
physiological functions of the granular spherulocyte and the crystal cell? Are progenitor
cells really pluripotent cells for sea urchins? Does Paracentrotus gaimardi show the
same physiological/immunological responses already observed in P. lividus? We found
a new coelomic subpopulation in P. lividus, one of the most studied sea urchin species
of the world, and this makes clear that even the basics aspects of sea urchin

physiology/immunology need to (re)visited.
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Figures, Tables, and Captions
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Figure 1 — Live and stained mature coelomocytes of Paracentrotus sea urchins. A-L —
coelomocytes of Paracentrotus gaimardi; M-X — coelomocytes of Paracentrotus lividus. A, G,
M, and S — Phagocytes; B, H, N, and T — Vibratile cell; C and | — Crystal cell; O and U —
Progenitor cell; D, J, P, and V — Red spherulocyte; E, K, Q, and W — Colorless spherulocyte; F,
L, R and X — Granular spherulocyte. A-F and M-R — Live cells; G-L and S-X — Stained cells;
A-B and D-F — Differential interference contrast; C and M-R — Light microscopy; G, J-L, S, V
inset, W and X — Mallory’s trichrome; H-I, T-V — Toluidine blue. Legend: Arrowhead =
Flagellum. Scale: 10 um.

77



Capitulo 2

Paracentrotus gaimardi

Paracentrotus lividus

Figure 2 — Scanning electron transmission of mature coelomocytes of Paracentrotus sea
urchins. A-F — coelomocytes of P. gaimardi; G-L — coelomocytes of P. lividus. A and G-
Phagocyte; B and H — Vibratile cell; C — Crystal cell; I — Progenitor cell; D and J — Red
spherulocyte; D inset — Typical mature Red spherulocyte; E and K — Colorless spherulocyte; F
and L — Granular spherulocyte. Legend: Arrowhead = Flagellum; Asterisk = nucleus. Scale: A =
10 um; B-L =5 pum.
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Paracentrotus gaimardi Paracentrotus lividus

A E

Figure 3 — Stained spherulocytes of Paracentrotus sea urchins in different stages of maturation.
A-L — Spherulocytes of P. gaimardi; M-Z — Spherulocytes of P. lividus. A-D and M-P — Red
spherulocyte; E-H and Q-T — Colorless spherulocyte; I-L and U-Z — Granular spherulocyte. A,
E, I, M, Q, and U — Early stage; B-C, F-G, J-K, N-O, R-S, V-X — Intermediate stage; D, H, L, P,
T, Z - Final stage. A-L and Q-Z — Mallory trichrome; M-P — Toluidine blue. Scale: 10 um.

Paracentrotus gaimardi Paracentrotus lividus

Figure 4 — Scanning electron microscopy of Paracentrotus sea urchins spherulocytes in
different stages of maturation. A-1 — Spherulocytes of P. gaimardi; J-R — Spherulocytes of P.
lividus. A-C and J-L — Red spherulocyte; D-F and M-O — Colorless spherulocyte; G-1 and U-Z —
Granular spherulocyte. A, D, G, J, M, and P — Early stage; B, E, H, K, N, and Q — Intermediate
stage; C, F, I, L, O, and R — Final stage. Scale: A-Jand L-R =5 pm; K =10 pum.
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Red spherulocyte Colorless spherulocyte Granular spherulocyte
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Figure 5 — Morphometric characteristics of Paracentrotus gaimardi and Paracentrotus lividus
spherulocytes. A-C — Nucleus diameter; D-F — Cytoplasm diameter; G-1 — Nucleus/Cytoplasm
Ratio. Capital letters — P. gaimardi, Small letters — P. lividus. For each parameter, distinct
letters show significant differences among stages (p < 0.05); asterisk (*) shows significant
differences between species (p < 0.05).
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Paracentrotus gaimardi
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Figure 6 — Spherule diameter of red spherulocytes in Paracentrotus gaimardi and
Paracentrotus lividus. A and B — Pearson correlation between nucleus diameter and spherule
diameter in P. gaimardi and P. lividus respectively. C — Comparison of spherule diameter in
different maturation stages in P. gaimardi and P. lividus. Capital letters — P. gaimardi, Small
letters — P. lividus. Distinct letters show significant differences among maturation stages (p <
0.05).
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x Early stage

\ Intermediate stage

Nucleus size

\ Final stage

e e———l -
Spherule size and cytoplasm organization

Figure 7 — Proposed model for spherulocytes maturation, as seen by morphological and
morphometric features. In the early stage, spherulocytes present a large nucleus and an
unorganized cytoplasm filled with small spherules. During the maturation, the nucleus decrease
in diameter and the tiny cytoplasmic spherules fuse, becoming larger. In the final state, these
coelomocytes show the smaller nucleus diameter and the cytoplasm is filled with large
spherules. The colors and the shapes in the picture refer to the remarkable color and morphology
of the spherulocytes, either live or stained with Mallory’s Trichrome. Legend: Red = Red
spherulocyte; Blue = colorless spherulocyte; Pink = granular spherulocytes.

Tables

Table 1 — Total and differential cell counts of Paracentrotus sea urchins

Paracentrotus gaimardi  Paracentrotus lividus

Total cell count (cell/mL) 5.53x10°+5 410’ 5.35x10°+5.75x10°
Differentia cell count (%)

Phagocytes 77.8+1.8% 81.9+4.1%
Vibratile cells 5.8+ 1.46 7.74 £2.47

Red spherulocyte 10+ 045 * 503+£1.34
Colorless spherulocyte 6.39 £ 0.85 5.33 £ 0.91
Crystal cell >1 -
Progenitor cell - >1

a = Significant differences in T-student test (p < 0.05)
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Justificativa

Dentre os equinodermos, os Echinoidea tém sido tradicionalmente o grupo
mais bem estudado com relacdo as células celomaticas, em especial os equinoides
regulares. Sabe-se que estes organismos possuem quatro subpopulacGes celulares no
fluido celémico, que s&o os fagocitos, os esferuldcitos vermelho e transparente e as
celulas vibrateis. Os fagdcitos e os esferuldcitos vermelho sdo os tipos mais bem
estudados, tanto do ponto de vista morfoldgico quanto funcional, exercendo funcdes
como fagocitose e atividade bactericida. Para os esferuldcitos transparentes, sabe-se que
sua funcdo esta relacionada com atividade citotoxica. No entanto, para a intrigante
celula vibrétil, cujo nome deriva da presenca de um flagelo responsavel pelo movimento
da célula, muito pouco €é conhecido e mesmo as caracteristicas morfologicas tém sido
pouco observadas. Com relacdo a possivel funcdo desta célula, que ainda esta em
debate, as principais hipoteses destacam: a movimentacao do fluido celémico por meio
do movimento flagelar, ou a participagdo desta célula no evento de coagulacéo, devido a
liberacdo do contetdo cytoplasmatico. Neste contexto, este capitulo se propbe a
preencher uma das lacunas no conhecimento da célula vibratil: o entendimento
detalhado da sua morfologia. Assim, o objetivo foi fazer uma caracterizagdo
morfolégica detalhada da célula vibratil, utilizando uma abordagem integrativa. Para
isso, foram utilizados dados de células vivas em suspensao, preparacdes citoquimicas,
microscopia eletrdnica de transmissdo e varredura, além da analise quimica do conteddo
da célula por meio de espectroscopia de raios-X. Com isso, foi possivel fazer uma
caracterizacdo detalhada da morfologia da célula vibrétil e obter informacdes sobre o
conteddo das esférulas citoplasmaticas, além de informacdes sobre um possivel
processo de maturacdo deste celomacito. Por fim, a funcdo fisiologica desta célula é

discutida, & luz dos novos dados obtidos aqui.
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Vinicius Queiroz, Enrique Rozas, and Marcio R. Custddio (2020) The main
coelomic cell types currently recognized in echinoids (sea urchins) are phagocytes,
spherulocytes, and vibratile cells. The latter is poorly studied, and the scarcely available
data have been obtained through either live cell suspensions or transmission electron
microscopy. In this study, we provide a detailed characterization of the vibratile cell of
the cidaroid sea urchin Eucidaris tribuloides using an integrative approach based on live
cells, cytochemistry, scanning, and transmission electron microscopy and energy-
dispersive X-ray spectroscopy (EDS). Cytochemical preparations using toluidine blue
showed different putative maturation stages characterized by a decrease of cytoplasm
diameter, an increase of metachromasy, roughness of the cytoplasm and Nucleus-
Cytoplasm Ratio, which were confirmed by SEM examination. In TEM analyses,
cytoplasmic spherules of similar size filled with a cotton-like material were remarkable.
The chemical composition obtained in EDS analyses showed very low levels of
nitrogen, which supports the cytochemical results. A profile of this cell is provided and
its role as progenitor cell is discussed. The results indicate that this cell subpopulation is
not homogenous, but shows different stages of development in the coelomic fluid.

Keywords: Coelomocytes, cell physiology, Echinodermata, integrative approach,

maturation process.
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BACKGROUND

Echinoids (sea urchins) have been the most commonly employed model in
works addressing echinoderm coelomocytes (Matranga et al. 2000; 2002; 2005;
Ramirez-Gomez and Garcia-Arraras 2010; Smith et al. 2010; Branco et al. 2013; 2014;
Stabili and Pagliara 2015; Romero et al. 2016; Manzo et al. 2017). Based on these
studies, three different coelomocyte populations are usually recognized in echinoid
coelomic fluid: phagocytes, spherulocytes (red and colorless) and the poorly known
vibratile cell (Chia and Xing 1995; Smith et al. 2006; 2010; Ramirez-Gémez and
Garcia-Arraras 2010; Silva 2013; Deveci et al. 2015). The latter is characterized by its

rounded outline, spherulous cytoplasm, and a prominent flagellum.

Such flagellated cells were also reported in the coelomic fluid of Ophiuroidea,
Asteroidea, and Holothuroidea (Kindred 1924; Johnson and Beesan 1966; Kanungo
1979; Xing et al. 2008). Echinodermata seems to be the only metazoan group known to
have constitutive free-circulating flagellated cells in the coelomic cavity (Kanungo
1979; Smith 1981). On the other hand, flagellated protozoans have been commonly
recorded living inside the digestive tract of arthropods (Kitade 2004; Ohkuma 2008;
Berlanga, et al. 2009; Ohkuma et al. 2009; Duarte et al. 2017). For example, many
species of flagellated protozoa have been described as symbionts in termites (Isopoda:
Insecta) and cockroaches (Blattaria: Insecta), where these organisms help with cellulose
digestion (Yoshimura et al. 1993; Pester and Brune 2007; Ni and Tokuda 2013). This
kind of relationship involving flagellated protozoans has not been reported in
echinoderms. Even so, symbiotic protozoans from other groups (e.g. ciliates) have been
commonly found within sea urchins (Beers 1948; Berger 1964; Xu et al. 2008; Wells
2013), and the vibratile cells had already been considered as an endoparasitic protozoan
(Cuénot 1912).

Nowadays, the vibratile cell is widely accepted as a constitutive sea urchin
cell, though its real physiological role is still unknown. The most accepted functions are
related to clotting or mixing of coelomic fluid (Bertheussen and Seljelid 1978; Ramirez-
Gbmez and Garcia-Arraras 2010; Smith et al. 2010; Deveci et al. 2015), but some
authors have hypothesized that they could actually represent a progenitor line (Liebman
1950; Isaeva 1994, Eliseikina and Magarlamov 2002). The few works addressing the
vibratile cell have used either light (Johnson 1969a; Bertheussen and Seljelid 1978;
Laughlin 1989; Deveci et al. 2015) or transmission electron microscopy (TEM — Chien
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et al. 1970; Vethamany and Fung 1972; Deveci et al. 2015). Still, except for Johnson
(1969b), most studies do not bring any further specific detail (Liebman 1950; Holland et
al. 1965; Deveci et al. 2015).

Recent works addressing bivalve and sea urchin blood cells (Rebelo et al.
2013; Queiroz and Custodio 2015) demonstrated that the use of different methods in an
integrated way can reveal highly relevant information. In this context, we provide an
extensive characterization of this poorly known coelomocyte, the vibratile cell of
Eucidaris tribuloides, using an integrative approach including suspension of live cells,
cytology, and electron microscopy (scanning and transmission). Based on
morphological features, a putative maturation sequence was proposed. To complement
the cytochemical analyses, this cell was analyzed by energy-dispersive X-ray
spectroscopy (EDS) in order to determine the elemental profile and investigate the
presence of non-usual (inorganic) compounds. The diagnostic features of the vibratile
cells are provided, and their role as a progenitor lineage is discussed, including the
description of a possible alternative for this role. Using these techniques we were able to
describe the cellular ultrastructure and verify that this cell subpopulation is not

homogenous, but present different stages of development in the coelomic fluid.

MATERIAL AND METHODS
Animals and coelomocytes collection

Ten specimens of Eucidaris tribuloides were collected in the Sdo Sebastido
Channel and maintained at room temperature in marine aquaria at the Laboratério de
Biologia Celular de Invertebrados Marinhos (IB-USP). Coelomocytes were extracted
with a syringe preloaded with isosmotic anticoagulant solution (20 mM
ethylenediamine tetraacetic acid (EDTA), sodium chloride 460 mM, sodium sulfate 7
mM, potassium chloride 10 mM, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) 10 mM, pH 8.2; Dunham and Weissman 1986) in the peristomial membrane,
and withdrawing the coelomic fluid up to a final dilution of 1:1 (Borges et al. 2005;
Queiroz and Custddio 2015). The density of the cell suspension was calculated with the
aid of a Neubauer chamber and adjusted afterward to 1x10° cells/ml with the

anticoagulant solution.
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Light microscopy

Live cells were observed immediately after extraction. Measurements were
obtained from 25 cells of each type using a digital imaging system (Opton). Cytological
procedures included the preparation of microscopy slides using two different methods:
(i) live cells were deposited on slides using a cytocentrifuge. This method uses low-
centrifugal force to deposit and flatten isolated cells on microscopy slides. The coelomic
cell suspension was spun (FANEN 248, 8 x10* cells per spot, 80 x g/5 min — Custédio
et al. 2004) and fixed for 45 min in a closed vial containing some drops of formalin
(formaldehyde 37%) on gauze swabs (formaldehyde sublimate - Martoja and Martoja
1967) or (ii) cells were collected directly in anticoagulant solution with glutaraldehyde
2.5% (final concentration), fixed for 4h at 4°C and cytospun in the same way. The slides
were stained with hematoxylin and eosin (H&E), Mallory’s Trichrome (MT) or
Toluidine Blue (TB) following standard methods (Martoja and Martoja 1967; Behmer et
al. 1976), and mounted with non-aqueous synthetic medium (Entellan, Merck). Cells
were characterized according to overall shape, nuclear characteristics and cytoplasmic
affinity to stains, following descriptions in the literature (e.g. Liebman 1950; Holland et
al. 1965; Johnson 1969b). Putative maturation stages were determined according to
cytochemical and structural differences of nuclei and cytoplasm content, following the
sequence and general morphological features provided by Fontaine and Hall (1981).
Measurements were also taken in the slides from 25 cells of each maturation stage (and

from 25 putative progenitor cells), using the same digital imaging system as above.

Electron microscopy

For scanning electron microscopy (SEM), fixed cells were cytospun on
coverslips (FANEN 248, 8 x10* cells per spot, 80 x g/5 min) and washed once in Milli-
Q water for 20 minutes. Afterward, the coverslips were air-dried in a laminar flow
cabinet at room temperature, dehydrated under vacuum (6-12 h) and then stored at room
temperature in a closed container with silica gel. Finally, the coverslips were attached
on stubs, sputter-coated with a 40-60 nm thick layer of gold and photographed in a
scanning electron microscope (Sigma VP, Zeiss). For transmission electron microscopy
(TEM), cells directly fixed in 2.5% glutaraldehyde by 4 hours were prepared following
Taupin’s (2008) method. Briefly, the coelomocytes were embedded in agar 2.5%,

postfixed in osmium tetroxide (1%) with 0.1 M sodium cacodylate buffer at pH 7.4 for
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2 h at 4°C, dehydrated in a graded ethanol series (50-100%) and embedded in resin
(EMbed-812, Electron Microscopy Science). Ultrathin sections were stained with uranyl
acetate and lead citrate (30 and 5 min, respectively) and examined in a Zeiss EM900

electron microscope.

Energy-dispersive X-ray spectroscopy (EDS)

Analysis of the cytoplasmic elemental composition of vibratile cells was
carried out with the aid of an energy-dispersive X-ray spectroscopy (EDS) coupled to a
scanning electron microscope (Phenom World). Cells were collected as described above
in SEM procedures. After fixation, they were pelleted and washed twice by
centrifugation in anticoagulant solution. Subsequently, they were cytospun on
coverslips and attached on stubs. Ten vibratile cells in the medium stage of maturation
were analyzed and nuclear and cytoplasmic elemental composition of at least two spots
on each region was obtained. The elemental composition of spots on the glass coverslip
(control) was also analyzed. Results were normalized and the values express elemental
mass percentage in each spot. The values of some elements recorded during the analyses
(oxygen, magnesium, aluminum, and silicon) were omitted from the results because
they were very variable in all samples (oxygen) or did not belong to the sample itself
(glass constituents — magnesium, aluminum, and silicon). The following parameters
were used during analyses: Accelerating VVoltage of 20-25 keV, Working Distance of 10

mm, Spot Size (as a percentage given by the equipment) of 60%.

Statistical analyses

Data on the nucleus and cytoplasm diameter of live and stained vibratile cells
are presented as mean value * standard deviation. To the putative progenitor cells, only
measurements of stained cells are provided. Nucleus-Cytoplasm Ratio (NCR) was
calculated from the nucleus and cytoplasm diameter for both coelomocytes. One-way
analysis of variance (ANOVA; GraphPad InStat Statistical Software v. 3.0) was used to
test differences among nucleus and cytoplasm diameters and the NCR of different

maturation stages in the vibratile cells.
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RESULTS
Light microscopy

Live cells: In fresh preparations, vibratile cells swim actively by moving
their flagellum. These coelomocytes are spherical to subspherical, 7.7 £ 0.39 um in
diameter, ranging from 8.08 to 6.84 um; their nucleus is rarely visible and the
cytoplasm is filled with opalescent spherules ~1 um in diameter (Fig. 1A). These cells
have a long and evident flagellum, easily lost during handling and fixation, whose
length ranges from 22.6 to 34.6 um (Fig. 1A).

Cytospins: In cytological preparations, the vibratile cells showed 10.85 + 1.9
pum in diameter, with a slightly condensed, subcentral nucleus. The nuclear diameter
was 4.5 £ 0.7 um and a nucleolus was sometimes visible in H&E and Mallory’s
Trichrome. Cells prepared with these stains presented a lacy aspect in which the
vacuoles were apparently empty and the cytoplasm showed a slight affinity to Methyl
Blue present in Mallory’s Trichrome formulation. On the other hand, the cells showed
an apparently filled cytoplasm with variable shades of metachromasy when stained with
Toluidine Blue (Fig. 1 D-F). According to the cytoplasm roughness and TB affinity, a
possible maturation sequence could be observed and roughly divided into three stages:
lower (cells with a smooth cytoplasm, large diameter, quite spread in the cytospins, low
NCR, and low metachromasy), medium (cytoplasm diameter decreases and becomes
more granular whereas the NCR increases) and higher (cells have smaller cytoplasm
diameter, visibly granular, less spread and present high NCR) (Fig. 1D-F and 2). Cells
in all three stages could be observed in the same preparation (Fig. 3) and therefore are
not a result of the sample processing. Cytoplasm diameter was statistically different in
the higher stage of maturation (Fig. 2A) but the nucleus diameter was similar in all
maturation stages (p = 0.0744), although with a slight tendency to increase from the
initial to later stages. The NCR among the three categories was 0.35 (lower), 0.40
(medium) and 0.50 (higher), differing significantly among stages (p<0.0001) (Fig. 2C).

Electron microscopy

Scanning (SEM): The same putative maturation stages observed in light
microscopy were observed (Fig. 4A-C), in which cells in lower maturation stages had
the smoothest and flattest cytoplasm (Fig. 4A). Throughout the maturation process,
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vibratile cells in medium stages presented a rough and less flat cytoplasm, with visible
cytoplasmic spherules (Fig. 4B and E), culminating in a very rough and slightly
flattened cell in the higher maturation stages (Fig. 4C). In all these stages, spherical
masses were detected in the cytoplasm, usually associated with cytoplasmic spherules
(Fig. 4A-C and E). A single flagellum is present (Fig. 4D-F) and its insertion seems to
be directly in the cellular body (Fig. 4G). The diameter is constant along its all
extension (0.216 + 0.011 um), except in the terminal region, which has a smaller
diameter (0.09 = 0.008 um. Fig. 4F).

Transmission (TEM): Ultrastructural analyses showed that the vibratile cells
are usually spherical, and the nucleus has an irregular outline, being generally central.
Chromatin is mostly granular (Fig. 5A and B), and a lobed nucleus was sometimes
visible (Fig. 5C). A prominent nucleolus was not observed. The cytoplasm is packed
with spherules of similar size (Fig. 5A-F), each filled with a cotton-like material (Fig.
5A-F) and a more electron-dense eccentric sphere containing a granular core (Fig. 5C-
F).

Energy-dispersive X-ray spectroscopy (EDS)

The EDS analyses (Fig. 6A-B) show that the values of all elements were
always higher in the nucleus than in the cytoplasm, though less than 5%. The most
representative elements in the cell nucleus were carbon (3.16 £ 1.1 %), nitrogen (3.72 £+
0.9 %) and calcium (2.16 + 1.0 %). Phosphorus and sulfur had the lowest values (0.8 +
0.6 and 0.37 = 0.3% respectively). In the cytoplasm, the pattern was similar, but the
values were lower: carbon (0.97 £ 0.4 %), nitrogen (3.13 = 0.2 %) and calcium (1.57

0.3 %). Phosphorus and sulfur were not detected in the cytoplasm.

Possible progenitor cell

Cell types that could correspond to a progenitor line were observed in
cytospins and TEM preparations (Fig. 7A-C) and presented a uniform morphology. In
cytospins, they have round to oval shape (7.53 + 1.37 um), with a large condensed
nucleus (5.63 + 0.97 um) and reduced cytoplasm. The NCR was very high (0.75 £ 0.06)

compared to the vibratile cells. In transmission electron microscopy, nucleus, nuclear
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membrane, and its condensed chromatin were remarkable. No visible nucleolus was
present (Fig. 7A).

DISCUSSION

Similarly to other echinoderm coelomocytes (e.g. spherulocytes), the vibratile
cells have received various names such as: “vibratile corpuscles” (Kindred 1921;
Boolootian and Geise 1958); “vibratile globules” (Kindred 1924), “flagellated
phagocytes” or “flagellated cells” (Liebman 1950; MCrae 1959; Burton 1966).
Currently, “vibratile cell” is the accepted and frequent term (Smith et al. 2010;
McCaughey and Bodnar 2012; Deveci et al. 2015; Romero et al. 2016), with the

flagellum as its main distinctive characteristic.

The general morphological and cytochemical aspects of the vibratile cells of
Eucidaris tribuloides are similar to those of Strongylocentrotus droebachiensis, S.
purpuratus, S. franciscanus Paracentrotus lividus and Lytechinus pictus (Liebman
1950; Holland et al. 1965; Johnson 1969a; 1969b; Vethamany and Fung 1972;
Bertheussen and Seljelid 1978; Laughlin 1989; Deveci et al. 2015). Previous studies
have pointed out complex mucopolysaccharides in the spherules (Holland et al. 1965;
Johnson 1969b; Vethamany and Fung 1972; Deveci et al. 2015), and toluidine blue
metachromasia indicates the same in E. tribuloides.

A putative maturation sequence was observed, with changes according to
cytoplasm morphology and the content of the spherules. Immature cells had apparently
empty spherules and weak metachromasy (lower maturation levels), and those more
differentiated presented stronger metachromasy (higher maturation levels). Despite not
having described it in detail, Holland et al. (1965) were the only to remark such
differences. They noted that in the vibratile cells of S. purpuratus, the cytoplasm ranged
from violet to purple, corresponding respectively to our lower and higher maturation
stages. Additionally, similar morphological features interpreted as different stages of
maturation were seen in Eupentacta quinquesemita’s coelomocytes (Fontaine and Hall
1981). However, as stated by Fontaine and Hall (1981), we also know that this
categorization is only an attempt to address the maturation process of the vibratile cell

and specific studies should be conducted.
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In addition to morphological features, cell measurements corroborate our
hypothesis on the maturation sequence. Cells in the lower maturation stage had lower
NCRs, with smaller nuclei and larger cytoplasm. On the other hand, those in higher
maturation stage showed a slightly larger nucleus, a smaller cytoplasm and higher NCR
(p<0.05). This is the opposite of the observed in spherulocytes (Queiroz and Custddio
2015), in which the decrease of the nucleus size follows the maturation sequence. The
vibratile cell seems to maintain the nucleus size during maturation, but the cytoplasm
becomes denser and therefore less spread in the cytospins, which is consistent with the
suggested functions of this coelomocyte (Ramirez-Gémez and Garcia-Arraras 2010;
Smith et al. 2010). The maintenance of constant nuclear size in both lower and higher
maturation stages is consistent with continuous RNA transcription, as described to cells
from other taxa (Cheng and Guida 1980; Sato et al. 1994; Schmidt and Schibler 1995;
Webster et al. 2009). This can indicate that this cell could indeed be involved in
continuous production/release of substances (for clotting?), as described by Johnson
(1969a) and Bertheussen and Seljelid (1978) in Strongylocentrotus sea urchins.

The knowledge on vertebrate blood cells is quite advanced, with data obtained
using a vast array of techniques from cytochemistry to metabolomics (e.g. Darghouth et
al. 2011; Arizza et al. 2014; Palis 2014). This holds true for the maturation process in
these organisms, since that main aspect, such as morphological changes (Thiele et al.
1990; Sohn et al. 1993) regulatory mechanisms (Tebbi et al. 1980; Raghavachar et al.
1987) as well as the expression of specific markers (Andreesen et al. 1986; Elghetany et
al. 2004) are well-known. On the other hand, except for insects (especially Drosophila
melanogaster), in which the knowledge is higher (Nakahara et al. 2010; Minakhina et
al. 2011; Vlisidou and Wood 2015; Letourneau et al. 2016), studies with invertebrate
circulating cells are scarce. To invertebrates, the maturation process of coelomocytes
has usually been inferred through morphological changes (Cheng and Guida 1980;
Weinstein 2006; Rebelo et al. 2013), and this is also true for Echinodermata (Fontaine
and Hall 1981; Queiroz and Custodio 2015). To this latter, although some fluorescent
markers are available (Lin et al. 2007; Li et al. 2010), their use to identify distinct cell
lines is unusual. Similarly, in vitro studies are scarcer since the maintenance of cultured
coelomocytes is a real obstacle (Chia and Xing 1995). Until now, the morphological

approach seems to be the most successful way (or the only one) to study the maturation
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process in invertebrate immune cells (Cheng and Guida 1980; Fontaine and Hall 1981,

Rebelo et al. 2013; Queiroz and Custodio 2015), showing interesting results.

Few studies have analyzed echinoderm coelomic cells under SEM (Kaneshiro
and Karp 1980; Fontaine and Hall 1981; Silva and Peck 2000; Xing et al. 2008; Grand
et al. 2014). However, morphological studies using this technique can complement
TEM analyses. For instance, cytoplasmic spherules, the flagellum and the electron-
dense region of vibratile cells can be observed with both techniques. Ultrastructural
features observed in light microscopy, such as the border of the spherules and their
electron-dense eccentric sphere, are represented in the membrane when the cell is
flattened in cytospins and can be detected in SEM (cf. Fig. 1 (insets) and Fig. 5A-C). In
scanning electron microscopy, the cytoplasmic spherules appear as regular polygonal
objects, each with a spherical mass in the periphery, corresponding to the electron-dense
region seen in TEM (cf. Fig. 4B and 5E). Similar features were also observed in S.
franciscanus and S. droebachiensis (Chien et al. 1970; Vethamany and Fung 1972),
described as “parallel rows of granular material” and attributed to the conversion of
material from one zone to the other, i.e our ES to GC regions. Vethamany and Fung
(1972) suggest that this structure could be a less hydrated region, and we also found this
electron-dense sphere with its highly electron-dense core (cf. Fig. 5E). In addition, a
region in a putative early dehydration stage was found (cf. Fig. 5F), as stated in previous
works (Chien et al. 1970; Vethamany and Fung 1972).

Without the presence of the flagella, vibratile cells could be mistaken with
spherulocytes in TEM analyses, due to a large number of vacuoles found in both
(Queiroz and Custodio 2015). Two particular features of the former can be used to
avoid any potential confusion: the large, irregular and commonly centralized nucleus,
with condensed chromatin; and vacuoles filled with a cotton-like material, sometimes
with an electron-dense region in its periphery containing a darker core. In contrast, in
SEM using cytospun cells, vibratile cells can look similar to phagocytes (cf. Fig. 4A).
Even so, they have a more homogeneous cytoplasm, even in higher maturation stages,
the nucleus is more central, less distinct, and the cells themselves are usually more
spread than the phagocytes (cf. Fig. 4A and D). This set of morphological features can
thus be used to avoid misidentification in both transmission and scanning electron

microscopy approaches.
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Except for studies addressing vanadium in ascidian blood cells (Botte et al.
1979; Tullius et al. 1980; Pirie and Bell 1984; Michibata et al. 1986; Frank et al. 1995;
Michibata 1996), few works using X-ray spectroscopy to access invertebrate
coelomocytes have been carried out. Those are focused mainly on the toxic effect of
nanoparticles (Falugi et al. 2012; van der Ploeg et al. 2014; Bouallegui et al. 2017). The
elements identified in the vibratile cells were C, N, Ca, P and S, and their levels were
very low (less than 5% regardless of the location. Fig. 6B) when compared with other
coelomocytes with inclusions analyzed during this work, e.g. colorless (C = 14.11%, N
= 5.25%, Ca = 1.79%, P = 0.22%, S = 0.65%) and granular spherulocytes (C = 10.25%,
N =9.28%, Ca = 1.15%, P = 0.12%, S = 3.56%). Different from other studies, in which
X-ray microanalyses were able to find atypical chemical elements in invertebrates, such
as vanadium, bromide, chromium or arsenic (Michibata et al. 1986; Gleeson et al. 1993;
Aradjo et al. 2003; Gilbert and Avenant-Oldewage 2017), only the usual cellular
constituents were detected in our analyses. However, special attention should be given
to the low concentration of nitrogen detected in the cytoplasm. The vibratile cell shows
no affinity to acid fuchsin in the Mallory’s Trichrome, used to stain protein content
(Nielsen et al. 1998), but some metachromasy was revealed by Toluidine Blue.
Therefore, the lower concentration of nitrogen in the cytoplasm (3.13%), in comparison
with spherulocytes, can be attributed to structural proteins rather than cytoplasmic
spherule content, corroborating the idea of a non-peptide rich moiety in vibratile cell

vacuoles.

Currently, three main hypotheses on the role of vibratile cells have been
considered (lsaeva 1994; Eliseikina and Magarlamov 2002; Ramirez-Gomez and
Garcia-Arraras 2010; Smith et al. 2010). Some authors had already pointed out a stem
function and, according to this idea, these cells could serve as a precursor to other
coelomocytes (Liebman 1950; Isaeva 1994; Eliseikina and Magarlamov 2002). Such
functions are commonly ascribed to progenitor cells, another coelomocyte characterized
by a small spherical shape and high Nucleus—Cytoplasm ratio (Fontaine and Lambert
1977; Smith 1981). Similar features are found in cells with differentiative capacity in
other taxa, from sponges (as polybasts Simpson 1984) to annelids (neoblasts Sugio et al.
2008; 2012) and arthropods (prohaemocytes Lavine and Strand 2002; Perveen and
Ahmad 2017). In echinoids, they were recorded in Echinus esculentus (Smith, 1981),

and had their ultrastructure detailed in the sea cucumber Cucumaria normani (Smith
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1981). In our study, we also found coelomocytes similar to C. normani progenitor cells
in both TEM and cytospin preparations (cf. Fig. 7). The morphology of the vibratile cell
differs completely from that expected for a cell involved with stem functions, i.e. large
nucleus, high NCR and a very thin cytoplasm, characteristics found in our putative
progenitor cell. Furthermore, results using tritiated thymidine have indicated that
vibratile cells do not synthesize DNA (Holland et al. 1965) and therefore probably some

proliferating cell type must be differentiating into vibratile cells.

The other possibility is that vibratile cells could be involved in coelomic fluid
mixing (Cuénot 1981). However, flagellated or ciliated cells intended to move fluids
(e.g. sponge choanocytes, protonephidial cells or ciliated peritoneum) are usually found
attached to some matrix or tissue (Grimmer and Holland 1979; Leys and Eerkes-
Medrano 2006; Kieneke et al. 2008). This attachment is necessary to perform such
mechanical function. As said by Johnsson (1969a) “In hanging drops vibratile cells,
though they jostle other cells during their constant movement, do not radically change

the position of other cells nor cause major mixing of the fluid”.

The last hypothesis advocates clotting as the main function. According to in
vivo observations of Johnsson (1969a) and Bertheussen and Seljelid (1978), coagulation
started with a mucous substance secreted from vibratile cells. Previous studies, using
cytochemical and ultrastructural approach, have shown the presence of such substances
inside cytoplasmic granules (Liebman 1950; Holland et al. 1965; Johnsson 1969b;
Chien et al. 1970; Vethamany and Fung 1972; Deveci et al. 2015). Another important
characteristic is the highly specialized morphology of the vibratile cell, which suggests
that these cells might, in fact, be involved in the clotting process.

CONCLUSIONS

Despite the growing increase in the understanding of echinoderm coelomic
cells and their biological roles, the vibratile cell is yet one of the most poorly studied
coelomocytes. Here we provide relevant information about its morphology and
chemistry, as well as a proposal of a putative maturation process, highlighting as an
integrative approach can be useful. Although the specific function of this coelomocyte
has not been confirmed yet, it seems to be involved in coagulation events. In view of the

contrasting morphology from the putative progenitor and the vibratile cell, we believe
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that the latter does not fit the requirements to perform a stem cell role. Likewise, its
location in the sea urchin body and its highly specialized morphology do not meet the

requirements to assume a coelomic fluid movement function.
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Figures and Captions
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Figure 1 — Light microscopy of the vibratile cell of Eucidaris tribuloides. A — Live cell in
light microscopy; A inset — Live cell (arrow) in phase-contrast microscopy, highlighting
the cytoplasmic spherules; B-F — Fixed cytospun cells. D-F — Toluidine Blue; lower,
medium and higher maturations stages respectively; D-F insets — Live cytospun cells in
the same stage. B — Hematoxylin and Eosin; C — Mallory’s Trichrome. Scale: 10 pm; A,
D-F insets: 5 um.
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Figure 2 — Measurements of the vibratile cell of Eucidaris tribuloides according to its
maturation level. A — Cytoplasm diameter; B — Nucleus diameter; C — Nucleus/
Cytoplasm Ratio (NCR). * Different letters have statistical significance.
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Figure 3 — Light microscopy of toluidine blue-stained vibratile cell of the Eucidaris
tribuloides highlighting different maturation stages in the same area. A — Lower maturation
stage; B — Lower and medium maturation stage; C — Higher maturation stage. Legend: F =
Flagelum; H = higher maturation stage; L = lower maturation stage; M = medium maturation
stage. Scale: Main board = 25 pm; Insets A-C = 10 um.

Figure 4 — Scanning electron microscopy of the vibratile cell of Eucidaris tribuloides. A-C —
Maturation stages of vibratile cell (lower, medium and higher respectively); D — Overview of
a medium maturation stage of the vibratile cell showing the flagellum and the cellular body; E
— Cellular body highlighting the flagellum (arrow), the cytoplasmic spherules (dashed circle
and white arrowhead) and the spherical masses (black arrowhead); F and G — Terminal
portion and insertion site of the flagellum (arrow). Legend: Ph = Phagocytes; arrow =
flagellum insertion; black arrowhead = spherical masses; dashed circle = boundary of the
cytoplasmic spherule; white arrowhead = cytoplasmic spherules. Scale: A = 10 um; B-E = 4
pm; Fand G = 1um.
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Figure 5 — Transmission Electron Microscopy of the vibratile cell of Eucidaris
tribuloides. A and B — Whole cell showing nuclei and spherules; C — One lobed nuclei; D
— Spherules in detail showing its irregular cotton-like material; E — One spherule with its
irregular cotton-like material, electron-dense eccentric sphere, and the highly electron-
dense granule core; F — Spherule with a forming granular core. Legend: ES = electron-
dense eccentric sphere; F = flagellum; FGC = forming granule core; GC = granule core;
LN = lobed nuclei; N = nuclei; Sp = spherule. Scale: AandB=2pum; Cand D=1 um; E
and F=0.5 ym.
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Figure 6 — Elemental concentration in the vibratile cell. A — Overview of vibratile cell in
scanning electron microscope coupled to EDS; B — Elemental concentration in the
cytoplasm (grey) and nucleus (black); Inset — EDS Spectrum for vibratile cell cytoplasm.
Legend: 1 = cytoplasm; 2 = glass coverslip; n = nucleus. Scale: A = 10 um.
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Figure 7 — Possible progenitor cell of Eucidaris tribuloides. A — Transmission electron
microscopy; B and C — Light microscopy stained with Toluidine Blue and Hematoxylin
and Eosin respectively. Legend: Arrowhead = nuclear membrane; N = Nuclei. Scale: A =
1um; Band C =10 um.
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Justificativa

Embora os Echinoidea sejam o grupo mais bem estudado de equinodermos
com relagdo as células celémicas, estes estudos frequemente utilizam a fragdo total de
células, ou fragdes enriquecidas, contendo predominantemente um determinado tipo
celular. Para os equinodermos, o isolamento dos celomadcitos ainda ndo € uma realidade
e mesmo tecnicas mais sofisticadas, como por exemplo, a citometria de fluxo, ndo se
mostraram eficientes. Aparentemente, o problema parece residir em dois grandes
entraves: (1) a falta de marcadores especificos para cada tipo celular, e (Il) a
sobreposicdo das diferentes subpopulagdes de esferuldcitos devido a similaridades de
tamanhos e granulosidades peculiares do processo de maturagdo. No entanto, uma nova
técnica de citometria, denominada de citometria de fluxo por imagem (CFl), se mostrou
promissora para o estudo dos celomacitos dos equinodermos. Nesta técnica, além do
registro do tamanho, granulosidade e fluorescéncia de cada particula observada, uma
foto também é tirada, propiciando a analise da morfologia. Com isso, esta técnica se
mostrou bastante adequada para os celomdcitos dos echinodermos, que tém sido
tradicionalmente estudados por meio da morfologia. Assim, este capitulo traz os
resultados das analises dos celomacitos de Arbacia lixula e Lytechinus variegatus, por
meio da citometria de fluxo por imagem. Gates com as mesmas subpopulacdes
celémicas isoladas foram obtidos pela primeira vez para duas espécies diferentes, além
dos parametros utilizados para a obtencdo destes gates. Adicionalmente, foi testado se
esta técnica seria eficiente no monitoramento das condi¢es fisioldgicas dos organismos
e para isso, avaliou-se a frequéncia das populacdes celomaticas de Arbacia lixula apds a
inducdo de uma infeccdo bacteriana, utilizando a bactéria Escherichia colli.
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Abstract

Our study aimed to characterize coelomocytes of two sea urchin species,
Arbacia lixula, and Lytechinus variegatus, as well as to study the physiological function
of these cells during bacterial infection. An analysis of area and aspect ratio parameters,
using imaging flow cytometry (IFC), allowed the identification of two main cell
populations in the coelomic fluid: circular and elongated cells. A combination of this
method with nucleus dye labeling using propidium iodide allowed the determination of
gates containing isolated subpopulations of vibratile cells, red spherulocytes, and
phagocytes in both species. Moreover, two different subpopulations of phagocytes
(large and small) were distinguished. We observed an increase in the abundance of
phagocytes and a decrease in that of spherulocytes and vibratile cells as a response to an
Escherichia coli infection in A. lixula. Thus, as seen here, the use of IFC may facilitate
coelomocyte studies, allowing functional characterization of large numbers of cells by
employing simple but accurate experimental procedures, in addition to identifying
specific gates for main subpopulations. Still, we provide the first experimental evidence

about the function of vibratile cells, corroborating its physiological function

Keywords: Cytology, echinoderm immunity, invertebrate physiology, red spherulocyte,

vibratile cell
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INTRODUCTION

Echinoderms are marine deuterostome invertebrates characterized by their
calcareous endoskeleton and remarkable pentamerous symmetry (Pawson 2007). They
typically have six to eight main cell types in their coelomic fluid (Chia and Xing 1995).
These cells, termed coelomocytes, are important for physiological functions such as
regeneration (Garcia-Arraras et al. 2006), phagocytosis (Faria and Silva 2008),
encapsulation of foreign matter (Canicatti and D'Ancona 1989), and clotting
(Bertheussen and Seljelid 1978). Recent studies examined these cells at different levels,
including morphology and ultrastructure (Deveci et al. 2015; Queiroz and Custddio
2015), physiological functions (Matranga and Bonaventura 2002; Arizza et al. 2007),
biotechnological applications (Haug et al. 2002), and their potential use for bio-

monitoring (Matranga et al. 2005).

Regardless of the research topic, two main approaches have been commonly
employed in studies addressing echinoderm coelomocytes: use of samples containing all
coelomic cell types or use of (semi-)purified populations (Haug et al. 2002; Dolmatova
et al. 2003). For the latter, the most common method is based on standard protocols of
centrifugation by density gradients using sucrose (Lindsay et al. 1965), Percoll (Smith
et al. 1992), or Ficoll (Messer and Wardlaw 1979), among others (Arizza et al. 2007;
Canicatti et al. 1990). However, these methods typically yield fractions with more than

one cell type (Gerardi et al. 1990).

Recently, numerous attempts have been made to establish protocols for flow
cytometry (Coteur et al. 2002; Xing et al. 2008). However, there are considerably few
fluorescent markers for specific cell types of echinoderms (Lin et al. 2007; Liao and
Fungmann 2017); therefore, most works used only structural parameters (side and
forward scatter — Xing et al. 2008; Romero et al. 2016). In these studies, gates for
specific cell populations could not be defined, and both methods only yielded enriched

subpopulations (Arizza et al. 2007; Romero et al. 2016).

The main problem when working with flow cytometry is similar to that seen

when using gradient methods: specific coelomocytes can undergo a sequence of
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maturation stages (Chia and Xing 1995; Queiroz and Custdédio 2015), and during this
process, density, size, and/or granularity of different populations may overlap with that
of other cell types. This restricts the separation of monotypic layers, in the case of
density gradients, or the identification of gates containing isolated populations in

cytometers (Romero et al. 2016).

In recent years, imaging flow cytometry (IFC) has been adopted in several
studies on vertebrates (e.g. human cells and/or extracellular corpuscles — Basiji et al.
2007; Henery et al. 2008; Headland et al. 2014; Clark 2015) This method produces
digital images of every single registered particle, which can then be analyzed in
combination with the typical cytometry parameters to obtain additional data from the
cell suspension. As stated by Barteneva et al. (2012) ’this method allows for the
acquisition and identification of tens of thousands of cellular events based on their
fluorescent and morphological parameters. Traditional identification of coelomocytes
based on their morphology can be considerably useful in studies on echinoderms (Smith
1991; Queiroz and Custddio 2015).

Regarding the understanding of the physiological function of echinoderm
coelomocytes, sea urchin has been the most studied model (Smith et al., 2010; 2018).
There are evidence, based on experimental studies, showing that phagocytes are
involved in phagocytosis (Arizza et al. 2013), while red and colorless spherulocytes are
involved in antibactericidal and cytotoxic activities respectively (Arizza et al. 2007,
Coates et al. 2017). For vibratile cells, although the most accepted hypotheses have
suggested their involvement in coelomic fluid circulation or clotting reactions (Cuénot,

1981; Johnsson, 1969), there is no experimental evidence.

Thus, in the present study, we addressed the coelomic cells of two sea urchin
species: Arbacia lixula (AL) and Lytechinus variegatus (LV), in a comparative
perspective. The DNA/nucleus dye propidium iodide (Pl) and a correlation between
area and aspect ratio parameters were used to produce gates containing isolated
subpopulations in both species. Additionally, we applied IFC to investigate in vivo
cellular responses of coelomocytes of AL to a bacterial infection with Escherichia coli.
In addition to the response of phagocytes and red spherulocytes, we observed changes
in the vibratile cells, corroborating its involvement in sea urchin immune response.
Therefore, our results indicate that IFC can be used for characterizing coelomocytes and

for investigating changes in the response of each cell type to physiological alterations.
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MATERIAL AND METHODS
Study animals and immune cell collection

Two sea urchin species, one camarodont (LV) and one arbacioid (AL) were
collected from the S&o Sebastido Channel, Sdo Paulo State, Brazil, and transferred to
the Instituto de Biociéncias — Universidade de S&o Paulo. Coelomic fluid of three
respective individuals of each species was collected by inserting a needle into the
peristomial membrane and aspirating the fluid into a syringe containing 1.5 mL of a
fixation medium (2.5% glutaraldehyde) in an isosmotic anticoagulant solution (20 mM
ethylenediamine tetraacetic acid, 460 mM sodium chloride, 7 mM sodium sulfate, 10
mM potassium chloride, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, at
pH 8.2 — Dunham and Weissman 1986). Equal volumes of coelomic fluid were
collected, and the samples were stored at 4 °C for at least 6 h. After fixation, cell
suspensions were centrifuged at 150 x g for 10 min using an Eppendorf 5804R
centrifuge and the supernatant was removed; the cells were then resuspended using the
anticoagulant solution. This procedure was repeated three times to remove the fixation
medium. Cell density was counted using a Neubauer chamber and was adjusted to 1 x
107 cells/mL using the anticoagulant solution. Of this cell suspension, 50 pL was used
for cytometric analyses. Additional samples were collected from other specimens (n =
9) as described above; however, immediately before cytometric analyses, cells were
labeled using 1 pg/mL PI. In this additional analysis, only Pl-positive particles were
considered. To reduce differences regarding physiological competences and coelomic
fluid volumes, 21 similar-sized specimens of AL (4-5 cm in diameter) were used for the
infection experiments. All animals used in the experiments were kept at room
temperature in seawater tanks for one week to allow acclimation, as described in
Queiroz (2016).

Imaging flow cytometer data acquisition and analysis

Data acquisition was performed at the Central de Aquisicdo de Imagens e
Microscopia of the Instituto de Biociéncias (CAIMI-IB) using an imaging flow
cytometer (FlowSight, Amnis-Merck Millipore). Acquisition speed was set to ‘low’,
and the highest resolution was used. Roughly 20,000 cells were acquired based on area
(as pixels) and on the aspect ratio defined as the value of the minor axis divided by the
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major cell axis on channel 1. The focused cells were gated using root mean squared
(RMS) gradient, based on channel 1. Channels 1, 4, and 6 were used to analyze
brightfield, PI labeling, and side scatter (SSC) parameters, respectively, using IDEAS
software (Amnis-Merck Millipore). Cell debris and doublets were gated out based on
area and aspect ratio features (indicated in Fig. 1). Singlet cells were gated to separate
Pl-positive cells, and subpopulations of coelomocytes were determined based on area
vs. aspect ratio (Fig. 1). The width parameter was based on channel 1. Data on width
and cell percentage are presented as means + standard error of the mean. Differences in
percentage means between treatments (PI* and no Pl) or species were tested using a

Student’s two-tailed t-test at p < 0.05.

Bacterial culture and infection procedures

Escherichia coli (strain ATTC 11229) were cultured for 24 h before the
experiments using LB nutrient broth (Sambrook and Russel, 2001) at 37 °C. The culture
was collected after centrifugation at 5,000 x g for 15 min. The supernatant was
removed, and E. coli were mixed with sterile-filtered (pore size 0.22 pm) natural
seawater at a concentration of 1 x 10° cells/mL (Lee et al. 2001). Specimens of AL were
injected through the peristome with 1 mL of E. coli (treatment group) or with the same
volume of sterile natural seawater (control group) using a hypodermic needle (Lee et al.
2001). Before this experiment, the average cell density and coelomic fluid volume in the
coelom of AL were determined as 8.7 x 10° + 1.5 x 10° cells/mL and 6-7 mL per
individual (n = 5), resulting in a final proportion of 15-20 bacteria per coelomocyte in

the treatment group.

Experimental design

Twenty-one specimens of AL were assigned to one of three groups: the
treatment group, which was injected with E. coli in sterile natural seawater (n = 9); the
control group, which was injected with sterile-filtered natural seawater (n = 9); and the
untreated group, which comprised the animals sampled before the start of the
experiment (tp) to compare the health status of the individuals (n = 3). All individuals of
the control and treatment groups were injected at the beginning of the experiment (to),
and at 24, 48, and 72 h, and the coelomic cells of three individuals were collected at the
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same time of the day (10:00 h). Cells were fixated and analyzed as described above.
Only Pl-positive cells were considered in this analysis. Differences between means were
tested using a Student’s two-tailed t-test at p < 0.05.

RESULTS
Identifying coelomocyte populations

Using only the aspect ratio vs. area features, the coelomocytes were assigned to
two major populations: circular cells ([C]; aspect ratio 0.78-1, area 100-900) and
elongated cells ([E]; aspect ratio 0.2-0.6, area 100-900; Fig. 1). Within these two broad
categories, most coelomocyte subpopulations present in the coelomic fluid, i.e.
phagocytes, vibratile cells, and spherulocytes, were identified using IFC. In the circular
population, two different groups were observed: the first group comprised small circular
cells ([SC]; aspect ratio 0.78-1, area 100-200), and the second group comprised large
circular cells ([LC]; aspect ratio 0.78-1, area 250-450). In the elongated population, only
phagocytes were observed, which were subdivided into small elongated cells ([SE];
aspect ratio 0.2-0.6, area 100-300) and large elongated cells ([LE]; aspect ratio 0.2-0.6,
area 300-900; Fig. 1). Cell populations in the intermediate region ([1]; aspect ratio 0.6-
0.8, area 100-900) were heterogeneous as a mix of all subpopulations described above
was observed in this gate.

Characteristics of coelomocytes based on IFC

Regardless of the species analyzed, morphology and width were considerably specific to
each cell population, which facilitated coelomocyte recognition (Figs. 2 and 3; Table 1).
Nevertheless, Pl labeling was necessary to verify cell identification, mainly inside the
SC gate. In the initial analyses, this area contained objects with contrasting
morphologies in which the usual parameters (aspect ratio x area) could not be used for
population separation. According to their granularity and opacity based on SSC
characteristics, SC was divided into two subgroups: ‘less complex’ SC (SC.) and
‘complex’ SC (SCc; Fig. 2). To ensure that particles identified as SC, were not in fact
debris, the cells were labeled with PI1, and further analyses were conducted. Labeled
nuclei were only observed in SCc, indicating that SC, particles were debris (Fig. 3).
Regarding other cell types, both unlabeled and Pl-labeled cells provided very similar
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results; however, to avoid potential errors, all descriptions were based exclusively on

Pl-labeled samples.

The SC were characterized as dark and visibly vacuolated coelomocytes (Fig. 2
and 3), while the LC subpopulation comprised large round cells with a central nucleus,
granulous cytoplasm, and typically with a visible flagellum (i.e. vibratile cells — Fig. 2
and 3). SE comprised phagocytes with a peripheral nucleus and short cytoplasmic
expansions (Fig. 2 and 3). LE were phagocytes with remarkable cytoplasmic expansions
and with a subcentral nucleus, which was almost two-fold larger than that in SE (Fig. 2
and 3; Table 1). For each coelomic subpopulation, widths were very similar in both

species (Table 1).

Coelomocyte frequency in different sea urchin species

The distribution of the main coelomic populations in gates C, I, and E, was
very similar in both species, considering Pl-labeled samples. However, there were some
differences in the frequency of non-labeled coelomocytes (Table 1). Gate C comprised
most cells (57.17 £ 1.83% in AL, and 59.44 + 1.83% in LV) followed by E, which
varied from 33.08 £ 0.88% in AL to 30.41 + 1.53 in LV, and the less abundant
intermediate cells, ranging from 9.33 + 1.13% in AL to 9.74 £ 0.65 in LV (Table 1).
The frequency of specific coelomocyte subpopulations in unlabeled samples differed
from that in Pl-labeled ones (Table 1). In Arbacia lixula, SC cells were the most
abundant coelomocyte type in unlabeled samples, followed by SE and LC, while in the
species LV, SE, LC and SC were respectively the most abundant cell types. LE cells
were the most uncommon cell type in both species (Table 1). In contrast, in Pl-labeled
samples, LC were by far the most abundant coelomocytes (29.39 + 0.79% in AL and
29.22 + 0.85% in LV), followed by SC (11.77 £ 1.22% in AL and 8.09 + 1.58% in LV;
Table 1). LE were the third-most abundant cell type (7.05 £ 1.09% in AL, and 7.94 +
0.63% in LV), and SE were the least abundant coelomocyte type (1.74% in AL, and
1.54% in LV). Except for SC, there were no significant differences between species
(Table 1).

Experimental infection

Differences in coelomocyte frequencies of general and specific cell types were
observed during the time of the experiment and between control and treatment groups,
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mainly 48 and 72 h after E. coli injection (Fig. 4). In general, cell frequency in circular
cells was lower in the treatment than in the control group (apart from SC after 24 h).
However, a different pattern was observed regarding the frequencies of elongated
coelomocytes, which showed an increase (Fig. 4). The frequency of circular cells in
controls and untreated individuals was generally similar and differed significantly from
treated individuals (Fig. 4).

The treatment decreased the frequency of circular cells over the course of the
experiment (to about 15% after 24, 48, and 72 h) compared to the untreated group (Fig.
4A). Comparisons between control and treatment groups in the same period of time
showed significant differences (p < 0.05) after 48 and 72 h (Fig. 4). The percentage of
circular cells in the control group after 24 and 48 h was similar to that in the untreated
group (at 0 h), but was reduced after 72 h. The same general pattern was observed in
LC, the percentage of which decreased by nearly 20% in the treatment group, compared
to the control group (at 48 h; Fig. 4B). In contrast, SC showed a different pattern: the
treatment led to an increase in their abundance of almost 50% after 24 h, but to a

reduction after 48 and 72 h, compared to the control (Fig. 4C).

Elongated cells were less abundant than circular cells at 0 h (Fig. 4A and 4D),
and showed a distinct pattern in response to E. coli injections with higher abundance in
the treatment than in the control group. The treatment promoted an increase in the
abundance of elongated cells after 72 h (about 55%; Fig. 4D), of large elongated (LE)
phagocytes after 48 h (about 40%; Fig. 4E), and smaller elongated cells after 72 h
(about 80%; Fig. 4F). However, cell frequency in the gate | showed an increase in the
treatment group after 48 h (about 15%), but a decrease after 72 h, compared to the
control (Fig. 4G).

DISCUSSION
Coelomocyte populations

Flow cytometry has been used in some studies on coelomic cells of echinoderms,
apart from crinoids and ophiuroids (Xing et al. 2008; Coteur et al. 2002; Fafandel et al.
2008). Echinoidea is the most extensively studied group, and this technique was used to
measure DNA content (Fafandel et al. 2008), presence of neuroendocrine markers
(Koros and Pulsford 1993), multixenobiotic resistance proteins (Marques-Santos et al.
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2017), cytotoxic activity (Lin et al. 2001), and to generate of fluorescent markers (Lin et
al. 2007), among other applications. Despite these different approaches, few studies

succeeded in discriminating specific coelomocyte subpopulations.

Four main types of coelomocytes are typically recognized in echinoids, i.e.
phagocytes, vibratile cells, and red and colorless spherulocytes (Chia and Xing 1995;
Smith et al. 2018), but few studies using flow cytometry have identified coelomocytes
other than phagocytes (vibratile cells — Doussantousse et al. 2011; red spherulocytes —
Stabili and Pagliara, 2015). Using IFC, we identified most of the coelomocyte
subpopulations described in sea urchins (cf. Fig. 2 and 3). The gate containing LC
clearly comprised vibratile cells, which are the only flagellated coelomocytes in
echinoids (cf. Fig. 2 and 3), and SC cells were similar to red spherulocytes. These were
rather granular and showed darker coloration in the brightfield, probably due to
echinochrome-A. However, no cells morphologically similar to colorless spherulocytes

were discriminated.

Studies on live sea urchin phagocytes in suspension have reported petaloid and
filopodial forms (Chia and Xing 1995). However, small phagocytes and discoidal and
polygonal cells are typically observed after phagocytes attach and spread out on a flat
surface (Edds 1993; Gross et al. 2000; Majeske et al. 2013). Cells morphologically
similar to LE and SE observed using IFC were found in Dermasterias imbricate using
scanning electron microscopy (Kaneshiro and Karp, 1980). Only one previous study
successfully differentiated phagocytic subpopulations in echinoderms using
conventional flow cytometry (Coteur et al. 2002). In the present study, two distinct
phagocyte subpopulations were observed in two different species using IFC. The large
phagocyte resembled the petaloid form of discoidal and polygonal phagocytes due to its
bladder-like expansions (cf. Fig. 2 and 3). Indeed, SE cells matched the subpopulation
described by Gross et al. (2000). However, specific phagocyte subpopulation can only
be accurately identified based on cytoskeletal features, typically after spreading on a flat
surface (Edds 1993; Majeske et al. 2013). Additional studies are needed to further

elucidate these two phagocytic populations.

Data on cell type frequency and respective widths in the main gates (viz. C, E
and 1) followed the same pattern in both species, whereas the relative proportions of
specific subpopulations differed markedly (Table 1). The LC and SC cells were more

frequent in populations labeled with Pl and gated for nucleated cells, compared to
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unlabeled ones. In the latter, SC and SE populations were more frequent, probably due
to false-positive detection of small debris as whole cells (as observed in SC cells in the
initial analysis; e.g. Fig. 2). Therefore it is important to use Pl-labeling or other nuclear
markers to distinguish coelomocytes. Most previous studies referred to phagocytes as
the most frequent coelomocyte (Faria and Silva 2008; Smith et al. 2006; 2010);
however, this observation was not confirmed by our results. Numerous phagocytes were
observed in the intermediate region. As highlighted in the echinoderm literature (Edds
1993; Eliseikina and Magarlamov 2002; Matranga et al. 2005), petaloid and filopodial
cell morphology probably corresponds to different stages of the same cell type. Thus,
the fast fixation method used here may have captured phagocytes in a transitional state
and made them appear more rounded than elongated, which may have led to an

underestimation of the actual proportion of this subpopulation.

Experimental infection

Immune challenges, by injections of either bacterial cells or purified bacterial
factors (e.g. lipopolysaccharides or peptidoglycans), are useful to study immunological
functions in invertebrates (Harshbarger and Heimpel 1968; Géatschenberger et al. 2013)
including echinoderms (Yui and Bayne 1983; Ramirez-Gomez et al. 2010). In the
present study, we simulated an infection by injecting live E. coli in the coelomic cavity
of AL and observed coelomocyte population dynamics over 72 h. Studies assessing
immune challenges in echinoderms over more than 24 h are rare (Kaneshiro and Karp
1980; Ptytycz and Seljelid 1993), and most studies involved the assessment of the first
few hours after infection, typically only up to 48 h (Ptytycz and Seljelid 1993).

In the main cell gates (C and E), generally opposed trends in cell frequencies
were observed in infected animals: the number of circular cells decreased, whereas
elongated coelomocytes increased, compared to the control (cf. Fig. 4). In Holothuria
glaberrima for instance, a similar pattern was observed in individuals stimulated with
different pathogen-associated molecular patterns (PAMP) showing an increase in the
number of phagocytes and a decrease in the number of type-1 spherulocytes (Ramirez-
Gbémez et al. 2010). In Strongylocentrotus droebachiensis and S. purpuratus, a
remarkable initial decrease in cell frequency was observed in the first 6 h after infection,
followed by an increase after 24 h (Yui and Bayne 1983; Ptytycz and Seljelid 1993).
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In the present study, we observed a distinct change in the abundance of vibratile
cells, red spherulocytes, and large and small phagocytes in AL, which can be interpreted
as a physiological response to infection. Red spherulocytes have an antibacterial
function (Coates 2017), and phagocytes can remove foreign particles, including bacteria
(Smith et al. 2006). In contrast, there is no experimental evidence on vibratile cell
function. However, some in vitro studies have pointed out that this cell population
seems to be involved in defense mechanisms by degranulating during coagulation
events (Johnson 1969a; 1969b; Bertheussen and Seljelid 1978). According to Johnsson
(1969a), vibratile cells of Strongylocentrotus were able to ‘cause temporary stasis of the
coelomic fluid in areas of invasion by foreign liquid and other foreign material®. Smith
et al. (2010) stated that ’clotting could be an important physiological response,
functioning to block the loss of coelomic fluid, and to sequester pathogens and prevent
their invasion throughout the body‘. Furthermore, a recent study showed that
lipopolysaccharides can elicit cell aggregation (Majeske et al. 2013). Therefore, we
hypothesized that vibratile cells may be cooperating with other coelomocytes to
maintain homeostasis in AL. Based on our results, the reduction of LC and SC cells (i.e.
vibratile cells and red spherulocytes respectively) may be interpreted as a response in
order to prevent the spreading and proliferation of bacteria. Vibratile cells could thus be
involved in clotting reactions, possibly to immobilize pathogens (Johnson 1969a;
1969b; Bertheussen and Seljelid 1978) while red spherulocytes act antibiotically by
releasing echinochrome-A (Coates et al. 2018). Subsequently, an increase in phagocytes
(elongated cells) may be a strategy to cleanse the coelomic fluid of pathogens or foreign
particles, a fact already observed in other species (Yui and Bayne 1983). This sequence
might explain why the number of red spherulocytes and vibratile cells decreased in the
first 24 h and then remained stable, whereas the number of phagocytes increased

consistently.

Further interesting aspects can be seen in the intermediate region (cf. Fig. 4G).
In this gate, a remarkable increase in cell frequency was observed in infected
individuals, compared to the control. We suggest two hypotheses: first, these changes
may be a natural phenomenon in the coelomic fluid as coelomocytes are able to modify
their shape, as previously observed in spherulocytes and phagocytes (Smith et al. 2010;
2018); second, changes in proportions may be due to vibratile cells and red

spherulocytes modifying their shapes by releasing their contents, and the recruitment of
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circular and elongated cells during the inflammatory response. We found a remarkable
decrease in the number of vibratile cells and red spherulocytes, and an increase in the
number of phagocytes during the process. This is in line with the pattern observed in H.
glaberrima, which showed similar changes in coelomocyte frequency after PAMP
stimulation (Ramirez-Gémez et al. 2010). Accordingly, Ramirez-Gémez et al. (2010)
suggest that lipopolysaccharides may elicit an immune response in echinoderms,
thereby increasing the number of phagocytes and decreasing the number of

spherulocytes.

The technique used in the present study seems to be suitable for both cell
characterization and physiological investigation. Immediate coelomocyte fixation with
2.5% glutaraldehyde, a typical fixative for electron microscopy analyses, helped retain
the flagellum of vibratile cells and prevented substantial changes in phagocyte shape (cf.
Fig. 2 and 3), as previously reported (Kaneshiro and Karp 1980). However, the
conspicuous morphology of red spherulocytes was not conserved. Instead, a small
corpuscle was observed, which was considerably opaque due to the loss of pigments
during fixation. This is supported by two observations: (I) most red spherulocytes
observed using light microscopy (data not shown) presented the typical red coloration
but appeared shrunken, and (11) the fixative solution turned reddish during the process,
indicating that the cellular content of red spherulocytes partially leaked into the
solution. Regarding phagocytes, it is possible that the three different subpopulations, i.e.
discoidal, polygonal, and small phagocyte, show only two morphologies while in
suspension in the physiological coelomic fluid and can only be differentiated after
spreading on a flat surface. Moreover, the use of Pl provided more reliable information
as intact cells were differentiated from debris, and the noise was thus removed from the
data.

Taken together, the use of IFC can provide fast and more accurate measurements
to study the physiology of echinoderms (e.g. in studies on immune parameters and/or
using coelomocytes as endpoint — Coteur et al. 2002; Stabili and Pagliara 2015; Wang et
al. 2015; or on aquaculture — Wang et al. 2008; Shannon et al. 2015a; 2015b). This
method can provide new insights in coelomocyte studies and has previously been
applied in other phyla (Clark 2015; Erdbrugger and Lannigan 2016). With the present
study, we provide, for the first time, parameters for IFC that can be used for diverse

approaches as well as the first experimental evidence about vibratile cell function. This
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is evidenced by our results on A. lixula coelomocyte subpopulation dynamics in
response to experimental bacterial infection. We suggest the cooperation of different
coelomocyte populations during infections. Vibratile cells and red spherulocytes may be
involved in initial immobilization through clotting and neutralization, respectively, of
foreign particles, whereas phagocytes are responsible for cleansing the coelomic cavity
by phagocytosis. However, further studies on vibratile cells are needed, as a reliable
morphological characterization and experimental assessments of their physiological
functions are lacking. Still, it is necessary to know how the early cellular response in the
coelomic cavity happens, which will certainly help to understand the real function of

vibratile cells during foreign invasions.
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Figure 1 — Representative histogram of focused cells (line 1) gated based on RMS gradients of
brightfield channels for Arbacia lixula (AL) and Lytechinus variegatus (LV). The single cell
population (line 2) was determined in the focused cells (line 3) and was based on aspect ratio
versus area parameters of the brightfield channel. The histogram of Pl-labeled (PI") cells was
based on the intensity of channel 4 and adjusted to gate subpopulations (line 4). Three main
gates were assigned as indicated by circular (C), subdivided in small circular (SC) and large
circular (LC); intermediate (1); and elongated (E), subdivided in small elongated (SE) and large

elongated (LE).
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Figure 2 — Representative images of coelomocytes of Arbacia lixula (AL) and Lytechinus
variegatus (LV) without propidium iodide labeling. Subpopulations of coelomocytes of single
cells were based on aspect ratio, area, and granularity (SCC). Legend: small circular less
(SCL), small circular complex (SCC), large circular (LC), small elongated (SE), and large
elongated (LE), flagellum (black arrowhead). The number on each image indicates the record
number.
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Figure 3 — Representative images of propidium iodide labeled (PI") coelomocytes of Arbacia
lixula (AL) and Lytechinus variegatus (LV). From left to right: brightfield (channel 1 - gray),
PI" fluorescence (channel 4 - orange), and merging of the fluorescence and brightfield
channels. Legend: debris (Db), small circular (SC), large circular (LC), small elongated (SE),
large elongated (LE), flagellum (black arrow). The number on each image indicates the record
number.
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Fig. 4 — Coelomic cell dynamics of Arbacia lixula injected with Escherichia coli. A — Circular
cells; B — Large circular cells; C — Small circular cells; D — Elongated cells; E — Large
elongated cells; F — Small elongated cells; G — Intermediate cells. Legend: C = circular cells;
LC = large circular; SC = small circular; E = Elongated; LE = large elongated; SE = small
elongated; | = intermediate; letters indicate statistical significance (t-test at p < 0.05): a =
comparison of different time points in control group to untreated animals (0 h); b = comparison
of different time points in treatment group to untreated animals (0 h); ¢ = comparison of

treatment versus control group at the same time.
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Mecanismo de liberacao de equinocromo-A
pelo esferulocito vermelho de Paracentrotus lividus
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Justificativa

Dentre os principais tipos celulares do fluido celémico dos ourigos regulares
(i.e. fagdcitos, células vibrateis e esferulocitos), os esferulocitos vermelhos sdo o
segundo tipo mais bem estudado, perdendo apenas para os fagdcitos. Para o0s
esferuldcitos vermelhos — uma célula preenchida com vesiculas de cor avermelhada
gracas ao equinocromo-A, e com intenso movimento amebdide — muitas fungdes
discrepantes ja foram propostas. Contudo, atualmente é aceito que a atividade
bactericida é a Unica (ou principal) funcédo fisioldgica desta célula. Embora exista uma
quantidade consideravel de informacdo acerca do seu papel nos ourigos, do composto
responsavel por essa atividade e de qual o mecanismo de acdo dessa molécula, ainda
existe uma lacuna importante acerca do funcionamento desta célula: o mecanismo de
liberacdo do equinocromo. Neste contexto, o presente capitulo visa investigar o
mecanismo pelo qual o esferuldcito vermelho libera o equinocromo-A — a substancia
responsavel pelo efeito bactericida — bem como a possibilidade da composicao i6nica do

meio afetar o processo.
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To degranulate, or not to degranulate, that's the question: mechanism of
echinochrome release in the sea urchin red spherulocyte stimulated by

lipopolysaccharide

Vinicius Queiroz* 2*, Vincenzo Arizza?, Mirella Vazzana? and Marcio R. Custédio®
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Abstract: Red spherulocytes, a coelomocyte with intense amoeboid movement, filled
with reddish-colored vesicles due to the presence of the naphthoquinone pigment
echinochrome-A (EA), are the second most well-studied subpopulation in sea urchin. It
has been said to perform an antibacterial activity, by degranulating, when in contact
with bacterial motifs such as lipopolysaccharides. However, empirical evidence about
the mechanism by which red spherulocytes release their antibacterial content is lacking,
and the hypothesis about its mechanisms are speculative. During experiments using
lipopolysaccharide to test bacterial activity, we observed that red spherulocytes did not
degranulate in the presence of this bacterial motif. Instead, this cell releases all its EA
through a very different mechanism: the cell swelled until it burst, releasing all its
content at once. In this context, we decide to investigate how the red spherulocyte
release its content, and if the ionic composition of the extracellular fluid can affect the
process. We observed that in addition to being a calcium-dependent process, EA release
is also sodium-dependent, but it does not seem to need potassium. Taking into account
that EA Kkills bacterial cells by chelating iron ions, this mechanism seems to be a more
efficient way to fight bacterial invaders, since this mechanism can release the
bactericidal compound in a fast way. Additionally, this might be a very efficient process
to spread a substance (i.e. the EA) capable of activating the immune system, a function

proposed in a recent study.
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INTRODUCTION

The class Echinoidea, which comprises organisms commonly known as sea
urchins, sand dollars and heart urchins, is the most studied group of Echinodermata
regarding the immune system (Smith et al., 2010; 2018). Coelomocytes, the term used
to the free circulating cells in the coelomic fluid of the echinoderms, are the main
immune effectors (Matranga et al., 2005), and usually divided into three main types.
Phagocytes — which comprise three subpopulations (i.e. discoidal, polygonal and small
phagocytes) — are the most extensively studied (Majeske et al., 2013; 2014), while the
vibratile cell is the less known (Smith et al., 2006). Spherulocytes, cells filled with
many cytoplasmic spherules, are the third cell type and may be divided into two
subpopulations: colorless and red.

Red spherulocytes (RS) are the second most studied coelomocyte of regular
urchins. This cell shows intense amoeboid movements in physiological conditions and
is filled with a red compound, 6-ethyl-2,3,5,7,8-pentahydroxy-1,4-naphthoquinone,
named echinochrome-A (EA) (Berdyshev et al., 2007). This compound was identified
by Mac Munn (1883), and since then, many functions have been proposed to it, ranging
from respiratory pigments (Mac Munn, 1885), excretion (Fox, 1953), photoreception
(Yoshida, 1966), auxiliary in digestive processes (Pequignat, 1966), and algistat
(Vevers, 1966).
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The first steps toward the understanding of the real physiological function of
EA in sea urchins, and consequently of the RS, were given approximately eighty years
after the discovery of this molecule (Johnsson, 1969). According to this author, RS were
involved in bactericidal activity by migrating toward the bacterial cells and releasing
their echinochrome on them (Johnsson, 1969). Posteriorly, Wardlaw and Unkles (1978)
observed that the extract of disrupted Echinus esculentus coelomocytes was able to kill
one specific strain of Pseudomonas, a Gram-negative bacteria. A few years later,
Service and Wardlaw (1985) observed that E. esculentus coelomocytes were effective
not only against Gram-negative species but also against Gram-positive ones. The same
authors, using purified EA, confirmed that this substance was involved with the
bactericidal effect observed in the sea urchin coelomocytes (Service and Wardlaw,
1984). Later, Gerardi and coworkers (1990) confirmed that RS was responsible, using
enriched fractions containing 98% of this cell (Gerardi et al., 1990). Lastly, Coates and
coworkers (2018) discovered the molecular mechanism underlying the mode of action
of the EA.

Despite all works addressing directly (Gerardi et al., 1990) or indirectly (Yui and
Bayne, 1983) the physiological function of the RS, the mechanism by which this cell
releases its content is still unknown. Although some authors have pointed out that RS
degranulate (Smith, 2012; Arizza and Schillaci, 2016), this information seems to be
quite speculative since there are no studies addressing this issue.

During experiments using the coelomocytes of Paracentrotus lividus and
Arbacia lixula, we observed that in the presence of lipopolysaccharide (LPS), red
spherulocytes did not release granules, i.e. they did not degranulate. Instead, the cell
membrane breaks and all EA is released at once. Thus, in view of this new information,
the aim of this study is to understand how the RS release the echinochrome and the
factors affecting the process. In this context, we intend to answer three main questions:
1 — How do red spherulocytes release their echinochrome (process)? 2 — How does
Echinochrome release occur (mechanism)? 3 — What factors may affect echinochrome-

A release?
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MATERIAL AND METHODS
Animals, bleeding procedure and cell collection

Sea urchin of the species Paracentrotus lividus and Arbacia lixula (n=5 for
each one) were collected in the Gulf of Palermo (38°06.00' N; 13°30.00" E), Palermo,
SW Italy. The coelomic fluid of both species was collected with a syringe preloaded
with 0.5 ml of Tris-buffered saline with EDTA (TRIS-EDTA — 20 mM Tris, 500 mM
NaCl, EDTA 70 mM, pH 7.5. Arizza et al., 2007; 2013). The syringe was inserted into
the peristomial membrane and the same volume of coelomic fluid was withdrawn from
each sea urchin separately. The cell density was adjusted to 10° cells/mL using a

Neubauer chamber, and this solution was named stock solution (SS).

Mechanism of echinochrome release and the effect of medium composition on the

process

To evaluate the mechanism by which the red spherulocyte release
echinochrome, and if the ionic composition of the medium can affect the process, the
behavior of red spherulocytes during incubation with lipopolysaccharide (LPS) was
observed. Before each of the following procedures, 200 pL of the SS (2 x 10° cells/mL)
were centrifuged (900 x g for 10 min at 4° C), and resuspended in 200 pL of a calcium-
enriched Tris-buffered saline, containing Na* (TRIS-Na* — 500 mM NaCl, 20 mM Tris,
10 mM CaCly, pH 7.5) or K* (TRIS-K* =500 mM KCI, 20 mM Tris, 10 mM CaCl,, pH
7.5). The LPS solution (Escherichia coli 055:B5 — Sigma-Aldrich) was prepared in
TRIS-Na* or TRIS-K" at a concentration of 5ug/ul (LPS-Na* or LPS-K”, respectively).
Cells were incubated with LPS at a final concentration of 1ug/ul (McCaughey and
Bodnar, 2012) of LPS (4:1 cells suspension/LPS), in four different situations: (1) Cells
in TRIS-Na" plus LPS-Na™; (I1) Cells in TRIS-K" plus LPS-K™; and (I11) Cells in TRIS-
Na® plus LPS-K" or vice-versa. Controls consisted of cells incubated with the same
solutions of the treatments, but with no LPS. The echinochrome release process was
observed in both species, while cell counts were performed only in P. lividus. The
analysis of the mechanism of echinochrome release was based on direct observations
and time-lapse images of the cell behavior during incubation with LPS. The cells were
observed every five minutes for 30 min, and the morphology and the number of red
spherulocytes in 10 fields chosen randomly were recorded and compared with control
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groups. Student t-tests were performed to analyze possible differences between groups,

which were considered significant at a probability level of 0.05.

RESULTS
Mechanism of echinochrome release

In the TRIS-Na* solution, red spherulocytes showed an intense amoeboid
morphology with an external irregular surface and remarkable spherules (Fig. 1A).
When incubated in TRIS-Na" supplemented with LPS-Na®, it is possible to see that the
cells do not release granules individually. Instead, the cell burst and releases its content
at once, with all process usually happening in a period ranging from five to fifteen
minutes. The morphological changes during the process can be divided into two levels:
subcellular, regarding the modifications in the cytoplasmic compartment; and cellular,
regarding the changes in the cell as a whole. When the red spherulocyte comes into
contact with LPS, the first set of changes happens at the subcellular level, with the
spherule swelling. The process progresses to the cellular level only when the changes in
the subcellular level are completed.

The process of echinochrome release starts immediately when the cells are
exposed to LPS. It is possible to see individual spherules swelling and breaking inside
the cytoplasm, but with no detectable change in cell size at this time (Fig. 1C-H). In this
stage, during spherule disruption, the cell loses its granular aspect and the cytoplasm
becomes apparently smooth and uniformly red (Fig. 1H and J). Changes in cell
morphology start only after all cytoplasmic spherules have been broken. At this point,
the cell starts to swell slowly (Fig. 11-L) and acquire a round shape (Fig. 1L). At this
moment, the cell membrane disrupts, releasing all its content at once, without
observable granule release (Fig. 1M-P). This final step can be fast or slow. In the first,
the cell burst and releases all its content at once, while in the second (Fig. 1) there is a
membrane rupture and the content leaks slowly through the hole (Suppl. Material 1
Video). The process can be very fast in some cells, in which occurs the formation of
membrane blebs, and it does not acquire the characteristic round shape before
disruption, being completely deformed (Suppl. Material 2 Video). After releasing all
echinochrome, it is still possible to observe the central to the subcentral nucleus and the
cytoskeleton, and the cell shows a colorless aspect (Fig. 1P). Other cell types in the

same preparations do not change their shape in the presence of LPS, only the RS.
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Effect of medium composition on echinochrome release

The same process occurs for cells incubated in TRIS-Na* supplemented with
LPS-Na’. In control groups, the time of incubation did not affect the number of red
spherulocytes, and quite similar values were observed at different times (99.6 = 7.89
cells in 15 min; 100.0 £ 4.47 cells in 30 min. Fig. 2). On the other hand, there was a
remarkable reduction in the number of red spherulocytes in all experimental groups
when compared with the controls, and also between treatments (Fig. 2). Fifteen minutes
after incubation there was a significant reduction (~ 73.1% - p < 0.0001) in red
spherulocytes numbers (26.8% + 11.17 cells), and this reduction was even higher (~
96.6% - p < 0.0001), reaching a very low number (3.4 + 2.07 cells) after 30 min when
compared with respective controls (Fig. 2). Specifically, in this case, the time of
incubation affected significantly the number of cells (p < 0.0017. Fig. 2).

Cells incubated with media other than TRIS-Na® plus LPS-Na" showed
remarkable differences in their behavior and in the process of echinochrome release.
Red spherulocytes suspended in TRIS-K* were very slow in their amoeboid movement
(when the movement could be seen). After incubation with LPS-K*, red spherulocytes
showed the same slow movement than before, and the characteristic modifications of
the echinochrome release process were not observed. Cell counts showed that the same
pattern observed in control group (98.0 + 9.69 cells in 15 min; 97.6 + 4.77 cells in 30
min) was observed and in the treatment (102.6 + 7.23 cells in 15 min; 97.2 £ 11.19 cells
in 30 min), regardless of the time analyzed (Fig. 2), indicating that the red spherulocytes
did not release their content.

In cells resuspended with one medium and incubated in LPS made in another
one (TRIS-Na" plus LPS-K* or TRIS-K" plus LPS-Na"), the results followed a third
pattern. In TRIS-Na" plus LPS-K", the amoeboid movement of the red spherulocytes
decreased when cells resuspended in TRIS-Na" received TRIS-K" with or without LPS.
On the other hand, cells incubated with TRIS-K™ plus LPS-Na®*, which were completely
motionless at the beginning of the incubation, increased their amoeboid movement
some minutes after have received TRIS-Na’. However, the movement was very slow if
compared with the controls.

Considering the release of echinochrome in these two situations, very few cells
were observed suffering the characteristics change of the process. With TRIS-Na* plus

LPS-K", the few cells observed releasing EA were seen just after LPS-K* addition and
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stopped shortly after. In TRIS-K™ plus LPS-Na’, the RS spent considerable time to start
to release its content. This suggests that both media affected, but not stopped, the
process, and the cell counts corroborated this affirmation. For cells incubated in TRIS-
Na® plus TRIS-K", the number of cells in the control group was similar to the other
controls (101.8 + 12.32 cells in 15 min; 102.8 + 6.38 cells in 30 min), but there was a
slight decrease (~ 20%) in the experimental group (77.8 £ 5.8 cells in 15 min; 81.4 +
4.16 cells in 30 min). Cells incubated with TRIS-K" plus LPS-Na" followed exactly the
same pattern with a similar values in the control (98.0 + 4.35 cells in 15 min; 99.4 +
6.95 cells in 30 min), and also a light decrease (~ 22%) in the treatment group (77 %
5.43 cells in 15 min; 77.2 = 7.08 cells in 30 min). The time of incubation did not affect
the release of echinochrome (Fig. 2). We did not observe any effects of the ionic

medium with or without LPS on any other cell population.

DISCUSSION

The RS is a remarkable echinoid coelomocyte that has long intrigued
echinodermatologists. Although other non-immune functions have been postulated
(Mac Munn, 1885; Fox, 1953; Pequignat, 1966; Vevers, 1966; Yoshida, 1966),
nowadays it is well accepted that bactericidal activity is its only (or main) physiological
function (Service M and Wardlaw, 1984; Gerardi et al., 1990). Its physiological
function is already known (Johnson, 1969; Gerardi et al., 1990), as well as the chemical
substance responsible by this activity (Service M and Wardlaw, 1984), and the mode of
action of this molecule (Coates et al., 2018). However, there always was a gap in this
sequence: how RS release their content (the process and the mechanism)? In the present
study, we observed that RS release their content through a very unusual way, releasing
all its content at once, after a set of morphological changes (subcellular and cellular),

and that this process is Na'-dependent but it seems not to depend on K.

Mechanism of Echinochrome release

Degranulation has been the term usually used to describe the mechanism by
which RS release their echinochrome (Smith, 2005; Smith et al., 2006; 2010; Smith,
2012; Arizza and Schillaci, 2016), although the term despherulation may also be found
in some studies (Holland et al., 1965; Chien et al., 1970; Johnson and Chapman, 1970).

Degranulation can be characterized as a general term applied the release of granules, or
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their content, through the rapid fusion of vesicles with the plasma membrane, regardless
the specific mechanism that regulates the process (Henson, 1998; Alan et al., 2013;
Kormelink et al., 2016). On the other hand, despherulation is the process of “cell
membrane breakdown and the escape of granules” (Chia and Xing, 1996). To mammal
cells (e.g. mast cells or basophils), the degranulation is already deeply detailed (Dvorak,
1991), and both the morphological changes during the granule release, the substances
able of triggering the event and how these cells recovery from degranulation are known.

The process observed in the RS of P. lividus and A. lixula was completely
different from the typical degranulation process described to mammal cells (Dvorak,
1991), and even for other invertebrates (Foley and Cheng, 1977). Whatever the term
used to describe the mechanism by which RS releases echinochrome, the definitions
allude to a more or less controlled (i.e degranulation or despherulation respectively)
way of release granules. However, the most important point is that RS do not release
granules. Instead, they inflate until the cell membrane rupture and all EA is liberated in
a fast or slow way, but they were never observed releasing granules during the process.
Similarly to the described to guinea pig basophils (Dvorak et al., 1981), the RS also
suffers subcellular changes before cellular modifications begin. However, the
similarities seem to stops there, because in the first model the basophils suffer a set of
morphological changes to release the granules, while in the second does not
degranulate. Another difference lies in the recovery process since guinea pig basophil
recovers from the degranulation event (Dvorak et al., 1981; Dvorak, 1991), but RS
seems to die after release echinochrome. During our in vitro observations, it was
possible to see that the RS membrane seems to break in a drastic way, allowing the
entrance of extracellular fluid, probably disturbing the cell homeostasis, and Killing it.
This assumption seems to be corroborated by studies conducted with Strongylocentrotus
purpuratus and A. lixula, in which the number of RS in the coelomic fluid decreased
considerably after Gram-negative bacteria injection (Yui and Bayne, 1983; Queiroz et
al., in prep [Chapter 4]).

Many works dealing with RS have stated that this cell releases its content
through degranulation. Nevertheless, the present work shows RS releasing EA by a
completely different process. Even though, one question still remains unsolved: why to
degranulate, or not to degranulate is so important? To answer this question, is it
important to keep in mind two relevant information: (I) what is the function of the EA,

and (1) what is the mechanism of action by which EA performs its function. As
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described by Service and Wardlaw (1984), the bactericidal activity performed by the RS
comes from the activity of the EA stored in the vesicles. Posteriorly, Coates and
coworkers (2018) observed that echinochrome acts chelating free iron ions in solution
in a ratio of 1:2 (echinochrome: iron), depriving bacteria of this metabolite. Such iron-
chelating strategies seem to be widespread in the animal kingdom. Interleukin (IL-1, 6),
hepcidin and lactoferrin are mammalian molecules known to decrease iron
concentration during microbial infections (Van der Poll and Van Deventer, 1999;
Michels et al., 2015; Slaats et al., 2016; Drago-Serrano et al., 2017). Even to
echinoderms, the activity of iron-chelating molecules is not unheard of. Ferritin and IL-
lo and B-like molecules were effective in decrease iron concentration in the coelomic
fluid of the sea star Asteria forbesi (Beck et al., 2002). However, the RS seems to be the
first case in echinoderms of a cell specialized to deal primarily with bacterial infection
through an iron-chelating strategy. In vertebrates, neutrophils and hepatocytes have an
analogous function by releasing lactoferrin and hepcidin respectively (Zhang and
Lachmann, 2000; Zhao et al., 2013).

Two main cell types will act in sea urchins to maintain the homeostasis during
a bacterial infection: Red spherulocytes and phagocytes (Smith et al., 2010). The first
coelomocyte will release the echinochrome-A as soon as the cell makes contact with the
bacterial motifs (e.g. LPS), chelating the free iron and stopping the bacterial growth
(Coates et al., 2018). Simultaneously, phagocytes will engulf bacterial cells, removing
them from the coelomic fluid (Yui and Bayne, 1983). Taking into account the fact that
bacterial cells can duplicate in 20 minutes (Creutziger et al., 2012), stoping bacterial
growth seems to be an important step in the short-term, and the release of EA at once
seems to be a very effective way to do it. When the cell “explodes”, the EA diffuses
very fast, chelating the iron in the vicinity of the cell. On the other hand, if the cell
released EA granules, the time to diffusion would be much higher, which could make it
difficult to neutralize bacterial growth. In addition to this, the mechanism of EA release
observed here corroborates another putative physiological function of this compound:
an immune stimulator. A recent study (Emerenciano, 2019) showed that the
naphthoquinone pigment of Staerechinus neumaieri is able to modulate phagocyte
activity, making these cells more active — higher motion and higher phagocytic
capability. In this context, considering both physiological functions (i.e. iron-chelating

and immune stimulator), EA releases in a fast way allowing its fast diffusion in the
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coelomic fluid might be seen as a very effective way to stop bacterial growth and

activate the immune system.

Effect of ionic composition of the medium on echinochrome release

lonic composition inside and outside the cell is an important parameter in cell
physiology. To the vertebrates, is it known that these molecules participate in the most
varied physiological processes, ranging from size maintenance, cell signaling and
immune responses (Clapham, 2007; Feske et al., 2015; Kay, 2017). In the mammal
immune system, it is known that calcium is one of the most important ions (Vig and
Kinet, 2009), but there is evidence that other ions (e.g. sodium and potassium) perform
important immune functions (Eil et al., 2016; Wilck et al., 2019). In echinoderms,
calcium has been known by many important functions related to coelomic fluid and
coelomocytes (i.e. the immune system). For example, calcium is required to
start/continue the clotting process (Boolotian and Giese, 1959), as well as to promote
phagocytosis and cytotoxic activity (Arizza et al., 2007). Specifically to the RS, there is
evidence that calcium is required for EA release (Coates et al., 2018). However, there is
no information about possible functions related to sodium and potassium.

Exposition of RS to the ionophore lonomycin triggered the release of EA from
the cells, while cells treated with BAPTA, a chelator of calcium, did not release EA
(Coates et al., 2018), corroborating the calcium-dependent mechanism of EA release.
However, we observed that even in the presence of the appropriated stimuli and calcium
(i.e. LPS and Ca”"), the RS can not release its content. After 30 minutes, 96.6% of RS
resuspended in TRIS-Na and incubated in LPS prepared in the same solution released
their content, while RS resuspended in TRIS-K" and incubated in LPS-K did no release
it (Cf. Fig. 2). Analysis using crossing solutions (i.e. TRIS-Na* plus LPS-K* or TRIS-
K" plus LPS-Na"), also corroborate the need for sodium to EA release. Echinochrome
was released in these treatments, but in a very low percentage (~20% of the cells).

However, if there was sodium in both treatments, why was there a so low tax
of echinochrome release? This can be explained by the dilution of sodium in both
situations, and the qualitative observations corroborate that. In the first case, the process
started just after LPS addition, while in the second case there was a delay in starting the
process, but both stopped soon after beginning. The low concentration of Na, along with

its dilution may explain these differences. In the first group, the addition of LPS in a
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Na-rich solution started the process, promoting EA release in some cells, but the use of
Na by the RS and its concomitant dissolution after the addition of LPS K" explain why
the process starts and finishes in a short time. On the other hand, the RS of the second
group (i.e. TRIS-K" plus LPS-Na") were in a solution without sodium until their
mixture with the LPS-Na®. At this moment, the cells made contact with the LPS and
received a load of sodium, which was soon used to start the process of EA release,
depleting the low Na-stock. This can explain why the morphological changes and EA
release observed in this group were delayed and finished shortly after to start. Thus, in
view of all information, we believe that the whole process of RS rupture is very likely
caused by an osmotic shock, caused by the release of intracellular stores of ions and/or
molecules in the cytoplasm. The increased osmotic pressure caused by these osmolytes
would drive water to inside the cell, swelling and breaking it. However, this effect is
restricted to the RS, since no other cell types in the same preparations showed any sign
of alteration.

In summary, this study brings insights into the functioning of the RS. We
provide data about an unexplored aspect of the RS physiology: the mechanism of EA
release. Additionally, we also provide information about the effect ions other than
calcium on the process. Based on an experimental approach by incubating sea urchin
coelomic cells in a solution containing LPS and different ionic compositions, we are
able to answer the three main questions that have driven this work. In the first question,
that inquired about the process by which RS released the EA, we observed that this cell
does not degranulate, as previously as supposed (Smith, 2005; Arizza and Schillaci,
2016). Instead, RS release EA in a completely different way: it explodes, releasing all
content at once. Regarding the second question (how does Echinochrome release
occur?), we observed a series of morphological changes, ranging from subcellular to
cellular level, which results in EA release. The first step in the process is the rupture of
all spherules inside the cytoplasm, without changes in cell size, followed by swelling
and rupture of the cell membrane and EA release. The last important aspect was about
which factors might modulate echinochrome-A release. We observed that in addition to
being Ca-dependent, EA release is also Na-dependent, but potassium seems not to be
involved.

Thus, even after these results which certainly fill important gaps in RS
physiology, some questions remain unsolved. For example: Could other cell types

influence red spherulocyte activity? Would RS show different response if it was
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stimulated with bacterial cells? How is the molecular mechanism of EA release? Thus,

these questions will drive our next steps into the understanding of RS physiology.
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Figures and Captions

Figure 1 — Sequence of subcellular and cellular alterations preceding Echinochrome-A release in the red
spherulocyte of Paracentrotus lividus. Green edge = subcellular stage; Blue edge = cellular stage
(swelling); Red edge = cellular stage (echinochrome release). Scale = 10 pm. Legend: Black arrows =
changes in red spherulocytes compared to the previous pictures; LPS = Lipopolysaccharide; Nu =
nucleus.

Lighter colors - 15 min
Darker colors - 30 min

A a
B b
Control Treatment Control Treatment Control Treatment Control Treatment
Tris-Na+LPS-Na Tris-K+LPS-K Tris-Na+LPS-K Tris-K+LPS-Na

Figure 2 — Effect of the ionic composition on the number red spherulocytes in mixed coelomocyte
population of Paracentrotus lividus. For each solution, distinct letters show significant differences in
Student t-test between control and treatment (p < 0.05) at the same time; Asterisk (*) shows significant
differences in Student t-test between times in the treatment group (p < 0.05). Legend: Lighter colors = 15
minutes; Darker colors = 30 min; Capital letters = 15 min; Small letters = 30 min.
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Justificativa

Os celomacitos de echinodermata, e em especial os da ordem Echinoidea, tem
sido modelos de estudo interessantes, fornecendo evidencias para muitas areas na
biologia, variando de imunologia ao monitoramento ambiental. No entanto, o
conhecimento acerca destas células, tanto em relagdo ao nimero total e proporgdo dos
tipos presentes, também pode ser utilizado de maneira mais aplicada, como um
indicativo de saude nestes organismos. Um baixo numero de fagocitos e principalmente
um alto namero de esferuldcitos vermelhos tém sido relacionados a estresse em ouri¢os
regulares. Assim, este capitulo traz um estudo de caso, relatando um caso raro de
briozoario que foi encontrado sobre a carapaca de um ourico vivo. Neste estudo, além
das informacdes de cunho taxonémico, registramos alguns parametros fisiologicos do
ouri¢co, no momento da retirada do briozoario e comparamos com organismos sadios

coletados no mesmo momento.
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Abstract: Although extremely well known for their epibiotic relationship with many
living substrates, records of bryozoans settling on echinoderms are scarce. In the few
recorded cases, approximately 70% of the hosts (basibionts) are cidaroid sea urchins
and their primary spine seems to be the preferred place to bryozoan settlement. Here, an
unprecedented epibiosis between a bryozoan and one non-cidaroid sea urchin is
reported, in which the epibiont Schizoporella errata was found living on a living
specimen of  Echinometra lucunter. Additionally, the proportion of different
coelomocytes in the coelomic fluid and the wound healing dynamics of the affected sea
urchin and a control group of five healthy animals were observed. Only one colony of
was found on the affected echinoid, and it presented 4.5-fold more red spherulocytes in
the coelomic fluid than healthy specimens, as well as the careful removal of S. errata,
revealed a previously wounded area underneath with advanced signs of healing,
suggesting that the wound healing process had started before epibiont removal. Thus,
the analyses of all the results presented here raise the possibility that maybe basibionts

can be physiologically disturbed during epibiotic associations.
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INTRODUCTION

Echinoderms are well known as hosts to a plethora of marine taxa, ranging
from microorganisms to vertebrates (Barel & Kramers 1977), but records of epibiotic
interactions are very rare (Wahl & Mark 1999). On the other hand, Bryozoans are one
of the most common epibiotic organisms (Wahl & Mark 1999), usually living in
association with live marine substrates, such as algae, mollusks (Taylor & Monks
1997), and vertebrates (Key et al. 1995). Even so, while bryozoans are widely
recognized for their capability of living on these organisms, records of interactions with
echinoderms are sporadic at best. Among the recorded echinoderm hosts, cidaroid sea
urchins can be pointed as the most frequent basibionts for bryozoan settlement (Barel &
Kramers 1977, Jangoux 1987, David et al. 2009, Sosa-Yariez et al. 2015). Works
dealing with epibiotic interactions, including those involving bryozoans, have usually
focused on taxonomic and/or ecological aspects (Taylor & Monks, 1997). There is,
however, no studies addressing epibiont and/or basibiont physiological aspects during
these associations.

In this context, the present work reports an unprecedented association between
a cheilostome bryozoan and a non-cidaroid sea urchin. The epibiotic interaction
between Schizoporella errata (Waters, 1878) and Echinometra lucunter (Linnaeus,
1758) is recorded here for the first time, in which the epibiont was found alive, living on
the sea urchin test. Additionally, some physiological aspects of the host sea urchin, such
as the proportion of coelomic cells and wound healing dynamics after epibiont removal

are reported and compared with healthy individuals.

MATERIAL AND METHODS

Over forty specimens of Echinometra lucunter were collected by free diving in
the winter, on July 2" 2016 at Praia Grande, Sdo Sebastido, SE Brazil (23°49°24” S,
45°25°01” W) at a depth of 1.5-2 m. The cheilostome bryozoan Schizoporella errata
was found attached to a single sea urchin. The affected echinoid and its epibiont were
transported in 10L containers and transferred to an 80L aquarium at the Laboratorio de
Biologia Celular de Invertebrados Marinhos (IB-USP). Aquarium maintenance and
physicochemical characteristics were adjusted according to Queiroz (2016). After a one-
week acclimation period, the association was photographed and the bryozoan was

carefully removed using a fine-pointed forceps. The colony was lifted up by the edges,
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avoiding additional injuries to the echinoid. After removal, the colony was
photographed, preserved in 70% ethanol and deposited in the Bryozoa Collection of the
Museu de Zoologia da Universidade de S& Paulo (MZSP 1311). Bryozoan
identification was based on scanning electron microscopy (SEM), and measurements
were made using the photographs, through ImageJ software.

Some basibiont physiological aspects (percentage of coelomic cells and wound
healing process) were deliberately analyzed. Coelomic fluid (1 ml) of both the injured
sea urchin and a control group (n=5 healthy sea urchins) was collected following
standard methods (Queiroz & Custodio 2015) immediately before the colony removal.
Shortly, a syringe needle preloaded with 1 ml of isosmotic anticoagulant solution was
inserted into the peristomial membrane and the same volume of coelomic fluid was
collected. The cell suspension was adjusted to 10° cell/mL, coelomocytes from each sea
urchin were counted using a Neubauer chamber, and the proportion of main cell types
(i.e. phagocytes (Pha), vibratile cells (VC), red and colorless spherulocytes (RS and
CS)) was recorded. Additionally, the healing process was monitored for 10 days in the
affected sea urchin and in the control group. For comparative purposes, injuries with a
similar area were deliberately created on three healthy echinoids (control group) by
removing some spines and scraping gently the denuded test with a surgical scalpel,
simulating the situation found on the injured specimen. During this procedure, only the

epidermis was removed, without damage to the calcareous structure.

RESULTS

The bryozoan Schizoporella errata was found encrusted on the test of the sea
urchin Echinometrta lucunter (test diameter = 41 mm, Figure 1A and B). The encrusting
colony was settled on a spineless area of 58.9 mm? and showed an oval and light
convex outline, measuring 9.59 and 6.82 mm in the longest and shortest axis
respectively (Figure 1C). The colored autozooids ranged from reddish-brown in the
center of the colony to yellowish/cream in the periphery (Fig. 1B-E and 2B). Autozooid
longer than wide, measuring 447.45 + 73.77um by 286 + 58.66 um (n = 20). Their
shape ranged from squarish to hexagonal in the center to usually elongate in the
periphery (Fig. 1D and E). Primary orifice broad, D-shaped anteriorly, and U-shaped in
the posterior region (Fig. 1F-H). This orifice was 132.17 £+ 7.65 long by 135.83 + 7.65

um wide (n=20). Single avicularia, close to the basolateral region of the primary orifice
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(Fig. 1F and G). Autozooids bearing avicularia were more common in the center of the
colony than in the periphery (Fig. 1D and H).

The coelomic fluid of the affected sea urchin collected immediately before
colony removal showed no signs of foreign elements (e.g protozoan) and the cell
density was only slightly smaller than in the healthy animals (7.83 X 10° and 7.86 X 10°
cells/mL, respectively). In contrast, the proportion of all coelomic subpopulations in the
affected sea urchin was different from the control group (Fig. 2). The percentage of
phagocytes (59.7 + 0.68 %) and vibratile cells (26.9 £ 1.39 % ) in the control group was
respectively 1.4 and 1.9-fold higher than in the affected animal (Pha = 42.8 %; VC =
14.3 %). On the other hand, red and colorless spherulocytes were 4.5 and 2.1-fold
higher in the unhealthy organism (27.6 % and 15.2% respectively) than in healthy
specimens (RS =6.1+£0.93 %; 7.3 £ 1.02 %) (Fig. 2).

Except for the epibiont-affected area, the echinoid showed no further signs of
injury as well as showed no classical symptoms of sickness (e.g. sluggish behavior,
spine loss or tube feet unable to attach — Shimizu et al. 1995). Although the colony has
been carefully removed by the edges without touching the central region of the wound,
a piece of sea urchin test attached to the basal wall of the colony was accidentally
extracted from the echinoid (Fig. 3A), which indicates a certain degree of structural
weakening. After complete colony removal (Fig. 3B), a depression with a reddish
smooth and apparently thick tissue layer on the test and a reddish-brown tissue around
the injury were observed, indicating an intense inflammatory response. A more
advanced state of wound healing was seen in the periphery of the damaged region (Fig.
3C). Three days after epibiont removal, the brownish tissue around the depression was
no longer visible, the red color on the depression began to fade and the thickness of the
red smooth layer began to decrease (Fig. 3D). In this stage, many copepods were seen
crawling on the wound. Nine days after epibiont removal, the reddish-brown tissue
around the depression and the red coloration on it had disappeared, revealing the
calcareous structures (Fig. 3E). In health echinoids, the healing process differed in some
details. Immediately after wound induction, it showed a whitish color due to the test and
the freshly-extracted muscular and connective spine tissues (Fig. 2F). Three days later,
red coloration on the wound was remarkable and differently from the injured urchin,
which had no tissue around the wound, there was a thick layer of rotten tissue on all
scraped region (Fig. 2G). After the sixth day, the intense red color began to fade and

much of the rotten tissue had disappeared. Nine days after wound induction, the red-
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colored region and the amount of rotten tissue on the wound were consistently smaller
(Fig. 2H). Only after the twelfth day, the healing process seemed complete, with no
tissue around the injury, similarly to the ninth day of the affected echinoid.

DISCUSSION

The bryozoan Schizoporella errata is recognized as a widely distributed exotic
species, able to settle on any available substrate, including those originated from human
activity (Micael et al. 2014). On the Brazilian coast, S. errata was recorded only in the
Southeast region, specifically in the states of Sdo Paulo (Morgado & Tanaka 2001) and
Rio de Janeiro (Ramalho et al. 2011). Although Ignacio et al. (2010) had reported S.
errata to Ilha Grande Bay, Marques et al. (2013) state that this record seems to be
actually S. pungens Canu & Bassler, 1928. In fact, according to Tompsett et al. (2009),
many worldwide records of S. errata are doubtful. The morphological and
morphometric characteristics of the S. errata specimen found here compares fittingly
with both the topotype and lectotype depicted by Tompsett et al. (2009).

Bryozoan epibiosis on echinoderms seems to be rather uncommon (Tab. 1).
Only twenty bryozoan species were already reported living on echinoderms, even whilst
these hosts present most of the important traits to be adequate basibionts (Wahl & Mark
1999). While 73% are cidaroid sea urchins and primary spines seem to be the most
frequent settlement area (Table 1), sea cucumbers, sea stars, and ophiurans do not seem
to be common hosts (Table I). Cidaroid sea urchins are well-known to have a primary
spine with no epithelium. On the other hand, all body surfaces have a physiologically
active tissue in non-cidaroid echinoids (and other echinoderms) (Markel and Roser
1983). For non-cidaroid sea urchins, the epidermis could function as an additional
means to prevent or at least hamper epibiotic settlements (Mckenzie & Grigolava 1996),
added to the most common strategy, viz. pedicellariae (Campbell & Rainbow 1977).
Thus, the lack of a physiologically inactive body surface area, such as molluscan shells
and crustacean carapaces, may partially explain why it is so uncommon for non-cidaroid
sea urchins to become basibionts, especially for bryozoans (Wahl & Mark 1999). Still,
this can also help to understand why cidaroid echinoids seem to be the most common
hosts to bryozoans.

In echinoderms, the circulating coelomocytes can be used as tools for accessing

sea urchin health state in both natural and altered environments (Matranga et al. 2000)
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as well as in diseased organisms (Jellett et al. 1988). The total cell count was similar
between the affected and healthy individuals and fitted the number already observed for
other healthy sea urchins (Coates et al. 2017). The percentage of specific subpopulations
in the control group is also in accordance with the literature (Branco et al. 2013)
indicating that they were really healthy. On the other hand, the high values of red
spherulocytes found in the affected sea urchin fitted the pattern already recorded in
impaired animals (Matranga et al. 2000, Branco et al, 2013).

Studies addressing regenerative capabilities in sea urchins usually analyze
spine or tube feet (Bodnar and Coffman 2016), while test regeneration has been poorly
studied (D’Andrea-Winslow et al. 2008). Here, the general healing pattern observed in
healthy E. lucunter specimens was similar to that observed in Lytechinus variegatus
(D’Andrea-Winslow et al. 2008). For both species, a reddish coloration was observed
on the third day, which increased on the sixth day. For L. variegatus, healing is almost
finished between 6-8 days (D’Andrea-Winslow et al. 2008), while this process spent
more time (i.e. 12 days) in healthy E. lucunter. In contrast, the healing process in the
affected E. lucunter seemed to be faster than in healthy individuals. The red coloration
on the wound was observed just after colony removal and some regions in the periphery
were already in an advanced healing stage (Cf. Fig. 2C). All dead tissue around the
wound had disappeared on the third day as well as the red color on the wound begun to
fade, and in the ninth day, the process was apparently complete. These data seem to
suggest that in some instances, the healing process had already begun before colony
removal.

In summary, for the first time, a bryozoan was found attached to a non-cidaroid
sea urchin. Here, the species Schizoporella errata was found living in an unusual place:
the test of a live Echinometra lucunter. Although there are many misidentifications
related to S. errata records, the specimen studied here fits the morphological and
morphometric parameters observed in the types recently analyzed. Still, even bryozoans
being well known as epibionts on many groups, non-cidaroid sea urchins (and other
echinoderms) do not seem to be the preferred hosts. Maybe this could be related to the
presence of an epidermis covering all animals. Additionally, some
biological/physiological aspects of the affected sea urchin were described. The data
obtained from the control group fits the pattern found in literature, indicating that these
individuals were really healthy. On the other hand, the high proportion of red

spherulocytes and the intense red coloration on the wound of the affected sea urchin
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were not consistent with undisturbed specimens. In fact, these data suggest that
Echinometra lucunter seemed to be immunologically disturbed by this epibiotic
association, although this cannot be directly attributed to the settlement of S. errata.
Thus, even with no strong support about the epibiont effect on host physiology, one
question becomes appropriate: can basibiont organisms be physiologically impaired
during epibiotic interactions? The small number replicates analyzed do not allow
answering it now. However, the data presented here show that this question deserves

further attention in future studies.
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Figures, Tables, and Captions

Figure 1 — Schizoporella errata on Echinometra lucunter: A-E — Live animals, F-H — Scanning
electron microscopy. A — General view of the epibiotic relationship, B and C — Overview of
bryozoans colony on sea urchin test, D — Autozooids on the periphery, E — Autozooids and
avicularia in the center of the colony, F — Autozooids and avicularia in SEM analyses, G and H —
primary orifice and avicularium in detail. Scale: A = 2.5 cm; B = 5mm; C = 2mm; D and E = 400
um; F =200um; G = 60 um; H = 20 um.

Percentage of coelomocytes
100 -
OPha ave @Rs mcs

Percentage (%)

Control Echinoid +Bryozoa

Figure 2 — Proportion of coelomocyte subpopulations in affected sea urchin and control group, after
colony removal. (Pha, Phagocytes; VC, Vibratile Cell; RS, Red Spherulocyte; CS, Colorless
Spherulocyte). * There is no standard deviation (SD) because these data are from only one
individual.
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Figure 3 — Wound healing process in Echinometra lucunter. A-B — Schizoporella errata colony; C-
E — Affected Echinometra lucunter; F-H — Healthy Echinometra lucunter (control group). A and B
— Basal and anterior wall of the Schizoporella errata autozooids, respectively showing a piece of
sea urchin test attached to them (*); C — Wound immediately after colony removal; F — Wound
immediately after injury induction (control group); D and G — After three days; E and H — After
nine days. (Asterisk, piece of sea urchin test on the basal wall of Schizoporella errata; White star,
reddish depression on the test wound in the affected sea urchin; Yellow star, reddish-brown tissue;
Red arrow, reference point). Scale: 3mm.
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Table
Table I — Records of bryozoans living on echinoderm hosts.

Poliometra prolixa %2 Cheilostomatida  Eucratea loricata Cirri
Microporella ciliata Cirri and arms
Cheilostomatida  Smittina landsborovii Arm (pinules)

Cri . L
o Buskea dichotoma Cirri and arms

Leptometra phalangium ) ) ) o
Diaperoecia dorsalis Cirri and arms
Ctenostomatida  Tubulipora liliacea Cirri and arms
Disporella harmeri Cirri and arms

. .5 Primary spine; test of
Eucidaris thouarsii .
Abditoporella dimorpha @ dead animal

s Primary spine

Hesperocidaris asteriscus
o e Chaperiopsis cervicornis . .
Ctenocidaris perrieri o . Primary spine
Smittina obicullata

Ctenocidaris rugosa® Arachnopusia sp. 2 Primary spine
Ech i i

Ctenocidaris speciosa Cheilostomatida Osthimosia sp. 1 Primary spine

Notocidaris platyacantha ® Arachnopusia sp. 1 Primary spine

Micropora sp.
Notocidaris lanceolata ® o Primary spine
Osthimosia sp. 2

Aporocidaris milleri ® Osthimosia sp. 1 Primary spine

Echinometra lucunter ’ Schizoporella errata Test (live host)

Legend: Cri = Crinoidea; Hol = Holothuroidea; Ech = Echinoidea; 1 - Mortensen, 1912; 2 - Barel and Kramers, 1977; 3 — Gautier,
1959; 4 - Moyano & Wendt, 1981; 5 - Sosa-Yafiez et al., 2015; 6 - David et al., 2009; 7 — Present study.
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Consideragoes Finais e Perspectivas

DIVERSIDADE DE CELOMOCITOS EM ECHINOIDEA

A classe Echinoidea tem sido, sem sombra de duvida, a mais estudada em
Echinodermata com relacdo aos celomacitos e consequentemente € a que possui a maior
quantidade de informacdo (Smith et al, 2006; 2010; 2018). No entanto, a diversidade
dos tipos celulares tem sido subestimada. Este fato pode ser observado em alguns
estudos/revisdes, onde somente as células dos ouricos regulares tém sido consideradas
(Karp and Cofaro, 1982; Cavey and Mérkel, 1994). O presente estudo mostrou dois
pontos importantes: (1) a diversidade de celomdcitos nos ouricos irregulares é muito
maior do que tem sido registrada na literatura corrente, principalmente em relacdo aos
Clypeasteroida (bolacas-do-mar), onde somente para este grupo, cinco novos tipos de
esferulécitos foram registrados; (1) mesmo para os tdo bem estudados ouricos
regulares, a diversidade de tipos celulares é maior do que a que tem sido pontuada.
Além disso, embora o atual trabalho tenha sido restrito aos equinoides, é a primeira vez
que um enfoque evolutivo é dado ao estudo dos celomdcitos em Echinodermata,
revelando padrdes interessantes de distribuicdo das células, que parecem estar ligados as
caracteristicas fisiologicas das células. Por fim, a caracterizagdo das células das espécies
do género Paracentrotus trouxeram resultados interessantes, onde o esferuldcito
granular e a célula cristal foram observados em P. gaimardi, e para P. lividus, uma das
espécies mais estudadas do mundo, um novo tipo celular também foi encontrado — o
esferuldcito granular. Isso nos mostra que mesmo para 0s ouricos regulares, 0s
principais modelos de estudo em Echinodermata, a diversidade de tipos celulares ainda

ndo é completamente entendida e merece ser revisitada.

MORFOLOGIA CELULAR E O ESTUDO DAS POPULACOES CELOMICAS
EM ECHINODERMATA

Tradicionalmente em Echinodermata, e principalmente em Echinoidea, o
estudo dos celomdcitos tem se dado por meio de abordagens morfoldgicas, usando
células vivas em suspenscdo ou microscopia eletronica de transmisséo (Johnson, 1979a;
Chien et al., 1970), com pouquissimos estudos se dispondo a utilizar preparacoes
citoquimicas (Liebman, 1950; Johnson, 1979b). Para 0s pouquissimos estudos
citoquimicos, 0 método comumente empregado para aderir as células as laminas (i.e.o

espraiamento de células vivas) também tem se mostrado problematico, uma vez que o
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mesmo tipo celular pode espraiar de maneiras diferentes, dificultando a identificacéo.
Neste trabalho, também utilizamos uma abordagem morfoldgica, mas sob uma diferente
pesrspectiva: uma abordagem integrativa (Queiroz & Custddio, 2015). Diferentes dos
outros trabalhos, as abordagens utilizadas, foram consideradas conjuntamente,
utilizando a informacdo de cada técnica de forma integrada. Para isso, abordamos a
morfologia dos diferentes tipos celulares, utilizando varias técnicas diferentes (e.g.
células vivas em suspensdo, praparacdes citoquimicas, microscopia eletrénica de
transmissao e varredura e espectroscopia de raios-X). Os dados oriundos destas técnicas
possibilitaram ndo s6 uma caracterizacdo morfolégica mais acurada, como também a
obtencdo de dados relativos a outros aspectos, tais como a natureza quimica das
inclusdes citoplasmaéticas e a descricdo de um processo de maturacdo. Além disso,
observamos que a utilizacdo da citocentrifugacdo no preparo das laminas para as
analises citoquimicas e de microscopia de varredura foi um ponto positivo neste estudo.
Esta técnica, que utiliza um principio fisico (i.e.a forca de centrifugacdo) para aderir as
células a lamina, faz com que os diferentes tipos celulares apresentem sempre as
mesmas caracteristicas, propiciando a comparacdes entre diferentes equinoides (e.g. a
célula vibratil em E. tribuloides e em C. subdepressus). Com issso, este trabalho reforca
a importancia de estudos morfoldgicos mais detalhados para o conhecimento das
populagdes celulares, mostrando que dados interessantes podem ser obtidos com este

tipo de abordagem.

ISOLAMENTO DAS FRACOES CELULARES

A separacdo das diferentes subpopulacbes de celomdcitos em Echinodermata
h& muito tem sido um grande problema (Chia & Xing, 1996). Trabalhos que buscam
fracionar estas populac@es, se utilizam de centrifugacdo por gradientes de densidades
que obtem subpopulagdes enriquecidas com variaveis niveis de pureza (Ariza et al.,
2007; Kudryavtsev et al., 2016), mas nao séo capazes de produzir fragdes puras. Mesmo
métodos mais sofisticados, como a citometria de fluxo, ndo tem produzido bons
resultados (McCaughey & Bodnar, 2012; Kudryavtsev et al., 2016). O motivo disso
talvez resida em dois principais fatos: a falta de marcadores celulares especificos, e a
sobreposicdo de diferentes tipos por apresentarem caracteristicas morfolégicas (e.g.
tamnho e granulosidade) similares (Chia & Xing, 1996; Queiroz & Cutddio, 2016). No

entanto, o método utilizado aqui, a citometria de fluxo por imagem, se mostrou bastante
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eficiente. Este método junta a possibilidade de observacdo da morfologia celular — o
Unico critério confidvel até o momento para a distincdo dos tipos celulares — com a
andlise de uma enorme quantidade de células, o que propicia uma identificagdo acurada
juntamente com a possibilidade da analise das condices fisioldgicas. Além disso, pela
primeira vez obteve-se um gate especifico e replicavel para a célula vibratil, além de

dados experimentais corroborando a sua participacdo na resposta imune.

FUNCAO FISIOLOGICA DOS CELOMOCITOS

Em Echinoidea, o nivel de informacdo sobre a fisiologia dos celomdcitos é
bastante significativo (Smith et al, 2006; 2010; 2018). Sabe-se, por exemplo, do
envolvimento dos fagdcitos com as atividades de fagocitose, encapsulamento e rejei¢do
de enxertos (Smith et al., 2006). Ja os esferuldcitos transparente e vermelho estdo
ligados a atividade citotdxica e bactericida respectivamente (Arizza et al., 2007; Coates
et al., 2018). Para o Gltimo, muito detalhes sdo conhecidos, variando desde a funcéo da
célula, o composto responsavel pela atividade bactericida e 0 modo de agdo da
molécula. No presente estudo, adicionamos informacbes sobre dois aspectos
importantes do funcionamento do esferuldcito vermelho: o mecanismo pelo qual a
célula libera o equinocromo, e alguns dos fatores que afetam o processo. Para a célula
vibrétil, especula-se seu envolvimento em movimentacdo do fluido celémico ou com
funcBes imunes, mais especificamente coagulacdo. Para esta Ultima célula, nosso estudo
corrobora o seu envolvimento com o sistema imune, dadas as observacdes de dinamica
celular diferenciada apds a infeccdo bacteriana. Para o esferuldcito granular, nenhuma
informacdo funcional foi obtida. No entanto esta célula é bastante similar, em
morfologia e caracteristicas citoquimicas, ao esferuldcito acidofilico de Holothuria
tubulosa, que tem sido relacionado com atividade citotdxica nesta espécie (Vazanna et
al., 2018), sugerindo o envolvimento do esferulécito granular no processo. Para 0s
esferuldcitos dos ourigos irregulares, mesmo para as células similares as dos ouri¢os
regulares, muito pouco é conhecido, e nada se sabe sobre os tipos novos observados

aqui.
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COOPERACAO DOS CELOMOCITOS DURANTE DESAFIOS IMUNES

Como mostrado no trabalho publicado por Arizza e colaboradores (2007), o
esferuldcito transparente parece ter sua atividade maximizada na presenca de fagocitos,
e 0 autor sugere gue a atividade citotdxica deve ser modulada gracas a algum composto
liberado pelos fagocitos. No trabalho de VVazzana e colaboradores (2015), foi observado
que durante a cicatrizacdo em Holothuria tubulosa a diminui¢cdo do numero de células
progenitoras, 2,5 h ap6s a injdria, foi seguinda por um aumento do numero de
esferuldcitos. No nosso estudo observou-se uma aparente cooperagédo entre fagdcitos,
esferuldcitos vermelhos e as células vibrateis. Trabalhos com este escopo, com
evidéncias sobre os diferentes tipos celulares em uma dada situacdo experimental, se
fazem necessarios para o estudo das funcbes dos celomdcitos. Assim como observado
para o esferuldcito transparente (Arizza et al., 2007), pode ser que a analise separada de
um tipo celular especifico ndo mostre a sua real funcéo, visto que ele pode necessitar da
atividade de outro tipo celular para exercer a sua funcdo corretamente ou que ele
coopere na funcdo de outra subpopulacdo. Portanto, mais estudos analisando todos, ou
muitas das subpopulacdes se fazer necessarios para compreender a real funcdo dos

esferuldcitos.

PERSPECTIVAS NO ESTUDO DOS CELOMOCITOS DE ECHINODERMATA

Os novos dados encontrados neste trabalho respondem, ou pelo menos
apontam o caminho a ser seguido, algumas das grandes questbes envolvendo o0s
celomacitos dos Echinodermata. Foi possivel ver neste trabalho a diversidade de tipos
de celomdcitos em Echinoidea, estudados sob uma perspectiva evolutiva, juntamente
com o estudo aprofundado das células celdmicas de uma das espécies mais estudadas do
mundo: Paracentrotus lividus. Além disso, apresentamos a caracterizacdo morfologica
detalhada da célula vibrétil, um dos celomdcitos mais intrigantes nos equinodermos,
juntamente com dados funcionais que corroboram a funcdo imune desta célula. Por fim,
analisamos o mecanismo de liberagdo de Echinochromo pelo esferuldcito vermelho de
P. lividus, alguns dos fatores que afetam o processo, e que esta célula pode ser utilizada

como um bioindicador de estresse fisiologico em ouri¢os-do-mar.

Apesar de toda informacgdo obtida neste trabalho, questdes relevantes, tais

como o conteudo estocado pelos esferulocitos e pela célula vobratil, a suas respectivas

172



Consideragoes Finais e Perspectivas

funces fisioldgicas bem como o seu local de origem ainda continuam sem respostas
definitivas. Contudo, pelo menos para as duas primeiras questdes, parece que O0S
primeiros passos foram dados nesse trabalho. Observamos que os esferulocitos
transparente e granular estocam mucopolissacarideos e proteinas respectivamente,
enquanto a célula vibratil acumula glicosaminoglicanos. Para esta ultima célula também
observamos que a quantidade de nitrogénio citoplasmatico é pequena, corroborando a
ideia de esférulas ndo sdo preenchidas com material proteico. Com relacdo as funcdes
fisioldgicas, observamos que a célula vibratil de fato parece estar envolvida com
resposta imune, (i.e. coagulacdo), enquanto o esferuldcito granular pode estar

relacionado com atividade citotdxica.

Por fim, os resultados alcancados aqui também levantam mais
questionamentos, como por exemplo: 1 — Seriam os esferuldcitos dos ouricos
irregulares, células com diferentes morfologias e fungbes similares ou células
morfolégica e funcionalmente diferentes? 2 — Qual a funcdo fisioldgica dos
esferuldcitos dos ouricos irregulares? 3 — O que pode ter guiado a diversificacdo dos
esferulécitos em Echinoidea? 4 — Qual a funcéo fisioldgica do esferuldcito granular de
P. lividus? 5 — Qual o mecanismo de acdo da célula vibratil? 6 — Quais 0s mecanismos
moleculares envolvidos com a liberacdo do equinocromo dos esferuldcitos vermelhos?
7 — Os esferuldcitos vermelhos podem realmente ser utilizados como um indicador de
salide nos equinoides? 8 — Organismos basobiontes relamente podem alterar homeostase
dos seus basobiontes? Assim, embora este trabalho tenha certamente contribuido para o
entendimento da fisiologia dos Echinodermata, estas e outras perguntas ainda
continiardo agugando a curiosidade dos fisiélgos que trabalham com equinodermos.
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