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PREFACIO

l. Organizacéo da Dissertacéo

A presente dissertacdo estd organizada em quatro capitulos. O capitulo 1 consiste em uma
introducdo geral onde apresentamos ao leitor a problematica dessa investigacao, a justificativa
dessa pesquisa e as abordagens metodoldgicas gerais que foram desenvolvidas aqui. O capitulo
2 € uma revisdo narrativa da literatura, tendo surgido a partir de reflexdes sobre a lacuna no
conhecimento cientifico referente ao microeucarioma de Porifera. Nessa revisdo nds discutimos
as associagdes entre Porifera e diversas linhagens de eucariontes unicelulares, problemas
metodologicos dessas investigacdes e perspectivas futuras. O capitulo 3 aborda diferentes
aspectos da associagdo entre as esponjas marinhas tropicais Hymeniacidon heliophila e
Haliclona melana e os protistas pertencentes ao taxon Labyrinthulomycetes (Stramenopiles).
Por fim, o Capitulo 4 apresenta as principais conclusbes depreendidas a partir das evidéncias

presentes neste trabalho. Os capitulos 2 e 3 estdo sendo submetidos para publicacéo.

1. Contribuic&o para a Area de Estudo

O estudo do microbioma dos animais é uma area em franca expansdo dada as (r)evolucoes
tecnoldgicas ocorridas nas Gltimas décadas. Enquanto a nossa compreensdo do microbioma dos
vertebrados cresce vertiginosamente a cada ano (viz. Human Microbiome Project:

https://www.hmpdacc.org) comparativamente pouco se sabe sobre as diversas associacfes entre

microrganismos e 0s invertebrados. As esponjas constituem um grupo de animais que possui
inimeras peculiaridades. Essas caracteristicas Unicas podem nos dar pistas de como ocorreu a
evolucdo das associagBes entre os primeiros animais multicelulares e os diversos filos de
microrganismos que habitam os mares. Frente a isso, enquanto a maioria dos estudos foca nas
fracOes bacteriana e arqueana do microbioma das esponjas, o presente trabalho estuda a natureza
da associacdo entre Porifera e um grupo de protistas pouco conhecido, mas muito relevante no
contexto de culturas celulares, usando uma abordagem tradicional dependente de cultura. Além
disso, nos ainda abordamos as possibilidades de aplicagBes biotecnoldgicas que esses protistas

isolados de esponjas apresentam.

11


https://www.hmpdacc.org/

RESUMO GERAL

Ao longo de suas historias evolutivas, os representantes do filo Porifera estabeleceram
complexas associagfes com varios filos de microrganismos. Essa microbiota esta diretamente
relacionada a fisiologia desses animais e tem sido o foco de varios estudos nas Gltimas décadas.
Historicamente, a maioria dessas investigacGes foca na fragdo do microbioma composta por
bactérias, arqueias e fungos. Entretanto, nossa compreensdo da natureza das complexas
associagOes entre protistas e esponjas ainda é limitada e carece de investigacOes. Esses
microrganismos possuem uma grande diversidade de formas e metabolismos e ocupam varios
nichos ecoldgicos. Buscando entender como eles se relacionam com as esponjas, realizamos
uma revisdo detalhada da literatura que versa sobre as interacOes entre protistas e Porifera
observando o estado do conhecimento e principais desafios da area. Identificamos que um grupo
de protistas conhecido como Labyrinthulomycetes constitui um dos principais obstaculos para o
estabelecimento de culturas celulares desses invertebrados marinhos. Investigamos a natureza
da associagdo entre Labyrinthulomycetes e duas esponjas marinhas tropicais: Hymeniacidon
heliophila e Haliclona melana. Através de uma abordagem dependente de -cultura,
caracterizamos a morfologia geral dos isolados e inferimos sua identificagdo. Em conjunto,
fizemos testes de degradacgdo de diferentes substratos e a identificacdo de seus &cidos graxos, a
fim de obter um perfil metabdlico e avaliar seu potencial biotecnol6gico. Neste trabalho nés
discutimos o papel dos protistas como um importante componente do microeucarioma das
esponjas assim como reportamos 0s primeiros isolamentos sistematicos de Labyrinthulomycetes
a partir de culturas primarias de células de esponjas marinhas. Obtivemos trés isolados com
caracteristicas morfoldgicas e bioquimicas distintas pertencentes as familias Thraustochytrida e
Labyrinthulida. Observamos que um dos isolados (HALZ1) possui grande potencial para futuras
exploragOes biotecnologicas, porém os outros (HYM1 e HAL?2) ainda necessitam ser melhor
investigados. Em vista das evidéncias, concluimos que estes protistas podem estar associados a
essas esponjas marinhas de forma comensal ou mutualista. O trabalho até entdo realizado
constitui um importante passo no entendimento da complexa e pouco estudada associagéo entre

protistas e Porifera.

Palavras-chave: protistas; microeucarioma; microbioma; cultura-dependente; traustoquitrideos;

labirintulideos; esponjas marinhas
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ABSTRACT

Throughout their evolutionary histories, the representatives of the phylum Porifera have
established complex associations with various microorganisms. This microbiota is directly
related to the physiology of these animals and has been the focus of several studies in recent
decades. Historically, most of these investigations have focused on the fraction of the
microbiome composed of bacteria, archaea, and fungi. However, our understanding of the
nature of the complex associations between protists and sponges is still limited and needs
further investigation. These microorganisms possess a great diversity of forms and metabolisms
and occupy various ecological niches. Seeking to understand how they relate to sponges, we
conducted a detailed review of the literature on the interactions between protists and Porifera,
observing the state of knowledge and the main challenges in the area. We identified that a group
of protists known as Labyrinthulomycetes constitutes one of the main obstacles for the
establishment of cell cultures of these marine invertebrates. We investigated the nature of the
association between Labyrinthulomycetes and two tropical marine sponges: Hymeniacidon
heliophila and Haliclona melana. Using a culture-dependent approach, we characterized the
general morphology of the isolates and inferred their identification. Also, we performed
degradation tests of different substrates and the identification of their fatty acids in order to
obtain a metabolic profile and evaluate their biotechnological potential. In this work we discuss
the role of protists as an important component of the sponge microeukaryome as well as report
the first systematic isolations of Labyrinthulomycetes from primary cultures of marine sponge
cells. We obtained three isolates with distinct morphological and biochemical characteristics
belonging to the families Thraustochytrida and Labyrinthulida. We observed that one of the
isolates (HALZL) has the greatest potential for future biotechnological exploitation, but the others
(HYM1 and HALZ2) still need further research. In view of the evidence, we conclude that these
protists are associated with these marine sponges in a commensal or mutualistic manner. The
work done so far constitutes an important step in the understanding of the complex and little

studied association of protists and Porifera.

Keywords: protists; microeukaryome; microbiome; culture-dependent; thraustochytrids;
labyrinthulids; marine sponges
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CAPITULO 1

Introducédo e Métodos Gerais

1.1 Introducéo Geral

1.1.1 O filo Porifera

As esponjas (filo Porifera) sdo organismos multicelulares, filtradores, sésseis,
dotados de poucas especializagdes morfolégicas, tendo representantes tanto marinhos
quanto dulciaquicolas (Simpson, 1984). Dados moleculares e suas caracteristicas Unicas
colocam esses animais evolutivamente na base de Metazoa (Muller, 2003; Redmond e
Mclysaght, 2021). Ha evidéncias de sua presenca no Pré-Cambriano (Sperling et al.,
2010) e recentemente analises de fdsseis recifais apontam a existéncia desses animais ja
no Neoproterozoico (Turner, 2021). Sdo organismos comuns na maioria dos ambientes
aquaticos e desempenham funcgdes vitais no funcionamento dos ecossistemas (Waérheide
et al., 2005; Bell, 2008; Chang et al., 2019). Atualmente sdo reconhecidas 9489 espécies
de esponjas (de Voogd et al., 2022), divididas em quatro classes: Demospongiae,

Calcarea, Homoscleromorpha e Hexactinellida.

O bauplan ou a organizacdo do corpo de Porifera é relativamente simples
quando comparado com outros metazoarios, contudo, podem assumir uma miriade de
formas (Figura 1.1A-E). As esponjas ndo tém tecidos ou 6rgdos como os encontrados
nos organismos mais derivados. Possuem uma fisiologia essencialmente celular, com
células especializadas desempenhando funcGes Unicas e vitais para a homeostase do
animal (van Soest et al., 2012). A maioria das esponjas tem como principal
caracteristica um esqueleto composto por espiculas de silica ou carbonato de calcio,
embora varias espécies possuam apenas uma rede de fibras de colageno (e.g. esponjas
de banho naturais) ou ndo tenham nenhum elemento esquelético definido (Simpson,
1984). Estas estruturas dao suporte estrutural e fornecem algum grau de protecdo contra
a predacédo, e por serem extremamente diversas (Figura 1.1F) sdo um dos principais
caracteres usados na taxonomia e sistematica desses animais (van Soest et al., 2012).
Além disso, outros caracteres diagnosticos do grupo sdo a presenca de um sistema

aquifero e a auséncia de 6rgéos e sistemas especializados.
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Figura 1.1. Representantes das quatro classes do filo Porifera: Aplysina caissara (A), Aplysina cauliformis e
a esponja carnivora Cladorhiza sp. (C) pertencem a classe mais diversa, Demospongiae. Outras com
esqueleto calcario como a Sycettusa hirsutissima (C) pertence a classe Calcarea. Ha também a classe
Homoscleromorpha que tem representantes com caracteristicas Gnicas como Oscarella lobularis (D). Por
fim, ha também as pouco estudadas esponjas de vidro da classe Hexactinellida, como essa da familia
Euretidae ainda ndo descrita (E). (F) Diversidade de espiculas da classe Demospongiae, demonstrando
algumas das distintas morfologias que as espiculas desses animais podem assumir. As referéncias das
imagens podem ser encontradas no Anexo 1.

O sistema aquifero de Porifera consiste em uma vasta rede de canais e cAmaras
de diferentes tamanhos que agrupam células flageladas, os coandcitos. O batimento
destes flagelos cria uma corrente de agua do exterior, trazendo microorganismos e
matéria organica em suspensdo, que sdo entdo capturados pelos coandcitos. O sistema
aquifero desses animais pode assumir diferentes niveis de complexidade (Simpson,
1984; van Soest et al., 2012). No geral ha pelo menos trés niveis basicos de
organizacao, sendo a mais simples a asconoide, seguida da siconoide e a mais complexa

que ¢ a leucondide (Figura 1.2).

Dentro de Porifera a classe Demospongiae é a mais diversa, com 7861 spp.
reconhecidas (de VVoogd et al., 2022). Esse grupo compreende as esponjas que possuem

um esqueleto composto por espiculas de silica, que podem ou ndo estar organizadas em
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Figura 1.2. Esquema geral do sistema aquifero encontrado em Porifera, com trés tipos basicos mais
comuns que ilustram os diferentes graus de complexidade encontrados: Ascondide, Sicondide e
Leucondide. Nos trés, a 4gua ao redor da esponja contendo microrganismos e matéria organica particulada
entra pelos éstios e é filtrada nas cAmaras coanocitarias. O fluxo de agua resultante é direcionado para fora
do corpo da esponja pelo 6sculo.

feixes embebidos por uma substancia colagena, a espongina (van Soest et al., 2012). E a
Unica classe conhecida que, além dos representantes marinhos, também inclui espécies
de agua doce (286 spp. sdo dulciaquicolas) e carnivoras (alguns representantes de
Poecilosclerida). Além do potencial biotecnoldgico inerente dessa diversidade, as
Demospongiae tém grande importancia econdmica, principalmente dentro de
comunidades costeiras que usam a aquicultura sustentavel desses animais como fonte de
renda (Gaertner et al., 2020; Adler, 2020).

Por sua vez, Calcarea, possui 802 spp. reconhecidas (de Voogd et al., 2022).
Nesse grupo estdo as esponjas que secretam um esqueleto de carbonato de célcio e
produzem de espiculas com esse mesmo mineral (van Soest et al., 2012). Assim como
as Demospongiae, assumem varias formas, porém geralmente tém tamanhos menores,
sendo medidas em milimetros ou poucos centimetros (van Soest et al., 2012).
Interessante ressaltar que dada a natureza de seu esqueleto sdo espécies de interesse na

investigacdo dos efeitos das mudancas climaticas nos oceanos, principalmente a
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acidificacdo e o aumento das temperaturas médias (Ribeiro et al., 2020). A classe
Hexactinellida, conhecidas como esponjas de vidro, tém 695 spp. reconhecidas (de
Voogd et al., 2022). As diferentes espécies que compdem esse grupo tém morfologias e
fisiologia unicas, e sdo geralmente encontradas em aguas profundas, de 200 m até 6 km.
Suas espiculas tém simetria triaxdnica (trés eixos), possuem tecidos que séo sinciciais e
muitas espécies sdo viviparas, com a producdo de uma larva especifica (revisao em Leys
et al., 2007). Tém sido foco da Ciéncia de Materiais principalmente pelas caracteristicas
unicas de seu esqueleto, que permitem uma alta tramissibilidade de luz, semelhante as
fibras dpticas (Brummer et al. 2008). A classe mais recente e a menos diversa é
Homoscleromorpha com 130 spp. aceitas (de VVoogd et al., 2022). Historicamente esse
tdxon estava inserido dentro de Demospongiae, contudo analises moleculares
demonstraram que esses animais constituem uma classe distinta (Gazave et al. 2012).
Possuem espiculas de silica tetraxdnicas (quatro eixos), porém outras morfologias
também podem ser encontradas. Tém alguns caracteres diagndsticos como sua larva
(cinctoblastula), porém a maior parte da identificacdo desse grupo é feita através de
identificacdo molecular ou através do uso de métodos citoldgicos e histoldgicos (van
Soest et al., 2012).

1.1.2 Microbioma de Porifera

As esponjas sdo reconhecidas como animais com ampla capacidade de
associacdo com microrganismos. Ao longo de suas histérias evolutivas, o0s
representantes de Porifera estabeleceram complexas associacfes com diversos filos de
bactérias, arqueias, fungos, algas, virus e protistas (Taylor et al., 2007; Webster e
Taylor, 2012; Webster e Thomas, 2016). Essas associa¢cdes permitiram uma grande
diversidade de solucGes para desafios ambientais aos quais esses animais estdo
submetidos (van Soest et al., 2012). Os microrganismos associados podem desempenhar
funcBes essenciais no metabolismo energético ou de compostos como nitrogénio e
fosforo (Fiore et al., 2015; Zhang et al; 2015; revisdo em Webster e Thomas, 2016), no
desenvolvimento (Ereskovsky e Boury-Esnault, 2002; Fieth et al., 2016), na ecologia e
evolucdo (Usher, 2007; Thomas et al., 2016) e até mesmo na modulacdo do sistema
imune e na resiliéncia desses animais frente as futuras condicdes climaticas (Pita et al.,
2018; Schmittmann et al., 2021; Posadas et al., 2021).
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Existe um grande numero de trabalhos que abordam a composicao, estrutura e
funcdo das comunidades de bactérias e arqueias que habitam os tecidos de Porifera,
sendo boa parte do conhecimento do microbioma desses animais restritos a esses
grupos. De maneira geral, esses e outros microrganismos tais quais virus, fungos e
eucariontes unicelulares habitam a matriz extracelular das esponjas, ou mesohilo
(Webster e Thomas, 2016). No entanto, vale ressaltar que algumas espécies de Porifera
possuem também células chamadas bacteridcitos, que mantém 0s microrganismos
endosimbiontes em vacutolos ou capsulas dentro do seu citoplasma (Taylor et al., 2007).
Embora todas as esponjas possuam microorganismos associados, nem todas 0s possuem
grandes quantidades, e esta relacdo é algo associado com a histdria evolutiva das
espécies. Enquanto alguns taxa podem ter até 10° células bacterianas por cm?
(conhecidas como High Microbial Abundance - HMA) ha outros que possuem 10° a 10°
células bacterianas por cm® (Low Microbial Abundance - LMA), nimeros semelhantes a
agua do mar no habitat do animal (Gloeckner et al., 2014). No geral essas classificacdes
HMA/LMA sé&o feitas com base em microscopia de transmissdo (Gloeckner et al., 2014;
Moitinho-Silva et al., 2017), onde é possivel observar a presenca de células bacterianas

em diferentes densidades nos tecidos do animal estudado (Figura 1.3A-B).

1.1.3 O potencial biotecnolégico dos microrganismos associados as esponjas

Em um cenério onde os recursos terrestres estdo sendo depletados, 0s oceanos e
seus habitantes se tornaram uma fonte de interesse para exploracdo biotecnoldgica, um
movimento chamado Blue Biotechnology (Steinert et al., 2017). Neste sentido, as
esponjas sdo historicamente muito promissoras. O metabolismo secundario, isto €, a
producdo de moléculas que ndo sdo utilizadas para o crescimento e reproducdo, é
bastante pronunciado estes organismos. Ja foi verificado que aproximadamente 32% de
todos os produtos naturais marinhos descobertos nos ultimos 50 anos tém como origem
extratos obtidos destes organismos (Blunt et al., 2015). Dentre estes, ja foram
identificados centenas de compostos bioativos com propriedades anticancerigenas,

antimicrobianas ou anti-inflamatérias (Radwan et al., 2012; Brinkmann et al., 2017).

Parte destes compostos tem como origem 0S seus microrganismos simbiontes, 0S
quais tém se revelado uma das principais fontes de novos metabdlitos e processos

industriais. Bactérias, arqueias e, mais recentemente, fungos tém sido amplamente
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High Microbe
(HMA)

Low Microbe
(LMA)

Figura 1.3. Morfologia geral de (A) Aplysina aerophoba classificada como High Microbial Abundance
(HMA) e (B) Dysidea avara classificada como Low Microbial Abundance (LMA). Em (C) observa-se
imagens de microscopia de transmissdo de A. aerophoba onde h4 uma grande quantidade de bactérias
associadas aos tecidos dessa esponja. Em contrapartida, nos tecidos de D. avara (D) a abundéancia relativa
de microrganismos associados € bem menor. Legenda: cc — cAmara coanocitéria; sc — célula de esponja, b
— células bacterianas. Barras de escala: figuras 10 um, insets 1 um. Adaptado de Rix et al. (2020).

explorados nesse sentido (Thakur e Miuller, 2004, Suryanarayanan et al., 2012;
Brinkmann et al., 2017). Microrganismos isolados de esponjas tém sido aplicados com
sucesso no desenvolvimento de tratamentos de rejeitos eletrbnicos, como é o caso das
bactérias lixiviadoras de cobre (Rozas et al., 2017). Bactérias também mostraram uma
significante capacidade de biorremediacéo ao degradar poluentes organicos persistentes,
como o pesticida organoclorado Lindano (Aresta et al., 2015). Ainda nessa linha
investigativa, com a pandemia causada pelo SARS-CoV2, a busca por produtos naturais
se intensificou. Compostos como bromotirosinas e polifosfatos inorganicos (polyP)
produzidos pelas esponjas e/ou seus microrganismos associados apresentam o potencial
de inibir a entrada de SARS-CoV2 em células humanas (Geahchan et al., 2021).
Leveduras tolerantes a baixas temperaturas associadas as esponjas antarticas possuem
um grande repertdrio enzimatico ainda pouco explorado (Vaca et al., 2013). Apesar do
interesse, muito ainda pode ser investigado. Fungos dos géneros Aspergillus sp. e
Penicillium sp. bem conhecidos por produzirem compostos variados com atividades que
vao desde acdo antimicrobiana e antitumoral a neuroprotetora, foram identificados
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como contribuintes do perfil de metabolitos secundarios de diversas esponjas (revisao
em Suryanarayanan et al., 2012). Apesar dessa enorme diversidade de compostos
bioativos, poucas dessas moléculas chegam as etapas de testes clinicos (Steinert et al.,
2017). Isso se da em boa parte pelas baixissimas concentracbes dos metabdlitos de
interesse que sdo encontrados nos animais, mas também pelas grandes dificuldades de
isolamento e escalabilidade de cultivo dos microrganismos associados (Steinert et al.,
2017).

1.1.4 O contexto das culturas de células primarias e 0s microrganismos associados

Para compreender o funcionamento desses animais primordiais assim como
permitir uma exploracdo sustentdvel de moléculas bioativas de interesse humano,
houveram diversas tentativas de estabelecimento de culturas de células de esponjas.
Apesar de um recente avango nessa area (Conkling et al., 2019), de uma forma geral, a
cultura de células de esponja caminha a passos lentos, uma tendéncia que se estende
virtualmente para todos os filos de invertebrados marinhos (Domart-Coulon e
Blanchoud, 2022). Ja foram publicados diversos trabalhos que tentam encontrar formas
de manter a viabilidade, replicacdo e a condicdo axénica das culturas de células
derivadas de todos os grandes filos (Porifera, Cnidaria, Mollusca, Platyhelminthes,
Annelida, Crustacea, Echinodermata e Urochordata). Contudo, até hoje ha pouco
sucesso, ja que as células desses organismos normalmente ndo se replicam quando in
vitro, ou quando se replicam geralmente o processo ocorre de maneira limitada (Grasela
et al., 2012; Conkling et al., 2019).

Para Porifera, o método mais usado ainda hoje consiste na formacdo e
manutencdo das células como estruturas tridimensionais, denominadas primorfos
(Custodio et al., 1998), utilizadas até hoje em diversos experimentos (e.g. Muller et al.,
1999; Zhang et al., 2003; Mdller et al., 2004; de Caralt et al., 2007; Grasela et al.,
2012). No entanto, embora o método permita que as células permanecam viéveis por
periodos que podem chegar a 12 meses (Chernogor et al., 2013), ndo h& proliferacéo.
N&o ha fatores de crescimento ou mesmo um meio de cultura nutriente definido. Assim
como para outros invertebrados marinhos, tentativas de adicionar estes componentes em
geral levam a proliferacdo répida de microrganismos associados. Estes geralmente

acabam por ultrapassar o crescimento das células animais e tem sido um grande
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obstaculo nas diversas tentativas de avanco dessa area da ciéncia (Rinkevich, 1999;
2005; Grasela et al., 2012). Enquanto as contaminagdes por bactérias e fungos podem
ser relativamente controladas por técnicas estéreis rigorosas e a utilizacdo de
antibioticos e antifangicos, a proliferacdo de protistas ndo pode ser contida de maneira
equivalente (Schippers et al., 2012). A variedade de metabolismos, habitos e estratégias
evolutivas deste grupo (Worden et al., 2015; Leray e Knowlton, 2016), associado a falta
de conhecimento sobre as interagdes protistas-esponjas torna o processo de cultura

celular de Porifera uma tarefa complexa.

1.1.5 Os eucariontes unicelulares que habitam as esponjas

Apesar da compreensdo sobre a microbiologia das esponjas ter crescido nos
ultimos anos, a maioria das investigacfes ainda sdo focadas nas bactérias e arqueias
associadas, um viés ja observado no estudo do microbioma de outros animais (del
Campo et al., 2020). Ao longo de nossas observacdes e experimentos nés constatamos a
presenca de diferentes microrganismos eucariontes. Os fungos geralmente séo
organismos bem conspicuos e em Vvarios de nossos experimentos, leveduras marinhas e
fungos filamentosos cresceram em abundancia quando ndo controlados. Embora a
origem de algumas cepas possa ser de contaminagdes, ha dados que indicam que sejam
verdadeiramente associados. Isto foi observado por Rozas et al. (2011) ao isolar
diversas cepas fungicas a partir de culturas de células estabelecidas das esponjas
Haliclona melana e Hymeniacidon heliophila. Em outros experimentos também foi
observada a presenca de uma levedura marinha Rhodorutula spp. nas espécies estudadas
neste trabalho, também a partir de culturas in vitro. Esses microrganismos ja foram
descritos como simbiontes de Chondrilla sp. e outras esponjas (Maldonado et al., 2005;
Rosado-Rodriguez et al., 2019) inclusive existindo evidéncias de sua transmissdo
vertical. Contudo, para além de Fungi, sd@o observados também diversos grupos de
microrganismos eucariontes comumente conhecidos como protistas. Estes também
aparentam estar associados de alguma forma com os tecidos das esponjas estudadas,

visto a ubiquidade desses microrganismos nas diversas culturas de células.

O termo protista é uma denominacéo informal utilizada para diversos eucariotos
unicelulares, que formam um grupo parafilético composto de multiplas linhagens

evolutivas (Pawlowski, 2014; Adl et al., 2019). A diversidade dos protistas associados
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as esponjas nao € insignificante, apesar da pouca atencdo que recebem dentro da
espongologia. As esponjas marinhas e dulciaquicolas mantém intimas associa¢des com
diversas linhagens de protistas, como dinoflagelados, diatomaceas, foraminiferos,
ciliados dentre outros (vide Capitulo 2), adicionando uma nova dimensdo ao ja
complexo problema de criagdo de uma linhagem celular de Porifera. Para ilustrar a
complexidade dessas associagdes, como efeito positivo da interagdo esponja-protista um
bom exemplo € simbiose entre a esponja de agua doce Lubomirskia baicalensis e a
microalga verde Mychonastes. Essa associacdo alga-hospedeiro é a principal
responsavel pela sobrevivéncia dos primorfos obtidos dessas esponjas, que podem ser
mantidos em condi¢bes experimentais por até 10 meses sem um meio de cultura
nutriente (Chernogor et al., 2011). Por outro lado, ndo faltam observacdes e registros
dos impactos negativos causados pela proliferacdo de protistas nas culturas de Porifera
(Schippers et al., 2012). Dentre as diversas linhagens mais comumente encontradas,
podemos destacar um pequeno grupo de estramenopilos basais conhecidos como
Labyrinthulomycetes. Os representantes desse taxon sdo conhecidos inviabilizarem a
cultura celular de diversos invertebrados, sendo consistentemente observados nas
culturas de células de esponjas (Rinkevich, 1999; Schippers et al., 2012). Tal
ubiquidade torna esses microrganismos um alvo valido no estudo de suas interacdes

com Porifera.

1.1.6 Labyrinthulomycetes: taxonomia, morfologia, ubiquidade e potencial

inexplorado

A taxonomia e filogenia deste taxon sdo bastante complexas. Observa-se por
muitas vezes na literatura o intercambiamento do termo “Labyrinthulomycetes” usado
no International Code of Nomenclature (ICN, para fungos, algas e plantas) com
“Labyrinthulea” ou “Labyrinthulomycota” usados pelo International Code of
Zoological Nomenclature (ICZN, para animais) (revisdo em Bennet et al., 2017 e
Marchan et al., 2018). Aqui priorizamos o uso de “Labyrinthulomycetes”. Estes sdo
microrganismos marinhos, semelhantes a fungos, que adquirem matéria particulada por
absorcdo osmdtica (osmotrofia). O posicionamento filogenético e taxonomia desse
grupo ainda é foco de discussdo, porém ha evidéncias que suportam esse taxon como
um grupo basal dentro de Stramenopila (Figura 1.4) (Bennet et al., 2017; Marchan et al.,
2018). Esses microeucariotos tém uma morfologia aparentemente simples, contudo,
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Figura 1.4. Filogenia simplificada de Stramenopila e Labyrinthulomycetes. Nota-se que grande parte dos
protistas dentro de Labyrinthulomycetes sdo marinhos, porém ha grupos terrestres e/ou de agua doce.
Adaptado de Bennet et al. (2017) e Bailey (2010).

uma inspecdo mais aprofundada revela uma série de detalhes e diversidade formas
(Figura 1.5A-J). Os Labyrinthulomycetes sdo recobertos de escamas ovoides ou
hexagonais, ndo-celuldsicas, geralmente compostas por polissacarideos fosfatados
(Figura 1.5J) (Bennet et al., 2017). Detalhes ultraestruturais mostram que possuem
mitocondrias tubulares dotadas de uma crista e sua parede celular tem escamas
circulares organizadas em uma ou mais camadas (Moss, 1985; Dick, 2001). Outra
caracteristica importante desse grupo € que as formas vegetativas produzem redes
ectoplasmaticas ramificadas a partir de uma organela denominada botrossomo ou
sagenogenotossomo (Figura 1.5C-D) (lwata et al., 2017). Podem viver associados a
algas, invertebrados e vertebrados como parasitas, comensais ou mutualistas, mas
podem ser encontrados também em vida livre, compondo uma parte do fendémeno de
“neve marinha” ou “marine snow” (Figura 1.5E-I) (Raghukumar, 2002; Marchan et al.,
2018).
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Figura 1.5. Caracteristicas morfologicas de representantes de Labyrinthulomycetes. (A) Esquema geral
de Labyrinthula demonstrando a organizacdo das células dentro da rede ectoplasmatica. (B) Zoo6sporo
biflagelado, caracteristico dos Stramenopila. (C) Esquema geral de Schizochytrium aggregatum
mostrando uma célula vegetativa uninucleada e (D) detalhes da organela botrossomo. Legenda: N —
Nuicleo; G - Complexo de Golgi; M — mitocéndria; EDMB — material eletrodenso; EN — rede
ectoplasmatica; ER - reticulo endoplasmético; PM — membrana plasmatica; S — escamas que formam a
parede celular. (E - G) Labyrinthulomycetes isolados de esponjas marinhas no presente trabalho. (H)
Aurantiochytrium sp isolado de manguezais no litoral de Sdo Paulo. (1) Stellarchytrium dubum isolado a
partir de tecidos da estrela do mar Pisaster ochraceus. Microscopia de transmissdo de uma célula
vegetativa Aplanochytrium sp. onde é possivel observar as escamas que formam a parede celular do
protista. Barras brancas = 20 um, barra preta = 2 um. As referéncias das imagens podem ser encontradas
no Anexo 1.

Como parasitas esses protistas causam impactos econémicos significativos, pois
afetam invertebrados de consumo humano, como moluscos (Figura 1.6A-B) (Shinn et
al., 2015). Por estarem associados com muitos invertebrados, sdo um obstaculo no
processo de culturas celulares (Rinkevich, 1999, 2005; Rabinowitz et al., 2006; Han et
al.,, 2013, Nowotny et al., 2021) e ja foram publicados trabalhos onde formas
vegetativas desses protistas foram erroneamente identificadas como as células dos

animais
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Figura 1.6. (A) Cultura de células vegetativas de um protista parasita pertencente ao grupo dos
Labyrinthulomycetes (Thraustochytrida) denominado Quahog Parasite Unknown (QPX). (B) Histologia
de tecidos do manto de um bivalve da espécie Mercenaria mercenaria infectado por QPX Corado com
Hematoxilina/Eosina. Barra de escala = 20 um. Adaptado de Collier et al. (2017).

(Rinkevich e Rabinowitz, 1993; Richelle-Maurer et al., 2003). Em relacéo a Porifera, a
natureza da interacdo entre esses protistas e esponjas € muito pouco conhecida. A
maioria dos registros refere-se a presenca desses microrganismos em culturas de células
primarias ou estudos de high-throughput sequencing. Além disso, até o momento
existem pouquissimos estudos aprofundados sobre esses protistas isolados a partir de

tecidos de esponjas (Raghukumar, 2002).

Entretanto, embora seja um problema em alguns contextos, 0s
Labyrinthulomycetes também possuem um grande repertério metabdlico, o que abre a
possibilidade do seu uso para uma ampla variedade de aplicagdes biotecnoldgicas
(Raghukumar, 2008; Marchan et al., 2018). Esses protistas séo reconhecidos pela
sintese de 4cidos graxos poliinsaturados (PUFAS), como DHA (acido
docosahexaenoico) e EPA (acido eicosapentaendico). Tais compostos, principalmente
6leos ricos em DHA oriundos de traustoquitrideos tém sido aplicados em uma miriade
de processos. A producdo significativa dessas substancias torna esses protistas alvo de
exploracdo pela industria nutracéutica, onde sdo usados como suplemento tanto para
humanos quanto na pecudria e aquicultura (Marchan et al., 2018). O uso dos 06leos
derivados desses Labyrinthulomycetes, como é o caso das espécies Schizochytrium sp.
and Ulkenia sp., tem sido um substituto valido para componentes de origem animal
(Marchan et al., 2018).

Esses microeucariotos também possuem em seu repertério metabdlico a
capacidade de producédo de carotenoides, esqualeno e exsudatos de polissacarideos. Os
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carotenoides sd@o pigmentos naturais que podem ser usados como ingredientes em
alimentos, cosméticos e produtos farmacéuticos, além de terem propriedades
antioxidantes e serem precursores de outras moléculas bioativas como vitaminas (Park
et al., 2018). Por sua vez o esqualeno é um hidrocarboneto essencial que atua como
precursor de esteroides, acidos biliares e vitaminas, além de também possuir atividades
antioxidantes (Spanova e Daum, 2011). Esse composto também € bastante utilizado
como adjuvante de vacinas, sendo um ingrediente usado em certos imunizantes com 0
objetivo de promover uma resposta imune mais robusta (Mendes et al., 2022). Sendo
uma das principais fontes de esqualeno o figado de elasmobranquios como tubardes de
profundidade (Spanova e Daum, 2011), as populacfes desses animais tornam
ameacadas sendo uma pratica insustentavel a longo prazo. Nesse contexto, 0s
Labyrinthulomycetes tém sido estudados como possiveis alternativas para esse
problema (Aasen et al., 2016; Patel et al., 2020; Mendes et al., 2022). J& os exsudados
de polissacarideos, também produzidos por esses protistas tém diversas aplicacGes.
Recentemente esses compostos tém sido usados pelas suas propriedades antitumorais e
anticoagulantes, mas também pelas suas aplicacdes na industria de cosméticos (Nham
Tran et al., 2020). Além disso, ha também uma diversidade ainda pouco explorada nas
atividades metabdlicas de diversas espécies de Labyrinthulomycetes. Representantes
desse grupo possuem varias enzimas capazes de degradar substratos como celulose,
lignina, amido, colageno, compostos aromaticos, proteinas complexas e lipideos
(Raghukumar, 2008; Liu et al 2014; Li et al., 2021). Dada essas diversas caracteristicas,
os Labyrinthulomycetes constituem um téaxon de interesse biotecnoldgico unico, mas

que ainda é muito pouco explorado, ainda mais no Brasil.

Sendo assim, neste trabalho foram efetuados o isolamento, o cultivo e a
identificacdo morfoldgica de cepas Labyrinthulomycetes obtidas a partir de culturas de
células in vitro de duas espécies de esponjas marinhas do litoral brasileiro. Um perfil
preliminar de atividades metabdlicas foi efetuado para tentar identificar possiveis vias
de interagcdo com os hospedeiros. Dada a dispersdo das poucas informacdes a respeito
destes organismos e de outros microeucariotos associados a Porifera, foi feita também
uma revisdo da literatura disponivel a respeito do topico submetida para a revista

Microbiological Research  (https://www.sciencedirect.com/journal/microbiological-

research). Nas proximas secGes sdo apresentados os objetivos gerais do trabalho e

detalhes da metodologia que ndo sdo abordados nos capitulos posteriores.
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1.2 Objetivos Gerais e Especificos

O objetivo geral deste trabalho foi investigar diferentes aspectos da associacao
entre Labyrinthulomycetes e esponjas marinhas. Foram feitos o isolamento e cultivo
desses microrganismos a partir de culturas primarias de células de duas esponjas
marinhas comuns no Canal de S&o Sebastido, SP: Hymeniacidon heliophila e Haliclona
melana. Foi realizada a identificagdo taxonémica dos protistas obtidos nas culturas,
seguida da caracterizacdo lipidica, metabdlica e avaliacdo do potencial biotecnologico
dos isolados. Também foram avaliadas as possiveis interacfes fisiologicas entre o
protista e a esponja. Mais detalhadamente, os objetivos especificos desse trabalho

foram:

a) lIsolar e identificar os Labyrinthulomycetes associados a células de esponjas
modelo e caracterizar seus perfis lipidicos e metabdlicos.

b) Investigar a natureza das interacbes na associacdo entre esses protistas e as
esponjas.

¢) Avaliar o potencial biotecnoldgico dos isolados.
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1.3 Materiais e Métodos Gerais

Nesta secdo serdo apresentadas as abordagens metodologicas gerais que foram
desenvolvidas neste trabalho. Aqui elas serdo detalhadas em maior profundidade do que

nos manuscritos subsequentes.
1.3.1 Coletas dos organismos-modelo

Foram utilizados como animais modelos as esponjas marinhas Hymeniacidon
heliophila (Wilson, 1911) (Demospongiae: Halichondriidae) e Haliclona melana
Muricy e Ribeiro, 1999 (Demospongiae: Chalinidae) (Figura 1.7A-B). Ambas sao
comuns no litoral em locais de facil acesso e ja foram utilizadas em trabalhos anteriores
do laboratério. Os espécimes foram coletados na regido entremarés da Praia Grande
(23° 4922,5 S, 45° 24'57,4" W) Sdo Sebastido, Sdo Paulo - Brasil, por meio de
mergulho livre ou diretamente do costdo rochoso exposto na maré baixa. As esponjas
coletadas foram mantidas em tanques do Centro de Biologia Marinha (CEBIMar/USP)
para aclimatacéo e triagem. O transporte foi feito em recipientes de plastico contendo
aproximadamente 100 mL de volume de esponjas em 800 mL de &gua do mar local. Os
recipientes contendo os organismos foram transportados em isopores a uma temperatura
de 18°C + 2°C até o Laboratorio de Biologia Celular de Invertebrados Marinhos
(LabCel/USP) em Sdo Paulo - SP. Na impossibilidade de acesso ao CEBIMar durante a
pandemia os organismos coletados foram mantidos em aquarios de 30L com
compressores de ar (BOYU Sc-7500 e BOYU ACQ-001) e transportadas no dia
seguinte conforme ja descrito. No laboratério, os animais foram acondicionados em
aquarios previamente montados, com 0s principais parametros ambientais (i.e. pH,
oxigénio dissolvido, temperatura e salinidade) ajustados de acordo com aqueles
observados no local de coleta. Os envolvidos na execucdo do projeto possuem
experiéncia prévia com o trabalho de campo e laboratério, assim como licenca para
coletas no SISBIO (28917-1).

1.3.2 Culturain vitro das células de esponjas

As esponjas coletadas foram dissociadas em agua do mar artificial sem caélcio e
magnésio, suplementada com EDTA (CMFSW+E: 460 mM NaCl, 7 mM NaSOg, 10
mM KCI, 10 mM HEPES (4cido 4-(2-hidroxietil)-1-piperazin-etanossulfonico), 2.5 mM
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Figura 1.7. Morfologia geral das esponjas (A) Hymeniacidon heliophila (aquério); e (B) Haliclona
melana (campo). A esponja H. heliophila pode apresentar diferentes morfologias de papilas. Estas podem
ser bem pronunciadas, reduzidas e até mesmo inexistentes, tendo habito similar as esponjas incrustantes.
Ja H. melana é mais presente na zona infralitoral, ficando exposta apenas em marés muito baixas, e
geralmente tém papilas conspicuas dotadas de 6sculos bem pronunciados no topo das projecdes. Barra de
escala=1cm.

EDTA (acido etilenodiaminotetracético), pH 8.2) de acordo com Custodio et al. (1998).
Os individuos foram limpos de outros organismos ou detritos e recortados em
fragmentos de aproximadamente 2 mm. Esses fragmentos foram colocados em tubos de
50 mL contendo CMFSW+E (5:1 v/v) por 30 minutos em agitacdo leve. Apds este
tempo, os tubos foram decantados por 2 minutos e o0 sobrenadante descartado. Em
seguida adicionou-se novo CMFSW+E aos tubos e estes foram mantidos em agitacéo
leve por mais 1 hora. Ao final, o sobrenadante foi filtrado em uma malha de nylon (100
um) e centrifugado a 250 x g por 10 minutos. O pellet foi ressuspendido em agua do
mar natural esterilizada por filtracdo (0,22 um) e suplementada com antibidticos
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(penicilina e estreptomicina - PS, 0,2 mg/mL) para remocao de bactérias transientes. A
suspensdo celular derivada desse processo foi colocada em placas de cultura (1 a 2 x 10°
células/mL). Quando dissociadas e recolocadas em meio contendo célcio, como a &gua
do mar, as células de esponja se organizam primeiro em agregados (Figura 1.8A) e
depois em estruturas tridimensionais denominadas primorfos (Custodio et al., 1998),
que possuem uma pinacoderme continua recobrindo a massa celular do seu interior
(Figura 1.8B). Com intuito de se obter estas estruturas, 0 meio das culturas celulares foi
trocado diariamente durante a primeira semana para diminuir possiveis contaminagdes
de fungos e protistas transientes, extremamente comuns na cultura de invertebrados

marinhos e um dos principais contaminantes (Custodio et al., 1998; Rinkevich, 1999).

A

Figura 1.8. Agregados de Hymeniacidon heliophila em diferentes estigios de desenvolvimento. (A)
Agregado recém-formado, com uma semana de cultura, mostrando as bordas irregulares. (B) Primorfo
depois de formado, com alta densidade celular e uma pinacoderme completa, conferindo o aspecto liso a
superficie. Barra de escala = 100 um. Contraste de fase. Nikon TE300.

1.3.3 Isolamento dos Labyrinthulomycetes associados

O isolamento desses organismos foi feito através de inoculacdo de amostras de
cultura de células de esponjas em meios ja descritos na literatura para este grupo, além
de outros meios que sdo utilizados para crescimento de outros organismos isolados de
esponjas marinhas. Neste trabalho foram usados os meios Dextrose-Yeast Nitrogen Base
(DYNB - ROZAS et al., 2011), Brain-Heart Infusion agar (BHI - ROZAS et al., 2017),
YTD-H e YTD (adaptado de Harel et al., 2008) em diferentes condi¢cdes. O meio
DYNB é composto por 1% de dextrose e 1% de Yeast Nitrogen Base (Fluka) em agua
do mar natural. Apos a esterilizagdo por filtracdo em 0,22 pm, foi adicionada ao meio
uma solucdo de antibidticos (PS) na concentracdo de 0,2 mg/mL. Ja o BHI-agar, um
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meio mais rico em nutrientes do que o DYNB, foi preparado segundo as instrucdes da
fabricante: 26g de BHI-agar (Acumedia) foram diluidos em 500 mL de agua do mar
natural e em seguida esterilizado em autoclave por 15 minutos. Apds isso foi adicionado
PS na mesma concentracdo acima. O meio YTD-H é composto de 0.1% triptona, 0.1%
extrato de leveduras e 0.1% dextrose diluidos em agua do mar artificial (Red Salt, pH 8,
salinidade 33 ppt), suplementada com PS na concentragdo de 0,2 mg/mL. J& 0 meio
YTD é composto a partir da diluicdo do meio YTD-H dez vezes atingindo uma
concentracdo de 0,01%. Nos experimentos de isolamento foram utilizados tanto o meio
liquido quanto meio sélido (meio + 1,5% ~ 2% agar bacterioldgico - Merck), com
excecdo do meio BHI-4gar. Em seguida foram inoculadas amostras de 2 a 5 primorfos
de Hymeniacidon heliophila ou Haliclona melana nos meios de cultura descritos. As
placas e garrafas de cultura celular 25 cm? (Kasvi) foram colocadas em uma estufa a
24°C * 1°C por duas semanas e observadas diariamente em microscopia de luz em
busca de microrganismos que se encaixassem nas descricdes de Labyrinthulomycetes

presentes na literatura.

Somado a utilizacdo do meio YTD foi aplicada a técnica de baiting, ja utilizada
na literatura para isolamento de Labyrinthulomycetes (Raghukumar, 2002; Boro et al.,
2018). Esta se baseia na capacidade desses microrganismos saprofitos em utilizar fontes
recalcitrantes de nutrientes, como celulose, esporopolenina e quitina (Raghukumar,
2002). Os protistas de interesse aderem a esses materiais e entdo é possivel seu
isolamento e replicacdo até a obtencdo de culturas axénicas. Para isso, usamos cistos do
crustaceo Artemia sp. que foram autoclavados e distribuidos em placas de 12 pocos (50
mg de cistos por poco) contendo dgua do mar natural estéril suplementada com PS na
concentracdo usual. Também usamos outro material recalcitrante como isca, consistindo
de fragmentos do esqueleto de espongina oriundos da esponja Aplysina fulva. Em
seguida, amostras com dois a cinco primorfos oriundos de novas culturas de
Hymeniacidon heliophila ou Haliclona melana foram adicionadas em cada pogo. As
placas foram deixadas em uma camara escura, a temperatura ambiente (24°C + 2°C) e
observadas diariamente. Apds a colonizacéo, os materiais foram transferidos para placas
de cultura com YTD-solido (agar 1,5%) para o desenvolvimento e em seguida foi feita a
replicacdo desses isolados em YTD-liquido. Um esquema simplificado do processo de
isolamento é visto na Figura 1.9. Todas as manipula¢fes foram realizadas em fluxo

laminar com materiais estéreis de fabrica ou autoclavados por 15 minutos a 121°C.
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Figura 1.9. Etapas envolvidas no isolamento de Labyrinthulomycetes associados a partir de culturas de
células de esponjas marinhas. Os primorfos sdo incubados com materiais recalcitrantes como cistos de
Artemia sp. ou fibras de espongina. Apds a colonizacdo destes os cistos sdo espalhados em placas de
YTD-éagar onde se proliferam. Apds isso sdo feitas subculturas em garrafas de cultura celular que
permitem melhor manutengao dos isolados.

1.3.4 Testes de frascos de cultura para cultivo dos protistas isolados

Buscando aprimorar o0 cultivo dos Labyrinthulomycetes testamos
qualitativamente diferentes frascos de cultura. Usamos frascos de cultivo feitos de
plastico, como garrafas de cultura celular 25 cm? (Kasvi), tubos Falcon® (50 mL) e
tubos Nalgene® (40 mL). Também foram testados frascos de vidro, como tubos simples
(10 mL), Erlermeyers (125 mL) e garrafas graduadas (500mL - Schott). Os isolados de
interesse foram cultivados nesses diferentes frascos sob agitacdo horizontal (60-100
RPM) e temperatura média de 25°C + 1°C.

1.3.5 Extracdo do DNA genémico dos protistas isolados

A morfologia dos eucariontes unicelulares por muitas vezes nao € suficiente para
distinguir com clareza os tdxons a que pertencem 0s microrganismos, sendo necessaria
uma abordagem molecular. Para isso extraimos o DNA gendmico dos protistas de
interesse para eventual sequenciamento do gene 18S rRNA. Utilizamos nessa extragao
de gDNA o PureLink DNA Extraction Minikit (Invitrogen). Na auséncia do protocolo

adequado para essa extracdo, foi necessario adaptar um novo, partindo das premissas
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explicitadas no manual desse kit. As culturas cresceram por sete dias e em seguida
foram centrifugadas em tubos de 50 mL por 10 minutos a 750 x g para obtencdo do
pellet de células. Estes foram transferidos para tubos Eppendorf (2 mL) estéreis. Os
pellets de cada cultura (com volumes variando entre 100-150 pL) foram ressuspendidos
em 180 pL de Purelink Genomic Digestion Buffer, e em seguida adicionamos 20 L de
proteinase K e os tubos foram deixados em um banho-maria a 55 °C por 18 horas. Para
eliminar qualquer vestigio de RNA adicionamos também 20 pL de RNAse A em cada
amostra e incubamos por 2 minutos em temperatura ambiente. Os lisados resultantes
foram centrifugados a 12.000 x g (Eppendorf MiniSpin) por 5 minutos em temperatura
ambiente para remover qualquer particulado. Transferimos os sobrenadantes de cada
amostra para novos tubos Eppendorf estéreis. Adicionamos em cada tubo 200 uL do
PureLink Binding Buffer. Em seguida colocamos em cada amostra 200 uL de EtOH

100% e agitamos brevemente até a formacao de uma solu¢do homogénea.

1.3.6 Processamento do DNA gendmico obtido

Para a purificacdo foram utilizadas colunas de centrifugacdo do PureLink DNA
Extraction Minikit (ThermoFisher), de acordo com as instrucdes do fabricante. Para
isso, colunas contendo os lisados obtidos na etapa anterior foram centrifugadas a 10.000
X g (Eppendorf MiniSpin) por um minuto em temperatura ambiente. Os tubos de coleta
contendo impurezas foram descartados e novos tubos foram colocados em cada coluna.
A cada amostra foram adicionados 500 pL de Wash Buffer 1 e as colunas centrifugadas
a 10.000 x g por um minuto em temperatura ambiente. Os tubos de coleta foram
descartados e novos foram postos como substitutos. O mesmo procedimento foi
repetido com 500 pL de Wash Buffer 2, porém as colunas foram centrifugadas a 12.000

X g por trés minutos em temperatura ambiente. Os tubos coletores foram descartados.

O proximo passo consistiu em colocar as colunas em tubos Eppendorf 2 mL
estéreis. Em seguida foi adicionado a cada uma 25 pL de PureLink Genomic Elution
Buffer e as reagdes foram deixadas incubando por 1-2 minutos. Ao fim desse tempo as
colunas foram centrifugadas a 12.000 x g por um minuto em temperatura ambiente. O
resultado desse procedimento foi uma solugdo no tubo Eppendorf coletor contendo o
DNA gendmico extraido e purificado de cada uma das culturas dos protistas de

interesse. Para recuperar mais DNA o mesmo procedimento foi repetido com um novo
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tubo Eppendorf coletor, adicionando-se mais 25 pL de Genomic Elution Buffer nas
mesmas colunas e centrifugando novamente. Obteve-se no total dois tubos Eppendorf
contendo 25 pL de DNA gendmico para cada uma das culturas de protistas de interesse.
Apbs a devida rotulagem, as amostras de DNA foram armazenadas em um freezer -20°C

até o sequenciamento.

1.3.7 Escolha de Primers

Para o sequenciamento do gene 18S rRNA escolhemos os pares de primers
NS1/NS4 e NS5/NS8 ja utilizados na identificacdo de Labyrinthulomycetes (Hassett e
Gradinger, 2018). As sequéncias no sentido 5’-3° sdo: NS1 —
GTAGTCATATGCTTGTCTC; NS4 — CTTCCGTCAATTCCTTTAAG; NS5 -
AACTTAAAGGAATTGACGGAAG; NS8 - TCCGCAGGTTCACCTACGGA.

1.3.8 Hibridizacédo in situ dos Labyrinthulomycetes nos tecidos de Porifera

Com a intencdo de localizar as células dos protistas de interesse nos tecidos de
esponjas fixamos em metanol os tecidos e primorfos segundo o protocolo de Fierro-
Constain et al. (2021). No6s adquirimos uma sonda de DNA (Synbio) marcada com
digoxina na porgdo terminal de 5. Essa sonda é especifica para o téxon
Labyrinthulomycetes, ja tendo sido utilizada na investigacdo do parasita QPX em
bivalves (LABY1336 - Stokes et al., 2002), sendo essa a primeira aplicacdo dela em

organismos do filo Porifera.

1.3.9 Extracéo dos polissacarideos extracelulares

Visando investigar o potencial dos polissacarideos extracelulares (PESs)
produzidos pelos Labyrinthulomycetes foram feitos extratos brutos desses compostos a
partir de adaptacdes feitas de Bajpai et al. (2016). As culturas utilizadas cresceram por
25 dias em garrafas de cultura com 20 mL de meio YTD. De cada cultura foi transferido
15 mL para tubos de 50 mL e adicionou-se 2,1 mL de uma solucdo 100% de &cido
tricloroacético (TCA) com o objetivo de se obter uma concentragdo final de TCA de

14%. Os tubos foram deixados sob agitacdo de 60 RPM em temperatura ambiente
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(24°C) por uma hora. Essa solucdo foi centrifugada a 8.000 x g por 20 minutos para
formar pellets de células e proteinas. Os sobrenadantes de cada cultura foram colocados
em tubos de 50 mL e adicionou-se duas vezes o volume (2 x 15 mL) de etanol absoluto
gelado, totalizando uma solucdo de 45 mL em cada tubo. A reacéo foi incubada por 48
horas a 4°C para a precipitacdo do PEs. Passado esse periodo observou-se uma massa
esbranquicada no fundo de cada tubo. Estes foram centrifugados novamente para
concentrar o precipitado e o sobrenadante foi descartado. Apds a total evaporacdo do
etanol, os tubos contendo os extratos brutos de polissacarideos extracelulares derivados
de culturas dos protistas de interesse, foram rotulados e guardados a 4° C para analises

posteriores.
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ABSTRACT

Sponges are basal metazoans known for their broad capacity to associate with
microorganisms. Historically, the bacterial and archaeal communities of these animals
are the best known, followed by the fungi. While these three fractions are intensively
studied given their importance in the physiology of the animal as well as their
biotechnological potential, the Porifera microeukaryome remains poorly know. For
many years the culture-dependent approach dominated the investigations of sponge-
protist interactions. With the maturation of the omics techniques, these associations
could be visualized at other equally important scales. Of the few existing studies, there
is a strong tendency in the literature to focus on interactions between sponges and
photosynthesizing taxa such as dinoflagellates and diatoms. However, there are studies
that dissect on interactions with other less common groups. In addition, there are
bottlenecks and inherent biases of using primer pairs and pipelines in the most
commonly used metabarcoding studies. In this review, we propose the term
microeukaryome to refer exclusively to protists associated with an animal host. It is also
observed that in the context of microeukaryome the biotechnological potentials are still
largely unexplored. Thus, this review addresses the issues underlying the associations

between Porifera and protists.

Keywords: symbiosis; biotechnological potential; holobiome; culture-dependent;

culture-independent
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INTRODUCTION

The association between organisms is an ancestral and vital feature of the
eukaryotic condition (Douglas, 2014). This intimate dependence is seen in the theories
of origin of mitochondria, plastids and other organelles (Lopez-Garcia et al. 2017). Such
an associative tendency is something that permeates most evolutionary lineages of
Eukarya. In the group comprising animals (Metazoa) this is well observed in the marine
environment (Wilkinson, 1987; Castro, 1988; Sara et al. 1998; Dubilier et al. 2008). In
this context, being the first metazoans to diverge (Redmond and McLysaght, 2021)
sponges have been widely studied in a variety of areas. In investigations of the
interactions between microorganisms and animals, Porifera stand out as model animals
(Hentschel et al. 2006; Taylor et al. 2007; Webster and Taylor 2012; Thomas et al.
2016). Initially, sponge-associated microorganisms were studied from a morphological
viewpoint (Vacelet and Donadey, 1977; Wilkinson 1978a, 1978b, 1978c, Wilkinson et
al. 1984) which provided the basis for this area of study. With the advent and
popularization of the omics sciences the communities of associated microorganisms,
especially bacteria and archaea, have been further explored. This has provided advances
such as the characterization of an enriched phylum of bacteria discovered in marine
sponge samples (Poribacteria - Fieseler et al. 2004; Podell et al. 2019). Although omics
approaches are applied with relative success to the symbioses of these ancient animals,
there are still several gaps in scientific knowledge. Within the enormous biodiversity of
the Porifera microbiome there is still a fraction that is little discussed. Fungi and other
microeukaryotes form a significant portion of the associated microbiome biodiversity
(Taylor et al. 2007; Suryanarayanan, 2012). In other invertebrates such as corals, these
other symbionts can play an essential role in maintaining the animal's homeostasis as
well as disrupting it (Ainsworth et al. 2017). In recent years sponge-associated fungi
have gained some relevance mainly with regard to biotechnological applications
(Suryanarayanan, 2012; Indraningrat et al. 2016). However, our understanding of the
role of microeukaryotes was and still is greatly hampered by the focus on bacterial and
archaeal portions of the microbiome (Caron et al. 2009; Keeling and del Campo, 2017).
Furthermore, when it comes to the association between Porifera and unicellular
eukaryotes many of the records are focused on a few taxa such as diatoms (Cox and
Larkum, 1983; Bavestrello et al, 2000; Regoli et al. 2004; Moitinho-Silva et al. 2017)
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and dinoflagellates (Garson et al. 1998; Schonberg and Loh, 2005; Schonberg and
Suwa, 2007; Miiller et al. 2007; Achlatis et al. 2019).

Overall, the current understanding of unicellular eukaryotic microorganisms has
grown. Expeditions such as Tara Oceans shed light on this much under-explored groups
(de Vargas et al. 2015). There is also a focus on the questions related to biomass. It is
estimated that marine unicellular eukaryotes can make up approximately 2 gigatons of
carbon (Bar-On et al. 2018). Such immensity of microorganisms from a functional-
ecological point of view becomes indispensable for the various biogeochemical cycles
of the planet (Worden et al. 2015). Considering the importance of protists in aquatic
environments in general, we bring in this text a narrative analysis of the relevant
scientific literature. We seek to demonstrate that marine and freshwater sponges have
associations with various protist lineages and that these have important functions
(Figure 2.1). For instance, processes such as photosynthesis are performed by diatoms,
dinoflagellates and green algae, where there is an exchange of photosynthates for the
protection and use of nitrogen wastes. Other phenomena such as syntrophy are
reasonable to expect within a complex community. In addition to that, the production of
secondary metabolites is also one of the main services provided by these unicellular
eukaryotes. Compounds such as antimicrobials, fatty acids, and alkaloids produced by
these microorganisms can contribute to the biochemical profile of the sponge
(Indraningrat et al. 2016; Zhu et al. 2019; de Kluijver et al. 2021). Also, mechanisms
such as top-down pressure exerted on the bacterial, archaeal, fungal and viral
community modulate the structure and composition of these assemblages.

Here we present the taxa that have already been reported and discuss the major
obstacles in researching this important fraction of the sponge microbiome. We
understand that the definitions of eukaryome made by Lukes and colleagues (2015) and
del Campo and colleagues (2020) are more wide-ranging than we intend to address.
Therefore, we define the term microeukaryome as the fraction of the microbiome that
comprises only single-celled eukaryotes known as protists. Unicellular and multicellular
fungi have not been included in this definition because we consider the term
mycobiome/mycobiota to encompass this diversity (Peay et al. 2016), it is already used
in the context of spongology and recently reviewed (Bovio et al. 2020; Cohen et al.
2021). From this definition we have also excluded any macroeukaryotes such as

animals, plants or macroalgae. In addition, we present a concise discussion of the
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possible physiological roles of these associated unicellular eukaryotes and possible lines

of investigation that may contribute to the solution of the problems presented.

1.PHOTOSYNTHESIS

Several species of dinoflagellates
and diatoms are responsible for
the photosynthesis process and
nutrition of sponge holobiont.

2. SYNTROPHY

Commensal protists can metabolize
products derived from other members
of the microbiota and/or the sponge.
In turn the sponge can also utilize
metabolites excreted by these
protists.

3. SECONDARY METABOLITES

Protists can also produce
secondary metabolites involved in
chemical defenses, symbiont-host
communication and nutrient
acquisition, such as fatty acids.

4, TOP-DOWN PRESSURE

Predatory protists such as amoebas
and ciliates can help control the
microbiota through phagocytosis of
bacteria, archaea, fungi, viruses and
other protists.

Figure 2.1. Putative microbial services provided by the Porifera microeukaryome. Based on Steinert et
al., 2018.

A BRIEF DISCUSSION ON THE STUDY AND PHYLOGENY OF
EUKARYOTES

Before discussing the diversity of protists associated with sponges, we should
pay special attention to the diversity of eukaryotes in general. Much is known about
macroscopic lineages such as animals, fungi and plants. However, considering the
myriad of habitats on the planet we will see that in addition to bacteria, archaea and
viruses, protists are essential in several of these spaces (Worden et al. 2015). In general,
there are two main problems in the study of unicellular eukaryotes: cell size and lineage
diversity (Keeling and del Campo, 2017). The first concerns the inherent difficulty in
visualizing, culturing, and studying microorganisms. Although methodological
advances have mitigated these problems there are still obstacles to overcome. One such
major challenge is the culture and isolation of strains from which we frequently only
have sequence fragments. The second major problem in protistology refers to the
diversity of each strain itself. This characteristic is still difficult to be fully understood
even with the current molecular tools and bioinformatics that we have. This is mainly
due to the absence of reference sequences with which we can compare microeukaryotic

sequences obtained to generate more robust assemblies (Dawson and Hagen, 2009;
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Keeling and del Campo, 2017). Furthermore, in the field of protistology there is a strong
tendency to apply the same metabolic-functional inference-based strategies used in
Bacteria and Archaea (Keeling and del Campo, 2017). Such an approach creates some
methodological problems, since microeukaryotes in general have a relative metabolic
homogeneity compared to the other two domains (Keeling and del Campo, 2017). In
this context, morphology and behavior can be more informative features than inferences
based only on sequences of DNA and RNA (Keeling and del Campo, 2017; Keeling,
2019). Regarding the relationships between lineages, it can be said that the phylogeny
of the group is highly dynamic (Baldauf, 2003; Keeling et al. 2005; Roger and Simpson,
2009; Hampl et al. 2009; Adl et al. 2019; Burki et al. 2020). For simplicity, we adopt
here a version made from the detailed review by Adl et al. (2019) and Burki et al.
(2020), since it is beyond the scope of this review to discuss the positioning of specific
groups. In a comprehensive overview of the major evolutionary lineages within the tree
of eukaryotes (Figure 2.2), one can see the division into two major groups: Amorphea
and Diaphoretickes. In the former there is the clades of Amoebozoa, Nucletmycea and
Holozoa, which have as their best-known members the amoebas, true fungi and animals,
respectively. Importantly, this hypothesis incorporates recent evidence demonstrating
the paraphyly of Excavata that are now divided into clades such as Metamonada and
Discoba (Adl et al. 2019; Burki et al. 2020). In Diaphoretickes, on the other hand, are
the photosynthesizing organisms. It contains part of the former taxon Excavata,
represented by algae of the taxon Cryptista. Still in Diaphoretickes there are
Archeoplastida, comprising the red algae Rhodophyceae, the green algae
Chloroplastida, and Embryophyta, if land plants are included. The SAR supergroup is
monophyletic, made up of three other major clades: Stramenopiles, Alveolata and
Rhizaria. To facilitate the understanding of their associations with Porifera, Alveolata is
represented here divided into smaller groups. From the limited literature on the
associations of Porifera and microeukaryotes, we observed two major trends on the
study of the biodiversity of sponge-associated microorganisms. The first concerns
research that was able to study these associations through direct observations and
classical culture and isolation methods. Another more recent approach makes use of

molecular methods and bioinformatics to analyze large quantities of biological samples.
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Figure 2.2. Simplified scheme of the main evolutionary lineages of Eukarya based on Adl et al. (2019)
and Bulki et al. (2020). Amorphea is the group that includes true animals and fungi. Within this clade we
have here as representatives of Holozoa the protists of Choanoflagellata as a sister group to the animals or
Metazoa. In turn, Diaphoretickes is an extremely diverse supergroup. Within it is the SAR supergroup,
consisting of Stramenopiles, Alveolata and Rhizaria. There is also Archaeplastida, which contains part of
the diversity of multicellular and unicellular protists, as well as land plants. This group and the Cryptista
protists have widely debated monophyly. The 'green algae' are a paraphyletic group that is generally
composed of representatives of these two groups plus Haptista. Excavata, here represented by the
Metamonada and Discoba clades is no longer considered monophyletic and these groups have uncertain
positioning. There are more protist lineages that are not represented in this figure.

THE MICROEUKARYOME DIVERSITY FROM DIRECT OBSERVATIONS
TO CULTURE-DEPENDENT APPROACHES

The culture-dependent approaches have some advantages over its counterpart.
The main one is that it allows the elucidation of features not visualized in gene
sequences such as structure and behavior (Keeling and Campo, 2017). However, it is
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limited to a few microorganisms, implying a low resolution of the biodiversity of host-
associated microeukaryotes in a manner similar to "the great plate count anomaly" first
described by Staley and Konopka (1985). Despite the enormous biodiversity of
microorganisms on the planet, only a small portion can be grown in the laboratory for
diverse reasons (Epstein, 2013; Cross et al. 2019) one of them being the symbiont-host

interdependence itself.

There are few studies that actively seek to understand in detail the nature of
sponge-protist associations. The culture and isolation of these microeukaryotes in the
vast majority of cases occurs indirectly. In primary host cell cultures, for example,
contaminant protists are one of the main problems. They benefit from the dysbiosis
caused by the stress of host cell reorganization and proliferate. Because protists are
diverse, it is difficult to control the growth of their populations, and many host cultures
become non-viable after a short time of establishment (Rinkevich, 1999). The almost
constant presence of these microorganisms is one of the major obstacles to be overcome
for the establishment of axenic cell culture strains of Porifera and several other marine
invertebrates. Here we attempt to synthesize from the literature the main records of
isolations and culture of non-fungal microeukaryotes associated with marine and

freshwater sponges.
Amoebozoa

Amoebas are present in diverse habitats ranging from soils, mangroves, lakes
and oceans (Rodriguez-Zaragoza, 1994; Rogerson and Gwaltney, 2000; Schulz et al.
2015). Along with other protists they are important predators of other microorganisms
such as bacteria, archaea and viruses. The taxon Amoebozoa is characterized by
amoeboid movement, which consists of altering cell conformation through pseudopod
extensions and contractions (Adl et al. 2019). Common in primary Porifera cell cultures,
they are reported as persistent contaminants, where they assume opportunistic behavior
(Rinkevich, 1999). There are few reports of associations between amoebae and sponges
and, as for the vast majority of unicellular eukaryotes, the diversity of associations is
poorly studied. The amoeba Neoparamoeba aestuarina (Discosea) was isolated from
dissociated tissues of Clathrina aurea, Polymastia janeirensis (Klautau et al. 1993,
misidentified as sponge cells) and Chelonaplysilla erecta (Custodio et al. 1995). These
microorganisms have already been isolated from other algae, invertebrates and fish,
where they appear to play negative effects, such as Amoebic Gill Disease in marine
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farmed fishes (Dykova et al. 2007; Dykova et al. 2008). In another work with adult
tissues and embryos of Negombata spp. several species of amoebae proliferated, but
were not identified (Rinkevich et al. 1998, Rinkevich, 1999). It is still uncertain whether
the presence of amoebas in sponges characterizes some kind of parasitism or their
proliferation is a result of opportunistic behavior. The amoebae, in general, are free-
living and from this we can infer that the persistence of these microorganisms in
cultures is due to the abundance of bacteria that the sponges harbor. It is possible that
they play the role of predators of the microbial community (Figure 2.1), therefore
assisting in the population control. Such a function is reported in other symbiotic

systems, such as corals (Ainsworth et al. 2017) and plants (Gao et al. 2019).
“Green algae”

The term “green algae” is the common name for several unicellular and
multicellular photosynthesizing eukaryotic organisms. Despite the lack of phylogenetic
consensus this group comprises some organisms of the taxon Archeoplastida, Cryptista
and Haptista (Simpson et al. 2017, Adl et al. 2019). Multicellular organisms are
represented by macroalgae and land plants, but a significant part of the diversity is
composed by unicellular microorganisms. With an emphasis on the latter, it is noted that
these microeukaryotes are relatively common as epibionts and endobionts of Porifera.
Some of these associations have been used as a model for understanding the general
process of establishing intracellular symbioses, such as in the freshwater sponge
Ephydatia muelleri and its Chlorella-like symbionts (Hall et al. 2021; Geraghty et al.
2021). From the interaction between sponges and algae, several benefits can be derived
for both participants, the main ones being obtaining oxygen, nutrients and recycling of

metabolic wastes (Trautman and Hinde, 2002).

One of the most studied associations is the symbiosis between the freshwater
sponge Spongilla lacustris and the algae of the genus Chlorellae. The greenish color of
this sponge is primarily due to their association with these algae. The first
morphological works that sought to characterize this symbiosis date back to the 1910s
and 1920s (Williamson, 1979; Saller, 1989). Also called zoochlorellae these algae are
often found in the tissues of adult sponges, within the vacuoles of archaeocytes and
other cell types as well as in the gemmules (Williamson, 1979; Saller, 1989). The
presence of the symbionts protists in reproductive structures is evidence of the vertical
transmission between generations. Still in the freshwater environment, in Lake Baikal,

48



the symbiosis between Lubomirskia baicalensis and endosymbiont green algae of the
genus Mychonastes was described (Chernogor et al. 2013). Through the method of
cultivation of primmorphs of this animal it was possible to isolate and subsequently
cultivate these symbionts. Contrary to the trend observed for other freshwater sponge
species, Lubomirskia baicalensis is perennial even in the face of harsh Siberian winter
conditions, maintaining its association with its symbionts (Muller et al. 2009;
Chernogor et al. 2013). It is suggested that Mychonastes plays an important role in the
nutritional homeostasis of its host. The sponge would provide a safe and resourceful
environment (shelter from predation and metabolic wastes) for the proliferation of the
protist, which reciprocates through photosynthates and derivatives such as oxygen
(Chernogor et al. 2013). It is worth noting that the sponge-algae association is
maintained even during the organizational change of the host tissues into primmorphs.
This intimate symbiosis might be one of the main responsible for the long-term
maintenance of primmorphs under laboratory conditions - over 10 months - without the
addition of nutrients in the culture medium (Chernogor et al. 2011; Chernogor et al.
2013). Another interesting symbiosis occurs between the marine sponge Tethya
seychellensis and the cenocytic green algae Ostreobium sp. (Gaino and Sara, 1994).
Algae of this group are commonly found in association with other sessile invertebrates
such as ascidians (Lambert et al. 1996), barnacles (Feussner et al. 2004), corals and
gorgonians (del Campo et al. 2017). Organized in a globular shape, sponges of the
genus Tethya have large siliceous spicules bundles arranged radially along their body.
Such organization favors the growth of the associated algae from the cortex to the most
nuclear region of the animal's body (Gaino and Sara, 1994). It was speculated that,
because they are mostly arranged around the spicular bundles of the host, the algae
benefit from a light conduction system similar to an optical fiber (Gaino and Sara,
1994). The transport of photoactive radiation by spicules was corroborated more than a
decade later using Tethya aurantium (Brimmer et al. 2008).

SAR: Stramenopiles

The Stramenopiles, like the other SAR groups, constitute a very diverse lineage.
Some of its more derived representatives are photosynthesizing while the more basal
forms are heterotrophic. This group has as its main characteristic the presence of two
tubular flagella in at least one of the stages of its life cycle (Adl et al. 2019). In

Stramenopiles are contained well-known groups such as the “brown algae"”
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(Phaeophyceae) and the diatoms (Diatomea). The diatoms are one of the groups that
have associations with various invertebrates, including intimate symbioses with marine
sponges. There are records of the association between some unidentified tropical
sponges, possibly Prianos cf. melanos (now accepted as Batzella melanus) and
Spirastrella aff. decumbens, and the diatoms of the genus Nitzschia (Cox and Larkum,
1983; Cox et al. 1985). Although there is no physiological approach to this association,
the sponge-diatomaceae relationship appears to be stable, as it has been observed in
more than one locality (Cox and Larkum, 1983). A large number of these protists have
been reported living extracellularly in the mesohyl of the sponge, with their frustules
intact. Antarctic sponges, on the other hand, host a large diversity of diatoms in their
mesohyl, just below the pinacoderm (Gaino et al. 1994, Bavestrello et al. 2000). In 17
Antarctic sponge species, diatoms of the genus Fragilariopsis, Achnanthes and
Pseudogomphonema were the most commonly found, followed by some species of
centric diatoms (Bavestrello et al. 2000). Although more evidence is still needed, it is
hypothesized that these microeukaryotes strengthen the cortex of the animal and
possibly serve as nutrition in the harsh Antarctic conditions (Gaino et al. 1994; Cerrano
et al. 2004). In exchange, these endobiont diatoms appear to benefit from metabolic
wastes of the host, adopting a myxotrophic strategy that allows survival in low or no
light situations (Bavestrello et al. 2000).

In addition to photosynthesizing organisms, there are also associations between
Porifera and heterotrophic stramenopiles. Of this subgroup, the interactions of sponges
with the Labyrinthulomycetes, a small group of saprophytic, fungi-like
microeukaryotes, stand out. Overall, their relationships with marine invertebrates and
other organisms tend to be negative, with significant impacts to host fitness
(Raghukumar, 2002; Scharer et al. 2007; Gast et al. 2008). However, it is likely that
these microorganisms are opportunistic, benefiting from an eventual lack of regulation
of the microbiota by the host. Yet, there is evidence that they are important at times of
stress, such as in bleaching events on stony corals of the genus Fungia (Kramarsky-
Winter et al. 2006). From the few studies that exist on the interaction of these protists
with sponges it is noted that they can be isolated from tissues derived both from healthy
and decaying specimens (Raghukumar, 2002). They are also recurrently isolated from
primary cell cultures, probably benefiting from the dysbiosis caused by the tissue

dissociation. With rapid proliferation, these unicellular eukaryotes can be mistaken for
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well-established Porifera cultures (Rinkevich, 1999; Richelle-Maurer et al. 2003).
Recently, different strains were isolated from primmorphs of Hymeniacidon heliophila
and Haliclona melana (Nascimento-Silva et al. pers. obs.) and although investigations
on this association are still in early stages some hypotheses are already discussed. It is
possible that these microorganisms adopt endo- and exosymbiont strategies, similarly to
diatoms. Their ectoplasmic projections, a synapomorphy of the group, may facilitate the
uptake of metabolic wastes from the host, as well as particulate and dissolved organic
matter. They are recognized producers of polyunsaturated fatty acids (PUFAS),
carotenoids, polysaccharide exudates, squalene, and enzymes with varied metabolic
activities (Marchan et al. 2018). PUFAs are important metabolites that are used in the
structure of cell membranes and as precursors to immunomodulators and could possibly

be utilized by the host sponge of these protists.
SAR: Alveolata

Alveolata is a monophyletic group consisting of three major groups
(Apicomplexa, Dinoflagellata, and Ciliophora) (Adl et al. 2019). It comprises
microorganisms with diverse life habits. One of the best known, mainly for its negative
impacts on host fitness, is the Apicomplexa. This lineage has as its most distinguishable
feature a cellular structure known as the apical complex (Katris et al. 2014). However,
this direction to the study of parasites may be the result of a strong bias as there is an
unexpected biodiversity yet to be explored (Saffo et al. 2010; Obornik et al. 2012; del
Campo et al. 2020; Keeling et al. 2021). Previous studies of isolation and identification
of Apicomplexa from Porifera tissues or cell cultures are unknown to us. In contrast,
there are records of Porifera-Ciliophora and Porifera-Dinoflagellata interactions as a
focus. The taxon Ciliophora is widely studied in the free-living context (Simpson et al,
2017). They have nuclear dimorphism as their main characteristic, possessing two cell
nuclei: a macronucleus and a micronucleus. In addition, many representatives of this
group have large amounts of cilia (Simpson et al. 2017; Adl et al. 2019). In the recently
described Lake Baikal demosponge, Swartschewskia khanaevi, the presence of sessile
epibiont ciliates of the genus Lagenophrys was observed (Bukshuk and Maikova, 2020).
It is possible that the proliferation of these protists, along with diatoms that also make
up the microeukaryome of these animals, is favored by the particular morphology of the
sponge's aquiferous system (Bukshuk and Maikova, 2020). In environmental stress

events which usually result in tissue necrosis and possible mass mortality for sponges,
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ciliates can play important roles. In a study of Petrosia ficiformis populations it was
observed that these ciliates consume the degenerated tissues of the sponges, allowing
the animals to recover from a necrosis event (Cerrano et al. 2001). Dinoflagellata in turn
has as its main characteristic the presence of two eukaryotic flagella in the mobile stage
of the life cycle (Adl et al. 2019) and are recognized as symbionts of invertebrates. In
terms of Porifera-Dinoflagellata interaction one of the most studied associations occurs
between excavating sponges of the genus Cliona and Symbiodinium (Hill et al. 2011).
This association can be destabilized in a manner similar to what occurs in coral-
Symbiodinium symbioses, as was reported for the first record of mass bleaching in
clionid sponges in 2015 (Hill et al. 2016). There is even evidence of vertical transfer of
these symbionts between generations of Cliona sp. (Mariani et al. 2001; Mies et al.
2017). Although this is the best-known association, there are other investigations that
are worth highlighting. Through an ultrastructural and morphological approach, it was
suggested that one Haplosclerida, collected on the Great Barrier Reef and identified as
Haliclona sp., contains a dinoflagellate very similar to Symbiodinium microadriaticum
in its tissues (Garson et al. 1998). In Lake Baikal, the sponge Lubomirskia baicalensis
and a dinoflagellate species of the genus Gymnodinium have a well-characterized
symbiosis, mainly from a physiological point of view. Besides providing the hosts with
primary metabolites, such as glycerol, there is evidence of their participation in the
acclimatization of sponges (Muller et al. 2007; Mdller et al. 2009). During the winter,
Lake Baikal is covered by a layer of ice and it is at this time that a higher metabolic
activity related to the reproduction of these sponges is observed (Mdller et al. 2007). It
has been identified that these symbiont dinoflagellates produce a secondary metabolite
called okadaic acid. This molecule interacts with the host HSP70 system, increasing the
expression of heat-shock proteins and consequently contributing to the survival of these
animals in the harsh winter conditions of Lake Baikal (Mduller et al. 2007). It is
interesting to note that the interaction between sponges and protists that produces
okadaic acid are studied since the 1980’s. Okadaic acid was first isolated from
associated microorganisms of two sponges: Halichondria okadai and Halichondria
melanadocia (Tachibana et al. 1981). This molecule, classified as an ionophore,
presented a number of characteristics that attracted strong academic and commercial
interest over time (Bialojan and Takai, 1988; Fernandez et al. 2012; Kamat et al. 2014).
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SAR: Rhizaria

Representatives of Rhizaria form a morphologically diverse group. These
microorganisms have as their main characteristic thin pseudopodia, which display
varying patterns, from simple extracellular projections to anastomosed and branched
(Simpson et al. 2017; Adl et al. 2019). Because of its great diversity, there is no
universal set of morphological characteristics that support the group, but phylogenetic
relationships among the taxa can be obtained from molecular studies (Simpson et al.
2017). Within Rhizaria are three other prominent groups: Cercozoa, Radiolaria, and
Foraminifera, the last one with the most records of isolation from Porifera tissues.
Foraminifera are important in biogeochemical cycles, as they have shells or tests
composed of calcium carbonate or other materials (Simpson et al. 2017). They are often
epibionts of sponges, but there are also records of being inside the body of these
animals (Granville and Nordmann, 1971; Linke and Lutze, 1993; Mazzoli-Dias et al.
2007). In a survey of the Faroe Islands archipelago, these protists were found in the
pinacoderm of all studied sponges of the family Geodiidae (Klitgaard, 1995). The most
common species were Cibicides refulgens and Hyrrokkin sarcophaga, the latter
described as a parasite of corals and bivalves (Schleinkofer et al. 2021). Histological
approaches have shown that in the sponges Isops phlegraei (now accepted as Geodia
phlegraei) and Stelleta normani, the foraminifera H. sarcophaga can dissolve part of
the cortex of the animal (Cedhagen, 1994). In turn the host's spicules are used by the
protist, which deposits them on its external part. The outcome of this interaction is a
negative impact on the sponge, left with scars where the spicules were removed
(Cedhagen, 1994). Despite these observations, further investigation of the physiology of
this interaction is still needed. It is possible that H. sarcophaga, like other protists,
utilize the sponge body for reproduction and ease of obtaining nutrients, as they have
been found at different stages of development within the hosts (Lintner et al. 2021). The
association between foraminifera and sponges appears to be an old one. Several species
of foraminifera already known to science and two new species - Placopsilina
spongiphila and Ramulina siphonifera - have been identified in fossil sponge reefs
(Guilbault et al. 2006). Another interesting aspect of Foraminifera-Porifera interaction is
starred by the giant Mediterranean Sea foraminifera Spiculosiphon oceana. Through a

meticulous organization of siliceous sponge spicules, this organism builds its test or
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outer shell and assumes a feeding strategy and morphology very similar to carnivorous

sponges (Maldonado et al. 2013).

THE MICROEUKARYOME DIVERSITY FROM CULTURE-INDEPENDENT
APPROACHES

The use of omics approaches has completely transformed our understanding of
the microbial ecology of multiple sponge species, allowing a more comprehensive view.
However, the level of detail of the sponge-protist association from a functional-
symbiotic point of view is still low. This approach does not allow the inference of
morphological and behavioral characteristics which are important for the study of
unicellular eukaryotes (Keeling and Campo, 2017; Keeling, 2019). In contrast it is
possible to know in detail the abundance, richness, interactions and composition of
entire communities of microorganisms associated with a given host in a generalized or
group-specific manner. Considering the Porifera microeukaryome, this approach started
to be successfully applied only in the last decade, usually with sets of nonspecific
primers for the 18S rRNA gene such as those listed in Table 2.2. One of the first studies
applied pyrosequencing, now an almost unused technology, to study the communities of
fungi and unicellular eukaryotes associated with 11 sponges from the Chinese sea (He et
al. 2014). In these species the diversity of protists was higher than that of fungi, with
721 unique Operation Taxonomic Units (OTUs) being obtained. Alveolata and
Radiolaria were found in all investigated species and the protist sequences observed
were significantly different from those in seawater, implying a host control on the
composition of this community (He et al. 2014). In Antarctic sponges, diatoms
(Diatomea) and dinoflagellates (Dinophyceae) are predominant in the microeukaryome
(Rodriguez-Marconi et al. 2015). Although dominated by photosynthesizing
microorganisms, heterotrophic dinoflagellates (Syndiniales) also constitute a significant
portion of the protist community (Rodriguez-Marconi et al. 2015). However, in these
two studies the authors did not use biological replicates and apparently did not
normalize the data prior to alpha diversity metrics. Also, only Rodriguez-Marconi and
collaborators included seawater samples in their experimental design. The approaches
used in these studies directly impacts the understanding of the microeukaryotic
community associated with these sponges, making comparisons difficult (Hardoim et al.
2021). On the other side, these investigations have gathered further evidence that, just as

occurs in the bacterial and archaeal communities, the protists associated with sponges
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can also possess host specificity. Nevertheless, this is not a consensus in the area. In a
comparison between the microbiome of four sponge species (Dysidea avara, Dysidea
etheria, Aplysina aerophoba and Aplysina cauliformis) no host specificity of the
microeukaryome was observed (De Mares et al. 2017). Nonetheless, in this work there
was a large variability in diversity among the samples of each species, possibly
stemming from low sample numbers as pointed out by the authors. In the
microeukaryome of these four sponges the vast majority of reads could not be classified
taxonomically. Of those that were classified, Arthropoda and Annelida followed by
Choanoflagellida (protists) have the highest relative abundances (De Mares et al. 2017).
A similar trend was seen when analyzing the microeukaryome of six sponge species
native to the Penghu Archipelago in Taiwan. Much of the microeukaryotic community
of these animals appears to be derived from the surroundings, primarily seawater.
Again, many taxa could not be taxonomically classified, indicating an unexplored
diversity. Dinoflagellates (Dinophyceae and Syndiniales) were the most abundant
group, but green algae and radiolarians were also present in remarkable proportions
(Cleary, 2019). Interestingly, in the sponge Acanthostylotella cornuta it was observed a
high relative abundance of Metamonada, basal heterotrophic eukaryotes that are usually
grazers of bacterial communities, but with parasitic representatives (Adl et al. 2019). In
a more recent study (Hardoim et al. 2021), again the question of microeukaryome
specificity was raised. Although the previous studies are not directly comparable given
methodological divergences, the investigation of the microeukaryotic community of
three sympatric species from South America indicates that the hosts directly act on the
selection of microorganisms. The marine sponges Aplysina caissara, Aplysina fulva,
and Tedania ignis have a high diversity of microeukaryotes that could not be
taxonomically classified, indicative of microbial novelty (Hardoim et al. 2021). Of the
identifiable taxa, the photosynthesizing groups were the most abundant, dominated by
macroscopic green (Phragmoplastophyta) and red (Florideophycidae) algae, followed

by diatoms (Diatomea).

The second type of investigation, which considers only one or a few protists
taxa, has also been used for Porifera. For example, in the freshwater sponges
Baikalospongia intermedia, Baikalospongia recta and Lubomirskia incrustans a great
diversity of dinoflagellates (Alveolata: Dinoflagellata) were found (Annenkovaa et al.

2011). Phylogenetic analyses in this work showed that the 18S rRNA of two groups of
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dinoflagellates were repeatedly found in the total DNA extracted from these sponges.
The protists belong to the order Suessiales, a group comprising endosymbiont
dinoflagellates known to be associated with a wide range of marine invertebrates, and
may be a potential symbiont of the sponges in this ecosystem (Annenkovaa et al. 2011).
However, many of these works are early stages that have not yet delved into the
physiology of the association. One use of omics sciences that goes further and attempts
to integratively understand association function and metabolism is the work of
Moitinho-Silva and colleagues (2017). Within the marine sponge Cymbastela
concentrica there is a complex network of metabolic integration where diatoms,
bacteria, archaea, and the host cells themselves are the key players. The results of this
work show that there is a transfer of organic nitrogen compounds between these
participants, which supports the nitrogen cycle within the holobiont. A comprehensive
list of several taxa of unicellular eukaryotes associated with sponges can be found in
Table 2.1.

THE HMA/LMA DICHOTOMY APPLIED TO PROTISTS AND THE
SPECIFICITY OF THE MICROEUKARYOME

The terms High Microbial Abundance (HMA) and Low Microbial Abundance
(LMA) were created to represent patterns of association between sponges and
prokaryotes (Hentschel et al. 2003; Gloeckner et al. 2014). HMA-type sponges are
defined as those that have around 108 to 10%° associated bacterial cells, while LMA have
orders of magnitude to smaller around 10° to 10°, closer to seawater (Hentschel et al.
2003; Gloeckner et al. 2014). However, there still remain several questions that either
urgently need answers or still require further evidence. One of them concerns the
presence of this pattern in relation to the communities of protists and fungi associated
with sponges. So far, we are unaware of investigations that seek to understand if it is
possible to observe this same HMA and LMA pattern when it comes to unicellular
eukaryotes. Another interesting question is to observe if the diversity is the same among
the different groups of Porifera and if there is a specificity of this community. This
investigative line has been seen in recent work such as the one comparing the
microeukaryotic community of the LMA sponges Dysidea avara and Dysidea etheria
and the HMA sponges Aplysina aerophoba and Aplysina cauliformis (De Mares et al.
2017). In this work the authors noted that the protist sequences found in these species
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failed to compose a sponge-specific cluster like the associated Bacteria and Archaea (De
Mares et al. 2017). It is worth pointing out that the sponge-specific clusters and sponge-
coral clusters with which the sequences of De Mares and collaborators were compared
are based on only 95 eukaryotic sequences of 18S rRNA, most belonging to Metazoa
and Fungi (Simister et al. 2012). Today the scientific community has access to a large
number of eukaryotic sequences from both protists and fungi, which allows for a higher
resolution of these clusters. On the other hand, the use of integrative approaches points
to the ability of the host to regulate this microeukaryome by deliberately selecting
symbionts (Hardoim et al. 2021). Added to this, through culture-dependent approaches,
evidence is accumulating that there are sponge-enriched microeukaryotes in a similar

way to what is observed for Bacteria and Archaea.

When considering this problematic in a physiological dimension, LMA sponges
have less diversity of bacterial phyla related to important metabolic cycles such as
nitrogen and phosphorus metabolism (Ribes et al. 2012; Gloeckner et al. 2014).
Therefore, it would be interesting to investigate whether this need can be supplied by
microeukaryotes that also possess such metabolizing capabilities. Also, genes related to
polyketide synthases are often absent in LMA sponges, but widely distributed and
diverse in HMA organisms (Hochmuth et al. 2010). Given the importance of these
genes for the host primary and secondary metabolism (Fisch et al. 2009; Kaluzhnaya et
al. 2021) it is possible that other microorganisms are producing these compounds, as
may be the case of Labyrinthulomycetes (Morabito et al. 2019), dinoflagellates and/or
haptophytes (Kohli et al. 2016), which have polyketide synthases-like pathways. It
would also be interesting to investigate if the microeukaryotic community functions
redundantly or complementarily to the bacterial community associated with HMA
sponges, producing or consuming compounds of interest to the holobiont along the lines
of the work of Moitinho-Silva and collaborators (2017).

THE PROBLEMS OF SEQUENCING AND ANALYSIS OF THE PROTISTS
ASSOCIATED WITH PORIFERA

When dealing with the ocean of biological information there is a certain
tendency to little question the assumptions and functioning of the main bioinformatics

methods and tools used and the biases introduced by them (Keeling and Campo, 2017).
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In this section we briefly discuss some of the main problems underlying the sequencing

and analysis process of the sponge microeukaryome.
The choice of 18S rRNA primers

The most widely used gene for investigating microeukaryotic communities in
various contexts has been the 18S rRNA (Pawlowski, 2014). In general, the primers
used for sequencing specific regions of this gene produce good results. An example is
the consistent use of these sequences and protocols in large projects such as
BioMarKs/Biodiversa (Guillou et al. 2013), TARA Ocean Consortium (Pierella
Karlusich et al. 2020), The Marine Microbial Eukaryote Transcriptome Sequencing
Project (Keeling et al. 2014) and Earth Microbiome Project (Thompson et al. 2017).
However unicellular eukaryotes, being very close phylogenetically to their hosts tend to
be undersampled, with many of the reads obtained derived from the host animal (del
Campo et al. 2019). Therefore, our reduced understanding of the Porifera
microeukaryome may be a reflection of this methodological limitation. In the work of
De Mares and collaborators (2017) even with the application of a deep sequencing
methodology, about 85% of the reads belonged to the host. Also, in He and
collaborators (2014) about 79% of all reads were from sponges and only 0.03%
belonged to protists. This represents a huge data loss that has profound impact on our
understanding of the microbiome of these animals. An alternative approach to diversity
analysis is to use primers that only amplify the 18S rRNA gene of a specific group of
protists of interest (Annenkova et al. 2011; Bass et al. 2015; Wecker et al. 2015; Hall et
al. 2021). Another method consists of designing primers that do not amplify the copy of
the gene of interest present in the host, something already applied for invertebrates such
as insects (Waidele et al. 2017) and corals (Clerissi et al. 2018; Hume et al. 2018). For
some one-off studies, such as ascertaining whether or not a particular group is present in
sponge-derived samples, this may be a valid strategy. Although this procedure is not
feasible for understanding biodiversity at the community level, it can be useful in the
study of diseases caused by protists as a form of diagnosis, as is already widely used for
several invertebrates (Gruebl et al. 2002; Liu et al. 2009; Pollock et al. 2011; Rios et al.
2020).

Of the few more complete solutions, we can list three main strategies, each with
its advantages and disadvantages (del Campo et al. 2020). The first one is to increase
the sequencing depth in order to access the microeukaryotic fraction of the microbiome.
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However, this alternative is often not affordable for the vast majority of Porifera
research laboratories given the still high costs of this process. Furthermore, as
mentioned, deep sequencing, which can work very well for communities of prokaryotic
organisms (Webster et al. 2010) can still be inefficient for protists (De Mares et al.
2017). The second option consists of using blocking primers for the host 18S rRNA
gene. This method has already been successfully applied to investigate the
microeukaryome of mammals (Mammal_block_I-short_1391f -
https://earthmicrobiome.org/protocols-and-standards/18s/) and invertebrates such as
corals (Clerissi et al. 2018), mollusks (Clerissi et al. 2020) and crustaceans (Liu et al.
2019). However, to date it is unknown to us if there are works that used blocking
primers in metabarcoding studies of Porifera-associated microeukaryotic communities.
This gap in knowledge needs to be filled by creating primers that prevent the
amplification of the Porifera 18S rRNA gene at the phylum level or at the level of the
four major classes: Demospongiae, Calcarea, Hexactinellida and Homoscleromorpha.
The third option is the use of 'non-metazoan' primers (Bower et al. 2004, del Campo et
al. 2019, del Campo et al. 2020; Minardi et al. 2021), i.e., primers that amplify
sequences from protists without amplifying those of the animal host. Although these
primers show promising numbers as they capture only 2.6% of metazoan sequences,
about 74% of these sequences still belong to Porifera (del Campo et al. 2019). This
shows that, at least for the study of the protist communities of the Porifera phylum,
these primers still do not fully solve the host sequencing problem, but they configure
one of the best options. Table 2.2 provides a summary of the main primers used in the
investigation of the communities of unicellular eukaryotes associated with sponges and
other studies as well as their percentage of 18S rRNA gene coverage. It is possible that
the solution to this problem comes from the combination of these strategies: the use of
primers blocking the 18S rRNA gene from Porifera in addition to non-metazoan primers
may be effective in reducing reads derived from the metazoan host. The adoption of this
approach will most likely reveal a previously unknown diversity and provide important

insights into how the sponge functions as a holobiont.
The choice of the bioinformatics pipeline

With the rapid advancement of bioinformatics, we have seen the emergence of
numerous computational tools. Many of them offer totally new resources, opening

possibilities of biological data exploration unknown until now. Others come to correct
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flaws in older pipelines that, in face of new evidences, have lost scientific support for
their use. Recently, these discussions gained strength within the context of bacterial and
archaeal metabarcoding, mainly through the conceptual discussion between OTUs and
ASVs (Amplicon Sequence Variants) (Callahan et al. 2017; Edgar, 2018; Prodan et al.
2020). Among these two concepts, OTUs were the first to be applied to microorganism
sequence analysis. This approach is based on the idea of grouping sequences by relying
on a reference library and using an arbitrary threshold, usually 97% similarity. In recent
years, pipelines using an OTU-based approach have fallen into disuse given their
difficulty in reproducibility and comparison with other studies (Callahan et al. 2017). In
contrast, the use of ASVs as an atomic unit of analysis has been growing, and is even
recommended for protist investigation (Forster et al. 2019). ASVs, also called zOTUs
(zero-radius OTU) or exact sequence variants, do not use the arbitrary 97% similarity
threshold. Instead, ASV methods are based on the assumption that real biological
sequences are more observed than erroneous sequences (Callahan et al. 2017; Edgar,
2018). Furthermore, the use of ASVs over OTUs is indicated since they allow for
increased sensitivity when investigating from community structures and patterns
(Callahan et al. 2017; Needham et al. 2017; Forster et al. 2019). The ASVs allows much
higher resolution than OTUs, generally being able to distinguish between different
variants of the same species (Prodan et al. 2020). Furthermore, its use allows direct
comparison between different studies, enabling new insights into the microbial
community of interest. To date, the few published studies that addressed the Porifera
microeukaryome used pipelines that had OTUs as the end product. Using this procedure
may introduce a new layer of underrepresentation of microeukaryotic diversity, since
there is already the whole issue of 18S rRNA gene host similarity. By not being
dependent on a reference database (closed-reference OTU analysis) or using an
approach such as de novo OTU analysis (Callahan et al. 2017), ASVs studies can be
compared between sponges from different locations in a more appropriate way. The
adoption of more comprehensive, robust and reproducible pipelines such as
USEARCH-UNOISE3 or DADAZ2 can be helpful in this regard (Prodan et al. 2020).
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BIOTECHNOLOGICAL APPLICATIONS OF THE PORIFERA
MICROEUKARYOME

The interactions between humans and the organisms of the phylum Porifera are
ancient (Voultsiadou, 2007; Pronzato and Manconi, 2008), and recently great attention
has been paid to the production of bioactive compounds by the microbiota of these
animals. The biotechnological potential of bacteria and fungi has become widely
explored (e.g., Thomas et al. 2010; Suryanarayanan, 2012; Vaca et al. 2013; Mehbub et
al. 2016) including targeting the recent SARS-CoV2, responsible for the COVID-19
pandemic (Geahchan et al. 2021; Shady et al. 2021). However, possible applications of
the sponge microeukaryome are still virtually unexplored. Unicellular eukaryotes have
diverse evolutionary histories, complex molecular mechanisms, and a significant
capacity to synthesize bioactive molecules (Vallesi et al. 2020). Within the sponges-
protists associations, it is plausible to consider that primary metabolites such as amino
acids, enzymes, photosynthates, fatty acids, and vitamins can be exchanged between the
participating organisms. In turn, secondary metabolites are poorly known within this
context. In other symbiont systems, these secondary metabolites can act from symbiont-
host communication to even chemical defense against natural enemies of the holobiont
(Kita et al. 2010; Shinzato et al. 2012; Lopanik, 2014). They are also important in the
physiology of the animal, as the mentioned association of dinoflagellates with the
freshwater sponge Lubomirskia baicalensis (Muller et al. 2007). In the investigation of
Della Sala and collaborators (2014) using metagenomic data from Plakortis
halichondrioides it was evidenced that protists can be a significant source of

polyketides.

Being an area that is still expanding within Protistology itself, to date, natural
product bioprospecting is focused on already well-known taxa such as diatoms and
dinoflagellates. Many species from these groups are closely associated with marine and
freshwater sponges. Another group that deserves to be highlighted within this line of
research is the basal stramenopiles, since these microorganisms are capable of
producing large quantities of metabolites. Carotenoids, squalene and polyunsaturated
fatty acids are some of the natural products that can be obtained from these taxa and can
be targets for bioprospecting (Marchan et al. 2018). Biotoxins produced by
dinoflagellates and diatoms that cause severe negative effects in humans can be
potential targets in drug discovery pipelines (Vallesi et al. 2020). Potent metabolites
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such as gambierol (Cuypers et al. 2008), gymnodimine (Seki et al. 1995), yessotoxin
(Alfonso et al. 2016) among others have been investigated as possible
Immunosuppressive, anticancer drugs, and with action capable of interrupting the
progression of neurodegenerative and metabolic diseases (review in Assuncdo et al.
2017). It is important to note that often the interaction between the microorganism and
its host is complex. Therefore, it is possible that secondary metabolites of interest are
not produced by the symbiont separately, requiring a more integrative approach in their
isolation and culture (Trench, 1993). Further investigation into this biochemical profile
of Porifera considering the portion of associated unicellular eukaryotes is warranted.
The adaptation of pipelines developed for bioprospection of fungi may be an interesting
starting point for the discovery of molecules of biotechnological interest produced by

protists associated with sponges.
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CONCLUDING REMARKS

We still have a long way to go before we understand the major roles that protists
play in the biology of Porifera. However, we already have an outline of how these
interactions occur. Culture-dependent approaches and direct observations remain
essential for the in-depth study of these relationships, as it allows visualization of
features that cannot be inferred from the genetic material, such as behavior and
morphology. On the other hand, culture-independent analyses, based on omics, may
help in understanding the influences of these microorganisms on sponge functioning as
well as on the composition of this microeukaryotic community. Importantly, further
investigations should pay attention to the use of appropriate primers and pipelines to
reduce the inherent biases of the method. Ideally, the combination of the two types of
approaches can bring several new insights about the holobiont. Furthermore, although
some of these relationships are not species specific, we can ask ourselves the question
of the extent of these relationships. How beneficial are they? In what context are they
neutral? They can become detrimental to one or both organisms involved? and when
and under what conditions can this occur? Other topics worth mentioning are the
interaction between the sponges and their associated protists with respect to particulate
and dissolved organic matter as well as a better understanding of the contribution of
these single-celled eukaryotes to the biochemical profile of the sponges. In summary,
there are still many discoveries waiting to be made within the context of the much-

neglected Porifera microeukaryome.
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Table 2.1. Comprehensive list of protists associated with marine and freshwater sponges.

Protist ID or :
Taxon Most Abundant Protist Taxa Sponge-host Location Study type Reference
Non-identified amoeba Negombata sp. Red Sea (Israel) Cu(Ltgrrﬁaﬁir;] e;nti)ent Rinkevich et al. (1998)
Amoebozoa Clathrina aurea :
Neoparamoeba aestuarina Polymastia janeirensis Rio de Janeiro Coast (Brazil) 81 tﬁgg?ﬁ'}ogﬁdﬂ;r{t (P;<u| :tlggiuoegta;i ((11%%?:5))
Chelonaplysilla erecta P '
. . - . N Hall et al. (2021)
Chlorella-like Ephydatia muelleri Richmond, Virginia (USA) Culture dependent Geraghty et al. (2021)
"Green Algae” Chlorellae Spongilla lacustris Massachusetts (USA) Observation only Williamson (1979)

Sieg River (Germany)

Culture dependent

Saller (1989)

Mychonastes sp.

Lubomirskia baicalensis

Lago Baikal (Russia)

Culture dependent

Chernogor et al. (2013)

Ostreobium

Tethya seychellensis

Ari Atoll (Maldive Islands)

Observation only

Gaino and Sara (1994)

Stramenopiles

Nitzschia spp. (Diatom)

Batzella melanus
Spirastrella aff. decumbens

One Tree Island (Australia)

Observation only

Cox and Larkum (1983)

Fragilariopsis spp. (Diatom)
Achnanthes spp. (Diatom)
Pseudogomphonema spp. (Diatom)

17 marine sponges species

Terra Nova Bay (Ross Sea)

Observation only

Bavestrello et al. (2000)

Porannulus contentus (Diatom)
Thalassiosira cf. gracilis, (Diatom)
Thalassiosira. Perpusilla (Diatom)

Plagiotropis sp. (Diatom)

Mycale acerata

Terra Nova Bay (Ross Sea)

Observation only

Cerrano et al. 2004

Diatomea

Aplysina caissara
Aplysina fulva
Tedania ignis

S&o Paulo Coast (Brazil)

Culture independent

Hardoim et al. (2021)

Labyrinthulomycetes

Xestospongia muta

Caribbean Sea (Curagao)

Culture dependent
(contaminant)

Richelle-Maurer et al. (2003)
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Negombata sp.

Red Sea (Israel)

Culture dependent
(contaminant)

Rinkevich et al. (1998)

Hymeniacidon heliophila
Haliclona melana

Séo Paulo coast (Brazil)

Culture dependent

Nascimento-Silva et al. (pers. obs.)

Lagenophrys (Ciliophora)

Swartschewskia khanaevi

Lago Baikal (Russia)

Culture dependent

Bukshuk and Maikova (2020)

Non-identified ciliates (Ciliophora)

Petrosia ficiformis

Island of Gallinara (lItaly)

Observation only

Cerrano et al. (2001)

Florida Keys (USA)

Symbiodinium spp. Cliona spp. Heron Island (Australia) Culture independent Hill et al. (2011)
Okinawa (Japan)
Symbiodinium microadriaticum Haliclona sp. Heron Island (Australia) Culture dependent Garson et al. (1998)

Gymnodinium sp.

Lubomirskia baicalensis

Lago Baikal (Russia)

Culture dependent

Maller et al. (2007)
Maller et al. (2009)

Alveolata
Antarctic Sea Culture independent Rodriguez-Marconi et al. (2015)
Dinophyceae (Dinoflagellata) Several sponge species x . and Moitinho-Silva et al. (2017)
Séo Paulo coast (Brazil) .
Culture dependent Hardoim et al. (2021)
Syndiniales (Dinoflagellata) Several sponge species Penghu ﬁrnctﬁir;(telll;gsc?a(‘Taiwan) Culture independent ROd”gueéI'Z;;C?znéf;f 1. (2015)
Baikalospongia intermedia
Suessiales (Dinoflagellata) Baikalospongia recta Lake Baikal (Russia) Culture independent Annenkovaa et al. (2011)
Lubomirskia incrustans
Lo . Chinese Sea (China) . He et al. (2014)
Radiolarians Several sponge species Penghu Archipelago (Taiwan) Culture independent Cleary (2019)
Rhizaria Cibicides refulgens (Foraminifera) Geodia phlegraei Faroe Islands Archipelago Observation only Cedhagen (1994)

Hyrrokkin sarcophaga (Foraminifera)

Stelleta normani

Klitgaard (1995)

Placopsilina spongiphila (Foraminifera)
Ramulina siphonifera (Foraminifera)

Fossil Sponge Reefs

British Columbia (Canada)

Observation only

Guilbault et al. (2006)

Choanoflagellata

Choanoflagellida

Dysidea avara
Dysidea etheria
Aplysina aerophoba
Aplysina cauliformis

Mediterranean Sea (Spain)

Culture independent

De Mares et al. (2017)

Metamonada

Metamonads

Acanthostylotella cornuta

Penghu Archipelago (Taiwan)

Culture independent

Cleary (2019)
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Table 2.2. Primers used to study the diversity of unicellular eukaryotes and the 18S rRNA coverage of sponges. Data obtained from the TestPrimer tool (Klindworth
et al. 2013) against the SILVA 138 RefNR database.

Coverage of 18S | Coverage of 18S ] )
] . Region of 18S . . Sequencing
Primer pairs rRNA of rRNA of Forward Primer (5'-3") Reverse Primer (5'-3") Reference
) rRNA technology
Porifera (%) Eumetazoa (%)
Next Generation
Euk1Af/ Euk516r 97.70% 68.50% V1-V3 CTGGTTGATCCTGCCAG ACCAGACTTGCCCTCC . . De Mares et al. (2017)
Sequencing (Illumina)
TAReuk454FWD1 Next Generation
91.10% 69.40% V4 CCAGCASCYGCGGTAATTCC ACTTTCGTTCTTGATYRA . . Cleary (2019)
/ TAReukREV3 Sequencing (Illumina)
EUK581-F Next Generation Bower et al. (2004)
72.80% 1.80% \Z\ GTGCCAGCAGCCGCG TTTAAGTTTCAGCCTTGCG _ ] tested in del Campo et
/EUK1134-R Sequencing (Illumina) al. (2019)
18SV1V2F/18SV1 Next Generation
- - V1-V2 ACCTGGTTGATCCTGCCA GTARKCCWMTAYMYTACC . . Clerissi et al. (2018)
V2R # Sequencing (Illumina)
. Rodriguez-Marconi et
Next Generation
1391f #* / EukBr - - V9 GTACACACCGCCCGTC TGATCCTTCTGCAGGTTCACCTAC . . al. (2015)
Sequencing (Illumina) .
Hardoim et al. (2021)
574*f/lUNonMet Next Generation B d del C
s 77.50% 1.90% V4 CGGTAAYTCCAGCTCYV CTTTAARTTTCASYCTTGCG s arzzo:o) ampo

Sequencing (Illumina)

#a - The reverse primer 18SV1V2R has a number of ‘'wobbles' that cannot be interpreted and resolved using the TestPrime tool.

#b - The primer 1391f is a universal primer, used for the three domains Archaea, Bacteria and Eukarya. Such a range, even when used in conjunction with a Eukarya-specific primer, does not

allow a reliable analysis of the results on TestPrimer tool.
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Isolation and characterization of Labyrinthulomycetes associated with
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ABSTRACT

The marine microorganisms of the order Labyrinthulomycetes (Phylum Stramenopiles)
have a microfungal-like morphology, osmotrophic metabolism, and saprotrophic habits.
They can be found free-living, but also in association with algae, vertebrates and
invertebrates as parasites, commensals or mutualists. Labyrinthulomycetes also are one
of the main obstacles for the establishment of cell lines of marine invertebrates, with
several reports of contamination by these microorganisms in cell cultures of sponges
and other organisms. Using culture-dependent approaches, we aimed to investigate the
nature of the association between these protists and two tropical marine sponges. By
adapting different methods, we successfully isolated two different strains belonging to
the Thraustochytrida and one to the Labyrinthulida family from cell cultures of the
sponges Hymeniacidon heliophila and Haliclona melana. The general morphology of
the isolated protists was characterized and aspects of its metabolic features and fatty
acid profiles were also assessed. Our results indicate that the isolates are different from
each other at morphological and biochemical levels. In particular, one strain obtained
from H. melana has great biotechnological potential. We propose that these
microeukaryotes may be associated with Porifera in a commensal or mutualistic
manner. This study is the first systematic investigation of the nature of the association
between marine sponges and Labyrinthulomycetes, but other approaches are needed for

a deeper understanding of this relationship.

Keywords: protists; Stramenopiles; microbiota; culture-dependent; Porifera;

microeukaryome
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INTRODUCTION

Sponges are known to have associations with multiple phyla of bacteria, archaea,
fungi, virus and unicellular eukaryotes (Webster and Taylor, 2012). In certain species
up to 40% of the biomass may be composed of these associated microorganisms
(Webster and Thomas, 2016). This microbiota is directly related to the physiology of
these animals and has been the focus of several studies in recent decades (e.g. Hentschel
et al. 2006; Taylor et al. 2007; Schmitt et al. 2007; 2012; Webster and Taylor, 2012;
Webster et al. 2016). Most of these works focus on the portion of the microbiome
composed of bacteria and archaea (Margot et al. 2002; Moitinho-Silva et al. 2017;
Steinert et al. 2020), although other groups such as fungi (Suryanarayanan, 2012;
Henriquez et al. 2014; Naim et al. 2017) and viruses (Pascelli et al. 2020; Nguyen et al.
2021) have gained attention in recent years. Despite important advances in the study of
non-bacterial microorganisms, most of the knowledge is related only to identification,

and their role in the holobiont is still unknown.

Other sponge-associated microorganisms that deserve to have their relationship
with the host studied in more detail are the protists (He et al. 2014; Rodriguez-Marconi
et al. 2015; De Mares et al. 2017). Protists are a paraphyletic group composed single-
celled microeukaryotes that includes multiple evolutionary lineages (Pawlowski, 2014;
Adl et al. 2019), with a wide diversity of forms and metabolisms. They occupy various
ecological niches (Worden et al. 2015; Leray and Knowlton, 2016), as both free-living
and associated with other organisms forming a symbiotic continuum (del Campo et al.
2020). One of these groups, common to the microbiome of diverse organisms, is the
Stramenopile (Tan, 2008; Siboni et al. 2010; Padmakumar et al. 2012; He et al. 2014;
Ceja-Navarro et al. 2021). This group includes the marine microorganisms of the order
Labyrinthulomycetes, which have a microfungal-like morphology and osmotrophic
metabolism, with saprotrophic habits being a common feature (Raghukumar, 2002;
Marchan et al. 2018). They can live in association with algae, vertebrates and
invertebrates as parasites, commensals or mutualists, but also can be found as free-
living forms (Raghukumar, 2002; 2008). Despite their simple morphology, these
microorganisms possess a large metabolic repertoire, which enable a wide variety of
biotechnological applications given their different capabilities (Bongiorni et al. 2005;
Yamasaki et al. 2006; Raghukumar, 2008; Taoka et al. 2009; Chang et al. 2015; Merkx-

Jacques et al. 2018). They are also known as producers of polyunsaturated fatty acids
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(PUFAS) such as docosahexaenoic and eicosapentaenoic acids, as well as carotenoids,
squalene and polysaccharide exudates (Aki et al. 2003; Raghukumar, 2008; Gupta et al.
2016; Aasen et al. 2016). As parasites these protists cause significant economic impacts,
since they can affect invertebrates of human consumption (Gast et al. 2008; Kvingedal
et al. 2006; Shinn et al. 2015)

Labyrinthulomycetes are also one of the main obstacles for the establishment of
cell cultures of different marine invertebrates (Rinkevich, 1999). There are reports of
contamination by these microorganisms in primary culture of sponges, cnidarians,
crustaceans, mollusks, echinoderms, tunicates and urochordates (Rinkevich, 1999,
2005; Rabinowitz et al. 2006; Han et al. 2013, Nowotny et al. 2021). Although
ubiquitous, this group is so obscure that some researchers have misidentified the
vegetative forms of these Stramenopiles as cells from the host animals (ascidians -
Rinkevich and Rabinowitz, 1993; sponges - Richelle-Maurer et al. 2003). Regarding
Porifera, the nature of the interaction between these protists and sponges is poorly
known, and most records refer only to its presence in primary cell cultures or in high-
throughput sequencing studies. There are few reports of in-depth study of these protists
isolated from healthy or decaying sponges (Hohnk and Ulken, 1979) and the
understanding of sponge-associated microeukaryotes is still limited to omics approaches
that describe their diversity. Their constant appearance, even after the cultures are
established and seemingly axenic, indicates a closer relation than only contamination

and deserves further investigation.

Therefore, in this work, we report the first isolations of Labyrinthulomycetes
from established in vitro cell cultures (primmorphs) of the tropical marine sponges
Hymeniacidon heliophila and Haliclona melana. Three different isolates were obtained
using a culture-dependent approach, and its general morphology and some metabolic
features were characterized. The polyunsaturated fatty acid profiles (PUFASs) of the
protists were also evaluated. Finally, we discuss the nature of the association between

these microeukaryotes and Porifera in light of the new evidence obtained.
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MATERIALS AND METHODS
Collection of Hymeniacidon heliophila and Haliclona melana

The marine demosponges Hymeniacidon heliophila (Suberitidae) and Haliclona
melana (Haplosclerida) were collected by freediving or taken from intertidal areas at
Praia Grande (23°49'22.5"S, 45°24'57.4"W), Séo Sebastido Channel, SP - Brazil. We
collected those organisms at different times: July of 2019; February and September of
2020, and March 2021. The animals were maintained in running seawater tanks at the
Center for Marine Biology of the University of Sdo Paulo (CEBIMar/USP) until the
moment of transportation to the laboratory in Sdo Paulo, SP. At the laboratory, the
specimens were acclimated to seawater tanks previously assembled with the pH,

salinity, and temperature from the local of collection.

In vitro culture of marine sponges

The sponges collected were dissociated in artificial seawater without calcium
and magnesium ions and supplemented with EDTA (CMFSW+E: 460 mM NaCl, 7 mM
Na>S0s4, 10 mM KCI, 10 mM, HEPES, 2.5 mM EDTA, pH 8.2) according to Custodio
et al. (1998). The individuals were cleaned from epibionts and debris and after that were
cut in fragments of approximately 2 mm. The resulting fragments were placed in 50 mL
tubes with CMFSW+E for 30 minutes in gentle shaking and the supernatant was
discarded. After that, 50 mL of CMFSW+E was added to the tube and was put into
agitation for one hour. In the end, the dissociated cells in the supernatant were filtered
through a nylon mesh (100 um) and centrifuged at 250 x g for 10 minutes. The pellet
was resuspended in sterile-filtered (0.22 pum) natural seawater and supplemented with
penicillin-streptomycin (PS, 0.2 mg/mL) for removal of transient bacteria. The resulting
suspension was placed in 6-well culture plates at a concentration of 1.5 x 10° cells/mL
and the culture medium was changed daily on the first week, then each three days.
Formed primmorphs were picked and transferred to new plates to avoid eventual
transient fungal and protist contamination present in the initial suspension (Custodio et
al. 1998).

Isolation and maintenance of Labyrinthulomycetes associated with primmorphs
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We use the baiting technique (Raghukumar, 2002) and a low nutrient media. The
baiting technique consists of using the saprobic metabolism of those protists and utilizes
recalcitrant substrates like pollen and keratinized material to isolate them (Raghukumar,
2008, Caamario et al. 2017, Boro et al. 2018). Here we use autoclaved cysts of Artemia
sp. and spongin fibers of Aplysina fulva as bait to Labyrinthulomycetes cells, which
adhere to the outer surface of those materials. For the culture medium, we use a
combination of Yeast Extract, Tryptone, and Dextrose (YTD) in a concentration of
0.01%. We placed previously autoclaved cysts or thin sections of spongin skeleton mesh
(approximately 5 mm in diameter) in 6-well culture plates with sterile-filtered natural
seawater supplemented with PS as previously described. Subsequently, three to five
primmorphs of Hymeniacidon heliophila or Haliclona melana were added to each well.
The 6-well plates were placed in a dark chamber and left at room temperature (24° C +
2° C) and observed daily in the phase-contrast inverted microscope (Nikon TE300).
Around four days, unicellular eukaryotic cells could be observed adhering to the surface
of the cyst or the spongin fibers. These baits were then picked and transferred to plates

containing YTD-agar (2%) and subcultured until axenic cultures were obtained.

Morphology of the isolates of Labyrinthulomycetes

We use light microscopy for morphological characterization of these protists. In
YTD-broth we cultivated the microorganisms in 6-well plates over a period of two
weeks, for which daily observations were made. The same was done in solid medium,
with plates with thin layers of YTD-agar (2%) to enable detailed observations in
inverted microscopy. For standardization, all the measurements of these isolates were
taken after one week of cultivation in YTD-agar. Images were taken on a Nikon TE300
inverted microscope with a Nikon D5100 attached. Measurements of morphological
characteristics such as average cell diameter (n = 100 cells) and colony size range were

obtained using Fiji/lmageJ (Schindelin et al. 2012).

Fatty acid profiles

For the characterization of fatty acid profiles, we grew the isolates for 12 days in
YTD-broth. Extraction of total lipids from these cultures was done using the
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chloroform-methanol based method (Folch et al. 1957). Methylation was conducted
using acetyl chloride (Christie and Han, 2010). The methyl esters were analyzed on a
gas chromatograph (Scion 436) equipped with a flame ionization detector (FID),
autosampler (CP 8410) and capillary column of 0.25 pm thickness, 0.25 mm internal
diameter and 30 m length (CP Wax). The carrier gas was hydrogen with a linear
velocity of 1.4 mL/min cm/s. The column temperatures were programmed as 170 °C for
1 minute, ramped at 2.5 °C per minute up to 240 °C and a final hold time of 5 minutes.
The injector had a temperature of 250 °C while the FID was 260 °C. Identification of the
fatty acids was done by comparing the retention times with the retention times obtained
from the commercial standard (Sulpeco 37 Component FAME Mix). The data are

presented as a percentage of total fatty acids based on the area analysis of each peak.

Metabolic activities of the isolates against different substrates

The activities of cellulases, proteases and lipases of the isolates were tested
using qualitative assays on agar plates. Each experiment was done in triplicate using 30
UL of inoculum (around 0.75 x 10° cells to 1 x 10° cells) from each protist culture. The
same procedure was applied for the control plates. For investigation of cellulolytic
activity, we applied the carboxymethylcellulose (CMC) degradation assay (modified
from Nagano et al. 2011) using YTD-agar (1.5%) supplemented with CMC (0.5% w/v).
After five days the plates were stained with a solution of Congo red (0.1% w/v) for 20
minutes at room temperature and then washed twice with a 1M NaCl solution.
Cellulolytic activity was demonstrated by the presence of a yellowish halo around the
inoculums. For the protease activity assay (Devasia and Muraleendharan, 2012), YTD-
agar supplemented with commercial powdered milk (1% wi/v) was used. The protease
activity was demonstrated by the presence of a clear halo around the inoculums. The
activity test for lipases was based on the pH decrease caused by the action of these
enzymes (Liu et al. 2014), using YTD-agar supplemented with commercial olive oil
(1% v/v), phenol red (0.01% w/v) and CaClz. The decrease in pH caused by the release
of fatty acids into the medium was indicated by the yellow coloration. The plates were
incubated at room temperature (24°C + 2°C) and observed up to 14 days after the

beginning of the experiments
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RESULTS
Efficiency of the bait method for isolation

Recalcitrant materials such as Artemia sp. cysts and spongin fibers derived from
the skeleton of the sponge Aplysina fulva allowed the isolation of three different strains
of Labyrinthulomycetes. Four to five days after the primmorphs were added to 6-well
plates containing sterile-filtered natural seawater supplemented with PS and the baits,
the cells of these protists adhered to the surface of these materials (Fig. 3.1A-B). After
transferring the cysts and spongin fibers to the YTD-agar plates, within five days of
incubation at 25°C the first colonies of Labyrinthulomycetes began to grow. There were

no notable differences in the efficience of the two baits in recoverig the protists.

Figure 3.1. Isolation of protists using the bait method (phase contrast microscopy). (A) Autoclaved
Artemia sp. eggs and (B) Aplysina fulva spongin skeleton with Labyrinthulomycetes cells (black arrows)

attached to its surface after four days of incubation (scale bars: 50 pm).

Protists isolated from Hymeniacidon heliophila

For Hymeniacidon heliophila we successfully isolated one strain of
Labyrinthulomycetes from primary culture cells using both Artemia sp. cysts and
spongin skeleton sections as bait. After 5-day incubation of YTD-agar plates, we have
confirmed the growing of only one morphotype, named HY M1, which were subcultured
until obtaining axenic cultures. The HYM1 cells when in YTD-agar have gregarious
grow, with the colonies found on the surface of the agar with regular rounded borders
(Fig. 3.2A). The colony sizes are highly variable and ranges from 100 mm to 360 um
but we found few colonies up to 540 um. Around the colony was observed the secretion

hyaline substances yet to be identified. We also observed slim ectoplasmic projections,
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characteristic of Labyrinthulomycetes species (Fig. 3.2A). In YTD-broth at least two
cell morphotypes over its life cycle were detected. One of them is smaller in size while
the other is the vegetative cell, which has a well-developed ectoplasmic net (Fig. 3.2B).
The vegetative (viz. mature) cells have an average size of 15.8 um + 3.4 um. The
observations made over two weeks indicate that HYMZ1 does not have a flagellated form
(zoospore), common to the Thraustochytrida family (Adl et al. 2019). This isolate seems
to reproduce asexually by multiple cellular divisions. In this process the sporangia can
grow up to 27 um and its cytoplasm is filled by child cells, ultimately released by the
disruption of the sporangia cell membrane and the wall.

Protists isolated from Haliclona melana

For Haliclona melana we successfully isolated two different strains of
Labyrinthulomycetes from primary culture cells after five to seven days incubation
period, named HAL1 and HAL2. The former was isolated using only Artemia sp. cysts
as bait, while the latter was isolated using both the crustacean cysts and the spongin
sections. In YTD-agar plates, HAL1 form colonies that have size range from 85 um to
374 um and have regular rounded borders (Fig. 3.2C). In YTD-broth, the cells of this
isolate organize itself in aggregates of variable sizes (Fig. 3.2D). On these conditions,
the cells of HAL1 are fusiform and have an average length of 7.7 pm + 1.2 pm. Its
projections are visible when the cells have adhered to the substratum and show a well-
developed ectoplasmic network (Fig. 3.2D). The HALL isolate is the only strain
observed in this study to show the characteristic flagellate form (zoospore), found in
very early stages of the culture, indicating that HAL1 is a member of Labyrinthulida
(Adl et al. 2019). The HAL2 isolate has some similarities with the HY M1 isolate from
Hymeniacidon heliophila. Our observations also indicate that HAL2 does not have a
flagellated form, evidencing that strain belongs to Thrausthochytrida and might related
to HYML1. In YTD-agar the colonies of HAL2 have a variable size, ranging from 178
pum to 637 um, and very irregular rounded borders, a differential to the other strains
(Fig. 3.2E). In YTD-Broth the cells are spherical and have the characteristic ectoplasmic
network of Labyrinthulomycetes. Just as in other isolates we can find microcolonies or

individual cells (Fig. 3.2F). On these conditions, the main morphological difference
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between the strains HYM1 and HAL2 isolates is that vegetative cells of HAL2 have a
smaller diameter when compared to HYM1 cells, with an average of 11.4 um + 1.6 pum.

Fatty acid profile of the isolates

After 12 days of growth, we obtained sufficient biomass for fatty acid analysis
(HYM1: 192 mg; HAL1: 169 mg; HAL2: 116 mg, each per 500 mL of YTD). The
analysis showed that each of the isolates has an individual profile, with different ratios
to each other and the presence of unique fatty acids (Table 3.1). It can be seen that all
strains have large amounts of unsaturated fatty acids, more specifically docosahexanoic
acid or DHA (C22:6n3) which makes up approximately 40% of the total lipids of each
isolate. Other types of fatty acids are also present in notable proportions. In all three
isolates palmitic acid (C16:0) is the second most abundant fatty acid, and in HAL1 it
makes up 27% of the total. Importantly, pentadecanoic acid (C15:0), an odd-chain fatty
acid, is also found in significant proportions in strain HYM1 (10%). We also observed
the presence of arachidonic acid (C20:4n6) in large amounts (12.78%) only in isolate
HAL2.
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Figure 3.2. The strains HYM1, HAL1 and HAL2 (phase contrast light microscopy). (A) Colony of
HYML in YTD-agar medium (B) Vegetative cells of HYM1 in YTD-Broth. Black arrows indicate
mature cells with well-developed ectoplasmic projections, while white arrows indicate sporulation. (C)
Colonies of the strain HAL1 and. (D) Colonies of HAL1 in YTD-Broth, it is possible to observe the
ectoplasmic net (black arrowheads) connecting individual cells (white arrowheads). (E) HAL2 in YTD-
agar medium (F) Colonies of HAL2 and individual cells in YTD-Broth. Each isolated cell is intertwined

by an ectoplasmic net (not visible) (scale bars: 50 pm).
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Table 3.1. Fatty acid profile of the three cultures of Labyrinthulomycetes isolated from

marine sponges (% of total fatty acids). nd: non-detected.

Fatty Acids (%) HYM1 HAL1 HAL2

Saturated Fatty Acids:

C13:0 5,36% 1,41% 2,99%
C14:0 1,92% 0,68% 1,30%
C15:0 10,01% 3,33% 6,75%
C16:0 17,85% 26,84% 14,89%
C17:0 5,75% 4,55% 2,92%
C18:0 6,92% 5,70% 7,59%
C20:0 1,26% 0,77% 1,30%
C22:0 nd nd 0,98%
Unsaturated Fatty Acids:
C18:1n9 2,92% 0,93% 3,45%
C18:2n6 0,65% 0,36% nd
C18:3n6 0,85% 0,34% 0,83%
Cl6:1 1,39% 3,36% nd
C20:4n6 nd nd 12,78%
C20:5n3 0,97% nd 3,76%
C22:4n6 1,29% 9,90% 0,59%
C22:5n3 nd 0,56% nd
C22:5n6 1,12% nd nd
C22:6n3 41,75% 41,28% 39,88%

Quialitative evaluation of the metabolic activities of the isolates

We found that none of the isolates (HYM1, HAL1 and HALZ2) showed the halo
indicating CMC hydrolysis. However, all isolates presented proteolytic activity, with
the halo formation time varying among them. Only HAL1 showed degradation of the
substrate after five days of experiment, while it took approximately 12 days before the
first signs of degradation appeared in HYM1 and HAL2. Also, only HAL1 showed
evidence of lipases at the end of the five-day experiment. Further observations 14 days
later showed that HAL2 also has lipases, but HYM1 did not show any evidence of
metabolic activity in this assay. The results for these experiments are summarized in
Table 3.2 and illustrated in Figure 3.3.
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Table 3.2. Evaluation of the metabolic activity against three types of substrates by the isolated protists.

nd: non-detected

Isolates Cellulases Proteases Lipases
HYM1 nd + nd
HAL1 nd ++ ++
HAL2 nd + +

Figure 3.3. Metabolic activity assays performed with the HALZ1 strain isolated from the marine sponge

Haliclona melana. In the cellulase detection assay (A) no halo of substrate degradation was observed.
However, in the protease detection assay (B) a transparent halo was formed around the inocula, indicating
activity (black arrowheads). For the lipase detection assay (C) a strong metabolic activity was observed

on this substrate, as indicated by the yellowish halos (white arrowheads) (scale bars: 15 mm).

DISCUSSION

Labyrinthulomycetes are saprophytic microeukaryotes that have been found in
association with several animals, plants and algae, assuming epibiont or endobiont
strategies (Raghukumar, 2002). They are often considered opportunists that benefit from
physiological disruptions of their host, implying a decrease in its biological fitness
(Raghukumar, 2002; Marchan et al. 2018). In marine plants and algae, they can cause
diseases that lead to major environmental impacts, as is the case of "wasting disease",
caused by a labyrinthulid (Muehlstein et al. 1991). In animals these protists can mainly
be found in marine invertebrates. The free-living platyhelminth Macrostomum lignano
is severely affected by infection of the thraustochytrid Thraustochytrium caudivorum,
which in extreme cases can cause severe lesions on the posterior part and even the death
of the animal (Scharer et al. 2007). Mollusks are also severely affected by association

with Labyrinthulomycetes. In bivalves of commercial interest such as Mercenaria
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mercenaria, a thraustochytrid known as Quahog Parasite Unknown (QPX) was
primarily responsible for mass mortality of these organisms in Asia and North America
(Gast et al. 2008). In contrast, while the negative effects of parasitism are well
evidenced, the study of commensal and mutualistic relationships is more complex, with
few records. Some studies suggest that there is a commensal relationship between
thraustochytrids and the sea urchin Lytechinus variegatus (Wagner-Merner et al. 1980);
and with the salp Pegea confoederata (Raghukumar and Raghukumar, 1999), but more
evidence is still needed to support these hypotheses. In cnidarians, especially corals,
when subjected to environmental stresses such as bleaching events, association with

these protists may be beneficial (Kramarsky-Winter et al. 2006).

The knowledge about the association between Labyrinthulomycetes and Porifera
Is quite limited. An investigation conducted in the late 1970s was the first research on
the interaction between these protists and sponges (Hohnk and Ulke, 1979). In this work
was reported the presence of Labyrinthulomyecetes species Ulkenia visurgensis and
Thraustochytrium  multirudimentale  (how  accepted as  Oblongichytrium
multirudimentale) in healthy and decaying tissues of Geodia cydonium, Verongia sp.
(now accepted as Aplysina sp.) and Ircinia fasciculata (Hohnk and Ulke, 1979).
Recently it has been shown through high-throughput sequencing approaches that these
microeukaryotes can also be found in tissue samples from healthy sponges (De Mares et
al. 2017). Our results, which depart from a culture-dependent approach, corroborate

these observations.

Morphological comparisons between the three strains show a great diversity in
size. While HYML1 cells can reach up to 27 pum before sporulating, HAL2 generally
reach only a maximum size of 20 um. For HAL1 we observed a maximum size of 10.2
pum. The shapes can also be varied, as seen between the spherical shapes of HYM1 and
HAL2 compared to the fusiform or spindle-shaped HALL. Despite some similarities,
there are several features that support each isolate as a distinct species, seen primarily in
the morphology of the colonies when on YTD-agar. Our observations place the strains
HYM1 and HAL2 as members of the Thraustochytrida family, given the absence of
zoospore, the common mobile phase of many Stramenopiles (Adl et al. 2019). In
contrast, the HAL1 strain has several features that place it in the Labyrinthulida family,
like the presence of zoospore and the spindle-shaped vegetative cells (Adl et al. 2019).

However, a more detailed investigation using molecular methods is necessary to
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confirm these observations and determine the species. Biochemical profiles are also
indicative of the individuality of each isolate, and fatty acids have been applied as a
biochemical marker for classification of these microorganisms (Marchan et al. 2018).
The proportions of FAs found in this work are in agreement with the profiles observed
in several isolates of Labyrinthulomycetes (Gupta et al. 2016; Caamafio et al. 2017) and
HYML1, HAL1 and HAL?2 have different fatty acid ratios despite being grown under the
same conditions. This is well demonstrated by the expressive amount of arachidonic
acid (C20:4n6) in HAL2, a compound absent in HYM1 despite both probably belonging
to the same family. The metabolic activities of each of the isolates bring interesting
perspectives on the biotechnological potential of these protists isolated from marine
sponges. In special, HAL1 showed considerable production of lipases and proteases in
the preliminary tests and is a strong candidate for future investigations. The absence of
CMC degradation activities could be explained both by the lack of the enzymatic
apparatus and the sensitivity of the qualitative assay employed. This was observed by
Liu et al. (2014), who studying the presence of proteases in 60 isolates only detected
these enzymes in quantitative assays, due to the low production. The different metabolic
activities of the isolates also support the individuality of each one of them. While HAL1
and HAL2 were able to degrade both lipids and proteins, HYM1 showed only
proteolytic activities.

The gathered evidence supports that there is a long-lasting association between
the marine sponges Hymeniacidon heliophila and Haliclona melana and these protists.
Our findings suggests that this interspecific relationship is commensal or mutualistic.
During field collections at Praia Grande over two years no signs of disease caused by
thraustochytrids, as reported for other invertebrates such as gorgonians (Burge et al.
2012) and cephalopods (Polglase, 2019), were observed in any sponge. Further evidence
supporting this hypothesis is that HYM1, HAL1 and HALZ2 strains were specifically
isolated from the same sponge species at different times, demonstrating a long-lasting
association. Importantly, the culture of sponge cells as primmorphs allowed the
elimination of the vast majority of transiently associated microorganisms, such as those
in the surface or in the aquiferous system. As manipulable 3D structures, the
primmorphs can be easily picked from one plate, rinsed several times in sterile medium
and transferred to new plates. Associated with this, the long cultivation periods in

oligotrophic media, supplemented with antibiotics, contribute to the reduction of
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environmental contamination. In our understanding, the proliferation of
Labyrinthulomycetes on primary cell cultures is not evidence of parasitism. We can
attribute this event to the dysbiosis caused by the dissociation and reorganization of the
cells in primmorphs. During this process, cells containing the microorganisms can be
damaged and the sponge probably loses the ability to control the associated microbiota,
which then overgrow its host. However, the hypothesis that the Labyrinthulomycetes
growing in the primary cultures of these sponges come from the environment cannot be
completely disregarded yet. In view of the planktonic and benthic distribution of the
various species of these microeukaryotes (Raghukumar, 2002), it is plausible to assume
that the sponges may have filtered and phagocytosed these cells. Then, when tissue
reorganization occurs to form primmorphs, the still viable protists can proliferate under
these new conditions. Experiments using In Situ Hybridization (ISH) (Stokes et al.
2002), associated with environmental collections to determine the specificity of each
strain, may be interesting to elucidate this question.

In view of the results obtained and in the absence of clear evidences supporting
the parasitism of these microorganisms on the studied marine sponges, we can discuss
the roles of the Labyrinthulomycetes in this association. Considering this association of
a positive nature for at least one of those involved we can cite precedents in other
animals that have similar life habits, such as corals. In the hard corals of the genus
Fungia sp. (Kramarsky-Winter et al. 2006; Harel et al. 2008) and Favia sp. (Siboni et al.
2010) several strains of Labyrinthulomycetes are consistently isolated from the mucus
of these animals. In induced bleaching experiments these protists can supply the energy
needs of the host when these are not met by symbiont algae. In the absence of
Symbiodinium sp. the production of polyunsaturated fatty acids and/or carotenoids may
function as an important carbon source for the coral, implying its survival (Kramarsky-
Winter et al. 2006). Thus, it is plausible that in Porifera these protists may perform
similar functions for the host. Considering the diversity of microorganisms that inhabit
the tissues of sponges, it is possible that they perform redundant functions to other
microorganisms such as synthesis and/or recycling of organic substances. In contrast,
the benefits that Labyrinthulomycetes can obtain from their association with marine
sponges include protection from the holobiont and access to and metabolization of
particulate and dissolved organic matter as observed for other microorganisms (Bart et

al. 2020). Considering that bactivory was already recorded in Labyrinthulomycetes
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(Raghukumar, 1992) it is also possible that these microorganisms are benefiting from
the predation of Porifera-associated bacteria, exerting a top-down pressure. In corals,
Labyrinthulomycetes may function as important regulators of bacterial communities
present in hosts (Ainsworth et al. 2017). Furthermore, considering the trophic strategies
of these microeukaryotes and the complex microorganism-host interactions, it is also
plausible that syntrophic interactions (Fiore et al. 2020) occur between the microbial

communities of Hymeniacidon heliophila and Haliclona melana.

CONCLUSIONS

This work is the first to systematically characterize Labyrinthulomycetes
isolated from primary Porifera cell cultures. It is also the first to use spongin from
Aplysina fulva, a highly recalcitrant material, for the isolation of these protists. Through
a culture-dependent approach it was possible to demonstrate that each sponge has
distinct species of associated Labyrinthulomycetes. The analyses indicate that the three
isolates from Hymeniacidon heliophila and Haliclona melana cell cultures are different
from each other at morphological and biochemical levels. In view of the evidence
obtained, is highly probable that these protists may be associated with Porifera in a
commensal or mutualistic manner. The biotechnological potential of these strains is
worth investigating in depth, especially HAL1 which possesses enzymatic activities that
may be of commercial interest. As next steps, it is necessary to identify the species of
the isolates by 18S rRNA sequencing. Also, it is important to investigate in detail the
physiology of this association and the ways in which these protists are acquired. The
mechanism of production and transport of PUFAs by these protists in context of the
association may be an interesting starting point for investigation through proteomics and

metabolomics approaches.
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CAPITULO 4

Resultados, Discussao e Consideracg0es Finais

4.1 Resultados e Discussao Geral

Para além das bactérias, arqueias, fungos e virus, o microbioma de Porifera
também é composto por eucariontes unicelulares (Taylor et al., 2007). Esses
microrganismos sdo comumente conhecidos como “protistas” e compreendem uma
grande diversidade de linhagens eucariontes (Adl et al., 2019). Essa fracdo do
microbioma, ainda pouco explorada dentro da espongologia, foi discutida no Capitulo 2
através de uma revisdo da literatura cientifica da &rea. Nesse manuscrito abordamos
diversas questdes sobre o estudo dos protistas que estdo associados as esponjas
marinhas e dulciaquicolas. O termo “Eukaryome” foi recentemente cunhado para
descrever todo o conjunto de eucariontes associado a um hospedeiro animal (Lukes et
al, 2015; del Campo et al., 2020). Contudo, essa definicdo também engloba fungos e
outros organismos. Logo, a diversidade de protistas associada as esponjas foi aqui
definida como “Microeukaryome” ou “Microeucarioma” visando uma maior precisao.
Fungos unicelulares (i.e., leveduras) ndo se encaixam nessa definicdo visto que possuem
outros termos que os descrevem: “Micobiota” ou “Micobioma”. Historicamente, 0s
protistas associados aos animais sdo estudados devido aos efeitos negativos ao fitness
do hospedeiro (Lukes et al, 2015; del Campo et al., 2020). Entretanto, essas relagdes
podem ser bem mais complexas do que o simples parasitismo ou mutualismo e, além
disso, também dependentes do cenario em que essas interacdes hospedeiro-
microrganismo sdo observadas (del Campo et al., 2020). No contexto das culturas
primérias de células de invertebrados marinhos esses microrganismos também sdo bem
conhecidos. Existem diversos registros dos impactos dos protistas associados nos
avancos dessa area (revisdo em Rinkevich, 2005). Nas se¢Oes seguintes discutimos em
maiores detalhes alguns pontos importantes que ndo foram abordados nos manuscritos

apresentados anteriormente.
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4.1.1 Aspectos do isolamento Labyrinthulomycetes associados a Porifera

Como apresentado nos capitulos anteriores, as culturas primérias de esponjas sao
frequentemente suplantadas pelo crescimento exacerbado de certas linhagens de
protistas. Dentre esses, se destaca um ubiquo grupo de eucariontes unicelulares: os
Labyrinthulomycetes. Através de abordagens cultura-dependentes, no Capitulo 3,
investigamos a natureza da associagdo entre duas esponjas marinhas e os protistas desse
taxon. O uso de primorfos derivados dos tecidos de Hymeniacidon heliophila e
Haliclona melana e a aplicacdo de diferentes meios e técnicas permitiu 0 sucesso no
isolamento desses protistas em mais de uma ocasido. Entretanto, além dos diversos
meios e condi¢des de cultura testadas (Tabela 1), foi necessaria uma série de adaptacdes

para tornar possivel o isolamento.

Tabela 1. Meios testados para isolamento dos Labyrinthulomycetes associados as culturas primarias de

esponjas marinhas Hymeniacidon heliophila e Haliclona melana.

Meio  Concentracdo Crescimento Condicao Temperatura In6culos Tempo d?

Observacéo
0 Hymeniacidon

DYNB 1% i Solido/Liquido  24°C+2°C  heliophila 2 semanas
Hymeniacidon

BHI - - Sélido 24°C + 2°C heliophila 2 semanas
Hymeniacidon

YTD-H 0,1% + Sélido/Liquido 24°C + 2°C heliophila 2 semanas
Hymeniacidon

. P heliophila e
YTD 0,01% ++ Sélido/Liquido 24°C £ 2°C Haliclona 1 semana
melana

Em um primeiro momento, a abordagem inicial mais promissora consistiu em
usar o meio solido e liquido denominado YTD-H modificado a partir de Harel et al.
(2008). Observagdes periddicas mostraram que Labyrinthulomycetes comegaram a se
desenvolver nesse novo meio liquido entre 10 e 12 dias ap6s a incubacdo das amostras.
Contudo, uma grande quantidade de microrganismos contaminantes cresceu em
conjunto, principalmente leveduras e fungos filamentosos (Figura 4.1 A-D). Foram
feitas diversas tentativas subsequentes de isolamento por diluicdo seriada e

micromanipulagdo, mas essas se mostraram ineficientes dado o grande nimero de
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Figura 4.1. (A-D) Culturas em meio YTDI1, as setas pretas indicam células vegetativas de
Labyrinthulomycetes. Nota-se uma grande quantidade de contaminantes por fungos (A, B, D) e/ou
protistas ndo-identificados (C). As contaminagBes apresentavam um crescimento exacerbado,
inviabilizando o processo de isolamento dos protistas de interesse. Contraste de fase, Nikon TE300.
Barras de escala = 10 pm.

contaminantes. Com o objetivo de diminuir a contaminacdo por fungos e outros
microrganismos partimos da hip6tese de que os protistas associados com as esponjas
marinhas possuiam baixas necessidades energéticas. Essa hipdtese tem como base as
necessidades metabdlicas de certas espécies bactérias simbiontes de Porifera, que
preferem meios oligotréficos (Sipkema et al., 2011). Sendo assim, 0 meio YTD-H foi
diluido dez vezes atingindo uma concentracdo de 0,01% (sendo denominado YTD),
diminuindo a disponibilidade de nutrientes para outros organismos contaminantes.
Desta forma, observamos que o crescimento desses microrganismos, principalmente de
leveduras, ciliados e amebas, foi reduzido significativamente. Em conjunto com o meio
oligotréfico a técnica de baiting se mostrou essencial para o processo de isolamento.
Como mostrado no Capitulo 3, por serem envoltos por quitina a utilizacdo de cistos de
Artemia sp. como isca para esses protistas associados se mostrou uma estratégia bem
sucedida. Também aplicamos com sucesso e de forma inédita, o uso de fragmentos do
esqueleto de espongina oriundos da esponja Aplysina fulva. Em certas ordens de
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Figura 4.2. Frascos de cultivo testados para cada um dos isolados. Foram testados dois tipos de materiais:
plastico e vidro. No geral, as culturas de Labyrinthulomycetes sdo melhor mantidas em garrafas de cultura
celular. Essas apresentam maior facilidade de manipulagdo e visualizagdo em microscOpio, porém
apresentam certas dificuldades de escalabilidade para experimentacdo. Tubos Nalgene se mostraram uma
opc¢do intermediéria nesse contexto, por seu volume e possibilidade de reutilizagdo (autoclavaveis). Por
fim, as garrafas Schott possuem mais limitagdes, porém permitem uma grande obtengdo de biomassa.

Demospongiae, espiculas de silica estdo ausentes e o esqueleto é composto por redes de
fibras de espongina (Ehrlich, 2019). A espongina possui colageno em sua composicao,
mas é uma substancia complexa e ainda pouco compreendida, porém sabe-se que é
altamente resistente a tratamentos enzimaticos e apresenta grande potencial
biotecnoldgico (Jesionowski et al. 2018; Ehrlich, 2019, Aradjo et al. 2021).

Como apresentado no Capitulo 3, foram isolados com sucesso trés cepas com
caracteristicas diferentes, duas delas obtidas a partir de Haliclona melana: HAL1 e
HAL2; e uma isolada a partir de Hymeniacidon heliophila: HYM1. Apesar do nosso
sucesso no isolamento, crescimento e manutencdo desses microrganismos, a obtencdo

de uma massa de células para experimentos subsequentes se mostrou um desafio. Com
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excecdo de um dos isolados (HAL1), os demais (HYM1 e HAL2) se aderem fortemente
aos frascos de cultura. Esse comportamento dificulta a obtencdo de biomassa para
experimentos que necessitam quantidades significativas de células. Apesar dos varios
fracos de culturas testados e mesmo quando cultivadas sob agitacdo horizontal (60 - 100
RPM) as células seguiam a tendéncia de aderir a lateral e ao fundo do recipiente,
limitando a quantidade de biomassa adquirida.

Uma das alternativas disponiveis para resolver esse problema consistiu no uso de
garrafas graduadas (500 mL - Schott) contendo 450 mL de meio YTD e uma barra
magnética. Nessas garrafas foi adicionado 1 mL dos in6culos e em seguida os frascos
foram colocados em agitadores magnéticos. Essa configuracdo simula a agitacao orbital
de um biorreator, favorecendo a oxigenacdo do meio. Além disso, 0 constante
movimento impede a adesdo das células as paredes do frasco. Apesar de resolver o
problema da adesdo e obtencdo de biomassa para experimentos subsequentes, O
processo de manutencdo dessa configuracdo se mostrou mais dificil do que as outras
alternativas. A agitacdo magnética teve que ser cuidadosamente ajustada para evitar
disrupcdo das células dos protistas, assim como sdo necessarios cuidados extras para
evitar contaminacgdes. Por outro lado, apesar de ndo prover uma boa quantidade de
biomassa, a utilizacdo de garrafas de cultura celular de 25 cm? (Kasvi) se mostrou uma
boa forma de manter os isolados por longos periodos de tempo. Além disso, o uso delas
permite a detalhada documentacdo das caracteristicas morfoldgicas das células em
microscopio. Os tubos Nalgene configuram uma opcéao intermediéria entre esses dois
extremos. Um esquema dos métodos de cultivo testados assim como sua classificacdo

no quesito manutencao e uso em experimentos subsequentes é sintetizado na Figura 4.2.

4.1.2 Potencial biotecnologico dos Labyrinthulomycetes associados as esponjas
marinhas

Com a declaracdo de pandemia do SARS-CoV2, diversos institutos de pesquisa
se mobilizaram para buscar solu¢Ges para combater o virus. As esponjas marinhas e
seus simbiontes ja& comecaram a ser exploradas nesse sentido (Geahchan et al., 2021).
Como discutido no Capitulo 2, o potencial biotecnoldgico dos eucariontes unicelulares
ainda é pouco explorado. Os microrganismos pertencentes ao taxon

Labyrinthulomycetes quando em cultura sdo conhecidos por secretarem uma série de
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polissacarideos (polissacarideos extracelulares - PEs) com fungdes ainda pouco
estudadas (Jain et al., 2005; Marchan et al., 2018). Uma fungdo recentemente
demonstrada é que esses PE podem ter funcbes antivirais contra enterovirus, retrovirus,
adenovirus e citomegalovirus existindo inclusive patentes relacionadas (Raghukumar et
al, 2014). Sabendo o pico de producdo esta associado a fase estacionaria do crescimento
desses protistas (Jain et al., 2005) nos cultivamos por um periodo de tempo maior do
que o habitual (25 dias). A extracdo bruta usando acido tricloroacético (adaptacdo de
Bajpai et al., 2016) teve como produto final um precipitado esbranquicado, indicativo
da producédo de PEs. No entanto, o extrato ndo pode ser caracterizado e a exploracdes
das propriedades desses componentes deverdo ainda ser realizadas em momentos

futuros.

Além da producéo desses polissacarideos, os Labyrinthulomycetes tém um perfil
de &cidos graxos bastante diverso, que vem sendo explorado significativamente nos
ultimos anos (Lee Chang et al., 2014; Aasen et al., 2016). Este interesse se deriva em
boa parte da industria nutracéutica, que tem buscado cada vez mais de alternativas
economicamente mais viaveis ao 6mega-3 derivado de peixes (Gupta e Gupta, 2020; Du
et al., 2021). Assim, a producdo de &cidos graxos polinsaturados por esses protistas tem
sido alvo de engenharia genética, buscando potencializar a producdo de &cido
eicosapentaenoico (EPA) e acido docosaexaenoico (DHA) (Allemann e Allen, 2018; Du
et al., 2021). Da mesma forma, a industria de aquicultura também tem se interessado no
potencial desses protistas. Existem diversos estudos que demonstram 0s impactos
positivos da suplementacdo de racbes de peixes e camarfes com 0S
Labyrinthulomycetes. Esses protistas ja foram usados na alimentacdo de espécies de
interesse comercial como a tilapia-do-nilo (Sarker et al. 2016), salmdo do Atlantico
(Carter et al., 2003; Lee Chang et al., 2020) e o camardo-da-pata-branca (Allen et al.,
2019). Aqui nos avaliamos o perfil dos acidos graxos de cada um dos isolados obtidos
das esponjas marinhas estudadas (Capitulo 3 - Table 3.1). No contexto apresentado
acima, todos os trés isolados apresentaram quantidades expressivas de DHA (C22:6n3),
com valores em torno de 40% dos lipideos totais extraidos. O EPA (C20:5n3) nédo foi
observado em grandes quantidades em nenhuma das culturas. Por outro lado, o acido
palmitico (C16:0), um acido graxo saturado usado como surfactante em cosmeéticos,
aditivo alimentar e até na producdo de biodiesel (Kalustian, 1985; Chen et al., 2015), foi
a segunda maior classe detectada nos Labyrinthulomycetes estudados. Importante
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salientar que as propor¢des de acidos graxos observadas sdo altamente dependentes das
condigdes de cultura, meios utilizados e tempo de experimento (Marchan et al., 2018).
Em vista desses resultados, os trés isolados se mostraram validos para exploragdes

subsequentes uma vez que cada um possui um perfil de &cidos graxos unico.

Em nossos experimentos, através de abordagens qualitativas expusemos as
culturas de Labyrinthulomycetes a trés substratos diferentes (Capitulo 3 - Table 3.2).
Os isolados obtidos ndo apresentaram nenhuma atividade metabdlica contra
carboximetilcelulose, indicando uma auséncia de celulases. Isso vai de encontro com 0
que é visto na literatura, onde essa enzima geralmente esta presente (Nagano et al.,
2011; Liu et al., 2014; Jaseera et al., 2019). Uma possivel explicacdo para auséncia
desse aparato é que a maioria dos isolados que possuem esse mecanismo foram obtidos
de espécies vegetais, principalmente folhas de mangue caidas, e ndo de espécies animais
como nesse trabalho. Por outro lado, observamos que proteases sd&o comuns, estando
presentes em todos os protistas isolados. Essas enzimas, conhecidas também por
proteinases ou enzimas proteoliticas, compdem um amplo grupo gue tem como funcéo
principal catalisar a hidrélise de proteinas e polipeptidios (Zhu et al., 2019). Diferem
entre si em Vvarias caracteristicas como especificidade do substrato, sitio de atividade e
mecanismo catalitico, pH e temperatura ideal e perfil de estabilidade (Zhu et al., 2019).
A partir desses resultados podemos inferir que as proteases desses microrganismos

diferem no tempo de producdo assim como na quantidade produzida.

De maneira similar, detectamos a presenca de lipases em dois dos isolados:
HAL1 e HAL2. As lipases pertencem a classe das hidrolases e tém como funcéo
principal a catalisacdo da reacdo de hidrolise de triglicerideos e &cidos graxos
(Derewenda, 1994). Essas enzimas sdo muito utilizadas em processos industriais como
nas industrias de 6leos e gorduras, industria de alimentos, na fabricacdo de detergentes,
no processamento de couro e papel, na industria cosmética, além do biodiesel e
biorremediagdo (Sarmah et al.,, 2017). Microrganismos marinhos, principalmente
extremofilos, constituem uma fonte importante dessas enzimas, uma vez que as
caracteristicas particulares de seus ambientes permitem a evolucdo de lipases com
funcionamentos Unicos (Navvabi et al., 2018). Aqui observamos que HAL1 novamente
mostrou maior efetividade na degradacdo do substrato. O isolado HAL2 demorou a

manifestar a presencga dessa enzima, um indicativo de que ou condig¢des de cultura como
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temperatura, salinidade e/ou pH n&o eram as mais adequadas; ou esse isolado tem pouca
atividade metabolica em relagdo a esse substrato.

4.2 Consideragdes Finais e Perspectivas

Antes da pandemia de SARS-CoV2, as esponjas destinadas a experimentacdo eram
mantidas em tanques do Centro de Biologia Marinha (CEBIMar/USP) até 0 momento
do transporte resfriado (18°C + 2°C) para o Laboratorio de Biologia Celular de
Invertebrados Marinhos (LabCel/USP) em Séo Paulo — SP. Durante a pandemia, com a
indisponibilidade de recursos humanos e da infraestrutura do CEBIMar, tivemos que
adaptar o protocolo de coleta. Nossa solucdo consistiu na manutencdo simples em
aquarios mantidos por aeradores e agua do mar local seguida do transporte resfriado no
mesmo dia ou no méaximo no dia seguinte. Ao pular a etapa de aclimatacdo ao cativeiro
e triagem de esponjas doentes realizada no CEBIMar nos causamos um estresse
significativo nesses animais. Vale ressaltar que as coletas de esponjas marinhas, assim
como as de qualguer outro animal, devem ser feitas de maneira sustentavel e consciente
e por isso nos evitamos coletar grandes quantidades. Além disso, a aquisicdo periodica
de esponjas também é justificada pela instabilidade do microbioma das esponjas em
cativeiro (Schellenberg et al., 2020), que poderiam resultar em artefatos nas nossas
investigacOes. Essa série de fatores influenciou diretamente o desenvolvimento deste

trabalho durante a pandemia.

Um outro aspecto de nossa pesquisa que foi diretamente impactado pela
pandemia foi a identificacdo das espécies de protistas. A morfologia e comportamento
dos eucariontes unicelulares, apesar de ser importante para investigacfes aprofundadas
(Keeling, 2019), muitas vezes ndo é suficiente para distinguir com clareza os taxons aos
quais pertencem esses microrganismos. Geralmente é necessaria uma abordagem
molecular para a correta identificacdo taxondmica de certas linhagens de protistas
(Chihi et al., 2022). Além disso, determinar a localizacdo de microrganismos de
interesse nos tecidos do animal hospedeiro € uma das principais formas de investigar a
natureza da associagcdo entre as duas partes (Williamson, 1977; Pfannkuchen et al.,
2010; Nikolakakis et al., 2015). Contudo, em decorréncia da pandemia, até o presente

momento ndo foi possivel realizar o sequenciamento do 18S rRNA. Etapas anteriores
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tais quais extracdo do DNA das culturas de protistas e verificagdo de sua qualidade
foram executadas. De maneira similar, também ndo foi possivel avancar com os
experimentos de hibridizacdo in situ em decorréncia de atrasos e/ou desabastecimento
de reagentes especificos nos fornecedores. As amostras dos isolados e das esponjas aqui
estudadas ja foram devidamente preparadas e aguardam um momento propicio que

permita 0 uso dessa técnica.

A despeito destes problemas, neste trabalho nos abordamos uma fracdo do
microbioma das esponjas muito pouco explorada: os protistas, com indicativos que estes
podem desempenhar fungdes importantes no contexto do holobionte. Da grande
diversidade de eucariontes unicelulares associados as esponjas marinhas percebemos
que os Labyrinthulomycetes se destacam pela sua ubiquidade. O trabalho desenvolvido
levanta a discussdo sobre a importancia e potencial do microeucarioma de Porifera e ao
mesmo tempo d& o primeiro passo no estudo sistematico dos Labyrinthulomycetes
associados as esponjas. Ndo encontramos evidéncias que suportem o parasitismo desses
protistas, podendo estes estar associados de uma maneira comensal ou mutualistica. Os
resultados negativos dessa interacdo geralmente sdo produtos de dishioses, como ocorre

em outros sistemas holobiontes.

Dos trés isolados obtidos a partir dos primorfos das esponjas Hymeniacidon
heliophila e Haliclona melana, HAL1 aparenta ser mais promissor para aplicacoes
biotecnologicas, dado seu perfil de acidos graxos e atividades metabolicas. Contudo,
ndo podemos descartar o potencial dos outros isolados somente com essas abordagens
iniciais. A presenca de outras enzimas importantes para a indUstria, tais como amilases,
pectinases, xilanases, lacases, colagenases ou quitinases, ainda deve ser testada. Apesar
dos impactos negativos da pandemia nesta pesquisa, espera-se que em breve a
identificacdo taxonémica dos isolados e outras investigacdes pendentes sejam
realizadas. Também é esperado que a partir dos resultados obtidos seja possivel explorar
com maior foco o potencial biotecnoldgico desses protistas assim como compreender a

contribuicdo desses microrganismos no funcionamento de seu hospedeiro.
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