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RESUMO

O presente estudo investigou detalhadamente a dinamica do pan-bacterioma
de ostras de mangue (Crassostrea gasar) e seus habitats amazonicos, utilizando uma
abordagem inovadora de metabarcode com alta resolucéo filogenética, possibilitada
pela metodologia de sequenciamento de leituras longas por nanoporos. As ostras, que
sao nativas da costa atlantica do Brasil e amplamente cultivadas na regido amazonica,
especialmente no estado do Para, desempenham um papel crucial tanto na
subsisténcia de comunidades locais quanto na ecologia de manguezais. Coletas de
ostras e amostras de agua foram realizadas nas estacao seca e na estacdo chuvosa
em quatro municipios do Nordeste Paraense: Santo Anténio de Urindeua, Nova
Olinda, Pereru de Fatima e Lauro Sodré. Além disso, o estudo também focou em
compreender como fatores abidticos, como salinidade e pH, influenciam a estrutura e
composicdo do microbioma das ostras e das localidades. A diversidade alfa e beta do
microbioma foi significativamente maior nas amostras de agua em comparagcao com
as amostras de ostras, refletindo a heterogeneidade e complexidade do ambiente
aquatico. Diferencas sazonais significativas na diversidade beta foram observadas
entre as amostras de ostras de todos os locais. Os filos mais abundantes nos
moluscos foram Actinomycetota e Pseudomonadota, principalmente nas regifes
Santo Antbnio de Urindeua e Nova Olinda. O bacterioma inclui géneros como
Sphaerochaeta e Crinalium, que estdo envolvidos em fun¢des ecoldgicas cruciais,
como a fixacdo de nitrogénio e a digestdo de matéria organica complexa,
proporcionando assim beneficios nutricionais ao hospedeiro. A abundancia de
Salmonella em periodos de poucas chuvas evidencia a necessidade de
monitoramento continuo em toda a cadeia produtiva. Este estudo pioneiro € um passo
fundamental para a compreensao das interacdes ecoldgicas entre ostras e seus
microbiomas em ecossistemas amazénicos, com implicagfes diretas para a gestdo

ambiental e a seguranca alimentar.



ABSTRACT

The present study thoroughly investigated the dynamics of the pan-bacteriome
of mangrove oysters (Crassostrea gasar) and their Amazonian habitats, using an
innovative high-resolution phylogenetic metabarcoding approach, enabled by long-
read nanopore sequencing technology. Oysters, native to Brazil's Atlantic coast and
widely cultivated in the Amazon region, particularly in the state of Para, play a crucial
role in both the subsistence of local communities and the ecology of mangroves. Oyster
and water samples were collected during the dry and rainy seasons in four
municipalities in Northeastern Para: Santo Anténio de Urindeua, Nova Olinda, Pereru
de Fatima, and Lauro Sodré. Additionally, the study focused on understanding how
abiotic factors, such as salinity and pH, influence the structure and composition of the
oyster microbiome and their aquatic habitats. Alpha and beta diversity of the
microbiome were significantly higher in water samples compared to oyster samples,
reflecting the heterogeneity and complexity of the aquatic environment. Significant
seasonal differences in beta diversity were observed among oyster samples from all
locations. The most abundant phyla in the mollusks were Actinomycetota and
Pseudomonadota, mainly in the regions of Santo Antoénio de Urindeua and Nova
Olinda. The bacteriome included genera such as Sphaerochaeta and Crinalium, which
are involved in crucial ecological functions, such as nitrogen fixation and the digestion
of complex organic matter, thus providing nutritional benefits to the host. The
abundance of Salmonella during dry periods highlights the need for continuous
monitoring throughout the production chain. This pioneering study is a crucial step
toward understanding the ecological interactions between oysters and their
microbiomes in Amazonian ecosystems, with direct implications for environmental

management and food security.



1 INTRODUCAO

As ostras sdo moluscos bivalves que se alimentam através da filtracdo de
particulas em suspensao na agua, sendo estas: microalgas, bactérias, fitoplanctons,
microzooplanctons e matéria organica. As ostras estdo presentes em diversos
estuarios da costa brasileira, onde destaca-se a presenca no nordeste do estado do
Pard, onde o cultivo de ostras da espécie Crassostrea gasar € comum. Devido ao
processo de alimentacao por filtracdo, a colonizacao bacteriana do seu intestino esta
relacionada ao ambiente que habitam.

A maricultura € um dos setores que mais crescem no cenario global da
producao industrial de alimentos. Atualmente, a China é lider em producéo aquicola,
detentora de 83% do total de ostras produzidas no mundo. No Brasil, o cultivo de
ostras € uma atividade caracterizada por uma producéo baseada na unidade familiar,
gue oferece alternativas de opcdo de renda e de dinamizacdo econdmica para as
comunidades pesqueiras, com fixacdo nas areas de origem, gracas a geracao de
empregos (VALENTI et al., 2000).

As ostras sdo mundialmente consumidas, algumas séo cultivadas e outras séo
coletadas nas areas entre marés para atividade de subsisténcia ou comercial (AMADI
et al.,, 2015). Os ambientes aquaticos como oceanos, rios, lagos, estuarios sdo
sistemas ecoldgicos que possuem uma vasta diversidade de microrganismos. Estas
comunidades microbianas estéo envolvidas em diversos processos ambientais e sua
diversidade é diretamente ligada a influencias em condi¢des ecoldgicas e pressbes
seletivas (KING et al., 2020).

Os animais marinhos ligados a este ambiente estdo expostos a uma
diversidade microbiana, que podem colonizar a superficie externa destes animais e
também passam a colonizar o trato digestivo. No caso das ostras, isto ocorre
principalmente por serem organismos filtradores apartir da ingestao de alimentos e de
agua (THOMPSON et al.,, 1993; ASHA et al.,, 2014). Desta forma, descrever a
diversidade da microbiota gastrointestinal de ostras da espécie Crassostrea gasar
oriundas de estuarios paraenses € fundamental. Para isso a utilizacao de abordagens
de metagenbmica é de extrema importancia para entender propriedades como
riqueza, estrutura e a dindmica das comunidades microbianas associadas ao trato
digestivo das ostras, além de compreender como é a diversidade do ambiente nas

quais as ostras estdo inseridas, afim de desvendar os processos implicitos que
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regulam a organizacao desses sistemas.

1.1 Morfologia e caracterizagdo nutricional dos bivalves

Os bivalves pertencem ao filo Mollusca, sendo este o segundo maior filo animal
em numero de espécies, depois dos Antrépodes. O filo Mollusca inclui uma enorme
diversidade de animais, tendo oito classes, sendo elas: Bivalvia, Caudofoveata,
Cefalopodes, Gastropodes, Monoplacophora, Poliplac6foros, Scaphopoda e
Solenogastres. A classe Bivalvia representa cerca de 27% do filo Mollusca e é
composta por cerca de 7.500 espécies de animais, que tém como caracteristica
morfologica a presenca de corpo mole protegido por uma concha achatada. Esta
classe é de suma importancia por ser a mais explorada como produto alimentar
(GOSLING, 2003; DAME, 2011).

A presenca da concha neste filo retrata um manto responsavel pela secrecéo
do esqueleto calcario, além de possuirem placas que tém como funcao a protecéo do
corpo mole. O sistema digestivo do filo Mollusca é radula linguiforme, com dentes,
além de possuem um celoma reduzido, ocupando quase a totalidade da cavidade
pericardica. Os individuos sdo majoritariamente marinhos, embora se distribuam por
diversos habitats como areia, rocha ou solo (AMARAL et al., 2011; CLACK et al.,
2013).

Como ja citado, os moluscos bivalves sdo uma espécie majoritariamente
marinha, sendo encontrados em agua doce, possuindo distribuicdo mundial e por
diversas profundidades (DUMBAULD et al., 2009). Contudo, preferem habitar locais
onde haja um fluxo de 4gua permanente, podendo ser sésseis, livres ou enterrados
na areia. Estes organismos podem ser classificados como filtradores ou detritivoros.
Alimentam-se das particulas em suspensao ou de detritos de matéria organica em
decomposicao. Importante ressaltar que os moluscos sdo extremamente sensiveis as
alteracdes no meio ambiente, devido ao seu sistema vascular aberto, a hemolinfa,
onde os hematdcitos circulam atravessando a maioria dos tecidos e orgaos. Este
sistema favorece a exposi¢ao direta dos moluscos bivalves ao ambiente onde se
inserem (DUMBAULD et al., 2009).

Nos organismos adultos ha uma grande variacdo do exoesqueleto, tendo os

menores ndo mais que 5 mm, e os maiores podendo atingir mais de 20 cm de

11



comprimento. Os moluscos possuem valvas, que sao compostas por um ou dois
musculos adutores, dependendo da espécie, responsaveis pelos movimentos de
abertura ou fecho da concha (Figura 1). A abertura da concha da-se automaticamente
apos o relaxamento dos musculos adutores (DAME, 2011). Nos bivalves nédo é
possivel distinguir a cabeca do corpo, 0 corpo € constituido por um pé e pelas
branquias, estruturas especializadas na respiracao e alimentacdo. As branquias sao
constituidas por pequenas laminas ciliadas cuja fungcéo é de conduzir a corrente de
adgua para a cavidade onde se da a digestdo. A simetria dos moluscos bivalves é
bilateral, podendo oscilar entre as formas alongadas e ovais. (GOSLING, 2003;
DAME, 2011).

Estilet Membrana .
Concha ESWEE o i srdica Coragdo
\ cristalino
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)?-\Z\nus
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Figura 1: Morfologia interna dos moluscos bivalves (Cabral, 2015).

A reproducédo de moluscos bivalves é controlada por fatores exdgenos, tais
como temperatura, salinidade, disponibilidade de alimento, profundidade e por fatores
endogenos relacionados a genética dos individuos (MACKIE, 1984). O ciclo de vida
de moluscos bivalves envolve os estagios de producdo e liberacdo de gametas,
fertilizacdo externa na coluna da agua, desenvolvimento embrionario e larval,
assentamento das larvas, metamorfose em sementes e crescimento até o estagio de
producdo de gametas. Em moluscos bivalves, o ciclo reprodutivo € anual e envolve

um periodo de gametogénese seguido de uma desova Unica, estendida, ou mesmo
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varios eventos de desova (GOSLING, 2003). Entre os moluscos bivalves, um dos que

mais se destaca pela seu consumo como alimento sé&o as ostras.

1.2 Ostras (Crassostrea gasar)

As ostras sdo pertencentes a ordem Ostreoida e a familia Ostreidae. O género
Crassostrea apresenta cerca de 106 espécies com distribuicdo global em ambientes
tropicais e temperados (DAME, 2011). No Brasil ocorrem pelo menos duas espécies
nativas, Crassostrea gasar e Crassostrea rhizophorae e comumente sé&o
denominadas “ostras-do-mangue”. A Crassostrea gasar foi observada inicialmente na
Costa Oeste da Africa, onde ocorre em manguezais entre o Senegal e Angola
(AFINOWI, 1984). No Brasil, esta espécie € distribuida do Para até Santa Catarina,
principalmente costdes rochosos e no fundo de rios associados a estuarios ou em
mangues (MELO et al., 2010a).

Ostras do género Crassostrea sdo oviparas ou nao-incubatorias
(MACKIE, 1984). S&o organismos dioicos sem dimorfismo sexual, sendo necessarias
analises microscopicas e histolégicas para diferenciar machos e fémeas (CHRISTO e
ABSHER, 2006). Sdo também hermafroditas assincronos, podendo ocorrer a
mudanca de sexo apos a desova em resposta a condicdes ambientais especificas
(MELO et al., 2010; GOSLING, 2003). A reproducdo ocorre como na maioria dos
moluscos bivalves, onde os gametas séo formados através de células germinativas
na parede epitelial dos foliculos, sendo produzidos odcitos e espermatozoides por
meio de divisbes mitéticas e meibticas (GOSLING, 2003). Os od0citos e
espermatozoides sao liberados pelos poros genitais diretamente na coluna d’agua
onde ocorre a fertilizagdo e o desenvolvimento larval (QUAYLE e NEWKIRK, 1989).

A reproducao das Ostras também possui relacdo com condi¢cdes ambientais.
Foi observada a relacdo entre o desenvolvimento gonadal dos individuos e o periodo
de chuva e a salinidade, onde nos meses de seca ocorreu predominancia de
individuos imaturos e com foliculos esvaziados e durante a transi¢céo entre os periodos
seco e chuvoso (PAIXAO et al. 2013). O desenvolvimento larval de moluscos bivalves,
em geral, € plancténico. A duracéo do ciclo larval, crescimento e sobrevivéncia das
larvas também sdo determinados por fatores ambientais como temperatura, salinidade
e disponibilidade de alimento (GOSLING, 2003; DAME, 2011).
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A base alimentar das ostras € de microalgas, bactérias, fitoplanctons,
microzooplanctons e matéria organica dissolvida. A utilizacdo dessas particulas em
suspensao como alimento esta associada ao mecanismo de sele¢éo e capacidade de
retencdo nas branquias. Alguns bivalves podem ingerir particulas te até 950 um, em
contrapartida possuem baixissima capacidade de retencéo de particulas menores que
5 um (GOSLING, 2003; DAME, 2011).

1.3 Importancia Ecoldgica e Econdmica das Ostras

A maricultura representa um dos setores que mais crescem no cenario global
da producdo industrial de alimentos. Atualmente, a China é lider em producao
aquicola, detentora de 83% do total de ostras produzidas no mundo. No Brasil, 0
cultivo de ostras € uma atividade caracterizada por uma producao baseada na unidade
familiar, que oferece alternativas de opc¢éo de renda e de dinamizacédo econdmica para
as comunidades pesqueiras, com fixacdo nas areas de origem, gracas a geracao de
empregos (BRANDINI et al., 2000).

A s ostras sdo mundialmente consumidas, algumas séo cultivadas e outras sao
coletadas nas éareas entre marés para atividade de subsisténcia ou comercial
(EFIUVWEVWERE E AMADI, 2015). Cerca de 5,1 milhdes de toneladas de ostras
cultivadas mundialmente sédo produzidas anualmente e espera-se que esse consumo
aumente ainda mais até 2025 (FAO, 2018). Dente os moluscos, o género Crassostrea
€ 0 mais importante na pescaria artesanal in situ nos manguezais brasileiros (SANTOS
et al., 2015). O estado de Santa Catarina € o segundo maior produtor de moluscos
bivalves da América Latina. No ano de 2008, a producéao total de moluscos (mexilhdes,
ostras e vieiras) foi de 13.107,92 toneladas.

No Estado do Para a atividade do Cultivo de Ostras (Ostreicultura) é
desenvolvida desde 2006 em cinco municipios: Associacdo dos Agricultores e
Aquicultores de Nova Olinda (AGROMAR) no municipio de Augusto Corréa (Figura 2)
; Associacao dos Aquicultores, Produtores Rurais e Pescadores de Nazaré do Seco
(AAPPNS) no municipio de Maracan; Associagédo de Aquicultores da Vila de Lauro
Sodré (AQUAVILA) e Associacdo Agropesqueira de Nazaré de Mocajuba
(AGRONAM) no municipio de Curuca; Associacao dos Agricultores e Aquicultores de

Santo Antonio de Urindeua (ASAPAQ) no municipio de Salinopolis; Associacédo de
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Mulheres na Pesca e Agricultura de Pererd (AMPAP) e a Associacdo dos Produtores
de Ostras de Pereru de Fatima (ASSOPEF) no municipio de Sdo Caetano de Odivelas,
Para (SAMPAIO, 2007; SAMPAIO et al., 2019; MACEDO et al., 2021).

%

Figura 2: Representacdo de ostras cultivadas na comunidade de Augusto
Corréa. Retirado de https://dol.com.br/noticias/para/675376/augusto-correa-
potencial-ainda-maior-para-cultivar-ostras.

O Unico cultivo de ostras que esta fora de uma Reserva Extrativista Marinha
(RESEX) € no municipio de Salindpolis. As Reservas Extrativistas sdo espagos
territoriais protegidos cujo objetivo é a protecdo dos meios de vida e a cultura de
populac¢des tradicionais, bem como assegurar 0 uso sustentavel dos recursos naturais
da area. O sustento destas populacdes se baseia no extrativismo e, de modo
complementar, na agricultura de subsisténcia e na criacdo de animais de pequeno
porte.

Atualmente, a ostreicultura paraense vem se tornando uma alternativa de
geracao de renda para aproximadamente 84 familias, com o aumento da producédo
nos ultimos anos. Apesar do significativo tempo em que a atividade é exercida nessas
comunidades litorédneas, a producao de ostras do Estado do Paré foi contabilizada nas

estatisticas oficiais pelo Instituto Brasileiro de Geografia e Estatistica (IBGE) apenas
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em 2013, quando totalizou 8.250kg nos municipios de Curuca e Sao Caetano de
Odivelas. Em 2018, a cadeia produtiva da ostreicultura através dos municipios de
Augusto Corréa; Salinépolis; Curucéd e Sao Caetano de Odivelas produziu 39.850kg
(IBGE, 2019). Com essa produc¢do o Estado do Par4 ocupou a 62 posi¢cado no Brasil
no cultivo de ostras.

As ostras, por serem animais filtradores, utilizam as guelras para obter
alimentos em suspensdo. As bactérias correspondem a 4% do total de carbono
necessario para o metabolismo dos bivalves e funcionam para o aporte de nitrogénio
pelo animal (DAME, 2011). Dessa forma, tendem a acumular um grande nimero de
microorganismos presentes na agua, os quais podem compor a microbiota intestinal
do animal.

A microbiota das ostras pode ser classificada como transiente, que sao micro-
organismos que sobrevivem e se proliferam ao passar pelo intestino, ou residente,
gue ocupam o intestino permanentemente por apresentarem mecanismos de adesao
a parede intestinal. A microbiota é extremamente importante para a saude e
crescimento do molusco. E é importante ressaltar que assim como ocorre na
reproducdo das ostras, a biodiversidade do ambiente de cultivo também influencia
diretamente na composi¢cdo desta microbiota e, consequentemente, na qualidade da

ostra e produtividade das associacdes de produtores do molusco.

1.4 Biodiversidade em ambientes aquaticos

Os ambientes aquaticos como oceanos, rios, lagos, estuarios sdo sistemas
ecolégicos que possuem uma vasta diversidade de microorganismos. Estas
comunidades microbianas estdo envolvidas em diversos processos ambientais e sua
diversidade é diretamente ligada a influencias em condi¢des ecoldgicas e pressdes
seletivas (GLOCKNER et al., 2012). Os animais marinhos ligados a este ambiente
estdo expostos a toda essa diversidade microbiana, podendo colonizar a superficie
externa destes animais e também no trato digestivo. No caso das ostras, isto ocorre
principalmente por serem organismos filtradores apartir da ingestédo de alimentos e
agua (GLOCKNER et al., 2012).

A composicdo da microbiota do trato digestivo em animais marinhos é

considerada estavel ao longo da fase adulta. Contudo, existem alguns fatores que
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podem alterar a composicao das diversidades microbianas do organismo hospedeiro,
dependendo interamente das interacdes ecoldgicas deste como o0 estresse bidtico,
abidtico e mudancas na dieta do animal (NICHOLSON et al, 2012).

Em organismos filtradores como as ostras, os microorganismos hospedeiros
podem atuar de trés formas em interacdo ao hospedeiro: eles podem ser residentes,
podendo ficar intimamente associados e colonizar a superficie externa, assim como
podem através da ingestdo passar a colonizar o trato digestivo; ou podem ser
transientes, onde ao entrar em contato com o organismo, podem ser inibidos pela
microbiota residente ou por compostos inibitérios naturais presentes no organismo
(AUSTIN et al., 2006).

Por tanto, a eficiéncia e sustentabilidade nos sistemas de cultivo de animais
aquaticos pode ser significativamente influenciado pela composi¢cdo microbiana da
espécie (FERREIRA et al., 2018). Portanto, as caracteristicas da microbiota estédo
dependentes das condi¢des do trato gastrointestinal e de parametros especificos da
espécie como anatomia, secrecdes digestivas, pH, osmolaridade, potencial redox,
tamanho e estrutura, taxa de passagem e tempo de residéncia (RINGO et al., 2016).
Portanto, esse consorcio entre os animais marinhos e as comunidades microbianas
sdo sistemas-modelo para compreender a interagdo complexa entre o0s
microrganismos e as células hospedeiras, e podem fornecer informacdes relevantes
sobre o desenvolvimento de doencas humanas e identificacdo de novos alvos de
drogas (FERREIRA et al., 2015; KING et al., 2021; MACEDO et al., 2021).

Entre as suas funcdes, o conjunto da microbiota é envolvida na digestao e
absorcao dos nutrientes, manutencéao e funcionalidade efetiva da mucosa intestinal e
da protecéo contra a colonizagédo de microrganismos patogénicos, fornecendo nichos
para aderéncia, colonizacao e proliferacdo de espécies microbianas mutualisticas e
comensais (GIATSIS, 2016).

Os estuérios sdo importantes ecossistemas que fornecem alimento e habitat,
além de promover processos biogeoquimicos para outros ambientes por meio de sua
conexao entre bacias hidrograficas e aguas costeiras (BARLETTA et al., 2010). No
entanto, h4 uma crescente interferéncia antropica nesses ambientes, muitas vezes
causada por atividades como agricultura, desenvolvimento industrial e usos multiplos
da agua, levando ao descarte inadequado de residuos, descargas de esgoto e

controle de fluxo (BARLETTA et al., 2010). Os ambientes estuarinos sdo, portanto,
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considerados importantes reservatorios de metais pesados e outros contaminantes
(IP et al., 2004) e tém atraido muita atencao dos pesquisadores.

Os bivalves, como as ostras, sao bons organismos sentinela frequentemente
utilizados para avaliar a qualidade do ambiente marinho (SOLE et al., 1994). Além
disso, destacam-se pela ampla distribuicdo no Brasil (espécies nativas) e no mundo,
nichos ecolégicos vitais, suscetibilidade a absorcédo de poluentes e estreita ligacao
com predadores marinhos e salde humana, ao mesmo tempo, a exposicdo de
organismos aquaticos a contaminantes toxicos pode ser um risco para a saude
humana se os contaminantes forem incorporados na cadeia alimentar (SULLIVAN et
al., 2005).

A capacidade de um organismo de sobreviver e se adaptar a mudancas
ambientais repentinas depende da variacdo genética disponivel e da plasticidade
fenotipica. A plasticidade fenotipica pode amortecer mudancas ambientais repentinas
e fornecer tempo para que a adaptacéo ocorra (KENKEL et al., 2016). A plasticidade
fenotipica é importante para organismos sésseis que habitam zonas estuarinas que
ndo podem usar a evasdo para lidar com grandes flutuacbes nas condi¢cdes
ambientais (KENKEL et al., 2016), o mesmo ocorre com ostras que habitam ambientes
de estuario, que possuem uma diversidade genética significativamente menor,
provavelmente devido ao impacto da glaciacdo passada em seu estilo de vida
estuarino unico.

As ostras estdo entre 0 grupo socioecondmico mais valioso de espécies de
bivalves nos desembarques pesqueiros globais e também fornecem inumeros
servicos ecossistémicos. Portanto, € de suma importancia entender o0s
microorganismos presentes nas espécies de ostras nativas, permitindo entender de
gue forma os microbiomas de invertebrados podem afetados por essa remodelacao
metabdlica e quais consequéncias um microbioma alterado pode ter para sua saude

e sobrevivéncia.

1.5 Importancia do biomonitoramento de ostras.

Além das ostras bioconcentrarem microrganismos, elas também podem
concentrar contaminantes existentes na agua em que sdo cultivadas. Os

contaminantes podem envolver substancias toxicas, toxinas produzidas por
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microalgas e microrganismos patogénicos. No caso especifico dos contaminantes
microbianos, o risco é aumentado pelo habito de se consumir os bivalves crus (BUTT
et al., 2006). A contaminacao marinha por patdgenos de origem humana é comumente
associada a inexisténcia ou a ineficiéncia de sistemas de coleta e tratamento de
esgotos em areas urbanas localizadas em bacias hidrograficas que drenam para
areas costeiras (GARBOSSA et al., 2017).

Um estudo que se estendeu por dois anos realizado no Reino Unido mostrou
que 76,2% das amostras de ostras coletadas em 39 &reas de producdo estavam
contaminadas com Norovirus (CHENG et al., 2011). Em alguns paises, como a Itélia,
a hepatite A é um problema importante. O consumo de moluscos tem sido associado
a 62% dos casos dessa doenca (CROMEANS et al., 1997).

Os filos Tenericutes, Chlamydiae, Proteobacteria e Firmicutes sdo os mais
abundantes da microbiota intestinal de ostras da regido de Puget Sound, no estado
de Washington, EUA (LI et al., 2017). A presenca de bactérias do filo Tenericutes pode
ser explicada pela alimentacdo das ostras, que também é composta de algas, visto
que foi relatado que a associacdo de bactérias deste filo a microbiota intestinal de
moluscos (DAVIS et al., 2013). Ademais, existem dados sobre bactérias pertencentes
a esse filo como simbiontes intracelulares em animais, plantas e humanos, realizando
diversas atividades simbibnticas nestes hospedeiros, além de serem consideradas
bactérias residentes do microbioma intestinal de outra classe de molusco
(Gastropoda) (SHTYKOVA et al., 2018). A presenca de bactérias do filo Chlamydiae
ja havia sido reportado anteriormente em moluscos bivalves na Cheapskate Bay, nos
EUA, em 1977. Porém, a presenca destas bactérias nestes animais, que sao
consumidos crus, € de extrema relevancia a salde publica por ocasionarem doencas
em animais e humanos.

No Brasil, estudos identificaram a presenca de diversos patdgenos em
moluscos e nas aguas utilizadas para a malacocultura nas baias da llha de Santa
Catarina (COELHO et al. 2003). A presenca de bactérias do género Vibrio em ostras é
de interesse sanitario devido algumas espécies serem causadoras de gastroenterites
e septicemia fatal em humanos. Ademais, sabe-se que diversas espécies de bactérias
deste género estdo presentes em ambientes estuarinos e sdo naturalmente
concentrados em bivalves durante do processo de filtragcdo (COELHO et al., 2018).

Adicionalmente, estudos em ostras, mostraram que entre as bactérias isoladas
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nao apresentavam perfil de resisténcia a multiplas drogas antimicrobianas e eram
suscetiveis aos antibidticos de ultimo recurso, como Cefotaxima e Imipenem
(OLIVEIRA et al., 2020).

Outra importante caracteristica de organismos filtradores também se da no
biomonitoramento de presenca elementos tOxicos, como metais, uma vez que nos
ambientes estuarinos as condi¢des fisicas e quimicas (tais como pH, temperatura,
salinidade, potencial redox) determinam a mobilidade, especiagao, disponibilidade e
toxicidade dos metais (SANY et al.,, 2013; MACHADO et al., 2016). Os elementos
metalicos, ap0s passarem por inUmeros gradientes fisicos e quimicos conjuntamente
com a circulagcdo estuarina, podem distribuir-se sob inUmeras formas nos
compartimentos biéticos e abiéticos (MACHADO et al., 2016).

Assim, para que possa se obter uma aquicultura sustentavel é preciso manter
uma interacdo harménica com o0s ecossistemas e as comunidades locais. Sabe-se
que o microbioma da ostra nativa altera de acordo com a estacio (CONCEICAO et
al., 2021). Com isso para que sejam seguidos os principios da sustentabilidade, na
preservagcdo ambiental e no desenvolvimento social, associado com o
biomonitoramento e analise dos microorganismos presentes no animal € definidor
para o desenvolvimento da aquicultura sustentavel.

A microbiota do animal, bem como do seu ambiente natural de cultivo, pode ser
avaliada por técnicas modernas de biologia molecular, independentes de cultivo. Este
método consiste na extracdo do material genético da microbiota ambiental ou animal

seguido de um sequenciamento massivo destas amostras.

1.6 A ascencao da era da metagendmica

Historicamente, a metagendmica como campo de estudo é precedida pela
gendmica bacteriana, que por sua vez é precedido pela microbiologia classica. Ao
contrario dos dois campos da dmica, a microbiologia foi a principal responsavel por
estudos microbianos por um grande periodo de tempo, comecando com
bacteriologistas do século 19 que seguiram de microscopistas como Antonie van
Leeuwenhoek (WINSLOW, 1950). No final do século XX, microbiologistas, como
Robert Koch, foram motivados a empregar um protocolo de cultura de células

bacterianas para tracar uma conexao causal clara entre bactérias e doencas

20



(JACKSON et al.,, 1996). No entanto, diversos desafios comecaram a surgir em
decorréncia a prevaléncia de técnicas relacionadas a cultura bacteriana, como a
observacéo de uma grande discrepancia entre o nimero de células em uma amostra
e 0 numero de colbnias que elas produzem (STALEY & KONOPKA, 1985). Como
resultado dessas descobertas altamente impactantes, o interesse em comunidades
microbianas nao cultivadas comecaram a aumentar em meados da década de 1980,
impulsionados também pelo advento da Reagdo em Cadeia da Polimerase (PCR)
(BALLARD et al., 2000), um processo que permitiu a geragcdo de inUmeras copias de
uma sequéncia de DNA produzida a partir de um Unico ou baixo numero de
sequéncias de origem.

Desta forma, as Ultimas décadas do século passado trouxeram consigo o
surgimento da gendmica, um campo que fornece uma perspectiva de todo o material
genético de um determinado organismo (MEDINI et al., 2008). O sequenciamento do
primeiro genoma microbiano, Haemophilus influenzae (FLEISCHMANN et al., 1995),
foi seguido por constantes diminuigbes no custo total de sequenciamento. ISso
resultou em um aumento exponencial no nimero de genomas sequenciados
(HANDELMAN, 2004). Embora estes fossem principalmente genomas microbianos, o
Genoma Humano (VENTER et al.,, 2001) foi uma inclusdo altamente notavel. A
genbmica aprimorou muito o campo da microbiologia, particularmente no que diz
respeito ao esclarecimento da relacdo entre caracteristicas fenotipicas e suas
sequéncias de DNA e evolucao dos microrganismos (ACHTMAN & WAGNER, 2008).

O dinamismo das comunidades microbianas e de suas estruturas gendmicas
trouxe consigo evolucbes a metodologia das 6micas, com o surgimento de
abordagens dinamicas da composicdo gendmica microbiana, como pan-genomas
(MEDINI et al., 2008). Embora as contribuicbes da genémica tenham sido notaveis,
trouxe consigo um problema que também era pertecente a microbiologia tradicional:
a maioria sequéncias sdo determinadas a partir de culturas puras para evitar
ambiguidades durante a montagem da sequéncia (SCHLOSS & HANDELSMAN,
2005).

No entanto, estima-se que mais de 99% dos microrganismos nédo podem ser
cultivados (HANDELSMAN et al., 2004; SCHLOSS & HANDELSMAN, 2005). A
metagendmica surgiu como um método para contornar essa limitagcao, sequenciando

amostras de DNA amplificadas diretamente do ambiente e, portanto, contendo uma
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variedade de fontes gendmicas, em vez de um organismo de uma Unica fonte
(HANDELSMAN, 2004). O beneficio da metagendémica € a obtencao de informacao
genéticas de microorganismos sem a necessidade de cultiva-los. Por exemplo,
organismos simbiontes e patdgenos obrigatorios que nao podem sobrevivem fora de
seus hospedeiros e os micrébios ambientais sdo muitas vezes incapazes de crescer
em estado puro cultura. No entanto, o DNA pode ser extraido diretamente de tais
organismos enquanto eles estdo em seus habitats naturais, produzindo assim uma
mistura heterogénea de DNA que podem ser separados em bibliotecas de sequéncias
de dados (TRINGE & RUBIN, 2005).

A ideia de clonar o DNA diretamente do meio ambiente foi proposta em 1986
(PACE, 1986) ap0s isolar com sucesso sequéncias de rRNA 16S diretamente de
populac6es microbianas naturais para fins de caracterizacdo filogenética. Este
conceito foi implementado varios anos depois, em 1994 (SCHMIDT et al., 1991)
utilizando clonagem em um vetor de fago, progredindo assim para a construcdo de
uma biblioteca metagendmica completa. Estas iniciativas foram posteriormente
seguida por mais elaborados esfor¢cos de construcéo de bibliotecas metagendmicas
(STEIN et al., 1996). Dessa forma, a metagenémica como campo distinto de pesquisa
comecou a tomar forma no final do século 20. O termo metagenoma foi cunhado pela
primeira vez por Handelsman et al. (1998) com respeito ao conceito de meta-analise
sendo aplicada a conjuntos de dados semelhantes, mas néo idénticos. O interesse na
metagenbmica floresceu no novo milénio, desencadeando varios projetos marcantes.
O estudo do Mar dos Sargacos (VENTER et al., 2004) representou um esforco para
entender melhor populacdes microbianas.

Andlises metagenbmicas sdo mais frequentemente realizadas por
sequenciamento do RNA ribossomal (rRNA) 16S ou sequenciamento total (shotgun).
O estudo conhecido como shotgun ou metagendmica de DNA total, busca estudar
todo o material genético encontrado na amostra. Esse material € sequenciado em
pequenos fragmentos que, apods disso sdo juntados em fragmentos maiores utilizando
sobreposicao de sequéncias em uma técnica denominada assembly (WANG, 2014).
Apos isso, esses fragmentos maiores, sao classificados taxonomicamente (binning)
baseados em bancos de dados de referéncias ou através da metodologia de novo
(CARR, 2013). Este estudo permite uma abordagem mais ampla, onde se pode ser

realizado estudos relacionados a genes de interesse e enzimas, proteinas e demais
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produtos de origem transcricional.

As abordagens independentes de cultivo tem contribuido para o estudo de
comunidades microbianas possibilitando o acesso a ampla diversidade de
microrganismos que ndo sdo cultivhveis com as técnicas e meios comumente
empregados. O emprego do sequenciamento de gene do rRNA16S em trabalhos de
diversidade de comunidades microbianas utilizando-se como fonte de estudo o DNA
extraido de amostras ambientais foi proposto na década de 1980 (PACE et al., 1985).
Apds isso, o0 surgimento das tecnologias de sequenciamento de alto desempenho a
um relativo menor custo financeiro, menor tempo e menor exigéncia de infraestrutura
laboratorial permitiu o rapido aumento do numero de trabalhos descrevendo
comunidades ambientais e associadas a organismos hospedeiros (VENTER et al.,
2004).

A utilizacdo do gene rRNA 16S apresenta caracteristicas importantes como
marcador filogenético, entre elas a baixa taxa de transferéncia horizontal, baixa taxa
de recombinagdo génica (SCHLOSS et al.,, 2011; YARZA et al., 2014). Esta
abordagem permite o acesso direto a esta microbiota sem a interferéncia do genoma
do hospedeiro, e com um numero menor de sequéncias a serem analisadas
computacionalmente, além de permitir com que sejam realizadas comparacdes entre
diferentes comunidades (RAJAN et al, 2015; SHARPTON, 2014), sendo assim
referido como amplicon (Figura 3).

Através desta abordagem sao identificadas as OTUs (Unidades Taxondmicas
Operacionais) presentes na comunidade microbiana. As OTUs representam um grupo
de sequéncias muito proximas (>97% de identidade) pela aplicacdo de técnicas de
agrupamento hierarquico utilizando limites de identidade de sequéncia
independentemente de inferéncias filogenéticas, na caracterizacdo de uma
comunidade microbiana, além da descricdo da sua composicdo taxondmica,
normalmente sao realizadas analises de rigueza e de diversidade, as quais permitem
omparar ambientes distintos e oferecem uma medida da complexidade da
comunidade (YARZA et al., 2014).

Nas ultimas décadas as pesquisas que utilizam abordagens de metagenémica
foram de extrema importancia e mostraram que entender propriedades como rigueza,
estrutura e a dindmica de comunidades microbianas assim como o ambiente em que

estas estdo inseridas é essencial para desvendar os processos implicitos que regulam
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a organizacao desses sistemas. Portanto, a metagenémica é capaz de revelar um

universo de organismos nao cultivaveis.
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Figura 3: Estrutura de analise de metagenomica 16s.
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2 JUSTIFICATIVA

A ostra-do-mangue (Crassostrea gasar) € uma espécie de bivalve filtrador
nativa da costa atlantica do Brasil e tem um papel fundamental nos ecossistemas de
manguezais, particularmente na regido amazénica. Esses organismos alimentam-se
filtrando particulas organicas suspensas, como microalgas, fitoplancton e bactérias,
gue sao fontes essenciais de nutrientes para seu crescimento e sobrevivéncia. A
colonizagdo bacteriana no trato digestivo das ostras € um processo ecologico
complexo, influenciado diretamente pelo microbioma presente no ambiente aquatico.
Fatores como salinidade, pH e disponibilidade de nutrientes, que variam ao longo das
estagOes, afetam diretamente essa dindmica microbiana. Dessa forma, compreender
a interagdo entre o microbioma das ostras e o ambiente € de extrema importancia
tanto para a saude das ostras quanto para a seguranca alimentar das comunidades
que dependem dessa pratica. As ostras sdo de grande relevancia econdmica e
ecolégica, especialmente no contexto amazénico, onde a aquicultura de ostras-do-
mangue € uma atividade tradicional que sustenta cerca de 100 familias no nordeste
do Para. Essa pratica é majoritariamente familiar, desempenhando um papel vital na
subsisténcia das comunidades pesqueiras locais. No entanto, o sucesso e a
sustentabilidade dessa atividade dependem diretamente da manutencéo da qualidade
ambiental dos estuarios e manguezais. O uso de tecnologias avancadas, como o
sequenciamento de DNA de alta resolucéo pela plataforma Nanopore, permite uma
investigacdo mais detalhada e precisa da diversidade microbiana associada ao trato
digestivo das ostras e ao ambiente em que estéo inseridas. Anteriormente, as técnicas
de sequenciamento eram limitadas a pequenos fragmentos de genes, o que dificultava
a obtencéo de uma visdo completa do microbioma. Com a nova tecnologia, é possivel
sequenciar o gene 16S rRNA completo, proporcionando uma maior resolugcao
filogenética e permitindo uma analise aprofundada da composi¢do microbiana até o
nivel de género. Este € um dos primeiros estudos a aplicar essa tecnologia no
microbioma de ostras, 0 que representa uma inovacao significativa na pesquisa sobre

ecossistemas costeiros.

25



3 OBJETIVOS
3.1 Objetivo Geral

Avaliar a dindmica do pan-bacterioma das ostras-do-mangue (Crassostrea
gasar) e dos seus habitats amazoénicos, utilizando uma abordagem de metabarcoding
com alta resolucao filogenética. O estudo busca entender como os fatores abidticos,
como salinidade e pH, influenciam a composi¢cao microbiana do trato digestivo das
ostras e do ambiente em que elas estdo inseridas.

3.2 Objetivos especificos

. Determinar como os fatores abidticos, como pH, salinidade e sélidos
dissolvidos totais, afetam a composicdo microbiana nas ostras e na agua em
diferentes periodos sazonais;

. Investigar as mudancas sazonais na diversidade microbiana (alfa e beta)
das ostras e dos habitats aquaticos nos estuarios do nordeste do estado do Para;

o Identificar o pan-bacterioma associado as ostras e determinar as
diferencas entre o bacterioma das ostras cultivadas e das naturais;

o Comparar a diversidade e a abundancia de filos e géneros bacterianos
nas ostras e na agua em regibes com diferentes influéncias de maré e condi¢cdes
ambientais;

o Verificar se a presenca de taxons especificos tem um impacto positivo

ou negativo na fisiologia das ostras.
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Abstract

The mangrove oyster (Crassostrea gasar) feeds by filtering suspended organic particles,
microalgae, phytoplankton and bacteria, which provide essential nutrients for the mollusk's
growth and survival. The process of bacterial colonization in the oyster gut is complex and
directly influenced by the microbiome of the aquatic habitat. The C. gasar species is indigenous
to the Atlantic coast of Brazil and is prevalent in the mangrove ecosystems of the Amazon
region, where it is farmed. Oysters are a globally consumed seafood, and = farming this
species in the Amazon contributes to the economy and livelihoods of traditional communities.
In this study, we employed a high phylogenetic resolution metabarcoding approach to describe
the richness, structure and dynamics of the bacterial communities associated with the oyster
gut and the aquatic habitat in which they reside. Four farming sites were analyzed during the
Amazon summer and winter: Santo Antonio de Urindeua (SAU); Nova Olinda (NO); Pereru de
Fatima (PF); and Lauro Sodré (LS). Total DNA was extracted from the water and oyster gut
samples, and the full-length 16S rRNA gene was amplified and sequenced on the PromethlON
P2 Solo platform (Oxford Nanopore Technologies). Water samples were analyzed for the
following parameters: salinity, pH, total dissolved solids, resistivity and conductivity. The
bacteriome of oysters and rivers exhibited a pronounced response to abiotic factors, such as
salinity and pH. The alpha diversity was higher in water samples than in the oyster gut.
Significant seasonal differences in beta diversity were observed between the oyster samples
from all locations. The most abundant phyla in the mollusks were Actinomycetota and
Pseudomonadota, particularly in the SAU and NO regions. The bacteriome included genera
such as Sphaerochaeta and Crinalium, which are involved in crucial ecological functions such
as nitrogen fixation and the digestion of complex organic matter, thereby providing nutritional
benefits to the host. The abundance of Salmonella in periods of low rainfall highlights the
necessity of continuous monitoring throughout the production chain. Our data contributed to
the description of the bacteriome associated with C. gasar, demonstrating that the microbiota
of these mollusks is unique and exhibits a composition that is significantly influenced by the

environmental conditions of the Amazon.

Keywords: 16S rRNA, mangrove, oyster, microbiome, metabarcoding.
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Introduction

Mangrove oysters (Crassostrea gasar, Phylum: Mollusca, Class: Bivalvia) are animals
that feed by filtering suspended organic particles, microalgae, phytoplankton, and bacteria.
These organic materials provide essential nutrients such as proteins, lipids, and
carbohydrates, that are necessary for oyster growth and survival [1]. Thus, the bacterial
colonization of the oyster gut is a complex ecological process that is directly influenced by the
microbiome of the aquatic habitat [2]. Coastal environments harbor a vast diversity of
microorganisms essential for several biogeochemical processes [3,4] and for maintaining
biodiversity [5]. These environments are also the habitats for several species of mollusks.

C. gasar is native to the Atlantic coast of Brazil and is particularly abundant in the
mangrove ecosystems of the Amazon region [6]. Along the Amazon coast, these mollusks
benefit from the unique ecological conditions of mangroves, which provide a rich habitat for
their growth and reproduction [7,8]. The bacterial diversity of the oyster's gut changes
according to the season in Amazonian rivers with less tidal influence [9]. This compositional
change may affect the life cycle, immunity, and other physiological characteristics of oysters
[5, 10].

In 1988, Whipps and colleagues proposed the term microbiome to describe the set of
microorganisms living in a well-defined habitat with unique physicochemical properties. Later,
metabarcoding approaches were used to describe the taxa that comprise a particular group of
microorganisms. For example, the 16S rRNA gene is commonly used to describe the bacterial
diversity of a sample, referred to as a bacteriome. For years, taxonomic assignment was done
using short sequences that encompassed only a portion of the gene, such as the V2-V3 or V3-
V4 regions. This approach was characterized by a strong methodological bias [11]. However,
with the advent and chemical improvement of nanopore sequencers, a high phylogenetic
resolution metabarcoding approach is now possible, as the entire gene can be massively
sequenced and analyzed [12,13].

The gut bacteriome composition of other species such as Crassostrea virginica [14],
Crassostrea gigas, Crassostrea corteziensis, and Crassostrea sikamea was previously
described [15]. In C. virginica, the predominant phyla were Proteobacteria, Tenericutes, and
Verrucomicrobia [16], being the phyla Chloroflexi, Firmicutes, Proteobacteria, and
Verrucomicrobia especially found in the core bacteriome [14]. In C. corteziensis,
Proteobacteria, Bacteroidetes, and Actinobacteria were the most abundant phyla [15], while in
C. gigas, Tenericutes, Spirochaetes, and Proteobacteria were dominant [17]. Therefore, the
bacterial composition of oyster’s gut varies according to the species and location.

Oysters are widely consumed as food in many regions of the world. The global oyster
market has grown significantly over the past two decades, driven by the rising demand for

seafood, particularly in Asia, which accounted for 45.1% of the global revenue in 2022 [18].
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The market is expected to continue expanding, with a global value estimated at USD 111.64
billion in 2023, and a projected growth to USD 143.28 billion by 2030 [18]. In Brazil, about
9.978.480 kg were produced in 2022, being the North region responsible for 62.192 kg of this
production [19].

Oyster farming in the Amazon region is a family practice, that contributes to the income
of about 100 families living in traditional communities [7]. Previous studies showed that farming
sites have optimal sanitary conditions [9, 20]. These results were important because the entire
production chain depends on the ecosystem services provided by the forest. Producers
manually collect oyster seeds from natural banks and sell them to other producers who fatten
the mollusks in saline rivers before selling them to the public. Therefore, understanding the
ecological dynamics of the interaction between the oyster bacteriome and its natural
environment is of utmost importance. In this work, we performed a high phylogenetic resolution
metabarcoding approach using the Nanopore sequencing platform to answer several
guestions: How do abiotic factors influence the composition of the oyster gut bacteriome? Does
this bacteriome change with the Amazonian seasons? If so, does this change reflect a change
in the bacteriome of the rivers? What is the core bacteriome of the mangrove oyster? Is there
a difference in bacterial diversity between rivers with different tidal influences? Our data reveal

complex ecological processes that shape the oyster gut bacteriome.

Material and Methods

Ethical issues

Sampling of oysters in Marine Extractive Reserves was approved by the Instituto Chico
Mendes de Conservacdo da Biodiversidade (SisBio/ICMBio) under the authorization N°
80264-1.

Sampling and physicochemical analysis

A total of two expeditions for oyster and water sampling were performed. One of them
during the Amazonian dry season in October/November 2022, and the other one during the
rainy season on March/April 2023. In each expedition, samples from four municipalities were
collected: Pereru de Fatima river in Pereru de Fatima — PF - P1 (0°43'2.823"W
48°1'2.5608”S); Mocajuba river in Lauro Sodré — LS — P2 (0°51°16.9344”W 47°54°38.6706"'S;
Urindeua river in Santo Anténio de Urindeua — SAU — P3 (0°39°20.5956”W 47°24’10.926”S)
and Emborai Velho river in Nova Olinda — NO — P4 (1°2'28.8414”W 46°26°35.9376”'S) (Figure
1).

The river water was collected from the photic zone (about 0.5 m deep) above the

oyster’s farming structures. Three liters of water were collected in triplicate using van Dorn
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bottles and maintained at 4°C in sterile bottles. In the same day, 2 L of the collected water
were vacuum filtered through 0.22 pm nitrocellulose membranes using a sterile Millipore
system. Membranes were maintained in 50 mL polypropylene tubes with RNAlater (Invitrogen)
at -20°C until total DNA extraction. One liter of water was used for physicochemical analysis.
Resistivity, salinity, conductivity, and total dissolved solids were analyzed using a portable
multiparametric probe AT 215 (Alfakit). pH was measured using a portable pHmeter AT 315
(Alfakit). All analyzes were performed in triplicate. The sediment was collected with a van Veen
dragger next to the oyster’s farming structures.

Farmed and natural oysters were hand-collected during high-tide. The mollusks were
kept in a container with ice until being processed on the same day. They were opened with
sterile knives and the gut content was dissected using sterile scalpel and forceps inside a
biological safety cabinet. The gut content of three oysters (about 10 g of biological material)
was mixed and maintained in 50 mL polypropylene tubes with RNAlater (Invitrogen) 1:1 (m/v)
at -20°C. Three replicates of 10 g were processed for each sampling point.

Full-length 16S rRNA gene sequencing

To understand the complex ecological dynamics of the oyster and water bacteriome,
we used a high phylogenetic resolution metabarcoding approach based on the sequencing of
the whole 16S rRNA gene in the PromethION P2 Solo platform (Oxford Nanopore
Technologies). Total DNA was extracted from the water, sediment and oyster's gut samples
using the FastDNA Spin kit for Soil (MP Biomedicals) according to the manufacture’s protocol.
The DNA integrity was evaluated using 1% agarose gel electrophoresis and nucleic acid
guantification was performed on NanoDrop spectrophotometer (Thermo Fisher). The 16S
rRNA gene was amplified using the primer pairs Bactl6S-8F (5-
AGAGTTTGATCATGGCTCAG-3’) and Uni16S-1492R (5-CGGTTACCTGTTACGACTT-3') in
the thermocycler GeneAmp 9700 (Thermo Fisher). The cycling condition was an initial
denaturation at 95°C for 2 minutes, followed by 35 cycles of 95°C for 30 seconds, 55°C for 30
seconds, 72°C for 90 seconds, and a final extension step at 72°C for 5 minutes. Sequencing
was performed on PromethlION P2 Solo (Oxford Nanopore Technologies) using a FLO-
PRO114M flow cell in a 24 h run.

Bioinformatics

Base calling was performed using Guppy v.6.3.7 integrated with EPI2ME v.5.2.13
software. The FASTS files were converted to FASTQ where data with quality >7 were filtered
out for analysis. The processed files were loaded into the EPI2ZME-16S workflow using
Kraken2 [21] with a minimum accuracy level set at 77%. Data analysis was performed in the

cloud and included demultiplexing, quality control, and taxonomic assignment using the
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BLAST algorithm against the GenBank Reference Sequence (RefSeq) database [22]. The
abundance data were then used to calculate alpha and beta diversities and taxa composition
using the Vegan [23] and Phyloseq [24] packages in RStudio. Correlation between the
bacteriome composition and the physicochemical parameters was performed using

Redundancy Analysis (RDA) using microbiome [25] package in RStudio.

Results

Salinity, pH, and TDS vary according to season and geographic location

The physicochemical parameters pH, total dissolved solids (TDS), conductivity, and
salinity were evaluated, and the results are shown in Table 1. Salinity and pH are the main
parameters for evaluating oyster farming because they directly influence oyster growth
(Sampaio et al., 2020). SAU and NO are near the sea and therefore have a greater influence
from the tide, unlike PF and LS. During both seasons, SAU and NO had higher salinity than
PF and LS, remarkably during the rainy season (Table 1). The pH of the four locations was
very similar, with a slight difference in PF and LS during the dry season, with a value closer to
neutrality. Another parameter with a marked difference between the regions was TDS. During
the rainy season, TDS increased at the sampling points nearest to the sea and decreased at
the points with less tidal influence (Table 1).

The pH and salinity data were organized into discrete values to determine which
intervals had the greatest influence on the alpha diversity of the samples. The data was
grouped as follows: samples with pH between 6 and 7 were grouped in value 1; 7 to 8 in value
2; 8to 9 invalue 3 and > 9 in value 4. The analysis indicated that bacterial diversity is greater
in samples with pH values of 6 to 7 or > 9 (Figure S1). Salinity was also grouped into discrete
values: samples with salinity < 2 were grouped in value 1; 20 to 30 in value 2; 30 to 40 in value
3; and > 30 in value 4. In this case, the higher the salinity, the lower the bacterial diversity
(Figure S1).

Oyster gut bacteriome changes with Amazonian seasons

The Chaol index was used to estimate alpha diversity. We observed a higher
bacterial diversity in oysters collected during the rainy season than in the dry season (Figure
2A). The same result was observed for other alpha diversity indices such as Shannon and
Simpson (Table S1). In addition, the bacterial diversity of the river water was significantly
higher than that of oyster samples, irrespective of season and geographic location, except for
samples collected in PF during the dry season (Figure 2A). The beta-diversity analysis
revealed a significant difference in the bacterial composition of the water and oyster samples

(Figure 2B). In addition, a comparison of oyster samples from different locations revealed that
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the bacterial composition varied according to the season (Figures 2D and 2C).

The three most abundant phyla found were Pseudomonadota, Actinomycetota, and
Bacteroidota (Figure 3). During the dry season, the bacterial composition was more uniform.
In addition, the bacteriome of oysters was directly affected by the bacterial composition of the
water. For example, oysters from NO and SAU, which are sampling sites near the ocean, have
a higher abundance of Actinomycetota than oysters from PF and LS, where the most abundant
phylum was Pseudomonadota (Figure 3). The same pattern of bacterial composition was
observed in the water samples. Significant differences (Table S2) among samples included
the increased abundance of Bacteroidota, Actinomycetota and Spirochaetota in oysters
collected at NO and SAU during the rainy season. The prevalence of Bacteroidota only in water
samples, suggesting that oysters do not retain these taxa in their gut; and the higher
abundance of Cyanobacteriota during the dry season. This last result highlights the need for
increased environmental monitoring during the dry season to avoid cyanotoxin poisoning due
to the consumption of oysters in natura.

Analysis of the bacterial composition at the genus level revealed an abundance of
Corynebacterium, Salmonella, Enterobacter, Candidatus Pelagibacter, Mycoplasmopsis, and
Crinalium (Figure 4). The presence of these taxa in water and oyster samples is a warning of
the anthropization of these environments. Since the production chain depends on the natural
oyster seed banks and the maintenance of the river quality for their farming processes, it is
imperative to establish an environmental monitoring routine in these farming sites.

We used redundancy analysis (RDA) to determine the relationship between
environmental parameters and bacterial community composition. We observed that an
increase in pH and salinity favored the phylum Cyanobacteriota and had a negative effect on
the abundance of the phyla Pseudomonadota, Mycoplasmatota and Spirochaetota (Figure 5).
At the genus level, the filamentous cyanobacterium Crinalium was favored by the increase in
salinity and pH (Figure 5). Other finding included a positive relationship between the increase

in resistivity and the abundance of Enterobacter (Figure 5).

Mangrove oysters have a large core bacteriome and many unique taxa associated with
specimens from areas with natural seed banks

The Venn diagram in Figure 6A shows the comparison of all predicted taxa in the 30
oyster samples using a detection threshold of 0.010 (Figure 6B). The pan-bacteriome consists
of 5,409 taxa and 2,330 core taxa (Figure 6A). Interestingly, the site with the highest number
of unique taxa was LS which is the sampling region with the largest natural oyster seed banks.
Pseudomonadota and Actinomycetota were the most abundant phyla of the pan-bacteriome
followed by Mycoplasmatota and Bacillota. Figure 6C shows the percentage of bacterial

genera considering the 2,330 taxa detected in the core bacteriome. Corynebacterium and
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Enterobacter corresponded to 48% and 10% of the core bacteriome, respectively, and a
relevant proportion (27%) was composed of less abundant taxa. Among the 730 unique taxa
found in LS oysters, 34% were affiliated to Streptomyces, 30.8% to Pseudomonas, in addition

to a relevant abundance of Paenibacillus and Sphaerochaeta (Figure 7).

The tides influence the bacterial composition of the oyster, which is highly diverse regardless
of geographic location

As presented before, several differences in bacteriome composition were observed in
oysters collected at PF and LS compared to NO and SAU. PF and LS are regions of brackish
water with less tidal influence, while NO and SAU are regions of saline water with high tidal
influence. Figure 2A shows that, regardless of location, the rainy season increases the diversity
of bacteria associated with the oyster gut. Despite the similar alpha diversity, the histograms
of Figures 3 and 4 show that oysters from PF and LS have a different bacterial abundance and
composition from that observed in SAU and NO, both during the dry and rainy seasons. For
example, the abundance of Mycoplasmopsis (mainly M. phocirhinis) was higher in PF and LS
oysters than in SAU and NO. Enterobacter species such as E. asburiae were prevalent only
in oyster samples collected from PF and LS in both seasons. They were abundant in both
natural and farmed oysters, suggesting an important role in the mollusk physiology.
Interestingly, these taxa were not detected or were in very low abundance in water samples
(Figure 4). Corynebacterium species such as C. canis were abundant in oysters collected at
NO and SAU, but unlike Enterobacter, Corynebacterium was also detected in water samples
(Figure 4).

The farming process does not affect the bacterial composition of the oysters but makes them
more susceptible to environmental changes

Samples of farmed oysters, natural oysters (those attached to the submerged rocks
or tree roots), water, and sediment were grouped and analyzed using beta-diversity
parameters. This analysis was conducted only with samples collected at LS in both seasons.
The data highlighted significant differences between the bacterial composition of natural
oysters and environmental samples (water and sediment) (Figure 8A). The distance to the
environmental samples suggests that their natural growth condition selects groups of bacteria
that are rare in the river water. On the other hand, farmed oysters were more related to the
taxa found in environmental samples, suggesting that this growth condition might be more
sensitive to environmental impacts, such as those caused by human activities or climate
changes (Figure 8A). Finally, no significant difference was observed when comparing only the
oyster samples suggesting that the farming process does not affect the bacterial composition

of the oysters but makes them more susceptible to environmental changes (Figure 8B and
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8C).

Discussion

Microbiomes are influenced by biotic and abiotic factors and are involved in regulating
the physiology and health of animals, plants and humans [26,27]. Abiotic factors such as pH,
temperature, salinity, and nutrient availability, determine the composition and function of
microbial communities, including dynamic estuarine environments. Previous studies have
shown that these parameters influence the microbiome of both oysters and their aquatic habitat
[27,28,29]. During the rainy season, intense rainfall leads to a significant decrease in salinity
in regions such as PF and LS, due to the high freshwater inflow (Table 1). This phenomenon
is common in tropical estuarine regions, where precipitation is a dominant factor in salinity
regulation [30,31]. In addition, the lower pH observed during this period is also related to the
freshwater inflow, which acidifies the water due to the decomposition of organic matter that is
carried by rain into the rivers [32].

The NO and SAU regions exhibited elevated salinity levels during the rainy season
(Table 1) due to the geomorphological characteristics and water flow dynamics of these areas.
For example, these regions can act as aquifer recharge zones, where rainfall is absorbed by
the permeable soils of the Pirabas and Barreiras geological formations, thereby limiting surface
runoff and salinity dilution [32,33]. These data illustrate the intricate nature of hydrological
processes in estuaries, where local factors can cause significant variations in physicochemical
parameters, even during periods of high rainfall.

The alpha diversity of water samples was significantly higher than that of the oyster
bacteriome (Figure 1A). Environmental samples are more heterogeneous and dynamic,
providing a variety of microhabitats that support a rich microbial communities compared to
host-associated microhabitats [34,35]. Furthermore, although the richness of bacterial taxa in
the oyster gut is higher during the rainy season, there is no significant difference in alpha
diversity between the brackish water (PF and LS) and saline water (SAU and NO) regions
(Figure 1A). However, the histograms demonstrated a clear difference in the bacterial
composition of the two groups, which can be attributed to the different abiotic conditions,
primarily pH and salinity [36,37]. The predominance of Actinomycetota, Pseudomonadota, and
Cyanobacteriota in SAU and NO indicates a microbial profile typical of environments with
higher salinity and basic pH. Acidification has been identified as an important factor
contributing to shifts in the microbiome compaosition in oysters and other mollusks [38,39]. The
analysis of beta diversity among the farmed oyster samples (Figure 2C and 2D) revealed
significant differences between the dry and rainy periods for all locations. This result
corroborates previous research conducted exclusively in LS [9].

The use of nanopore sequencing enabled the taxonomic affiliation to be determined
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down to the genus level, thereby making this one of the first studies to employ this technology
to describe the bacteriome of mollusks. The significant difference between samples indicates
the presence of a sophisticated biological mechanism governing bacteriome selection during
the filtration process (Figures 3 and 4) [40,41]. Regarding bacteriome composition at the
phylum level, Actinomycetota was predominant across all oyster samples, with particular
abundance in the SAU and NO regions (Figure 3). It has been demonstrated that members of
the Actinomycetota have important symbiotic functions, contributing to the defense
mechanisms and degradation of organic compounds [42]. Members of this phylum are also
known to produce bioactive compounds, including antibiotics [43,44]. Previous studies have
confirmed the presence of Actinomycetota in mollusks cultivated in a range of coastal regions,
where these bacteria are crucial for maintaining oyster health. These bacteria can protect the
host against pathogens through the production of antimicrobial substances [45]. The taxon has
already been described in other oyster species including C. gasar, C. sikamea, C. gigas e C.
corteziensis [17,9,15]. Furthermore, C. gasar gut-associated taxa previously described in other
studies, such as Pseudomonadota and Bacteroidota, were also identified in our analysis
[9,46,47]. The Pseudomonadota have already been described in the oyster microbiome, from
the larval phase up to the adult phase of the mollusk, reinforcing its importance and adaptability
[17,9,48].

We expected less drastic changes in some abiotic parameters during the dry period
due to the low rainfall. Consequently, we also expected low species richness in the
bacteriomes during this period. Conversely, the higher species richness and abundance of
Cyanobacteriota and Mycoplasmatota during the rainy season reflect the environmental
changes promoted by the intense rainfall, which modified nutrient availability and water
turbidity (Figure 3) [49]. It is worth noting that the higher abundance of Cyanobacteriota has a
negative impact on oyster growth and survival rate [50]. However, most taxa belonging to the
phylum Cyanobacteriota were affiliated to the genera Crinalium (Figure 4). Crinalium is a
poorly studied cyanobacterium that is often associated with both aquatic and terrestrial
environments. It plays an important role in nitrogen fixation and provides essential nutrients to
the oyster microbiota [51]. The abundance of this genus suggests a positive ecological
interaction between oysters and their natural habitats. However, regular monitoring is essential
to identify or predict blooms of other groups of cyanobacteria that are harmful to animals and
humans. RDA has identified a significant correlation between alkaline and saline waters and
the occurrence of cyanobacteria (Figure 5). This finding is consistent with other studies [48,52].

A stable and diverse gut microbiota is important for oyster health [50]. Based on the
abundance and stability between seasons, our data suggest that Actinomycetota and
Spirochaetota are part of the resident microbiota, while Bacteroidota are likely part of the

transient microbiota [53]. In addition, the higher abundance of Spirochaetota and
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Mycoplasmatota in the oyster gut compared to the water samples suggests that these taxa
have effective mechanisms of adaptation to the host tissue. The genus Sphaerochaeta was
the major taxon found in the phylum Spirochaetota. The genus consists of anaerobic bacteria
commonly found in freshwater sediments, animal guts, and in methanogenic consortia [54,55].
This taxon probably play an important role in the digestion of complex organic matter through
fermentative processes, providing nutritional benefits to the host. This genus has not yet been
reported in the gut of other oyster species.

Other genera found in the oyster gut include Salmonella, Corynebacterium,
Enterobacter, Mycoplasmopsis, and Candidatus Pelagibacter (Figure 4). It is well established
that Salmonella is frequently associated with the contamination of water bodies by fecal matter.
Periods of low rainfall led to the accumulation of organic matter and other nutrients from human
sources that favor the proliferation of these pathogens [56]. Interestingly, all Amazonian
communities involved in the oyster production chain are small, with less than 10,000
inhabitants. Pelagibacter is a genus adapted to oligotrophic zones and plays a crucial role in
the carbon cycle in environments with low nutrient availability [57]. Its abundance during dry
periods suggests an adaptation of the oyster bacteriome to conditions of nutrient stress due to
the low rainfall. In addition, during the dry season, there is less freshwater inflow to the oceans,
which contributes to an increase in estuarine salinity, allowing seasonal colonization of the
oyster gut by oligotrophic species adapted to the pelagic zone.

Corynebacterium is commonly found in animal and aquatic microbiomes and is
associated with protection against pathogens and maintenance of immune homeostasis [58].
Enterobacter is frequently detected in nutrient-rich environments, including mangroves [59,60].
It is noteworthy that the abundance of Enterobacter was higher in PF and LS, which are regions
characterized by smaller riverine systems and greater contact with the mangrove.

Detection of Mycoplasmopsis raises concerns, as this bacterium is associated with
diseases in aquatic organisms [61,62]. Some members of the Mycoplasmataceae family were
identified as the etiological agents of the Pacific Oyster Mortality Syndrome (POMS) [63].
However, this genus has also been observed to perform beneficial functions in oysters and
mussels through symbiotic interactions [40,64]. They confer benefits to the host by reducing
parasitic infections through competitive sequestration of arginine [64]. Nevertheless, given the
scarcity of studies involving this genus in mollusks, further research is needed to better
understand they role in the microbiome of mangrove oysters.

In our study, we sought to identify the bacterial taxa that constitute the pan-bacteriome
of mangrove oysters, which can be defined as the collection of bacteria found in a specific
environment or host (Figure 6A, 6B and 6C). To this end, we conducted a comparative analysis
of all the samples, regardless of location and season. Pseudomonadota and Actinomycetota

were identified in all samples, even at low levels of abundance (=1%). These phyla are widely
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recognized for playing essential roles in biogeochemical cycles, including the degradation of
organic compounds and other metabolic processes, such as ammonia oxidation [65,66]. The
presence of Actinomycetota may be associated with the degradation of complex organic
matter, as many members of this phylum possess the ability to degrade refractory compounds.
This is particularly pertinent in detritus-rich environments such as mangroves [53,60].

There are few studies describing the pan-bacteriome of oysters. In C. gigas, the
families Rhodobacteraceae, Nitrosomonadaceae, Flavobacteriaceae, Pirellulaceae, and
Saprospiraceae were identified [47]. In C. virginica, members of the Firmicutes and
Spirochaetota phyla were identified, as well as the Mycoplasmataceae and Spirochaetaceae
families [67]. Despite the difference in the oyster species and the environmental conditions
analyzed, a substantial number of taxa were identified as constituents of the bacteriome of
oysters and other marine animals. Moreover, the detection of Bacillota and Mycoplasmatota in
the bacteriome of mangrove oysters suggests that these groups play a crucial role in
maintaining the health of the host, even under environmental fluctuations in pH and salinity
[68].

Finally, our study also aimed to assess whether the farming method employed affects
the bacteriome of oysters. To this end, we compared farmed oysters with native oysters, which
were sampled directly from rocks and plant roots. This analysis was conducted only in LS
region. Although the natural oyster exhibited a slightly higher species richness during the rainy
period, this difference did not reach statistical significance. This indicates that the type of
cultivation does not exert a significant influence on the diversity of the bacteriome. Both types
of oysters share similar distribution of bacterial phyla, including Pseudomonadota,
Spirochaetota, Actinomycetota, and Mycoplasmota. However, farmed oysters exhibit a
bacterial composition more closely related with that of the water and sediment samples.

Therefore, they require more attention as they can easily affected by environmental changes.

Conclusion

The present study employed an innovative metabarcoding approach with high
phylogenetic resolution to investigate the dynamics of the pan-bacteriome of mangrove oysters
and their aquatic habitats. The study demonstrated that the bacteriome of oysters and their
surrounding aquatic environment is influenced by abiotic factors, primarily salinity and pH.
Microbial diversity was higher in water samples, and no significant seasonal variations were
observed in the beta diversity of oyster gut samples. The microbial composition differs between
various sample types, including water, sediment and oysters. Actinomycetota was the
predominant phylum in oyster samples. This phylum usually plays an important role in host
defense and the degradation of complex organic compounds. Furthermore, other phyla,

including Pseudomonadota, Bacteroidota, and Cyanobacteriota, demonstrated seasonal
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fluctuations, reflecting environmental shifts induced by rainfall. The abundance of Salmonella
during periods of low rainfall highlights the necessity for constant monitoring throughout the
production chain. In addition, the pan-bacteriome of mangrove oysters farmed in the Amazon
encompasses 5,409 taxa and 2,330 core taxa, with the phyla Pseudomonadota and
Actinomycetota being the most abundant in the pan-bacteriome. The farming method did not
exert an influence on the microbial diversity of the oysters’ gut. However, the bacterial
composition of the mollusks was found to be more like that of the water and sediment samples,
indicating that the farming process may render mollusks more susceptible to environmental

changes compared to their native counterparts.
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Tables

Table 1. Results of the physicochemical analyses conducted with multiparametric probes. The

results are divided by sampling point and season. The following abbreviations are used
throughout the table: SAU: Santo Antdnio de Urindeua; NO: Nova Olinda; PF: Pereru de Fatia;

LS: Lauro Sodré. SAU and NO are closer to the ocean and therefore have a greater influence

from the tides.

Dry season Rainy season
Parameter SAU NO PF LS SAU NO PF LS
pH 9.41 + 9.11 + 8.61 8.38 7.87 8.36 = 7.63 £ 711 %
0.02 0.04 0.07 0.12 0.25 0.16 0.04 0.50
TDS (ppm) 30,484.33 31,605.00 21,556.67 21,526.00 35,866.00 39,241.33 1,387.00 1,281.00
+245.23 +127.80 +56.55 +108.58 +939.42 + 956.42 +39.68 +45.60
Resistivity 20.00 = 20.00 = 29.00 + 29.00 + 17.00 £ 19.67 £ 29.00 + 27.67 =
(ohm) 0.00 0.00 0.00 0.00 0.00 3.67 0.00 1.15
Salinity (ppt) 3123+ 3247+ 2250+ 2253+ 3627+ 4717+  120% 1.07 +
0.48 0.48 0.14 0.09 2.33 4.25 0.04 0.08
Conductivity 48.53 50.17 + 35.23 + 35.10 + 5793 + 61.20 = 249 + 231+
(ms) 0.19 0.29 0.17 0.14 3.03 1.16 0.09 0.08
Table S1.
Samples Shannon Simpson Observed
LS _Rainy_Waterl 4,67514E+14 | 9,67393E+14 2702
LS_Rainy_Water2 4,5336E+14 | 9,64819E+14 2262
LS _Rainy_Water3 4,54379E+14 | 9,62835E+14 2386
LS_Rainy_Oysterl 2,4962E+14 | 8,06904E+14 975
LS _Rainy_Oyster2 2,94716E+13 | 8,5582E+14 455
LS_Rainy_Oyster3 3,04688E+14 | 8,61798E+13 910
LS_Dry_Waterl 4,16841E+14 | 9,66255E+14 141
LS Dry Water2 4,5313E+14 | 9,6809E+14 831
LS _Dry_Water3 4,57061E+13 | 9,70703E+14 665
LS Dry_ Oysterl 2,93342E+14 | 8,82312E+14 235
LS_Dry_Oyster2 2,93601E+14 | 8,03226E+14 181
LS Dry_Oyster3 3,41826E+14 | 9,15053E+14 252
NO_Rainy_Waterl 3,79975E+14 | 8,5994E+14 1928
NO_Rainy_Water2 3,99769E+14 | 8,89427E+13 2163
NO_Rainy_Water3 4,04085E+14 | 8,92455E+14 2256
NO_Rainy_Oysterl 1,92919E+14 | 5,00375E+14 1181
NO_Rainy_Oyster2 1,67388E+14  4,22228E+13 1621
NO_Rainy_Oyster3 1,51996E+13 | 3,86665E+14 1230
NO_Dry_Waterl 3,85823E+14 | 8,97945E+14 802
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11
12
13
14
15
16
17
18
19
20
21
22
23

NO_Dry_Water2
NO_Dry_Water3
NO_Dry_Oysterl
NO_Dry_Oyster2
NO_Dry_Oyster3
PF_Rainy_Woaterl
PF_Rainy_Water2
PF_Rainy_Water3
PF_Rainy_Oysterl
PF_Rainy_Oyster2
PF_Rainy_Oyster3
PF_Dry Waterl
PF_Dry_Water2
PF_Dry Water3
PF_Dry_Oysterl
PF_Dry Oyster2
PF_Dry Oystert3
SAU_Rainy_Waterl
SAU_Rainy_Water2
SAU_Rainy_Woater3
SAU_Rainy_Oysterl
SAU_Rainy_Oyster2
SAU_Rainy_Oyster3
SAU_Dry_Waterl
SAU_Dry_Water2
SAU_Dry_Water3
SAU_Dry_Oysterl
SAU_Dry_Oyster2
SAU_Dry_Oyster3

4,08343E+14
4,11421E+14
2,12765E+14
2,36869E+14
3,14916E+14
4,67869E+14
4,69107E+13
4,76763E+13
3,38051E+14
3,73653E+14
2,45525E+14
4,67895E+14
4,44287E+14
4,84822E+14
3,42909E+14

3,2978E+14
3,02584E+14
3,24618E+14
3,02995E+14
4,57833E+14

2,4503E+13
2,47382E+14
2,10739E+14
4,09537E+13
3,91879E+14
4,02961E+14
2,99985E+14
2,92755E+14
2,45851E+14

9,19922E+14
9,23518E+14
6,02103E+14
7,05994E+14
8,91142E+14
9,67658E+14
9,64845E+14
9,69465E+14
8,44164E+13
9,24501E+14
7,14547E+14
9,70484E+12
9,57718E+14
9,75164E+14
9,08497E+14
9,18133E+14
8,75402E+14
8,08604E+14
8,01635E+14
9,44705E+14
6,15846E+14
6,03245E+14

5,8651E+14
9,19178E+14
9,09156E+14
9,17573E+14
8,12848E+14

7,8083E+14
7,66802E+14

848
756
272
358
80
1806
2295
2286
1473
898
1033
544
636
953
329
174
206
2365
543
2583
1303
1283
974
905
684
865
506
506
352
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24
25

26

Table S2.

Phylum log2FC  Pvalues, FDR

Bacteroidota 26.297  2,65E-03  5,47E-02
Actinomycetota 30.272  3,49E-03 5,47E-02
Spirochaetota 42949  396E-02 4,66E-01
Pseudomonadota 22.715 5,78E-03  5,43E-01
Mycoplasmatota 28.544 1,21E-02  9,47E-01
Planctomycetota 30.153 1,63E-01 1,04E+00
Thermodesulfobacteria 29.922 1,78E-01  1,04E+00
Bacillota 1.826  1,73E+00 9,03E+00
Verrucomicrobiota 2.228 3,58E+00 0.0016808
Kiritimatiellaeota 21.921  4,08E+00 0.0017432

56



Figure Legend
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Figure 1. The map shows the geographical location of the four municipalities that were the

subject of the research, situated in the northeastern region of the state of Para, in the Brazilian
Amazon: Pereru de Fatima (PF) (P1), Lauro Sodré (LS) (P2), Santo Anténio do Urindeua
(SAU) (P3), and Nova Olinda (NO) (P4). Furthermore, the figure includes two sub-maps on the

right: one illustrating the location of the study areas taking into account the entire map of the

state of Para and the other indicating the location of Para on the map of Brazil. The data source
employed was the IBGE Vector Base (2022).
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Figure 2. Alpha and beta-diversity analyses of farmed oyster and water samples collected in
the four municipalities. (A) Alpha-diversity index (Chaol) for oyster and water samples
collected at different locations and seasonal periods (dry and rainy). It is evident that the water
samples exhibit higher alpha-diversity values than the oyster samples, except for the oyster
and water samples collected in PF during the dry period. (B) Beta-diversity analysis by principal
component analysis (PCA), which compares the microbial composition between oyster and
water samples. The colored ellipses serve to highlight the separation between the two types
of samples, with oysters represented in red and water in blue. In Figures C and D, the beta-
diversity analysis is presented, comparing only the farmed oyster samples collected in PF and
LS (C) and SAU and NO (D), during the different seasons. It is evident that there is a clear
differentiation between the samples collected during the dry and rainy periods across all

locations.
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Figure 3. The histogram depicts the relative abundance of different bacterial phyla in the oyster
and water samples, grouped by season (dry and rainy). Each bar represents a specific sample,
and the color within the bars indicates the proportion of each bacterial phylum. Among the
predominant phyla are Pseudomonadota, Actinomycetota, Bacillota, Cyanobacteriota and

Bacteroidota. It is evident that variations in microbial composition can be observed when taking
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in oyster and water samples, grouped by season (dry and rainy). Each bar represents a specific
sample, and the color within the bars indicates the proportion of each bacterial genus. Among
the predominant genera are Corynebacterium, Enterobacter, Crinalium, Candidatus
Pelagibacter, Comamonas, Methylotenera, Salmonella, and other less frequent bacterial
genera. It is evident that variations in microbial composition can be observed when taking into

account the seasons and geographical location.

' SeasonRainy ' e

Figure 5. The graphs show the relationship between different taxa (phylum on the left and
genus on the right) and the abiotic factors under investigation, employing redundancy analysis
(RDA). The red dots represent a bacterial taxon, while the black arrows indicate the magnitude
and direction of the correlation between the taxa and the principal components of the analysis.
The phyla analyzed include Pseudomonadota, Mycoplasmatota, Spirochaetota,
Cyanobacteriota and Actinomycetota (A). The genera analyzed include Enterobacter,
Comamonas, Sphaerochaeta, Crinalium and Corynebacterium (B). The X-axis and Y-axis
represent the principal components of the analysis, and the distribution of the taxa along these

axes reflects their associations with the environmental variables.
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A)

LS

Figure 6. A comprehensive analysis of the pan-bacteriome of mangrove oysters was conducted.
(A) Venn diagram illustrating the number of taxa identified in each sample. The coloured circles
represent the collection sites of the oyster samples. A total of 2,330 taxa were identified as being
present in all samples. It is noteworthy that the oyster samples collected in LS exhibit the highest
number of unique taxa. (B) A heat map is provided, which demonstrates the shared bacteriome
and the prevalence of each phylum as a function of different relative abundance detection
thresholds (%). The color scale indicates the prevalence of the phyla at each threshold, with red
indicating the highest prevalence and blue the lowest. The most prevalent bacterial phyla at the
different levels of relative abundance were Actinomycetota and Pseudomonadota. (C) A pie
chart illustrating the relative composition of the predominant bacterial genera within a specific
sample. The genera represented include Corynebacterium (48%), Others (22%), Enterobacter
(10%), and other genera such as Mycoplasmopsis, Sphaerochaeta, Crinalium and Escherichia

in smaller proportions.
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Figure 7. Pie chart showing the percentage of taxa within a sample. The main taxa found were

Streptomyces (34.6%), Pseudomonas (30.8%), Paenibacillus (13.1%), Staphylococcus
(11.2%), and Arthobacter (10.3%).
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Figure 8. A comparative analysis of the bacterial diversity present in samples of farmed and
native oysters, collected during both the dry and rainy seasons. (A) Beta-diversity by principal
coordinates (PCoA), evaluating the similarity between samples of water (purple dots), sediment
(blue dots), native oyster (green dots), and farmed oyster (red dots). A distinct separation
between the samples is evident, particularly between the group of natural oysters and the other
environmental samples, including water and sediment. (B) Alpha-diversity of oyster samples
collected in Lauro Sodré, in the dry and rainy seasons. The Chaol index provides an estimate
of the species richness present in each sample. The rainy season exhibited greater richness for
both samples, with the natural oyster samples demonstrating the greatest diversity. (C) Beta-
diversity analysis by principal coordinates (PCoA) for the native and farmed oyster samples in
both periods. No distinction could be discerned between the samples, indicating that the farming

method does not exert a significant influence on the bacterial diversity of the oyster gut.
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5 CONCLUSAO

Este estudo demonstrou que o microbioma das ostras de mangue (Crassostrea
gasar) e de seus habitats aquaticos amazonicos € fortemente influenciado por fatores
abidticos, como salinidade, pH e disponibilidade de nutrientes, com variacdes
sazonais particularmente acentuadas durante o periodo chuvoso. A diversidade
microbiana foi consistentemente maior nas amostras de agua, o que reflete a maior
complexidade do ambiente aquatico em comparagdo com o microbioma intestinal das
ostras. No entanto, a diversidade beta das ostras mostrou uma relativa estabilidade
sazonal, sugerindo que o microbioma destes moluscos mantém uma composicao
microbiana adaptada as condi¢bes ambientais flutuantes da Amazonia.

Os resultados apontam para a predominancia do filo Actinomycetota nas ostras,
especialmente nas areas de maior influéncia de maré, destacando o papel simbiotico
desses microrganismos na protecédo contra patégenos e na degradacédo de compostos
organicos. A identificagdo de taxons como Pseudomonadota, Bacteroidota e
Cyanobacteriota reflete as mudancas sazonais na composi¢cdo microbiana, com a
abundéancia de Cyanobacteriota sendo mais proeminente durante o periodo seco, 0
gue sugere a necessidade de monitoramento ambiental para prevenir intoxicacdes por
cianotoxinas. Embora o método de cultivo ndo tenha influenciado significativamente a
diversidade do microbioma das ostras, observou-se que as ostras cultivadas estédo
mais suscetiveis a mudancas nas condi¢cdes ambientais, 0 que pode impactar sua
salde e a seguranca alimentar das populac¢des que dependem desse recurso.

Em sintese, este estudo fornece insights valiosos sobre a ecologia microbiana
de ostras de mangue na Amazonia, contribuindo para o entendimento das interacdes
complexas entre o microbioma dos moluscos e seu ambiente aquatico. Esses achados
tém implicagbes diretas para a gestdo sustentavel dos recursos naturais e para a
seguranca alimentar das comunidades que dependem da producdo de ostras. A
continuidade do monitoramento ambiental e microbiolégico é crucial para garantir a
salude desses ecossistemas e a qualidade do produto final, com vistas a
sustentabilidade econbmica e ecolégica da atividade de cultivo de ostras na

Amazonia.
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The mangrove oysters (Crassosfrea gasar) are molluscs native to the Amazonia region
and their exploration and farming has increased considerably in recent years. These
animals are farmed on beds built in the rivers of the Amazonia estuaries and, thersfore,
the composition of their microbiome should be directly influenced by environmental
conditicns. Our work aimed to evaluate the changes in bacterial composition of oyster's
microbiota at two different seasons (rainy and dry). For this purpose, we amplified and
sequenced the V3-V4 regions of the 165 rBMA gene. Sequencing was performed on
the llumina MiSeq platform. According to the rarefaction curve, the sampling effort
was sufficient to describe the bacterial diversity in the samples. Alpha-diversity indexes
showed that the bacteral microbiota of oysters is richer during the rainy season. This
richness is possibly associated with the diversity at lower taxonomic levels, since the
relative abundance of bacteral phyla in the two seasons remained relatively constant. The
main phiyla found include Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria.
Similar results were found for the species Crassosirea gigas, Crassostrea sikamea, and
Crassosirea corteziensis. Beta-diversity analysis showed that the bacterial composition
of oyster's gut microbiota was quite different in the two seasons. Our data demonstrate
the close relationship between the environment and the microbiome of these molluscs,
reinforcing the need for conservation and sustainable management of estuaries in
the Amazonia.

Keywords: mangrove oyster, oyster, oyster microbiota, Amazonia, G

INTRODUCTION

The phylum Mollusca is one of the largest and most important in the animal kingdom.
From the six classes that make up the phylum, we can highlight the Bivalvia class,
composed of about 7,500 species of soft-bodied animals protected by a shell, which
acts as a skeleton for the connection of muscles and protects against predators
(Gosling, 2003; Dame, 2011). Oysters are molluscs belonging to the Ostreidae family
found in various marine and estuarine environments around the globe (Dame, 2011).
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ABSTRACT: Pan-genome ie defined as the st of orthologous and unigue genes of a specific group of organiems. The pan-genome ie com-
posed by the core genome, accessory genome, and gpeciee- or sirain-epecific genee. The pan-genome is considared open or closed based
on the alpha value of the Heap lew. In an open pan-genome, the number of gene families will continuously increase with the addition of new
genomes fo the analysis, while in a closed pan-genome, the number of gene familiee will not increase conesiderably. The first step of a pan-
genome analysis is the homogenization of genome annotation. The eame software should be used to annotate genomes, such as GeneMark or
RAST. Subsequently, seversl software are used to caloulste the pan-genome such as BPGA, GET_HOMOLOGUES, PGAF, among others. This
rewiew prezents all theee initial eteps for those who want to perform a pan-genome analysis, explaining key concepie of the area. Furthermaore,
we present the pan-genomic analyeie of 9 bacteral epecies. These are the species with the highest number of genomes deposited in GenBank.
We aleo show the influence of the identity and coverage parameters on the prediction of crthologous and paralogouws genes. Finally, we cite the
perspectives of several research areas where pan-genome analysis can be used to anewer imporiant issues.

KEYWORDS: Pan-genome, core genome, accessory genome
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Introduction

Pan-genome was a term coined by Tettelin et al' to describe the
gene content of several strains of Strepiscscon agalactias. The
pan-genome is divided into core genome, dispensable or acces-
SOTY Eenome, and singlcm genes (ie, spccins—sp:cifi: gl:ncs}
Fifteen years after the pub]icatian of Tettelin's article, the num-
ber of genomes sequenced and available in databases have grown
exponentially surpassing 30000 complete and draft genomes in
2020 (httpsgold.jgidoe govistatistics). The evolution of
SCUENCing 'bed'mulaglc-s from classic chain termination method
to fourth-generation sequencing, based on a massively paralle]
analysis, has been facilitating cost reduction over the years?
However, in many countrics, the sequencing value stll exceeds
the prediction of USD 1000 per genome? Despite criticisms
ghout the use afdraftg:nanu:s in pan-genome aml}rsis, several
new software have been developed to improve the assembly of
these draft genomes.* For cample, Erxdherichiz i has 15275
genomes in scaffold or contigs available in GenBank (https/
www.nchi.nlm.nih.gov/genome/genomes/167) and their use for
pan-genome studies is considered limited.

A search in PubMed database using the words “pan genome™
or “pan-genome” retums a total of 494 works published in the
last Syears (2015 to date). This number tends to increase because
the results ufpan—gcmm: aml}rscs are 'bmuming more accurate.
Zeng et al? used a new pan-genome reverse vaccinology approach
and found 121 cell surface-exposed proteins belonging to the
core genome of Leptospina inderrogans. These proteins proved to

be highly antigenic and widely distributed in the species. Thus,
these proteins are potential candidates for vacdine development.
Pan-genome analysis was also applied to the discovery of
antiphage defense systems,® in RNAseq analysis,” and evolu-
tionary studies of adaptation to different hosts

In this review, we present the main concepts and software
used for the amalysis of prokaryotic pan-genomes. First, intro-
duction to basic concepts is presented followed by an up-to-date
description of the most recent software for pan-genome analysis.
W also present a pan-genome analysis of the 9 bacterial species
with the highest number of genomes deposited in GenBank.

Basic Concepts
an—grnam sfructure

The sequence of a single genome does not reflect the entire
genetic variability of a bacterial species. Complex analysis
such as n'aluﬁona.qr gENOMIcs and molecular P-aﬂmgl:nl:sis
require a large number of sequenced genomes. ' Fortunately,
the constant evolution of sequencing technologies has been
allowing the reduction of sequencing time and cost
Consequently, an exponential increase in the number of
genomes available in the databases has been observed. New
rescarch fields have emerged such as comparative genomics,
whose principle is to compare the genetic content of several
taxonomically related microorganisms.'® For example, in the
pre-genomic era, 2 strains were classified in the same species

oo
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Abstract

Bactariocing are antimicrobial peplides expressed by bacteria through ribosomal activity. In this study, we analyzed
the diversity of bacteriocin-like genes in the Tucurui-HPP using a whole-metagenome shotgun sequencing approach.
Threa layers of the water column wara analyzed (photic, aphotic and sadiment). Detection of bactoriocin-like ganes
was performed with blasty using the BAGEL4 database as subject saquences. In order to calculate the abundance
of bactariocin-like genas we also detormined the number of 165 rBNA genes using blasin. Taxonomic analysis was
performed using RAST server and the melagenome was assembled using IDBA-UD in order to recover the full
goguence of a zoocin which had its three-dimensional structure determined. The photic zone presented the highast
numbear of reads affilisted to bacteriocins. The most abundant bacteriocins were sonorensin, Klebicin D | pyocin
and colicin. The zoocin modal was composed of eight anti-parallel g-sheets and two a-helicas with a Zn#* ion in
the active site. This model was considerably stabla during 10 ns of molecular dynamics simulation. We observed
a high divarsity of bacteriocing in the Tucurnui-HPP, demonstrating that the emvironment is an inexhaustible source
for prospecting these molecules. Finally, the zoocin model can be used for further studies of substrate binding and
miclacular mechanisms involving peptidoglycan degradation.

Egywonds: Bacteriocin, whole metsgenome sequencing, Zoocin, Tucunu-HPP.

Beceived: July 15, 2021; Accepted: Movember 03, 2021.

Introduction

In the environment, several species of free-living
microorganisms coexist and thewr adaptive success depends,
in part, on the molecular mechamsms of defense and
competiion (Nes eral, 1996; Cuereda eral, 2016). Among
these mechanizms there are the so-called antimicrobial
peptdes (AMPs). They are synthesized 1n nbosomes and
the gene clusters that encode AMPs are widely distributed
in nature {Mizsen-Mever and Mes, 1997). AMP expression
has already been reported in mammals, plants, m=ects, and
bactenia (Hancock and Chapple, 1999). The AMP: produced
by bacteria are narrow-spectrion ant-bacterial agents called
bactenocins. These peptides have activity against bactena
that are tazonomucally related to the producmg species.
However, some broad-spectum ANPs have already been
described (Cleveland er al, 2001}, Some studies suggest that
approximately 99% of bacterial species produce bacterioomns
(Biley and Wertz, 2002).

The first bactenocins charactenzed were produced by the
msode] sparies Excherichia coli and were called colicins (Fehm
and Lazdunzky, 1988). Cobem acts by formung a woltage-
dependent channel 1mto the inner membrane of bacteria causing
an imbalance of electrochemical gradient and, consequently,

Sand comespondence to Savio 5. Costa. Pamue de Ciéncia e
Tecnologia Guamaé, Laboratdric de Engenharia Bioldgica,
Avenida Perimeiral, 66075-750, Guama, Belém, PA, Brazil.
E-miail: savscosta @gmail.com.

cell death Colioin also acts as anendomclease on DINA, (BINA,
or tRMNA of the target cells (Rilev and Wert=, 2002). Several
other bacteriorins have been described and studied sinee then
as enterocm Kl (Ovchinmkov er al, 2017), hstenoly=in 5
{Qereda of al, 2016), nism O (Hatzitoanon e al, 2017},
among others.

Dhfferent methods for the classification of bacteriocins
were proposed (Klaenharmer 1993; Franz eral, 2007; Zouhir
atal, 20107, Elaenharmmer (1993 ) proposed the classification
of bactenocins produced by lache acid bactena (LAB) mto
four classes according to molecular weight, mechanism of
action, and biochemical characteristics. This classification
15 one of the most used today.

Bacteniocins have a wide range of apphcation. The
most successful applications are related to the food mdustry
and agriculture (Sovder and Worobo, 2014). AMP: are a
promising alternative to the use of chemical preservatives in
food production (Chopra et al, 2013). Mizin, a bacteniocm of
class Ia according to the Elaenhammer classification, was one
of the furst AMPs to be commerciahized 25 2 natwal preservatree
for foods under the name Misaphin™. This product 15 coorently
commercialized in several countries around the world. The use
of bactenocins as an alternative to anfibioties 15 also widely
discussed todav (Cotter er al, 2013). For example lachicin
3147 acts m synergy with pohymyan to inhibit Gram-negative
bactena such as Cronebacter and E. coli (Drapereral., 2013).
Addinonally, several studies have analyzed the ability of
bactenocins to inhibit the formation of biofilms in order to
assist in the chimeal treatment of pathogenic ofilm-forman g
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Highlights

Cultivable STEC were isolated from 17% of the wild animals.

All the isolates were non-0157, encoding stx1 (4%) and/or stx2 genes
(98%).

Serotypes 027:H30, 0146:H28, 0146:H21, 0178:H19 and 0103:H2
were identified.

Besides Shiga toxin, all genomes encode, at least, 10 additional
virulence factors.

Some wild animals STEC have close evolutionary relationships with
human-derived STEC.
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Background

Zoonoses are diseases common to humans and animals (livestock, wildlife, and pets). In 2018 about 360 000 zoonoses were reported in
European Union. Shiga toxin-producing Escherichia coli (STEC) infections were among the most reported causes of these zoonotic
diseases.

Methods

Faecal samples of mammal species (n=286) with distinct phenology (wild boar, red deer, otter, and red fox) were collected in Portugal. After
the initial processing. the presence of STEC was screened by PCR, and suspicious samples were platted on CHROMagar STEC. STEC
positive isolates were tested for antibiotic susceptibility. Thephylogenetic relationship of STEC strains was evaluated by PFGE. Of these, 20
representative strains were selected for whole genome sequencing with the Illumina NovaSeq 6000 system. For the assembly, annotation
and genome characterization, multiple web-based bicinformatic tools were employed.

Results

Cultivable STEC (n=52) were recovered from 17% (n=49) of the samples collected from the four mammals. All the isolates were non-
0157:H7 STEC encoding stx1 (n=2; 4%) and/or stx2 genes (n=51; #8%). Only one strain (2%) of red fox was resistant to ceftazidime,
aztreonam and nalidixic acid. The 20 strains that were sequenced belong mainly to serotype 027:H30 (n=15), followed by 0146:H28 (n=2),
0746:H21 (n=1), 0178:H19 (n=1) and 0103:H2 (n=1). In addition to stx, all strains encode several virulence factors, mainly toxins, adhesins,
fimbras, secretion systems, among cthers. Additionally, several pathogenicity islands have been predicted for these strains.

Conclusions
Our results show that wild animals are reservoirs of STEC, potentially pathogenic to humans.

Published Online: 27/05/2022

© 2022 The Authors
This is an open-access article distributed under the terms of the Creative Commeons Attribution License.
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Abstract

Background: Bacteriocins are defined as thermolabile peptides produced by bacte-
ria with biological activity against taxonomically related species. These antimicrobial
paptides have a wide application induding disease treatment, food conservation, and
probiotics. However, even with a large industrial and biotechnological application
patential, these peptides are still poorly studied and explored. BADASS is software with
a user-friendly graphical interface appliad to the search and analysis of bacterocin
diversity in whaole-metagenome shatgun sequencing data.

Results: The search for bacteriocin sequences is performed with tools such as BLAST
or DIAMOMD using the BAGELS database as a reference. The putative bacteriodin
sagquences identified are used to determine the abundance and richiness of the thres
dlasses of bacteriodins. Abundance is calculated by comparing the reads identified as
bacteriocins to the reads identified as 165 rRMA gene using SILVA database as a refer-
ence. BADASS has a complete pipeline that starts with the quality assessment of the
raw data. At the end of the analysis, BADASS generates several plots of richneass and
abundance automatically as well as tabular files containing information about the main
bacteriocing detected. The user is able to change the main parameatars of the analysis
in the graphical interface. To demonstrate how the software works, we used four data-
sats fram WMS studies using default parameters. Lantibiotics were the most abundant
bacteriocing in the four datasets. This class of bacteriocin is commonly produced by
Streptomyces so.

Conclusions: With a user-friandly graphical interface and 2 complete pipeline,
BADASS proved to be a powerful tool for prospecting bacteriocin sequences in Whole-
Metagenome Shotgun Sequencing (WMS5) data. This tool is publicly available at hitpsy/
sourceforge.net/projects/badass/.

Keywords: Antimicrobial peptides, Bactericcin, Metagenome mining, Software
development

Background

Characterization of bioactive molecules produced by free-living microorganisms has
been very important in recent years because of their biotechnological applications. 1t
is well known that the overwhelming majority of free-living microorganisms are not
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Abstract Mangroves provide a unique ecological environment for complex microbial communities,
which play important robes in biogeodhemical oydes, such as those for carbon, sulfur, and nitrogen.
Microbial diversity analyses of these ecosystems help us understand the changes caused by external
influences. Amazonian mangroves ocoupy an area of 9000 km?, coresponding to 70% of the man-
groves in Brazil, on which studies of microbial biodiversity are extremely scarce. The present study
aimwed to determine changes in microbial community structure along the PA-458 highway, which
fragmented a mangrove zone. Mangrove samples were collecied from three zones, (i) degraded, (ii) in
the process of recovery, and (iii) preserved. Total DMA was extracted and submitted for 165 rNA
amplification and sequencing on an MiSeq platform. Subsequently, reads were processed for quality
control and biodiversity analyses. The most abundant phyla were Proteobacteria, Firmicutes, and
Bacteroidetes in all three mangrove locations, but in significantly different proportions. We observed
a considerable reduction in diversity in the degraded zone. Important genera invobved in sulfur,
carbon, and nitrogen metabolism were absent or dramatically reduced in this zone. Our results show
that humamn impact in the mangrove amneas, caused by the construction of the PA-458 highway, has
resulted in a loss of biodiversity

Keywords 165 rENA; deforestation; anthropogenic impact; microbioms

L Introduction

Mangroves are ome of the most dynamic and productive ecosystems and have great
ecological importance. Located along tropical and subtropical regions, they constitute
more than half of the ternestrial coastline forming a transitional environment between sea
and land [1]. Mangroves am subjected to periodic tidal flooding, which results in variable
salinity, redox potential, and anaerobic/aerobic conditions [2,3] These characteristics
make mangroves capable of harboring highly diverse microbial communities, which in
turn ame mesponsible for many essential featumes of biogeochemical cycles [4,5], thus mi-
crobial communities play a central role in maintaining the health and equilibrium of the
mangrove env ironment.

The nitrogen cyche in mangroves is mediated by diverse groups of microorganisms
and involves the transformation of nitrogen in various forms through key progesses, such
as nitrogen fixation, nitrification, denitrification, and ammonification [4]. Microbial com-
munities in mangrove soils play a critical roke in the phosphorus (F) cycle by mediating key
processes involved in PP cycling, such as (re)mineralization, immobilization, and adsorption,
which influence P availability and cycling in mangrove ecosystems [5]. Microorganisms

Micromrgmisns 2023, 11, 1389, https:)/ /doierg/ 10,3390, microorganisms1 1061384
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Abstract: Palm oil derived from the fruits of Elasis guinemsis [acq. has global economic importance
and is largely produced in tropical megions. The palm oil production process leads to a highly
polluting waste called palm oil mill effluent (POME). A strategy commonly used by producers to
overcome environmental issues and to improve soil fertility is the reuse of POME as a fertilizer due
to the chemical and biological characteristics of the effluent. In this esearch, three groups wem
analyzed: soil without POME application (control group) and soil samples atter 4 and 9 days of
POME application. Anenvironmental DNA metabarcoding approach was used. elDNA was extracted,
and the ¥4 region of the 165 rENA gene was amplified and sequenced in the [llumina MiSeq platform.
The abundance of Protecbacteria (48.1%) and Firmicutes (9.0%:) was higher in fertilized soil, while
Bacteroide tes (20.3%) and Verrucomicrobia 7.8%) were mome abundant in control soil. Additionally,
the effluent seemed to modify soil charackeristics favoring taxa responsible for the mineralization of
organic compounds and nitrogen fixation such as species of Gammaproteobacteria class. Chur study
highlights the influence of POME on seil biclogical components and contributes to the sustainable
production of palm oil in the Amazon,

Keywords 165 rEMA; bicinformatics; POME; microbiome; palm oil; metabarcoding

L Introduction

Elneis guineensis Jacq., the cil palm, is a perennial crop native to equatorial Africa that
was introduced in other tropical regions of the world such as the Brazilian Amazon The il
extracted from the palm fruits is used in several products including food, cosmetics, and
biodiesel. Cil palm has been used as a semi-wild food by traditional communities for mone
than 7000 years [1]. In South America, the plant is also used in traditional medicine by
indigenous people [2]. The industrial farming of oil palm remains predominantly concen-
trated in Southeast Asia. However, other tropical regions in the world have significantly
expanded their production, including West Africa and South America [1].

Elaets guineensis Jacq. offers an extracting yield significantly higher than other palm
trees and Pms:-_'nlud a worldwide Frudul_‘tin:.m of 77.2 million tons in the Crop year 022,
2023 [34]. Brazil represents 15% of this worldwide production, with 11.4 million tons
produced in the same period [4]. The state of Pard has the largest agricultural land area,
producing 958% of the exported oil [5]. The Amazon region offers ideal ecological conditions

Micromrgmrisns 2024, 12, 507 hitps:// doi.org /10,3390 /microorganisms 1 2030507

hl'l:Pt:.-' .-'www.md.Pi.L‘um.-' jl.ll.u'na].-' MiCrOOrgATiEmsS

81



www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updaios

BioPipeline Creator—a user-friendly
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Bicinformatics tools are essential for performing analyses in the omics sciences. Given the numerous
experimental opportunities arising from advances in the field of omics and easier access to high-
throughput sequencing platforms, these tools play a fundamental role in research projects. Despite
the considerable progress made possible by the development of bicinformatics tools, some tools

are tailored to specific analytical goals, leading to challenges for non-biginformaticians who need to
integrate the results of these specific tools into a customized pipeline. To solve this problem, we have
developed the BioPipeline Creator, a user-friendly Java-based GUI that allows different software tools
to be integrated into the repertoire while ensuring easy user interaction via an accessible graphical
imterface. Consisting of client and server software components, BioPipeline Creator provides an
intwitive graphical interface that simplifies the wse of various bicinformatics tools for users without
advanced computer skills. it can run on less sophisticated devices or workstations, allowing users to
keep their operating system without having to switch to another compatible system. The server is
responsible for the processing tasks and can perform the analysis in the user’'s local or remote network
structure. Compatible with the most important operating systems, available at https://github.com/
allanverasce/bpc. git.

Keywords Research reproducibility, Customized pipeline, Bioinformatics

The development of computational tools in the field of bicinformatics has completely changed the possibilities of
biological analysis and made bininformatics an indispensable resource for numerous research projects in omics
sciences. These software applications have evolved in recent years and have become critical components and,
in many cases, integral parts of various biological workflows. They are able to process the large amounts of data
that are produced and enable discoveries to be made. In the field of genomics, with next-generation sequencing
platforms and the increased accessibility of these technologies. their application has expanded to various tasks
such as gene expression analysis, gene prediction, genome assembly and annotation, genetic diversity analysis,
and comparative genomic analysis'.

Many tools used in omics research are designed to perform automated actions sequentially based on an input
file containing biological information, typically using the result of one step as input for the next step, creating
a so-called pipeline or workflow, such as the widely used Broad Institute’s Genome Analysis Toolkit (GATE)
bininformatics pipeline’. In strectural genomics, GATK is a comprehensive sofiware package that includes
genomics tools for variant detection, genotyping, and annotation. It provides a standardized pipeline for process-
ing next-generation sequencing data, including read alignment, variant calling, and quality control. It has been
used extensively in large genome projects, such as the 1000 Genomes Project and the Cancer Genome Atlas™.
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