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Apresentacio

O trabalho apresentado aqui estd dividido em trés segmentos, sendo o primeiro uma
introdugdo geral sobre o tema proposto, seguido dos objetivos e as referéncias utilizadas. O
segundo segmento ¢ representado pelo manuscrito intitulado “Environmental contamination
alters the intestinal microbial community of guppy fish populations”, que serd submetido na

revista Science of the Total Environment, ¢ o terceiro por fim, pelas consideragdes finais.
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1. RESUMO

Os riachos s3o receptores de esgotos urbanos e efluentes industriais. Estes residuos
contétm uma mistura de contaminantes que podem causar alteragdes fisiologicas e
comportamentais nos organismos aquaticos. No presente trabalho foi examinado o impacto da
mistura dos contaminantes ambientais na microbiota intestinal de peixes. O peixe guart
Phalloceros caudimaculatus foi usado como modelo de estudo por ser uma espécie abundante,
cosmopolita e facilmente encontrada em riachos com diferentes perfis de contaminagdo
antrépica no Sul do Brasil. Usando anélises metagendmicas foi sequenciado o gene 16S rRNA,
caracterizado e comparada as comunidades bacterianas intestinais dos peixes guaris
provenientes de um riacho urbano e peri-urbanos. Os resultados indicaram que a microbiota
dos guartis foi dominada pelos filos Proteobacteria e Firmicutes. Foram identificadas 42
unidades taxondmicas operacionais (OTUs) bacterianas das quais o género Burkholderia foi
mais predominante com mais dos 35 % da abundancia total em todas as amostras. Foi
demostrado que a "microbiota nucleo” de P. caudimaculatus ¢ formada por 13 OTUs que
apresentam uma alta prevaléncia (> 90%) e foram compartilhadas em todos os individuos
estudados. Foi encontrada uma baixa diversidade (Shannon e OTUs observada) e alteragcdo nas
comunidades bacterianas intestinais (PERMANOVA) associada com a contaminagdo
ambiental presente no riacho poluido. Foi identificada uma forte associacdo entre a
contaminacdo ambiental e as OTUs Methylocaldum e Rhodobacter presente no intestino dos
peixes residentes no riacho poluido. As OTUs poderiam ser usadas como potenciais
biomarcadores microbianos de exposicdo a contaminantes ambientais. Os contaminantes
ambientais causaram perda da diversidade e alteragdes na microbiota intestinal dos peixes. O
estudo sugere que os impactos antropicos podem causar alteracdes em biomarcadores

microbianos intestinais em peixe.

Palavras-chave: Poluicdo, Phalloceros caudimaculatus, microbiota intestinal, metabarcoding,

biomarcadores, 16S rRNA.



2. ABSTRACT

The streams are receivers of sewage and industrial effluents. These residues contain a
mixture of contaminants that could cause physiological and behavioral alteration in aquatic
organisms. This study evaluates the impact of mixing environmental contaminants on the
intestinal microbiota of fish. The guppy fish Phalloceros caudimaculatus was used as a model
because it is an abundant species, cosmopolitan and easy to find in streams with different
profiles of anthropogenic contamination in southern Brazil. Using metagenomic analyzes, we
sequenced 16S rRNA gene, characterized and compared the intestinal microbiota of guppy
fish from an urban and a peri-urban stream. The results indicated that gut microbiota was
dominated by the phyla Proteobacteria and Firmicutes. It was possible to identify 42 bacterial
operational taxonomic units (OTUs) of which the Burkholderia genus was more prevalent
with more than 35% of total abundance in all samples. It was found a low diversity (Shannon
and OTUs observed) and alteration in the intestinal bacterial communities (PERMANOVA)
associated with the environmental contamination in the polluted stream. It was identified a
strong association between environmental contamination and the OTUs Methylocaldum and
Rhodobacter present in the gut of fish resident in the polluted stream. Those OTUs could be
used as potential microbial biomarkers of exposure to environmental contaminants.
Environmental contaminants cause loss of diversity and changes in the intestinal microbiota
of fish. In addition, we showed that the negative effects of anthropogenic contaminants could

be measured through new microbial biomarkers in the gut.

Keywords: Pollution, Phallocerus caudimaculatus, Gut microbiota, metabarcoding,

biomarkers, 16S rRNA.



3. INTRODUCAO GERAL

3.1 Ecossistemas aquaticos continentais e contamina¢ido ambiental.

Ecossistemas aquaticos continentais sdo ambientes com uma alta taxa de absor¢do e
transformagdo de matéria pelos organismos, processos biogeoquimicos dindmicos, além de
elevada producdo primaria, geralmente com uma salinidade muito menor em comparacao as
aguas marinhas (Esteves, 2011). Dentre os recursos hidricos pertencentes a esses ecossistemas
aquaticos, incluem-se aguas com diferentes dimensdes e graus de salinidade. Esses
ecossistemas apresentam regimes de inundagdes permanentes (dreas sempre alagadas) ou
intermitentes (areas alagadas apenas em alguns periodos) (Maltchik er al, 2004). Os
ambientes aquaticos continentais sdo areas muito produtivas que contém uma alta diversidade
bioldégica de diferentes comunidades, sendo uma delas os peixes. Estima-se que
aproximadamente 43 % das espécies de peixes conhecidos no planeta estdo presentes nas
aguas continentais (Esteves, 2011). Assim, a manuten¢do e conservagdo desses ecossistemas
sdo indispensaveis para protecdo da biodiversidade, e para o fornecimento de dgua de boa

qualidade para o homem (Vorosmarty et al., 2010).

O estado do Rio Grande do Sul, de acordo ao Decreto n® 53.885/2017 da Secretaria do
Meio ambiente, possui trés regides Hidrograficas bem definidas: regido do rio Uruguai, regiao
do Guaiba e regido do Litoral. Também, abriga 3 441 zonas imidas onde aproximadamente
72% do total dessas areas apresentam uma area menor que 1 km® (Maltchik, 2003; Maltchik
et al.,, 2004). As areas umidas sdo corpos da agua que apresentam um regime de alagamento
permanente ou temporario (Rolon and Maltchik, 2006) com um papel muito importantes na
conservagao da biodiversidade (Getzner, 2002). Além das areas imidas, o estado alberga o
sistema da Lagoa dos Patos, considerado a maior lagoa costeira do mundo (Kjerfve, 1986). A
Lagoa dos Patos ¢ um estudrio considerado muito importante da zona costeira do Brasil, esses
ecossistemas sdo zonas de transicdo que apresentam ambientes muito produtivos em

diversidade de espécies (Kennish, 2002).

O estuério da Lagoa dos Patos ¢ receptor de varios de efluentes urbanos, industriais e
agricolas, especialmente das cidades de cidades de Rio Grande, Pelotas e Sdo José do Norte
(Odebrecht et al., 2010). O incremento das atividades industriais, navios e portudrias nos
ultimos anos levaram a avaliagdo de diferentes compartimentos ambientais (solo, sedimento e

agua), os resultados mostraram uma considerdvel contaminag¢do organica ao redor da cidade
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(Medeiros et al., 2005, Chivittz et al., 2016) (Figura 1). Estudos recentes (Chivittz et al.,
2016, Ferreira et al., 2016) de avaliagdes ambientais na cidade de Rio Grande na coluna da
agua e nos sedimentos que fluem até o estudrio foram realizados em diferentes pontos das

cidades para identificar as maiores concentragdes dos contaminantes organicos em relacao as

mudangas no perfil industrial e urbano da cidade.

52°10'0"W
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T
52°10'0"W

Figura 1. Locais na cidade do Rio Grande. As barras representam os niveis dos marcadores
de contaminag¢do organica Hopano e Alquilbenzeno em sedimentos (adaptado de Medeiros et

al, 2005).
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A polui¢do ¢ considerada um tipo de estressor ambiental, e pode ser definida como a
presenca de componentes ou fatores quimicos, fisicos ou bioldgicos que tornam um corpo de
agua prejudicial para os organismos (Schweitzer and Noblet, 2018). A contaminagdo dos
ecossistemas aquaticos ¢ uma grande preocupacgdo na atualidade, devido a presenga de uma
grande variedade de substancias toxicas geradas pelo homem. Dentre estas, os metais pesados,
microplasticos, produtos de cuidado pessoal e produtos farmacéuticos chegam aos corpos da
agua através de fontes pontuais e difusas (Harikishore, 2017). O langamento dos residuos
antropicos pode incrementar a quantidade de nutrientes presentes nesses corpos de agua,
causando alteragdes ecologicas e biologicas. O enriquecimento de nutrientes de um
ecossistema provoca alteragdo no seu funcionamento e redugdo da biodiversidade (Isbell et
al., 2013; O’Connor et al., 2015). A eutrofizacao e hipoxia sdo alteragdes relacionadas com o
aumento das concentragdes de nutrientes, como Nitrogénio e Fosforo nos ambientes aquaticos
(Dutton et al., 2018). As descargas antrdpicas sao importantes abastecedores de nutrientes nos
ambientes aquaticos que geralmente podem causar eutrofizagdo artificial (Esteves, 2011).
Além disso, estas descargas contém uma mistura de contaminantes de uso pessoal, como
estrogénios e mimetizadores de estrogénio, com potencial de causar efeitos reprodutivos em

peixes (Kidd et al., 2007).

Em paises como China ¢ EUA ha medidas para combater a poluicdo das aguas causada
pelo desenvolvimento humano. Nos EUA, ¢ considerado um crime ambiental a
desorganizacdo ecoldgica e a poluicdo da agua causadas pelas emissdes das instalagdes de
tratamento publico (Lynch ef al., 2017). A China encontra-se em estado critico, porque passou
por um desenvolvimento industrial exacerbado e a uma escassez da agua (Hu and Cheng,
2013). Devido a isso, a China criou um plano da —guerra contra a poluicao”, com objetivo de

recuperar os ecossistemas aquaticos que estdo poluidos pelos residuos antropicos (Han et al.,

2016).

Em alguns paises, como no Brasil, por exemplo, ¢ permitido descartar legalmente certas
quantidades de contaminantes nos riachos apos tratamento, mas estas emissdes Sa0 pouco
fiscalizadas para os ecossistemas aquaticos urbanos. No Brasil o Conselho Nacional do Meio
Ambiente (CONAMA 357/2005) determinou alguns limites para despejo de contaminantes
que alteram os ecossistemas aquaticos. Mas falta reavaliar os limites estabelecidos pelo
CONAMA 357/2005, ja que, existe perda da biodiversidade mesmo dentro dos limites

impostos pela legislacdo ambiental nacional (Firmiano ef al., 2017). A cidade de Rio Grande,
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no Rio Grande do Sul, ¢ conhecida pelo desenvolvimento portudrio, € como conseqiiéncia,
apresenta elevado indices de hidrocarbonetos policiclicos aromaticos (HPAs) em muitos

lugares proximos a postos de combustiveis, refinaria e a area portuaria (Garcia et al., 2010).

3.2 Hidrocarbonetos Policiclico Aromaticos (HPAs)

Os ambientes aquaticos sdo considerados receptores finais de contaminantes antropicos. O
langamento incontrolado dos residuos antropicos levou ao incremento de muitos poluentes,
como os HPA no sedimento de muitos corpos de dgua perto das cidades (Garcia et al., 2010).
O termo HPA refere-se a compostos quimicos aromaticos constituidos de carbono e
hidrogénio que contem dois ou mais anéis benzénicos em sua estrutura (Pereira Netto et al.,
2000). A maioria dos HPAs sdo contaminantes organicos -semivolateis” (Schweitzer and
Noblet, 2018) e com maior solubilidade que outros Hidrocarbonetos (McAuliffe, 1987). Outra
caracteristica de alguns HPA ¢ que o grau de toxicidade vai depender da salinidade. Assim em
ecossistemas aquaticos com baixa salinidade os HPA tendem a ser mais soluveis, portanto

mais toxicos para os organismos (Ramachandran et al., 2006).

Os HPA s3ao amplamente detectados no ar, solo e agua, portanto, sao considerados
ubiquos (Menzie et al., 1992). A Environmental Protection Agency (EPA) dos Estados
Unidos mostra uma lista de 16 HPA como contaminantes prioritarios: acenafteno,
acenaftileno, antraceno, fluoranteno, fltior, naftaleno, fenantreno, pireno, benzo [a] antraceno,
benzo [b] fluoranteno, benzo [k] fluoranteno, benzo [g, 4, i] perileno, benzo [a] pireno,
criseno, dibenzo [a, h] antraceno, e indeno [1,2,3-cd] pireno. Esses HPA s3o considerados
possiveis ameagas para a saide dos organismos devido a seu potencial carcinogénico,

inmunotéxico e genotdxico (Mumtaz et al., 1996).

Os HPAs representam risco para o meio ambiente e organismos e a fonte desses
contaminantes pode ser natural ou antropogénica (Figura 2). Suas trés fontes principais para o
meio ambiente sdo: pirogénico (derivados da combustao), petrogénico (derivados do petroleo)
e bioldgico (sinteses de plantas e bactérias ou degradagdo de vegetais) (Abdel-Shafy;
Mansour, 2016). Para os ecossistemas aquaticos as fontes dos HPA sdo efluentes industriais e
urbanos, atividades de transporte, derrames de petrdleo, queima de combustiveis fosseis e
afloramentos naturais (Medeiros et al., 2005). Quanto maior sdo as atividades antrdpicas

industriais maior ¢ o incremento dos HPA no corpo da 4gua. Portanto, ¢ comum que os locais
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que estdo proximos das industrias apresentem maiores concentragdes dos HPA que outros

lugares (Garcia et al., 2010).

Fontes de HPA
1
1
| Natural | | Antropogénico
Petréleo natural Derrames de Petréleo
Apodrecimento vegetal Formulacées de pesticidas
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(e L L - —————————
Combustao -I
incompleta

Figura 2. Fontes naturais e antropogénicas de HPA. Adaptado de Abdel-Shafy and Mansour
(2016).

Nas zonas urbanas os veiculos automotores, as atividades industriais € a queima de carvao
sdo os principais responsaveis pelo incremento dos HPAs no solo (Nganje et al., 2012, Tang
et al., 2005; Vane et al., 2014). Os HPAs tém ganhado importancia nos ultimos anos, nao so6
pelo incremento das concentragdes na coluna da agua e no sedimento, mas também, pelo
efeito nos organismos (Mumtaz et al., 1996). Os HPAs sdao considerados como uma classe de
carcindgenos ambientais generalizados capazes de induzir mutagdes e oncogénese (Baird et
al., 2005). Existe uma relacdo causa-efeito dos HPAs em organismos aquaticos, onde se
demostram formacdes de adutos de DNA e lesdes hepaticas neopldsicas (Myers et al., 2003).
Outro fator que pode magnificar o potencial dano ao ecossistema aquatico ¢ a mistura dos
HPA com outros poluentes (Engraff ef al., 2011). Essa combinagdo ocorre de forma ubiqua
nos ambientes aquaticos e seus efeitos sdo mais do que aditivos (Gauthier et al., 2014). A
contaminac¢do binaria dos HPAs com metais, por exemplo, pode causar sérios problemas na

saude dos organismos (Muthusamy et al., 2016).
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Os HPAs tém muitos efeitos negativos nos organismos (Pereira Netto et al., 2000) e seu
destino dentro de um ecossistema aquatico vai depender de muitos processos. Os processos de
transporte, dispersdo e transformacdo determinam o destino dos contaminantes dentro do
organismo receptor (Holt, 2000). Os contaminantes dispersos dentro do corpo de agua
interagem com 0s organismos receptores, o que explicaria sua facil absor¢do e distribuigdo.
Os HPAs s3o encontrados no sedimento, coluna d’agua e nos diferentes tecidos dos peixes

(Asagbra et al., 2015).

A toxicidade dos HPAs em peixes € atribuida em parte a indu¢do da enzima citocromo
P450 1A (CYPI1A), e portanto, esta proteina tem sido utilizada como biomarcadora de
contaminacao ambiental (Aas et al, 2001; Ferreira et al., 2016). Nos organismos vivos, 0s
HPA sofrem processos de absor¢do e posteriormente processo de biotransformagdo (Aas et
al., 2001). O processo de biotransformag¢ao dos HPA acontece no figado em duas fases: a fase
I envolve reacdes de oxidagdo, reducao e hidrolise dos HPA, catalisadas pelas enzimas
citocromo P450, podendo gerar metabolitos altamente reativos, como os epdxidos, e a fase II
catalisa reagdes de conjugacdo de moléculas enddgenas (glutationa + moléculas de HPA)
(Livingstone, 1998). Dessa forma, o composto se torna mais hidrofilico o que facilita sua
secrecdo para a vesicula biliar, para que posteriormente sejam excretados (Fenet et al., 2006;

Mumtaz et al., 1996).

Os contaminantes podem ser absorvidos de forma passiva ou ativa dependendo das
propriedades do contaminante. A absor¢do passiva ocorre através da pele e/ou branquias,
enquanto a absorcao ativa ocorre através do trato digestivo (Holt, 2000). Os peixes absorvem
os HPAs através de suas branquias, da superficie corporal ou pela ingestao de comida ou
sedimentos contaminados (Vuorinen et al., 2006). Uma vez dentro do corpo dos peixes os
HPAs sao distribuidos, metabolizados e transformados em compostos mais hidrofilicos e de

facil excregdo (Beyer ef al., 2010).

3.3 Biomonitoramento e Phalloceros caudimaculatus como modelo ecotoxicolégico.

As espécies monitoras sao aquelas que auxiliam na avaliagdo de impacto ambiental
através de uma deficiéncia da sua fungdo/desempenho (Beeby, 2001). Do ponto de vista
historico, o monitoramento ambiental era inicialmente focado na deteccdo de contaminantes
em compartimentos de meios aquaticos, na coluna da dgua e no sedimento (Van der Oost et

al., 2003). Depois, a avaliacdo era feita pela presenca de contaminantes em elementos bidticos
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(Schmitt et al., 1999; Watanabe et al., 1999). O biomonitoramento ¢ uma boa ferramenta que
nos ajuda a identificagdo de poluentes capazes de causar danos ao ambiente e a saude humana
(Da Silva, J.; Heuser, V.; Andrade, 2003). A informagdo proporcionada pelo monitoramento
biologico vem sendo usada em programas de melhoria da qualidade ambiental (Guimaraes et
al., 2004; Suyama et al., 2002). O monitoramento biol6gico pode ser classificado como ativo
ou passivo (Besse et al., 2013). O biomonitoramento passivo utiliza organismos nativos do
local de estudo, enquanto o ativo permite a utilizagdo de organismos transplantados de locais
de referéncia para o local de interesse (Andral et al., 2004; Benedicto ef al., 2011; Sudaryanto

et al., 2002).

Segundo Beeby (2001), uma espécie ¢ indicadora quando indica a poluicao através de sua
auséncia e abundancia. Por outro lado, uma espécie ¢ considerada monitora, quando indica o
impacto através da deterioragdo de seu funcionamento ou desempenho. Portanto os monitores
sdo usados com o proposito de monitorar ecossistemas e analisar os efeitos dos contaminantes
nos organismos. As pesquisas usam diversos organismos biomonitores modelos, como por
exemplo, invertebrados e peixes (Meador and Frey, 2018; Waite and Van Metre, 2017). Entre
esses organismos destacam-se os peixes, pois apresentam uma alta sensibilidades a multiplos
disturbios antropogénicos ¢ mudangas nos ambientes aquaticos (Ndiaye et al., 2012; Siroka

and Drastichova, 2004).

Os peixes sao bons modelos para estudos ambientais particularmente relacionados com a
polui¢do, esses organismos respondem rapidamente a estressores naturais € antropicos
(Cossins and Crawford, 2005). Entre os grupos que destacam em estudos ecotoxicologicos
podemos encontrar alguns membros da ordem Cyprinodontiformes (Clark and Di Giulio,
2012; Li et al., 2018). A ordem Cyprinodontiformes ¢ subdividida em dez familias, das quais
se observa uma alta abundancia da familia Poeciliidae no estado do Rio Grande do Sul. Os
poecilidios costumam habitar pequenas areas com baixa profundidade (Maltchik et al., 2014).
Alguns membros da familia Poeciliidae, como Phalloceros caudimaculatus, estao distribuidas

na América do Sul (Froese and Pauly, 2019) (Figura 3).
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Figura 3. Distribuicao, habitat e reproducdo de algumas espécies de Cyprinodontiforme
estudados na América do Norte ¢ América do Sul. O Phalloceros caudimaculatus (circulo

vermelho) foi empregado como modelo para nosso estudo. Adaptado de Zanette (2013).

Atualmente diferentes espécies da familia Poeciliidae sdo usadas como modelos em
estudos toxicologicos em diferentes paises (Bao ef al, 2018; Schmitter-Soto et al, 2011;
Valdés et al, 2014). Os poecilidios ou guarts sao peixes de porte pequeno, onivoros,
ovoviviparos, com fecundagdo interna, normalmente as fémeas sdo maiores que os machos,
estes apresentam a nadadeira anal modificada com presenca de gonopodium. Também,
apresentam certa tolerancia as oscilacdes de salinidade e temperatura (Betito, 2006) (Figura

4).

Alguns Poeciliidae s@o conhecidos por ter capacidade de se propagar em condig¢des
ambientais adversas, como Phalloceros caudimaculatus, os quais podem ser utilizados como
monitores biologicos. Esta espécie tem a capacidade de colonizar as zonas impactadas por
efluentes industriais e domésticos, caracterizando-a como uma espécie oportunista (Araljo et
al., 2009). No Brasil, especialmente na regido Sul do Rio Grande do Sul que conta com
aproximadamente com 3 441 areas imidas o P. caudimaculatus ¢ a espécies mais abundantes
(Maltchik et al., 2014). O P. caudimaculatus podem estar presentes tanto em algumas areas
estuarinas durante o inverno (Betito, 2006), quanto nos riachos peri-urbanos da cidade de Rio

Grande do Sul em todas as épocas do ano (Ferreira ef al,, 2013).
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Figura 4. Guart Phalloceros caudimaculatus. O padrao de coloragdo varia entre as

populagdes geograficas. A mancha lateral estd muito frequente e presente, entretanto, pode
estar ausente. A) macho (24,5 mm SL) com gonopodium (circulo vermelho); B) fémea (36,8
mm SL) com papila urogenital reta (circulo amarelo) localizada entre o anus e a base do

primeiro raio da nadadeira anal (Lucinda, 2008).

A espécie P. caudimaculatus esta distribuida na area continental e costeira do sudeste do
Brasil até¢ o norte da Argentina (Froese and Pauly, 2019), especificamente pelo sistema
Laguna dos Patos, parte inferior do rio Uruguai, drenagem do rio Tramandai, drenagem do rio

Mampituba e drenagens costeiras do Uruguay e Argentina (Lucinda, 2008) (Figura 5).

Estudos recentes realizados no Brasil mostraram que P. caudimaculatus pode ser usado
como um bom modelo para estudos toxicologicos. Esta espécie responde de maneira positiva
quando estd exposta a diferentes xenobioticos demostrando seu potencial para ser usados
como biomonitor de ambientes contaminados por HPAs (Chivittz et al., 2016; Ferreira et al.,
2016). Muitos organismos estdo sendo expostos a certas classes de contaminantes, portanto ¢
importante encontrar modelos bioldgicos que ajudem antecipar mudangas em niveis mais
elevados de organizagao biologica. Os biomarcadores servem como um alerta precoce que nos
permite tomar medidas de biorremediacdo antes de ocorrer mudangas irreversiveis no

ecossistema (Cajaraville ef al., 2000).
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Figura 5. Distribuicao de Phalloceros caudimaculatus na América do Sul. P. caudimaculatus

esta distribuida desde o sudeste do Brasil até o norte do Uruguay e Argentina (circulo
vermelho, 6). Outras espécies de Phalloceros podem ser encontradas em outras regides

geograficas (1 a 5). Adaptada de Lucinda (2008).

3.4 Microbiota intestinal nos peixes

Chama-se microbiota a toda assembléia de microrganismos atribuidos a bactérias, arqueia
ou eucariotas inferiores que estdo presentes em um determinado ambiente. Esses
microrganismos podem ser identificados através da analise dos genes 16S rRNA e 18S rRNA
proveniente de uma amostra bioldgica (Marchesi and Ravel, 2015). O avango de novas
técnicas de identificacdo de bactérias independentes do meio de cultura permitiu a
quantificagdo da microflora bacteriana de peixes. Assim ¢ possivel estimar que a populagao
bacteriana do trato intestinal dos peixes é de aproximadamente 10%.g" e 10°.g", de

heterotrofos aerdbicos e anaerdbicas, respectivamente (Austin, 2006).

Os estudos feitos na ultima década em microbiota intestinal dos peixes tém auxiliado na
compreensdo do papel que as comunidades microbianas desempenham no hospedeiro. Na
revisdo de Wang et al. (2018), este autor explica a influéncia da microbiota intestinal em

muitas fungdes bioldgicas importantes para os peixes, como nutricdo e imunologia. As
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comunidades bacterianas intestinais ajudam o sistema imunologico, e sdo de vital importancia
para a resisténcia as doencgas nos peixes (Gomez and Balcazar, 2008). Algumas bactérias da
microbiota intestinal, como os Lactococcus, sdo benéficas para os peixes, pois ajudam a
reduzir a adesdo de muitos patdgenos nos intestinos (Gémez and Balcazar, 2008). Por outro
lado, os filos dominantes, como Firmicutes e Proteobacterias, desempenham fungdes
importantes nos processos absor¢cdo e metabolismos de carboidratos (Yang et al., 2019) e
lipidios (Semova et al.,, 2012) nos peixes. Isso confirma o importante papel da microbiota
intestinal no balango energético do hospedeiro. Apesar de muitos estudos feitos sobre as
comunidades bacterianas intestinais nos peixes nossa compreensdao da microbiota ainda ¢

limitada.

,

E muito importante conhecer e entender como as interacdes entre a microbiota € o
hospedeiro ajudam a manter um estado saudavel nos peixes (Pérez ef al., 2010). A microbiota
intestinal dos peixes ndo ¢ constante, essas comunidades bacterianas podem ser afetadas por
diferentes fatores endogenos e exdgenos (Dehler ef al., 2017). Pesquisas feitas nos ultimos
anos determinaram que fatores como: habitat (Gaikwad et al., 2017), sexo, tamanho, dieta
(Bolnick et al., 2014a, 2014b) e idade (Stephens ef al., 2016) podem influenciar as mudancgas
na composicao e estrutura da microbiota intestinal nos peixes. Nayak (2010) sugere que a
microbiota do ambiente circundante ao peixe pode influenciar na colonizacdo da microflora
residente no seu intestino. Conhecer a composi¢ao da microbiota intestinal dos peixes nos
proporciona informagao sobre a funcao e a estabilidade dos microrganismos, e principalmente

sobre a saude dos peixes, ¢ a qualidade do ambiente que os cerca.

A poluigdo antropica € outro fator ambiental que influencia negativamente na microbiota
intestinal de peixes selvagem (Giang et al., 2018). Os poluentes sdo estressores ambientais
que podem enfraquecer o sistema imune dos peixes € permitir que patdogenos colonizem o
trato intestinal (Hansen and Olafsen, 1999). Apesar de haver muitos estudos sobre os efeitos
negativos da poluicdo antrépica nos peixes (Garcia-Reyero et al.; Mccallum et al., 2016;
Melvin, 2016; Vajda et al., 2011), ha poucos estudos que utilizam a avaliacdo da sua
composi¢do microbiana como um marcador para avaliagdo da qualidade ambiental (Giang et

al., 2018).
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3.5 Biomarcadores microbianos

Segundo WHO (1993) -es biomarcadores sdo todas ou quase todas as medidas que
refletem uma interagdo entre um sistema bioldgico e um perigo potencial, que pode ser
quimico, fisico ou biolégico”. Essas respostas bioldgicas podem ser medidas dentro de um
organismo ou em seus produtos, como urina, fezes, pélos, penas, etc. (Van Gestel and Van
Brummelen, 1996) indicando alguma falha do estado normal que ndo pode ser detectada nos
organismos saudaveis. Em teoria os biomarcadores podem antecipar efeitos bioldgicos
significativos nos organismos e por isso sdo utilizados como ferramentas para avaliagcdo e

monitoramento ambiental (Lam, 2009).

Segundo (NRC, 1987) e WHO (1993), os biomarcadores podem ser subdividos em trés
classes: biomarcador de exposi¢cdo, efeito e susceptibilidade. Biomarcadores de exposicao
podem ser usados para confirmar e avaliar a exposi¢do de individuos ou populacdes a uma
determinada substancia. Biomarcadores de efeito podem ser usados para documentar
alteragdes pré-clinicas ou efeitos adversos a saude devido a exposicdo externa e absor¢ao de
um produto quimico. Biomarcadores de suscetibilidade ajudam a elucidar as variagdes no

grau de respostas a exposicao a substancias toxicas observadas entre diferentes individuos.

Nos ultimos anos a microbiota intestinal somente foi usada como biomarcador para
correlacionar bactérias intestinais com algumas doengas presentes nos vertebrados maiores
(Duranti et al., 2016; Mancabelli ef al., 2017). Em peixes, os biomarcadores foram usados em
estudos ecotoxicoldgicos para avaliar os impactos dos poluentes baseando-se principalmente
em analises histopatoldgicas, bioquimicas e genéticas (De la Torre et al, 2007; Lee et al.,
2015; Ossana et al., 2016; Santana et al., 2018; Van der Oost et al., 2003). Até o momento,
pouca atencao tem sido dada aos efeitos dos contaminantes ambientais na composi¢cdo das
comunidades microbianas intestinais dos organismos aquaticos. Partindo do pressuposto que
um biomarcador ¢ uma resposta bioldogica medida nos produtos de um organismo, como por
exemplo as fezes, pode-se sugerir o termo biomarcadores microbiologicos em peixe, para nos
referirmos as variacdes biologicas que estdo ligadas a alteracdes na microbiota intestinal dos

organismos causadas pela exposi¢do dos contaminantes ambientais.

E muito importante conhecer marcadores microbianos que nos ajudem a monitorar a
contaminac¢do antropica. Atualmente existem grupos bacterianos que sdo usados hé décadas

como indicadores de qualidade ambiental, como por exemplo, as bactérias coliformes, mas
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esses grupos microbianos somente podem ser medidos na agua para determinar contaminagao
por esgoto (Rompré et al., 2002; Tallon et al., 2005). Até agora, a informacdo sobre novos
grupos microbianos intestinais usados para medir o efeito da contaminacdo antropica presente
nos organismos ¢ limitada. Em relagcdo aos peixes essa informagao se restringe ainda mais.
Assim, existe a necessidade de encontrar novos grupos bacterianos que ajudem a medir a
qualidade ambiental, j4 que muitos corpos da agua sdo contaminados por uma mistura de

poluentes provenientes dos esgotos urbanos e efluentes industriais.

3.6 Metabarcoding bacteriano

Segundo Taberlet et al. (2012), o metabarcoding € a identificagdo de multiplas espécies
presente em uma amostra ambiental através da extracdo do DNA total dos organismos ali
presentes. Nesta técnica, usam-se amostras ambientais (solo, agua, fezes, etc.) modernas e
antigas para amplificagdo de genes conservados usando plataformas de sequenciamento de
proxima geracdo. O desenvolvimento de plataformas de next generation sequencing (NGS)
tornou possivel a avaliagdo de uma ampla gama de fendmenos biologicos relacionado ao
genoma (Shendure and Ji, 2008). Essa revolucdo na tecnologia de sequenciamento junto as
ferramentas avancadas de bioinformatica deram for¢a aos estudos metagendmicos baseados
no gene 16S rRNA (Tringe and Hugenholtz, 2008). Enfoques baseados na amplificagdo e
sequenciamento do gene 16S rRNA tornou-se o principal enfoque para estudos de diversidade
microbiana. Este enfoque permite uma rapida identificacao e analise de grupos bacterianos em

varios niveis taxondmicos do que os métodos taxondmicos tradicionais.

O 16S ¢ um bom marcador filogenético utilizado para avaliagdes de comunidades
microbianas (Mao et al., 2012) e para estudos de diversidade bacteriana (Fantini ef al., 2015).
A aplicacdo de NGS tem levado a um tremendo crescimento nos dados de sequéncia
disponiveis, tornando-se uma ferramenta importante para melhor compreensao da natureza e o

meio ambiente.

Com o uso de NGS, muitas pesquisas demostraram que a microbiota intestinal varia em
diferentes espécies, devido a diferentes fatores ambientais, como dieta e habitat. Esses estudos
também mostraram que a microbiota intestinal da maioria dos peixes estd dominada pelos
filos Proteobacteria, Firmicutes, Actinobacteria e Bacteroidetes (Carda-Diéguez et al., 2014;
Ingerslev et al.,, 2014). Assim mesmo, os géneros bacterianos dominantes para os peixes de

agua doce foram Aeromonas, Pseudomonas e Bacteroides tipo A, com Plesiomonas,
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Enterobacteriaceae, Micrococcus, Acinetobacte, Clostridium, Bacteroides tipo B e Fusarium
(Austin, 2006; Gémez and Balcazar, 2008). O uso das diferentes plataformas de NGS, como,
por exemplo, Illumina MiSeq e PGM, permitiram ampliar nossa compreensdo das
comunidades microbianas presente nos intestinos dos peixes (Ghanbari et al., 2015). Embora
a maioria das pesquisas sobre a microbiota intestinal tenha sido feito nos peixes comerciais
(Carda-Diéguez et al., 2014; Larsen et al., 2014; Li et al., 2015), um pequeno numero de
pesquisas recentes forneceu como os peixes selvagens também podem estar sendo afetados

pela contaminagao antropica (Giang et al., 2018).

Existe a necessidade de encontrar maneiras de avaliar os efeitos da contaminacao
ambiental nos ecossistemas aquaticos. Os contaminantes ambientais causam multiplas
alteracdes quimicas, histopatologicas, bioquimicas e genéticas nos peixes, mas o
conhecimento sobre esses contaminantes nas comunidades microbianas ainda ndo ¢ bem
estudada. Assim, a finalidade do presente estudo € identificar, comparar e determinar os
efeitos da contaminacao ambiental ao nivel microbiano em peixe. Para atingir esse objetivo
foram analisadas a microbiota intestinal de peixes poecilidios provenientes de dois riachos
com diferentes impactos antrdpicos. Espera-se que os contaminantes ambientais influenciem
nas comunidades bacterianas intestinais das populacdes dos peixes. Usando um enfoque
metagenomico foram caracterizadas as comunidades bacterianas dos poecilidios. Essa
investigacao ird ajudar no progresso do conhecimento de ecotoxicologia em estudrio, servindo
de referéncia ou marco de comparacao para futuros estudos em contaminacdo de ambientes

aquaticos causado pelos residuos urbanos e efluentes industriais.
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4. OBJETIVO

Objetivos gerais

Detectar a influéncia da mistura dos contaminantes ambientais na microbiota intestinal

das populagdes de guaru Phalloceros caudimaculatus em dois riachos com diferentes perfis

de contaminagao.

Objetivos especificos

Descrever a estrutura e composicdo da microbiota do intestino dos guard em dois

riachos com diferentes impactos antropicos.

Avaliar os efeitos da contaminagdo ambiental na diversidade microbiana intestinal de

peixe guard.

Identificar biomarcadores microbianos de contaminagdo aquatica com base na
comparacao da microbiota intestinal de peixes proveniente de dois riachos com

diferentes niveis de impactos antropicos.
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Abstract

Intestinal microbiota performs important functions for the health of fishes. Knowing its
composition and evaluating the possible effects caused by anthropogenic pollution in the
intestinal microbiota of fish populations might represent an important step in defining
microbial biomarkers for water pollution. This study evaluated the impact of environmental
contamination on the gut microbiota of the livebearer killifish Phalloceros caudimaculatus.
Metagenomic was evaluated using the V4 region of the 16S rRNA gene to characterize and
compare the microbiota of two P. caudimaculatus populations from streams with different
anthropogenic impact. The dominant groups at the Phylum level were Protebacteria and
Firmicutes with more than 80% of relative abundance. Burkholderia was the more abundant
in the Genus level with more than 35% of relative abundance. Thirteen bacterial OTUs were
shared between both fish populations and might represent the core microbiota of the gut in
this specie. We detected a lower microbial diversity (Shannon index and observed OTUs) in
fish from the polluted stream, compared to the reference. The PERMANOVA analysis
showed that the intestinal microbial communities from fish from the polluted stream were
distinct from those found in the reference stream (P <0.05). We identified the Methylocaldum
and Rhodobacter genus correlated strongly with the polluted stream. These two taxa might
represent potential microbial biomarkers of exposure to environmental contaminants in the
gut of fish. To our knowledge, this is the first study to compare intestinal bacteria in wild fish

using a metagenomic approach in order to estimate the impacts of anthropogenic pollution.

Keywords: gut microbiota, microbial diversity, next generation sequencing, Phalloceros

caudimaculatus, pollution, 16S rRNA.
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1. Introduction

Currently, there is a great and global concern about the pollution of aquatic
ecosystems. Development of anthropic activities led many countries to a critical level of
pollution due to the huge amount and diversity of residues that it creates and that end in the
water bodies (Hu and Cheng, 2013). Many aquatic ecosystems near to urban areas, such as
streams or lagoons, are often the final receptors of urban waste and industrial effluents
(Garcia et al.,, 2010). The contaminants present in anthropogenic waste, e.g. polycyclic
aromatic hydrocarbons (PAHs), are considered possible threats to organisms due to their toxic
effect (Baird et al., 2005). Anthropogenic waste contains a mixture of contaminants that can
cause physiological and functional alterations (Ndiaye et al., 2012), or even reduced survival
in fishes (McCallum et al., 2016). A recent study showed how anthropogenic waste causes
negative effects on the intestinal bacterial composition of fish exposed under fully natural
conditions (Giang et al., 2018). Last years, studies in intestinal microbiota using metagenomic
approach showed that fish cannot truly be considered independently of its bacterial

communities (Ghanbari, 2015).

Gut microbial community performs multiple functions that help to maintain a healthy
state in fishes (Pérez et al., 2010). These microbial communities are involved in important
biology function as nutrition (Clements, 1997), physiology and immunology (Nayak, 2010).
Nonetheless, there are environmental and ecological factors that could shape the gut
microbiota in fish (Dehler et al., 2017). The factors shaping this microbiota in gut of fish
could include the exposure to multiple environmental contaminants such microplastic (Jin et
al., 2018), organic biocide (Kan et al., 2015) and metal (Zhai et al., 2017). Ecotoxicology
studies were carried out to evaluate the effects of isolated environmental contaminants in the
gut microbiota under laboratory conditions (Evariste et al. 2019). In contrast, little is known

about how contaminants mixtures influence the gut microbiota of fish in the wild.

The understanding of the composition of the gut microbiota of fish could enable the
assessment of the host's health and the quality of the surrounding environment as well (Giang
et al., 2018). From an ecotoxicological point of view, little attention has been given to analyze
the gut microbiota of fish as a parameter for the evaluation of the environmental quality.
Characterize the gut microbiota of P. caudimaculatus from two streams with different
anthropogenic impact. The aims of this study were to find the microbial groups that are shared

and compose the core microbiota, identify alterations in the microbial structure related to
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environmental contamination and suggest potential biomarkers of environmental

contamination.

2. Materials and methods

2.1. Sampling, selection and site characterization.

Male P. caudimaculatus fish (lengths 2.4 £ 0.1 cm) were collected in October of 2017
from two streams with different anthropogenic impacts in the city of Rio Grande, RS, Brazil
(n=20 fish in each site). The sampling site in the polluted stream (32°02'56.48 'S,
52°05'06.98" W) is located in the margin of a petroleum refinery, between an urban area with
high population density and an industrial area. This area receives urban sewage and industrial
effluents and has been historically contaminated with Polycyclic Aromatic Hydrocarbons
(PAHs) (Medeiros et al., 2005). The sampling site in the reference stream (32° 33' 32.48 "S,
52°23'54.59" W) is a watercourse located 14 km away from the closest urban area at Cassino
Beach's and any industrial activity, so it is relatively less impacted by anthropogenic
contamination (Fig. 1). Chivittz et al. (2016) analyzed 16 EPA priority PAHs in sediment in
those sites, confirming very different levels of PAHs in the polluted and reference stream

(4414.0 and 1.7 ng. g ' dry weight, respectively).

All fish collected were transported to the Laboratory of the Institute of Biological
Sciences in the Federal University of Rio Grande (ICB-FURG). The use of fish and
euthanasia procedures were approved by the Committee on Ethics and Use of Animals
(CEUA-P003/2018, FURG) and by the System of Authorization and Information on
Biodiversity (SISBIO/60693-1). Fish were euthanized with an overdose of Tricaine
methanesulfonate (MS222) (Sigma-Aldrich, St Louis, MO, USA) and exterior surfaces
swabbed with the same water of MS222 solution before dissection of the whole intestine

using sterile instruments. All intestines were extracted and stored individually at — 20 ° C.
2.2. Microbial DNA extraction, 16S rRNA gene amplification and sequencing

Entire fish intestines were mashed and the microbial DNA was isolated from them by
using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia, CA, USA) following the
manufacturer’s instructions. DNA quality was defined by spectrophotometry using
NanoVueTM spectrophotometer (GE Healthcare, Chicago, IL, USA). Due to a low initial
DNA concentration, all samples were centrifuged for 1 h at 60 °C in a vacuum centrifuge to

obtain higher concentrations of microbial DNA. All the DNA samples were stored at -20 °C
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until its use in PCR reactions. The determination of the intestinal microbial community was
based on partial 16S rRNA gene (V4 region) sequences, directly amplified using
bacterial/archaeal primer 515F (5'-GTGCCAGCMGCCGCGGTAA-3") and 806R (5'-
GGACTACHVGGGTWTCTAAT-3") (Caporaso et al., 2012). PCR reactions were performed
with the Platinum® Taq DNA High Fidelity Polymerase kit (Invitrogen, Carlsbad, CA, USA).
Each of the 25 pLL PCR mixture contained 2.5 pl MgCl, buffer, 0.1 uL. Recombinat ® Taq
DNA High Fidelity Polymerase (Invitrogen, Carlsbad, CA, USA), 0,5 uL. de Dntp Mix, 0,5
uL de Ultrapure BSA (Invitrogen, Carlsbad, CA, USA), 1 ul of primer 806R barcoded (PB),
0,25 pL of the primer 515F (PF), 1 uL MgCl2, 14,15 pL of water Mili-Q and approximately 5
puL of DNA model. The PCR conditions were 95 °C during 5 min, 30 cycles of 94 °C for 45 s
of desnaturation; 56 °C for 45 s of annealing and 72 °C for 1 min of extension; followed by
72 for 10 min. The PCR products were purified with Agencourt ® AMPure ®O reagent XP
(Beckman Coulter, Brea, CA, USA), quantified using the Qubit fluorometer kit (Invitrogen,
Carlsbad, CA, USA) and combined in equimolar concentrations (0.2 ng.uL™) to create a
mixture composed by amplified fragments of the 16S of gene of each sample. The samples
with concentrations lower than 0.2 ng.uL™ were not considered for sequencing. From the 40
quantified samples, only 31 samples presented values higher than 0.2 ng.uL™" of DNA (15
from the polluted and 16 from the reference streams). The Ion OneTouch™

Ton PGM™ kit model OT2 400 model (Thermo Fisher Scientific, Waltham, MA, USA) was

2 system with the

used for the library preparation and the sequencing was performed using the ITon PGM™

Sequencing 400 system in the Ion PGM™ system using Ion 318TM Chip v2.
2.3. 16S Sequence processing for downstream analyses

The 16S rRNA reads from the ITon PGM™ system were analyzed using the BMP
Operational System (BMPOS) (Pylro et al., 2016) following the recommendations of the
Brazilian Microbiome Project (Pylro et al., 2014) for removal the errors and chimeric
sequences. For the taxonomic analyses, the sequences obtained were clustered into
Operational Taxonomic Units (OTUs) and was built a table with all the OTUs using the
UPARSE pipeline (Edgar, 2013). We used the unique barcodes present in each sample to bin

the sequences by its origin, which it was removed for downstream analyses.

Sequence length and quality were evaluated for each read. Raw reads were trimmed at
200 bp and quality filtered using a maximum expected error of 0.5. Filtered reads were de-

replicated and singletons were removed. The sequences were clustered into OTUs at 97%
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similarity cut-off following the UPARSE pipeline, chimeras were identified and removed that
ones which were not recognized as novel sequence during the alignment process. Thus, we
obtained representative sequences for each microbial phylotype (Edgar, 2013). Finally, the
sequences were clustered, aligned and taxonomically classified in the software QIIME
(Caporaso et al., 2010) based on the UCLUST method against the Greengenes 13.5 database
(McDonald et al., 2012) with a confidence of 97%. Sampling effort was estimated using
Good’s coverage (Good, 1953). The profile of OTUs was used to visualize the relative
abundances of phylum in fish from the two streams (reference and polluted) and the relative
abundances of phylum and genus in individual samples of the two streams. The core
microbiota in the gut of P. caudimaculatus was addressed by identifying the taxa that
presented prevalence equal or higher than 90 % in the total of gut samples that were
sequenced (reference plus polluted). The taxa with detection threshold (relative abundance,

%) lower than 0.001 were not considered for the core microbiota count.
2.4. Statistical analysis of data.

All statistical analyses were carried out using R (R Development Core Team, 2008).
The normality of data was tested by Shapiro—Wilk W test. Data set from 16S rRNA was
rarefied to the same number of sequence found in the smallest following the
recommendations of Lemos et al. (2011). Alpha diversity of samples was calculated and
plotted using the phyloseq package (McMurdie and Holmes, 2013) and was measured by
observed species and the Shannon diversity. The observed species index measures the number
of different species or richness per each sample and Shannon index measures diversity using
the OTUs richness and the relative abundance of the different species or evenness. Significant
differences in the diversity of the gut microbiota, comparing fish from polluted and reference

streams, were evaluated using Mann-Whitney non-parametric tests (P<0.05).

Beta-diversity was analyzed to compare the microbial community between different
samples through a Principal Coordinates Analysis (PCoA) using the phyloseq package
(McMurdie and Holmes, 2013). This method was based on multivariate statistical analysis
where we used dissimilarity matrix, with Bray-Curtis and binary distance metrics. We
analyzed the significant differences between observed group by PCoA using a non-parametric
Permutational Multivariate Analysis of Variance (PERMANOVA) with the Adonis function
available in the vegan package (Oksanen et al., 2015) with 999 permutations for detecting

confounding variables.
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Identification and classification of bacterial OTUs correlated with exposure to
environmental contaminants was performed by Random Forests (RF) analysis (Breiman,
2001). This analysis was based on the microbiota profile (genus-level relative abundance
data) through the Random Forest package implemented in the R environment (R
Development Core Team, 2008). RF use multiple learning algorithms to generate decision
trees, while assigns a score of importance to each OTU, estimating the increase of the error
caused by the removal of this OTU from the set of predictors. We considered a predictive
OTUs if its score of importance is > 0.001. The relative importance of each OTU in the
predictive model was assessed using the mean decreasing accuracy (MDA). Bootstrapping

(n=500) was used to assess classification accuracy.

3. Results

3.1. Microbiota composition in the gut and the OTUs shared between the P.

caudimaculatus populations.

We characterized the intestinal contents of wild P. caldimaculatus collected in two
streams with distinct levels of contaminants. It was obtained a total of 4351 high-quality
sequences from the thirty-one samples (16 reference and 15 polluted) used in this study. It
was found a total of 41 OTUs classified in the genus level and distributed in eight phyla. One
of those OTUs could not be identified in the genus level, totalizing 97.6 % of OTUs identified
in the genus and phylum level. The most dominant phylum in the samples were
Proteobacteria and Firmicutes. Proteobacteria presented a relative abundance of 72.4 + 8.4 %
and 74.4 £ 8.4 % in the reference and polluted streams, respectively. The Firmicutes
presented a relative abundance of 14.9 + 7.3 % and 15.7 = 7.7 % in the reference and polluted
streams, respectively (average + standard deviation) (Fig. 2A). At the genus level, the most
dominant bacterial OTU in samples was Burkholderia with an relative abundance of around
39.4 £ 14.6 % in the reference stream and 42.9 + 15.2 in the polluted stream (average +

standard deviation) (Fig. 2B).

Considering the OTUs with prevalence equal or higher than 90% in the higher
detection threshold of 0.1, the size of the microbiota is small, and formed by only two OTUs
(Burkholderia and Not Assigned). Considering the OTUs with prevalence equal or higher
than 90%, in the lower detection threshold of 0.001, we found 13 OTUs (31 % of the total of
OTUs) that was shared considered all the studied samples (n=31 guts of fish from reference
and polluted stream) (Fig. 3). The 13 OTUs representing approximately one-third of the
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OTUs were considered here as the core microbiota in the gut of P. caudimaculatus. Thus, the
core microbiota was composed by the genus: Burkholderia, a Not Assigned OTU,
Streptococcus, Sphingonomas, Staphylococcus, Lactobacillus, Veillonella, Acinetobacter,

Proteus, Prevotella, Clostridium, Bacteroides and Bradyrhizobium.

3.2. Decreased microbial diversity and the possible influence of the environmental

contaminants in microbial communities.

Microbial diversity analysis was performed to evaluate differences in the gut
microbiota of P. caudimaculatus from the reference and polluted streams. Fish from polluted
stream showed lower microbial diversity compared to the reference stream in both the total
number of observed species (p=0.0028), and richness and evenness (p=0.0082 (Fig. 4). Using
dissimilarity matrices to evaluate the beta diversity, we found that the microbial communities
were grouped differently depending on the origin of the P. caudimaculatus population
(reference or polluted stream). The order analysis using a presence-absence of species (binary
distance) showed that the microbial communities from the polluted stream were widely
different from those found in the reference stream (Fig. SA). However, when the relative
abundance of the rate was taken into consideration (Bray-Curtis distance), few microbial
communities remained distance, the distance between most of the microbial groups both the
reference stream and the polluted stream was reduced, making the groups closer to each other
(Fig. 5B). PerMANOVA analysis using the Adonis function (number of permutations: 999)
was carried out using either binary or Bray-Curtis metrics and confirmed the difference
between reference and polluted groups. The value of R? (effect size) was 0.468 (p = 0.001) for
binary distance and 0.095 (p = 0.01) for the distance of Bray- Curtis.

3.3. Microbial OTUs correlated with exposure to environmental contaminants

To associate bacterial OTUs with exposure to environmental contaminants, we used a
biomarker screening analysis using Random Forests (RF). Our interest was the detection of
microbial biomarkers differentiating fish from polluted stream versus reference stream. It
were found 15 bacterial OTUs as the most important for classifying the samples from the
polluted stream or reference stream (Fig. 6). The OTUs were classified according to mean
decrease accuracy (MDA), when each OTUs had a score of importance that lost accuracy.
Therefore, OTUs with large MDA values were more important for classification of OTU as a
possible microbial biomarker of P. caudimaculatus exposure to environmental contaminants.

OTUs identified as Methylocaldum and Rhodobacter had greatest MDA values (> 0.06)
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associated with the polluted stream. Other OTUs identified as the genera Micrococcus,
Neisseria and Janibacter were associated with the polluted stream, but presented MDA <0.06
(Fig. 6). Furthermore, OTU identified to Rhodoplanes was highly associated with the
reference stream (MDA > 0.06). Other OTUs with MDA <0.06 were also associated with the
reference stream such as Clostridium, Candidatus xiphinematobacter, Paucibacter,
Candidatus korinobacter, Luteimonas, Stenotrophomonas, Dorea, Ruminococcus and
Janthinobacterium (Fig. 6). The different characteristics present in each stream seem to favor

the appearance of possible microbial biomarkers of environmental quality.

4. Discussion

By analyzing the gut microbiota of P. caudimaculatus in populations from streams
with different anthropogenic impact, allowed us to: 1. Provide insight into the existence and
dimensions of the common core microbiota that all samples share, 2. Associate environmental
contamination with low microbial diversity, modifications in taxonomic composition and
changes in structure community bacterial intestinal of the host, and 3. We additionally show
that there are microbial groups could be potential biomarkers of exposure to contaminated

environments.

4.1. Core gut microbiota of P. caudimaculatus: Possible origin, defining size and

functional diversity.

It has been well known that the fish gut microbiota is dominated mostly by the
Proteobacteria and Firmicutes phyla (Larsen et al., 2014; Li et al., 2014; Liu et al., 2016). The
same phyla dominated the gut microbiota of P. caudimaculatus. One possible explanation is
that the presence of some bacterial group could be determined by inherent factors from the
host, such as genetics, anatomy or evolutionary (Goodrich et al., 2014, Roeselers et al., 2011).
This would allow Proteobacteria and Firmicutes to be dominant in intestinal community of
many fishes regardless of species and trophic level (Liu et al., 2016). Those phyla could be
considered as "innate" bacterial group in the gut microbiota of fish because of they are
registered as dominant in the larval stage (Rawls et al., 2006; Stephens et al., 2016) and
throughout lifetime in some species (Yan et al., 2016). The dominant Phyla contain many
clades that can be involved in important host gut functions, such as digestion, nutrient, thus
and stability of the microbial community (Yang et al., 2019). Another important data from
this research was to find Burkholderia as most dominant bacterial genus into intestines of all

the studied samples. This is the first register of Burkholderia as the most dominant genus in
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the microbiota of wild fish populations. The Burkholderia genus was recorded for the first
time, as part of the gut microbiota of fish, about a decade ago (Nayak, 2010; Sun et al., 2009).
Since then, the overall understanding of biological functions of Burkholderia into fishes gut is
still rather rudimentary. There is still a lot to find out about the interaction between
Burkholderia and the fish. This because of the Burkholderia genus contain clades that
considered beneficial for host (Mahenthiralingam et al.,, 2005). Therefore, we suggest
focusing on Burkholderia for future studies, since its exploration could reveal significant
biological functions in the intestinal microbiota of these fish. In this study, emphasized the
importance of the endogenous factor of host to determine some intestinal bacterial group. We
suggest that the gut microbiota of P. caudimaculatus can be influenced by factors inherent to
the host, such as genetics, anatomical or evolutionary (Roeselers et al., 2011). Previous
studies (Funkhouser and Bordenstein, 2013) demonstrated that many organism, e.g. chickens,
turtles and mammals, exhibit microbial maternal transmission or vertical transmission. A
possible explication that the bacterial transmission in the livebearer fishes might be from
mother to child during the embryonic development. The contact that occurs between eggs and

the maternal body might increase their odds of transmission microbial.

Discovering similar bacterial OTUs in the gut microbiota of the same fish species
from different populations and geographic locations indicates that these bacterial groups may
be performing important biology functions to host (Roeselers et al., 2011). In the present
study, we found that one-third of the total of OTUs (13 genus) were shared in all thirty-one
samples. These OTUs might be playing a key role in the health P. caudimaculatus, it is thus
likely that these shared OTUs might be considered essential to the gut microbiota. Recent
studies in fish (Dehler et al., 2017; Roeselers et al., 2011; Star et al., 2013; Sullam et al.,
2015; Wong and Rawls, 2012) showed that might there are different core sizes dependent on
the similarity of OTUs abundances across communities. Analyses of OTUs composition is a
way to define a core, the problem it can restrict the size core to an OTU subset within a
specified abundance range (Shade and Handelsman, 2012). Last years, some authors (Salonen
et al., 2012; Shetty et al., 2017) showed that the core size is conditional with the abundance
and prevalence thresholds. They suggested not limited the core only with the most abundant
OTUs, also with the most prevalent that is shared by many or all individuals. The results of
this study were partially supported by Salonen et al. (2012) who indicated that one-third of the
phylotypes shared among all samples can be considered seen as a conserved community that

does not change with the genetic or dietary variation within individuals. Knowing the
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microbial nucleus is very important because it allows us to define a stable and healthy

bacterial community of the host (Shade and Handelsman, 2012).

Once determined the core size, the functional characterization can be focused on these
salient microbiota members that possess the potential to benefit the fish health. Some of these
bacteria as Lactobacillus, for example, correlated to normal gut microbiota in fishes and act in
biological processes such as digestion, stress response and reproduction (Butt and Volkoff,
2019). Clostridium, is an associated bacteria with cellulose-decomposing (Liu et al., 2016),
Bacteroides produces vitamin B, (Tsuchiya et al., 2007). Burkholderia genus is a clade that
present characteristics which could be helping the fishes to resist to some environmental
contaminants, such as chemical substances (Rhodes and Schweizer, 2016), insecticide (Itoh et
al., 2018) and hydrocarbons (Yang et al., 2016). As this genus was not assigned as
overexpress in the contaminated stream population, its presence on the core microbiota may
indicate a coevolution with P. caudimaculatus as a mechanism of protection for these
animals. Actually, there are many bacterial used commonly as probiotics in aquaculture
(Carnevali et al., 2017), these bacterial genera can be increasing the number of beneficial gut
bacteria to fish (Siriyappagouder et al., 2018). On the other hand, some members of the core
microbiota have very few available information about functional importance. It is important
to characterize these genera and function future works because those bacterial groups could be
participating in another important biological process by the fishes, e.g. adaptation and

evolution (Zilber-Rosenberg and Rosenberg, 2008).

4.2. Anthropic contamination causes loss of microbial diversity and alterations in the

microbial community

In the present study, founded correlated between loss bacterial diversity and fish
inhabitant fish into the urban stream with a high level of environmental contaminant. This
result is agreement with previous studies (Evariste et al., 2019). They demonstrated that many
environmental contaminants of anthopogenic origin causes loss diversity and alterations in the
microbial community intestinal of aquatic organism. The history of contamination of the
urban stream with urban and industrial waste (Medeiros et al., 2005) led to had its higher
levels of PAH in the sediment compared with the reference stream (Chivittz et al., 2016),
which could possibly explain the loss of bacterial diversity of fish. Persistent organic
pollutants, such as PAHs, to be in the list of environmental pollute that causes alter into the

gut microbiome of the host (Jin et al.,, 2017). A Recent study (Giang et al., 2018) have
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reported that wild fish exposed under fully natural conditions to the anthropic waste had
consequences into the intestinal microbiome composition. The anthropic waste could contain
a diversity of compounds, for example, farmacological compounds, personal care products,
agrotoxics and many other that could lead to negative effects in the microbial leading to the
diversity loss observed. Therefore, we suggest that the loss of intestinal microbial diversity

could represent a direct effect of environmental contamination observed in the polluted site.

The beta-diversity metrics plotted by PCoA indicated that the bacterial community of
the fish from the two sites differed by both absence/presence (i.e. binary distances metric) and
species abundance (i.e. Bray-Curtis metric). It is possible that the environmental quality in
each stream influenced dissimilarity of intestinal microbial communities among the fish
population. The differences in community composition between microbial groups is most
likely a reflection of the environment around the host, as previously suggested (Nayak, 2010).
Previous studies have reported that the environment plays a large role in shaping intestinal
microbial community but there are other factors that help to its shaping, such as host selective
processes (Eichmiller et al., 2016; Roeselers et al., 2011; Sullam et al., 2012). This last most
likely is involved in establishment of the gut microbiota (Roeselers et al., 2011). We suppose
that the environmental quality influences the development of other bacteria groups that could
colonize the fish intestines. This would explain the difference between the intestinal microbial
communities of the P. caudimaculatus population. It is clear that when the host is exposed to
different external factors, such as environmental contaminants, present microbial dysbiosis
(Evariste et al., 2019; Jin et al., 2017; Teyssier et al., 2018). So far, little importance was
given to the alterations caused by anthropic waste in the gut microbiota of fish wild (Giang et
al., 2018). The most studies performed in fish in-situ relate anthropic waste with genetic,
behavioral and biomarker alterations (Ballesteros et al., 2017; Kim and Jung, 2016; Mccallum
et al., 2016). Showed another possible effect of environmental contaminants from anthropic
waste. The environmental contaminants not only alter the aquatic ecosystems, but also causes
subtle modifications in the organisms, such as the loss of intestinal microbial diversity in
fishes. We suggest considering the loss and alteration of the gut microbiota of fish as a sign of
other possible effects related to urban waste. Our results provide answers, on a yet little
considered perspective, about the negative consequences of the environmental contamination

for the intestinal microbiota of fish that live in industrial areas.
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4.3. Potential microbial biomarkers of environmental contaminants

So far, accumulating data indicate that individuals cannot be considered independently
of the gut microbiota they harbor. Studies showed that there is a strong communicates
between Host-gut microbiota (Cryan and Dinan, 2012; Pérez et al, 2010). Recently,
systematic reviews confirming that the intestinal microbial communities play a key role in
many essential biological functions to fishes (Wang et al., 2018). In addition, showed that the
gut microbiota is very sensitive to many environmental contaminants and that disturbances
induced in it lead to altering the health of the host (Evariste et al., 2019). Assumed that a
biomarker is a biological response measured in the products of an organism, such as feces
(Van Gestel and Van Brummelen, 1996). Recent years, many studies suggested using the gut
microbiota as a biomarker to document adverse effects in the health of the host (Duranti et al.,
2016; Mancabelli et al., 2017). Suggested using the term microbial biomarkers refer to the
biological response that is linked to the exposure of environmental contaminants. Most of the
studies in ecotoxicology of fishes used biomarkers to evaluate the exposure of individuals to
environmental contaminants based primally on chemical, histopathological, biochemical and
genetic analyses (De la Torre et al., 2007; Lee et al., 2015; Ossana et al., 2016; Santana et al.,
2018; Van der Oost et al., 2003). In this study, we showed for the first time that there are
bacterial groups intestinal can be used as potential biomarkers of exposure to environmental
contaminants. This bacterial group is associated with impacted environments. Methylocaldum
and Rhodobacter are correlated strongly with the P. caudimaculatus populations from the
polluted stream, this suggested its use as microbial biomarkers of exposure. The
Methylocaldum are methanotrophic bacteria that use methane as a sole source of carbon and
energy (Bodrossy et al.,, 1997). Our result on Methylocaldum is surprising because this
bacterial genus normally is associated with polluted environments by hydrocarbons residual.
Moreover, Methylocaldum occasionally develops in environments with high temperatures,
between 40 and 50 ° C (Bodrossy et al., 1997; Cvejic et al., 2000; Saidi-Mehrabad et al.,
2013). Rhodobacter is a bacterium that is widely distributed from marine environments to
freshwater. In addition, this bacterial have been related to processes of anoxygenic
photosynthesis, carbon fixation and nitrogen (Mackenzie et al., 2007; Masepohl and
Hallenbeck, 2010). It is very important to inform that this bacterium can be harmful to fish.
Rhodobacter is related to microbial dysbiosis in zebrafish induced by polystyrene
microplastics. Until now, this is the first register where microbial biomarkers from the

intestinal microbiota of fish were used to measure the effect of the environmental
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contamination in the aquatic ecosystems. The presence of these two genera would indicate an
aquatic environment contaminate by anthropogenic residues and petrogenic compounds, e.g.
PAHs. This coincides with the historical contamination that presents the polluted stream, by
urban sewage and industrial effluents (Medeiros et al., 2005). It is possible that our findings
for biomarkers may represent a new functional attribution or that we discovered a new

ecological niche for these groups Methylocaldum and Rhodobacter.

5. Conclusion

This study provided evidence that the fishes wild exposed to the environmental
contamination present changes in the intestinal microbiota. It is likely that the composition
and structure of the intestinal microbial communities of P. caudimaculatus are under the
influence of the environmental contaminants. Our research provides the first evidence of the
microbiota core of the Phalloceros caudimaculatus, which may be constituted by 13 bacterial
OTUs. We found out that the Methylocaldum and Rhodobacter genus may be considered as

possible microbial biomarkers associates to exposure of environmental contaminants.
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651 FIGURE CAPTIONS
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652 52°100'W
653  Fig. 1. Study area. Sampling sites of Phalloceros caudimaculatus in the polluted stream
654  (POL) and the reference stream (REF) in the city of Rio Grande, RS, Brazil. The POL site is

655  located between a highly urbanized area and an industrial area (gray area).
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Fig. 2. Microbiota composition of P. caudimaculatus populations. Bar graphs OTUs-based
showing: A. Relative abundance of bacterial phyla in the intestinal microbiota of each fish. B.
Relative abundances at genera level of each P. caudimaculatus fish. We Analyzed samples

both the reference stream (R1 — R16, green color) as polluted stream (P1-P15, red color).
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Phalloceros caudimaculatus that presented the detection threshold (relative abundance, %)
equal or higher than 0.001. The prevalence varies from 0 % (blue, valueni, = 0.0) to 100 %
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Whiskers extending vertically from the boxes indicate variability outside the upper and lower

quartiles, the single red and blue circles indicate outliers.
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671  Fig. 5. Comparisons of microbial communities based on principal coordinate analysis (PCoA)
672 by distance metrics of binary distances metrics (A) and Bray-Curtis(B). Each point represents
673  a microbial community and the blue and red points represent the reference and polluted
674  streams, respectively. Closer points represent similar microbial communities, while the more
675  distant points represent different microbial communities. It was tested the statistical
676  significance of the groupings of samples with the Adonis function, using the distance
677  matrices. The R2 values were 0.468 (p = 0.001) for binary distance metrics and 0.095 (p =
678  0.01) for Bray-Curtis distance metrics.

679
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Fig. 6. Microbial Biomarkers. The most important bacterial genera for the prediction of
microbial biomarkers for characterization of streams according to the analysis of Random
Forests. Higher values of mean decrease in accuracy indicate OTUs that are more important to

the classification. All OTUs with an importance score >0.001 are listed.
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685  Highlights

222 e 16S rRNA metabarcoding was used to characterize the gut microbiota in fish

688 e The core microbial community in the gut of Phalloceros caudimaculatus was

689 identified

690 e The microbial diversity in gut of fish is lower in an urban than a reference stream

691 e The gut microbiota comunity in fish correlates with the environmental contamination
692 e Methylocaldum and Rhodobacter could represent potential environmental biomarkers

693  Graphical abstract
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CONSIDERACOES FINAIS

A presente dissertacdo teve como objetivo avaliar os impactos dos contaminantes
ambientais na microbiota intestinal dos peixes. Para isso, foi utilizado um enfoque
metagendmico para caracterizar e comparar as comunidades microbianas intestinais de duas
populagoes diferentes de peixe guartu P. caudimaculatus. Os resultados mostraram que o
guari ¢ um bom modelo para estudos toxicolégicos, pois respondem de maneira positiva a
exposi¢ado in situ dos contaminantes ambientais. O estudo com P. caudimaculatus auxiliou na
melhor compreensdo das relagdes microbiota-hospedeiro. Assim, nds sugerimos seguir a
mesma perspectiva usada em P. caudimaculatus em outros peixes selvagens que habitam os

riachos urbanos contaminados.

A associagdo entre a contaminagdo ambiental com a perda da diversidade e alteracao
nas comunidades microbianas ¢ um sinal que problemas maiores poderiam estar ocorrendo
com o hospedeiro. A microbiota intestinal cumpre um papel importante na saide do
hospedeiro, mas existem multiplos estressores ambientais que causam disbiose intestinal nos
peixes. Os peixes amostrados neste estudo estavam expostos a uma mistura de contaminantes
ambientais provenientes dos esgotos urbanos e dos efluentes industriais. Sugerimos que os
grupos microbianos que melhor representaram a cada riacho em nosso estudo seja usado
como indicadores de qualidade ambiental em futuras pesquisas € monitoramento ambiental.
Aqueles grupos microbianos serviram de sinais de aviso prévio da degradacdo ambiental
antecipando assim possiveis danos em maior escala, tais como efeitos deletérios nas

populagdes e comunidades bioldgicas.

Finalmente este estudo langa luz sobre uma perspectiva até entdo pouco considerada,
ou seja, a ideia de utilizar a avaliacdo da microbiota intestinal dos peixes como um parametro
para avaliacdo da qualidade ambiental dos ecossistemas aquaticos. Até onde conhecemos
poucos sdo os estudos que usam esta perspectiva em peixes selvagens. Muitas pesquisas sao
feitas nos laboratérios avaliam o efeito de contaminantes de forma isolada. Os peixes
selvagens estdo expostos a misturas de contaminantes antropicos e a multiplas condigdes
ambientais que nos laboratdrios ¢ dificil de replicar. A avaliagdo dos efeitos da contaminacdo
ambiental através das comunidades microbianas intestinais nos peixes ¢ uma das principais

inovagoes de nossa pesquisa.
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729 ANEXOS 1
730 Autorizacio da CEUA para realizacdo do estudo

COMISSAO DE ETICA EM USO ANIMAL
Db i L A C E | =) A ),

ceua@furg.br _ http://www.propesp.furg.br

CERTIFICADO N° P003/2018

Certificamos que o projeto intitulado “Efeito da contaminagdo ambiental na estrutura e
composi¢do da microbiota de peixe guard’, protocolo n® 23116.008972/2017-05, sob a
responsabilidade de Juliano Zanette - que envolve a produgdo, manutencéo e/ou utilizagdo de
animais pertencentes ao Filo Chordata, subfilo Vertebrata (exceto o homem), para fins de
pesquisa - encontra-se de acordo com os preceitos da Lei n° 11.794, de 8 de outubro de 2008,
do Decreto n® 6.899, de 15 de julho de 2009, e com as normas editadas pelo Conselho
Nacional de Controle da Experimentagdo Animal (CONCEA), e foi APROVADO pela
COMISSAO DE ETICA EM USO ANIMAL DA UNIVERSIDADE FEDERAL DO RIO GRANDE
(CEUA-FURG), em reunio de 24 de janeiro de 2018 (Ata 001/2018).

A CEUA lembra aos pesquisadores que qualquer alteragéo no protocolo experimental ou na
equipe deve ser encaminhada & comiss&o para avaliagdo e aprovagéo. Um relatorio final deve
ser enviado a CEUA no término da vigéncia do seu projeto.

CEUA N° Pg030/2017

COLABORADORES AUTORIZADOS A Christian Deyvis Nolorbe Payahua

MANIPULAR OS ANIMAIS

VIGENCIA DO PROJETO 08/03/2019

ESPECIE/ LINHAGEM / RAGA Jenynsia multidentata e Phalloceros
caudimaculatus

NUMERO DE ANIMAIS : Jenynsia multidentata — 120

Phalloceros caudimaculatus - 90

PESO/ IDADE ; 5 g / Adultos

SEXO Machos

ORIGEM Estudrio da Lagoa dos Patos, RS

ENVIO DO RELATORIO FINAL 3 Margo de 2019

Rio Grande, 26 de janeir 018.

gueiredo
or da CEUA-FURG

Med. Vet. Marcio de
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