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Resumo 

O Quadrilátero Ferrífero (Minas Gerais, Brasil) é uma das maiores regiões de mineração do 

mundo, sendo historicamente explorada por mais de 300 anos. Desde então, muitos metais e 

metaloides tóxicos foram liberados no ambiente, levando a contaminação de corpos d’água. 

Considerando que a comunidade procariótica influencia a biodisponibilidade destes elementos 

tóxicos e sua importância no equilíbrio ecológico de ambientes, investigou-se no microbioma a 

diversidade taxonômica e funcional no sedimento do Córrego da Mina, historicamente 

contaminado por metais.  Abordagens clássica de cultivo – com ênfase em bactérias resistentes ao 

arsênio (As) e genes responsáveis pela sua transformação –, e metagenômica, usando plataforma 

de sequenciamento de nova geração, foram empregadas. Cento e vinte e três isolados bacterianos 

oxidadores de AsIII e redutores de AsV foram identificados, representados por 20 gêneros. Este 

estudo descreve pela primeira vez os gêneros Thermomonas e Pannonibacter como 

transformadores de As. A caracterização fenotípica dos isolados revelou que 72% foram redutores 

de AsV e 20% oxidadores de AsIII. Além disso, a caracterização genotípica revelou a presença 

dos genes arsC, aioA e arrA nos isolados: 85% dos isolados abrigaram o gene arsC, 20% o gene 

aioA e 7% o gene arrA. A análise filogenética dos genes arsC e aioA dos isolados e das 

bibliotecas de clones sugerem que os isolados obtidos representam bactérias ambientalmente 

importantes na especiação do As. Além disso, o perfil taxonômico revelado pela análise do 

metagenoma evidenciou uma comunidade complexa, com dominância dos filos Proteobacteria e 

Parvarcheota. Genomas de bactérias e arqueias foram reconstruídos baseados em anotações do 

banco de dados SEED, destacando-se os genomas de Candidatus Nitrospira defluvii e 

Nitrosopumilus maritimus. A presença dessas espécies no sedimento sugere importante 

participação no ciclo de C e N. Reconstrução funcional revelou um conjunto diversificado de 

genes para a assimilação de amônia e amonificação. Estes processos estão envolvidos na 

manutenção do ciclo de N no sedimento. Além disso, a anotação funcional do metagenoma 

revelou uma grande diversidade de genes de resistência a metais. Verificou-se, ainda, elevada 

diversidade metabólica no sedimento do Córrego da Mina, sugerindo que a contaminação histórica 

por metais, com ênfase em As, não mais afeta a comunidade procariótica. Portanto, os resultados 

aqui relatados adicionam novos conhecimentos na composição taxonômica e funcional microbiana 

de sedimentos contaminados por metais.  
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Abstract 

The Iron Quadrangle (Minas Gerais, Brazil) is one of the world’s largest mining regions, being 

historically explored for over 300 years. Since then, many toxic metals and metalloids were 

released into the environment, leading to contamination of water bodies. Since prokaryotic 

community influences the bioavailability of these toxic elements and their importance in the 

ecological balance of various environments, we investigated the taxonomic and functional 

diversity in the microbiome from Mina Stream, historically metal-contaminated. Classical 

approache of cultivation - with emphasis on As-resistant bacteria and genes responsible for As 

transformation -, and metagenomic sequencing using next-generation platform were applied. One 

hundred and twenty-three bacterial isolates were identified as AsIII oxidizers and AsV reducers, 

represented by 20 genera. This study describes for the first time Thermomonas and Pannonibacter 

as As-transforming genera. Phenotypic characterization of isolates revealed that 72% were AsV 

reducers and 20% were AsIII oxidizers. In addition, the genotype characterization revealed the 

presence of arsC, arrA and aioA genes in the bacterial isolates: 85% of the isolates harbored arsC 

gene, 20% aioA gene and 7% arrA gene. Phylogenetic analysis of arsC and aioA genes obtained 

from the isolates and clones suggest that these isolates represent environmentally important 

bacteria acting on the As transformation. Moreover, taxonomic profile obtained by metagenome 

analysis revealed a complex community, with dominance of Proteobacteria and Parvarcheota.  

Bacterial and archaeal genomes were reconstructed based on SEED subsystems database, 

especially Candidatus Nitrospira defluvii and Nitrosopumilus maritimus. Their presence 

implicated them in C and N cycling in the MSS. Functional reconstruction revealed a large diverse 

set of genes for ammonium assimilation and ammonification. These processes have been 

implicated in the maintenance of N cycle of the sediment. Functional annotation unveiled a high 

diversity of metal resistance genes. Furthermore, a high metabolic diversity was detected in the 

sediment of Mina Stream, suggesting that the historical metal contamination is no longer affecting 

it. Finally, the results reported herein may contribute to expand the current knowledge of the 

microbial taxonomic and functional composition of metal-contaminated sediments. 
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Estrutura da Tese 

 
Esta tese apresenta a seguinte organização: justificativa do trabalho, seguida de uma introdução 

geral com uma revisão bibliográfica abordando os principais temas propostos, os objetivos gerais 

e específicos. Em seguida, os artigos aceito e submetido serão apresentados na forma de capítulos: 

capítulo 1 - Bacteria and genes involved in arsenic speciation in sediment impacted by long-

term gold mining; capítulo 2 - Metagenome of a microbial community inhabiting a metal-

rich tropical stream sediment. Finalmente, uma discussão e conclusão geral será apresentada, 

seguida de referências bibliográficas e anexos.   
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O Brasil se destacou desde o início da sua colonização pela abundância de seus recursos 

naturais. Inicialmente, sofreu com a extração da madeira do pau-brasil e, logo em seguida, com a 

exploração da riqueza mineral presente no território brasileiro. A atividade mineradora de ouro e 

de diamante foi de alta relevância nos aspectos sócio-econômicoe políticodo Brasil-Colônia, 

durante quase todo o século XVIII, levando a um grande avanço territorial com as expedições para 

o interior do país. Internacionalmente conhecida como uma atividade que desenvolve a economia 

do país, a mineração tem forte impacto na economia de grandes nações, como os Estados Unidos, 

Austrália e Canadá, dentre outros. No Brasil, a exploração mineral é até os dias de hoje de extrema 

importância sendo um dos setores básicos da economia e contribui para o desenvolvimento da 

sociedade, já que os minérios explorados estão em todos os produtos utilizados pelo homem 

(Mello et al., 2006). 

O crescente desenvolvimento tecnológico e industrial no Brasil aumenta a demanda pelos 

metais, cuja extração só é possível através da escavação de rochas e de solos, gerando, em 

consequência, a liberação de rejeitos industriais metálicos de Fe, Pb, As, Cr, Zn, Cd, Cu, Hg, 

dentre outros. Devido a sua facilidade de solubilização e posterior mobilização, podem causar 

danos significativos ao ambiente e à saúde humana (Moraes & Jordão, 2002; Ávila & Monte-Mór, 

2007; Rabadjieva et al., 2008). A exploração dos recursos minerais de forma desordenada sempre 

esteve associada à destruição da natureza, e são frequentes as imagens dos impactos provocados 

principalmente por minas a céu aberto (Pompêo et al., 2004). 

No Brasil, a região do Quadrilátero Ferrífero (MG) apresenta uma contaminação histórica 

das águas e sedimentos de rios e córregos por As devido aos rejeitos gerados ao longo de 300 anos 

de atividade mineradora nessa área (Borba et al., 2000; Deschamps et al., 2002; Borba et al., 2004; 

Bundschuh et al., 2012). A Bacia do Rio das Velhas, principalmente a região de Nova Lima, 

localizada no Quadrilátero Ferrífero, apresenta altas concentrações de As em seus rios e córregos, 

tornando necessário estudos sobre a comunidade de microrganismos nesse ambiente.  
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A análise molecular da diversidade taxonômica e funcional da comunidade de procariotos 

em ambientes contaminados por metais amplia o conhecimento dos seus ciclos biogeoquímicos, 

como, por exemplo, a mobilidade ou imobilidade de determinados metais, como o As. Além disso, 

pode revelar interações que mantêm a comunidade procariótica nesses ambientes impactados, 

podendo levar à identificação de novas espécies e de genes de interesse biotecnológicos ainda não 

descritos. Embora existam estudos sobre a composição de comunidades de bactérias resistentes a 

As em ambientes impactados por mineração de ouro, pouco se sabe sobre essas bactérias em 

sedimento historicamente impactado por As (Anderson & Cook, 2004; Chang et al., 2008; 

Drewniak et al., 2008; Cai et al., 2009; Oliveira et al., 2009; Cavalca et al., 2010). 

Sabe-se que os sedimentos exercem um papel importante no transporte e armazenamento 

de contaminantes refletindo na ecologia e biodiversidade do sistema aquático. Na maioria desses 

ambientes, as concentrações de metais dissolvidos na água são baixas, pela precipitação de sólidos 

ou adsorção de partículas suspensas depositadas no sedimento. Além disso, as bactérias exercem 

um papel essencial no ciclo biogeoquímico do As, influenciando sua especiação e 

biodisponibilidade. Portanto, é relevante conhecer a diversidade e as funções metabólicas dessa 

comunidade, podendo revelar novos genes e vias metabólicas de interesse biotecnológico, 

incluindo possíveis indicadores. 
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2.1 - Arsênio 

 

 O arsênio (As) é o 20º elemento mais abundante da crosta terrestre. Na natureza encontra-

se em minérios associado principalmente à compostos sulfurosos de Fe, e outros como Au, Ag, 

Cu, Sb, Ni e Co, sendo a arsenopirita (FeAsS) o minério mais abundante encontrado na crosta. O 

intemperismo das rochas contendo As e a extração de metais pelas mineradoras, que só é possível 

através da quebra de rochas e escavação de solos, pode levar à liberação desse metalóide no solo e 

corpos de água adjacentes (Lièvremont et al., 2009; Tsai et al., 2009). Apesar da principal fonte de 

contaminação do As ser natural, as atividades antrópicas, principalmente a mineração e o refino de 

metais, contribuem e aceleram a liberação desse metalóide no ambiente. Outras atividades 

humanas também podem resultar na liberação de As no ambiente, como o seu uso na produção 

farmacêutica, no processamento de madeira, na fabricação de vidro e em fungicidas utilizados na 

agricultura (Lièvremont et al., 2009). O uso do As na indústria e na agricultura vem sendo 

descontinuado, mas resíduos da contaminação causada por essas atividades ainda podem ser 

encontrados no ambiente (Páez-Espino et al., 2009).  

 O As é um tóxico bastante conhecido pelo homem, ocupando o primeiro lugar na lista de 

contaminantes de água potável (Slyemi & Bonnefoy, 2012). Poluição da água é um dos principais 

desafios para a saúde pública, principalmente devido a seu potencial carcinogênico em baixas 

doses (Bhattacharya et al., 2007; McClintock et al., 2012; Kruger et al., 2013). Sua exposição 

prolongada pode ter efeito teratogênico e clastogênico (Chen et al., 2005). 

O As é encontrado no ambiente em diferentes estados oxidativos: arseniato (AsV), 

arsenito (AsIII), arsênio elementar (As
0
) e arsenieto (As-III), sendo considerado um elemento 

bastante móvel no ambiente devido a essa grande variação em seus estados oxidativos, permitindo 

sua presença em diferentes condições ambientais (Tsai et al., 2009). O ciclo biogeoquímico do As 

está ilustrado na Figura 1. 
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Figura 1- Ciclo biogeoquímico do arsênio. Fonte: Tsai et al., 2009, modificado.  

  

O ciclo biogeoquímico deste elemento envolve diversos processos físico-químicos e 

biológicos nos quais os procariotos desenpenham papel fundamental (Lièvremont et al, 2009). As 

formas inorgânicas AsV e AsIII são as principais formas que ocorrem no ambiente aquático e a 

proporção relativa desses dois estados de oxidação depende de vários fatores, como processos 

biológicos e condições físico-químicas (Escalante et al., 2009; Liao et al., 2011). As
0 

e arsina 

(AsH3) são encontrados em ambientes extremamente redutores. O AsV é a forma inorgânica de As 

em ambientes aeróbicos com alto Eh  (potencial oxidação-redução) e pH baixo, enquanto que, 

inversamente, AsIII se torna dominante em ambientes anaeróbicos, com baixo Eh e pH alto. Além 

de ser menos tóxico que AsIII, AsV tem a tendência de ser fortemente adsorvido ligando-se com 

minerais inorgânicos, especialmente minério de ferro e óxidos de alumínio, sendo imobilizado no 

sedimento, enquanto que, AsIII é considerado mais solúvel mantendo-se biodisponível na água 

(Oremland & Stoltz, 2005). Portanto, dependendo das características abióticas do ambiente, como 

o potencial redox e o pH, estados oxidativos distintos do As podem predominar.  
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 Além das condições físico-químicas, diversos estudos fazem a ligação da especiação do 

As, ou seja, a transformação de uma forma inorgânica em outra, com as atividades microbianas no 

ambiente (Paez-Espino et al., 2009; Lièvremont et al., 2009). A proporção dos vários estados 

oxidativos do As em um determinado ambiente depende de reações envolvidas no metabolismo de 

microrganismos, especialmente de bactérias, como a redução do AsV, a oxidação do AsIII e várias 

reações de metilação (Figura 1). Essas reações protegem os microrganismos dos efeitos tóxicos 

desse metalóide e podem contribuir para o aumento ou redução da contaminação, dependendo da 

estrutura da comunidade bacteriana presente no ambiente (Lièvremont et al., 2009). Além disso, 

diversos microrganismos têm mostrado capacidade de metilar As originando monometil, dimetil e 

trimetil (Orelamd & Stolz, 2003). Essas arsinas metiladas são voláteis e rapidamente liberadas 

para a atmosfera (Figura 1). Portanto, o estudo da composição da comunidade bacteriana nesses 

ambientes é de extrema relevância para entender a especiação do As no ambiente. Além disso, 

pode-se entender sua participação no ciclo biogeoquímico do As, possibilitando o uso de bactérias 

indígenas ou geneticamente modificadas na biorremediação do ambiente contaminado por arsênio.  

 

2.2 - Arsênio um poluente global 

 

 As altas concentrações de As nos corpos d’água e solo em diversas regiões do mundo são 

decorrentes, principalmente, de atividades antrópicas, como mineração e indústria metalúrgica, e 

intemperismo de rochas ricas em minérios contendo As (Figura 2) (Smedley & Kinniburgh, 2002). 

Vários países têm enfrentado problemas ambientais causados pela contaminação por As, sendo 

detectados níveis acima do limite permitido pela Organização Mundial de Saúde (10 μg/L para a 

água potável) (WHO, 2001).  
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 Figura 2 - Mapa das regiões contaminadas com arsênio e risco da exposição crônica nessas áreas. 

Fonte: Schwarzenbach et al., 2010, modificado. 

 

 Diversos países tiveram problemas de saúde pública devido à liberação de As causada pelo 

intemperismo de rochas contendo esse metalóide. O caso mais grave de contaminação por 

intemperismo, e que foi responsável pelo maior problema de saúde pública do mundo, devido a 

altas concentrações de As em águas utilizadas para consumo, ocorreu devido à contaminação de 

água subterrânea em Bangladesh, e West Bengal (Índia), onde pelo menos 100 milhões de pessoas 

ficaram expostas ao risco de câncer e outras doenças relacionadas à ingestão de altas 

concentrações de As (Orelamd & Stolz, 2005). Além disso, o intemperismo foi responsável pela 

contaminação de águas no Nepal, Paquistão, Vietnã, Camboja e Austrália, causando dificuldades 

ao abastecimento dos recursos hídricos nessas regiões (Bhattacharya et al., 2007).  

 A contaminação de recursos hídricos por As causada por atividades antrópicas também já 

foi relatada em diversos locais ao redor do mundo, como Guam – uma ilha do Oceano Pacifico –, 

Estados Unidos e Canadá. Nas Américas do Sul e Central ocorre liberação do As por ambas as 

formas, intemperismo e atividades antrópicas, abrangendo países como México, Argentina, 
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Bolívia, Nicarágua, Brasil, dentre outros (Figura 3) (Matschullat, 2000; Nordstrom, 2002; 

Smedley et al., 2002; 2005; Barragner-Bigot, 2004; Bhattacharya et al., 2007).  

 

 

Figura 3 – Mapa mostrando as regiões das Américas Central e do Sul onde foram detectadas altas 

concentrações de arsênio. As regiões destacadas no Brasil são: Nova Lima (92), Santa Bárbara 

(93) e Ouro Preto/Mariana (94). Fonte: Bundschuh et al., 2012, modificado. 
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2.3 - Quadrilátero Ferrífero 

 

O Quadrilátero Ferrífero, situado no Estado de Minas Gerais, é considerado uma das 

regiões mais ricas em minérios do mundo, principalmente, minério de ferro e ouro, abrigando 

diversas minas de ouro ativas ou atualmente abandonadas (Daus et al., 2005; Bundschuh et al., 

2012).  Essa região vem sendo explorada desde o final do século XVII, tendo como o auge da 

exploração mineral o século XVIII e, portanto, sofre com o despejo histórico de rejeitos e com a 

contaminação por metais pesados associados a eles em córregos, rios, lagoas, águas subterrâneas e 

sedimentos na região há mais de 300 anos, levando a impactos ambientais significativos 

(Matschullat et al., 2000; Costa et al., 2003).  

A presença de altos níveis de As nessa região deve-se, principalmente, a fontes antrópicas 

relacionadas a atividades de mineração e refino de minério de depósitos auríferos sulfetados, como 

a arsenopirita (FeAsS) (Borba et al., 2003). O Quadrilátero Ferrífero contribuiu com a produção de 

1.300 t de ouro nos últimos três séculos e, considerando a razão As/Au nos minérios, que pode 

variar de 300 a 3.000, estima-se que entre 390.000 t a 3.900.000 t de As podem ter sido liberadas 

para o ambiente (Borba et al., 2000; Deschamps et al., 2002). O Quadrilátero Ferrífero é 

reconhecido como uma área de alta contaminação por As, possuindo risco potencial de exposição 

crônica (Garelick & Jones, 2008; Schwarzenbach et al., 2010; Bundschuh et al., 2012) (Figuras 2 e 

3).  

Dentre as principais e mais antigas regiões de mineração de ouro do Quadrilátero 

Ferrífero estão as regiões de Nova Lima, Santa Bárbara e Ouro Preto/Mariana (Figura 3). As 

concentrações de As em Nova Lima são extremamente altas devido ao despejo de rejeitos de 

mineração que eram depositados ao longo do Córrego Cardoso, um afluente do Rio das Velhas 

(Bundschuh et al., 2012). Estudos realizados pelo Instituto Mineiro de Gestão das Águas (IGAM) 

na Bacia do Rio das Velhas revelaram concentrações elevadas de metais tóxicos acima dos limites 

determinados pela lei brasileira (IGAM, 2012). As maiores concentrações de As detectadas nessa 

bacia são encontradas em seu alto curso, sendo muito acima do permitido pelo Conselho Nacional 
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do Meio Ambiente (CONAMA) – órgão que determina as leis ambientais (0,5 mg/L de As – 

Resolução N
o
 430, 2011). Além das fontes antrópicas, fontes naturais de As no Quadrilátero 

Ferrífero podem levar à contaminação e estão relacionadas às rochas que contêm depósitos 

auríferos sulfetados, formados por arsenopirita e pirita. Essas rochas sofrem intemperismo, 

seguido de lixiviação e drenagem do As, resultando na contaminação de águas e sedimentos 

(Borba et al, 2004).  

A contaminação das águas presentes no Quadrilátero Ferrífero é extremamente 

prejudicial à saúde já que o abastecimento público de água é feito através das bacias hidrográficas 

situadas nessa região (Borba et al, 2004). Estudo realizado para determinar a concentração de As 

na urina de mais de 300 pessoas, principalmente crianças de 8 a 14 anos, residentes em três 

cidades pertencentes ao Quadrilátero Ferrífero (Nova Lima, Santa Bárbara e Ouro Preto), revelou 

altas concentrações desse metalóide na urina amostrada, variando de 2 a 106 μg/L. Segundo 

Matschullat et al. (2007), concentrações de As na urina variando de 15 a 40 g/L são consideradas 

críticas para a saúde. Destaca-se, ainda, que as amostras coletadas na região de Nova Lima 

apresentaram as maiores concentrações de As, recomendando a necessidade o monitoramento da 

contaminação dos recursos hídricos dessa região. 

A contaminação por metais pesados de águas utilizadas para o consumo por diversas 

cidades torna essencial a pesquisa do efeito dessa contaminação sobre comunidades de seres 

vivos. Considerando que a comunidade microbiana é essencial em diversos processos ecológicos, 

como a cadeia alimentar aquática, qualquer alteração ambiental deve ser primeiramente observada 

nesta comunidade. Os microrganismos têm papel essencial na dissolução e transformação de 

diversos metais em sua forma biologicamente ativa. Portanto, torna-se relevante o conhecimento 

da estrutura e diversidade desses microrganismos em ambientes contaminados por metais pesados 

e metaloides. 
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2.4 - Resistência bacteriana ao arsênio 

 

Os microrganismos desenvolveram mecanismos dinâmicos de resposta ao As na natureza. 

Dependendo da espécie de microrganismo presente no ambiente estas respostas podem ser: 

quelação, compartimentalização, exclusão ou transfomação bioquímica (Paez-Espino et al., 2009; 

Tsai et al., 2009; Slyemi & Bonnefoy, 2012). A maioria dos organismos vivos desenvolveu 

mecanismos de resistência ao As, mas apenas alguns são capazes de utilizá-lo para obter energia. 

Além disso, alguns microrganismos são capazes de metilar as formas inorgânicas ou desmetilar os 

compostos orgânicos contendo As (Páez-Espino et al., 2009).  

Apesar de diversos microrganismos utilizarem as formas inorgânicas de As como aceptor 

ou doador de elétrons, as células bacterianas não possuem transportadores específicos para a 

captação de As devido à sua extrema toxicidade, levando suas formas inorgânicas a entrarem na 

célula utilizando outros transportadores (Tsai et al., 2009; Slyemi & Bonnefoy, 2012). Devido à 

similaridade química do AsV com o fosfato, o primeiro entra na célula através dos transportadores 

de fosfato, como os transportadores Pst e Pit que permitem a entrada de AsV em E. coli. Já a 

forma inorgânica AsIII entra na célula através de aquaporinas (GlpF) em E. coli (Figura 4) (Páez-

Espino et al., 2009; Kruger et al., 2013).  
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Figura 4 - Mecanismos de entrada e de resistência ao arsênio na célula bacteriana. (A) AsV entra 

na célula através de transportadores de fosfato e AsIII entra na célula através de aquaporinas. (B) 

Dentro da célula, AsV é reduzido a AsIII pela enzima ArsC. O AsIII produzido é eliminado da 

célula pela bomba de efluxo ArsB. Além disso, (C) AsIII atua como doador de elétrons no 

processo de oxidação a AsV. (D) AsV também pode atuar como aceptor final de elétrons durante a 

respiração celular. (E) Arsênio inorgânico também pode ser transformado em espécies orgânicas 

através do processo de metilação. Fonte: Krueger, 2013. 

 

 A metilação é um mecanismo de resistência considerado um processo de detoxificação das 

células por meio da metilação das formas inorgânicas AsV e AsIII. Em eucariotos superiores, a 

enzima glutationa reduz AsV a AsIII, sendo o último metilado e transformado nas formas 

orgânicas, ácido dimetilarsínico (DMA - (CH3)2AsO(OH)), ácido monometilarsônico (MMA - 

CH3AsO(OH)2) e tetrametilarsônio ((CH3)3As
+
). A reação de metilação é diferente nas células 

bacterianas, onde AsIII é primeiramente oxidado a AsV e metilado em seguida (Stolz et al., 2002; 

Tsai et al, 2009). As formas orgânicas metiladas de As são voláteis e liberadas rapidamente para o 

ambiente. Apesar da metilação ser considerada apenas um mecanismo de detoxificação, estudos já 
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demonstraram que nem sempre as formas metiladas são menos tóxicas, como, por exemplo, o 

óxido metilarsina, o qual é mais tóxico do que AsIII para a levedura Cryptococcus humiculus 

(Bentley & Chasteen, 2002; Slyemi & Bonnefoy, 2012). Além do processo de metilação, alguns 

microrganismos são conhecidos por realizarem o processo contrário, ou seja, desmetilar 

compostos orgânicos metilados de arsênio transformando em AsV que será usado como fonte de 

energia (Slyemi & Bonnefoy, 2012). 

 O mecanismo de resistência bacteriana baseado na redução de AsV e na oxidação de AsIII 

pode ser classificado em duas categorias: transformações do As que consistem em reações de 

detoxificação da célula bacteriana e transformações que geram energia para o crescimento celular 

(Figura 4) (Stolz et al., 2002; Silver & Phung, 2005).  

Atualmente, duas formas de redução de AsV já foram descritas, sendo a primeira um 

mecanismo de detoxificação e a segunda um mecanismo de geração de energia. O operon ars 

(Figura 4), responsável pelo sistema de detoxificação, é o mais frequente entre as bactérias na 

natureza. Ele é constituído por três genes (arsR, arsB e arsC) podendo conter, em algumas 

bactérias, até cinco genes (arsR, arsD, arsA, arsB e arsC) (Lièvremont et al., 2009). Os genes 

arsA e arsB codificam uma bomba de efluxo transmembrana que exporta AsIII da célula, 

reduzindo a sua concentração intracelular. O gene arsC codifica a enzima arseniato redutase, que é 

responsável pela biotransformação de AsV para AsIII. Os genes arsR e arsD codificam um 

repressor da transcrição e uma chaperona que tem como função transferir AsIII para a bomba de 

efluxo, respectivamente (Silver & Phung, 2005; Kaur et al., 2009; Páez-Espino et al., 2009; Liao 

et al, 2011). As enzimas arseniato redutase são pequenas e pertencem a duas famílias distintas que 

evoluíram convergentemente: thioredoxin e glutaredoxin, constituídas por enzimas codificadas por 

homólogos do gene arsC encontrado nos plasmideos pI258 de Staphylococcus aureus e R773 de 

Escherichia coli, respectivamente (Krueger et al., 2013). Essas duas famílias diferem em suas 

estruturas e nos mecanismos de redução, mas ambas são codificadas pelo gene arsC (Slyemi & 



18 

 

Bonnefoy, 2012). O operon ars foi descoberto primeiramente em plasmídeos, mas pode ser 

encontrado no cromossomo de diversos organismos (Stolz, 2010). 

 Além do mecanismo de detoxificação, outro processo de redução de AsV, conhecido como 

redução dissimilatória, já foi descrito para diversos filos bacterianos, incluindo bactérias 

anaeróbias obrigatórias e facultativas e algumas arqueias (Lièvremont et al, 2009). Geospirillum 

arsenophilus, isolada de sedimentos anóxicos, foi a primeira bactéria descrita na qual o processo 

de respiração dissimilatória acontece (Ahmann et al., 1994). A enzima arseniato redutase 

dissimilatória ArrAB é composta de duas subunidades: maior, ArrA (100 kDa), e menor, ArrB (30 

kDa) (Slyemi & Bonnefoy, 2012). A arseniato redutase é uma enzima periplasmática que funciona 

durante a respiração anaeróbia, utilizando AsV como aceptor final de elétrons (Malarsan et al, 

2004). As duas subunidades são codifiadas pelos genes arrA e arrB que estão agrupados em um 

operon. Variação no número de genes dentro do operon arr já foi detectada em algumas bactérias, 

especialmente na análise do genoma de Desulfitobacterium hafniense, onde foram encontradas 

cinco orfs codificando: ArrC, uma proteína de membrana que serve como âncora para a ArrAB; 

uma chaperona ArrD, que parece estar envolvida na inserção de cofator em ArrA;  ArrR, ArrS, e 

ArrT consideradas três proteínas reguladoras (Reyes et al., 2008).  

A oxidação microbiana do AsIII foi descrita pela primeira vez em 1918 e é mediada por 

duas arsenito oxidase distintas: AioBA e ArxAB. Os genes responsáveis pela oxidação de arsenito 

já foram descritos em diversas espécies bacterianas heterotróficas e quimioautotróficas 

(Hamamura et al, 2009). A oxidação de AsIII é catalizada pela enzima AioBA codificada pelos 

genes aioB e aioA, anteriormente chamados de aoxA/B, aroB/A e asoB/A (Lett et al., 2012). Essas 

bactérias utilizam, através de respiração aeróbia e anaeróbia, AsIII como doador de elétrons para a 

redução de oxigênio e nitrato (Lièvremont et al, 2009). A energia produzida é usada para fixar 

CO2, fornecendo carbono necessário para o crescimento. Em populações onde bactérias 

heterotróficas e quimioautotróficas estão presentes, as primeiras conseguem sobreviver utilizando 
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substâncias orgânicas produzidas pelas bactérias quimioautotróficas (Hamamura et al, 2009; 

Lièvremont et al, 2009).  

Recentemente, uma nova arsenito oxidase, ArxAB, foi descrita em Alkalilimnicola 

ehrlichii e Ectothiorhodospira sp. (Zargar et al., 2010; Zargar et al., 2012). O operon arx, 

contendo os genes arxA e arxB, só é expresso na presença de condições anaeróbicas e quando 

AsIII está presente no ambiente (Zargar et al., 2010). Estudos filogenéticos detectaram uma 

relação próxima entre as enzimas ArxAB, ArrAB e AioBA, sendo as duas primeiras mais 

próximas uma da outra (Slyemi & Bonnefoy, 2012; Kruger et al., 2013). Essa proximidade 

filogenética fez com que Oremland e colaboradores (2009) sugerissem que a enzima ArxAB seria 

a forma ancestral de ArrAB e AioBA.  

 

2.5 - Diversidade de procariotos 

 

 A descoberta, o cultivo e a pesquisa de novos microrganismos vêm sendo estudada pelos 

microbiologistas desde os primórdios da bacteriologia. Robert Koch (1880) foi o responsável pelo 

surgimento da bacteriologia, a partir do desenvolvimento de técnicas laboratoriais. O cultivo de 

microrganismos foi de extrema importância para a consolidação da Microbiologia e as 

informações contidas atualmente em livros-texto vieram do estudo de organismos em cultura pura 

(Handelsman, 2004). O fascínio em estudar as interações desses seres microscópicos e 

unicelulares com o seu habitat se deve ao fato de constituírem a maior parte, e ainda grandemente 

desconhecida, da biota terrestre. A diversidade procariótica é o resultado de cerca de 3,8 bilhões 

de anos de evolução, sendo esses seres extremamente versáteis metabolicamente, fundamentais 

nos ciclos biogeoquímicos, processos de biorremediação, síntese de produtos naturais, biocatálise 

e conversão de energia, possibilitando a ocupação de todos os habitats da Terra (Rondon et al., 

2000; Torsvik et al., 2002).  
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 Entretanto, com o surgimento das técnicas moleculares e de métodos independentes de 

cultivo revelou-se que o cultivo não detectava a real diversidade dos microrganismos. Além disso, 

a ênfase nos estudos com cultura pura levava à separação dos microrganismos de suas 

comunidades e direcionava o foco para seu comportamento em ambientes biologicamente simples, 

como a placa de Petri e os tubos de ensaio. Assim, por um longo período, a análise integrada das 

comunidades microbianas complexas foi prejudicada (Shapiro  Dworkin, 1997). Apesar do 

cultivo não ser a técnica adequada em estudos de diversidade, a obtenção de culturas de 

microrganismos ainda é muito importante e permanece como um grande desafio para o estudo das 

comunidades microbianas. Deve-se salientar que o cultivo é necessário para que se possa conhecer 

a atividade metabólica e fisiológica dos microrganismos e sua participação em importantes 

processos ambientais, além de ser necessária para a identificação de novas espécies (Garland, 

1996; Foley et al, 2008).  

 Até a década de 1980 a classificação taxonômica baseava-se apenas em comparações 

fenotípicas, incluindo características morfológicas, fisiológicas, metabólicas e químicas das 

células. Para superar a dificuldade e as limitações encontradas nas técnicas de cultivo, técnicas 

moleculares, como a reação em cadeia pela polimerase (PCR) (Mullis, 1987) e o sequenciamento 

de DNA (Sanger, 1977), tiveram forte impacto, sendo extremamente valiosas em diversas áreas da 

ciência, em particular na classificação microbiana. A introdução do sequenciamento do gene de 

RNA ribossômico (rRNA) 16S e seu uso como marcador molecular trouxe uma dimensão 

filogenética à taxonomia bacteriana e tem fornecido informações consideráveis sobre a taxonomia, 

a ecologia e a evolução de espécies de procariotos encontradas nas amostras ambientais, sem a 

necessidade de isolamento e cultivo (Woose, 1987; Rappé & Giovannoni, 2003; Tringe & 

Hugenholtz, 2008; Nascimento, 2011).  

 Os RNAs ribossômicos (rRNA) são moléculas antigas e conservadas, sendo elementos 

importantes do ribossomo e responsáveis pela síntese protéica de todos os organismos, e de amplo 

interesse evolutivo tanto em procariotos como em eucariotos. Nos procariotos essa organela é 
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formada por duas subunidades ribossômicas: a subunidade 30S, composta por proteínas e o rRNA 

16S, e a subunidade 50S, composta de proteínas e dos rRNAs 5S e 23S (Woese, 1987). Para 

garantir a produção dos três tipos de RNA em quantidades iguais, os genes que dão origem aos 

rRNAs de ambas as subunidades, 5S (120 pb), 16S (1542 pb) e 23S (2904 pb), estão agrupados 

em um único operon (Figura 5). Apesar da maioria das espécies de procariotos possuir no máximo 

duas cópias desse operon, algumas espécies podem conter múltiplas cópias em seu genoma, 

variando de três a oito e, em poucas espécies, chegando a 15 cópias (Tourova, 2003). 

 

 

Figura 5 – Esquema do operon ribossômico dos procariotos. 

 

 Dentre os três genes ribossômicos, os genes dos RNAs 16S e 23S possuem em sua 

estrutura primária uma combinação de regiões conservadas, variáveis e altamente variáveis, 

permitindo a diferenciação de procariotos, com resolução suficiente, tanto em nível de domínio e 

filo quanto em nível de gênero e até mesmo espécies (Yarza et al., 2014). O gene de rRNA 16S 

possui 9 regiões, V1-V9, que diferem em tamanho e em relação a sua utilidade para a taxonomia 

microbiana (Figura 6). A escolha dos iniciadores para a análise de microbiomas é a parte mais 

crítica do processo já que o uso de iniciadores inadequados pode levar a sub-representação de 

grupos bacterianos, gerando conclusões biológicas questionáveis (Klindworth et al., 2013). 

Recentemente, pesquisadores avaliaram estas regiões para definir qual delas melhor definia a 

diversidade bacteriana e chegaram à conclusão que as regiões V3 e V4, analisadas juntas, cobrem 

um amplo espectro de filos bacterianos, sendo as regiões ideais para estudo de microbioma 
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(Klindworth et al., 2013). Estas características tornam essas moléculas ótimos cronômetros 

evolutivos para estudos filogenéticos dos procariotos. Ao longo das últimas décadas, o gene de 

rRNA 16S vem tendo destaque nos estudos de diversidade, evolução e ecologia dos procariotos, 

sendo o marcador taxonômico mais sequenciado, tornando-se o atual pilar da classificação de 

bactérias e arqueias (Madigan et al., 2004; Pontes et al., 2007; Yarza et al., 2014). 
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Figura 6 – Estrutura secundária do gene de rRNA 16S de Escherichia coli. As regiões variáveis 

estão destacadas por cores: rosa – V1 e V2; laranja – V3; amarelo – V4; verde – V5 e V6; azul –

V7 e V8 e roxo – V9. Fonte: Yarza et al., 2014. 

 De acordo com a análise dos genes de rRNA, a vida se divide em três domínios: Bacteria, 

Archaea e Eukarya, sendo que os dois primeiros, os procariotos, são constituídos exclusivamente 
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por microrganismos. Com o surgimento da PCR e do sequenciamento do gene rRNA 16S foi 

possível para Woese e colaboradores, em 1987, distinguir 12 grandes filos do domínio Bacteria 

usando metodologia baseada no cultivo bacteriano. Atualmente, os filos descritos por Woese são 

denominados Proteobacteria, Actinobacteria, Firmicutes, Chlamydiae, Planctomycetes, 

Cyanobacteria, Bacteroidetes, Chlorobi, Spirochaetes, Chloroflexi, Deinococcus-Thermus e 

Thermotogae. Desde 1987, outros 14 filos foram descobertos e caracterizados através de técnicas 

dependentes de cultivo e, dentre eles, estão filos bem conhecidos como Fusobacteria, 

Acidobacteria, Nitrospira, Aquificae (Rappé & Giovannoni, 2003). Em 1996, a partir de 

sequências de rRNA 16S obtidas de amostras ambientais, técnicas independentes de cultivo 

permitiram a descrição de 26 novos filos, sem representantes cultivados (Hugenholtz et al, 1998; 

Handelsman, 2004). Atualmente, existem nos bancos de dados cerca de 84 filos bacterianos que 

foram descobertos utilizando técnicas dependentes e independentes de cultivo (GreenGenes, 

última atualização em outubro de 2014).  

 O domínio Archaea é constituído por cinco filos, Crenarchaeota, Euryarchaeota, 

Korarchaeota, Thaumarchaeota e Nanoarchaeota, os quais foram obtidos por meio do 

sequenciamento do rDNA 16S, utilizando técnicas dependentes e independentes de cultivo 

(GreenGenes, última atualização em outubro de 2014). Recentemente, cinco novos filos foram 

propostos: Aigarchaeota (Nunoura et al., 2010), Diapherotrites (pMC2A384), Parvarchaeota, 

Aenigmarchaeota (DSEG) e Nanohaloarchaeota (Rinke et al., 2013). O conhecimento da 

diversidade desse domínio aumentou consideravelmente com a abordagem independente de 

cultivo, devido à dificuldade para cultivar seus membros (Madigan et al., 2004).  

 Analisar a comunidade procariótica, que apresenta a maior diversidade biológica da Terra, 

pode ampliar o entendimento da interação desses microrganismos em ambientes naturais 

contaminados com metais. Além disso, é de grande interesse o conhecimento da diversidade 

microbiana, incluindo informações da biogeografia e biotecnologia ambiental. Neste contexto, os 
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microrganismos nativos podem ser utilizados na biorremediação e como bioindicadores de 

ambiente impactado pela atividade mineradora. 

 

2.6 – A ecologia microbiana na era Genômica 

 

Os microrganismos dificilmente vivem isolados em seu ambiente natural, estando sempre 

interagindo entre si, com outros seres vivos e com fatores abióticos (pH, temperatura, dentre 

outros), formando comunidades complexas no ambiente que habitam (Shapiro e Dworkin, 1997; 

Rudi et al., 2007). Além disso, os microrganismos são os seres vivos mais abundantes da Terra 

(10
30

 células), sendo considerados essenciais para a manutenção da biosfera (Whitman et al., 

1998). Até o momento, a extensão do conhecimento de como eles agem no ambiente é limitado. 

Portanto, é essencial gerar informações para entender o papel desses microrganismos e os 

processos nos quais eles estão envolvidos em seu habitat.  

A Metagenômica é a ciência que utiliza a Genômica, ciência que surgiu há cerca de 30 

anos permitindo o mapeamento e análise de genomas. A Metagenômica estuda o conjunto 

genômico de todos os organismos que habitam um determinado ambiente amostrado e suas 

diversas interações (Medini et al., 2008; Xu, 2011). O uso do gene de rRNA 16S como uma 

ferramenta para analisar filogeneticamente a comunidade microbiana de uma amostra ambiental 

foi realizado incialmente por Pace e colaboradores (Pace et al., 1985). Apesar disso, apenas em 

1998, o termo Metagenômica foi usado pela primeira vez para nomear a técnica independente de 

cultivo utilizada para investigar comunidades microbianas em amostras ambientais no nível de 

DNA (Handelsman et al. 1998). 

O objetivo principal de um projeto Metagenômico é fornecer um modelo descritivo e 

preditivo da taxonomia e do metabolismo de um ecossistema para tentar descrever o conjunto 

completo de interações dos microrganismos com o ambiente (Gilbert & Dupont, 2011). Analisar o 

metagenoma das comunidades presentes em ambientes contaminados com metais, como arsênio, 
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pode ampliar o entendimento das interações entre os microrganismos desse ambiente e seu papel 

na mobilização desses metais. Além disso, conhecer a diversidade microbiana é de grande 

interesse para a biotecnologia ambiental, já que os microrganismos nativos podem ser utilizados 

como bioindicadores ou em processos de biorremediação. Atualmente, a Metagenômica pode ser 

dividida em três áreas de pesquisa distintas de acordo com a metodologia utilizada: análise 

shotgun de todos os genomas presentes em uma determinada amostra ambiental; prospecção de 

funções microbianas específicas no ambiente; e pesquisa utilizando marcadores filogenéticos ou 

funcionais para adqurir informações da comunidade microbiana na amostra ambiental (Jones et 

al., 2009; Gupta e Vakhlu,  2011; Suenaga,  2012).  

A Genômica e a Metagenômica microbiana vêm se destacando no mundo científico com o 

surgimento das novas tecnologias de sequenciamento. O sequenciamento de DNA surgiu no final 

da década de 1970 (Sanger 1977) e evoluiu tornando essa técnica mais eficiente, rápida e barata. O 

sequenciamento de terminação de cadeia, conhecida como “Sanger”, é atualmente considerada a 

mais tradicional dentre as técnicas de sequenciamento disponíveis. Essa técnica produz sequências 

de 800 a 1000 pb utilizando dideoxinucleotídeos que atuam como terminadores de cadeia, 

impedindo a continuação da reação (Peixoto, 2011; Liu et al, 2012). Diversos metagenomas foram 

efetuados utilizando o sequenciamento de “Sanger” para investigar ambientes naturais, como 

drenagem ácida de mina, Mar de Sargasso, dentre outros (Venter et al., 2004; Edwards et al., 

2007; Gilbert e Dupont, 2011). Embora esses estudos tenham sido definidos como 

Metagenômicos, eles foram limitados na amplitude da diversidade amostrada devido ao alto custo 

do sequenciamento tradicional (Mardis, 2008). 

Atualmente, uma nova geração de sequenciadores automatizados, considerados high 

throughput sequencing (sequenciamento em larga escala), e o desenvolvimento de ferramentas de 

bioinformática tornaram o sequenciamento de genomas e metagenomas mais acessível,rápido e 

menos oneroso (Xu, 2011). O uso dos sequenciadores de nova geração tem definindo o futuro dos 

projetos em Metagenômica, além de gerar informações muito mais abrangentes sobre as 
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comunidades microbianas e suas funções, quando comparado com os projetos de Metagenômica 

utilizando a tecnologia de “Sanger”. Além disso, os sequenciadores de nova geração permitem 

desvendar o vasto potencial dos microrganismos, cultiváveis e não cultiváveis, incluindo os mais 

raros, possibilitando a descoberta de mais genes biotecnologicamente interessantes e novas vias 

metabólicas (Chistoserdova, 2010).  

As tecnologias de sequenciamento de nova geração são capazes de sequenciar enomes 

quantidades de DNA em pouco tempo, sendo atualmente utilizadas as seguintes plataformas: 454 

GS FLX da Roche, Sistema HiSeq e MiSeq da Illumina, Applied Biosystems SOLiD
TM

 System e 

Ion Torrent Personal Genome Machine (PGM) (Mardis, 2008; Jünemann et al., 2012). As 

diferenças fundamentais entre os sequenciadores de nova geração são o comprimento das 

sequências e o perfil de erro exclusivo para cada plataforma. O rendimento dos sequenciadores de 

nova geração, com relação ao número de sequências e o total de bases geradas por corrida, é 

significativamente maior do que o sequenciamento de “Sanger” e varia dependendo do 

sequenciador de nova geração utilizado (Mardis, 2008).  

A plataforma SOLiD (Sequencing by Oligo Ligation Detection) usa bibliotecas de 

fragmentos ligados a um adaptador e PCR em emulsão para a amplificação dos fragmentos antes 

do sequenciamento. Diferente de outras plataformas, a reação de sequenciamento do SOLiD é 

catalisada por uma DNA ligase, e não uma polimerase. Outra característica dessa plataforma é a 

presença de quatro fluoróforos apresentando 16 combinações de nucleotídeos gerando, assim, 

sequências em formato colorspace. Esse formato permite uma alta precisão das sequências 

geradas por essa plataforma (Mardis, 2008).  

As plataformas Illumina adotam o sequenciamento por síntese, ou seja, utilizam DNA 

polimerase e nucleotídeos marcados com diferentes fluoróforos. Os fragmentos de DNA ligados a 

adaptadores fixos são desnaturados em DNA fita simples, inseridos e fixados à flowcell, lâmina de 

vidro onde ocorre o sequenciamento. Em seguida, é feita a amplificação dos fragmentos de DNA 

ligados à flowcel através de uma estrutura em forma de “ponte” para formar clusters que contém 
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fragmentos de DNA clonados (Figura 7). Os nucleotídeos com corantes fluorescentes diferentes 

são incorporados e o sinal gerado é captado e interpretado pelo sequenciador (Liu et al, 2012).  

 

 

Figura 7 - Passos da plataforma de sequenciamento MiSeq Illumina. Fonte: Brown, 2012, 

modificado. 

 

Neste contexto, o presente estudo revelou a diversidade do microbioma e dos genes 

envolvidos no metabolismo do arsênio em sedimento do Córrego da Mina, historicamente 

contaminado por metais pela atividade mineradora. 
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3.1 - Objetivo Geral 

Investigar a diversidade procariótica de sedimento de Córrego da Mina contaminado, 

principalmente por arsênio, utilizando abordagens clássica de cultivo, com ênfase em bactérias 

resistentes ao arsênio e os genes responsáveis pela sua transformação, e metagenômica usando 

sequenciamento de nova geração. 

 

3.2 - Objetivos Específicos 

Capítulo 1 - Bacteria and genes involved in arsenic speciation in sediment impacted 

by long-term gold mining 

- Caracterizar as propriedades físico-químicas e determinar as concentrações de metais 

presentes nas amostras de água e sedimento do Córrego da Mina; 

- Obter culturas do sedimento enriquecidas com AsIII e AsV e isolar bactérias 

resistentes ao arsênio inorgânico; 

- Determinar a concentração inibitória mínima (CIM) de AsIII e AsV; 

 - Caracterizar os isolados quanto à oxidação de AsIII e/ou redução de AsV; 

- Caracterizar o genótipo dos isolados através da presença dos genes arsC, arrA e aioA; 

- Classificar taxonomicamente e analisar filogeneticamente os isolados usando o gene 

de rRNA 16S; 

- Obter bibliotecas metagenômicas dos genes arsC, arrA e aioA do sedimento do 

Córrego da Mina; 

- Analisar filogeneticamente as sequências destes genes obtidas por abordagens 

cultivável e metagênomica. 
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3.2.2 - Capitulo 2 - Metagenome of a microbial community inhabiting a metal-rich 

tropical stream sediment 

 

- Analisar a diversidade metabólica da comunidade microbiana através do perfil 

fisiológico usando o Biolog Ecoplate; 

- Obter DNA total da amostra de sedimento do Córrego da Mina e sequenciar o 

microbioma presente no sedimento utilizando os sequenciadores de nova geração 

Applied Biosystems SOLiD
TM

 System e MiSeq da Illumina; 

- Otimizar e quantificar as comunidades de bactéria e arqueias presentes no sedimento 

do Córrego da Mina através de qPCR do gene de rRNA 16S; 

- Analisar taxonomicamente e funcionalmente o microbioma da comunidade de 

microrganismos do sedimento; 
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4.1 - Capítulo 1 

Bacteria and genes involved in arsenic speciation in sediment impacted by long-term gold 

mining 
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Abstract

The bacterial community and genes involved in geobiocycling of arsenic (As) from sediment impacted by long-term gold
mining were characterized through culture-based analysis of As-transforming bacteria and metagenomic studies of the
arsC, arrA, and aioA genes. Sediment was collected from the historically gold mining impacted Mina stream, located in one
of the world’s largest mining regions known as the ‘‘Iron Quadrangle’’. A total of 123 As-resistant bacteria were recovered
from the enrichment cultures, which were phenotypically and genotypically characterized for As-transformation. A diverse
As-resistant bacteria community was found through phylogenetic analyses of the 16S rRNA gene. Bacterial isolates were
affiliated with Proteobacteria, Firmicutes, and Actinobacteria and were represented by 20 genera. Most were AsV-reducing
(72%), whereas AsIII-oxidizing accounted for 20%. Bacteria harboring the arsC gene predominated (85%), followed by aioA
(20%) and arrA (7%). Additionally, we identified two novel As-transforming genera, Thermomonas and Pannonibacter.
Metagenomic analysis of arsC, aioA, and arrA sequences confirmed the presence of these genes, with arrA sequences being
more closely related to uncultured organisms. Evolutionary analyses revealed high genetic similarity between some arsC
and aioA sequences obtained from isolates and clone libraries, suggesting that those isolates may represent
environmentally important bacteria acting in As speciation. In addition, our findings show that the diversity of arrA
genes is wider than earlier described, once none arrA-OTUs were affiliated with known reference strains. Therefore, the
molecular diversity of arrA genes is far from being fully explored deserving further attention.
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Introduction

Arsenic occurs naturally in the earth’s crust and is widely

distributed in the environment [1,2]. Natural mineralization and

microorganisms enhance arsenic mobilization in the environment,

but human interventions, such as gold mining, have aggravated

the environmental arsenic contamination arousing health con-

cerns. Water pollution by arsenic is one of the major challenges for

public health, primarily due to its carcinogenic potential at low

doses [3,4,5,6]. According to Nordstrom [7] over 50 million

people in the world are at risk from drinking arsenic-contaminated

water. Moreover, given that arsenic has a variety of valence states

(+V, +III, 0, 2III) with different physicochemical properties, the

removal of arsenic from contaminated water bodies is yet a

challenge.

In nature, microorganisms have developed different response

mechanisms to metabolize As, mainly via reduction and oxidation

reactions, leading to its speciation [8]. Previous studies have

regarded As speciation as a result of microbial activity in the

environment, including some derived from gold-mining activities

[1,2]. However, few bacterial genera involved in As transforma-

tion have been found at any of the sites studied [9–13]. Thus, a

more comprehensive knowledge on the structure of the bacterial

community involved in As-transformation in gold-mining sites

remains warranted.

The arsenate (AsV) reducing pathways known are the detox-

ification (arsC gene) and the dissimilatory respiration (arrA/B

genes). The organization of ars operons varies greatly between

taxa, and the core genes include arsR, arsB and arsC, whereas arsD

and arsA genes can eventually be found [1]. The arsC gene encodes

the enzyme AsV reductase, which is located in the cytoplasm and

is responsible for the biotransformation of AsV to AsIII. This

enzyme together with a transmembrane efflux pump, encoded by

arsA and arsB genes, is the most common As transformation

mechanism in the environment [2,14–16]. Moreover, arrA/B

genes encode a periplasmic AsV reductase that works during

anaerobic respiration using AsV as the final electron acceptor for

energy generation [17]. The AsV dissimilatory respiration

reduction has already been described for many bacterial phyla,

including obligatory and facultative anaerobic bacteria and some

archaea [1].

The microbial oxidation of AsIII was first reported in 1918 and

can be mediated by two distinct enzymes: AioBA, hardly studied,

and ArxAB, recently described by Zargar et al. [18]. Both enzymes
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have been found in several heterotrophic and chemolithoauto-

trophic bacterial species [19–22]. Aerobic AsIII oxidation is

catalyzed by arsenite oxidase, which uses O2 as terminal electron

acceptor, and is encoded by aioB/A genes, formerly referred to as

aoxA/B, aroB/A and asoB/A genes [20,23]. ArxAB detected in

AsIII oxidizing bacteria in anoxic conditions, in which nitrate or

chlorate reduction is coupled to AsIII oxidation in the chemo-

lithotrophs [24,25]. Interestingly, members of the genus Ectothior-

hodospira are able to use AsIII as electron donor for anoxygenic

phototrophic growth [26]. According to Zargar et al. [18] the arxA

gene is more closely related to arrA than to aioA genes.

In this research, we bioprospected As-resistant bacteria from As-

enrichment culture of sediments collected from a stream located at

the Brazilian gold mining area known as the Iron Quadrangle (IQ,

Minas Gerais state), one of the world’s largest mining regions.

Much concern exists about As-contamination of gold-mining sites

in this area because it is estimated that at least 390,000 tons of As

have been released into this area since the beginning of gold-

mining activity in the 17th century [27]. We also investigated the

diversity of As-transforming genes using metagenomic strategies.

This included the genes for arsenite oxidase (aioA) and arsenate

reductases (arsC and arrA).

Materials and Methods

Ethics Statement
For sampling in Mina stream, no specific permit was required

for the described field study. The study location is not privately-

owned or protected in any way and we confirm that the field study

did not involve endangered or protected species.

Study Area and Sampling
Mina stream (19u58946.800S–43u49917.070W) is a natural body

of water located at the Velhas River Basin (IQ, Minas Gerais state,

Brazil) and characterized as backwater (Figure S1). This stream

was chosen because is located near a historically impacted gold-

mining area. Moreover, previous investigations [28] reported As

concentrations superior to those permitted by Brazilian law

(Conselho Nacional do Meio Ambiente – CONAMA) and by

Canadian Environmental Quality Guidelines (Canadian Council

of Ministers of the Environment– CCME).

Bulk water and superficial sediment samples (up to 1.0 cm

depth) were collected on 13 July 2011, during the dry season. The

typical sediment core can be divided into three zones: oxic,

suboxic and anoxic [29]. According to literature the thick oxic

zone can extend from several mm up to 10 cm [30,31]. In this

work the sampling site was shallow (20 cm) and therefore highly

influenced by the nutrients and oxygen concentrations of the water

body. The analyzed sediment was taken from the upper part,

representing the oxic zone. Samples were collected aseptically at

three points at 1m distance from each other, subsequently pooled

in a single sample, and stored at 4uC for bacterial analysis or at 2

20uC for chemical and molecular analyses.

To assess the bulk water conditions physicochemical character-

istics such as temperature, pH, and dissolved oxygen (DO)

concentration were measured in situ with a multiprobe (Horiba,

model U-22) [30]. Concentrations of total nitrogen (TN), total

phosphorus (TP), ammonium (NH4
+-N), nitrite (NO2-N), nitrate

(NO3-N), and soluble reactive phosphorus (PO4-P) were measured

as previously described [32,33]. Metal and metalloid concentra-

tions of water and sediment samples were determined by using an

inductively coupled plasma-optical emission spectrometer (ICP-

OES, Optima 7300 DV, PerkinElmer).

Arsenic Enrichment and Isolation
Sediment (10 g) samples were added to Erlenmeyer flasks

containing 100 mL of CDM medium (0.012 mM Fe2SO4, 7 mM

Na2SO4, 0.0574 mM K2HPO4, 9.5 mM NaHCO3, 18.7 mM

NH4Cl, 8.12 mM MgSO4, 0.457 mM CaCl2 and 44.6 mM

sodium lactate as organic carbon source, pH 7.2) with either

2 mM sodium arsenite or 10 mM sodium arsenate and incubated

at 28uC for seven days. Then, serial 10-fold dilutions of the

enrichment cultures were plated onto CDM agar media (1.5%

agar) amended with 2 mM sodium arsenite or 10 mM sodium

arsenate to selectively enrich and isolate AsIII- and AsV-resistant

bacteria. Plates were incubated at 28uC for five days. The resulting

colonies were repeatedly streaked on the same medium to

accomplish their purification. The bacterial isolates from AsIII-

and AsV-resistant bacteria (named MS-AsIII and MS-AsV,

respectively) were stored at 220uC in 25% glycerol.

DNA Extraction from the Cultures and Sediment
Genomic DNA was extracted and purified from each MS-AsIII

and MS-AsV isolate using a protocol previously described [34].

Additionally, metagenomic DNA was extracted from 10 g (wet

weight) of sediment using the PowerSoil DNA Extraction Kit (MO

BIO Laboratories, USA) according to the manufacturer’s instruc-

tions. Total DNA from the MS-AsIII and MS-AsV isolates and

sediment were quantified by absorbance at 260 nm using a

NanoDrop Spectrophotometer (NanoDrop Technologies). DNA

purity was assessed using the A260/A280 and A260/A230 ratios.

DNA was stored at 220uC until further processing.

PCR Amplification and Construction of Clone Libraries
Briefly, touchdown PCR was carried out by amplifying bacterial

MS-AsIII and MS-AsV isolates 16S rRNA gene fragments using

the conditions previously described by Freitas et al. [35]. The

reactions were performed using the bacterial-targeted primer set

8F (59-AGAGTTTGATYMTGGCTCAG-39) and 907R (59-

CCGTCAATTCMTTTRAGT-39) [36]. Taq DNA polymerase

and dNTPs were purchased from Fermentas (Canada) and used in

all the PCR reactions.

Metagenomic and genomic DNA were used as template for

PCR employing the arsC, arrA and aioA genes for construction of

clone libraries and genotypic characterization of the bacterial MS-

AsIII and MS-AsV isolates. PCR reactions targeting the arsC, arrA

and aioA genes were carried out using primers and conditions as

previously described by Sun et al. [37], Malasarn et al. [17] and

Hamamura et al. [20], respectively. The arsC gene examined was of

the glutaredoxin-dependent arsenate reductase enzyme, ArsC,

from Escherichia coli R773 plasmid. The primer chosen has been

successfully applied in several investigations of a variety of

environmental samples [37,38].

The amplicons of arsC, arrA, and aioA genes were gel-purified

using the Silica Bead DNA Gel Extraction Kit (Fermentas,

Canada). PCR products were cloned into the vector pJET1.2/

blunt (Fermentas, Canada), and propagated with Escherichia coli

XL1-Blue electrocompetent cells according to the manufacturer’s

instructions.

Sequencing and Phylogenetic Analysis
Partial 16S rRNA, arsC, arrA, and aioA gene sequences were

obtained using BigDye Terminator Cycle Sequencing kit (Life

Technologies, USA) according to the manufacturer’s instructions.

The nucleotide sequences were quality checked and submitted to

GenBank with accession numbers from KC577613 to KC577798.

The 16S rRNA gene sequences were analyzed through blastn
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(http://www.ncbi.nlm.nih.gov) and Classifier search tool (http://

rdp.cme.msu.edu) to determine their phylogenetic affiliation. The

arsC, arrA, and aioA gene sequences were compared with those

available at the GenBank databases using blastn and blastx tools

(http://www.ncbi.nlm.nih.gov) to retrieve potential homologs.

Operational taxonomic unities (OTUs) from As gene clone

libraries were defined with DOTUR software [39] using a cut-

off threshold of $97% identity. Coverage of the clone libraries was

calculated using the equation C = 12(n/N)6100, where n is the

number of unique OTUs and N is the number of sequences

analyzed in the library [40].

In total, five fasta files were obtained containing arsC, arrA, aioA,

MS-AsIII 16S rRNA, and Ms-AsV 16S rRNA gene sequences.

Due to the short length of arsC and arrAamino acid sequences

obtained in this study, added to the high similarity of some OTUs

and isolates, we decided to reconstruct the phylogenetic relation-

ships of As metabolism genes using nucleotide sequences to

increase the phylogenetic signal and avoid overparameterization.

Sets of nucleotide sequences were independently aligned using

MAFFT 7 with iterative refinement by the G-INS-i strategy [41].

Multiple sequence alignments were manually refined using Jalview

[42]. To optimize the datasets for evolutionary analyses we

removed redundancy and sequences too distantly related using the

Decrease Redundancy tool available as a resource at ExPaSy

(www.expasy.org). The Decrease Redundancy parameters were set

as 99 for ‘‘% max similarity’’ and 30 for ‘‘% min similarity’’.

Identical sequences were clustered as single OTUs and filtered

alignments were further used in phylogenetic analyses. Identifiers

of filtered sequences were later included into the phylogenetic tree.

To reconstruct phylogenetic trees we used the maximum

likelihood method (ML) as implemented in PhyML [43]. For the

phylogenetic reconstruction we tested seven different evolutionary

models (HKY85, JC69, K80, F81, F84, TN93, and GTR) using

the jModelTest 2 software [44]. The evolutionary model best

fitting the data was determined by comparing the likelihood of

tested models according to the Akaike Information Criterion

(AIC). Statistical support value for each node was computed by

approximate likelihood ratio test (aLTR). Trees were visualized

and edited using the FigTree software (tree.bio.ed.ac.uk/software/

figtree).

Susceptibility and Arsenic Transformation Tests
Minimum inhibitory concentrations (MIC) were established, in

triplicate, by the agar dilution method in CDM with 16105 CFU

ml21 as standard inoculums. CDM plates were supplemented with

increasing concentrations (from 2 mM to 1024 mM) of AsIII or

AsV and incubated at 28uC for seven days. MIC was defined as

the lowest AsIII or AsV concentration that completely inhibited

bacterial growth.

The ability to oxidize AsIII and reduce AsV was investigated

using a qualitative screening according to [45]. To achieve that,

bacterial MS-AsIII and MS-AsV isolates were grown in CDM

broth with 100 mg l21 2 mM sodium arsenite or 100 mg l21

sodium arsenate until an optical density of 0.4 at 595 nm was

reached. After that, 20 ml of 0.01 mol l21 of potassium perman-

ganate solution were added in 1 ml of bacterial culture. The data

were interpreted according to the change in medium color, i.e., a

pink color indicated a positive oxidation of AsIII and a yellow

color indicated a positive reduction of AsV.

Results

Environmental Parameters
The physicochemical characteristics of the water and sediment

samples from the Mina stream are presented in Tables 1 and 2.

Data displayed on Table 1 revealed that metal concentrations in

the Mina stream exceeded the maximum allowable concentrations

established by Brazilian and Canadian environmental regulations

[46,47] for sediment and water. Al, Mn, Fe, Cu, As and Zn were

the metals present in the highest concentrations in the sediment

sample analyzed.

The physicochemical analysis revealed that the Mina stream

can be characterized as a mesothermal oxidized environment with

highly oxygenated and circum-neutral waters (Table 2). Nitrogen

and phosphorus ratio was greater than nine (Table 2). According

to Salas & Martino [48], this ratio indicates that the phosphorus

was the most limiting nutrient and that the stream can be classified

as eutrophic.

Phylogenetic Affiliation
In total, 123 bacterial isolates were recovered from the

enrichment cultures (68 and 55 from the MS-AsIII and MS-

AsV, respectively). Partial 16S rRNA gene sequences used for

phylogenetic analysis were approximately 600 bp long and

spanned the V2 to V4 variable regions. MS-AsIII and MS-AsV

isolates were categorized into three phyla: Proteobacteria (56% and

59%, respectively, includes alpha, beta, and gamma-Proteobacteria),

Firmicutes (36% in both enrichment cultures), and Actinobacteria (8%

and 5%). Twenty genera represented these phyla in the Mina

stream sample analyzed. Differences in the bacterial composition

between the MS-AsIII and MS-AsV enrichment cultures were

detected (Table 3 and Figure 1). The resulting Venn diagram

shows that a higher bacterial diversity was observed in the MS-

AsIII than in the MS-AsV enrichment cultures. Eight genera were

specifically found in MS-AsIII and seven were shared between the

culture systems (Figure 1).

Dominant genera in MS-AsV were Bacillus (26%), Pseudoxantho-

monas (18%), and Brevundimonas (16%). The predominant popula-

tion in MS-AsIII was Bacillus (30%), followed by Pseudoxanthomonas

(25%). The other bacteria related to MS-AsIII and MS-AsV are

listed in Table 3. Although the Proteobacteria phylum was the most

diverse and dominant, the Bacillus (29%) genus was the most

abundant and diverse among the genera because it harbored eight

identified species.

Characterization of As-reducing and Oxidizing Isolates
and Identification of their Genes Involved in As
Metabolism

The MICs for the MS-AsIII and MS-AsV isolates were

determined. The highest MIC was found for AsV in which 94%

of the isolates exhibited values $256 mM, whereas 90% of the

isolates displayed MICs ranging from 32 mM to 64 mM for the

most toxic AsIII.

The As-transformation ability of the isolates was determined

with a qualitative test that revealed that 72% of the isolates were

AsV-reducing, whereas 20% were AsIII-oxidizing. Of those, 8%

presented AsV-reducing as well as AsIII-oxidizing activities.

Among the 20 genera identified in both MS-AsIII and MS-AsV

enrichment cultures, Acidovorax and Achromobacter presented only

AsIII-oxidizing activity. No As-transformation activity was found

in 8% of the total of MS-AsIII and MS-AsV isolates (123) (Table 3).

The molecular analysis of the MS-AsIII and MS-AsV isolates

unveiled that the arsC gene was the most frequent (85%), followed

by aioA (20%) and arrA (7%) (Table 3). Of those, Bacillus was the
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only genus harboring all three genes, and Shewanella was the only

genus which did not harbor the most common gene (arsC) in the

isolate analyzed (MS-AsIII-61). Achromobacter and Acidovorax both

harbored the aioA gene, confirming the phenotypic data.

Thermomonas and Pannonibacter also harbored As resistance genes.

General Features of Clone Libraries
To unveil the molecular diversity of genes involved in As

metabolism in the Mina stream sediment, three clone libraries for

arsC, arrA, and aioA genes were constructed. One hundred sixty-

four sequences were analyzed after quality control and the

removal of chimeric sequences. The coverage values of the three

libraries (80%, 70% and 63%, respectively for arsC, arrA, and aioA)

indicated that most of the diversity of these genes was detected.

Blastx analysis of arsC, aioA, and arrA-OTUs revealed high

similarity with sequences from glutaredoxin-glutathione arsenate

reductase (from 76 to 100%), molybdopterin-binding arsenite

oxidase (from 71 to 96%), and respiratory arsenate reductase (from

64 to 98%) (Tables S1, S2, and S3 in Tables S1). The sequences

corresponding to arsC were associated with arsC harboring

different bacterial taxa from a variety of environments. The

aioA-OTUs were closely related to uncultured and cultured clones

from As contaminated environments. Furthermore, all arrA-OTUs

were closely related to uncultured clones from rock biofilms of an

ancient gold mine and Cache Valley Land Fill sediments, both

arsenic-contaminated environments.

Phylogenetic Analyses of 16S rRNA, arsC, aioA, and arrA
Genes Sequences

In this study we have amplified, sequenced and reconstructed

the evolutionary relationships of 16S rRNA and As metabolism

genes encoded by As-resistant bacteria retrieved from a stream

located at the Brazilian gold mining area and cultivated on As-

enrichment sediment’s culture, as well as As metabolism genes of

clone libraries. The phylogeny of the AsIII-resistant bacteria (MS-

AsIII) 16S rRNA gene sequences was reconstructed from an

alignment containing 57 operational taxonomic units and 719

sites, which represent 99 sequences (Fig. 2). Therefore, 42

sequences were considered redundant by the Decrease Redun-

dancy tool (www.expasy.org). The phylogenetic tree reconstructed

by using the maximum likelihood method as implemented in

PhyML [43], shows sequence’s clear separation into three strongly

supported clades, which have representatives of the Firmicutes,

Actinobacteria, and Proteobacteria phyla (Fig. 2). Similar results were

obtained for the AsV-resistant bacteria (MS-AsV) 16S rRNA

phylogenetic analysis (Fig. 3). The evolutionary history was based

on an alignment containing 40 OTUs and 721 sites, representing

79 sequences (Fig. 3). The Decrease Redundancy tool filtered

about 50% of the initially selected sequences. The resulting

phylogeny also exhibits the presence of three well-supported clades

containing Firmicutes, Actinobacteria, and Proteobacteria phyla repre-

sentatives (Fig. 3).

Concerning evolutionary histories of As metabolism genes, the

phylogenetic tree of arsC sequences was reconstructed with 48

nucleotide sequences and 352 sites, which represent 142 sequences

(Fig. 4). TrN+I+G+F was selected as best fit model. The resulting

phylogeny supports the hypothesis that horizontal gene transfer

(HGT) seems to have played a role in the widespread distribution

of arsC coding gene in Actinobacteria and Proteobacteria. Similar

findings were retrieved on the phylogeny reconstructed for arrA

Table 1. Metal concentration from sediment and water of Mina Stream and limits permitted by law.

Metals Sediment (mg kg21) CONAMA* (mg kg21) Water (mg l21) CONAMA** (mg l21)

Fe 492.8 NE 0.52 15

Ni 9.0 18 ,0.1 2

Mn 1284.5 NE 1.45 1

Cu 387.7 35.7 0.19 1

Pb 8.7 35 NE 0.5

Cd ,2.5 0.6 ,0.1 0.2

Zn 180.9 123 0.2 5

Al 2343.2 NE ,0.5 NE

As 297.1 5.9 ,0.1 0.5

Cr 17.3 37.3 ,0.1 1

Hg ,2.5 0.17 ,0.1 0.01

NE – Not established.
*CONAMA resolution 344/04.
**CONAMA resolution 430/11.
doi:10.1371/journal.pone.0095655.t001

Table 2. Physicochemical parameters from water of Mina
Stream.

Parameters Water

pH 6.2

Conductivity (ms cm21) 2151

Temperature (uC) 18.0

Dissolved Oxygen (mg l21) 9.1

Redox (mV) 215

NO3
2 -N (mg l21) 3103.8

NO2
2 -N (mg l21) 161.3

NH4
+ -N (mg l21) 829.5

PO4
32 -P (mg l21) 2.3

Total P (mg l21) 77.6

Total N (mg l21) 2916.8

doi:10.1371/journal.pone.0095655.t002
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sequences based on 47 nucleotide sequences and 242 sites where

GTR+I+G+F was selected as best fit model (Fig. 5). On the other

hand, the phylogenetic analysis of aioA sequences based on 72

nucleotide sequences and 543 sites shows two clades strongly

supported: alpha- and beta-proteobacteria (Fig. 6) without clear

evidence of HGT. For this analysis GTR+I+G+F was selected as

best fit model. Interestingly, all putative arrA sequences obtained in

this study (arrA- OTU) were more closely related to themselves or

to sequences from uncultured bacteria, showing that more studies

involving arrA sequences will be relevant to better understand the

molecular diversity of those genes (Fig. 5).

Discussion

The environmental impact of gold mining is presently a major

concern because its processes release toxic metals such as As in

both soil and groundwater. Considering the relevance of bacteria

in the speciation of As in aquatic environments, we bioprospected

As-resistant bacteria and As-transforming genes originated from

sediments impacted by long-term gold mining. Although some

studies have focused in the identification of As-resistant bacterial

communities in a long-term As-contaminated environment [9–

Table 3. Phylogenetic distribution of the bacterial isolates and their As-metabolism phenotype and genotype.

Enriched culture Phylum Genus N6 of isolates* Phenotype** Genotype***

MS-AsV Proteobacteria Acinetobacter 1 reducer arsC aioA

Brevundimonas 9 reducer (3) arsC[9] aioA [1]

Diaphorobacter 1 reducer arsC

Pannonibacter 2 reducer (2) arsC[2]

Pseudomonas 6 reducer (2) arsC[6] aioA [2]

Pseudoxanthomonas 10 reducer (6) arsC[7] aioA [1]

Stenotrophomonas 5 reducer (5) arsC[5] aioA [2]

Thermomonas 1 reducer arsC

Firmicutes Bacillus 14 reducer (9), oxidizer (8) arsC[12] aioA [6] arrA [1]

Exiguobacterium 1 reducer arsC aioA

Actinobacteria Microbacterium 4 reducer (4) oxidizer (1) arsC[3] aioA [1]

Rhodococcus 1 reducer arsC

MS-AsIII Proteobacteria Achromobacter 1 oxidizer arsC aioA

Acidovorax 2 oxidizer(2) arsC[2] aioA [1]

Acinetobacter 4 reducer (3) arsC[2] aioA [1]

Comamonas 5 reducer (5) arsC[5] arrA [2]

Ochrobactrum 1 reducer arsC

Pseudomonas 3 reducer (3) arsC[1] aioA[1]

Pseudoxanthomonas 17 reducer (9) oxidizer (5) arsC[14] aioA[2] arrA [1]

Shewanella 1 reducer arrA

Stenotrophomonas 2 reducer (2) oxidizer (1) arsC[1] aioA [1]

Thermomonas 2 reducer (1) arsC[2] arrA [1]

Firmicutes Bacillus 21 reducer (19) oxidizer (5) arsC[21] aioA[2] arrA [3]

Paenibacillus 1 reducer oxidizer (1) arsC

Staphylococcus 4 reducer (4) oxidizer (1) arsC[3]

Actinobacteria Micrococcus 3 reducer (2) oxidizer (1) arsC[1] aioA[1]

Microbacterium 1 reducer -

*The number represents the total of bacterial isolates identified.
**Values in parentheses indicate the number of As-redox isolates.
***Values in bracket indicate the number of isolates harboring As-metabolism genes.
doi:10.1371/journal.pone.0095655.t003

Figure 1. Venn diagram showing the exclusive and shared
bacterial genera retrieved from MS-AsIII and MS-AsV enrich-
ment cultures.
doi:10.1371/journal.pone.0095655.g001
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13,49–52], the employment of combination of culture-based

physiological and genomic approaches with metagenomic analysis

in sediments collected from these areas are scarce [53,54]. In this

study, we reveal a large number of phylogenetically distinct As-

resistant bacterial genera retrieved from sediment collected from a

stream in a long-term gold-mining area.

We found Bacillus as the dominant genus in both MS-AsIII and

MS-AsV enrichment cultures. Members of Bacillus are often found

in As-contaminated environments [9,11,16,54] being related to

As-reduction and -oxidation, indicating that they are an essential

component of As speciation in nature [54,55]. The observed

abundance of Bacillus isolates harboring the arsC and aioA genes

confirmed its ubiquity and high As-resistance in As-rich environ-

ments, as it is the case of Mina stream sediment. This suggests an

important role for Bacillus in As speciation. It also points to a

possible use of these natural isolates in future bioremediation

projects.

A recent study of our group [56], using culture-independent

approach to assess the prokaryotic diversity in Mina stream

sediment, revealed the presence of the Thermomonas, Acidovorax,

Acinetobacter and Ochobactrum genera also detected in the present

study. Moreover, Bandyopadhyay et al. [57] have proposed a novel

species of the Pannonibacter genus, Pannonibacterindica, which is able

to grow in high concentrations of AsV. However, it should be

noted that Thermomonas and Panonnibacter were not previously

reported in the literature as As-transforming genera.

The phenotypic and genotypic characterization of the MS-AsIII

and MS-AsV bacterial isolates revealed their ability to reduce and

oxidize As. Most bacteria (85%) were AsV-resistant bacteria (ARB)

harboring the arsC gene, responsible for the reduction of AsV to

Figure 2. Evolutionary relationships of AsIII-resistant bacteria (MS-AsIII) 16S rRNA sequences. A total of 57 nucleotide sequences and
719 sites were analyzed. The phylogeny was reconstructed by maximum likelihoodand TIM3+I+G+F was selected as best fit model. Support values for
each node were estimated using the Akaike Likelihood Ratio Test (aLRT). Only support values higher than 70% are shown. Reference sequences
retrieved from the non-redundant database of the NCBI are shown in black, bacterial isolates (MS-AsIII and MS-AsV) in green. Different background
colors highlight three well-supported clades: Firmicutes, Actinobacteria, and Proteobacteria. Thermodesulfobacteria was used as outgroup.
doi:10.1371/journal.pone.0095655.g002
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AsIII, which is the most frequent detoxification reaction among

bacteria in the environment [8]. Although the aerobic enrichment

culture condition employed in this study could inhibit the growth

of dissimilatory arsenate-reducing bacteria (DARB), it is likely that

these bacteria were present because the arrA gene was detected.

Several reports have evidenced DARB bioremediation potential of

As-contaminated samples [2,54,58,59].

AsIII-oxidizing bacterial isolates were minority (20%). This

result is in agreement with those reported by Silver & Phung [14],

who suggest that most isolates from natural environments lack

AsIII-oxidizing ability. In this study, all AsIII-oxidizing isolates

were classified as heterotrophic AsIII oxidizers (HAO) spanning 11

genera. However, only isolates belonging to Bacillus, Pseudoxantho-

monas, Stenotrophomonas, Micrococcus, Achromobacter, and Acidovorax

genera co-presented the oxidizing phenotype and genotype. From

an ecological perspective, oxidizing bacteria are important

performers in As-contaminated environments because they

promote transformation from AsIII into AsV.

In a few isolates (8%), oxidizing and reducing As-transformation

activities were not observed in their phenotype and genotype.

There are several possible explanations for this. First, the As-

transformation gene expression observed in isolates grown in the

laboratory is likely to be different from that encountered in these

isolates in nature, because of the different conditions of these

environments. Second, these differences may reflect mutations in

the As-resistance genes studied. Third, alternative resistance genes

may be expressed by these isolates [60].

The high diversity and adaptability of the bacterial community

disclosed herein could be explained by the presence of multiple

copies of As-resistance genes either on bacterial chromosomes or

on plasmids as a consequence of pressure created by the long-term

contamination that occurs in the Mina stream area. Nevertheless,

further studies will be needed to establish this.

Figure 3. Evolutionary relationships of AsV-resistant bacteria (MS-AsV) 16S rRNA sequences. A total of 40 nucleotide sequences and 721
sites were analyzed. The phylogeny was reconstructed by maximum likelihood and TrN+G+F was selected as best fit model. Support values for each
node were estimated using the Akaike Likelihood Ratio Test (aLRT). Only support values higher than 70% are shown. Reference sequences retrieved
from the non-redundant database of the NCBI are shown in black, bacterial isolates (MS-AsIII and MS-AsV) in green. Different background colors
highlight three well-supported clades: Firmicutes, Actinobacteria, and Proteobacteria. Thermodesulfobacteria was used as outgroup.
doi:10.1371/journal.pone.0095655.g003
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Previous studies on As-resistance genes are associated with As-

resistant cultivable isolates [10,16,59,61]. Considering that the vast

majority of bacteria are uncultivable, this traditional approach has

limited our understanding of the extreme functional diversity in

natural bacterial communities. Therefore, a metagenomic ap-

proach to investigate the functional genes associated with As-

transformation in nature is essential to further our current

knowledge on this matter. The analysis of arrA sequences revealed

that all of them exhibited similarity with those from uncultured

organisms. This predominance of uncultured organisms indicates

that arrA gene present in Mina stream sediment is expressed by

unidentified DARB. The arsC sequences detected in the sediment

were similar to those previously reported [37,62,63]. The primers

used in this study amplified aioA-like sequences [20,64]. The aioA

sequences were similar to several aioA genes of the Proteobacteria

phylum. This finding is in agreement with Quéméneur et al. [65],

who reported prevalence of AsIII-oxidizing Proteobacteria in

mesophilic As-contaminated soils. However, it should be noted

that aioA genes have been also detected in non-proteobacterial

lineages [53,69].

Phylogenetic analyses’ findings performed for MS-AsIII 16S

rRNA, Ms-AsV 16S rRNA and As metabolism genes were

consistent with findings obtained by similarity searches (blastx and

blastn, respectively). Overall, the phylogenetic trees reconstructed

Figure 4. Evolutionary relationships of arsC sequences. A total of 48 nucleotide sequences and 352 sites were analyzed. The phylogeny was
reconstructed by maximum likelihoodand TrN+I+G+F was selected as best fit model. Support values for each node were estimated using the Akaike
Likelihood Ratio Test (aLRT). Only support values higher than 70% are shown. Reference sequences retrieved from the non-redundant database of the
NCBI are shown in black, bacterial isolates (MS-AsIII and MS-AsV)in green, and operational taxonomic unities (OTUs) from As gene clone librariesin
blue. Different background colors highlight Actinobacteria and three Proteobacteria classes – Gamma-, Beta, and alpha-proteobacteria.
doi:10.1371/journal.pone.0095655.g004
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for MS-AsIII and MS-AsV 16S rRNA sequences show very similar

evolutionary histories where the relationships among Firmicutes,

Actinobacteria, Proteobacteria, and Thermodesulfobacteria phyla members

reflect the current knowledge regarding their evolution [66].

As previously described on the literature, the evolutionary

relationships of arsC and arrA homologs (Figs.4 and 5) support the

role of horizontal gene transfer (HGT) on the evolution of arsenate

oxidases e.g. [67,68]. The phylogeny reconstructed for arsC

homologs (Fig. 4) clearly shows two Ochrobactrum sequences

clustered in different well-supported clades suggesting that these

two homologs were acquired by HGT from unrelated donors.

Although it is known that due to HGT events aioA sequences are

not a suitable marker for microbial diversity studies [53], it was not

observed on the aioA phylogeny here presented (Fig. 6). Albeit aioA

sequences have been detected in non-proteobacterial lineages

[53,69], our findings show two strongly supported clades clustering

alpha- and beta-proteobacteria homologs. Such results probably reflect

the bias existing on GenBank databases where most aioAsequences

available are from proteobacterial lineages.

Overall, evolutionary analyses revealed high genetic similarity

between some arsC and aioA sequences obtained from isolates and

clone libraries, suggesting that those isolates may represent

environmentally important bacteria acting in As speciation. In

addition, some arsC, aioA, and arrA sequences were found to be

closely related to homologs from uncultured bacteria. Thus, it may

be hypothesized that these divergent sequences could represent

novel variants of the As-resistance genes or other genes with

related function. In addition, our findings show that the diversity

of arrA genes is wider than earlier described, once none arrA-OTUs

were affiliated with known reference strains. Therefore, the

Figure 5. Evolutionary relationships of arrA sequences. A total of 47 nucleotide sequences and 242 sites were analyzed. The phylogeny was
reconstructed by maximum likelihoodand GTR+I+G+F was selected as best fit model. Support values for each node were estimated using the Akaike
Likelihood Ratio Test (aLRT). Only support values higher than 70% are shown. Reference sequences retrieved from the non-redundant database of the
NCBI are shown in black, bacterial isolates (MS-AsIII and MS-AsV) in green, and operational taxonomic unities (OTUs) from As gene clone libraries in
blue. Different background colors highlight three bacterial phyla - Proteobacteria, Firmicutes, and Chrysiogenetes.
doi:10.1371/journal.pone.0095655.g005
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molecular diversity of arrA genes is far from being fully explored

deserving further attention.

Altogether, this study is a bioprospection of AsIII-oxidizing and

AsV-reducing bacteria and As-transforming genes in sediments

impacted by long-term gold mining. Our culture efforts success-

fully identified a large number of phylogenetically distinct arsenic-

resistant bacterial genera and revealed two novel As-transforma-

tion genera, Thermomonas and Pannonibacter. Our heterotrophic

arsenite oxidizers and DARB isolates open new opportunities for

their use in bioremediation of long-term gold-mining impacted

areas. Furthermore, metagenomic analysis of As functional genes

revealed a predominance of previously unidentified DARB.
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sampling areas, respectively.
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arrA OTUs based on blastx protein database.

(DOCX)

Figure 6. Evolutionary relationships of aioA sequences. A total of 72 nucleotide sequences and 543 sites were analyzed. The phylogeny was
reconstructed by maximum likelihood and GTR+I+G+F was selected as best fit model. Support values for each node were estimated using the Akaike
Likelihood Ratio Test (aLRT). Only support values higher than 70% are shown. Reference sequences retrieved from the non-redundant database of the
NCBI are shown in black, bacterial isolates (MS-AsIII and MS-AsV) in green, and operational taxonomic unities (OTUs) from As gene clone libraries in
blue. Different background colors highlight two Proteobacteria classes – beta- and alpha-proteobacteria.
doi:10.1371/journal.pone.0095655.g006
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gia em Recursos Minerais, Água e Biodiversidade – INCT –ACQUA in

the chemical analyses. The authors acknowledge the use of the computing

resources of the Center for Excellence in Bioinformatics (CEBio//

CPqRR/Fiocruz, Brazil).

Author Contributions

Conceived and designed the experiments: PSC ECS AMAN. Performed

the experiments: PSC MPR PLO LBI MLSS FARB. Analyzed the data:

PSC LLSS MPR AVC ECS AMAN. Contributed reagents/materials/

analysis tools: FARB AMAN. Wrote the paper: PSC LLSS MPR ECS

AMAN.

References
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Figure S1 - Map showing the sampling site. Crosshatch, red and yellow areas represent mining, 

urban, and sampling areas, respectively. 
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Table S1 – Phylogenetic affiliation of aioA OTUs based on blastx protein database 

 

 

 

 

 

 

 

 

OTU Blastx Best Results Organism (access number) Id 

(%) 

Source 

AIOA1 arsenite oxidase large subunit  Hydrogenophaga defluvii (BAK39656.1) 89 Groundwater with arsenic 

AIOA2 arsenite oxidase large subunit  Hydrogenophaga defluvii (BAK39656.1) 94 Groundwater with arsenic 

AIOA3 arsenite oxidase large subunit  Pseudomonas sp. (AEL22192.1) 78 As-contaminated sediment from 

Sainte Marie aux Mines 

AIOA4 arsenite oxidase large subunit uncultured bacterium (ADE33043.1) 86 arsenic contaminated water 

AIOA5 arsenite oxidase large subunit Hydrogenophaga defluvii (BAK39656.1) 94 Groundwater with arsenic 

AIOA6 arsenite oxidase large subunit uncultured bacterium (AEL22131.1) 89 As-contaminated sediment from 

Sainte Marie aux Mines 

AIOA7 arsenite oxidase large subunit uncultured bacterium (AEC32846.1) 92 microbial mats from gold mine 

AIOA8 arsenite oxidase large subunit Thiomonas arsenivorans (ABY19316.1) 90 As-contaminated soil from a 

disused gold mine 

AIOA9 arsenite oxidase large subunit uncultured bacterium (AEL22137.1) 93 As-contaminated sediment from 

Sainte Marie aux Mines 

AIOA10 arsenite oxidase large subunit uncultured bacterium (BAM24613.1) 96 aquatic sediment 

AIOA11 arsenite oxidase large subunit Thiomonas sp. (ACA28597.1) 71 arsenic-rich acidic waters draining 

the Carnoules mine tailings 

AIOA 12 arsenite oxidase alpha subunit Burkholderia sp. (ADF47196.1) 77 soil enrichment culture with 

arsenic 

AIOA 13 arsenite oxidase large subunit  uncultured bacterium (ADE33043.1) 86 arsenic contaminated water 

AIOA 14 arsenite oxidase alpha subunit Alcaligenes sp. (ADF47197.1) 76 soil enrichment culture with 

arsenic 

AIOA 15 arsenite oxidase  uncultured bacterium (ABE02193.1) 96 arsenic contaminated sediment 

AIOA 16 arsenite oxidase large subunit Aminobacter sp. (ABY19334.1) 77 As-contaminated mining site 

AIOA 17 arsenite oxidase large subunit Hydrogenophaga defluvii (BAK39656.1) 91 Groundwater with arsenic 

AIOA 18 arsenite oxidase large subunit Aminobacter sp. (ABY19334.1) 80 As-contaminated mining site 

AIOA 19 arsenite oxidase large subunit uncultured bacterium (ABY19352.1) 72 As-contaminated soil 

AIOA 20 arsenite oxidase uncultured bacterium (ABE02209.1) 88 arsenic contaminated sediment 

AIOA 21 arsenite oxidase large subunit uncultured bacterium (AEC32846.1) 84 microbial mats from gold mine 

AIOA 22 arsenite oxidase alpha subunit Aminobacter sp. (ABY19334.1) 90 As-contaminated mining site 

AIOA 23 arsenite oxidase large subunit uncultured bacterium (ADE33054.1) 96 arsenic contaminated water 



48 

 

Table S2 - Phylogenetic affiliation of arsC OTUs based on blastx protein database 

OTU blastx best results Organism  (access number) Id (%) Source 

ARSC1 arsenate reductase  Klebsiella pneumoniae (YP_002287000.1) 100 hospital 

ARSC2 arsenate reductase  Cronobacter turicensis (YP_003212785.1) 100 neonatal infections 

ARSC3 arsenate reductase  Vibrio sp. (ABO29820.1) 92 marine environments 

ARSC4 arsenate reductase  Mesorhizobium alhagi (ZP_09294313.1) 82 Symbiotic root nodules  

ARSC5 arsenate reductase  Escherichia coli (YP_001464969.1) 100 - 

ARSC6 arsenate reductase  Methylocystis sp. (ZP_08072529.1) 76 - 

ARSC7 arsenate reductase  Vibrio sp. (ABO29820.1) 100 marine environments 

ARSC8 arsenate reductase  Cronobacter turicensis (YP_003212785.1) 100 neonatal infections 

ARSC9 arsenate reductase  Agrobacterium sp. (ZP_08528114.1) 95 industrial strain 

ARSC10 arsenate reductase  Novosphingobium sp. (YP_004534179.1) 92 marine environments 

ARSC11 arsenate reductase  Escherichia hermannii (ZP_09808969.1) 97 - 

ARSC12 arsenate reductase  Klebsiella oxytoca (EHS95433.1) 100 - 

ARSC13 arsenate reductase  Oligotropha carboxidovorans (YP_002287046.1) 83 wastewater 

ARSC14 arsenate reductase  Klebsiella oxytoca (EHS95433.1) 97 - 

ARSC15 arsenate reductase  Oligotropha carboxidovorans (YP_002287046.1) 83 wastewater 
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Table S3 – Phylogenetic affiliation of arrA OTUs based on blastx protein database 

OTU blastx best results Organism  (access number) Id (%) Source 

ARRA1 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 83 rock biofilms from an ancient gold mine 

ARRA2 arsenate respiratory reductase uncultured bacterium (CBW77477.1) 78 rock biofilms from an ancient gold mine 

ARRA6 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 83 rock biofilms from an ancient gold mine 

ARRA8 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 79 rock biofilms from an ancient gold mine 

ARRA9 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 98 rock biofilms from an ancient gold mine 

ARRA10 arsenate respiratory reductase uncultured bacterium (CBW77457.1) 65 rock biofilms from an ancient gold mine 

ARRA12 arsenate respiratory reductase uncultured bacterium (CBW77477.1) 75 rock biofilms from an ancient gold mine 

ARRA14 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 78 rock biofilms from an ancient gold mine 

ARRA15 arsenate respiratory reductase uncultured bacterium (CBW77477.1) 74 rock biofilms from an ancient gold mine 

ARRA16 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 81 rock biofilms from an ancient gold mine 

ARRA19 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 83 rock biofilms from an ancient gold mine 

ARRA20 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 78 rock biofilms from an ancient gold mine 

ARRA22 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 78 rock biofilms from an ancient gold mine 

ARRA25 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 83 rock biofilms from an ancient gold mine 

ARRA26 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 81 rock biofilms from an ancient gold mine 

ARRA29 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 83 rock biofilms from an ancient gold mine 

ARRA30 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 84 rock biofilms from an ancient gold mine 

ARRA35 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 82 rock biofilms from an ancient gold mine 

ARRA36 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 78 rock biofilms from an ancient gold mine 

ARRA37 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 84 rock biofilms from an ancient gold mine 

ARRA39 arsenate respiratory reductase uncultured bacterium (AEX97846.1) 64 Cache Valley LandFill sediments 

ARRA41 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 72 rock biofilms from an ancient gold mine 

ARRA42 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 69 rock biofilms from an ancient gold mine 

ARRA43 arsenate respiratory reductase uncultured bacterium (CBW77469.1) 81 rock biofilms from an ancient gold mine 

ARRA46 arsenate respiratory reductase uncultured bacterium (CBW77477.1) 72 rock biofilms from an ancient gold mine 
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4.2 - Capítulo 2 

Metagenome of a microbial community inhabiting a metal-rich tropical stream sediment 
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Abstract 

Here, we describe the metagenome and functional composition of a microbial community in a 

historically metal-contaminated tropical freshwater stream sediment. The sediment was collected 

from the Mina Stream located in the Iron Quadrangle (Brazil), one of the world’s largest mining 

regions. Environmental DNA was extracted and was sequenced using SOLiD technology, and a 

total of 7.9 Gbp was produced. A taxonomic profile that was obtained by comparison to the 

Greengenes database revealed a complex microbial community with a dominance of 

Proteobacteria and Parvarcheota. Contigs were recruited by bacterial and archaeal genomes, 

especially Candidatus Nitrospira defluvii and Nitrosopumilus maritimus, and their presence 

implicated them in the process of N cycling in the Mina Stream sediment (MSS). Functional 

reconstruction revealed a large, diverse set of genes for ammonium assimilation and 

ammonification. These processes have been implicated in the maintenance of the N cycle and the 

health of the sediment. SEED subsystems functional annotation unveiled a high degree of 

diversity of metal resistance genes, suggesting that the prokaryotic community is adapted to metal 

contamination. Furthermore, a high metabolic diversity was detected in the MSS, suggesting that 

the historical arsenic contamination is no longer affecting the prokaryotic community. These 

results expand the current knowledge of the microbial taxonomic and functional composition of 

tropical metal-contaminated freshwater sediments. 
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Introduction 

 

Prokaryotic species exhibit broad distribution, having been researched across a wide range 

of natural environments such as soil, marine and freshwater, as well as in plants, animals and 

humans. Many of these species have been revealed to be important for the health and/or ecological 

balance of various environments. Indeed, a link between the set of microbial species and the host 

or environment-associated biological processes and health has been extensively reported [1, 2]. 

Because of their essential roles in life and in ecosystem functioning, ambitious multidisciplinary 

efforts across the globe are ongoing to characterize microbial communities [3]. 

Sediment has been recognized as a special realm in aquatic ecosystems because its species 

richness is higher than that of the water community and is comparable to soil microbial diversity 

[4, 5]. In mining-contaminated regions, sediments of water bodies play an important role in the 

transport and storing of contaminants. Indeed, sediment characteristics determine the ecological 

balance and biodiversity of the aquatic ecosystem [6]. 

There is a consensus in the literature that metal-contaminated freshwater sediment exhibits 

an extremely complex and well-adapted community [7-9]. These studies revealed that 

Proteobacteria, especially Beta-proteobacteria, and Bacteroidetes are the main contributors to the 

composition of these environments. It should be noted that sediment communities play an 

important role in biogeochemical cycling and are involved in the transformation of nutrients such 

as N and C [9]. 

Although previous studies of microbial communities in metal-contaminated freshwater 

sediment have been performed [5, 8, 10, 11], none of them assessed the microbial community of a 

metal-contaminated tropical sediment through taxonomic and functional diversity evaluation. 

Moreover, all of the studies, except Reis et al. [8], focused their analysis on sediments of 

temperate streams. However, due to the restricted power of the methodology employed by Reis et 

al. [8], these authors did not cover all of the taxonomic richness present in the tropical stream 
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studied here. Thus, much is still unknown about the functional and taxonomic microbial diversity 

of tropical metal-contaminated streams. Considering that microorganisms play an essential role in 

environmental biogeochemical cycling, and may influence the speciation and bioavailability of 

metals, it is relevant to obtain a more comprehensive knowledge of the taxonomic and functional 

diversity of the prokaryotic community in metal-contaminated freshwater sediments. 

One powerful strategy to assess both the functional and taxonomic microbial diversity is a 

metagenomic approach. Indeed, over the last 20 years, new sequencing technologies, together with 

metagenomic and computational tools, have transformed microbial ecology research. 

Metagenomics provides insight into the interactions of microbial communities with the 

environment and offers an extraordinary opportunity to comprehensively examine the ecosystem’s 

response to environmental changes [12]. However, metagenomic surveys that thoroughly assess 

the microbial diversity in freshwater sediments with extreme geochemical conditions involving 

high concentrations of As, Fe, and Mn are still lacking. 

In this study, we applied a shotgun metagenomic approach and a metabolic analysis to 

examine the taxonomic and functional composition of the prokaryotic community of a historically 

metal-contaminated tropical stream sediment. The stream studied herein, the Mina Stream, is 

located in the Iron Quadrangle (IQ, Brazil), one of the world’s largest mining regions, which has 

been undergone to mining activities since the late 17th century. Accordingly, the IQ presents a 

historical metal contamination of waters and sediments from streams and rivers, including the 

Mina Stream [8, 13-16]. We also performed comparative metagenomic analysis between our 

metagenome and a rich arsenic well metagenomic dataset from Bangladesh [17]. 

 

Material and Methods 

 

Ethics Statement 
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For sampling in the Mina Stream, no specific permit was required for the described field study. 

The study location is not privately owned or protected in any way, and we confirmed that the field 

study did not involve endangered or protected species. 

 

Study area  

 

The Mina stream (19º58’46.80”S and 43º49’17.07”W) is located in one of the world’s 

largest mining regions and is extremely rich in iron and gold ores (Iron Quadrangle, Minas Gerais 

state, Brazil). Collections of Mina stream sediment have been previously described by our group 

[11].  This stream was chosen because it has suffered stress by metal pollution exceeding the 

maximum allowable concentrations established by Brazilian environmental regulations, such as 

Cu 387.7 mg kg
1
, Zn 180.9 mg kg

1
 and As 297.1 mg kg

1
, which were presented in an earlier study 

[11].  

The sediment sample in this study was taken from the upper part (oxic zone) during the dry 

season and was named according to the location from which it was retrieved, i.e., Mina Stream 

sediment (MSS). For metabolic analysis, the anaerobic environment of the sediment sample was 

maintained by substituting the O2 for CO2 using a CO2 pump, and the tube was hermetically 

closed. Two hours after collection, the sediment sample was introduced into an anaerobic chamber 

where subsequent experiments were performed.  

 

Microbial metabolic diversity 

 

The capability of aerobic and anaerobic sediment microbial communities to utilize 

different carbon sources was assessed using Biolog Ecoplate
TM

 (Biolog.Inc, Hayward, CA, USA). 

This system contained 31 carbon sources, in triplicate, divided into amines, amino acids, 

carbohydrates, carboxylic acids, and polymers, among others. In addition to the specific carbon 
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source, each well contained tetrazolium violet redox dye as a color indicator for the utilization of 

the carbon sources by the microorganisms [18] (Table S1). Sediment sample was filtered (10 g 

wet weight; pore size 0.45m) and diluted in sterile saline. Then, 120 μL from the 10
-2 

dilutions 

was inoculated into each well and subsequently incubated aerobically and anaerobically in the 

dark at 28 °C. Color development was measured at OD590 every 24 h for 4 d using an ELISA plate 

reader (BIO-RAD Model 3550 Microplate Reader). For the anaerobic BIOLOG assay, four plates 

were used, one for each day of reading. This procedure was performed by taking into account the 

loss of anaerobic conditions when the plate was withdrawn from the anaerobic chamber. For 

aerobic conditions, one plate was used. The detected value of the absorbance for the blank (water) 

reading was subtracted from all wells.  

 

Ecoplate data analysis 

 

The data generated by 96 h readings were statistically analyzed. Because raw OD590 values were 

corrected, the microbial activity for each microplate was expressed as the average well-color 

development (AWCD) and was calculated as follows: AWCD = ΣODi/31 where ODi is the optical 

density value for each well. The richness (number of carbon substrates consumed) and the 

Shannon-Weaver index were calculated using a cutoff line of OD = 0.25 for a positive microbial 

response [19]. The Shannon-Weaver index was calculated as follows: H'=-Σpi (ln pi), where pi is 

the ratio between the microbial activity of each substrate (ODi) and the sum of microbial activities 

of all substrates (ΣODi). The Evenness index was calculated with the formula E = H'/ ln R, where 

H' is the value of the Shannon index, and R is the richness of substrates. 

 

DNA extraction and shotgun metagenomic sequencing 
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Total DNA was extracted from the sediment sample (10 g wet weight) using the PowerSoil 

DNA Extraction kit (MoBio Laboratories, USA) according to the manufacturer’s instructions. 

Quantification and quality of total DNA were determined using the Agilent 2100 Bioanalyzer 

equipment according to the manufacturer’s instructions. 

 Sediment sample was subjected to shotgun sequencing using the high-throughput 

sequencer Applied Biosystems SOLiD™ v.4 following the manufacturer’s protocol. Briefly, 10 

g of total DNA was randomly fragmented using the Covaris
TM 

S2 System. A DNA fragment 

library from 200 to 250 bp long was constructed for sequencing. Then, emulsion PCR was 

performed to clonally amplify fragments on sequencing beads, followed by enrichment and 

preparation for deposition in plate for sequencing according to the manufacturer’s instructions 

(http://tools.lifetechnologies.com/content/sfs/manuals/SOLiD4_Library_Preparation_man.pdf). 

After sequencing, 50 bp reads were generated for further analysis. 

16S rRNA gene amplification and sequencing 

 

Amplification of the V3-V4 hypervariable region of the 16S rRNA gene was performed using 

region-specific bacterial/archaeal primers S-D-Bact-0341-b-S-17 forward 5’-

CCTACGGGNGGCWGCAG-3’ and S-D-Bact-0785-a-A-21 reverse 5’-

GACTACHVGGGTATCTAATCC-3’ [20], with Illumina adapters added. Barcoded amplicons 

were generated using KAPA HiFi HotStart ReadyMix (KAPA, Woburn, MA, USA) and were 

purified using AMPure XP beads (Agencourt Bioscience, Beverley, MA, USA). Sequencing was 

performed using the MiSeq platform (Illumina, Inc., San Diego, CA, USA) according to the 

manufacturer’s instructions 

(http://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-

metagenomic-library-prep-guide-15044223-b.pdf).  

 

Bioinformatics analysis 
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V3-V4 region from 16S rRNA gene 

 

16S rRNA microbiota primary data analysis was performed with PRINSEQ (stand alone 

lite version, http://prinseq.sourceforge.net/), where quality-based trimming was performed. Reads 

with N's or an overall mean Q-score of < 25 were discarded. The resulting fasta file was also 

screened for ambiguous bases and homopolymers using MOTHUR v.1.33.0 

(http://www.mothur.org). Furthermore, chimeras were detected using the UCHIME algorithm 

(http://drive5.com/uchime).  

Operational taxonomic units (OTUs) and taxonomic classification were determined using 

the MOTHUR pipeline [20, 21] and the Greengenes reference database 

(http://greengenes.secondgenome.com/downloads/database/13_5, from May 2013) to obtain the 

microbial composition of the MSS microbiota. OTUs were determined using similarity levels 

between sequences of at least 97% for classifying a microorganism at the species level, as 

proposed by Drancourt et al. [22]. Good’s coverage [23] was calculated for OTUs with an 

evolutionary distance of 0.03. Rarefaction curves were calculated for OTUs with an evolutionary 

distance of 0.03, 0.05 and 0.10. The nucleotide sequences were submitted to Sequence Read 

Archive (SRA, http://www.ncbi.nlm.nih.gov/sra/) with the accession number of SRR1573431. 

 

Shotgun metagenome data 

 

Metagenomic primary data analysis was performed with SOLiD ™ Accuracy 

Enhancement Tool (SAET) software (http://solidsoftwaretools.com/gf), a spectral alignment 

algorithm that screens for errors inherent to the sequencing platform and the encodeFasta.py 

program 

(http://gnome.googlecode.com/svn/trunk/pyGenotypeLearning/src/pytools/encodeFasta.py), that 

converts the sequences represented in color space to letter space format. Then, the assembly of the 
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metagenome data was performed to generate contigs using the Metavelvet software [24] with 

parameters according to the recommendations of the authors (kmer 27, -exp_covauto) [24]. 

A Fasta file with contig sequences was deposited into the Metagenomics RAST Server 

(MG-RAST v3.3) [25]. Prior to annotation, MG-RAST provides a quality control of sequences 

that consists of artificially removing duplicate sequences and screening based on quality and size 

of sequences. Functional analysis was performed using the SEED subsystem and KEEG available 

on MG-RAST with the following cutoff parameters: 1x10
-5

 e-value and 60% of identity 

percentage [26]. The data from this study are available via MG-RAST with the ID 4519449.3.  

A recruitment plot was used to identify abundant species genomes in the MSS 

metagenome. In this representation, MSS metagenome contigs were compared to individual 

bacterial genomes. Fragment recruitment of the MSS contigs was performed using BLASTN 

against bacterial and archaeal complete genomes. Data were plotted using R (http://cran.r-

project.org), and the criteria for counting a hit were a minimum identity of 90%, e-value cutoff 

0.001 and minimum alignment of 50 bp.  

 

Comparative metagenomic analysis 

 

Comparative metagenomic analysis was performed using the Statistical Analysis of 

Metagenomic Profiles (STAMP) program [27] to determine statistically significant functional 

composition differences in any two metagenomes using two-sided Fisher exact tests [27]. The 

most important metabolic categories were selected by using a p-value >0.05. To accomplish that, 

the MG-RAST functional matches at all levels were compared using the SEED database 

(http://www.theseed.org). The statistical comparison was conducted with the data from a rich 

arsenic well metagenome (4461675.3) [17] due to similarity between the two environments, i.e., 

the high As contamination. 
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Real-time PCR (qPCR) 

Quantitative real-time PCR was performed to estimate the absolute number of copies of 

bacterial and archaeal 16S rRNA genes in the MSS. To accomplish this outcome, total DNA 

sample was added to a 20 l reaction containing a SYBR Green master mix and the bacterial and 

archeal primer set: 338F (5’-TACGGGAGGCAGCAG-3’) and 344F (5'-

ACGGGGCGCAGCAGGCGCGA-3’), respectively [28] and 518R (5’-

ATTACCGCGGCTGCTGG-3’) for both [29]. Standard curves were generated from the 16S 

rRNA gene amplicons obtained using conventional PCR from Halococcus morrhuaea ATCC 

17082 and Escherichia coli ATCC 25922 as previously described by Cardinali-Rezende et al. 

[30]. The procedure was performed using the ABIPRISM 7900HT sequence detection system 

(Applied Biosystems, Foster City, CA). The conditions used to amplify the 16S rRNA gene from 

bacteria and archaea were according to Cardinali-Rezende et al. [30].  

 

Results 

 

Taxonomic composition of the prokaryotic community  

The MSS microbiota resulted in 273,710 high-quality reads with an average read length of 

450 bp. Of a total of 31,656 OTUs, 678 OTUs were not classified within the Bacteria and Archaea 

domains. Thus, a total of 30,978 OTUs remained for downstream analysis. Of these OTUs, 22,184 

were singletons and 2,242 were doubletons composed of only a few reads (27,077). Bacteria were 

by far the most abundant prokaryotic domain, constituting 98.2% (30,738 OTUs), whereas 

archaeal reads showed a relative paucity (1.8%, 240 OTUs). The Good’s coverage value (89%) 

and rarefaction curve (Fig. S1) obtained with an evolutionary distance of 0.03 indicated that most 

of the prokaryotic diversity was detected in the sample. 

Bacterial and archaeal phyla diversity are shown in Figure 1. A total of 30,738 OTUs were 

assigned to 52 known bacterial phyla. Nevertheless, most OTUs were affiliated with four phyla: 
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Proteobacteria (45%), Bacteroidetes (18%), and an equal proportion (4%) of Acidobacteria and 

OD1. The group “other bacteria” comprised minor bacterial phyla such as Gemmatimonadetes, 

Cyanobacteria, OP3, OP11, Spirochaetes, and TM7, among others, representing 8% of the OTUs. 

Furthermore, 2,157 OTUs were considered to be unclassified at the phylum level and, thus, may 

represent new bacterial taxa (Fig. 1). 

All proteobacterial classes were represented, with the Beta-, Gamma-, and 

Deltaproteobacteria classes being the most abundant (81%). Bacteroidetes were identified 

primarily as members of the Sphingobacteria (53%), Flavobacteria (17%), Bacteroidia (17%) and 

incertae sedis (13%) classes. The Acidobacteria phylum was represented by 19 classes, with Gp6, 

Gp17, Gp3 and Holophagae accounting for 69% of representation.  

Only 8,430 OTUs (26.6%) were classified at the genus level. The predominant genera 

observed were, Sediminibacterium (Bacteroidetes, 520 OTUs), Flavobacterium (Bacteroidetes, 

392), Prevotella (Bacteroidetes, 371), Geobacter (Proteobacteria, 323), Nitrospira (Nitrospirae, 

303), Haliscomenobacter (Bacteroidetes, 250), Thermomonas (Proteobacteria, 245), Thiobacillus 

(Proteobacteria, 240), Acinetobacter (Proteobacteria, 222) and Acidovorax (Proteobacteria, 200). 

Recruitment of MSS metagenome contigs by bacterial genomes are illustrated in Figures 2 

and S2A-G. The bacterial genome that recruited the majority of the contigs was Candidatus 

Nitrospira defluvii (Fig. 2A and B). Other bacterial species were also reasonably well recruited, 

such as Anaeromyxobacter dehalogenans, Chitinophaga pinensis DSM2588, Geobacter 

metallireducens, Leptothrix chlolodnii, Sideroxydans lithotrophicus, Thiobacillus denitrificans, 

and Thiomonas 3As (Fig. S2).      

The taxonomic affiliation of the Archaea domain revealed that most of the OTUs belonged 

to the Parvarchaeota phylum (83%) represented by the Parvarchaea (83%) and Micrarchaea 

(17%) classes. The Crenarchaeota phylum (1%) was also represented by three OTUs related to 

the Miscellaneous Crenarchaeotal Group (MCG). Although members of the Thaumarchaeota 

phylum were not identified in the MSS microbiota, it was possible to recruit the partial genome of 
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three Thaumarchaeota species: Nitrosopumilus maritimus SCM1, an ammonia oxidizing archaea 

belonging to the Nitrosopumilaceae family that was originally isolated from a marine fish tank 

[31] (Fig. 2C and D); Cenarchaeum symbiosum, a psychrophilic archaea species that belongs to 

Cenarchaeaceae family and inhabits a marine sponge; and Candidatus Nitrososphaera gargensis, 

an ammonia oxidizing species from Nitrososphaeraceae family (Figs. S2H and I).  

 

Abundance of the Bacteria and Archaea domains  

 

The absolute quantification of bacterial and archaeal communities by qPCR was 

accomplished and generated R
2
 values of 0.99 for both curves and slopes of -3.23 and -3.35, 

respectively (Supplementary Figures S3A-D). According to qPCR analysis, the bacterial 16S 

rRNA gene copy number (7.7 x 10
6
 gene copies g

−1
) was two orders of magnitude higher than the 

archaeal, with 5.3 x 10
4
 gene copies g

−1
 in the sediment sample (Figs. S4A and B). 

 

Overview of metagenomic data 

Random shotgun metagenome sequencing from MSS resulted in 158,882,631 reads (50 bp 

per read) totaling a 7.9 Gbp dataset. Assembly of reads by Metavelvet resulted in 378,588 

contigs ranging from 60 to 2911 bp. After being trimmed by MG-RAST based on quality, size, 

and artificial removal of duplicate reads, a total of 350,111 clean contigs were used for further 

analysis. The contig dataset was used to determine the functional analysis. The MSS metagenome 

exhibited a wide range of GC content from 15% to 80%. Most of the contigs were grouped and 

ranged from 40 to 60% GC content, with an average GC content of 45 ± 8%. 

 

SEED and KEEG analyses with MG-RAST 
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Of the 350,111 contigs analyzed for the functional annotation based on the SEED 

subsystem classification (MG-RAST), 135,632 contigs (39%) could be assigned to functional 

categories, i.e., predicted proteins with known functions. Nevertheless, most of the contigs (53%) 

were related to predicted proteins with unknown function, whereas the remaining contigs (8%) 

presented no match with the SEED database. 

Twenty-eight functional subsystems were identified in the MSS metagenome. Protein 

metabolism, clustering-based subsystems, miscellaneous, carbohydrates, and RNA metabolism 

presented the largest number of annotated contigs. Other subsystems were related to mobile 

elements (phages, transposons, integrons, plasmids, and pathogenicity islands) (4%) and stress 

response (3%), both of which are involved in the fast response and adaptation of the microbial 

community to changes in the environment (Fig. 3). 

Functional analysis with the KEGG Mapper tool of the MG-RAST allows an integrated 

view of the environmental global metabolism. Assignment of the MSS contigs revealed that most 

of the metabolic pathways were detected (Supplementary Figure S6). The metabolic pathways 

identified in the KEGG database as the most abundant were carbohydrate, amino acids, and 

energy metabolic pathways, indicating that microbial communities inhabiting the MSS are well 

adapted to degrade carbon substrates such as soluble carbohydrates or polysaccharides and amino 

acid and derivatives. 

Among the genes detected in the MSS, we focused our SEED and KEGG analyses on 

metal resistance and nitrogen metabolism, which might have particular importance for this 

environment. 

 

Nitrogen metabolism analysis  

The Mina Stream is a eutrophic water body presenting high nitrogen concentration and of 

its inorganic forms [11]. Therefore, nitrogen metabolism was analyzed, and revealed the presence 

of enzymes that play a role in ammonia assimilation (49%), nitrate and nitrite ammonification 
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(33%), allantoin utilization (7%), nitrogen fixation (5%), nitric oxide synthase (3%), and cyanate 

hydrolysis (3%). Relevant genes involved in these six processes revealed by SEED and KEGG 

databases are displayed in Table 1 and Supplementary Figure S5.  

 

Metal resistance analysis 

The genes associated with heavy metals were highly diverse, with cobalt-zinc-cadmium 

(47%) and copper resistance (30%) being the most abundant, followed by the arsenic resistance 

genes accounting for 6% (Fig. 5 and Table 2). Interestingly, the presence of the arsC resistance 

gene was not detected in the MSS metagenome even though this gene is the most widespread 

arsenic resistance gene in the environment [32].  

 

Statistical comparison of As-contaminated environment 

Statistical comparison of the SEED subsystem resemblances between two or more 

environments can reveal enriched subsystems for a particular environment. To determine 

biologically significant differences, the functional subsystems detected in the MSS metagenome 

were statistically compared with the RAW metagenome, as described by Mailloux et al. [17]. 

SEED subsystem comparison revealed a high degree of similarity between the MSS and RAW 

metagenomes (Fig. 4). However, some differences were observed with significantly over abundant 

reads in the MSS, which were assigned to mobile elements, regulation and cell signaling, 

phosphorus metabolism, virulence and defense subsystems, among others. By contrast, the RAW 

metagenome identified more reads in the amino acid and derivative, clustering-based, 

carbohydrates, and subsystems related to cell maintenance (Fig. 4). The two metagenomes, MSS 

and RAW, statistically differed in the enrichment of contigs related to respiratory arsenate 

reductase (ArrA and ArrB proteins) and multicopper oxidase, which were more frequent in the 

MSS. By contrast, the RAW metagenome overrepresented arsenate reductase (ArsC) and copper 

homeostasis (CutE) proteins in the dataset (Fig. 5). 
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Metabolic diversity and community-level physiological profiles (CLPP)  

 

The metabolic profile of the microbial community of the MSS was assessed using Biolog 

Ecoplate™ (Biolog, Inc.). Substrate utilization patterns from microbial communities are shown in 

Table S1. The highest metabolic diversity was observed under anaerobic conditions (30 carbon 

sources consumed), whereas the community under aerobic conditions consumed 26 carbon 

sources. 2-hydroxy benzoic acid was the only carbon source not consumed by either microbial 

community. The substrates -ketobutyric acid, L-threonine, glycogen, and -D-lactose were not 

consumed by the aerobic microbial community.  

 AWCD reflects the carbon source utilization ability of the microbial community over time. 

AWCD analysis showed that the microbial community under anaerobic conditions reached the 

maximum carbon source utilization at just 72 h, after which time the activity reached a plateau (as 

demonstrated by the maximum color development). By contrast, the microbial community under 

aerobic conditions did not reach the maximum color development, showing slower growth and 

consumption of the carbon source (Fig. 6). 

 The Shannon and Simpson diversity indices of the microbial community metabolic profile 

were calculated, revealing moderate diversity in both communities (Table S1). Although the 

anaerobic community presented greater diversity, the differences were not statistically significant 

(P ≤ 0.05) (Table S1). In addition, the Simpson's index of microbial community response showed 

that a few dominant microbial species were responsible for the metabolic profile of both 

communities. 

 

Discussion 
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The microbial community plays an important role in the freshwater environment, 

especially in stream ecosystems where they are responsible for most of the organic matter 

decomposition [33]. The dataset presented in this study is the first to taxonomically and 

functionally characterize the microbial community of a metal-contaminated sediment from a 

tropical freshwater stream using a combination of approaches such as metabolic fingerprinting, 

qPCR, and shotgun metagenomic sequencing. 

Taxonomic analyses revealed that a highly complex bacterial community was present in the MSS. 

Taxonomic data indicated Proteobacteria (especially Beta-proteobacteria) was the most abundant 

phylum followed by Bacteroidetes. A previous investigation on the prokaryotic diversity in the 

MSS also showed the predominance of the Proteobacteria, but with its classes presenting different 

tendencies, and Bacteroidetes phyla [8]. However, the present study revealed that the bacterial and 

archaeal 16S rRNA gene copy number was lower in the dry season, in contrast to the increase 

detected in the rainy season by Reis et al. [8]. The observed increase, up to 10 times that of metal 

concentrations (mainly Zn and As), in the dry season may have affected the cell abundance of the 

microbial communities present in the MSS, a finding that was reflected in the abundance of the 

16S rRNA gene copy number. The eutrophic environment and the presence of high concentrations 

of metals in the MSS could explain the predominance of Beta-proteobacteria and Bacteroidetes. 

Indeed, according to Brümmer et al. [33], the predominance of Beta-proteobacteria is associated 

with the presence of high concentrations of ammonia and metals in contaminated water.  

Our freshwater tropical sediment results differ from those reported recently for temperate 

sediments showing that Proteobacteria (especially Deltaproteobacteria) and Acidobacteria were 

the most abundant phylas [34]. In addition, Bacteroidetes were found to be in low proportion in 

freshwater sediment, albeit enriched when interdital wetland sediments were analyzed [34]. It 

should be noted that our data presented a taxonomic similarity with a previous investigation in 

tropical pristine sediment [8]. 
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Several bacterial species that play an important role in metal contaminated environments 

were found to inhabit the MSS, as supported by the recruitment plots (Figs. 2 and S2A-E). The 

Beta-proteobacteria class harbors chemolithoautotrophic members as ferrous iron oxidizing 

bacteria (FeOB), which were broadly represented in our data [35]. The Gallionellaceae family was 

represented by Sideroxydans lithotrophicus, a neutrophilic FeOB that prefers low oxygen and 

iron-rich environments [7]. S. lithotrophicus may play an important role in the removal of As from 

the MSS environment as FeIII binds with arsenate (AsV), which facilitates its precipitation and 

decreases its bioavailability in the environment [7]. Leptothrix chlolodnii, which is often found in 

eutrophic freshwater environments, was detected in our analysis. This bacterium oxidizes MnII 

into manganese oxide (MnIII and MnIV) [36, 37]. The Betaproteobacteria found in our sample 

included, among others, Thiobacillus denitrificans and Thiomonas cuprina. The former oxidizes 

various reduced inorganic sulfur compounds, such as ferrous sulfide (FeS), coupling with the 

reduction of nitrate [38, 39]. The latter is an AsIII-oxidizing bacterium that is ubiquitous in 

arsenic-contaminated environments and is capable of gaining energy from the oxidation of 

reduced inorganic sulfur compounds (e.g., able to perform the dissimilatory oxidation of iron) [39, 

40]. Three FeIII-reducing members of the Deltaproteobacteria class were detected. One of them, 

Anaeromyxobacter dehalogenans, is a dissimilatory FeIII-reducing bacterium known to gain 

energy with Fe reduction [41], a contrasting role to that performed by Thiomonas cuprina. The 

two other members belonged to the Geobacter genus and showed the highest abundance among 

the Deltaproteobacteria of the MSS metagenome. Members of this genus were the most recovered 

in enrichment cultures by FeIII reduction [42]. Altogether, the presence of these taxa may reflect 

the high concentrations of metals such as Fe, Mn, Cu, As, and Zn found in the MSS. Moreover, 

the genome of Chitinophaga pinensis was well represented in the fragment recruitment plots [43]. 

This species is associated with organic carbon cycling in both anaerobic and aerobic sediments 

through the breakdown of simple carbohydrates to organic acids and degradation of a wide range 

of biopolymers [44, 45]. 
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Members of Actinobacteria, Firmicutes, and Nitrospirae are generally recovered in large 

proportions from freshwater environments [46, 34], which is in contrast to the present observation 

for the MSS. Studies suggest that the abundance of the Actinobacteria and Firmicutes phyla is 

significantly correlated with metal-contaminated environments, particularly resistance to As and 

Hg [7, 8, 47, 48]. However, the metal contamination found in MSS does not appear to favor their 

abundance. Future research will be needed to ascertain the reason for the observed decrease of the 

abundance of these bacteria in this freshwater sediment and to find whether it is a widespread 

phenomenon. 

The members of the Archaea domain from the MSS belonged to the Parvarchaeota and 

Crenarchaeota phyla. The Crenarchaeota phylum has been previously described in metal-

contaminated environments [7, 49-51]. Our data contrasted with previous studies on archaeal 

diversity in metal-impacted environments that usually find a predominance of Crenarchaeota [8, 

52]. The Parvarchaeota phylum was recently proposed by Rinke et al. [53] from single-cell 

genome sequencing of an uncultured archaea. Thaumarcheota were represented, only in the 

metagenomic shotgun sequencing data, by the following ammonium oxidizer species: 

Cenarchaeum symbiosum, Nitrosopumilus maritimus, and Candidatus Nitrosphaera gargensis 

[54-56]. Previous investigation on water columns of the Amazon River also detected 

Cenarchaeum symbiosum and Nitrosopumilus maritimus, indicating the importance of these 

species in the nitrogen (N) cycle of sediment from freshwater environments [50, 57]. It should be 

noted that the species Nitrosopumilus maritimus, detected in the MSS metagenome, showed the 

highest genome coverage of archaeal reads, indicating that this chemolithoautotrophic nitrifier is 

globally distributed and is essential for the nitrification mechanisms in this environment.  

The presence of various metal resistance genes detected in the MSS metagenome was 

expected, because the MSS exhibited high concentrations of As, Mn, Zn, and Cu. Despite absence 

of Co and Cd in MSS, resistance genes associated with cobalt-zinc-cadmium resistance were the 

most abundant. Resistance determinants to these metals are usually organized as an operon 
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harboring the genes czcC, czcB, and czcA, which are responsible for expression of an efflux pump 

that transports the ions Co
+2

, Zn
+2

, and Cd
+2

 out of the bacterial cell [58, 59]. A previous study 

investigated the expression of this operon in the presence of these metals separately and found that 

the expression was more efficient in the presence of high concentrations of Zn [60]. Thus, the high 

concentration of Zn in the MSS could explain the abundance of these genes in this environment. 

Moreover, genes that confer resistance to Hg were also found in MSS, despite the low 

concentration of this metal (<2.5 mg/Kg and <0.1 mg/L for sediment and water, respectively). 

This finding could be due to the fact that the Hg resistance genes are co-selected as they are 

usually located on plasmids and transposons that harbor other resistance genes, such as resistance 

to betalactamic antibiotics, kanamycin, tetracycline, and others [61-63].  

The Cu resistance gene, the second most abundant in the MSS, may be related to bacterial 

cell protection mechanisms against high concentrations of this metal found in this environment. 

Cu is an essential metal for the metabolism of the cell, because it is required as a cofactor for 

several enzymes [64]. Nevertheless, high concentrations of this metal may be toxic for the 

bacterial cells that have developed homeostasis mechanisms to ensure appropriate internal 

concentrations of Cu [65]. 

The As resistance mechanism most widespread in the environment, performed by the ArsC 

enzyme, was not detected in the MSS. Interestingly, the other genes of the ars operon (arsA, arsB, 

arsD, arsH, arsR) were found. The bacterial respiratory arsenate reductase enzymes encoded by 

the arrA and arrB genes was abundant in the MSS metagenome. A previous study from our group 

[11] investigating As resistance genes in the MSS using a metagenomic approach also found that 

the arrA gene was the most diverse As gene in the sample, indicating that this dissimilatory 

arsenate reduction is the most frequent activity. This microbial reduction is one of the main 

pathways involved in As mobilization in anoxic environments because release of the most toxic 

and soluble form of As, AsIII, by reducing Fe- or Mn-oxides may increase the contamination of 

water bodies [66].  
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Microbial community physiological profile analysis based on the ability to use different 

carbon sources has been successfully used to characterize microbial diversity in different 

environments [67-69]. Xiong et al. observed that soil uncontaminated by As showed greater 

metabolic diversity (C sources consumed) than soil newly contaminated with this metalloid, 

indicating that the microbial community was affected by this contamination. By contrast, our data 

showed a high metabolic diversity in the MSS, suggesting that As contamination is most likely not 

affecting the microbial diversity. Furthermore, other studies also reported that high nutrient 

concentrations in metal-contaminated sediments promote prokaryotic diversity [5, 71]. 

In freshwater ecosystems, phosphorus (P) and N are limiting nutrients, i.e., variation of 

these nutrient concentrations limits biological productivity. These nutrients were previously found 

in various organic and inorganic forms, and their bioavailability to higher trophic levels occurred 

through microbial transformations, because the organisms used them for growth and, in some 

cases, as an energy source [72]. 

The major transformations of N are N fixation, nitrification, denitrification, anammox, and 

ammonification, all highly dependent on the activities of a diverse assemblage of microorganisms 

such as bacteria, archaea, and fungi [73, 74]. In addition to metal contamination, Mina Stream is 

considered to be a eutrophic water body containing high concentrations of total N and its inorganic 

forms, nitrate (NO3
2—

N, 3103.8 µg l
-1

) and ammonium (NH4
+
-N, 829.5 µg l

-1
). Thus, it is likely 

that several bacterial and archaeal species related to the N cycle, such as Thiobacillus 

denitrificans, Candidatus Nitrospira defluvii, Cenarchaeum symbiosum, Nitrosopumilus 

maritimus, and Candidatus Nitrosphaera gargensis, among others, may play important roles in the 

N metabolism of the MSS. Candidatus Nitrospira defluvii was highly abundant in the MSS 

metagenome, being the bacterial genome with the highest coverage. These bacterial species are the 

dominant nitrite-oxidizing species in wastewater treatment plants and have already been found in 

metal-contaminated sediments [7, 75]. 
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Analysis of N cycling genes from the MSS metagenome unveiled ammonium assimilation 

and ammonification as the two most abundant N cycle processes. Indeed, genes responsible for 

ammonium assimilation such as glutamate synthase (EC 1.4.1.13 and EC 1.4.1.14) and glutamine 

synthetase type I and type III (EC 6.3.1.2) were detected in our samples. Ammonium assimilation 

performed by the microbial community can retain N and make the sediment act as a temporary 

buffer in aquatic environments [76, 77]. The ammonification process is performed by saprophytic 

bacteria and is based on the decomposition of organic molecules containing N, e.g., amino acids 

and DNA that are released into the environment when an organism excretes waste or dies. N is 

required for the survival of all organisms, because it is an essential component of DNA, RNA, and 

protein, and thus, is essential for the maintenance of the aquatic microbial community. As most N 

exists in the form of organic molecules, the availability of N to higher trophic levels depends on 

microbial transformation. 

In conclusion, our data reveal that the microbial communities from the MSS have 

significantly different features than those presented by other metal-contaminated environments. 

The data recovered agree with the expected assemblage of organisms thriving in metal-rich and 

eutrophic environments. This study provides important insights into the structure of the 

prokaryotic community of a tropical freshwater sediment, indicating a possible role for this 

community in the N and C cycles and in the transformation of Fe and As. Functional annotation 

unveiled a high degree of diversity of several metal resistance genes, indicating that this microbial 

community is well adapted to environments containing metal contamination. Finally, the results 

reported here expand the current knowledge of the microbial taxonomic and functional 

composition of tropical, metal-contaminated, freshwater sediments. Our data, together with those 

revealed by many other research efforts across the globe, may be an indirect and yet relevant 

contribution to the enormous endeavor being championed by the Earth microbiome project. 
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Figures  

 

Figure 1 -  Taxonomic composition of bacterial (A) and archaeal (B) taxa from MSS microbiota 

based on the Greengenes database. Other bacteria: Gemmatimonadetes, Cyanobacteria, OP3, 

OP11, Spirochaetes, TM7, Chlorobi, WS3, Elusimicrobia, GN04, TM6, GN02, Tenericutes, 

Armatimonadetes, BRC1, NC10, WPS-2, Fibrobacteres, Fusobacteria, H-178, FCPU426, Kazan-

3B-28, WS5, NKB19, Thermi, AC1, TPD-58, WS6, Synergistetes, OP8, WS2, ZB3, SC4, OP1, 

SBR1093, SR1, Lentisphaerae, GAL15, PAUC34f, LCP-89 and MVS-104. 
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Figure 2 - Fragment recruitment plots of the MSS contigs by Candidatus Nitrospira defluvi (A and 

B - FP929003.1) and Nitrosopumilus maritimus (C and D - CP000866.1) genomes. The 

comparison was made using BLASTn. Vertical axis showed the % identity of the metagenomic 

contigs to the respective bacterial or archaeal genome. A and C – recruitment by R software; B 

and D – recruitment by MG-RAST. 
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Figure 3 – SEED subsystems distribution of the MSS metagenome based on MG-RAST 

annotation. The cutoff parameters were e-value 1x10
-5

  and 60% of identity.  
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Figure 4 - Significant SEED subsystem differences as a result of a Fisher exact test between the 

MSS and RAW metagenomes conducted with the STAMP program. Enrichment of SEED 

subsystem in the RAW metagenome has a positive difference between proportions (blue circles), 

whereas enrichment of SEED subsystem in the MSS metagenome has a negative difference 

between proportions (orange circles). Bars on the left represent the proportion of each subsystem 

in the data. Subsystems difference with a p value of  >0.05 were considered to be significant. 
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Figure 5 - Significant metal resistance genes differences as a result of a Fisher exact test between 

the MSS and RAW metagenomes conducted with the STAMP program. Enrichment of metal 

resistance genes in the RAW metagenome has a positive difference between proportions (blue 

circles), whereas enrichment of metal resistance genes in the MSS metagenome has a negative 

difference between proportions (orange circles). Barson the left represent the proportion of each 

metal resistance protein in the data. Metal resistance difference with a p value of  >0.05 were 

considered to be significant. 
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Figure 6 – Average well-color development (AWCD) calculated from the consumption of carbon 

sources of anaerobic and aerobic microbial communities. 

 

Figure S1 - Rarefaction curve of number of OTUs observed with an evolutionary distance of 0.03, 

0.05 and 0.10. 
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Figure S2 – Fragment recruitment plots of the MSS contigs by bacterial and archaeal genomes. 

The comparison was made using BLASTn. Vertical axis showed the % identity of the 

metagenomic contigs to the respective bacterial or archaeal genome. A - Anaeromyxobacter 

dehalogenans 2CP-1 (CP000251.1);  B - Chitinophaga pinensis DSM2588 (CP001699.1); C - 

Geobacter metallireducens (CP000148.1); D - Leptothrix chlolodnii (CP001013.1); E - 

Sideroxydans lithotrophicus (CP001965.1); F - Thiobacillus denitrificans ATCC25259 

(CP000116.1); G - Thiomonas arsenitoxydans 3As (FP475956.1); H - Candidatus Nitrososphaera 

gargensis (CP002408.1); I - Cenarchaeum symbiosum (DP000238.1). 
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Figure S3 - The bacterial standard curve (A and B) and the archaeal qPCR standard curve (C and 

D). 

 

Figure S4 - The Ct values from the 16S rRNA gene amplifications. A and B represent bacterial and 

archaeal amplifications, respectively. 
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Figure S5 – Nitrogen cycle representation obtained in the Keeg Mapper analysis of MG RAST 

web server based on SEED database. The red square represents the presence of enzyme sequence 

in the MSS metagenome. 
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Table 1 – The most frequent nitrogen metabolism genes in the MSS metagenome obtained using 

the MG-RAST web server based on SEED database. 

Nitrogen Metabolism Protein and gene Number of 

contigs 

Allantoin Utilization  2-hydroxy-3-oxopropionate reductase (EC 1.1.1.60) 43 

 Allantoate amidohydrolase (EC 3.5.3.9) 50 

 Ureidoglycolate dehydrogenase (EC 1.1.1.154) 53 

Ammonia assimilation Ammonium transporter 64 

 Ferredoxin-dependent glutamate synthase (EC 1.4.7.1) 525 

 Glutamate synthase [NADH] (EC 1.4.1.14) 43 

 Glutamate synthase [NADPH] large and small chain (EC 1.4.1.13) 123 

 Glutamate-ammonia-ligase adenylyltransferase - GlnE (EC 2.7.7.42) 44 

 Glutamine synthetase type I and type III (EC 6.3.1.2) 130 

Cyanate hydrolysis Carbonic anhydrase - CynT (EC 4.2.1.1) 44 

Nitrate and nitrite 

ammonification 

Assimilatory nitrate reductase large subunit (EC:1.7.99.4) 77 

 Nitrite reductase [NAD(P)H] small subunit (EC 1.7.1.4) 30 

 Nitrite reductase probable electron transfer 4Fe-S subunit (EC 1.7.1.4) 210 

 NrfC protein 51 

 Polyferredoxin NapH (periplasmic nitrate reductase) 59 

 Putative thiol:disulfide oxidoreductase, nitrite reductase complex assembly 76 

 Respiratory nitrate reductase delta chain (EC 1.7.99.4) 42 

 Respiratory nitrate reductase subunit, conjectural (EC 1.7.99.4) 78 

Nitric oxide synthase Manganese superoxide dismutase (EC 1.15.1.1) 42 

Nitrogen fixation  AnfO protein, required for Mo- and V-independent nitrogenase 51 

 Nitrogenase (vanadium-iron) beta chain (EC 1.18.6.1) 47 
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Table 2 – The most frequent metal resistance genes in the MSS metagenome obtained using the 

MG-RAST web server based on SEED database 

 

 

 

 

 

 

 

 

 

 

 

 

 

Metal resistance Proteins   Number of 

contigs 

Arsenic resistance Arsenic resistance operon (ArsB, ArsH,  ArsA, ArsR, ArsD) 67 

 Arsenical-resistance protein ACR3 112 

 Respiratory arsenate reductase, Mo binding subunit and FeS subunit (ArrA 

and ArrB) 

124 

Cobalt-zinc-cadmium resistance Cadmium-transporting ATPase - CRA (EC 3.6.3.3) 24 

 Probable cadmium-transporting ATPase - PCT (EC 3.6.3.3) 20 

 Cation efflux system protein (CusA,CusR, CusC, CusB) 990 

 Cobalt-zinc-cadmium resistance protein (CzcA, CzcD, CzcB, CzrR, CzrB) 2007 

 Probable Co/Zn/Cd efflux system membrane fusion protein (CusB/CzsB) 160 

 Putative silver efflux pump 45 

Copper homeostasis Copper-translocating P-type ATPase (EC 3.6.3.4) 504 

 Cytochrome c heme lyase subunit CcmF 31 

 Multicopper oxidase 187 

Mercuric reductase FAD-dependent NAD(P)-disulphide oxidoreductase 85 

Mercury resistance operon Mercuric resistance proteins (MerC, MerE, MerT, MerD, MerR, MerP, 

MerA) 

200 

Resistance to chromium 

compounds 

Chromate resistance proteins (ChrI, ChrA, ChrC) 17 

Zinc resistance Response regulator of zinc sigma-54-dependent two-component system 

(ZraR) 

72 
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Table S1 – Carbon sources utilization by aerobic and anaerobic bacterial communities and 

diversity index in sediment of the Mina stream. 

Carbon source Bacterial community 

Aerobic Anaerobic 

-Methyl-D-Glucoside + + 

D-Galactonic Acid -Lactone + + 

L-Arginine + + 

Pyruvic Acid Methyl Ester + + 

D-Xylose + + 

D-Galacturonic Acid + + 

L-Asparagine + + 

Tween 40 + + 

i-Erythritol + + 

2-Hydroxy Benzoic Acid - - 

L-Phenylalanine + + 

Tween 80 + + 

D-Mannitol + + 

4-Hydroxy Benzoic Acid + + 

L-Serine + + 

-Cyclodextrin + + 

N-Acetyl-D-Glucosamine + + 

- Hydroxybutyric Acid + + 

L-Threonine - + 

Glycogen - + 

D-Glucosaminic Acid + + 

Itaconic Acid + + 

Glycyl-L-Glutamic Acid + + 

D-Cellobiose + + 

Glucose-1-Phosphate + + 

-Ketobutyric Acid - + 

Phenylethylamine + + 

-D-Lactose - + 

D,L--Glycerolphosphate + + 

D-Malic acid + + 

Putrescine + + 

Richeness 26 30 

Shannon- Weaver index  2.96 3.37 

Simpson index 0.9 0.99 
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5 – Discussão Geral 



93 

 

 A água é um elemento natural essencial à preservação da vida. Atualmente, a escassez de 

água potável e sua degradação por atividades antrópicas são de grande preocupação em todo o 

mundo, já que a poluição de ambientes aquáticos superficiais e subterrâneos é um problema global 

(Lord, 2001). O Córrego da Mina é um retrato desta realidade, sendo considerado eutrófico com 

altas concentrações de nitrogênio e suas formas inorgânicas. Além disso, a concentração de metais 

deste córrego excedeu o máximo permitido pela legislação brasileira (CONAMA, resolução de 

2011). Como esperado, o sedimento exibiu maior concentração de metais que a água. Esta maior 

concentração pode ser explicada pela precipitação ou adsorção dos metais que são depositados no 

sedimento, com baixa concentração dos metais dissolvidos na água. Além disso, os sedimentos 

possuem papel importante no transporte e armazenamento de contaminantes, fazendo com que a 

sua qualidade determine a saúde ecológica do ambiente (Rao et al., 2011). Considerando a 

relevância que a comunidade microbiana desempenha nos ciclos biogeoquímicos de metais no 

sedimento, investigou-se neste estudo a taxonomia e as funções decorrentes da diversidade 

procariótica, utilizando duas abordagens distintas: abordagem clássica de cultivo, com ênfase em 

bactérias resistentes ao arsênio e os genes responsáveis pela sua transformação; e metagenoma, 

usando plataforma de sequenciamento de nova geração. 

 As análises dos isolados obtidos das culturas enriquecidas com AsIII e AsV, e do 

microbioma revelaram perfis taxonômicos distintos. O filo Proteobacteria predominou em ambas 

abordagens apesar de distribuição distinta de suas classes. A seleção das culturas enriquecidas 

evidenciou a presença da classe Gammaproteobacteria e dos filos Firmicutes e Actinobacteria, já 

que esses foram originalmente encontrados em menor proporção no microbioma. Os filos 

Proteobacteria, Firmicutes e Actinobacteria são frequentemente descritos em estudos de bactérias 

resistentes ao arsênio, sendo os gêneros Bacillus, Pseudoxanthomonas e Pseudomonas os mais 

comuns, independente do ambiente estudado, indicando claro favorecimento das culturas 

enriquecidas por membros desses táxons (Pepi et al., 2007; Fan et al., 2008; Bachate et al., 2009; 

Escalante et al., 2009; Liao et al., 2011). Além disso, estudos sugerem uma correlação positiva 
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entre resistência ao As e a abundância dos filos Firmicutes e Actinobacteria, o que poderia 

explicar o favorecimento desses filos nas culturas enriquecidas (Gremion et al., 2003; Halter et al., 

2011; Vishnivetskaya et al., 2011; Reis et al., 2013).   

 Embora Bacteroidetes tenha sido o segundo filo mais abundante no microbioma, ele não 

foi detectado dentre os isolados. Uma possível explicação para este resultado é o fato de que 

membros desse filo serem raramente encontrados em ambientes contaminados por arsênio (Halter 

et al., 2011). Em contraste, este filo é frequentemente encontrado por outros pesquisadores em 

ambientes eutrofizados, ricos em matéria orgânica, como o do sedimento do Córrego da Mina 

(Sinkko et al., 2013).  

 A maioria dos gêneros detectados dentre os isolados, como, principalmente, Bacillus e 

Pseudoxanthomonas, apresentou baixa abundância no microbioma, indicando que gêneros raros 

na comunidade bacteriana do Córrego da Mina foram favorecidos pela cultura enriquecida. Por 

outro lado, os gêneros Acinetobacter, Acidovorax e Thermomonas foram abundantes no 

microbioma. Assim, as culturas enriquecidas não parecem refletir as condições ambientais do 

sedimento (nutrientes, concentrações do As e presença de outros metais). Portanto, era esperado 

que a cultura enriquecida favorecesse táxons normalmente cultivados em laboratório, com 

crescimento rápido e melhor adaptação às condições da cultura (Bachate et al., 2009). Essa seleção 

não revelou a maioria da comunidade bacteriana do Córrego da Mina, incluindo os gêneros 

dominantes que necessitavam de condições especiais de cultivo, ausentes na cultura enriquecida. 

Isso condiz com o conhecimento atual das comunidades bacterianas ambientais, ou seja: apenas 

<1% dos microrganismos são cultiváveis em laboratório (Hugenholtz et al, 1998). 

Essa discrepância entre os isolados bacterianos e o microbioma também foi observado na 

análise molecular dos genes de resistência ao As. Os genes arsC, arrA e aioA foram avaliados 

tanto nos isolados como nas bibliotecas de clones. O gene de oxidação de AsIII, aioA, não foi 

detectado no metagenoma do sedimento e não foi muito diverso nos isolados (presente em apenas 

20%). Apesar de ter sido detectado na biblioteca de clones, esse gene apresentou baixa diversidade 
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sendo as sequências afiliadas apenas às classes Alfa e Betaproteobacteria. Resultado similar foi 

encontrado também por outros pesquisadores (Quéméneur et al., 2008; Tomczyk-Żak et al., 2013). 

O AsIII é bastante solúvel sendo pouco encontrado em sedimentos, ao contrário do AsV, que por 

sua facilidade em precipitar junto a outros metais é mais estável no sedimento (Oremland & 

Stoltz, 2005). Portanto, nossos dados sugerem que a oxidação de AsIII é menor no sedimento do 

Córrego da Mina.  

Apesar de arsC não ter sido detectado no metagenoma, os outros genes do operon ars 

foram identificados, indicando que a ausência do gene arsC poderia estar relacionada com falha na 

montagem das sequências em contigs do metagenoma. Os contigs apresentam vantagens para 

análise funcional, pois são maiores, contendo mais informações para a designação funcional, mas 

excluem as sequências únicas que apresentam potencial para trazer novas informações sobre a 

comunidade (Desai et al, 2012).  

Dos três genes, apenas arrA foi detectado e abundante no microbioma, indicando que a 

redução dissimilatória do AsV é a transformação prevalente  do As no sedimento do Córrego da 

Mina. Esta conclusão pode ser reforçada pela análise metabólica da comunidade pelo Biolog que 

detectou uma maior adaptabilidade e diversidade em anaerobiose. Segundo Fennel et al. (2009), o 

sedimento possui duas camadas, sendo a primeira aeróbica localizada diretamente abaixo da 

interface sedimento-água e a segunda camada anaeróbica localizada logo abaixo da primeira. Esse 

ambiente de anaerobiose e altas concentrações de AsV presentes no sedimento, devido ao fato 

desse elemento se precipitar mais facilmente, favorecem bactérias capazes de realizar a redução 

dissimilatória de AsV (Oremland & Stoltz, 2005). Além disso, Lear et al. (2007) identificaram 

associação da entrada de carbono no ambiente, o que acontece em ambientes eutrofizados, como o 

Córrego da Mina, com a prevalência de microrganimos que efetuam a redução dissimilatória de 

AsV para AsIII. O gene arrA foi detectado em poucos isolados provavelmente devido às 

condições aeróbicas da cultura enriquecida, uma vez que esse gene age na respiração anaeróbica. 

Além disso, as sequências do gene arrA das bibliotecas de clones foram relacionadas a bactérias 
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não cultivadas, confirmando que esse gene é expresso por bactérias resistentes ao As, ainda não 

identificadas, como também descrito por Song et al. (2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6 – Conclusão Geral 
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Neste estudo relatou-se uma grande diversidade de gêneros bacterianos redutores de AsV e 

oxidadores de AsIII, sendo Thermomonas e Pannonibacter descritos pela primeira vez como 

gêneros transformadores de arsênio. Esses resultados podem abrir oportunidades para o uso dessas 

bactérias na biorremediação de ambiente impactado por este metaloide. A análise taxonômica dos 

isolados e do microbioma revelou perfis taxonômicos distintos. O sedimento do Córrego da Mina 

abriga uma comunidade complexa com predominância dos filos Proteobacteria e Bacteroidetes. 

Análise filogenética molecular revelou alta similaridade entre algumas sequências de arsC and 

aioA obtidas de isloados e bibiotecas de clones, sugerindo que estes isolados podem representar 

bactérias ambientalmente importantes na especiação de As. O gene arrA foi  detectado apenas no 

microbioma, indicando predominância no processo de redução de AsV, conhecido como redução 

dissimilatória. Destaca-se, ainda, que o gene arrA exibiu maior diversidade molecular. A análise  

funcional do microbioma revelou alta diversidade de subsistemas, incluindo aqueles relacionados 

com elementos móveis e resposta ao estresse, bem como de diversos genes de resistência a metais, 

evidenciando uma comunidade metabolicamente diversa com alta capacidade de adaptação.  
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