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RESUMO 
 

 

Atualmente, a resistência antimicrobiana representa uma das principais ameaças globais à 

saúde pública, especialmente em regiões assoladas por desigualdades estruturais e pela 

degradação ambiental. Na Amazônia brasileira, fatores como a urbanização desenfreada, o 

desmatamento e a falta de saneamento básico favorecem o surgimento e a disseminação de 

doenças de veiculação hídrica e de elementos genéticos de resistência, sendo de grande 

importância para saúde única. Nesse cenário, a vigilância genômica de ambientes aquáticos se 

destaca como uma abordagem essencial para a compreensão de riscos ecológicos e sanitários 

emergentes. Esta tese propõe uma abordagem integrada de metagenômica ambiental voltada à 

vigilância de corpos d’água na região amazônica. A partir da análise de dados metagenômicos 

de amostras coletadas no Estado do Pará, comunidades microbianas foram caracterizadas, 

genes de resistência a antimicrobianos (ARGs) foram identificados e suas possíveis 

associações com variáveis ambientais e antrópicas foram avaliadas. Além disso, o trabalho 

inclui uma investigação sobre a diversidade viral em ambientes amazônicos de água doce, 

bem como uma revisão crítica de ferramentas computacionais para a descoberta 

computacional de fagos, contribuindo para a consolidação de bases metodológicas em 

metagenômica viral. Os resultados alcançados reforçam a importância da metagenômica como 

instrumento de monitoramento ambiental e vigilância em saúde pública, ampliando a 

compreensão sobre os impactos da ação humana na microbiota aquática da Amazônia, sob a 

perspectiva conceitual de Saúde Única. 

 

Palavras-chave: Amazônia. Água doce. Metagenômica. Resistência antimicrobiana. 
Resistoma. Virosfera. Saúde Única. 



 
 

 

ABSTRACT 

 

 

Antimicrobial resistance is currently one of the greatest global threats to public health, 

especially in regions burdened by structural inequality and environmental degradation. In the 

Brazilian Amazon, factors such as unregulated urban expansion, deforestation, and the lack of 

basic sanitation contribute to the emergence and spread of waterborne diseases and genetic 

elements associated with resistance. In this context, genomic surveillance of aquatic 

environments stands out as an essential approach to understanding emerging ecological and 

sanitary risks. This thesis proposes an integrated environmental metagenomics approach 

applied to the surveillance of freshwater ecosystems in the Amazon region. Based on 

metagenomic data from water samples collected in the State of Pará, microbial communities 

were characterized, antimicrobial resistance genes (ARGs) were identified, and their possible 

associations with environmental and anthropogenic variables were evaluated. Additionally, 

the work includes an investigation of viral diversity in Amazonian freshwater ecosystems, as 

well as a critical review of computational tools for in silico phage discovery, contributing to 

the consolidation of methodological frameworks in viral metagenomics. The results reinforce 

the importance of metagenomics as a tool for environmental monitoring and public health 

surveillance, expanding our understanding of the impacts of human activity on Amazonian 

aquatic microbiota under the conceptual framework of One Health. 

 

Key-words: Amazon. Freshwater. Metagenomics. Antimicrobial resistance. Resistome. 
Virome. One Health. 
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1.​ INTRODUÇÃO GERAL 

 

1.1.​ ÁGUA – FONTE DA VIDA E DE DOENÇAS 

O Sistema Solar herdou sua água de grãos interestelares cobertos de gelo na nuvem de 

poeira da qual o Sol e os planetas se formaram há 4,6 bilhões de anos (ZOLENSKY et al., 

1999). Sob as crostas geladas de luas como Encélado e Europa, ou na geologia de Marte, 

podemos encontrar vestígios de água ao longo de toda a sua vizinhança celeste (HAND et al., 

2020). Dos oceanos a um copo de água gelada em um dia quente, a história cosmológica por 

trás desse líquido transparente carrega consigo as bases para a evolução da vida na Terra. 

No espaço, as moléculas de água formam-se no espaço interestelar por reações 

químicas que se agregam de dois modos principais: na forma de objetos gelados como 

cometas, longe do Sol onde as temperaturas são baixas; ou, na forma de minerais hidratados, 

quando a água reage com materiais rochosos sob temperaturas mais altas (MORBIDELLI et 

al., 2000). De acordo com a ciência planetária, segundo as teorias mais aceitas, acredita-se 

que o planeta Terra tenha herdado a sua água há pelo menos 4,3 bilhões de anos pelo choque e 

colisão com objetos gelados, como asteroides e cometas, que possam ter sido então 

assimilados pelo crescente manto da Terra (RAYMOND; IZIDORO, 2017), embora esta não 

seja a única explicação possível para este mundo aquático. Outras hipóteses sugerem que a 

maior parte da água da Terra foi assimilada ainda durante o período protoplanetário e veio à 

tona com o tempo, com estimativas de que podem existir até 6 vezes mais água dentro do 

manto rochoso terrestre do que na superfície terrestre (GU et al., 2022; PIANI et al., 2020). 

Atualmente, apesar do mistério que perdura sob a sua origem, cerca de 71% da 

superfície da Terra é coberta por água, o chamado “planeta azul”. Dessa água, 97% é salgada 

e está nos mares e oceanos, 2,2% estão na forma de gelo e permafrost e apenas 0,008% dela 

está disponível na forma de água doce no estado líquido na superfície do planeta (GLEICK, 

1993). Sendo considerada um pré-requisito para que a vida surja e evolua, acredita-se que o 

surgimento da vida na Terra se deu em água líquida que, como solvente, permite a 

organização de biopolímeros em estruturas tridimensionais e atua como parceira química da 

maioria das vias bioquímicas que conhecemos (BRACK, 1993). Sendo assim, a água é um 

dos ingredientes fundamentais para a vida na Terra e grande parte dos organismos são 

compostos principalmente por ela. 
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Figura 01 – Da origem astrológica à saúde humana: a jornada da água. A água, elemento 
essencial à vida, tem uma origem ancestral ligada a processos geológicos e cósmicos. Desde 
os impactos de cometas na formação da Terra até sua presença em aquíferos e rios tropicais, a 
água percorre um ciclo que conecta ecossistemas e seres humanos. Sua qualidade e 
disponibilidade influenciam diretamente a saúde pública, tornando-se um elo entre o ambiente 
e as doenças de veiculação hídrica. Fonte: ilustração gerada por inteligência artificial, em 22 
de abril de 2025. 
 

Inclusive, o próprio corpo humano é composto em mais de 70% por água, exigindo 

uma ingestão regular de água para que o organismo se mantenha hidratado, transporte 

nutrientes até as células e elimine toxinas do corpo através do suor e da urina, desempenhando 

suas funções vitais (YAMADA et al., 2022). De fato, um ser humano adulto em média 

sobrevive por apenas 3 dias sem água (POPKIN; D’ANCI; ROSENBERG, 2010). Apesar 

disto, mais 2,2 bilhões de pessoas em todo o mundo ainda carecem de uma gestão segura de 

água potável, incluindo 785 milhões sem acesso básico à água potável para beber (UNITED 

NATIONS, 2020). Os serviços de água, saneamento e higiene são uma das maneiras mais 

baratas, fáceis e eficazes de prevenir a propagação de doenças, como o coronavírus, ainda 

assim cerca de 3 bilhões de pessoas em todo o mundo não tem a capacidade de lavar as mãos 

com segurança em casa, e mesmo serviços de instalações de assistência médica ainda carecem 

de abastecimento básico de água (UNITED NATIONS, 2020). 
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A Agenda 2030 para o Desenvolvimento Sustentável da Organização das Nações 

Unidas (ONU) dedica a sua meta nº 06 para água limpa e saneamento, a fim de “garantir o 

acesso à água e saneamento para todos, a necessidade humana mais básica para a saúde e o 

bem-estar” (UNITED NATIONS, 2022a). Enquanto a demanda por água aumenta – devido ao 

rápido crescimento populacional, urbanização e aumento das necessidades de água da 

agricultura, indústria e setores de energia – após décadas de uso indevido, má gestão, extração 

excessiva de águas subterrâneas e contaminação de fontes de água doce, o estresse dos 

recursos hídricos atinge um nível crítico (UNITED NATIONS, 2020). Além disso, desafios 

crescentes relacionados à degradação dos ecossistemas relacionados à água, escassez causada 

pela mudança climática, subinvestimento em água e saneamento, e cooperação insuficiente 

em águas transfronteiriças atuam como uma grande ameaça a todos os países (UNITED 

NATIONS, 2020). 

A Agenda 2030 da ONU também aponta, na sua meta nº 15 que trata sobre a vida 

terrestre, sobre a importância de “proteger, restaurar e promover o uso sustentável dos 

ecossistemas terrestres, gerir de forma sustentável as florestas, combater a desertificação, 

mitigar e reverter a degradação dos solos e deter a perda da biodiversidade” (UNITED 

NATIONS, 2022b). De acordo com o mais recente Relatório dos Objetivos de 

Desenvolvimento Sustentável (UNITED NATIONS, 2020), nos últimos 300 anos, mais de 

85% das zonas úmidas do planeta foram perdidas e degradadas, principalmente por meio de 

drenagem e conversão de terras, levando 81% das espécies dependentes desses ambientes à 

beira da extinção de 1970 até hoje, com um número crescente de espécies definitivamente 

extintas. 

Conforme descrito pela Organização Mundial da Saúde (OMS), melhorias no 

saneamento e higiene da água, gestão de águas residuais em todos os setores e maiores 

esforços em vigilância e pesquisa são componentes fundamentais para o atingimento dessas 

metas (WHO, 2020). Sem uma melhor infraestrutura e gestão, milhões de pessoas morrem 

todos os anos de doenças relacionadas com a água, como a diarreia, e perdas irreparáveis na 

biodiversidade e na resiliência do ecossistema minam a prosperidade e os esforços para um 

futuro mais sustentável. Além disso, ameaças à saúde pública relacionadas à condições 

precárias de higiene, transmissibilidade por água e à resistência antimicrobiana têm levado a 

um número cada vez maior de doenças infecciosas emergentes (VELAZQUEZ-MEZA et al., 

2022). 
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Os impactos das ações antrópicas no meio ambiente, incluindo o manejo da terra e da 

vida animal, doméstica ou selvagem, e das mudanças climáticas podem levar a contaminação 

da água e diminuir a capacidade dos ecossistemas e zonas úmidas de filtrar a água 

naturalmente, promovendo a transmissão e disseminação de doenças (SHAHEEN, 2022). O 

entendimento de que a saúde humana, a saúde animal e a saúde ambiental estão 

intrinsecamente inter-relacionadas é um componente-chave para garantir a qualidade de vida e 

bem-estar de toda a humanidade. Esse conceito holístico é chamado de One Health, ou Saúde 

Única, e seu conceito é definido como “o esforço colaborativo de múltiplas disciplinas – 

trabalhando local, nacional e globalmente – para alcançar a saúde ideal para pessoas, animais 

e nosso meio ambiente” (ADISASMITO et al., 2022). Ao levar em consideração todos os três 

aspectos da saúde, podem ser geradas soluções que não apenas abordem os problemas de 

saúde de um grupo específico, mas também mitiguem a origem desses problemas. 

As abordagens em One Health voltadas ao ambiente aquático possibilitam a 

identificação de vias críticas de exposição à patógenos, o desenvolvimento de sistemas de 

vigilância baseados em água para detecção precoce de agentes causadores de doenças em 

nível populacional, e a implementação de abordagens de intervenção para bloquear as vias 

críticas de exposição (O’BRIEN; XAGORARAKI, 2019). Quanto à patógenos virais, o 

transporte de vírus no ambiente facilitado devido aos seus pequenos tamanhos em 

comparação com outros patógenos, a sua resistência à desinfecção e a capacidade de 

sobreviver por períodos prolongados em água e sólidos tornam provável a transmissão de 

vírus do ambiente para hospedeiros suscetiveis (XAGORARAKI; YIN; SVAMBAYEV, 

2014). Além disso, a sua baixa dose infecciosa necessária para causar uma nova infecção, a 

incapacidade de serem tratados por antibióticos e sua propensão à mutação adaptativa tornam 

vírus dispersos pela água no ambiente em uma potencial ameaça de saúde pública. Além 

disso, por não se replicarem fora de suas células hospedeiras, a detecção de vírus em amostras 

ambientais pode indicar contaminação direta de excrementos relativos à população humana ou 

animal (XAGORARAKI; YIN; SVAMBAYEV, 2014). 

No que tange à patógenos bacterianos, a ameaça imposta pelo tratamento inadequado 

das águas, contaminação de corpos hídricos e ausência de saneamento básico na interface 

ambiente, humano e animal é ainda mais drástica por fomentar as condições ideais para a 

promoção da resistência antimicrobiana (AMR). A resistência aos antibióticos pode surgir 

tanto de mutações no genoma pré-existente de uma bactéria quanto da incorporação  de DNA 
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estranho. No que diz respeito à absorção de novos fatores de resistência, a imensa diversidade 

do microbioma ambiental presente na água, no solo e em outros ambientes com nichos 

ecológicos altamente variáveis fornecem um pool genético incomparável, fornecendo 

numerosos genes que potencialmente podem ser adquiridos e usados por patógenos para 

neutralizar o efeito de antibióticos (LARSSON; FLACH, 2022). Atualmente, os EUA 

registram mais de 2,8 milhões de infecções resistentes a antimicrobianos ao ano e mais de 

35.000 pessoas morrem como resultado dessas infecções multirresistentes (CDC, 2019). 

A água, portanto, se posiciona tanto como um bem essencial à vida quanto como um 

potencial agente disseminador de doenças. Um exemplo emblemático da importância da água 

e de sua dualidade para a saúde pública remonta a 1854, quando John Snow conduziu o 

primeiro estudo epidemiológico até então documentado ao rastrear a origem de um surto de 

cólera até uma bomba de água contaminada em Londres, considerado como um marco 

fundador da epidemiologia moderna ​(TULCHINSKY, 2018)​. 

Como parte da estratégia para combater possíveis novas infecções e dispersão de 

elementos de resistência a antimicrobianos no meio ambiente é fundamental que seja 

realizado o monitoramento de corpos hídricos que sirvam como reservatórios de água para o 

consumo humano e animal, a vigilância genômica de efluentes e águas residuais, e a 

caracterização do microbioma desses ambientes aquáticos, saudáveis ou contaminados 

(DAVIS et al., 2023; KO; CHNG; NAGARAJAN, 2022). 

Nesse intuito, estudos recentes mapearam genes de resistência a antibióticos (ARGs) 

por abordagens em metagenômica em estações de tratamento de esgoto em Hong Kong 

(YANG et al., 2014), em efluentes hospitalares (MARKKANEN et al., 2023; TALAT et al., 

2023), em águas costeiras no Reino Unido (LEONARD et al., 2018), e por outras abordagens 

nos Lagos Geneva e Maggiore (ECKERT et al., 2018), na bacia do Rio Platte Sul (PRUDEN; 

ARABI; STORTEBOOM, 2012) e em águas residuais urbanas em dez países europeus 

(HUIJBERS; LARSSON; FLACH, 2020). Outros estudos realizaram a caracterização 

metagenômica geral de amostras de água dos Lagos Tanganyika (TRAN et al., 2021), do 

Lago Han (MOON et al., 2020), de lagos na Nova Zelândia (BIESSY et al., 2022), do Lago 

Bolonha (ALVES et al., 2020) e de outros lagos da bacia amazônica (TOYAMA et al., 2016). 

Adicionalmente, estudos de identificação de ARGs na microbiota intestinal humana de 

indivíduos residentes na China, Espanha, Dinamarca e Estados Unidos utilizando estratégias 

de metagenômica também foram realizados (KARKMAN; PÄRNÄNEN; LARSSON, 2019), 
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o que auxilia no entendimento da dinâmica de contaminação na interface entre humanos e o 

ambiente e no estabelecimento de correlações entre a dispersão de elementos de resistência e 

as suas rotas de distribuição geográficas entre as populações. 

Da ancestralidade cosmológica da água para origem da vida até os dias atuais, a 

ciência ainda não conhece plenamente a infinitude da nossa origem interestelar e, tampouco, a 

diversidade do universo microscópico dos ambientes aquáticos, responsável pela evolução e 

manutenção da vida na Terra. Avanços em pesquisa empregando abordagens como a 

metagenômica de amostras ambientais de água, de ambientes saudáveis e impactados, são 

essenciais para auxiliar na compreensão da ecologia desses berços hídricos de doenças 

emergentes, e no entendimento de seus mecanismos de evolução e de manutenção desses 

microbiomas, a fim de desenvolver sistemas de vigilância, de avaliação de risco e de planos 

de resposta e controle contra futuros surtos e epidemias que ameacem o equilíbrio em One 

Health. 
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1.2.​ RESISTÊNCIA A ANTIMICROBIANOS 

“Resistência” é um termo abrangente adotado por diversas áreas do conhecimento. 

Quando avaliamos diversos tópicos e disciplinas, as suas distintas definições demonstram que 

o que estudiosos reconhecem como resistência nas humanidades e na natureza pode ser 

observado a partir de um amplo espectro de comportamentos, configurações e fenômenos 

naturais (HOLLANDER; EINWOHNER, 2004). 

Em uma das citações mais conhecidas de Michel Foucault, ele afirma que “onde há 

poder, há resistência” (VERA; FOUCAULT, 1979). E, nas ciências da vida, quando esse 

poder se manifesta na forma de uma pressão seletiva pela exposição a substâncias e agentes 

antimicrobianos, ela é chamada de “resistência antimicrobiana” (LARSSON, D. G.JOAKIM; 

FLACH, 2022). A resistência antimicrobiana (AMR) é definida pela Nature Portfolio como a 

capacidade de microrganismos, como bactérias, fungos ou protozoários, de se multiplicarem 

apesar da exposição a substâncias antimicrobianas naturalmente disponíveis ou projetadas 

para inibir seu crescimento (LARSSON, D. G.J. et al., 2023). 

Na natureza, a resistência existe naturalmente, onde várias espécies de microrganismos 

desenvolveram a capacidade de tolerar moléculas nocivas para si (DCOSTA et al., 2011). 

Registros de cavernas isoladas, núcleos de permafrost e outros ambientes e espécimes que 

foram preservados da contaminação bacteriana antropogênica ajudam a revelar informações 

sobre os mecanismos de resistência prevalentes durante a era pré-antibiótica (BHULLAR et 

al., 2012; LUGLI et al., 2017; PERRY; WAGLECHNER; WRIGHT, 2016), onde a 

competição interminável por recursos entre os microorganismos, incluindo a produção natural 

de metabólitos secundários semelhantes a antibióticos atuais, promovia o surgimento de 

agentes de resistência a antimicrobianos (ALLEN et al., 2010). Inclusive, foi com base na 

observação desse fenômeno natural em 1928, notando a inibição do crescimento bacteriano 

em uma placa de petri contaminada com fungo do gênero Penicillium, que o Sir Alexander 

Fleming descobriu o primeiro antibiótico da era moderna - a penicilina (FLEMING, 1929; 

TAN; TATSUMURA, 2015). 

Ao longo da história, o manejo de infecções microbianas já foi documentado 

previamente no antigo Egito, Grécia e China (SENGUPTA; CHATTOPADHYAY; 

GROSSART, 2013). Contudo, a revolução na medicina moderna aconteceu com a descoberta 

da penicilina por Sir Alexander Fleming e com o desenvolvimento do seu método de 
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purificação pelos farmacêuticos Ernst Boris Chain e Howard Walter Florey, o que permitiu a 

síntese e distribuição comercial da penicilina para a população, dando início a chamada Era 

dos Antibióticos (AMINOV, 2010). 

Desde então, os antibióticos não apenas transformaram a medicina moderna e 

salvaram milhões de vidas, mas também desempenharam um papel fundamental na obtenção 

de grandes avanços na prática clínica e cirúrgica (GOULD; BAL, 2013). Os antibióticos 

preveniram e trataram com sucesso infecções comuns a pacientes que recebem tratamentos de 

quimioterapia, que têm doenças crônicas, como diabetes, doenças renais, artrite reumatoide, 

ou que passam por cirurgias complexas, como transplantes de órgãos, traumatológicas ou 

cirurgias cardíacas (ROSSOLINI et al., 2014). Alterando o resultado de infecções bacterianas, 

os antibióticos também ajudaram a prolongar a expectativa de vida para pessoas nos Estados 

Unidos em mais de 24 anos, de 1920 à 2015,  apresentando efeitos benéficos semelhantes em 

todo o mundo (PIDDOCK, 2012; VENTOLA, 2015). Nos países em desenvolvimento, onde o 

saneamento é precário, os antibióticos também ajudam a combater a morbidade e a 

mortalidade causadas por infecções transmitidas por alimentos e outras causas relacionadas à 

pobreza (ROSSOLINI et al., 2014). 

Após as primeiras prescrições de antibióticos para o tratamento de infecções graves na 

década de 1940, apesar do sucesso da penicilina no controle de infecções bacterianas entre 

soldados da Segunda Guerra Mundial, na década seguinte a resistência à penicilina já havia se 

tornado um problema clínico substancial (SPELLBERG; GILBERT, 2014). Em resposta, 

novos antibióticos foram investigados, desenvolvidos e implantados, os beta-lactâmicos. 

Contudo, ainda na mesma década, os primeiros casos de cepas de Staphylococcus aureus 

resistentes à meticilina (MRSA) foram notificados no Reino Unido e nos Estados Unidos 

(SENGUPTA; CHATTOPADHYAY; GROSSART, 2013), já sinalizando o desafio de saúde 

global que a resistência aos antibióticos viria a se tornar. 

A introdução de antibióticos como agentes clínicos mudou radicalmente as 

pré-condições para a evolução de microrganismos e disseminação da resistência a 

antimicrobianos, fornecendo pressões de seleção sem precedentes, especialmente em 

membros da microbiota de humanos e animais domésticos, e presentes em ambientes 

fortemente poluídos com antibióticos (ALCOCK et al., 2020). Essa pressão de seleção 

imposta pelos antibióticos promove a evolução das bactérias para escapar dos seus efeitos, o 

que pode se dar através de vários mecanismos diferentes. 
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Figura 02 – A Guerra Invisível: 
resistência a antimicrobianos. A 
resistência antimicrobiana configura-se 
como uma ameaça invisível que 
emerge na interface entre saúde 
humana, animal e ambiental. Dentro de 
corpos d’água, bactérias resistentes se 
proliferam e compartilham genes de 
resistência por meio de elementos 
genéticos móveis, como plasmídeos e 
fagos. Nesta ilustração, um campo 
simbólico de batalha revela bactérias 
protegidas por escudos, elementos de 
transferência gênica e os impactos 
seletivos do uso inadequado de 
antimicrobianos. Ao fundo, o ambiente 
natural, os animais e instituições de 
saúde ressaltam a importância da 
abordagem integrada de Saúde Única. 
Fonte: ilustração gerada por 
inteligência artificial, em 22 de abril de 
2025. 

 
 

Enquanto algumas bactérias são capazes de neutralizar um antibiótico alterando seu 

componente para torná-lo ineficaz, outras podem exportar os antibióticos para fora das 

bactérias, e, algumas podem modificar sua estrutura externa ou receptores para que os 

antibióticos não possam se ligar a eles (PAUL; DAS, 2022). Esses mecanismos podem fazer 

com que algumas bactérias sobrevivam ao uso de um antibiótico específico e, posteriormente, 

esta resistência pode ser transmitida a outras bactérias à medida que se multiplicam. 

Os mecanismos de resistência aos antibióticos podem ser categorizados em quatro 

grupos:  

●​ resistência intrínseca – onde as bactérias podem sobreviver a um antibiótico devido à 

resistência intrínseca através da evolução, estrutura ou componentes (i.e., um 

antibiótico que afeta o mecanismo de construção da parede das bactérias não pode 

afetar as bactérias que não possuem parede celular);  
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●​ resistência adquirida – onde a capacidade de resistir à atividade de um determinado 

agente antimicrobiano ao qual era previamente suscetível é adquirida, seja esta por 

meio de uma nova mutação genética ou assimilando o DNA de uma bactéria que já é 

resistente;  

●​ mudança genética – o DNA da bactéria pode mudar e alterar a produção de proteínas, 

levando a diferentes componentes e receptores bacterianos que tornam a bactéria não 

reconhecível ao antibiótico;  

●​ transferência de DNA – onde as bactérias adquirem material genético externo 

contendo genes de resistência por meio de uma transferência horizontal de genes com 

a ajuda de elementos genéticos móveis (MGEs), como plasmídeos, transposons ou 

fagos, o que geralmente ocorre por transformação (através da incorporação de DNA 

nu), por transdução (através de fagos), ou por conjugação (por contato direto) 

(HABBOUSH; GUZMAN, 2022). 

Os impactos de eventos de mobilização e transferência horizontal de genes de 

resistência a antibióticos (ARGs) para espécies bacterianas podem ser drásticos quando se 

tratam de agentes patogênicos. De acordo com relatório de 2013, casos de infecções por 

MRSA mataram mais americanos ao ano do que HIV/AIDS, doença de Parkinson, enfisema 

pulmonar e homicídio juntos (GOLKAR; BAGASRA; GENE PACE, 2014; GROSS, 2013). 

Atualmente, epidemias globais de Staphylococcus aureus, Candida spp., Neisseria 

gonorrhoeae e Enterococcus multirresistentes representam as maiores ameaças (ROSSOLINI 

et al., 2014; CDC, 2019), paralelamente a disseminação global de resistência entre patógenos 

respiratórios comuns, incluindo Streptococcus pneumoniae e Mycobacterium tuberculosis, 

que também é epidêmica (ROSSOLINI et al., 2014). 

A resistência antimicrobiana causa 1,3 milhões de mortes e contribui para mais 5 

milhões de mortes anualmente e, até 2030, a AMR poderia forçar mais de 24 milhões de 

pessoas à pobreza extrema (WHO, 2025). Enquanto isso, testes diagnósticos novos e 

acessíveis, ferramentas de predição de doenças, vacinas e alternativas não antimicrobianas 

continuam indisponíveis. Para combater essa ameaça, a Organização Mundial da Saúde 

(OMS) formulou o plano de ação global em resistência antimicrobiana (GAP-AMR) que foi 

adotado por todos os países em 2015 por meio de decisões na Assembleia Mundial da Saúde 

(WHO, 2017). O GAP-AMR estabelece responsabilidades para as nações e seus parceiros 

nacionais e internacionais envolvidos na resposta global à AMR. E, desde então, alguns 
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progressos foram feitos, como a inauguração do Sistema Global de Vigilância de Uso e 

Resistência Antimicrobiana (GLASS), o primeiro sistema de vigilância global a incorporar 

dados nacionais oficiais sobre resistência antimicrobiana e consumo de antimicrobianos em 

humanos, mais recentemente atualizado em 2022 (ACHMAD ALI FIKRI, SYAMSUL 

ARIFIN, 2022). 

Apesar dessas iniciativas, os avanços em pesquisa científica, de forma multidisciplinar 

e multissetorial, continuam sendo fundamentais para embasar as intervenções, soluções e 

abordagens mais adequadas no combate à resistência a antimicrobianos. Como bactérias e 

genes frequentemente cruzam ambientes e fronteiras de espécies, é fundamental entender e 

reconhecer as conexões entre a microbiota humana, animal e ambiental para gerenciar esse 

desafio de saúde pública global (BUSCHHARDT et al., 2021; MACKENZIE et al., 2019). 

O envolvimento de formuladores de políticas, chefes de governo, ministros e cientistas 

por todo o espectro da One Health (saúde humana, animal e ambiental) é primordial na busca 

de resoluções para o desafio da resistência antimicrobiana (LARSSON, D. G. J. et al., 2023). 

O fortalecimento dos vínculos entre pesquisa, política e prática clínica, humana e veterinária, 

é essencial para gerar soluções sustentáveis e uma agenda de pesquisa mais ampla para 

atender às necessidades do combate de patógenos multirresistentes em todos os setores. 
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1.3.​ METAGENÔMICA – O QUE TRANSCENDE A GENÔMICA 

No sentido moderno da nomenclatura, o prefixo meta- faz alusão ao auto-referencial, 

transmitindo a ideia de "mais elevado do que, transcendente, abrangente, lidando com os 

assuntos mais fundamentais de" (HARSANYI, 1973). Sendo assim, a metagenômica poderia 

ser entendida como a genômica da genômica, ou aquilo que a transcende. 

Sob a influência dos estudos de Carl Woese, figura proeminente da ecologia e 

evolução microbiana, a visão da ciência sobre a diversidade biológica mudou 

fundamentalmente com o advento da utilização da molécula de RNA ribossômico (rRNA) 

16S como um marcador filogenético (WOESE, 1987). Com estes trabalhos, Carl Woese 

adicionou 'archaea' à árvore da vida como um novo domínio (WOESE; FOX, 1977) e 

preparou o gene 16S rRNA para ser usado posteriormente como uma ferramenta em estudos 

de sequenciamento de amplicon de alto rendimento para explorar a ecologia microbiana. As 

ideias apresentadas na revisão do autor, intitulada “Bacterial Evolution”, trouxeram 

perspectivas que impactam ainda hoje a maneira como a metagenômica e a microbiologia são 

percebidas. Uma destas premissas destaca como a pesquisa em microbiologia tem sido 

fundamentalmente impulsionada pela tecnologia. Em particular, como a nossa capacidade de 

sequenciar genes mudou drasticamente nossa compreensão da diversidade e da evolução das 

proteínas (WOESE, 1987). 

Superando algumas das limitações de estudos dependentes de cultivo microbiológico 

convencional, os estudos de sequenciamento do gene 16S rRNA expandiram nossa 

compreensão da diversidade e ecologia microbiana, catalisados pelo melhoramento de primers 

de PCR e pelo sequenciamento de Sanger, mais economicamente viável 

(ESCOBAR-ZEPEDA; DE LEÓN; SANCHEZ-FLORES, 2015). Contudo, ainda faltava 

contexto genômico para que o sequenciamento de amplicon conseguisse extrapolar 

capacidades metabólicas e fenótipos dentre representantes cultivados em laboratório e novos 

filotipos recém-descobertos. Do ponto de vista ecológico, como ilustrado por Carl Woese (em 

tradução livre), “no extremo, as trocas de genes entre espécies podem ser tão desenfreadas, 

tão amplamente disseminadas, que uma bactéria única não teria isoladamente uma história por 

direito próprio; seria uma quimera evolutiva, cada uma com sua própria história” (WOESE, 

1987). E, em vista dessa complexidade, e na tentativa de explorar o material genético da 

microflora do solo, a pesquisadora Jo Handelsman cunhou o termo “metagenômica”, 



27 
 

inferindo que “ir além do genoma” nesse contexto seria abarcar para além de um organismo o 

“o genoma coletivo” de um microambiente (HANDELSMAN et al., 1998). 

Deste modo, a metagenômica, também conhecida como ecogenômica, genômica 

comunitária ou genômica ambiental, é o estudo de todo o material genético recuperado 

diretamente de amostras ambientais, sendo considerado uma ciência emergente que explora 

várias abordagens genômicas para caracterizar as comunidades microbianas nas amostras 

ambientais e desdobrar os genomas de microrganismos não cultivados (RIESENFELD et al., 

2004; SCHMEISSER et al., 2007; UHLIK et al., 2013). Estima-se que as bactérias, ainda que 

invisíveis a olho nu, totalizam mais de 70 gigatoneladas de carbono, representando cerca de 

15% da biomassa total da Terra, uma fração superada apenas pelas plantas ​(BAR-ON; 

PHILLIPS; MILO, 2018). 

 

 

Figura 03 – A Trama Oculta: ecologia microbiana revelada pela metagenômica. A 
metagenômica permite investigar comunidades microbianas diretamente em seus ambientes, 
revelando interações ecológicas e funções genéticas que antes permaneciam invisíveis aos 
métodos clássicos. Nesta ilustração, diferentes microrganismos compõem uma rede ecológica 
complexa, onde o microbioma é representado como um sistema interconectado de espécies, 
genes e processos funcionais. A abordagem metagenômica transforma dados genéticos em 
conhecimento ecológico, ampliando a compreensão sobre a dinâmica microbiana em 
ecossistemas naturais. Fonte: ilustração gerada por inteligência artificial, em 22 de abril de 
2025. 
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O conceito de metagenômica introduzido por Handelsman et al. envolve a extração do 

metagenoma (DNA genômico total de uma determinada amostra ambiental) para sua posterior 

fragmentação, clonagem, transformação e triagem de biblioteca construída (HANDELSMAN 

et al., 1998). Posteriormente, com o advento das tecnologias de sequenciamento NGS de alto 

rendimento, uma nova abordagem metagenômica surgiu, uma triagem baseada em sequência. 

Essa abordagem foi demonstrada pela primeira vez pelo sequenciamento do genoma 

ambiental do Mar dos Sargaços, que revelou a vasta diversidade filogenética e metabólica das 

suas comunidades microbianas (VENTER et al., 2004; YUN; RYU, 2005). 

No contexto atual, as abordagens metagenômicas mais empregadas diferenciam-se por 

adotar duas estratégias distintas: sequenciamento direcionado, também conhecido como 

sequenciamento por amplicon ou targeted sequencing; ou por sequenciamento de shotgun. Na 

metagenômica de sequenciamento direcionado, a diversidade de um único gene é investigada 

em um ambiente, sendo mais frequentemente empregada para investigar tanto a diversidade 

filogenética quanto a abundância relativa de um determinado gene em uma amostra 

(TECHTMANN; HAZEN, 2016). Enquanto que na metagenômica por shotgun, o conteúdo 

genômico total de uma comunidade ambiental é investigado por meio do sequenciamento 

genômico. 

Para realizar metagenômica direcionada, o DNA ambiental é extraído e o gene de 

interesse é amplificado por PCR usando primers projetados para amplificar uma maior 

diversidade de sequências para o gene de interesse. Por sua vez, esses genes amplificados são 

sequenciados usando tecnologia NGS, 16S rRNA amplicon sequencing, o que resulta em 

milhares de leituras de rRNA de subunidades pequenas por amostra e permite a sondagem de 

centenas de amostras simultaneamente (GUPTA et al., 2019). Durante a análise dos dados, as 

sequências geradas podem ser agrupadas por sequências próximas em unidades taxonômicas 

(OTU), a fim de evitar que possíveis erros oriundos do sequenciamento de amplicon 

influenciem nas análises (MORGAN; HUTTENHOWER, 2012). A metagenômica 

direcionada captura a diversidade de um único gene de interesse, mas é limitada pela 

universalidade dos primers de PCR escolhidos para a análise (PARADA et al., 2016). 

Na metagenômica por shotgun, o DNA total da amostra ambiental é extraído e 

fragmentado para preparar as suas bibliotecas de sequenciamento, que são posteriormente 

sequenciadas para determinar o conteúdo genômico total da amostra (QUINCE et al., 2017). 

Através desta técnica, o potencial funcional de uma comunidade microbiana pode ser 
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identificado e estudado, mas uma importante limitação é a profundidade do seu 

sequenciamento e o uso de réplicas para dar robustez ao estudo. É importante que trabalhos 

que adotem essa abordagem garantam uma boa cobertura de todo o conteúdo genômico ali 

presente para que se torne possível uma análise abrangente do microbioma estudado 

(DELMONT; SIMONET; VOGEL, 2012). 

Apesar das suas limitações, a metagenômica é uma abordagem rápida, eficiente e 

altamente versátil que supera as restrições das técnicas moleculares convencionais. Com a 

diminuição dos preços de sequenciamento, a popularidade das tecnologias de NGS, e com o 

desenvolvimento de diversas ferramentas computacionais e avanço da bioinformática, a 

aplicação de técnicas de metagenômica tornou-se mais ampla e escalonável, impulsionando o 

seu emprego em diversas áreas (GHOSH; MEHTA; KHAN, 2018). Desde a caracterização de 

microrganismos ambientais e prospecção de novos genes e enzimas com potencial 

biotecnológico (NWACHUKWU; BABALOLA, 2022) à vigilância genômica em saúde 

pública (KO; CHNG; NAGARAJAN, 2022), as abordagens metagenômicas são aplicadas de 

formas cada vez mais abrangentes. 

A metagenômica tem uma ampla gama de aplicações, desde amostras clínicas à 

ambientais, voltada desde a segurança alimentar, estudos forenses, análises de resíduos 

industriais e à identificação de patógenos. Por exemplo, a metagenômica pode detectar vírus 

humanos e animais em amostras de alface, o que pode identificar a contaminação viral das 

folhas verdes no campo (AW; WENGERT; ROSE, 2016). Essas abordagens ajudam a 

determinar a fonte de contaminação microbiana e viral e podem ser usadas para identificar as 

etapas críticas em que essa contaminação ocorre e implementar processos aprimorados para 

garantir a qualidade e a segurança dos alimentos (DOYLE; O’TOOLE; COTTER, 2017). 

Na pesquisa industrial, a metagenômica funcional tem sido utilizada para a 

identificação de diversos biocatalisadores disponíveis no mercado (FERNÁNDEZ-ARROJO 

et al., 2010). Abordagens de metagenômica, metatranscriptômica e metaproteômica 

aprimoram a descoberta de enzimas de interesse biotecnológico e podem ser adotadas para 

rastrear com eficiência enzimas altamente ativas (MADHAVAN et al., 2017). Além disso, a 

metagenômica também pode ser utilizada na biorremediação, ajudando na identificação de 

diferentes microrganismos, amplamente disseminados, que habitem ambientes poluídos e 

possuam a capacidade de degradar poluentes tóxicos (DEVARAPALLI; KUMAVATH, 2015). 
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Ademais, a metagenômica também está presente em investigações médicas e forenses 

para resolver desafios englobando os campos da medicina, agricultura e ecologia, em vários 

âmbitos. No desenvolvimento de diagnósticos, abordagens metagenômicas têm sido usadas 

para identificar novos biomarcadores bacterianos não invasivos a partir de amostras fecais 

para diagnóstico de câncer colorretal (LIANG et al., 2017), e para detectar infecções 

bacterianas da corrente sanguínea por 16S rRNA (bBSI) (DECUYPERE et al., 2016). No 

âmbito da vigilância genômica de patógenos, a metagenômica viral tem cumprido um papel 

fundamental na identificação da causa de novas doenças epidêmicas (MOKILI et al., 2012) e, 

também, no monitoramento de surtos de patógenos reemergentes (SHAW et al., 2020). 

Em suas abordagens e métodos, a metagenômica contorna a incapacidade de cultivar a 

maioria dos microrganismos, enquanto reconhece a necessidade do desenvolvimento de 

métodos computacionais que maximizem a compreensão da composição genética e de 

atividades de comunidades microbianas tão complexas. Retornando à sua etimologia, meta- 

como "transcendente", a metagenômica é tanto um conjunto de técnicas de pesquisa quanto 

um campo de pesquisa por si só, transcendendo o organismo individual para focar nos genes 

da comunidade e em como estes genes podem influenciar nas atividades uns dos outros, ao 

servir às suas funções coletivas (NATIONAL RESEARCH COUNCIL, 2007). Nas próximas 

décadas, com a ajuda da metagenômica, entenderemos cada vez mais as comunidades 

microbianas e o conjunto de comunidades que formam a nossa biosfera, tal como um sistema 

holístico de sistemas, que tanto incluem os seres humanos quanto dos quais intrinsecamente 

depende a sobrevivência humana. 
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2.​ JUSTIFICATIVA 

 

A Organização Mundial da Saúde (OMS) declarou em 2020 que a resistência 

antimicrobiana (AMR) é uma das 10 principais ameaças à saúde pública e ao 

desenvolvimento global no século XXI (WHO, 2025). A ausência de saneamento básico e o 

uso indevido de antibióticos, tanto na medicina humana quanto na agroindústria, têm 

favorecido o surgimento e a disseminação de patógenos multirresistentes em diversos 

contextos ambientais (MURRAY, 2020; RUIZ, 2021). Ao mesmo tempo, vírus presentes na 

água, como os fagos, também desempenham papeis centrais na dinâmica ecológica desses 

ambientes, podendo tanto regular populações bacterianas quanto atuar como vetores de genes 

de resistência (MOON et al., 2020). 

Essas interações complexas entre comunidades microbianas e virais em ecossistemas 

aquáticos têm ganhado destaque em estratégias de vigilância ambiental e epidemiológica (DE 

MANDAL et al., 2021). Principalmente, à medida que as mudanças climáticas induzidas 

pelas ações humanas causam perturbações perigosas na natureza, afetando a vida de bilhões 

de pessoas em todo o mundo, onde comunidades e ecossistemas menos capazes de lidar com 

elas sofrem cada vez mais e estão sujeitos a riscos de eventos naturais catastróficos (IPCC, 

2022). Em especial, a região Norte do Brasil apresenta um dos piores índices de saneamento 

público do país: segundo o IBGE, mais de 80% dos domicílios paraenses não estão 

conectados à rede de tratamento de esgoto e 51.1% não têm sequer abastecimento pela rede 

geral de distribuição de água. Além disso, o Estado do Pará possui o quinto menor Índice de 

Desenvolvimento Humano (IDH) do Brasil, 0.690 (IBGE, 2025). Essa fragilidade estrutural, 

somada à crescente pressão antrópica sobre os ecossistemas da Amazônia, representa um 

cenário de risco significativo para o surgimento e a reemergência de doenças infecciosas 

associadas à água (LEVY et al., 2018). 

A Amazônia abriga uma enorme diversidade de microrganismos, muitos dos quais 

ainda desconhecidos, e encontra-se sob constante ameaça devido ao desmatamento, à 

urbanização desordenada, à poluição e às mudanças climáticas (FERNANDES et al., 2018; 

FRANCO FILHO et al., 2019; ELLWANGER et al., 2020). A abundância microbiana e viral 

desses ambientes, associada à degradação ambiental e à vulnerabilidade social, pode favorecer 

a emergência de novos agentes infecciosos e o agravamento da crise global da resistência 
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antimicrobiana, que já é diretamente responsável por mais de 1,27 milhão de mortes ao ano 

mundialmente (MURRAY et al., 2022). 

Nesse cenário, a aplicação de ferramentas de metagenômica voltadas ao meio 

ambiente desponta como uma abordagem essencial para a caracterização desses riscos 

(ALVES et al., 2020). Ao permitir a investigação simultânea de comunidades microbianas, 

virais e elementos genéticos associados à resistência antimicrobiana em amostras ambientais, 

a metagenômica amplia nossa capacidade de compreender a ecologia microbiana e viral em 

ambientes tropicais e altamente biodiversos, tais como a Amazônia. 

Para além da caracterização do resistoma de corpos d'água utilizados para o 

abastecimento populacional, investigações paralelas sobre a virosfera deste bioma e sobre 

metodologias computacionais voltadas à descoberta de fagos contribuem para a formação de 

um panorama mais amplo e abrangente em vigilância genômica e avaliação de risco da região. 

Dessa forma, este trabalho se desenvolve sob uma perspectiva integrada e interdisciplinar, 

alinhada aos princípios de Saúde Única (One Health), buscando compreender como fatores 

ambientais, microbianos e sociais se inter-relacionam na dinâmica de saúde ambiental da 

Amazônia. 
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3.​ OBJETIVOS 

 

3.1.​ OBJETIVO GERAL 

 

−​ Investigar por meio de abordagens metagenômicas a diversidade microbiana, viral e o 

resistoma de corpos d’água em ambientes amazônicos, visando compreender suas 

implicações ecológicas e sanitárias sob a perspectiva de Saúde Única. 

 

3.2.​ OBJETIVOS ESPECÍFICOS 

 

−​ Coletar amostras de água doce de corpos hídricos do Estado do Pará, em triplicata, em 

diferentes localidades amazônicas; 

−​ Caracterizar a diversidade viral presente nas amostras oriundas de estudos prévios; 

−​ Explorar a aplicação de metodologias in silico para identificação de vírus 

bacteriófagos em ambientes aquáticos; 

−​ Realizar sequenciamento de alto rendimento do metagenoma de amostras ambientais 

coletadas; 

−​ Caracterizar a diversidade microbiana presente nas amostras sequenciadas; 

−​ Identificar e classificar os genes de resistência a antimicrobianos (ARGs) presentes 

nas amostras de sequenciamento; 

−​ Analisar os impactos de ações antrópicas e ambientais com base nos registros obtidos 

para os pontos de coleta; 

−​ Correlacionar os dados ecológicos e metagenômicos para identificar padrões 

relacionados ao resistoma e potenciais zonas de risco associados à resistência 

antimicrobiana amazônica. 
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4.​ ARTIGO I – VIROMA DO LAGO BOLONHA 

 

O primeiro artigo que compõe esta tese, indexado em periódico científico, é intitulado 

“Viral Metagenomics Reveals Widely Diverse Viral Community of Freshwater Amazonian 

Lake”, e foi publicado junto à revista Frontiers in Public Health (ISSN: 2296-2565), sob o 

Research Topic “Tackling the Presence of Pathogens in Water and Wastewater”, em abril de 

2022, fator de impacto: 3.0 (2024). 

Este estudo (https://doi.org/10.3389/fpubh.2022.869886) apresenta uma análise 

metagenômica da diversidade viral presente no Lago Bolonha, importante reservatório de 

água doce localizado na região metropolitana de Belém (PA), com foco especial em vírus 

bacteriófagos e cianofágicos. Através de abordagens de sequenciamento de nova geração 

(NGS), o trabalho revelou a presença de uma comunidade viral ampla e funcionalmente 

diversa, composta majoritariamente por vírus com potencial ecológico relevante. Os 

resultados indicam que os fagos podem desempenhar papeis fundamentais na regulação de 

populações bacterianas, no controle da proliferação de cianobactérias e até mesmo na 

disseminação de genes de resistência antimicrobiana. 

Além de preencher uma lacuna significativa no conhecimento sobre a virosfera 

amazônica, este artigo contribui para o entendimento da ecologia viral em ambientes 

aquáticos tropicais, com implicações importantes para a saúde pública, a segurança hídrica e a 

vigilância ambiental. 
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Genomics and System Biology, Federal University of Pará, Belém, Brazil

Despite the importance of understanding the ecology of freshwater viruses, there are not

many studies on the subject compared tomarine viruses. Themicrobiological interactions

in these environments are still poorly known, especially between bacteriophages and

their host bacteria and between cyanophages and cyanobacteria. Lake Bologna, Belém,

capital of the Brazilian State of Pará, is a water source that supplies the city and its

metropolitan region. However, it remains unexplored regarding the contents of its virome

and viral diversity composition. Therefore, this work aims to explore the taxonomic

diversity of DNA viruses in this lake, especially bacteriophages and cyanophages, since

they can act as transducers of resistance genes and reporters of water quality for human

consumption. We used metagenomic sequencing data generated by previous studies.

We analyzed it at the taxonomic level using the tools Kraken2, Bracken, and Pavian;

later, the data was assembled using Genome Detective, which performs the assembly

of viruses. The results observed here suggest the existence of a widely diverse viral

community and established microbial phage-regulated dynamics in Lake Bolonha. This

work is the first ever to describe the virome of Lake Bolonha using a metagenomic

approach based on high-throughput sequencing, as it contributes to the understanding

of water-related public health concerns regarding the spreading of antibiotic resistance

genes and population control of native bacteria and cyanobacteria.

Keywords: Amazon, Lake Bolonha, freshwater, viruses, bacteriophages, cyanophages, virome, metagenomics

INTRODUCTION

Amazonia is a 10 million years old unrivaled nest of biodiversity that reigns over South America;
from bird-eating spiders to emperor tamarins to pink river dolphins, biologists find a new species
every other day (1). Its ecosystems are essential for biodiversity preservation, climate regulation,
energy production, and food andwater security. The Amazon has a vital role in controlling zoonotic
diseases and vector-borne and water-borne infections (2, 3).

Despite its importance, policies, laws, agreements, funds, and practical actions focused on
Amazon protection have been weakened in Brazil, encouraging deforestation and culminating in
losing about 20% of the original Amazon forest cover in Brazil by 2019 (4). The association between
anthropogenic action in the Amazon rainforest, eutrophication of its water bodies, climate change,
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and alterations in vector dynamics, human migration, genetic
changes in pathogens, and the poor social and environmental
conditions in many Latin-American countries serve as an
opportunity for the emergence and re-emergence of human
infectious diseases in Brazil and other Amazonian countries (5).

Amazonian fauna hosts a vast diversity of well-known
pathogens and many other potential new or even unknown
pathogens (6–11). This abundance of microorganisms indicates
that the emergence of new infections from the forest is a
constant threat to human health, particularly favorable to water-
borne diseases due to anthropogenic activities nearby freshwater
sources, such as ponds, rivers, basins, and lakes (12–14).

Lakes close to urban areas are increasingly changing
their ecosystem as human population expansion occurs and
commercial, recreational, and residential uses increase (15).
The eutrophication process offers particular conditions for the
replication of viruses, as environments of this type seem to
provide high viral activation and hypothetically control host
abundance, respiration, and production (16).

Regarding lake environments, little is known about the
ecology of the freshwater virus when compared to marine viruses
(17). Most are bacteriophages or human and other animal
viruses, but plant viruses are also identified (18). Bacteriophages
can play an essential function in the aquatic ecosystem as
they can contribute to the acquisition and spread of antibiotic
resistance genes (ARGs) (19). Some studies have shown ARGs-
carrying phages to be abundant inmany environments, especially
those impacted by anthropogenic activities (20–24), which
demonstrates that these types of viruses are relevant to local
microbial ecology (20).

Like bacteriophages, another essential group of DNA viruses
is cyanophages, which infects cyanobacteria and have a similar
morphology (25). Being abundant in both fresh and saltwater,
they play an essential role in modulating cyanobacterial
populations and preserving water quality (25, 26). Also,
cyanophages are abundant in aquatic environments and play
a fundamental role in flowering dynamics, including growth
regulation and photosynthesis of cyanobacteria (27). However,
unlike bacteriophages, it has many genera of possible hosts;
therefore, freshwater cyanophages can be classified according to
the taxonomy of their host organisms (28).

Given the need to study the diversity of different
environments, techniques have been developed, such as
viral metagenomics, also known as virome. This technique
allows the study of various viruses from environmental samples
(29). In this way, metagenomics and next-generation sequencing
(NGS) have demonstrated considerable genetic complexity and
inter-species and intra-species interaction by exploring viral
populations both in aquatic environments and within the human
microbiome (30, 31). However, despite increasing studies using
the technique, there are still significant gaps in the virome
databases. It has been estimated that 1,031 viral particles are
infecting bacterial populations. However, <2,200 double-chain

Abbreviations: ARGs, Antibiotic resistance genes; NGS, Next-Generation
Sequencing; dsDNA, double-chain DNA; NCBI, National Center for
Biotechnology Information.

DNA virus (dsDNA) and retrovirus genomes are deposited at
the National Center for Biotechnology Information (NCBI),
compared to more than 45,000 bacterial genomes (32).

In order to understand the relationships that may exist
between human actions and the emergence of new diseases
from water sources in the Amazon, it is crucial to comprehend
the role and dynamics displayed by the present viruses inside
the local community. Therefore, our objective was to identify
and describe the diversity of DNA viruses through viral
metagenomics analyses in Lake Bolonha, especially those that
have bacteriophagic and cyanophagic behavior, thus contributing
to the future handling of water-borne diseases associated with
resistance to antimicrobials of public health concern.

MATERIALS AND METHODS

Sample Collection
All sequencing data employed in this study were generated
previously by Alves et al. (33). The water samples were collected
in January of 2017 at Lake Bolonha, Belém-PA, at three
different points, namely: P1 (S 01◦25.530

′′

W 048◦26.043
′′

),
upstream of the Water Treatment Plant uptake; P2 (S 01◦25.530

′′

W 048◦26.018
′′

) in the morning-glory spillway that supplies
other water treatment substations, and P3 (S 01◦24.992

′′

W
048◦25.785

′′

) in the channel connecting the lakes Água Preta
and Bolonha (Figure 1). The assessment of water quality,
DNA extraction, and Total Community DNA (TC-DNA)
metagenomics sequencing by the Ion ProtonTM platform are
described in Alves et al. (33).

Metagenomic Dataset
The raw metagenomic data used in this work is
currently available at SRA/NCBI database under the
access numbers SRR8893560 (P1), SRR8893561 (P2), and
SRR8893559 (P3) (Table 1). This data can also be found at

FIGURE 1 | Map of the lake area and identification of sampling points (P1, P2,

and P3). Alves et al. (33).
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TABLE 1 | General information about the metagenomic dataset used in this work.

SRA accession number Sample code Number of spots Number of bases Size Study Sequencing technology

SRR8893560 P1 16,671,734 2.3 Gb 1.7 Gb Freshwater Metagenome Ion ProtonTM

SRR8893561 P2 16,278,151 2.2 Gb 1.7 Gb Freshwater Metagenome Ion ProtonTM

SRR8893559 P3 12,236,522 1.7 Gb 1.3 Gb Freshwater Metagenome Ion ProtonTM

TABLE 2 | List of samples (P1, P2, and P3) and their respective number of reads obtained after the sequencing, after quality control, the number of reads associated with

viruses, and the number of reads used for coverage depth.

Sample code Raw data After control quality Reads associated with viruses Average depth of assembly

P1 16,671,734 reads 8,410,372 reads 202,318 reads 5,359 reads

P2 16,278,151 reads 8,339,898 reads 44,877 reads 4,067 reads

P3 12,236,522 reads 6,299,043 reads 131,370 reads 2,217 reads

www.ncbi.nlm.nih.gov/sra/PRJNA506429. It is important to
note that the data employed here was generated through high-
throughput metagenomic sequencing of environmental samples
using the Total Community DNA approach. However, we only
included in our analyses the viral portion of the metagenomic
dataset for this work being the virome our aimed subject of study.

Taxonomy Analysis
The raw data was used to perform the taxonomic analysis
through the Kraken2 tool (34) with the parameter “–download-
library viral” to download the complete viral sequences of RefSeq
and classify the reads regards its taxonomy.

Assessment of Viral Diversity
The output generated by Kraken2 was submitted to the tool
Bracken (35), using abundance and diversity to generate more
accurate estimations on the viruses genus and species levels.
The input parameters were “${CLASSIFICATION_LVL} = ‘S’
(Species)” and “input data = kraken2 output (report).” All other
parameters were set as default. Later, the results were displayed
with the Pavian tool (36), which allows comparing the taxonomic
classifications obtained by Kraken2 and Bracken and presenting
abundance estimations in several samples. Veen diagrams were
generated using the web-based tool InteractiVenn (37).

Viral Metagenome Assembly
The online tool Genome Detective (38) was used in default
parameters to assemble the sequencing data and classify the
contigs formed into their respective taxa, identified using
metaSPAdes software for single-end reads (39).

RESULTS

Virome Assembly
The viral portion of the raw metagenomic data was assembled
to prepare the data for the classification of their respective
taxon per each of the freshwater samples (Table 2). The species
with the highest percentage of coverage after assembly were
Cyanophage KBS-S-2A (P1) with 25.37% and 69.66% identity,
Cladosporium fulvum T-1 virus (P2) with 23.14% coverage and

56.90% identity, and Cyanophage KBS-S-2A (P3) with 20.65%
coverage and 71.18% identity.

Viral Diversity of Lake Bolonha
Taxonomic analysis performed by Kraken2 revealed that
there might be more than 3.500 distinct species of viruses in
Lake Bolonha. A Sankey diagram is represented summarizing
taxonomic diversity at samples P1, P2, and P3, respectively,
in Figure 2. The complete data from the taxonomic
analysis comparison between each sample site is reported
as Supplementary Tables S1–S3.

The 20 species with a higher reads count in all freshwater
samples are represented in Figures 3–5. The number of reads
found for each virus on this top selection was compared with
their respective number of reads on the other two samples
from this study. Also, a Venn diagram showcasing the overlap
between these top 20 most represented viruses for samples P1,
P2, and P3, is displayed in Figure 6. A similar diagram for
the complete dataset of the identified viruses is reported as
Supplementary Figure S1.

The sample P1 presented an overall abundance of
Synechococcus phage, a cyanophage (Figure 3). We obtained the
highest reads for a single virus in sample P2 for Choristoneura
fumiferana granulovirus (Figure 4). The sample P2 also presented
a much more significant amount of the genus Pandoravirus and
Mimivirus compared to other collection sites. Haemophilus
phage HP1 was only observed on sample P3 (Figure 5).

DISCUSSION

Aquatic ecological environments have a broad range of viruses
that are crucial in controlling bacterial communities and
regulating biogeochemical cycles (40, 41). While most of
the literature on water virome has concentrated on viruses
in marine waters (42, 43), previous research indicated that
freshwater harbored specific viral communities distinct from
other aquatic environments (44). Other studies have described
the characterization of freshwater viromes in ballast water (45),
sewage (46, 47), lakes (48, 49), river estuaries, where marine
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FIGURE 2 | Sankey diagram display of the taxonomic diversity found at samples P1 (red “viruses” tag), P2 (coral “viruses” tag), and P3 (green “viruses” tag),

respectively.

Frontiers in Public Health | www.frontiersin.org 4 April 2022 | Volume 10 | Article 869886

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Nogueira et al. Viral Metagenomics of Freshwater Amazonian Lake

FIGURE 3 | Bar graph showing the distribution of reads for each top 20 virophages found in sample P1, plotted against their respective representations on samples

P2 and P3.

FIGURE 4 | Bar graph showing the distribution of reads for each top 20 virophages found in sample P2, plotted against their respective representations on samples

P1 and P3.

and freshwater mix (50–52), and long rivers (53). In the present
study, we identified the diversity of the viral community for three
different metagenomic samples from the Lake Bolonha, obtained
by the previous work of Alves et al. (33), to acquire a vivid
understanding of this Amazonian lake water system.

According to Alves et al. (33), the Amazonian vegetation on
its shore characterizes Lake Bolonha and the propagation of
large plants under its surface, resulting in eutrophication. Also,
it presents increased phosphorus and total nitrogen values in
physical-chemical analysis and a high fecal coliform rate (33).
In this study, we noted the significant presence of cyanophages,
mainly at P1 and P3 (Figure 2). This finding contributes as an
essential indicator of the interference of these phages in the
environment, known for their ability to perform photosynthesis
by consuming oxygen and their potential for binding to nitrogen

and producing toxins (54). Nitrogen or phosphorus supplies
and reduced growth rate and biomass may naturally limit
freshwater ecosystems, including those involving cyanobacteria
accumulation (55).

When it comes to viral abundance, taxonomic analysis
reveals that a plethora of more than 3.500 distinct viruses
is present at freshwater Brazilian Lake Bolonha, an area of
environmental preservation. It is possible to observe that the
phages with a higher abundance of reads in P1 and P3 have
a lower distribution among their P2 (Figures 3–5), which can
be explained by the proximity between sampling sites P1 and
P3. The alpha diversity observed in the raw sequencing data
of Table 1 of Alves et al. (33) also shows significant sample
abundance in P1 and P3, which could also be related to
this observation.
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FIGURE 5 | Bar graph showing the distribution of reads for each top 20 virophages found in sample P3, plotted against their respective representations on samples

P1 and P2.

FIGURE 6 | Venn diagram showing the overlap between the top 20 viruses for

samples P1 (in red), P2 (in green), and P3 (in blue).

The diversity and abundance imbalance of essential viruses,
such as bacteriophages and cyanophages, can cause significant
changes in the aquatic ecosystem. Some of these phages can
mediate the transduction of resistance genes between bacteria,
which can provide evolutionary advantages to microorganisms
and affect the water quality (33). In addition, understanding this
viral community’s diversity could help prevent the spread of
antimicrobial resistance elements and circumvent possible future
multi-resistant pathogen epidemics.

Although all samples came from the same lake and
environment, the overlap of viruses best represented at each
sampling site showed a vast distinction when considering

its top 20 viruses (Figure 6). For instance, only Escherichia
phage DE3 was at the top 20 viruses for all three samples.
At the top, only shared by samples P1 and P3 were five
viruses: Mycobacterium phage Crossroads; Yellowstone lake
phycodnavirus 3; Agrobacterium phage Atuph07; Yellowstone
lake phycodnavirus 2; and Acidovorax virus ACP17. Moreover,
sample P2 had no virus shared exclusively with sample P1 or
P3 at its top 20. That observation shows the diversity of viral
entities present in a single environment, such as Lake Bolonha.
It highlights choosing different and representative sites when
studying an environmental microbiome.

The sample P1 presented an abundance of Synechococcus
phage (Figure 3). This phage frequently infects cyanobacteria of
the Synechococcus genus in diurnal patterns of infection due to
the photosynthetic activities of its host (56). This infection affects
their population dynamics by killing part of this cyanobacteria
population daily, estimated between 0.005 and 30% per day (27,
57, 58). In addition, it has been described that such cyanophages
play a vital role in the diversity and evolution of their host
cyanobacteria (18, 32, 54, 59–62).

Amongst the abundant species, the cyanophage S-RIM50 was
found in P1, which could infect cyanobacteria of the genus
Synechococcus (63). The abundance of cyanophage S-RIM50 has
been reported in both fresh and seawater (26). Cyanophages
such as the cyanophage S-RIM50 and Synechococcus phage
are abundant in freshwater environments. They have been
isolated from various freshwater reserves, including lakes, ponds,
streams, and sewage points (27, 56, 58). They have an essential
contribution to maintaining the cyanobacterial community and
the preservation of water quality (25).

Synechococcus phages, present in both samples P1 (Figure 3)
and P3 (Figure 5), can be associated with health problems such
as multiple sclerosis. This phage expresses proteins containing
consensus peptide stretches that are highly homologous to
the products of 16 autoantigens related to multiple sclerosis
susceptibility genes (64). Other viruses associated with multiple
sclerosis, such as the Epstein-Barr virus, have also shown
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this behavior, and the bacteriophage Synechococcus has been
identified as a new relevant contributor to this phenomenon.
Its cyanobacterial host prefers a temperate climate, indicating
that the ecology of this cyanophage is consistent with the overall
distribution and epidemiology of multiple sclerosis (63).

Yellowstone Lake phycodnaviruses, a double-stranded DNA
virus that infects algae, and Escherichia phage DE3 on the sample
P1 were also observed (Figure 3). A more significant number of
reads associated with Shigella phage SfIV was observed compared
to samples P2 and P3 (Figure 3). It is important to mention
a relationship with the possible environmental presence of the
Shigella bacterial host, responsible for causing intestinal infection
followed or not by fever, colic, and diarrhea with blood and
mucus (65). This observation demonstrates the importance of
this study in characterizing the environmental conditions as a
possible source of information for public health.

The P2 collection point presented many Choristoneura
fumiferana granulovirus (Figure 4), part of the Baculoviridae
family (66). HalovirusHF1, responsible for infecting members of
the Halobacteriaceae family (67), was also identified (Figure 4).
Interestingly, a small number of reads (25 reads) associated with
the species Diplodia scrobiculate RNA virus 1 is only present in
P2. As a preferable host, this phage has the endophytic fungus
Diplodia scrobiculate, which primarily affects the genus Pinus spp.
among other conifers (68), which would be odd to find on a water
sample from a tropical locality.

A considerable amount of Bacillus phage Bp8pC has also
been observed on sample P2 (Figure 4), which hosts the bacteria
Bacillus thuringiensis and Bacillus pumilus. Both are of economic
importance because they are used in agriculture as pest control
bringing little harm to humans (69). The presence of the genus
Bacillus in lake water may indicate the contamination of the
water environment by different types of residues coming from
the watershed to the lake (70).

Exclusively on P2, a much more significant amount of the
genus Pandoravirus and Mimivirus was observed compared to
the other collection points (Figure 4). Previous studies suggest
a potential role of Mimivirus in respiratory pathology displayed
during seroconversion in patients with pulmonary pneumonia.
In addition, positive serology for Mimivirus is associated
with increased duration of mechanical ventilation supported
breathing and intensive care unit in patients with ventilator-
associated pneumonia (71). Both genera are constituted of
giant viruses and have Amoeba as their typical host (72–74).
Pandoravirus has a size of about 1 micron and may resemble
some types of bacteria. Their genome contains more than 100
distinct genes and can be twice as large as the Mimivirus genome,
besides the fact that their genome is quite different compared to
other known organisms (75).

Haemophilus virus HP1, a bacteriophage that infects the
Haemophilus influenzae bacterium (76), was only observed at
sample P3 (Figure 5). Its sampling site is located at the starting
point of the channel connecting both Lakes Bolonha and Água
Preta. It is crucial to note that what occurs at this site may in the
future influence the environment of nearby Lake Água Preta.

Overall, these results denote the presence of a diverse viral
community and suggest the existence of established regulation

dynamics in the local microbial environment of Lake Bolonha,
highly influenced by the bacteriophages and cyanophages that
inhabit the location. The dispersion of those biological entities
along the water distribution channels using Lake Bolonha as
a water source and general eutrophic activity might contribute
to the spread of minor genetic elements like ARGs and future
unbalance the microenvironment of close by freshwater sources,
such as Lake Água Preta.

CONCLUSIONS

Given the importance of Lake Bolonha as a source of drinking
water supply for the metropolitan region of Belém, the
elucidation of the viral diversity from this environment is
relevant to provide a better understanding of how its exploration
can affect it. The results observed in this work indicate a
widely diverse viral community, especially bacteriophages and
cyanophages. These findings also suggest the existence of
established micro-environmental dynamics in Lake Bolonha,
possibly regulated by such phage entities. The dispersion of
those viral beings bare similarity along the course of the lake,
apparently more related the deeper they are into the lake (P1,
P3) and the further away they are from the water evacuation
sites to other treatment substations (P2). This study is the first-
ever work to describe the virome of Lake Bolonha and, as such,
contributes to the understanding of water-related public health
concerns regarding the spreading of antibiotic resistance genes
and population control of native bacteria and cyanobacteria.
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5.​ ARTIGO II – DESCOBERTA IN SILICO DE FAGOS DE ÁGUA DOCE 

 

O segundo artigo desta tese, indexado em periódico científico, é intitulado “Tools and 

methodology to in silico phage discovery in freshwater environments”, publicado junto à 

revista Frontiers in Microbiology (ISSN: 1664-302X), sob a seção de Phage Biology, em 

maio de 2024, fator de impacto: 4.076 (2024). Este artigo (https://doi.org/10.3389/ 

fmicb.2024.1390726) foi publicado em condição de primeira autoria compartilhada, 

juntamente com os M.Sc. Carlos W. D. Dantas e M.Sc. David T. Martins. 

Esta publicação apresenta uma revisão crítica sobre as principais ferramentas 

computacionais aplicadas à identificação de vírus bacteriófagos em metagenomas ambientais, 

com ênfase em ambientes de água doce. O artigo aborda o atual panorama metodológico da 

descoberta de fagos in silico, destacando as principais estratégias disponíveis para detecção, 

anotação, análise de qualidade, taxonomia, predição de hospedeiros e estudos de diversidade 

viral. Além disso, discute os desafios técnicos ainda enfrentados na área, como a ausência de 

padronização de pipelines e a limitação de dados sobre interações vírus-hospedeiro. 

Este trabalho contribui com a consolidação de uma base metodológica sólida para 

estudos virais metagenômicos, oferecendo suporte técnico e conceitual para análises de 

vigilância ambiental de vírus, como as conduzidas no capítulo anterior desta tese. 
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Freshwater availability is essential, and its maintenance has become an enormous 
challenge. Due to population growth and climate changes, freshwater sources 
are becoming scarce, imposing the need for strategies for its reuse. Currently, the 
constant discharge of waste into water bodies from human activities leads to the 
dissemination of pathogenic bacteria, negatively impacting water quality from 
the source to the infrastructure required for treatment, such as the accumulation 
of biofilms. Current water treatment methods cannot keep pace with bacterial 
evolution, which increasingly exhibits a profile of multidrug resistance to 
antibiotics. Furthermore, using more powerful disinfectants may affect the 
balance of aquatic ecosystems. Therefore, there is a need to explore sustainable 
ways to control the spreading of pathogenic bacteria. Bacteriophages can infect 
bacteria and archaea, hijacking their host machinery to favor their replication. 
They are widely abundant globally and provide a biological alternative to bacterial 
treatment with antibiotics. In contrast to common disinfectants and antibiotics, 
bacteriophages are highly specific, minimizing adverse effects on aquatic 
microbial communities and offering a lower cost–benefit ratio in production 
compared to antibiotics. However, due to the difficulty involving cultivating and 
identifying environmental bacteriophages, alternative approaches using NGS 
metagenomics in combination with some bioinformatic tools can help identify 
new bacteriophages that can be  useful as an alternative treatment against 
resistant bacteria. In this review, we discuss advances in exploring the virome 
of freshwater, as well as current applications of bacteriophages in freshwater 
treatment, along with current challenges and future perspectives.

KEYWORDS

freshwater, phage, bacteriophage, cyanophage, virome

1 Introduction

Freshwater is an indispensable resource for maintaining life on Earth and has been 
consistently impacted by the increasing anthropogenic influence. Urban and rural expansion 
around water bodies, coupled with waste disposal from hospitals, water treatment systems, 
industry, agriculture, and residences, contribute to rivers and lakes becoming hotspots for the 
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proliferation of pathogenic microorganisms (Reddy et al., 2022). Water 
disinfection methods have become limited due to the growing demand 
for water reuse and the inefficiency of a significant portion of antibiotics 
against the spread of antibiotic-resistant bacteria (Mathieu et al., 2019). 
Therefore, there is a pressing need to explore natural compounds to 
control multidrug-resistant bacteria, such as bacteriophages.

Bacteriophages (or phages) are the most abundant biological 
entities globally. They were first described in the early 1900s, and by 
now, we know they are widespread in the environment, with estimates 
of ~1031 phages present in the biosphere (Twort, 1915; Rohwer and 
Edwards, 2002). Phages act as natural predators of bacteria and 
archaea, and exploit host machinery favoring their own replication 
(Dion et al., 2020). Phages may interact with bacterial or archaeal 
hosts by transferring genes that might be ecologically relevant, thus 
favoring the host genetic fitness through horizontal gene transfer 
(HGT) (Touchon et al., 2017; De Mandal et al., 2021). When associated 
with their hosts as prophages, phages may introduce auxiliary 
metabolism genes that potentially enhance host adaptability (Luo 
et al., 2022). The initial discovery that phages were highly abundant in 
aquatic samples (Bergh et  al., 1989) laid the groundwork for the 
eventual determination of their pivotal impact on the ecosystem.

The paramount significance of phages arises from the viral shunt 
phenomenon, wherein organic matter is recycled through the lysis of 
host cells, driving global-scale biogeochemical cycles (Breitbart et al., 
2018). Bacteriophages represent an ecological alternative to the use of 
antibiotics, with a lower cost–benefit ratio of production, and exhibit 
high specificity to their hosts, minimizing dysbiosis (Romero-Calle 
et  al., 2019). They have been employed for at least a century in 
controlling bacterial infections in humans (Rohde et al., 2018), and have 
recently been advocated for applications in freshwater environments 
(Naknaen et al., 2021; Ben Saad et al., 2022; Hu et al., 2023).

Phages can be classified into three groups: (1) virulent bacteriophages 
that solely undergo the lytic cycle, leading to the lysis of the host cell; (2) 
temperate phages that can suffer lysogenic cycles, remaining dormant 
within the host cell (prophages) but can be induced to switch to the lytic 
or chronic cycle; and (3) filamentous phages: go through a chronic cycle 
in which viral replication occurs without host cell lysis (Chevallereau 
et al., 2022; Zhang et al., 2022). Lytic phages are the most desirable due 
to their cell lysis capability and lower risk of horizontal gene transfer.

Classical studies of phages relied on isolation and culture methods 
for their identification (Hyman, 2019). Currently, with the 
advancement of culture-independent methodologies such as 
metagenomics, databases are increasingly enriched with viral data, 
enabling a more comprehensive understanding at the taxonomic level 
and potential interactions of phages with their hosts (Santiago-
Rodriguez and Hollister, 2023) showing that bioinformatics tools for 
mining viral data can be a powerful aid in discovering bacteriophages.

This review discusses the identification of phages in freshwater 
environments, the primary in silico tools used for phage data 
exploration, and types of phage applications in freshwater. We also 
discuss the possible challenges and future possibilities for the field.

2 Identification of phages in 
freshwater

The metaviromics field (phage metagenomics) essentially is a 
shotgun metagenomic approach focused on studying the genomes of 

viral populations from the environment (Hurwitz and Sullivan, 2013; 
Coutinho et  al., 2017; Moon and Cho, 2021), and due to the 
importance of freshwater bodies as sources of drinking water, 
recreation, and commerce, more recent studies have dedicated their 
efforts to freshwater systems (Bruder et  al., 2016). Since water 
chemistry and hydrological factors can contribute to a dynamic 
environment on a microbial level, likely to be  reflected in the 
indigenous phage populations, the exploration of metagenomic data 
sampled from freshwater sources from different biomes and places in 
the world is bound to reveal a plethora of yet unknown and 
undocumented species of phages (Hayes et  al., 2017; Alanazi 
et al., 2022).

Previous studies have explored how nutrient availability, 
seasonality, temperature, and human activity influence freshwater 
viral communities (Bruder et al., 2016). By example, the study of 
Mohiuddin and Schellhorn (2015) observed that geographic location 
does not appear to have had a major impact on viral abundance and 
diversity for two freshwater lakes of the lower Great Lakes region, 
Lake Ontario and Lake Erie, since the virome composition of both 
lakes were found to be  similar. However, temporal variation in 
taxonomic composition was observed for both lakes after a year 
apart sampling.

Another interesting relationship against phage diversity are the 
possibly related effects of anthropogenic actions on the microbial 
environment. The study of Green et al., (2015) of the Virginian Lake 
Matoaka found viral species richness and diversity to be negatively 
correlated with the level of human activity at the sampling sites, 
observing the highest levels of diversity and species richness at the 
main body of the lake, the area least affected by human activity. 
Another study, conducted by Fancello et al. (2013), observed that the 
most anthropogenically influenced out of four perennial ponds of the 
Mauritanian Sahara presented the lowest amount of viral diversity, 
and higher abundance of heterotrophic microorganisms and 
human pathogens.

Freshwater viral metagenomics studies also can assist in tackling 
significant threats to global health, such as the spread of antibiotic 
resistance. Not only antibiotic resistance genes (ARGs) can spread 
across different bacterial populations through horizontal gene 
transfer mediated by bacteriophages, but bacteriophage-carried 
ARGs are especially threatening due to their prolonged persistence 
in the environment, fast replication rates, and ability to infect diverse 
hosts (Brown-Jaque et al., 2015). Moon et al. (2020) explored ARGs 
recovered from urban surface water viral metagenome data, revealing 
novel phage-borne antibiotic resistance genes that were also found in 
bacterial metagenomes, indicating that they were harbored by 
actively infecting phages. These results suggest that those 
environmental bacteriophages could act as reservoirs of unknown 
ARGs that could be widely disseminated via virus-host interactions 
and illustrate the potential of the viral metagenomics for the 
discovery of phages involved in spreading antimicrobial resistance on 
the environment.

In addition, freshwater metagenomic data can also be used to 
study the viral ecology in the context of other organisms. Chen et al. 
(2019) investigated and revealed a worldwide distribution of distinct 
phage genotypes that may infect Fonsibacter, one the most abundant 
bacterioplankton in freshwater ecosystems, suggesting their 
substantial role in shaping indigenous microbial communities and 
potentially significant influence on biogeochemical cycling.
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3 In silico phage mining with 
bioinformatic tools

Due to the advances in sequencing technologies and in viral 
databases, we selected some of the currently most used tools developed 
to analyze the viral community on metaviromic data. A classic virome 
analysis pipeline include tools for (i) assembly, (ii) viral sequence 
prediction, (iii) quality check, (iv) annotation, (v) taxonomy 
classification, (vi) phage-host prediction tools and (vii) viral 
microdiversity analysis (Table 1), some being also present in general 
metagenomic studies (steps i, iv and v). They are essential to understand 
the diversity of viruses and know their function in the environment, 
and can be used to identify new uncultivated viral genomes (UViGs) 
(Green et al., 2015; Moon and Cho, 2021; Naknaen et al., 2021).

In 2017, Roux et  al. (2017), identified IDBA-UD (Peng et  al., 
2012), Megahit (Li et al., 2016), and MetaSpades (Nurk et al., 2017) as 
the best available options for assembly of viral contigs from short 
reads. Later on Sutton et  al. (2019) analyzed a set of simulated, 
mocked, and human gut virome with 16 assemblers and identified 
MetaSpades as the most efficient. However, it showed less effectiveness 
in reconstructing microdiversity, being more useful to study the 
mutation rates of the virome. Additionally, although not present in the 
previous study for being later published, MetaViralSpades (Antipov 
et  al., 2020), a variation of MetaSpades (Nurk et  al., 2017), 
outperformed it in an analysis of 18 real virome data sets, where the 
contig completeness was superior in 12 cases (Antipov et al., 2020).

After the assembly, a viral sequence prediction analysis can 
be applied to filter out phages’ host sequences from the metagenomic 
data. There are three main approaches (Andrade-Martínez et al., 2022) 
which includes tools that uses protein homology searches to databases: 
VirSorter (Roux et  al., 2015), Prophet (Reis-Cunha et  al., 2019), 
PHASTEST (Wishart et al., 2023), MetaPhinder (Jurtz et al., 2016); 
machine learning based tools that employs reference-free viral genomic 
features detection: VirFinder (Ren et al., 2017), DeepVirFinder (Ren 
et al., 2020), PPR-Meta (Fang et al., 2019), PhaMers (Deaton et al., 
2019); and hybrid tools that employ machine learning classification 
reference based or reference independent: VirSorter2 (Nurk et al., 2017; 
Guo et al., 2021), ViralVerify (Nurk et al., 2017), geNomad (Camargo 
et al., 2023), Marvel (Amgarten et al., 2018), and VIBRANT (Kieft et al., 
2020) (which can do the steps of identify viral sequences, annotation, 
and determine genome quality and completeness) (Table  1). Each 
methodology will have its limitations, and, for machine learning, is 
related to how updated is the training dataset, the alignment-based tools 
may also be limited by how updated are the datasets and the difficulty 
to handle large data. The best approach would be a combination of 
results from tools that utilize different methodologies for phage 
sequence prediction (Andrade-Martínez et al., 2022).

Contigs obtained from short-read metagenomic sequencing are 
normally segmented and it might have misleading information, 
making it difficult to perform further analysis. To help with this issue, 
the use of tools such as CheckV (Nayfach et al., 2021), ViralComplete 
(Antipov et al., 2020), or VIBRANT (Kieft et al., 2020), that identify 
the completeness and possible host contamination on viral genomes 
is essential, but yet, still need improvements due to be dependable of 
the database of virus and the tools used (Green et al., 2015; Sutton 
et al., 2019). In terms of annotation, some of the most known tools to 
predict ORFs (Open Reading Frames) are prodigal (Hyatt et al., 2010), 
Glimmer (Delcher et al., 2007) and GeneMarks (Besemer et al., 2001; 

Andrade-Martínez et al., 2022), but there are other more specific tools 
for virus annotations such as VIBRANT (Kieft et al., 2020), viral-
Eggnog-mapper (Cantalapiedra et al., 2021), DRAM-v (Shaffer et al., 
2020), and PHANOTATE (Mcnair et al., 2019; Table 1). They are 
suitable for viral annotation and can be applied in manual curation of 
possible viral false positive results taking into account characteristics 
such as number of viral and cellular genes hits, bitscores, absence of 
viral hallmark genes, and presence of plasmid genes (Guo et al., 2021).

For taxonomic classification, it is currently a challenge to find 
tools that can classify viral sequences under the latest ICTV taxonomy 
framework, given the high variability, lack of universally conserved 
genes, and unknown regarding viruses. Kraken 2 (Wood et al., 2019), 
is a powerful tool for virus taxonomy and identification, and a study 
performed by Ho et al. (2023) detected a high F1 score of 0.86 in the 
correct detection of sequences of a viral mock community of 
characterized viruses. However, it has limited homology to the 
reference used, so it’s a good option for the identification of known 
viruses, and when discovery of new viruses is considered, the use of 
Kraken 2 combined with other tools is advised (Ho et  al., 2023). 
Among the tools that do taxonomy analysis MMSeqs 2 (Steinegger 
and Söding, 2017), and CAT (von Meijenfeldt et al., 2019), perform 
protein homology searches to own databases, VContact 2 (Bin Jang 
et al., 2019), who employs clustering of viral contigs based on shared 
genes, PhaGCN (Shang et al., 2021), a deep learning classifier based 
on gene-sharing networks, and VirusTaxo (Raju et al., 2022), that uses 
a k-mer enrichment database approach (Table 1). All of these tools 
have customizable databases or the option to retrain their machine-
learning models with the latest ICTV taxonomy, which is essential 
since the ICTV taxonomy is frequently changing (Zhu et al., 2022).

Considering that freshwater environments are expected to have a 
considerable percentage of new uncultivated viral genomes (UViGs), 
if a researcher needs to identify its possible host, it is necessary to 
perform a phage-host prediction. Current methods include mainly 
similar oligonucleotide frequency (ONF) analysis (VirHostMatcher) 
(Ahlgren et al., 2017), k-mer similarity (PHIST) (Zielezinski et al., 
2022), CRISPR spacer alignment (Dion et al., 2021), and machine 
learning algorithms (RAFaH) (Coutinho et al., 2021). For researchers 
new to metavirome analysis it might helpful to use a software that 
computes the results of other tools such as iPHoP (Roux et al., 2023), 
which computes the results of six tools utilizing different methodologies 
and summarizes the putative taxonomy of phage hosts in a table.

The high volume of data produced by the metagenomic studies 
stimulated the development of tools to simplify the analysis of 
metagenomic data that also can be applied to metaviromic datasets. 
Among them, packages such as Phyloseq (McMurdie and Holmes, 
2013), MicrobiomeAnalyst (Dhariwal et al., 2017), Animalcules (Zhao 
et al., 2021), and Microeco (Liu et al., 2021) are some of the most 
known integrated R packages available (Wen et al., 2023) and offer 
great set of graphics to support analysis of environmental viruses and 
their role through metagenomics.

4 Applications of phages in freshwater

Safe drinking water is a high demand limited resource that gains 
more attention in research as water resources get scarcer worldwide, 
and multi-resistant water-borne pathogens and overall pollution 
grows as an even bigger threat to society over the years (Mathieu et al., 
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TABLE 1  Tools available for metagenomic analysis of data for viral identification from environmental data.

Tool name
Metavirome analysis 
type

Description Input type
Accessibility—
web or tandalone

Citation

IDBA-UD Assembly Assembly of fastq reads Processed fastq files Standalone Peng et al. (2012)

Megahit Assembly Assembly of fastq reads Processed fastq files Standalone Li et al. (2016)

MetaSpades Assembly Assembly of fastq reads Processed fastq files Standalone Nurk et al. (2017)

MetaViralSpades Assembly Assembly of fastq reads Processed fastq files Standalone Antipov et al. (2020)

VirSorter Viral sequence prediction Predicts viral regions using probabilistic similarity models and referenced-based protein 

homology searches

Contigs in FASTA Standalone Roux et al. (2015)

Prophet Viral sequence prediction Predicts viral regions based on similarity searches against own database Contigs in FASTA Standalone Reis-Cunha et al. (2019)

PHASTEST Viral sequence prediction Predicts viral regions based on similarity searches against own database Contigs in Genbank or FASTA Standalone or Web Wishart et al. (2023)

MetaPhinder Viral sequence prediction Identifies phage sequences in assembled contigs by integrating BLAST matches to several 

phage genomes in a database.

Contigs in FASTA Standalone Jurtz et al. (2016)

VirFinder Viral sequence prediction Machine learning method for identification of viral contigs based on K-mer distribution Contigs in FASTA Standalone Ren et al. (2017)

DeepVirFinder Viral sequence prediction Uses convolutional neural networks to learn viral genomic signatures and predict if a 

sequence is viral

Contigs in FASTA Standalone Ren et al. (2020)

PPR-Meta Viral sequence prediction Utilizes neural network structure (CNN) to predict viral sequences Contigs in FASTA Standalone Fang et al. (2019)

PhaMers Viral sequence prediction Utilizes a machine learning model based on k-mer frequencies to identify viral 

sequences

Contigs in FASTA Standalone Deaton et al. (2019)

VirSorter2 Viral sequence prediction Predicts viral regions based on HMM alignment to database Contigs in FASTA Standalone Guo et al. (2021)

ViralVerify Viral sequence prediction Analyses the gene content of a contig through a Naive Bayesian classifier and classifies it 

as viral/bacterial/uncertain

Contigs in FASTA Standalone Antipov et al. (2020)

geNomad Viral sequence prediction Uses an hybrid approach with gene content and a deep neural network to identify 

sequences of plasmids and viruses

Contigs in FASTA Standalone Camargo et al. (2023)

Marvel Viral sequence prediction Identify viral bins based on a Random Forest machine learning approach Bins in FASTA Standalone Amgarten et al. (2018)

CheckV Quality check Estimation of viral completeness by viral sequence comparison to database of complete 

viral genomes

Contigs in FASTA Standalone Nayfach et al. (2021)

ViralComplete Quality check Estimate viral completeness using the Naive Bayesian Classifier to compute the similarity 

of a sequence to known virus from the RefSeq database

Contigs in FASTA Standalone Antipov et al. (2020)

DRAM-v Annotation Protein-similarity-based pipeline specific for viral functional and metabolic profiling Contigs in FASTA plus a affi table 

generated by VirSorter2

Standalone Shaffer et al. (2020)

PHANOTATE Annotation A gene calling annotation tool that treats a phage genome as a network of paths, being 

ORFs treated as favorable, and overlaps and gaps less favorable, but still possible. These 

paths are represented as a weighted network of connections graph to find the optimal 

path.

Contigs in FASTA Standalone Mcnair et al. (2019)

(Continued)
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TABLE 1  (Continued)

Tool name
Metavirome analysis 
type

Description Input type
Accessibility—
web or tandalone

Citation

VIBRANT Annotation Hybrid pipeline that uses protein similarity and machine learning approach to annotate 

viral sequences

Contigs in FASTA Standalone Kieft et al. (2020)

viral-EggNog-

Mapper

Annotation Pipeline that uses orthology assignment approach to annotate eukaryotic or prokaryotic 

organisms from genome or metagenome samples

Contigs in FASTA Standalone and Web Cantalapiedra et al. (2021)

Kraken 2 Read or contig taxonomic 

classification

Taxonomic classification of microbiome fastq reads or contigs based on k-mer alignment Fastq or Fasta files Standalone Wood et al. (2019)

VContact 2 Contig taxonomic classification Utilizes whole genome gene-sharing profiles integrating distance-based hierarchical 

clustering to generate confidence scores for virus classification

FASTA protein file plus a Gene-

to-genome mapping table

Standalone Bin Jang et al. (2019)

MMSeqs 2 Read or contig taxonomic 

classification

A protein-search-based taxonomy assignment tool that uses a weighted method to assign 

taxonomic labels

Fastq or Fasta files Standalone Steinegger and Söding 

(2017)

CAT Contig taxonomic classification DIAMOND BLASTP homology for contig taxonomic classification Contigs in FASTA Standalone von Meijenfeldt et al. 

(2019)

PhaGCN Contig taxonomic classification Machine-Learning -Based tools that combines the DNA sequence features and protein 

sequence similarity to assign taxonomic labels

Contigs in FASTA Standalone Shang et al. (2021)

VirusTaxo Contig taxonomic classification Taxonomic classification tool that provides a framework to organize the population of 

viruses from metagenomic data.

Contigs in FASTA Standalone Raju et al. (2022)

PHIST Phage-host prediction Infer virus host relationships based on the number of k-mers shared between their 

sequences

FASTA file with host sequences 

and a FASTA file with viral 

sequences

Standalone Zielezinski et al. (2022)

CrisprOpenDB 

pipeline

Phage-host prediction Predicts virus-hosts relationships by searching for CRISPR spacer matches and uses 

several criteria to create predictions

Contigs in FASTA Standalone and Web Dion et al. (2021)

RaFah Phage-host prediction Utilizes Random Forest model to assign phage-host interaction independent from 

databases

Contigs in FASTA Standalone Coutinho et al. (2021)

VirHostMatcher Phage-host prediction Assign virus-host relations based on oligonucleotide frequency similarity FASTA file with host sequences, 

FASTA file with viral sequences 

and Host taxonomy table

Standalone Ahlgren et al. (2017)

IPHoP Phage-host prediction A pipeline that combined multiple tools and methods for phage-host prediction Contigs in FASTA Standalone Roux et al. (2023)

Phyloseq Diversity analysis Generate microbial diversity statistics Virus count table, viral taxonomy 

table, metadata table

Standalone McMurdie and Holmes 

(2013)

MicrobiomeAnalyst Diversity analysis Generate microbial diversity statistics Virus count table, viral taxonomy 

table, metadata table

Standalone and Web Dhariwal et al. (2017)

Animalcules Diversity analysis Generate microbial diversity statistics Virus count table, viral taxonomy 

table, metadata table

Standalone Zhao et al. (2021)

(Continued)
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2019). Approximately one-ninth of the global population reportedly 
lacks access to safe drinking water (Jassim et al., 2016). Given the 
capacity of phages to infect bacterial hosts, they have recently been 
used as novel tools in water pollution control, to monitor and treat 
fresh and wastewater (Ji et al., 2021).

4.1 Bacteriophages as pollution indicators 
in water

There have been a few applied methods using phages to evaluate 
water quality as properties indicators to monitor pathogenic bacteria 
in wastewater. Immobilized phages have been used on an electrode 
surface as biorecognition elements, through a technique known as 
electrochemical impedance spectroscopy (EIS), to detect bacteria, 
such as E. coli, Staphylococcus aureus, and Pseudomonas aeruginosa 
(Yue et al., 2017; Zhou et al., 2017; Richter et al., 2018). Phages have 
also been employed as capture elements by other alternative 
combinations with nanoparticles for bacterial pathogen detection 
(Richter et  al., 2018), and as biomechanisms to assess membrane 
performance and monitor membrane integrity in water treatment 
facilities (McMinn et al., 2017; Wu et al., 2017; Dias et al., 2018).

A specific group of bacteriophages named crAssphages have been 
proposed as potential universal human feces viral indicators in water 
bodies (Farkas et al., 2019; Mafumo et al., 2023). CrAssphages were 
described by Dutilh et al. (2014) as the most abundant phages in the 
human gut virome. Further studies identified that crAssphages are 
highly specific and abundant to human feces (Sabar et  al., 2022), 
highly prevalent in sewage samples (Stachler et  al., 2017), and 
maintain correlation to the presence of human enteric viruses in water 
(Jennings et al., 2020). Given the previous characteristics, crAssphages 
have been preconized in favor of currently used fecal indicator 
bacteria (FIB), which poorly explain viral pathogen dynamics in water 
and have low host specificity, making difficult the identification of the 
source of contamination (Ward et al., 2020; Toribio-Avedillo et al., 
2021; Mafumo et  al., 2023). CrAssphage applicability has been 
evaluated in several countries (Crank et al., 2020; Ward et al., 2020; 
Sangkaew et  al., 2021; Nam et  al., 2022) and shows promising 
possibilities for human fecal contamination detection in freshwater.

4.2 Bacteriophages in water treatment

Another challenge that greatly affects the operation of wastewater 
treatment systems is the formation of flocs and sludge bulking by 
filamentous microorganisms that proliferate excessively that form 
thick, viscous foams (Aracic et al., 2015). The study conducted by 
Petrovski et al. (2011a,b) showed how phages that can lyse multiple 
host bacteria can circumvent the stability of foams. Additionally, Liu 
et al. (2015) performed tests in a simulated aeration tank system using 
isolated Gordonia phages, achieving significant reduction in the 
sludge sedimentation volume. However, all these methods are still 
experimental as current research still focuses on evaluating and 
monitoring the behavior of potential phage candidates on wastewater 
treatment systems (Reisoglu and Aydin, 2023).

Other lines of research have employed phages as low-cost 
biological control agents to treat specific pathogenic bacteria in 
sewage. Studies reported the successful inhibition and lysis of T
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drug-resistant A. baumannii (Lin et al., 2010), waterborne disease-
causing Vibrio cholerae (Wei et  al., 2011), and dysentery-causing 
Shigella (Jun et al., 2016) through the combination of different phages 
in co-culture essays. Also, some studies act on the biological control 
of cyanobacteria, harmful prokaryotes often causing water blooms on 
green or red tides and producing cyanotoxins, which endanger the 
surrounding wildlife, aquatic farming animals, threaten human health 
and can cause tremendous economic losses (Jassim and Limoges, 
2013). The strategy in some of those studies is to isolate and employ 
cyanophages that effectively reduce phycobilisome proteins and 
destroy the thylakoid structure of cyanobacteria (Gao et al., 2012; 
Yoshida-Takashima et al., 2012).

However, for both cases, some problems still emerge in the 
practical application of phage-based biological control, with the 
emergence of host-resistant mutants, the reduction of cyanophage 
infectivity caused by sunlight irradiation, and the feasibility of 
multiple-host approaches are still challenges to be  overcome. 
Nonetheless, phage-based technology also has the advantage of 
reducing the use of chemical reagents, thus reinforcing the appeal of 
such strategies and interest in their future development (Mathieu 
et al., 2019; Ji et al., 2021).

5 Current limitations and perspectives

The study of viral sequences in environmental samples is 
challenging due to the low representativity or fragmentation of DNA 
in short sequencing data, the high error rate and the large amount of 
DNA necessary for long-read sequencing (Warwick-Dugdale et al., 
2019). As technology advances, improved read length and sequencing 
quality have partially addressed this issue. This progress has also 
opened up the opportunity to implement hybrid approaches for 
sequencing, combining short and long reads that might allow better 
environmental virus detection, characterization, and understanding 
of the microdiversity of virus populations (Warwick-Dugdale et al., 
2019; Pratama et al., 2021; Andrade-Martínez et al., 2022).

For the identification of phages, common tools employ distinct 
methods, such as sequence composition, sequence similarity, and 
machine learning approaches (Titus Brown and Irber, 2016; Fang 
et al., 2019; Kieft et al., 2020), but there is no standardization for these 
techniques. Currently, each method yields slightly different results, 
and phage identification still relies heavily on trial and error usage of 
software packages. It is crucial that a golden standard be established 
to ensure the robustness of methodologies and techniques, thereby 
enhancing the replicability and reliability of phage identification.

An alternative for an assembly-free, culture-independent study of 
phages is the analysis of the whole genome of phages by using long-
read sequencing technologies, like Oxford nanopore or PacBio 
technologies (Warwick-Dugdale et al., 2019; Zaragoza-Solas et al., 
2022). The advantages of this approach are avoiding over-
fragmentation of sequencing data and adopting portable sequencing 
technologies, allowing the researcher to identify phages from natural 
sources in situ (Warwick-Dugdale et al., 2019). This opportunity leads 
to the study of phages directly from their natural environment, 
allowing for the identification of phages and the analysis of the 
samples in real time, which is a significant and desirable feature for the 
genomic surveillance field (Lisotto et al., 2021).

Most virus databases are derived from uncultivated viral genomes 
(UViGs) representing >95% of public databases (Roux et al., 2019), 

leading to another significant problem: most of the phage-host 
interactions are obtained solely from in silico predictions of the study 
of metagenomes. This lack of lab-studied observations implies the 
absence of a clear understanding of host-phage dynamics in nature 
(Coclet and Roux, 2021). In addition to avoiding the intrinsic wet lab 
biases, such as the identification of false positive or negative viruses 
due to contamination, the increase of biases related to the process of 
sample collection, storage, genetic material extraction, purification, 
and sequencing (Cantalupo and Pipas, 2019). However, the lack of this 
holistic vision might affect the build of future databases and the 
scientific interpretations from related results, so it is vital to keep these 
current limitations presented by bioinformatics tools in mind and 
apply different combinations of analysis to confirm the identity of 
phages coming from metagenomic data (Roux et al., 2013, 2019).
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6.​ ARTIGO III – RESISTOMA DE CORPOS HÍDRICOS DO PARÁ 

 

O manuscrito completo para o terceiro e principal artigo desta tese, intitulado 

“Mapping the Resistome: Metagenomic Surveillance Reveals AMR Hotspots and Ecological 

Risk in Amazonian Freshwaters”, referente às análises realizadas neste trabalho, foi 

submetido a periódico científico indexado, à revista iMeta (ISSN: 2770-5986), em maio de 

2025, fator de impacto: 23.7 (2024). 

Este estudo representa o núcleo central desta pesquisa de doutorado, apresentando uma 

caracterização abrangente do resistoma de corpos d’água localizados em quatro municípios do 

Estado do Pará. Utilizando abordagens de sequenciamento metagenômico de alta 

profundidade, o trabalho descreve a composição microbiana, bem como a abundância e 

diversidade de genes de resistência a antimicrobianos (ARGs) detectados nas amostras. Além 

disso, propõe um escore de ameaça de risco baseado em parâmetros funcionais dos ARGs 

identificados e explora associações espaciais entre os níveis de desmatamento, indicadores de 

impacto antrópico e a distribuição do resistoma nas regiões analisadas. 

Este artigo fornece uma contribuição inédita ao mapeamento genômico da resistência 

antimicrobiana em ambientes amazônicos, evidenciando zonas de risco ecológico e sanitário. 

Seus resultados reforçam a importância do monitoramento ambiental contínuo e posicionam a 

metagenômica como uma ferramenta essencial para ações de vigilância em saúde pública sob 

a perspectiva de Saúde Única. 
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Abstract 

Background: Antimicrobial resistance (AMR) is a global health crisis increasingly linked to environmental 
reservoirs, yet the spatial dynamics of resistance in biodiverse and understudied ecosystems remain poorly 
characterized. 

Methods: This study employed high-throughput metagenomic sequencing to investigate microbial 
communities and antimicrobial resistance profiles across 20 freshwater sites in four municipalities of the 
Brazilian Amazon - Altamira, Bragança, Marabá, and Paragominas. Samples were collected in triplicate in 
five different sites in each municipality. Ecological and demographic metadata were incorporated into a 
multidimensional analysis encompassing microbial diversity, resistance gene abundance, and a risk-based 
ranking of antimicrobial resistance genes (ARGs). 

Results: Taxonomic classification revealed diverse and spatially structured microbial communities, with 
both clinically relevant pathogens and ecologically significant taxa identified across sites. ARGs were 
detected in all samples, including those from remote or low-impact areas. Bragança and Marabá emerged as 
critical AMR hotspots, exhibiting high ARG loads and elevated threat scores, particularly at sites with dense 
urbanization or severe deforestation. In contrast, low-resistance profiles were observed at semi-pristine 
locations in Altamira. A novel ARG Threat Score and 3D landscape visualization framework was developed 
to integrate abundance, risk, and ecological gradients, allowing the identification of sites with 
disproportionate resistance potential. 

Conclusions: This study provides the first metagenomic risk landscape of AMR across Amazonian 
freshwater systems, revealing that ARGs are both widespread and ecologically contextual. By framing 
resistance through spatial and ecological lenses, this work establishes a flexible strategy for environmental 
AMR surveillance and highlights the Amazon as a critical frontier for One Health-focused resistance 
monitoring. 
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1. Introduction 

Microbial resistance long precedes modern medicine. Before the first antibiotics were 

discovered, microbes were already engaged  in an ancient arms race, competing, adapting, 

and evolving molecular strategies to suppress one another [1]. In this context, antimicrobial 

resistance (AMR) is not just a clinical issue but a fundamental aspect of microbial ecology. 

What transforms this biological phenomenon into a global health crisis is not its existence 

but its acceleration, driven by human activity, environmental disruption, and the breakdown 

of ecological balance [2]. 

The Amazon Basin is home to Earth’s most diverse freshwater ecosystems, a reservoir 

of microbial novelty, complexity, and ecological balance [3]. Its vast mosaic of rivers, 

floodplains, and dense vegetation harbors biodiversity and supports microbial networks, 

which are essential to environmental resilience [4]. However, this balance is increasingly at 

risk. Decades of deforestation, agro-industrial expansion, hydroelectric projects, and 

unregulated urban growth have dramatically reshaped these landscapes, altering their 

physical contours and the microbial communities they sustain [5]. AMR may no longer 

follow its natural evolutionary rhythms in such shifting environments. Instead, it risks being 

amplified by ecological disruption and maintained by human-driven selective pressure [6]. 

While AMR has long been framed through a clinical lens, it is now increasingly 

understood as a complex, ecological phenomenon shaped by the intersections of 

environmental degradation, social inequality, and pathogen evolution [7]. Surveillance 

efforts have begun to extend beyond hospitals and wastewater plants to encompass rivers, 

lakes, and soils [8], [9], [10]. Nevertheless, environmental AMR remains significantly 

under-characterized in tropical biodiversity regions, particularly in the Amazon, where 

microbial ecosystems are both rich in untapped genetic potential and vulnerable to 

anthropogenic stress. 

To address this knowledge gap, the present study applies a metagenomic approach to 

explore the structure of microbial communities and the distribution of antimicrobial 

resistance genes (ARGs) across freshwater sites in four municipalities of the Brazilian 

Amazon. The resistome, defined as the collection of all ARGs in a microbial community, is 

examined in spatial context by integrating environmental metadata, taxonomic profiles, and 

risk-based ARG classification. This work provides a foundation for understanding how 

resistance is embedded within dynamic freshwater ecosystems, informing future efforts in 

environmental AMR surveillance and resilience-based One Health strategies. 
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2. Results 

2.1. High-Quality Metagenomic Data from a Complex Amazonian Landscape 

The samples were initially collected in triplicate from 20 sites distributed across four 

municipalities in the Brazilian state of Pará, each representing distinct aquatic environments 

influenced by varying degrees of anthropogenic activity. DNA was extracted following 

suitable protocols for environmental samples, and libraries were constructed from samples 

that met quality and concentration thresholds. 

Shotgun metagenomic sequencing produced an average of 71.8 million reads per 

sample (range: 59.7–91.6 million), with a high rate of quality retention across all libraries. 

After quality control (QC) filtering, host DNA removal, and duplicate read filtering, a 

majority of reads were retained for downstream analyses, with final usable read counts 

averaging 62.0 million reads per sample (range: 52.2–79.1 million) and a mean QC 

retention rate of ~90.9% (Table 1). The final dataset comprises high-quality environmental 

DNA libraries suitable for metagenomic profiling and comparative analysis. 

 

Table 1. Summary of sequencing output and quality control metrics for all 
environmental DNA samples. Summary of sequencing and preprocessing metrics for the 
58 environmental water samples analyzed in this study. Values include total reads, quality 
control retention, and remaining reads after QC filtering, host DNA removal, and duplicate 
read removal. Metadata columns indicate sample type, nucleotide type, collection date, and 
location. The ‘Sample type’ and ‘Nucleotide type’ for all of the samples was Environmental 
and DNA, respectively. 

 

Each sample was annotated with environmental and contextual metadata, including 

geographic location, collection date, sample type, key physicochemical parameters (e.g., 

pH, temperature, and pressure), and municipality-level socioeconomic indicators. These 

variables were used as covariates in subsequent analyses. The metagenomic metadata 

adopted in this study is detailed at the sample, sampling site, and city levels in 

Supplementary Tables 1–3, respectively. 

 

2.2. Microbial Communities Mirror Environmental Gradients Across the Amazon 

The taxonomic composition of microbial communities across Amazonian freshwater 

samples revealed high diversity both within and between cities. Figure 1A introduces the 

sampling landscape, showing the geographic distribution of the 20 sites and proportional 

bubble charts representing the relative abundance and richness of bacterial families per 
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municipality. Taxonomic classification of the samples, at family, genus, and species levels, 

enabled further examination of microbial profiles. 

A global Sankey diagram (Figure 1B) summarizes the aggregated taxonomic 

distribution, highlighting the dominance of the domain Bacteria, particularly across the 

phyla Pseudomonadota, Actinomycetota, Cyanobacteriota, and Bacteroidota. This reflects 

the study’s focus on prokaryotic diversity, as preprocessing steps removed low-quality and 

human-associated reads to improve ARG profiling resolution. Summary data, including 

microbial composition and filtering statistics, are in Supplementary Table 4. 

 

Figure 1. Geographic distribution and taxonomic profiles of Amazonian freshwater 
microbiomes. (A) Regional map of the 20 freshwater sampling sites across four 
municipalities in the state of Pará, Brazil. Colored polygons indicate municipal boundaries; 
bubble charts display bacterial family-level abundance per city, scaled by relative 
abundance and sequencing depth. (B) Sankey diagram showing the cumulative taxonomic 
classification of all 58 metagenomic samples across hierarchical levels from domain (D) to 
species (S). The majority of classified reads belong to the domain Bacteria, spanning 
diverse phyla and several clinically relevant genera. Flows are scaled by read abundance. 
(C) Attribute column charts of bacterial communities stratified by percentage of regional 
deforestation. Left (I): relative abundance by family; Right (II): absolute abundance. 
Bottom panel lists the top-ranked taxonomic lineages by cumulative sequence count. These 
patterns illustrate the influence of environmental disturbance on microbial structure and 
dominance. 

 

Several bacterial families with known environmental and clinical relevance were 

detected, including Comamonadaceae, Enterobacteriaceae, and Burkholderiaceae, 

alongside notable genera such as Acinetobacter, Klebsiella, Aeromonas, Pseudomonas, and 

Escherichia. Cyanobacterial genera, especially Synechococcus and Cyanobium, were also 

detected across multiple sites. The classification flow highlights the diversity captured 

through metagenomic profiling. City-level Sankey diagrams (Supplementary Figure 1, 

panels A–D) show differences in dominant lineages, including the relative abundance of 

Enterobacterales, Burkholderiales, and Synechococcales. These diagrams emphasize 

site-specific microbial structures that reflect the environmental and anthropogenic 

heterogeneity of the region. 

To explore further environmental influences, Figure 1C presents dominant bacterial 

families stratified by regional deforestation. Comamonadaceae and Burkholderiaceae 

remained consistently abundant, suggesting adaptability to varied conditions. In contrast, 

families like Pseudomonadaceae and Aeromonadaceae were more prominent in highly 

deforested areas, suggesting potential associations with anthropogenic disturbance. Less 
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disturbed regions exhibited more even and diverse profiles, lacking dominance by any 

single lineage. Supplementary Figure 2 provides additional stratifications based on 

physicochemical and socioeconomic variables, offering deeper ecological context to these 

taxonomic trends. 

 

2.3. Local Structure Within a Diverse System: Richness, Beta Diversity, and Community 
Separation 

Alpha diversity indices revealed consistently high values across Amazonian freshwater 

samples (Table 2). Shannon diversity ranged from 7.91 to 10.59 (mean = 9.92), with low 

variation, indicating rich and stable microbial communities. Simpson evenness scores were 

uniformly high (mean = 0.9999), suggesting balanced communities without dominance by 

any single taxon. These trends were consistent across all municipalities, underscoring the 

ecological complexity of Amazonian microbial assemblages. 

Statistical comparisons across cities using the Kruskal-Wallis test revealed significant 

differences in microbial diversity metrics, including Shannon diversity (p < 0.001), 

Simpson evenness (p < 0.001), and the metagenomic diversity (MD) index (p < 0.001), 

indicating that microbial community diversity varied significantly among municipalities 

despite overall high diversity across sites. These municipality-level bacterial diversity 

patterns are shown in Supplementary Figure 3, and the full statistical results, including 

Dunn’s post hoc comparisons, are provided in Supplementary Table 5. 

 

Table 2. Summary of alpha diversity metrics per sampling site. Median values and 
standard deviations of alpha diversity indices were calculated from triplicate samples at 
each of the 20 freshwater sampling sites. Metrics include total predicted gene content, 
protein richness, Shannon diversity, Simpson evenness, protein dissimilarity, and 
metagenomic diversity (MD). These indices capture taxonomic and functional diversity and 
assess microbial community richness and ecological balance across sampling locations. 

 

In addition to taxonomic diversity, functional potential was assessed through the total 

number of predicted genes and protein richness. Although these metrics showed greater 

variability across sampling sites, as expected in environmental metagenomes, this 

heterogeneity reflects the natural variation in microbial community complexity and 

metabolic capacity among distinct aquatic environments. The metagenomic diversity (MD) 

index further supported this interpretation. MD values, ranging from 0.76 to 0.98, revealed 

substantial variation in the functional dissimilarity of protein-encoding genes across sites. 

Sites with higher MD scores, such as BP1 (Bragança) and MP1 (Marabá), exhibited a 
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broader array of non-redundant proteins, suggesting greater ecological flexibility and 

functional breadth. In contrast, sites like PP1, PP2, and PP3 (Paragominas) showed lower 

MD values, indicating greater functional redundancy and possibly reflecting stronger 

environmental filtering. These observations align with the total gene and protein richness 

patterns and suggest that distinct local pressures, including hydrological conditions, 

pollution gradients, or human influence, may shape communities in specific locations. 

At the city-level, Altamira and Bragança showed greater variability in MD and 

functional indices, suggesting more heterogeneous aquatic environments. Conversely, 

Paragominas and Marabá displayed more uniform diversity metrics, possibly indicating 

shared environmental drivers or anthropogenic pressures. These findings highlight the 

ecological richness and spatial variability of microbial life in Amazonian freshwaters. Full 

metrics are provided in Supplementary Table 6. 

Beta diversity analyses revealed distinct community structures across cities and 

sampling sites. These compositional differences were further supported by ANOSIM 

analysis (R = 0.36, p = 0.001), confirming significant but partially overlapping microbial 

community structuring among municipalities. Principal Coordinates Analysis (PCoA; 

Figure 2), based on Bray-Curtis dissimilarity, showed tight clustering in Bragança and 

Marabá, indicating consistent community composition, while Altamira and Paragominas 

exhibited more dispersed profiles, suggesting greater intra-city variability. 

 

Figure 2. Principal Coordinates Analysis (PCoA) of microbial community composition 
across all samples. PCoA plot based on Bray-Curtis dissimilarity matrix of all 58 samples, 
colored by municipality. Axis 1 and 2 explain 23.96% and 22.57% of the variation, 
respectively. Ellipses represent 95% confidence intervals for each city. The plot illustrates 
both city-level clustering and intra-city variation in microbial community composition. 

 

Compositional differences were statistically supported by PERMANOVA (R² = 0.407, 

F = 12.361, p < 0.001), confirming that sampling location significantly influenced 

community structure (Supplementary Table 7). Beta dispersion analyses (Supplementary 

Figure 4) revealed higher internal variability in Altamira and Paragominas, while Bragança 

and Marabá showed more compact clustering. These patterns were confirmed by 

PERMDISP (F = 3.51, p = 0.025), indicating significant multivariate dispersion differences 

(Supplementary Table 7). 

Together, alpha and beta diversity analyses revealed that Amazonian microbial 

communities are both functionally rich and spatially structured. High within-site diversity 
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and clear between-city differentiation reflect localized ecological dynamics and provide a 

solid baseline for assessing the distribution and drivers of antimicrobial resistance. 

 

2.4. Pathogens Detected Across the Region — But They Do Not Explain AMR Alone 

The taxonomic profiling of potentially pathogenic bacteria revealed distinct patterns of 

occurrence and abundance across sites and municipalities (Figure 3). A heatmap of the ten 

most abundant pathogenic species per sample (reads per million, RPM) highlights 

microbial putative hotspots, particularly in Bragança (BP4, BP5), Marabá (MP1, MP3), and 

Paragominas (PP2, PP3, PP5). In contrast, Altamira samples consistently exhibited lower 

pathogen-associated abundance. 

 

Figure 3. Heatmap of bacterial species with known pathogenic potential across 
metagenomic samples. Heatmap displays the ten most abundant pathogenic species per 
sample (reads per million, RPM), clustered by taxon similarity. Several clinically relevant 
taxa – including Pseudomonas aeruginosa, Acinetobacter baumannii, Enterobacter 
cloacae, and Stenotrophomonas maltophilia – were detected, particularly in samples from 
Marabá, Bragança, and Paragominas. White cells represent taxa not detected in the 
corresponding sample. Filtering thresholds applied for inclusion were: nucleotide rPM ≥ 10, 
protein rPM ≥ 1, and alignment length ≥ 50 bp. 

 

Several well-known clinically relevant species were detected, including core members 

of the ESKAPE group, Pseudomonas aeruginosa, Acinetobacter baumannii, Enterobacter 

cloacae, and Klebsiella pneumoniae, as well as Stenotrophomonas maltophilia, a 

multidrug-resistant opportunist frequently associated with hospital settings. Notably, K. 

pneumoniae appeared enriched in BP4, BP5, and MP3. Other notable findings included 

Burkholderia cepacia and Ralstonia pickettii, opportunists that appeared across all cities. 

Waterborne pathogens such as Aeromonas hydrophila and A. veronii were also broadly 

distributed, especially in Bragança and Paragominas. Environmental taxa with pathogenic 

potential, including non-tuberculous mycobacteria (NTM) Mycobacterium chelonae and M. 

intracellulare, Nocardia spp., and Legionella pneumophila, were also present. 

Detecting this broad and clinically significant pathogenic spectrum, alongside marked 

differences in their distribution across sites, supports the hypothesis of localized 

anthropogenic influence on microbial profiles. However, as non-pathogenic or 

environmentally dominant bacteria may also carry antimicrobial resistance genes (ARGs), a 
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more comprehensive examination of the total AMR burden across samples was conducted 

to assess resistance potential beyond known pathogens better. 

Heatmaps of log-transformed ARG genes and drug classes abundance (Supplementary 

Figures 5 and 6) showed widespread detection of clinically relevant genes (e.g., tet, sul, 

qac, van) and resistance classes (e.g., glycopeptides, fluoroquinolones, cephalosporins, 

aminoglycosides, disinfectants), with notable enrichment in Bragança. These findings 

emphasize the importance of assessing AMR risk beyond known pathogens, capturing 

broader environmental reservoirs of resistance. 

 

2.5. Antimicrobial Resistance Genes Are Widespread, Even in Seemingly Pristine Sites 

The composite analysis of antimicrobial resistance burden revealed pronounced 

differences in ARG distribution, prevalence, and load across cities and sampling sites 

(Figure 4). The prevalence heatmap (Panel A) showed that Bragança and Marabá had the 

broadest AMR class repertoires, with over 10 classes detected in more than 60% of 

samples. Meanwhile, bacitracin and multidrug resistance classes were consistently present 

across all cities, suggesting a potential baseline resistome characteristic of Amazonian 

aquatic ecosystems. 

 

Figure 4. Composite analysis of antimicrobial resistance (AMR) burden across 
sampling sites and cities. (A) Heatmap of AMR class prevalence across the four cities 
expressed as a percentage of samples in which each class was detected. (B) Relative 
abundance of ARG types per sampling site, grouped by city. (C) Boxplot of normalized 
ARG copies per estimated number of cells (log₁₀ scale), grouped by city. (D) Radar plots 
show the mean ARG load per sample within each city. Together, these panels reveal 
localized ARG richness and load patterns, with Bragança and Paragominas emerging as 
notable putative hotspots for AMR diversity and intensity. 

 

At the site level, Bragança’s BP4 and BP5 exhibited high ARG diversity, while 

Paragominas sites showed elevated loads dominated by β-lactam and sulfonamide classes. 

BP4 stood out as the clearest compositional hotspot. MP3 in Marabá also displayed a high 

ARG burden, surpassing many Paragominas sites, indicating that localized enrichment can 

occur even within moderate-profile cities. These trends were corroborated by absolute ARG 

abundance (Supplementary Figure 7), where BP4, BP5, and MP3 were the most heavily 

burdened. ARG alpha diversity patterns across municipalities are further detailed in 

Supplementary Figure 8. Differences in ARG composition among municipalities were also 

explored using NMDS ordination, which revealed partial clustering with substantial overlap 
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among cities (Supplementary Figure 9), consistent with the moderate but significant 

separation detected by ANOSIM (Supplementary Table 8). 

Boxplots of normalized ARG copies (Panel C) revealed uniformly high burden in 

Paragominas, while Bragança showed more variability, from low to extreme outliers. These 

patterns suggest contrasting anthropogenic pressures: chronic or diffuse in Paragominas 

versus episodic or point-source in Bragança. Radar plots (Panel D) consolidated these 

profiles, highlighting Bragança’s outlier status, Paragominas’s elevated baseline, and 

Altamira’s uniformly low burden. 

Differences in ARG load among municipalities were statistically evaluated using the 

Kruskal-Wallis test, which revealed significant variation across cities (χ² = 19.86, p < 

0.001). Post hoc Dunn’s tests indicated that Bragança exhibited significantly higher ARG 

loads compared to Altamira (p = 0.001) and Marabá (p < 0.001), supporting the 

identification of Bragança as a major resistance hotspot in the region. These city-level ARG 

load distributions are shown in Supplementary Figure 10, and the corresponding statistical 

analyses are summarized in Supplementary Table 8. 

Several sites, including Altamira’s AP1 to AP5 and Marabá’s MP1 and MP2, showed 

consistently low ARG load. While not necessarily pristine, these areas may experience 

minimal anthropogenic influence or benefit from hydrological conditions that dilute 

resistance accumulation. As such, they serve as valuable ecological reference points. 

Altogether, these results underscore the importance of analyzing both aggregate and 

site-level AMR trends to identify key putative hotspots and potential baselines. 

 

2.6. High-Risk Resistance Hotspots Are Concentrated in Bragança and Marabá 

To further characterize the public health relevance of the identified resistance genes, 

ARGs were classified into four hierarchical risk ranks based on their association with 

human hosts, mobility potential, and clinical relevance. Rank I includes mobile ARGs 

already detected in pathogens. Rank II covers mobile ARGs not yet found in pathogens but 

with potential clinical relevance. Ranks III and IV include genes with limited mobility or 

no known association with human hosts. A composite figure (Figure 5) displays total ARG 

abundance per site (top) and the proportional distribution of ARG risk ranks (bottom). The 

Threat Score, indicated by color gradient, was calculated by weighting the relative 

abundance of Rank I and II ARGs, capturing clinically relevant resistance potential. 
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Figure 5. ARG Risk Ranking Across Sampling Sites. ARG Risk profiling across 
Amazonian freshwater sampling sites. (Top) Bubble plot representing the total ARG 
abundance per sampling site, color-scaled by Threat Score log10 (ThreatScore+ε), where 
ε=1e−6. Bubble size corresponds to total ARG abundance normalized by estimated cell 
count. (Bottom) Stacked bar chart showing the proportional distribution of ARGs per site 
by risk rank, from Rank I (highest risk: mobile and detected in pathogens) to Rank IV 
(lowest risk: not human-associated). Threat Scores were calculated by summing the relative 
abundance of Rank I and Rank II ARGs per sample, weighted by total ARG abundance: 
Threat Score = (RA₍Rank I₎ + RA₍Rank II₎) × Total ARGs. This approach emphasizes 
clinically relevant resistance potential while retaining quantitative resolution across sites. 

 

Distinct patterns were observed across sampling sites. The concentration of high-risk 

ARGs in specific locations was consistent with the observed differences in overall ARG 

burden, reinforcing the role of localized environmental pressures in shaping resistance risk 

landscapes. Bragança’s BP4 site demonstrated the highest combined ARG load and Threat 

Score, followed by BP5 and MP3 in Marabá, which also exhibited elevated risk indicators. 

In contrast, sites such as AP1, AP2 (Altamira), and MP2 (Marabá) presented low overall 

ARG abundance and negligible contributions from high-risk ARGs, supporting their 

classification as potentially pristine AMR reference points. While several Paragominas sites 

displayed moderate to elevated risk profiles, none exceeded the threat level observed for 

MP3, reinforcing the importance of site-specific analysis within broader city trends. All 

calculated values used in the risk ranking, including total abundance, ARG risk rank 

distributions, and Threat Scores, are provided in Supplementary Table 9. 

To visualize the intersection of microbial resistance burden and environmental context, 

three-dimensional surface plots were generated (Figure 6).  These landscapes integrate total 

ARG abundance and Threat Scores with (i) the inverted Metagenomic Diversity (MD) 

index, where higher values reflect lower diversity and presumed more significant ecological 

disruption, and (ii) regional deforestation percentages at the municipality level. In both 

models, BP4, BP5, and MP3 consistently formed prominent topographical peaks, 

highlighting their convergence of high ARG abundance, elevated risk classification, and 

environmental stressors. Consistent with this pattern, correlation analyses showed that ARG 

load was positively associated with population density and deforestation, and negatively 

associated with dissolved oxygen (Supplementary Figure 11). This multi-layered 

visualization underscores the importance of ecological and anthropogenic variables in 

shaping the spatial distribution of AMR potential across Amazonian freshwater systems. 
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Figure 6. 3D ARG Landscapes Across Amazonian Freshwater Samples. 
Three-dimensional surface models integrating ARG abundance and Threat Score with 
ecological disturbance proxies. (Left) Landscape shaped by the inverted Metagenomic 
Diversity (MD) index, where higher values indicate lower within-sample diversity and 
presumed ecological imbalance. (Right) Landscape shaped by municipality-level 
deforestation percentage, obtained from publicly available environmental datasets. For both 
models, the z-axis represents ARG abundance log10(ARGs+1), and color gradients reflect 
Threat Score magnitude log10(ThreatScore+ε). Peaks correspond to sampling sites with 
elevated resistance potential under combined biological and anthropogenic pressure. 

 

Altogether, our findings reveal a multifaceted picture of microbial and resistance 

dynamics. While diversity remained high across sites, compositional and functional 

patterns were spatially structured by environmental pressures. ARG abundance, risk, and 

distribution varied locally, identifying both resistance putative hotspots and low-impact 

baselines. The integration of risk classification, ARG burden, and ecological proxies offers 

a powerful framework to pinpoint critical areas for AMR emergence, and underscores the 

critical need to incorporate environmental AMR surveillance into broader public health and 

One Health frameworks. 

 

3. Discussion 

The Amazon Basin harbors one of Earth’s richest ecosystems, yet its microbial 

diversity remains underexplored [11]. Recent metagenomic efforts have begun to map 

microbial life across Amazonian soils [12], sediments [13], and waters [14], underscoring 

high local heterogeneity. Our findings reinforce this pattern, revealing diverse and 

ecologically structured microbial communities shaped by environmental gradients. 

Environmental factors such as deforestation and other environmental factors were 

associated with microbial composition in this study. Sites exhibiting high levels of forest 

loss tended to host distinct taxonomic profiles compared to more preserved regions, 

supporting the hypothesis that ecological filtering plays a strong role in shaping microbial 

community dynamics in these systems. While these associations do not imply causation, 

they align with emerging literature suggesting that anthropogenic disturbance can influence 

not only species presence but microbial functionality and resilience as well [15], [16]. In 

parallel, ARG load was positively correlated with deforestation and population density in 

this study, reinforcing the link between anthropogenic disturbance and resistance burden 

observed across sampling sites (Supplementary Figure 11). In this context, our data offer a 

timely addition to ongoing efforts to characterize the microbial complexity of the Amazon, 
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particularly as environmental degradation and climate instability continue to accelerate 

across the region [17]. 

Beyond ecological diversity, taxonomic analyses revealed the presence of several 

bacterial species with known pathogenic potential across all 58 freshwater metagenomes, 

including members of the high-priority ESKAPE group such as Pseudomonas aeruginosa, 

Klebsiella pneumoniae, and Enterobacter cloacae. Detecting these taxa, especially in 

surface water bodies used for fishing, recreation, or local water supplies, signals potential 

exposure risks to nearby communities, many of which are geographically isolated and face 

well-documented challenges in accessing public health infrastructure [18]. In such contexts, 

even pathogens that remain largely treatable can pose substantial health threats due to 

delayed or insufficient clinical response and limited availability of appropriate 

antimicrobials [19]. 

Beyond human health risks, the taxonomic profiles also included environmental 

pathogens and opportunists that play dual ecological and clinical roles. Remarkably, 

cyanobacterial genera such as Synechococcus and Cyanobium were prevalent across sites. 

While not typically associated with infectious disease, these taxa are known for their 

capacity to form harmful algal blooms and produce cyanotoxins, particularly in tropical 

freshwater systems [20], [21]. The co-occurrence of toxin-producing organisms and 

potentially pathogenic bacteria reinforces the multifaceted threat posed by altered microbial 

communities, where human health, aquatic biodiversity, and ecosystem function are 

simultaneously at risk [22]. 

While many pathogens identified remain treatable with current therapeutic strategies, 

several belong to genera with well-documented histories of acquiring antimicrobial 

resistance. Species such as Escherichia coli, Pseudomonas putida, Enterobacter 

hormaechei, and Aeromonas caviae, all widely detected, have been implicated in the 

environmental dissemination of ARGs, particularly in aquatic systems impacted by high 

organic load or industrial discharge [23], [24], [25], [26]. These opportunistic pathogens are 

known for their ability to integrate and disseminate resistance determinants through mobile 

genetic elements, including plasmids and integrons [27]. Their widespread detection in 

Amazonian freshwater reinforces concerns over their potential role in shaping local 

resistance profiles, particularly where surveillance and mitigation are limited. 

Resistance is an ancient microbial trait, shaped by evolutionary arms races long before 

clinical antibiotics. In aquatic systems, low-abundance background ARGs likely reflect 

these natural dynamics. However, environmental stressors such as pollution and 
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deforestation can increase selective pressure, disrupt microbial communities, and accelerate 

ARG mobilization into clinically relevant contexts [28]. Thus, detecting ARGs in 

semi-pristine sites is not surprising. These genes may represent ancestral resistomes 

maintained by natural selection. Yet, their comparison to urbanized or agro-industrial zones, 

where ARG abundance and mobility are higher, underscores how human pressures amplify 

risk. Sites like AP1, AP2 (Altamira), and MP2 (Marabá) offer ecological baselines against 

which such enrichment can be evaluated. 

Altamira’s AP1–AP2 sites, located in less disturbed areas of the Xingu River basin, 

exhibited low ARG load and minimal high-risk ARGs. MP2, situated upstream from 

Marabá’s urban core, showed similar trends. These patterns likely result from limited direct 

pollution and intact riparian vegetation buffers that reduce selective pressure. In contrast, 

Bragança’s BP4 site emerged as a resistance epicenter, exhibiting the highest ARG load and 

Threat Score, driven by abundant Rank I ARGs. MP3 in Marabá and multiple Paragominas 

sites also revealed high ARG burdens and risk signatures, despite differing in population 

density and land-use context. While Bragança’s hotspots may be linked to untreated sewage 

and dense settlement, Paragominas’s elevated ARG levels likely stem from widespread 

agro-industrial activity and deforestation. 

These observations suggest a dual pathway for environmental AMR amplification: 

concentrated urban discharge and diffuse agricultural runoff. Both converge on microbial 

communities, increasing the likelihood of ARG acquisition and dissemination. Integrating 

deforestation maps, population data, and ARG metrics provides a multidimensional lens for 

tracking this phenomenon. Interestingly, despite similar deforestation rates, Altamira did 

not present the same ARG risk levels. This reinforces the idea that AMR emergence reflects 

more than just land cover, it is shaped by interactions among microbial load, ecological 

disruption, and exposure to selective agents like antibiotics, metals, and waste. 

Ultimately, ARGs were detected in all sites, reaffirming their widespread ecological 

presence. However, high-risk ARGs clustered in specific locations with clear anthropogenic 

signatures. This gradient, from natural reservoirs to amplified threats, frames AMR not just 

as a clinical crisis but as an ecological indicator of system imbalance. 

Recognizing this duality is crucial. Identifying both putative hotspots and baselines 

allows for better risk stratification and early intervention. Environmental AMR surveillance 

must adopt such contextualized frameworks, especially in biodiverse and rapidly changing 

regions like the Amazon. Our study contributes to this effort by mapping resistance not just 

in terms of presence but ecological relevance. 
13 



Resistome of Amazonian Freshwaters 
 

To translate these patterns into a surveillance-oriented framework, we introduced a 

composite ARG Threat Score that integrates resistance gene abundance with established 

risk ranking criteria. Rather than relying solely on total ARG counts, which may mask 

differences in clinical relevance, this metric emphasizes genes classified as higher risk due 

to their association with mobility and occurrence in pathogenic hosts. By weighting the 

relative abundance of Rank I and Rank II ARGs, those most closely linked to clinically 

relevant resistance, the Threat Score highlights sites where environmentally detected 

resistomes may carry greater potential for downstream public health impact. 

Importantly, this metric should be interpreted as a comparative ecological indicator 

rather than a direct measure of clinical risk. Its primary function is to facilitate spatial 

prioritization in environmental AMR surveillance, particularly in regions where systematic 

monitoring resources remain limited. Although future studies integrating longitudinal 

sampling and functional validation may further refine this framework, the approach 

presented here provides a pragmatic strategy for identifying locations where resistance 

reservoirs warrant closer ecological and epidemiological attention. While these findings 

provide new insights into the ecological distribution and risk potential of antimicrobial 

resistance in Amazonian freshwater systems, several limitations should be considered when 

interpreting the results. 

 

Limitations and Scope of the Study 

Despite providing a comprehensive metagenomic assessment of antimicrobial 

resistance across multiple Amazonian freshwater systems, several limitations inherent to 

environmental surveillance studies should be considered when interpreting the results. 

First, the spatial coverage of the sampling design represents only a fraction of the 

ecological and hydrological diversity of the Amazon basin. Although the study included 

twenty sites across four municipalities spanning gradients of urbanization and 

deforestation, the Amazon encompasses vast and heterogeneous freshwater systems 

influenced by diverse land-use patterns, hydrological regimes, and anthropogenic pressures. 

As such, the patterns described here should be interpreted as a regional snapshot rather than 

a basin-wide characterization of resistome dynamics. Nevertheless, the multi-site design 

and triplicate sampling strategy provide a valuable baseline for understanding antimicrobial 

resistance distribution within previously underexplored freshwater environments. 

Second, sampling was conducted within a single hydrological window (September to 

November), which may not capture seasonal fluctuations in microbial community structure 
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or antimicrobial resistance gene (ARG) dynamics. Amazonian aquatic ecosystems undergo 

pronounced seasonal changes driven by rainfall cycles, river discharge, and sediment 

transport, all of which can influence microbial composition and gene distribution. 

Longitudinal monitoring across wet and dry seasons would therefore be valuable for 

evaluating temporal stability and seasonal drivers of resistome patterns. 

Third, the ecological associations identified in this study, including relationships 

between ARG abundance, microbial diversity metrics, and environmental gradients such as 

deforestation, should be interpreted as correlations rather than direct causal relationships. 

While spatial patterns suggest links between anthropogenic disturbance and elevated 

resistance burdens, the observational nature of the dataset does not allow causal attribution 

of specific drivers. Future work integrating controlled environmental measurements, 

longitudinal sampling, and mechanistic modeling would help clarify these relationships. 

Fourth, the metagenomic approach employed here enables sensitive detection of ARG 

presence across microbial communities but does not directly measure gene expression or 

functional activity. The detection of ARG sequences therefore reflects the genetic potential 

for resistance rather than confirmed phenotypic resistance or active gene expression. 

Complementary approaches such as metatranscriptomics, functional assays, or 

culture-based validation could further refine the interpretation of resistance activity within 

these ecosystems. 

Finally, the ARG Threat Score proposed in this study should be interpreted as a 

comparative ecological risk proxy rather than a direct measure of clinical risk. The metric 

was designed to integrate ARG abundance with established risk classifications to highlight 

sites with elevated resistance potential. While this framework facilitates spatial 

prioritization of monitoring efforts, its predictive capacity would benefit from future 

validation using additional environmental datasets and epidemiological context. 

Taken together, these limitations reflect the inherent complexity of environmental 

resistome surveillance but do not diminish the value of the dataset presented. Instead, they 

highlight the importance of expanding systematic monitoring efforts across diverse 

freshwater systems and emphasize the need for integrative approaches linking 

environmental, ecological, and public health perspectives within a One Health framework. 

 

4. Conclusion 

This study offers a novel framework for contextualizing antimicrobial resistance 

(AMR) within the ecological fabric of Amazonian freshwater systems. Through 
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high-resolution metagenomic surveillance coupled with environmental and spatial 

indicators, we reveal the widespread presence of resistance genes and the emergence of 

localized putative hotspots shaped by deforestation, urbanization, and disrupted ecological 

balance. By modeling resistance across ecological gradients, we demonstrate that AMR is a 

clinical challenge and a complex ecological signal influenced by land use and 

anthropogenic pressures. This approach provides a scalable strategy for environmental 

AMR monitoring, particularly vital for biodiverse regions under pressure, and reinforces 

the importance of integrative, One Health surveillance to inform public health and policy 

decisions. 

 

5. Methods 

5.1. Study Area, Sample Collection, and Metadata Acquisition 

Surface freshwater samples were collected from four municipalities in the Brazilian 

state of Pará, Altamira, Bragança, Marabá, and Paragominas, between September and 

November 2022. Five sampling sites were selected within each municipality to represent 

gradients of anthropogenic influence. At each site, three biological replicates were collected 

at a depth of approximately 20 cm, about 1 meter from the riverbank or channel center, 

totaling 60 samples across 20 sites. 

For each replicate, 5 L of surface water were collected using a Van Dorn bottle, stored 

on ice, and transported immediately to the laboratory for processing. Samples were filtered 

using a negative pressure vacuum system with 47 mm nitrocellulose membranes (0.22 µm 

pore size). Membranes were transferred to 50 mL Falcon tubes containing TSE buffer (10 

mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA) and stored at -20°C until DNA 

extraction. 

In situ physicochemical parameters were recorded at the time of sampling using a 

multiparameter water analyzer (HI 9829, HANNA Instruments), including pH, temperature, 

pressure, electrical conductivity, resistivity, total dissolved solids (TDS), salinity, 

oxidation-reduction potential (ORP), and dissolved oxygen. 

Municipality-level socioeconomic indicators (including population density, GDP per 

capita, and infant mortality) were obtained from the Brazilian Institute of Geography and 

Statistics (IBGE) Cities and States Portal [29]. Deforestation levels were quantified through 

geospatial analysis following the methodology of Cavalcante et al. [30], using MapBiomas 

Brazil land-use and land-cover data (Collection 6, year 2020). The deforested area was 
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calculated as the proportion of non-natural land cover associated with each sampling site 

within the corresponding hydrographic basin. 

Geographic coordinates for all sampling locations are provided in Supplementary 

Methods Table S1 (Supplementary Methods 1.1). The combined dataset, including 

physicochemical measurements, socioeconomic indicators, and spatial environmental 

context, was integrated into downstream multivariate analyses. 

 

5.2. DNA Extraction, Library Preparation, and Metagenomic Sequencing 

Following field filtration, filter membranes were transported to the central laboratory 

and incubated at room temperature under constant agitation (250 RPM) to release retained 

particles. The resulting suspension was centrifuged at 13,200 RPM for 10 minutes, and 

DNA was extracted from the resulting pellet using the DNeasy PowerSoil Pro Kit 

(QIAGEN) according to the manufacturer’s protocol. DNA concentration was measured 

using a Qubit fluorometer, and purity was assessed using a NanoDrop spectrophotometer. 

DNA integrity was verified by agarose gel electrophoresis. Samples meeting quality 

thresholds (≥50 ng/µL and 260/280 ratio between 1.4 and 2.0) were retained for 

downstream analysis (n = 58). Metagenomic libraries were prepared using the Nextera XT 

DNA Library Preparation Kit (Illumina) and sequenced on the Illumina NextSeq 550 

platform using the High-Output kit, generating 150 bp paired-end reads. Raw reads were 

delivered in FASTQ format for subsequent preprocessing and analysis. 

 

5.3. Quality Control and Preprocessing of Sequencing Data 

Raw sequencing reads were processed using the CZ ID metagenomics (mNGS) 

pipeline (Illumina mNGS Pipeline v8.3). This pipeline performs host filtering, adapter 

trimming, quality filtering, low-complexity read removal, and human read depletion, being 

fully described by Kalantar et al. [31]. The resulting high-quality non-host reads were 

retained for all downstream taxonomic and functional analyses. Detailed pipeline 

parameters and reference alignment steps are described in Supplementary Methods 1.2. 

 

5.4. Taxonomic Classification and Microbial Diversity Analysis 

Taxonomic classification was performed using Kraken2 and Bracken on the Galaxy 

Europe platform [32], [33], [34], aligning paired-end reads against the RefSeq PlusPF 

database (version 2024-01-12) with a confidence score threshold of 0.1. Species-level 
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abundance estimates were visualized using Pavian [35] and Phinch [36], incorporating 

environmental metadata for comparative analysis. Alpha diversity metrics, including 

species richness, Shannon index, Simpson index, and metagenomic diversity, were 

calculated using the MD.py script, which estimates diversity based on clustering of 

predicted protein sequences [37]. Assemblies and protein predictions required for MD 

index calculation were generated using MEGAHIT [38] and Prodigal [39], respectively. 

Beta diversity was evaluated using Bray-Curtis dissimilarity, with ordination performed 

using principal coordinates analysis (PCoA). Group differences were tested using 

PERMANOVA and PERMDISP implemented in the vegan package (v2.6-10) [40]. 

Additional workflow details are provided in Supplementary Methods 1.3. 

 

5.5. Detection and Quantification of Antimicrobial Resistance Genes (ARGs) 

Antimicrobial resistance genes (ARGs) were characterized using two complementary 

analytical approaches. First, ARG detection was performed using the CZ ID AMR pipeline 

(v1.4.2), which identifies resistance genes across both quality-filtered reads and assembled 

contigs using the Resistance Gene Identifier (RGI v6.0.0) and the CARD (v3.2.6) and 

WildCARD (v4.0.0) databases [41]. These results were used to generate ARG and 

drug-class heatmaps and pathogen association profiles. In parallel, quantitative resistome 

profiling was conducted using ARGs-OAP (v3.2.4), which estimates ARG abundance 

normalized by microbial cell counts based on alignments to the SARG database (v3.0) [42]. 

Microbial cell numbers were inferred from 16S rRNA hypervariable region alignments, 

with copy-number correction performed using the Greengenes and CopyRighter databases 

[43], [44]. Normalized ARG copy numbers were used to generate abundance-based 

visualizations including stacked bar plots, boxplots, radar charts, and prevalence heatmaps. 

The use of two independent pipelines enabled cross-validation of ARG detection and 

improved robustness of resistome characterization. Full details of the analytical pipeline 

and normalization procedures are provided in Supplementary Methods 1.4. 

 

5.6. ARG Risk Ranking and Threat Score Calculation 

To evaluate the potential public health relevance of detected ARGs, resistance genes 

were classified using ARG_ranker (v3.7.2) [45]. This framework prioritizes ARGs 

according to mobility potential, occurrence in human-associated environments, and 

presence in known pathogens. Based on these criteria, ARGs are assigned to four ranks. 
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Rank I includes high-risk ARGs that are both mobile and present in human pathogens. 

Rank II includes genes with strong potential for horizontal transfer and clinical emergence. 

Rank III comprises mobile ARGs not enriched in human-associated environments, while 

Rank IV includes non-mobile ARGs with limited clinical relevance. A Threat Score was 

calculated for each sample to summarize the potential clinical risk of the resistome. This 

metric was used to identify sites with elevated concentrations of clinically relevant and 

mobile ARGs. This score combines the relative abundance of Rank I and Rank II ARGs, 

those considered most relevant to public health, and multiplies this value by the total 

normalized ARG abundance. The resulting values were log-transformed to generate a 

continuous risk metric for each sample. The full formula and implementation details are 

provided in Supplementary Methods 1.5. 

 

5.7. Spatial Modeling and 3D ARG Landscapes 

Three-dimensional ARG landscape models were constructed to visualize resistance 

trends across environmental gradients. These models integrate ARG abundance and Threat 

Score values across two ecological axes: the Metagenomic Diversity Index (MD index) and 

the percentage of regional deforestation surrounding each sampling site. To improve 

visualization, MD index values were inverted so that lower microbial diversity appears as 

higher values on the y-axis, aligning visually with ecological disturbance. This 

transformation allows resistance putative hotspots to appear as elevated surface features in 

the landscape model. Full modeling procedures, including interpolation methods and code 

references, are described in Supplementary Methods 1.6. 

 

5.8. Statistical Analysis and Visualization Framework 

All statistical analyses were performed in R (v4.4.1) using packages including vegan 

(v2.6-10) and the tidyverse ecosystem. Ordination analyses of microbial community 

composition and ARG profiles were conducted using principal coordinates analysis (PCoA) 

and non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity 

matrices. Microbial alpha diversity metrics were calculated using the MD.py workflow 

based on protein-coding gene clustering, which generates multiple diversity indices 

including species richness, Shannon diversity, Simpson evenness, and metagenomic 

diversity, the MD index [37]. For statistical comparisons and visualizations, Shannon 

diversity indices derived from taxonomic abundance tables were used. ARG alpha diversity 
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was calculated using Shannon indices derived from normalized ARG abundance matrices. 

Differences in ARG abundance among municipalities were evaluated using the 

Kruskal-Wallis test, followed by Dunn’s post hoc pairwise comparisons where significant 

differences were detected. Associations between ARG abundance, microbial diversity, and 

environmental variables, including deforestation levels, were evaluated using Spearman 

rank correlation analyses. AMR heatmaps were generated using the 

Make_AMR_Heatmap.ipynb workflow from the CZ ID GitHub repository 

(https://github.com/chanzuckerberg/czid-amr-heatmap), using the platform’s Combined 

AMR Report as input. Additional visualizations, including taxonomic bar plots, radar 

charts, boxplots, and ARG bubble plots, were generated using custom R scripts and 

visualization libraries including ggplot2, viridis, fmsb, and pheatmap. Sampling maps and 

spatial layouts were produced using QGIS (v3.40), incorporating manually collected GPS 

coordinates and ARG abundance data to generate composite spatial visualizations. More 

details are provided in Supplementary Methods. 
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2. Results 

2.1. High-Quality Metagenomic Data from a Complex Amazonian Landscape 

Sample 
name 

Total 
reads 

% 
Passed 
Quality 
Control 

QC filtering Host Filtering Step Duplicate read removal 
Compression 
ratio 

Collection 
date 

Collection 
location Reads 

remaining 
% Reads 
Remaining 

Reads 
remaining 

% Reads 
Remaining 

Reads 
remaining 

% Reads 
Remaining 

AP1 A 64.198.626 89,21 57.270.084 89,21 57.270.076 89,21 54.389.928 84,72 1.05 2022-11 Altamira 

AP1 B 78.681.368 88,58 69.697.756 88,58 69.697.744 88,58 65.831.676 83,67 1.06 2022-11 Altamira 

AP1 C 80.471.742 88,34 71.089.598 88,34 71.089.582 88,34 67.015.492 83,28 1.06 2022-11 Altamira 

AP2 A 71.502.404 89,78 64.194.120 89,78 64.194.114 89,78 60.844.716 85,09 1.05 2022-11 Altamira 

AP2 B 68.388.590 88,68 60.648.834 88,68 60.648.828 88,68 57.661.168 84,31 1.05 2022-11 Altamira 

AP2 C 87.342.288 89,38 78.065.982 89,38 78.065.966 89,38 73.130.646 83,73 1.07 2022-11 Altamira 

AP3 A 69.350.748 92,20 63.941.940 92,20 63.941.940 92,20 60.901.832 87,82 1.05 2022-11 Altamira 

AP3 B 72.664.952 91,97 66.828.946 91,97 66.828.940 91,97 63.540.948 87,44 1.05 2022-11 Altamira 

AP3 C 78.653.682 91,96 72.331.526 91,96 72.331.524 91,96 68.445.006 87,02 1.06 2022-11 Altamira 

AP4 A 78.212.402 92,34 72.223.282 92,34 72.223.278 92,34 68.571.612 87,67 1.05 2022-11 Altamira 

AP4 B 73.994.760 91,91 68.010.354 91,91 68.010.350 91,91 64.302.448 86,90 1.06 2022-11 Altamira 

AP4 C 62.940.342 91,32 57.474.550 91,32 57.474.550 91,32 54.849.728 87,15 1.05 2022-11 Altamira 

AP5 A 69.068.632 90,14 62.254.466 90,13 62.254.462 90,13 59.276.324 85,82 1.05 2022-11 Altamira 

AP5 B 70.558.070 90,77 64.047.956 90,77 64.047.952 90,77 60.834.698 86,22 1.05 2022-11 Altamira 

AP5 C 71.076.230 90,82 64.548.440 90,82 64.548.438 90,82 61.505.660 86,53 1.05 2022-11 Altamira 

BP1 A 90.713.876 89,34 81.042.960 89,34 81.042.954 89,34 77.206.530 85,11 1.05 2022-10 Bragança 

BP2 A 75.738.794 90,30 68.394.534 90,30 68.394.530 90,30 64.656.220 85,37 1.06 2022-10 Bragança 

BP2 B 74.073.108 90,98 67.391.214 90,98 67.391.208 90,98 64.187.154 86,65 1.05 2022-10 Bragança 

BP2 C 69.314.484 91,12 63.159.168 91,12 63.159.168 91,12 60.054.982 86,64 1.05 2022-10 Bragança 

BP3 A 65.481.786 91,94 60.206.398 91,94 60.206.394 91,94 57.339.498 87,57 1.05 2022-10 Bragança 

BP3 B 79.938.780 91,60 73.222.402 91,60 73.222.398 91,60 69.556.394 87,01 1.05 2022-10 Bragança 

BP3 C 75.346.710 91,89 69.236.156 91,89 69.236.152 91,89 65.536.566 86,98 1.06 2022-10 Bragança 

BP4 A 71.428.774 91,82 65.583.144 91,82 65.583.144 91,82 62.290.844 87,21 1.05 2022-10 Bragança 

BP4 B 68.611.014 92,47 63.445.582 92,47 63.445.582 92,47 60.532.266 88,23 1.05 2022-10 Bragança 

BP4 C 78.480.142 91,58 71.872.536 91,58 71.872.534 91,58 67.710.506 86,28 1.06 2022-10 Bragança 

BP5 A 65.630.128 91,32 59.935.884 91,32 59.935.880 91,32 57.147.438 87,08 1.05 2022-10 Bragança 

BP5 B 62.228.644 91,15 56.721.652 91,15 56.721.652 91,15 54.231.188 87,15 1.05 2022-10 Bragança 

BP5 C 70.917.012 90,81 64.400.650 90,81 64.400.650 90,81 61.066.076 86,11 1.05 2022-10 Bragança 

MP1 A 91.615.886 90,89 83.267.604 90,89 83.267.604 90,89 79.056.638 86,29 1.05 2022-11 Marabá 

MP1 B 70.608.562 90,02 63.559.328 90,02 63.559.326 90,02 60.878.314 86,22 1.04 2022-11 Marabá 

MP1 C 74.851.014 90,84 67.996.666 90,84 67.996.662 90,84 64.823.914 86,60 1.05 2022-11 Marabá 

MP2 A 74.560.210 90,90 67.772.806 90,90 67.772.806 90,90 64.528.036 86,54 1.05 2022-11 Marabá 

MP2 B 75.436.092 89,74 67.698.750 89,74 67.698.750 89,74 64.771.694 85,86 1.04 2022-11 Marabá 

MP2 C 74.001.388 91,63 67.806.596 91,63 67.806.594 91,63 64.222.092 86,78 1.06 2022-11 Marabá 

MP3 A 72.355.746 90,97 65.821.374 90,97 65.821.370 90,97 62.246.604 86,03 1.06 2022-11 Marabá 

MP3 B 67.060.528 91,03 61.043.854 91,03 61.043.854 91,03 58.122.364 86,67 1.05 2022-11 Marabá 

MP3 C 62.274.932 91,37 56.899.958 91,37 56.899.958 91,37 54.052.108 86,80 1.05 2022-11 Marabá 

MP4 A 60.186.754 90,95 54.736.724 90,94 54.736.724 90,94 52.505.064 87,24 1.04 2022-11 Marabá 

MP4 B 65.123.244 89,77 58.461.592 89,77 58.461.590 89,77 55.597.634 85,37 1.05 2022-11 Marabá 

MP4 C 61.596.106 91,03 56.069.896 91,03 56.069.892 91,03 53.755.628 87,27 1.04 2022-11 Marabá 

MP5 A 67.507.898 91,76 61.947.286 91,76 61.947.286 91,76 58.916.494 87,27 1.05 2022-11 Marabá 

MP5 B 78.869.912 91,68 72.308.694 91,68 72.308.694 91,68 68.041.480 86,27 1.06 2022-11 Marabá 
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MP5 C 59.747.138 91,22 54.501.368 91,22 54.501.368 91,22 52.161.768 87,30 1.04 2022-11 Marabá 

PP1 A 74.980.716 89,44 67.060.776 89,44 67.060.774 89,44 63.744.572 85,01 1.05 2022-10 Paragominas 

PP1 B 68.322.002 91,76 62.693.752 91,76 62.693.752 91,76 59.481.370 87,06 1.05 2022-10 Paragominas 

PP1 C 73.749.982 91,00 67.114.896 91,00 67.114.890 91,00 63.770.654 86,47 1.05 2022-10 Paragominas 

PP2 A 74.205.958 91,82 68.137.688 91,82 68.137.680 91,82 64.475.680 86,89 1.06 2022-10 Paragominas 

PP2 B 61.296.256 93,08 57.053.214 93,08 57.053.210 93,08 54.153.078 88,35 1.05 2022-10 Paragominas 

PP2 C 65.297.132 90,16 58.871.110 90,16 58.871.108 90,16 56.232.716 86,12 1.05 2022-10 Paragominas 

PP3 A 71.259.250 91,41 65.134.094 91,40 65.134.088 91,40 61.817.930 86,75 1.05 2022-10 Paragominas 

PP3 B 59.921.434 91,68 54.937.114 91,68 54.937.106 91,68 52.631.588 87,83 1.04 2022-10 Paragominas 

PP3 C 66.066.316 90,86 60.029.992 90,86 60.029.990 90,86 57.190.686 86,57 1.05 2022-10 Paragominas 

PP4 A 71.142.442 91,01 64.744.604 91,01 64.744.602 91,01 61.603.880 86,59 1.05 2022-10 Paragominas 

PP4 B 63.385.400 89,93 57.004.922 89,93 57.004.918 89,93 54.586.588 86,12 1.04 2022-10 Paragominas 

PP4 C 89.490.902 91,59 81.965.662 91,59 81.965.658 91,59 76.851.902 85,88 1.07 2022-10 Paragominas 

PP5 A 82.174.602 90,69 74.521.492 90,69 74.521.478 90,69 70.377.238 85,64 1.06 2022-10 Paragominas 

PP5 B 67.160.506 89,66 60.215.758 89,66 60.215.758 89,66 57.705.872 85,92 1.04 2022-10 Paragominas 

PP5 C 75.592.326 90,08 68.094.230 90,08 68.094.226 90,08 64.707.924 85,60 1.05 2022-10 Paragominas 

 

Table 1. Summary of sequencing output and quality control metrics for all 
environmental DNA samples. Summary of sequencing and preprocessing metrics for the 
58 environmental water samples analyzed in this study. Values include total reads, quality 
control retention, and remaining reads after QC filtering, host DNA removal, and duplicate 
read removal. Metadata columns indicate sample type, nucleotide type, collection date, and 
location. The ‘Sample type’ and ‘Nucleotide type’ for all of the samples was Environmental 
and DNA, respectively. 

 

2.2. Microbial Communities Mirror Environmental Gradients Across the Amazon 

 

Figure 1. Geographic distribution and taxonomic profiles of Amazonian freshwater 
microbiomes. (A) Regional map of the 20 freshwater sampling sites across four 
municipalities in the state of Pará, Brazil. Colored polygons indicate municipal boundaries; 
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bubble charts display bacterial family-level abundance per city, scaled by relative 
abundance and sequencing depth. (B) Sankey diagram showing the cumulative taxonomic 
classification of all 58 metagenomic samples across hierarchical levels from domain (D) to 
species (S). The majority of classified reads belong to the domain Bacteria, spanning 
diverse phyla and several clinically relevant genera. Flows are scaled by read abundance. 
(C) Attribute column charts of bacterial communities stratified by percentage of regional 
deforestation. Left (I): relative abundance by family; Right (II): absolute abundance. 
Bottom panel lists the top-ranked taxonomic lineages by cumulative sequence count. These 
patterns illustrate the influence of environmental disturbance on microbial structure and 
dominance. 
 

2.3. Local Structure Within a Diverse System: Richness, Beta-Diversity, and Community 
Separation 

 Indexes Standard Deviation (SD) 

Site Total 
Genes 

Protein 
Richness 

Shannon 
Diversity 

Simpson 
Evenness 

Log10 Protein 
Dissimilarity 

Metagenomic 
Diversity 

Total 
Genes 

Protein 
Richness 

Shannon 
Diversity 

Simpson 
Evenness 

Log10 Protein 
Dissimilarity 

Metagenomic 
Diversity 

AP1 52550 42754 10,563 0,9999690 4,643 0,836 5,01E+03 3,38E+03 7,52E-02 2,07E-06 3,72E-02 1,57E-02 

AP2 51344 43288 10,591 0,9999706 4,648 0,865 3,57E+03 2,63E+03 5,70E-02 1,46E-06 2,70E-02 7,14E-03 

AP3 43840 33269 10,281 0,9999566 4,539 0,789 3,25E+03 1,88E+03 5,00E-02 2,13E-06 2,56E-02 1,26E-02 

AP4 36289 28742 10,160 0,9999534 4,473 0,805 5,49E+03 3,56E+03 1,02E-01 3,80E-06 5,04E-02 1,78E-02 

AP5 41335 34488 10,335 0,9999601 4,552 0,863 3,75E+03 2,08E+03 5,24E-02 1,90E-06 2,87E-02 3,12E-02 

BP1 2811 2748 7,910 0,9996276 3,441 0,982 --- --- --- --- --- --- 

BP2 9682 8938 9,065 0,9998777 3,957 0,934 2,58E+03 2,00E+03 1,81E-01 1,67E-05 8,71E-02 2,48E-02 

BP3 15069 12455 9,339 0,9998920 4,107 0,851 2,14E+03 1,44E+03 1,01E-01 6,84E-06 5,22E-02 2,77E-02 

BP4 42500 34831 10,363 0,9999624 4,555 0,845 9,39E+03 7,27E+03 2,47E-01 1,24E-05 1,11E-01 1,20E-02 

BP5 16912 14661 9,529 0,9999192 4,174 0,884 1,67E+03 1,28E+03 8,91E-02 7,23E-06 4,13E-02 9,71E-03 

MP1 7822 7505 8,905 0,9998599 3,879 0,967 3,28E+02 2,98E+02 3,70E-02 4,50E-06 1,69E-02 1,89E-03 

MP2 31334 26792 10,120 0,9999539 4,438 0,876 2,02E+03 1,42E+03 4,90E-02 1,95E-06 2,41E-02 9,12E-03 

MP3 30902 26253 10,098 0,9999529 4,430 0,880 2,98E+03 2,46E+03 8,94E-02 3,88E-06 4,04E-02 7,61E-03 

MP4 28333 24743 10,050 0,9999511 4,403 0,892 1,68E+03 1,42E+03 5,58E-02 2,35E-06 2,54E-02 2,32E-03 

MP5 32101 27327 10,140 0,9999551 4,447 0,875 6,71E+02 5,22E+02 1,94E-02 9,66E-07 8,46E-03 2,67E-03 

PP1 41918 31342 10,213 0,9999534 4,515 0,781 2,24E+04 1,54E+04 7,79E-01 5,32E-05 3,80E-01 1,09E-01 

PP2 48795 35498 10,322 0,9999572 4,570 0,764 7,60E+03 4,37E+03 1,09E-01 3,01E-06 5,92E-02 3,10E-02 

PP3 47039 34157 10,287 0,9999568 4,553 0,767 4,57E+03 2,55E+03 6,44E-02 2,10E-06 3,54E-02 1,95E-02 

PP4 42193 31977 10,240 0,9999550 4,524 0,791 7,33E+03 4,04E+03 1,05E-01 2,79E-06 5,95E-02 3,56E-02 

PP5 27864 22942 9,954 0,9999452 4,374 0,850 3,59E+03 2,25E+03 7,93E-02 3,22E-06 4,15E-02 1,90E-02 

Table 2. Summary of alpha diversity metrics per sampling site. Median values and 
standard deviations of alpha diversity indices were calculated from triplicate samples at 
each of the 20 freshwater sampling sites. Metrics include total predicted gene content, 
protein richness, Shannon diversity, Simpson evenness, protein dissimilarity, and 
metagenomic diversity (MD). These indices capture taxonomic and functional diversity and 
assess microbial community richness and ecological balance across sampling locations. 
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Figure 2. Principal Coordinates Analysis (PCoA) of microbial community composition 
across all samples. PCoA plot based on Bray-Curtis dissimilarity matrix of all 58 samples, 
colored by municipality. Axis 1 and 2 explain 23.96% and 22.57% of the variation, 
respectively. Ellipses represent 95% confidence intervals for each city. The plot illustrates 
both city-level clustering and intra-city variation in microbial community composition. 
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2.4. Pathogens Detected Across the Region — But They Don’t Explain AMR Alone 

 

Figure 3. Heatmap of bacterial species with known pathogenic potential across 
metagenomic samples. Heatmap displays the ten most abundant pathogenic species per 
sample (reads per million, RPM), clustered by taxon similarity. Several clinically relevant 
taxa – including Pseudomonas aeruginosa, Acinetobacter baumannii, Enterobacter 
cloacae, and Stenotrophomonas maltophilia – were detected, particularly in samples from 
Marabá, Bragança, and Paragominas. White cells represent taxa not detected in the 
corresponding sample. Filtering thresholds applied for inclusion were: nucleotide rPM ≥ 10, 
protein rPM ≥ 1, and alignment length ≥ 50 bp. 

 

6 



Resistome of Amazonian Freshwaters 
 

2.5. Antimicrobial Resistance Genes Are Widespread, Even in Seemingly Pristine Sites 

 

Figure 4. Composite analysis of antimicrobial resistance (AMR) burden across 
sampling sites and cities. (A) Heatmap of AMR class prevalence across the four cities 
expressed as a percentage of samples in which each class was detected. (B) Relative 
abundance of ARG types per sampling site, grouped by city. (C) Boxplot of normalized 
ARG copies per estimated number of cells (log₁₀ scale), grouped by city. (D) Radar plots 
show the mean ARG load per sample within each city. Together, these panels reveal 
localized ARG richness and load patterns, with Bragança and Paragominas emerging as 
notable putative hotspots for AMR diversity and intensity.  
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2.6. High-Risk Resistance Hotspots Are Concentrated in Bragança and Marabá 

 

Figure 5. ARG Risk Ranking Across Sampling Sites. ARG Risk profiling across 
Amazonian freshwater sampling sites. (Top) Bubble plot representing the total ARG 
abundance per sampling site, color-scaled by Threat Score log10 (ThreatScore+ε), where 
ε=1e−6. Bubble size corresponds to total ARG abundance normalized by estimated cell 
count. (Bottom) Stacked bar chart showing the proportional distribution of ARGs per site 
by risk rank, from Rank I (highest risk: mobile and detected in pathogens) to Rank IV 
(lowest risk: not human-associated). Threat Scores were calculated by summing the relative 
abundance of Rank I and Rank II ARGs per sample, weighted by total ARG abundance: 
Threat Score = (RA₍Rank I₎ + RA₍Rank II₎) × Total ARGs. This approach emphasizes 
clinically relevant resistance potential while retaining quantitative resolution across sites. 
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Figure 6. 3D ARG Landscapes Across Amazonian Freshwater Samples. 
Three-dimensional surface models integrating ARG abundance and Threat Score with 
ecological disturbance proxies. (Left) Landscape shaped by the inverted Metagenomic 
Diversity (MD) index, where higher values indicate lower within-sample diversity and 
presumed ecological imbalance. (Right) Landscape shaped by municipality-level 
deforestation percentage, obtained from publicly available environmental datasets. For both 
models, the z-axis represents ARG abundance log10(ARGs+1), and color gradients reflect 
Threat Score magnitude log10(ThreatScore+ε). Peaks correspond to sampling sites with 
elevated resistance potential under combined biological and anthropogenic pressure. 
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2. Results 

2.1. High-Quality Metagenomic Data from a Complex Amazonian Landscape 

 

 pH pH/mV 
Temperature 
(ºC) 

Pressure 
(mbar) 

Resistivity 
(MΩ.cm) 

EC 
(µS/cm) 

Absolute EC 
(µS/cm) * 

TDS 
(ppm) 

Salinity 
(ppm) 

ORP 
(mV) DO% 

DO 
(ppm) 

 ALTAMIRA 

Palt 1-A 7,34 -2,4 30,46 993,9 0,037 27 30 19 0,01 -221,9 92,6 6,81 

Palt 1-B 6,9 21,6 30,36 993,9 0,0398 25 28 18 0,01 -196,3 98,3 7,24 

Palt 1-C 6,76 29,7 29,5 994 0,0385 26 28 18 0,01 -175,8 98,2 7,34 

Palt 2-A 5,29 114,6 29,52 1005,2 0,0361 28 30 19 0,01 -128,5 71,1 5,38 

Palt 2-B 5,35 111,2 29,53 1009,4 0,0362 28 30 19 0,01 -125,6 67,3 5,11 

Palt 2-C 5,37 109,8 29,51 1009,9 0,0363 28 30 19 0,01 -120,1 71,8 5,46 

Palt 3-A 6,55 41,7 26,76 1001,5 0,0442 23 23 16 0,01 -167 54,3 4,29 

Palt 3-B 5,55 99,1 26,58 1002,3 0,0595 17 17 12 0,01 -142,2 61,9 4,91 

Palt 3-C 5,38 108,3 26,58 1003,2 0,062 16 17 11 0,01 -134,9 54,6 4,34 

Palt 4-A 5,29 114,1 28,66 1001,5 0,0284 35 38 25 0,01 -107,2 59,4 4,54 

Palt 4-B 5,05 128,1 27,92 1001,5 0,0365 27 29 19 0,01 -102,5 64,3 4,98 

Palt 4-C 5,63 95,9 32,63 1002 0,0103 97 111 68 0,04 -126,3 68,2 4,87 

Palt 5-A 6,71 32,9 32,63 1003,5 0,0439 23 26 16 0,01 -96,4 98 7,01 

Palt 5-B 5,91 79 31,11 1003,5 0,0418 24 27 17 0,01 -99,7 95,2 6,99 

Palt 5-C 5,83 83,9 31,09 1004,2 0,0361 28 31 19 0,01 -95,6 81,2 5,96 

 BRAGANÇA 

Pbra 1-A 3,98 186,2 27,03 1010,8 0,082 12 13 8 0 -147,5 97,3 7,73 

Pbra 1-B 4,21 173,1 27,01 1010,7 0,077 13 13 9 0 -188,1 35,2 2,8 

Pbra 1-C 3,95 187,9 26,94 1010,8 0,081 12 13 9 0 -185,9 37,2 2,96 

Pbra 2-A 4,97 129,3 27,04 1013,2 0,0261 38 40 27 0,02 -175,1 53,1 4,22 

Pbra 2-B 4,77 141,2 27,04 1013,4 0,0246 41 42 29 0,02 -171 50,3 4 

Pbra 2-C 4,73 143,4 27,06 1013,5 0,0244 41 43 29 0,02 -175 52,9 4,21 

Pbra 3-A 5,25 113,6 27,96 1015,1 0 0 0 0 0 -150,6 88,2 6,92 

Pbra 3-B 5,39 105,4 27,29 1015,2 0,0103 97 102 68 0,04 -167,9 64,6 5,13 

Pbra 3-C 5,41 104,5 27,27 1015,2 0,0102 98 102 69 0,04 -189,6 50 3,97 

Pbra 4-A 5,36 107,1 27,03 1013,6 0,0084 119 123 83 0,05 -170,4 22,8 1,82 

Pbra 4-B 5,27 112,5 27,02 1013,7 0,0084 120 124 84 0,06 -166,4 22 1,75 

Pbra 4-C 5,28 111,5 26,07 1013,9 0,0166 60 62 42 0,03 -180 24,6 2 

Pbra 5-A 6 70,5 26,63 1010,4 0,008 126 130 88 0,06 -221,2 16,5 1,32 

Pbra 5-B 5,98 71,3 26,63 1010,5 0,008 126 130 88 0,06 -219,2 19,2 1,54 

Pbra 5-C 6,41 47 26,63 1011,2 0,008 125 128 87 0,06 -222,8 18,9 1,51 

 MARABÁ 

Pmar 1-A 6,22 60,3 27,2 1002,6 0,0252 40 41 28 0,02 -114,7 93,2 7,32 

Pmar 1-B 6,04 70,8 27,03 1002,6 0,0253 39 41 28 0,02 -108,5 86,6 6,82 

Pmar 1-C 7,3 -0,3 27,05 1002,6 0,0249 40 42 28 0,02 -120,4 86,1 6,78 
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Pmar 2-A 6,59 39,7 31,05 999,3 0,0115 87 97 61 0,04 85,4 87,7 6,41 

Pmar 2-B 6,96 18,3 31,06 999,8 0,0115 87 97 61 0,04 55,1 87,3 6,39 

Pmar 2-C 7,05 12,8 31,08 1000,2 0,0115 87 97 61 0,04 -131,2 88,4 6,47 

Pmar 3-A 6,84 25,2 31,25 1000,4 0,0115 87 98 61 0,04 -139,1 86,8 6,34 

Pmar 3-B 6,83 25,9 31,3 1000,4 0,0114 88 98 61 0,04 -141,2 85,3 6,22 

Pmar 3-C 6,85 24,3 30,27 1000,4 0,0112 89 98 62 0,04 -139,3 91,8 6,82 

Pmar 4-A 7,49 -11 31,08 1002,9 0,0115 87 97 61 0,04 -128,8 90,7 6,66 

Pmar 4-B 7,35 -3,4 31,66 1003 0,011 91 102 63 0,04 -131,9 92,7 6,74 

Pmar 4-C 6,98 16,9 31,57 1003,1 0,0112 89 100 62 0,04 -137,6 92,8 6,76 

Pmar 5-A 7,52 -12,1 29,71 1002,8 0,0206 49 53 34 0,02 -159,2 84,8 6,37 

Pmar 5-B 6,99 16,6 30,46 1003,2 0,0113 89 98 62 0,04 -132,3 90,2 6,7 

Pmar 5-C 6,9 21,3 30,47 1003,3 0,0114 88 97 61 0,04 -138,5 87,8 6,51 

 PARAGOMINAS 

Ppar 1-A 4,65 148,8 28,61 1000,4 0,0387 26 28 18 0,01 -145,3 78,5 6 

Ppar 1-B 4,43 161 28,59 1000,5 0,0353 28 30 20 0,01 -143 75,6 5,48 

Ppar 1-C 4,22 173,2 28,59 1000,5 0,0351 28 30 20 0,01 -138 73,5 5,62 

Ppar 2-A 3,3 225,7 27,96 1004,3 0,0364 27 29 19 0,01 -22 66,6 5,17 

Ppar 2-B 3,77 199 28,12 1004,4 0,0467 21 23 15 0,01 -72,6 70,8 5,48 

Ppar 2-C 3,57 210,5 27,97 1006 0,0418 24 25 17 0,01 -81,1 76,4 5,94 

Ppar 3-A 4,37 164,2 27,71 1000,8 0,036 28 29 19 0,01 -82,8 73,8 5,73 

Ppar 3-B 4,16 176,4 27,72 1001,2 0,0336 30 31 21 0,01 -78,9 73,5 5,71 

Ppar 3-C 3,99 185,9 27,7 1001,4 0,034 29 31 31 0,01 -83,2 68,6 5,33 

Ppar 4-A 3,71 202,9 28,43 1003,1 0,0408 25 26 17 0,01 -131,8 69,4 5,34 

Ppar 4-B 3,71 202,6 28,54 1003,1 0,0367 27 29 19 0,01 -145,2 82,7 6,34 

Ppar 4-C 3,66 205,5 28,54 1003,3 0,0349 29 31 20 0,01 -132,5 78 5,99 

Ppar 5-A 4,74 143,2 28,13 1002,3 0,0314 32 34 22 0,01 -162,4 57 4,4 

Ppar 5-B 4,64 148,8 28,13 1002,6 0,0311 32 34 23 0,01 -154,3 56,5 4,37 

Ppar 5-C 4,5 157 28,12 1002,8 0,0313 32 34 22 0,01 -157,5 57,8 4,47 

Supplementary Table 1. Physicochemical parameters measured per sample at the time 
of collection. Field measurements collected for each of the original 60 water samples 
across 20 sites, including pH, temperature, pressure, conductivity, resistivity, total dissolved 
solids (TDS), salinity, dissolved oxygen (DO), and oxidation-reduction potential (ORP). 
The values of pH, temperature, and pressure were used as environmental covariates in 
downstream metagenomic analyses. 
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 Altamira Bragança Marabá Paragominas 

Sampling Site AP1 AP2 AP3 AP4 AP5 BP1 BP2 BP3 BP4 BP5 MP1 MP2 MP3 MP4 MP5 PP1 PP2 PP3 PP4 PP5 

Population density 
(pop/km²) 0 701 190 360 449 0 1434 2135 3728 3886 6.68 13.02 14.44 15.83 16.06 1 4 31 61 184 

Percentage of 
deforestation 73 76 64 64.7 64.9 71.4 76 77.2 83.2 84 32.9 53.51 53.47 53.46 53.46 70 71.1 70.3 70.8 73 

Supplementary Table 2. Socio environmental indicators per sampling site. Metadata 
per sampling site indicating estimated population density (pop/km²) and percentage of 
deforestation for each of the 20 locations across the four municipalities. Values were used 
as contextual variables for interpreting antimicrobial resistance trends and were included in 
relevant multivariate analyses. 

 

Municipality Land Area 
(km2) [2023] 

Estimated Population 
(nº of people) [2024] 

Population Density 
(hab/km2) [2022] 

IDHM (Municipal 
Human Development 
Index) [2010] 

Infant Mortality - 
deaths per thousand 
live births [2022] 

GDP per 
capita (R$) 
[2021] 

Altamira 159.533.306 136.982 0,79 0,665 13,58 26.595,80 

Bragança 2.124.735 131.679 57,93 0,600 11,59 10.679,00 

Marabá 15.127.872 288.513 17,62 0,668 14,75 47.010,21 

Paragominas 19.342.565 112.843 5,46 0,645 16,18 36.952,54 

Supplementary Table 3. Socioeconomic indicators per city. Municipality-level statistics 
for Altamira, Bragança, Marabá, and Paragominas. Data includes land area, estimated 
population, population density, Human Development Index (IDHM), infant mortality rate, 
and GDP per capita. These indicators were used to contextualize each region’s sampling 
environment. 
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2.2. Microbial Communities Mirror Environmental Gradients Across the Amazon 

Supplementary Figure 1. City-level taxonomic profiles of microbial communities. 
Sankey diagrams representing aggregated taxonomic composition per city: (A) Altamira, 
(B) Bragança, (C) Marabá, and (D) Paragominas. Each diagram follows the taxonomic 
hierarchy from domain to species, highlighting differences in microbial community 
structure across municipalities. These visualizations reveal city-specific trends in the 
relative abundance of dominant bacterial lineages. 
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Name 
Number of 
raw reads 

Classified 
reads 

Chordate 
reads 

Artificial 
reads 

Unclassified 
reads 

Microbial 
reads 

Bacterial 
reads 

Viral 
reads 

Fungal 
reads 

Protozoan 
reads 

AP1 A 1050953 11.9 0.045 0 88.1 11.9 11.7 0.00971 0.004 0.00019 

AP1 B 1056233 12.3 0.0618 0 87.7 12.2 12 0.00795 0.00275 0.000568 

AP1 C 1058200 12.5 0.0711 0 87.5 12.4 12.2 0.00652 0.00369 0.0000945 

AP2 A 1052714 10.6 0.0421 0 89.4 10.6 10.4 0.0095 0.00285 0.000475 

AP2 B 1048823 10.7 0.0696 0 89.3 10.6 10.4 0.00734 0.00381 0.000191 

AP2 C 1065779 11.4 0.0509 0 88.6 11.3 11.1 0.00722 0.003 0.0000938 

AP3 A 1049110 18.5 0.00458 0 81.5 18.5 18.4 0.00315 0.000953 0 

AP3 B 1051505 15.8 0.00466 0 84.2 15.8 15.7 0.00285 0.00152 0.00019 

AP3 C 1056466 17 0.00521 0 83 16.9 16.8 0.00256 0.00123 0 

AP4 A 1052501 14.6 0.00637 0 85.4 14.5 14.4 0.00428 0.002 0.00019 

AP4 B 1057341 17.1 0.00558 0 82.9 17.1 16.9 0.00255 0.00142 0 

AP4 C 1047167 17.1 0.00535 0 82.9 17.1 17 0.00392 0.00229 0.000286 

AP5 A 1049174 16.7 0.0114 0 83.3 16.7 16.5 0.0338 0.00324 0.000286 

AP5 B 1051615 17.9 0.0152 0 82.1 17.9 17.7 0.0294 0.00181 0.0000951 

AP5 C 1048188 16.5 0.018 0 83.5 16.4 16.3 0.0356 0.00296 0.0000954 

BP1 A 1049526 7.22 0.00553 0 92.8 7.2 7.06 0.002 0.00562 0.000191 

BP2 A 1057056 13.5 0.00719 0 86.5 13.5 13.3 0.0115 0.00587 0.000189 

BP2 B 1049859 12.3 0.00514 0 87.7 12.3 12.1 0.00667 0.00705 0.000286 

BP2 C 1051190 14.6 0.00675 0 85.4 14.6 14.5 0.00666 0.0059 0.00019 

BP3 A 1049741 14.7 0.00762 0 85.3 14.7 14.5 0.0143 0.00638 0.0000953 

BP3 B 1052174 18.8 0.00494 0 81.2 18.8 18.6 0.00922 0.0038 0.00038 

BP3 C 1056354 19 0.00322 0 81 19 18.9 0.0126 0.00369 0.000284 

BP4 A 1052606 35.4 0.00228 0 64.6 35.3 35.2 0.00922 0.00732 0 

BP4 B 1047789 44.9 0.00353 0 55.1 44.8 44.6 0.0084 0.0111 0.000191 

BP4 C 1061074 45.5 0.00254 0 54.5 45.4 45.3 0.00933 0.00933 0 

BP5 A 1048640 26.9 0.00486 0 73.1 26.9 26.7 0.0154 0.00782 0.000286 

BP5 B 1045250 27.4 0.00258 0 72.6 27.4 27.2 0.0161 0.00765 0.000383 

BP5 C 1054161 27.9 0.00465 0 72.1 27.9 27.7 0.0124 0.00683 0.00019 

MP1 A 1052564 12.6 0.00542 0 87.4 12.5 12.3 0.0144 0.087 0.000475 

MP1 B 1043173 12.4 0.00489 0 87.6 12.4 12.1 0.0143 0.0869 0.0000959 

MP1 C 1048576 12.6 0.00525 0 87.4 12.6 12.3 0.0144 0.0873 0.000191 

MP2 A 1049420 12.6 0.0131 0 87.4 12.6 12.4 0.0359 0.00172 0.0000953 

MP2 B 1044540 10.2 0.0109 0 89.8 10.1 9.95 0.0435 0.00124 0 

MP2 C 1055074 9.41 0.0164 0 90.6 9.38 9.19 0.0435 0.00152 0.0000948 

MP3 A 1056961 12.9 0.0115 0 87.1 12.9 12.7 0.0358 0.00189 0.000189 

MP3 B 1049359 18.2 0.00972 0 81.8 18.2 18 0.0331 0.00114 0.000191 

MP3 C 1052094 12.3 0.00855 0 87.7 12.3 12.1 0.0385 0.00181 0.00019 

MP4 A 1041886 11 0.0116 0 89 11 10.8 0.0479 0.00154 0.000288 
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MP4 B 1050487 10.5 0.0137 0 89.5 10.4 10.2 0.0593 0.00181 0.000381 

MP4 C 1042508 11.3 0.00835 0 88.7 11.3 11.1 0.0531 0.00144 0.0000959 

MP5 A 1051602 9.57 0.00704 0 90.4 9.54 9.35 0.0686 0.00105 0 

MP5 B 1062669 9.47 0.00772 0 90.5 9.43 9.23 0.0707 0.00245 0.000376 

MP5 C 1044504 9.47 0.00651 0 90.5 9.44 9.24 0.0709 0.00182 0 

PP1 A 1051568 13 0.00514 0 87 13 12.7 0.000285 0.0228 0.0000951 

PP1 B 1053096 11.7 0.00921 0 88.3 11.7 11.6 0.00256 0.0038 0.00038 

PP1 C 1051255 12.6 0.0097 0 87.4 12.6 12.4 0.00124 0.00209 0.000285 

PP2 A 1056449 13.6 0.00861 0 86.4 13.6 13.4 0.00151 0.00312 0.0000947 

PP2 B 1053226 12.4 0.00484 0 87.6 12.4 12.3 0.00142 0.00389 0 

PP2 C 1046375 12.3 0.00812 0 87.7 12.2 12.1 0.000956 0.00296 0.0000956 

PP3 A 1052437 12.6 0.00846 0 87.4 12.6 12.4 0.00095 0.00428 0.000475 

PP3 B 1043489 12 0.00757 0 88 12 11.8 0.00134 0.00307 0.000575 

PP3 C 1048775 13.1 0.00772 0 86.9 13.1 12.9 0.000763 0.00257 0.000191 

PP4 A 1050387 14.4 0.0059 0 85.6 14.4 14.2 0.000762 0.00295 0 

PP4 B 1043550 14.3 0.00728 0 85.7 14.2 14 0.00163 0.00498 0 

PP4 C 1065829 14.7 0.00741 0 85.3 14.7 14.5 0.0015 0.00281 0 

PP5 A 1057702 16.9 0.013 0 83.1 16.8 16.7 0.00539 0.00369 0.000567 

PP5 B 1042939 16.9 0.0105 0 83.1 16.8 16.6 0.00508 0.0047 0.000384 

PP5 C 1051360 16.7 0.0112 0 83.3 16.7 16.5 0.00561 0.00732 0.00019 

Supplementary Table 4. Taxonomic distribution and classification summary of 
metagenomic reads per sample. Overview of Kraken2 and Bracken-based taxonomic 
assignments across the 58 metagenomic samples. The table includes the number of raw 
reads, proportions of classified and unclassified reads, and the relative abundance of host, 
microbial, bacterial, viral, fungal, and protozoan reads. These data provide supporting detail 
for the taxonomic composition analyses presented in the main text. 
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Supplementary Figure 2. Taxonomic distribution of microbial communities stratified 
by environmental and socioeconomic variables. Attribute column charts showing 
family-level taxonomic composition across samples, grouped by: (A) population density, 
(B) pH, (C) temperature, and (D) pressure. These metadata groupings were used to explore 
environmental trends in microbial diversity. The ten most abundant taxa across all samples 
are listed below each panel. 
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2.3. Local Structure Within a Diverse System: Richness, Beta-Diversity, and Community 
Separation 

 
Supplementary Figure 3. Bacterial diversity patterns across municipalities based on 
taxonomic and metagenomic diversity metrics. Boxplots showing bacterial diversity 
patterns across the four sampled municipalities (Altamira, Bragança, Marabá, and 
Paragominas) based on three complementary metrics: Shannon diversity (left), Simpson 
evenness (center), and Metagenomic Diversity Index (MD) (right). Each point represents 
one sampling site. Shannon diversity reflects taxonomic richness and evenness, Simpson 
values indicate community evenness, and MD captures protein-clustering-based 
metagenomic diversity. Altamira exhibited comparatively higher Shannon diversity, 
whereas Bragança showed lower Shannon values and intermediate MD values. 
Paragominas presented the lowest MD values, while Marabá showed relatively high MD 
values overall. Differences among municipalities were assessed using the Kruskal-Wallis 
test, followed by Dunn’s post hoc pairwise comparisons. Significant pairwise differences 
are indicated in the figure, and full statistical results are provided in Supplementary Table 
S9. 

 
Diversity metric Test Statistic df p-value Interpretation 

Shannon diversity Kruskal–Wallis χ² = 27.600 3 4.406e-06 Significant differences 
among municipalities 

Simpson evenness Kruskal–Wallis χ² = 24.591 3 1.88e-05 Significant differences 
among municipalities 

Metagenomic Diversity Index 
(MD) Kruskal–Wallis χ² = 31.559 3 6.484e-07 Significant differences 

among municipalities 
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Pairwise post hoc comparisons for Shannon diversity   

Comparison Mean rank difference Adjusted p-value Significance   

Bragança vs Altamira 18.810256 0.0197 *   

Marabá vs Altamira -9.866667 0.6574 ns   

Paragominas vs Altamira -1.666667 1.0000 ns   

Marabá vs Bragança -28.676923 4.4e-05 ***   

Paragominas vs Bragança -20.476923 0.0082 **   

Paragominas vs Marabá 8.200000 1.0000 ns   

      

Pairwise post hoc comparisons for Simpson evenness   

Comparison Mean rank difference Adjusted p-value Significance   

Bragança vs Altamira -30.143590 1.5e-05 ***   

Marabá vs Altamira -22.266667 0.0018 **   

Paragominas vs Altamira -15.666667 0.0664 .   

Marabá vs Bragança 7.876923 1.0000 ns   

Paragominas vs Bragança 14.476923 0.1420 ns   

Paragominas vs Marabá 6.600000 1.0000 ns   

      

Pairwise post hoc comparisons for Metagenomic Diversity Index   

Comparison Mean rank difference Adjusted p-value Significance   

Bragança vs Altamira 18.866667 0.01917 *   

Marabá vs Altamira 22.733333 0.00136 **   

Paragominas vs Altamira -6.733333 1.00000 ns   

Marabá vs Bragança 3.866667 1.00000 ns   

Paragominas vs Bragança -25.600000 0.00038 ***   

Paragominas vs Marabá -29.466667 1.1e-05 ***   

Supplementary Table 5. Additional statistical analyses for bacterial diversity metrics 
across municipalities. Differences in microbial diversity among municipalities were 
assessed using Kruskal-Wallis tests followed by Dunn’s post hoc multiple comparisons with 
Bonferroni correction. Diversity metrics included Shannon diversity, Simpson evenness, 
and the Metagenomic Diversity Index (MD), all derived from taxonomic or 
protein-clustering-based diversity estimates described in the Supplementary Methods. 
Significance codes were defined as follows: *** for p ≤ 0.001; ** for 0.001 < p ≤ 0.01; * 
for 0.01 < p ≤ 0.05; . for 0.05 < p ≤ 0.1; and ns for p > 0.1. 

 

Sample 
Total 
Genes 

Protein 
Richness Shannon Diversity Simpson Evenness 

Log10 Protein 
Dissimilarity 

Metagenomic 
Diversity 

AP1 A 44786 37099 10.432754741667383 0.9999655959172447 4.58011320295247 0.8491236305743052 

AP1 B 52550 42754 10.562845913980526 0.9999692974318184 4.642603872658739 0.8356629588614156 

AP1 C 54154 43129 10.56316882094871 0.9999690348961885 4.646281707396293 0.8178076462772609 

AP2 A 47486 40255 10.523724087009468 0.999968943258015 4.615984895685423 0.8697998080980835 

AP2 B 51344 43288 10.590854161607556 0.9999705559862189 4.647661116213829 0.8653093898554852 
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AP2 C 54620 45491 10.636995078897247 0.9999718608564644 4.669733540193413 0.8558188431051984 

AP3 A 46852 34802 10.316333154795942 0.9999577412751732 4.559391948915431 0.7738625218636086 

AP3 B 40361 31063 10.217752286297426 0.9999536278201355 4.508475236214712 0.7989384418896752 

AP3 C 43840 33269 10.281405334921796 0.9999566115049852 4.5390373322481175 0.7891631302183815 

AP4 A 36104 28742 10.15966527753337 0.999953377956298 4.473206334378197 0.8234761281378723 

AP4 B 45700 34599 10.319976742523513 0.9999585760053583 4.556347462982843 0.7878277297312632 

AP4 C 36289 28162 10.130104320351984 0.9999511657851777 4.465530120146044 0.804924449868606 

AP5 A 41335 34695 10.370124997397651 0.9999632472187611 4.552326349368531 0.8629952541274342 

AP5 B 43656 34488 10.33454121049456 0.9999598461672153 4.551799631334842 0.8161231376184815 

AP5 C 36328 30998 10.266972249152595 0.9999600604225152 4.502323171532359 0.8751483587273664 

BP1 A 2811 2748 7.910061690731113 0.9996275953854388 3.4407825779972474 0.9815710304755129 

BP2 A 9682 8938 9.06519095173031 0.9998777415741199 3.9566190921682507 0.9346607682641327 

BP2 B 9021 8318 8.99245894291067 0.9998682116461882 3.925539452876859 0.9338664431142151 

BP2 C 13786 12046 9.336356689375586 0.9999006764057834 4.089469271565824 0.89131455269883 

BP3 A 12485 11002 9.247835289356683 0.9998919755698876 4.049446587676022 0.897548738772241 

BP3 B 15069 12455 9.338512056673494 0.9998904734851901 4.106661691760443 0.848354287141058 

BP3 C 16736 13889 9.449496226692368 0.9999030072671627 4.153618880805524 0.8510737852947262 

BP4 A 27614 22910 9.947849277392208 0.9999409563372902 4.372306290090941 0.8534478124936985 

BP4 B 42500 34831 10.363320716025434 0.9999624075181801 4.555441095639959 0.8453803825261497 

BP4 C 44968 36083 10.38671975478204 0.9999623747506936 4.571854402460457 0.8297568190336597 

BP5 A 14295 12648 9.390112541580352 0.9999080146414777 4.109161441587427 0.899450529706196 

BP5 B 16912 14661 9.52947969026583 0.9999191813732005 4.174434462797338 0.8835670114486192 

BP5 C 17391 15036 9.556060713342326 0.999921561164535 4.185708442043032 0.8818280049295704 

MP1 A 7731 7433 8.896726829798556 0.99985899147741 3.874134221788001 0.968051692320959 

MP1 B 7822 7505 8.905376512963814 0.9998598670182138 3.878643868681859 0.9667764373379115 

MP1 C 8339 7982 8.964751472690512 0.9998671931372881 3.9053448638712416 0.9643415737298636 

MP2 A 28995 24957 10.05308203378628 0.9999511260088453 4.407315117156028 0.8810326518977373 

MP2 B 33007 27756 10.14831079508169 0.9999548615362188 4.4547333836566505 0.8632316008998658 

MP2 C 31334 26792 10.120470878431387 0.9999539464265661 4.438299330088371 0.8755551179704567 

MP3 A 28062 24318 10.030465493368023 0.9999500055263278 4.395775209101452 0.8864547853480024 

MP3 B 34024 29196 10.207688494193684 0.999957684330925 4.476322850895161 0.8801110651872783 

MP3 C 30902 26253 10.09846779755264 0.9999529172573609 4.430151334442803 0.8712940459309853 

MP4 A 29455 25598 10.083256378529851 0.999952920925407 4.4178159621047834 0.8884989829926198 

MP4 B 28333 24743 10.049811939928611 0.9999511213681451 4.40279865141726 0.8922901314436141 

MP4 C 26157 22834 9.974283283393454 0.9999482626036288 4.368294340433401 0.8927017950368077 

MP5 A 32101 27327 10.139931661064523 0.9999551159671836 4.447270927234168 0.8724737426645779 

MP5 B 31440 26966 10.128897218261457 0.9999545898407886 4.44088884732715 0.877821694817587 

MP5 C 32781 27994 10.1666598484392 0.999956462321991 4.457656918960643 0.8750537316076303 

PP1 A 8203 7806 8.941798042144185 0.9998641265180557 3.8960982790142062 0.9596780629038157 

PP1 B 50730 36886 10.357284437176155 0.9999588052758477 4.587154529696266 0.7618854282541728 

PP1 C 41918 31342 10.21282661803508 0.999953418535572 4.5150238251940165 0.7809500766502436 

PP2 A 48795 35498 10.322091380073243 0.999957247254283 4.5703341606524805 0.7620067849085229 
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PP2 B 51387 37555 10.379690710624285 0.9999593932137949 4.594123642287907 0.7643114719775246 

PP2 C 37119 29170 10.167990060708762 0.9999534549366363 4.481735787204464 0.8168447452065304 

PP3 A 39340 30072 10.185514064665973 0.9999533015248196 4.49618694586335 0.7968059900685652 

PP3 B 47440 34745 10.304850527345168 0.9999570527770042 4.560992466582099 0.767092587667692 

PP3 C 47039 34157 10.28697904571646 0.9999568292418671 4.553298402925969 0.7600467782156045 

PP4 A 48351 35045 10.310012548675793 0.9999569687222615 4.565096536260872 0.7597856304266037 

PP4 B 33747 27038 10.103551326448095 0.9999514604623342 4.447703228396746 0.8307456136967195 

PP4 C 42193 31977 10.239967703105428 0.9999549594024784 4.5236003394360145 0.791334196869204 

PP5 A 33630 26518 10.076809888029025 0.9999496493303696 4.439975661788938 0.8189337967521955 

PP5 B 27864 22942 9.954053858825358 0.9999451674574594 4.374252907450317 0.8495901057261119 

PP5 C 27028 22363 9.928588076648946 0.9999434073145035 4.363075977668268 0.853615057723795 

Supplementary Table 6. Alpha diversity metrics for all individual samples. Complete 
set of alpha diversity results calculated per sample (n = 58), including total predicted genes, 
protein richness, Shannon diversity, Simpson evenness, protein dissimilarity, and 
metagenomic diversity (MD). These values reflect the taxonomic and functional diversity 
captured by each metagenome and serve as the basis for site-level summary statistics 
presented in Table 3. 

 

Test Source Df Sum of Squares Mean Squares F-value R² N.Perm p-value Significance 

PERMANOVA Model 3 6.7397 --- 12.361 0.40714 999 0.001 *** 

 Residual 54 9.814 --- --- 0.59286 --- ---  

 Total 57 16.5537 --- --- 1.0 --- ---  

PERMDISP Groups 3 0.17098 0.056994 3.5098 --- 999 0.025 * 

 Residual 54 0.87689 0.016239 --- --- --- ---  

Supplementary Table 7. PERMANOVA and PERMDISP results for beta diversity 
validation. Summary of statistical validation tests for beta diversity results. PERMANOVA 
was performed using the adonis2 function, and PERMDISP using the permutest function, 
both from the vegan package in R. Significance codes: ‘***’ for p ≤ 0.001; ‘**’ for 0.001 < 
p ≤ 0.01; ‘*’ for 0.01 < p ≤ 0.05; ‘.’ for 0.05 < p ≤ 0.1; no symbol for p > 0.1.  
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Supplementary Figure 4. Beta dispersion analyses of microbial communities by 
municipality. Boxplot showing beta dispersion (distance to centroid) for each city group. 
These results reflect within-group variation in community composition. Altamira and 
Paragominas display greater internal variability compared to Bragança and Marabá. 
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2.4. Pathogens Detected Across the Region — But They Don’t Explain AMR Alone 

 
Supplementary Figure 5. Heatmap of antimicrobial resistance genes across all 
metagenomic samples. Log-transformed abundance (log₁₀(RPM + 1)) of detected 
antimicrobial resistance genes (ARGs) across 58 samples. ARGs are displayed on the 
y-axis and samples on the x-axis, clustered by hierarchical similarity. Clinically relevant 
resistance determinants, including tet, sul, qac, and van gene families, were detected at 
variable levels across cities, with Bragança and Paragominas exhibiting higher ARG signal 
intensity. Only ARGs meeting filtering thresholds (nucleotide rPM ≥ 10, protein rPM ≥ 1, 
alignment length ≥ 50 bp) are displayed. 
 

 

Supplementary Figure 6. Heatmap of antimicrobial resistance drug classes across all 
metagenomic samples. Log-transformed abundance (log₁₀(RPM + 1)) of antimicrobial 
resistance drug classes, inferred from gene annotations, across 58 samples. Bragança and 
Paragominas showed enriched profiles for resistance to critical antibiotics such as 
glycopeptides, fluoroquinolones, and disinfectants. Only drug classes associated with genes 
meeting filtering thresholds (nucleotide rPM ≥ 10, protein rPM ≥ 1, alignment length ≥ 50 
bp) are displayed. 
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2.5. Antimicrobial Resistance Genes Are Widespread, Even in Seemingly Pristine Sites 

 

Supplementary Figure 7. Absolute abundance of antimicrobial resistance gene (ARG) 
types across sampling sites. Stacked bar plots represent normalized absolute ARG 
abundance per sampling site, calculated as ARG copies per million estimated cells 
(rescaled by 10⁶). Each color indicates a distinct ARG type. Bragança’s BP4 and BP5, and 
Marabá’s MP3 sampling sites exhibit the highest burden across nearly all ARG categories, 
underscoring localized amplification of resistance potential. 
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Supplementary Figure 8. Alpha diversity of antimicrobial resistance gene profiles 
across municipalities. Boxplots showing alpha diversity patterns of antimicrobial 
resistance gene (ARG) profiles across the four sampled municipalities: Altamira, Bragança, 
Marabá, and Paragominas. Two complementary metrics are shown: Shannon diversity 
(left), reflecting ARG profile diversity and evenness, and Observed richness (right), 
indicating the number of ARG features detected per sample. Each point represents one 
metagenomic sample, and colors indicate municipality. Bragança showed the highest ARG 
alpha diversity and observed richness overall, whereas Altamira displayed lower and less 
variable values. Differences in ARG alpha diversity among municipalities were evaluated 
using the Kruskal-Wallis test and were not statistically significant overall (Supplementary 
Table S8). 
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Supplementary Figure 9. Non-metric multidimensional scaling (NMDS) ordination of 
ARG composition across sampling sites. Non-metric multidimensional scaling (NMDS) 
ordination based on Bray-Curtis dissimilarity of normalized antimicrobial resistance gene 
(ARG) profiles across the 58 metagenomic samples. Colors represent municipalities 
(Altamira, Bragança, Marabá, and Paragominas), and point shapes indicate sampling sites 
within each city (P1–P5). The ordination was generated in two dimensions (K = 2) with a 
final stress value of 0.1191, indicating an acceptable representation of dissimilarity 
relationships in reduced space. Samples from different municipalities showed partial 
clustering with substantial overlap, consistent with moderate but significant differences in 
resistome composition among cities as supported by ANOSIM analysis (R = 0.3618, p = 
0.001; Supplementary Table S8). 
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Supplementary Figure 10. Differences in normalized ARG load across municipalities. 
Boxplots showing the distribution of normalized antimicrobial resistance gene (ARG) load 
across the four sampled municipalities: Altamira, Bragança, Marabá, and Paragominas. 
Each point represents one sampling site, and point shapes indicate site identity (P1–P5) 
within each city. ARG load values represent normalized abundance estimates derived from 
metagenomic profiles. Bragança showed the highest overall ARG load and the greatest 
variability, including several high-burden sites, whereas Altamira and Marabá displayed 
lower and more homogeneous values. Differences among municipalities were evaluated 
using the Kruskal-Wallis test, followed by Dunn’s post hoc pairwise comparisons. 
Significant differences were detected between Altamira and Bragança and between 
Bragança and Marabá. Detailed statistical results are provided in Supplementary Table S8. 

 
Analysis Response variable Test Statistic df p-value Interpretation 

ARG load among 
municipalities 

Normalized ARG 
abundance Kruskal-Wallis χ² = 19.862 3 0.0001813 Significant differences 

among municipalities 

ARG alpha diversity 
among municipalities 

Shannon diversity of 
normalized ARG profiles Kruskal-Wallis — 3 > 0.05 No significant differences 

among municipalities 

ARG beta diversity 
among municipalities 

Bray-Curtis dissimilarity 
of ARG composition ANOSIM R = 0.3618 — 0.001 

Significant but moderate 
separation among 
municipalities 
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Pairwise post hoc comparisons for ARG load    

Comparison Mean rank difference Adjusted 
p-value Significance    

Bragança vs Altamira 23.67692 0.00129 **    

Marabá vs Altamira -1.20000 1.00000 ns    

Paragominas vs Altamira 12.00000 0.30986 ns    

Marabá vs Bragança -24.87692 0.00061 ***    

Paragominas vs 
Bragança -11.67692 0.40818 ns    

Paragominas vs Marabá 13.20000 0.19379 ns    

Supplementary Table 8. Additional statistical analyses for antimicrobial resistance 
gene (ARG) load and ARG diversity across municipalities. Differences in normalized 
ARG abundance among municipalities were assessed using the Kruskal-Wallis test, 
followed by Dunn’s post hoc multiple comparisons with Bonferroni correction. ARG alpha 
diversity was evaluated using Shannon diversity indices calculated from normalized ARG 
abundance matrices. Differences in ARG composition among municipalities were assessed 
using ANOSIM based on Bray-Curtis dissimilarity matrices with 999 permutations. The 
ANOSIM result was significant, although the low R statistic indicates substantial overlap in 
ARG composition among cities. Significance codes were defined as follows: *** for p ≤ 
0.001; ** for 0.001 < p ≤ 0.01; * for 0.01 < p ≤ 0.05; . for 0.05 < p ≤ 0.1; and ns for p > 0.1. 

 

2.6. High-Risk Resistance Hotspots Are Concentrated in Bragança and Marabá 

 Percentage of ARG Abundance Load per Risk Rank   Standard Deviation (SD) 

Site Rank I Rank II Rank III Rank IV Total 
abundance 

Weighted 
Risk 

Threat 
Score 

Log 
Threat 
Score 

Rank I Rank II Rank III Rank IV Total 
abundance 

Weighted 
Risk 

AP1 0,000 0,000 0,000 1,000 0,00057 4,00 0,00E+00 -10,00 0,00E+00 0,00E+00 6,35E-03 5,77E-03 1,85E-04 6,34E-03 

AP2 0,000 0,000 0,000 1,000 0,00078 4,00 0,00E+00 -10,00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,53E-05 0,00E+00 

AP3 0,005 0,000 0,008 0,985 0,00200 3,97775 9,60E-06 -5,017724 3,91E-03 4,79E-02 6,47E-03 5,51E-02 2,47E-04 1,11E-01 

AP4 0,000 0,004 0,013 0,980 0,00210 3,97225 9,14E-06 -5,039287 0,00E+00 6,08E-03 8,08E-03 1,04E-02 2,08E-04 1,75E-02 

AP5 0,012 0,033 0,057 0,905 0,00185 3,85436 8,23E-05 -4,084468 1,97E-02 2,08E-02 3,59E-02 7,29E-02 2,52E-04 1,27E-01 

BP1 0,000 0,000 0,078 0,925 0,00190 3,92269 0,00E+00 -10,00 --- --- --- --- --- --- 

BP2 0,018 0,015 0,032 0,935 0,00230 3,88400 7,59E-05 -4,119758 1,12E-02 9,54E-03 6,05E-03 3,00E-02 2,02E-04 5,84E-02 

BP3 0,022 0,042 0,075 0,840 0,00250 3,73127 1,61E-04 -3,792500 6,33E-03 1,95E-02 3,18E-02 4,54E-02 2,02E-04 7,08E-02 

BP4 0,046 0,062 0,200 0,690 0,00635 3,53912 6,79E-04 -3,167842 7,26E-03 4,86E-03 0,00E+00 1,53E-02 7,09E-04 3,29E-02 

BP5 0,060 0,080 0,140 0,715 0,00260 3,51122 3,64E-04 -3,438898 1,06E-02 1,32E-02 1,04E-02 2,93E-02 2,02E-04 5,98E-02 

MP1 0,016 0,014 0,017 0,955 0,00180 3,90446 5,40E-05 -4,267605 1,22E-02 4,35E-03 8,70E-03 2,89E-03 1,26E-04 2,64E-02 

MP2 0,000 0,023 0,004 0,980 0,00135 3,95414 3,11E-05 -4,507937 2,08E-02 3,84E-02 7,97E-02 1,37E-01 6,79E-04 2,16E-01 

MP3 0,060 0,078 0,145 0,730 0,00285 3,55800 3,93E-04 -3,405276 1,28E-02 5,00E-02 5,36E-02 1,11E-01 1,05E-03 1,80E-01 

MP4 0,000 0,016 0,042 0,915 0,00155 3,86920 2,40E-05 -4,619335 2,37E-02 2,26E-02 3,86E-02 8,66E-03 1,61E-04 4,13E-02 

MP5 0,021 0,019 0,019 0,915 0,00155 3,86613 6,12E-05 -4,213070 6,25E-03 3,37E-02 2,66E-02 2,75E-02 7,64E-05 6,58E-02 

PP1 0,000 0,000 0,004 0,995 0,00330 3,99171 0,00E+00 -10,00 0,00E+00 1,41E-03 1,51E-02 1,61E-02 1,05E-03 1,38E-02 

19 



Resistome of Amazonian Freshwaters 
 

PP2 0,000 0,000 0,006 0,995 0,00365 3,99450 0,00E+00 -10,00 0,00E+00 0,00E+00 1,09E-02 1,04E-02 7,85E-04 1,09E-02 

PP3 0,000 0,000 0,009 0,990 0,00305 3,99059 0,00E+00 -10,00 0,00E+00 0,00E+00 3,40E-03 2,89E-03 2,65E-04 3,39E-03 

PP4 0,023 0,015 0,042 0,920 0,00320 3,84858 1,22E-04 -3,915066 1,27E-02 5,35E-03 1,15E-02 7,64E-03 2,84E-04 2,27E-02 

PP5 0,043 0,056 0,140 0,765 0,00320 3,62052 3,17E-04 -3,499215 1,73E-02 1,01E-02 2,81E-02 5,75E-02 3,06E-04 9,73E-02 

Supplementary Table 9. Summary of ARG Threat Score Calculations and Ranking 
Metrics. Table detailing the total normalized abundance of antimicrobial resistance genes 
(ARGs), their proportional distribution across risk ranks (Rank I–IV), calculated Threat 
Scores, and log-transformed values log10(ThreatScore+ε) for each sample. Risk ranks were 
assigned according to established criteria based on ARG mobility, clinical detection, and 
host association. All values used to generate Figure 5 are provided for transparency and 
reproducibility. The Threat Scores were calculated by summing the relative abundance of 
Rank I and Rank II ARGs per sample, weighted by total ARG abundance: Threat Score = 
(RA₍Rank I₎ + RA₍Rank II₎) × Total ARGs. 

 

 

Supplementary Figure 11. Spearman correlation matrix between ARG load and 
environmental variables across sampling sites. Heatmap showing Spearman rank 
correlation coefficients (ρ) among normalized antimicrobial resistance gene (ARG) load 
and environmental variables measured or compiled for each sampling site, including pH, 
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temperature, electrical conductivity (EC), total dissolved solids (TDS), dissolved oxygen 
(DO), population density, and deforestation percentage. Correlation coefficients are 
displayed within each cell and range from -1 to 1, with purple tones indicating positive 
associations and yellow tones indicating negative associations. ARG load showed moderate 
positive correlations with population density (ρ = 0.57) and deforestation (ρ = 0.42), and a 
moderate negative correlation with dissolved oxygen (ρ = -0.65). These patterns support the 
association between resistome burden and anthropogenic or ecologically disturbed 
freshwater environments. 
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1. Supplementary Methods 

1.1. Study Area, Sample Collection, and Metadata Acquisition 

Surface freshwater samples were collected from four municipalities in the Brazilian 

state of Pará — Altamira, Bragança, Marabá, and Paragominas — between September and 

November 2022. Five sampling sites were selected within each municipality based on 

varying degrees of anthropogenic influence. At each site, three biological replicates were 

collected at a depth of 20 cm, approximately 1 meter from the riverbank or channel center, 

totaling 60 samples across 20 sites. For each replicate, 5 liters of surface water were 

collected using a Van Dorn bottle, stored on ice, and immediately transported to the 

laboratory for processing. 

Samples were filtered using a negative pressure vacuum system with 47 mm 

nitrocellulose membranes (0.22 µm pore size). Membranes were transferred to 50 mL 

Falcon tubes containing TSE buffer (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM 

EDTA) and stored at −20°C until DNA extraction. In situ, physicochemical parameters 

were recorded at the time of collection using a multiparameter water analyzer (HI 9829, 

HANNA Instruments), including pH, temperature (°C), pressure (mbar), electrical 

conductivity (EC and ECabsolute), resistivity, total dissolved solids (TDS), salinity, 

oxidation-reduction potential (ORP), and dissolved oxygen (DO%, DO ppm). 

Municipality-level socioeconomic indicators, such as population density, GDP per 

capita, and infant mortality, were obtained from the Brazilian Institute of Geography and 

Statistics (IBGE) Cities and States Portal (https://www.ibge.gov.br/cidades-e-estados/) [1]. 

Deforestation levels were determined through geospatial analysis following the 

methodology of Cavalcante et al. [2], using MapBiomas Brazil land-use and land-cover 

data (Collection 6, year 2020). The deforested area was calculated as the total proportion of 

non-natural land cover associated with each sampling site within the hydrographical basin. 

To support spatial analyses and ecological contextualization of each sampling site, 

geographic coordinates (latitude and longitude) were recorded at the time of sampling using 

a handheld GPS device. Sampling sites were selected to represent a gradient of 

anthropogenic influence across the municipalities of Altamira, Bragança, Marabá, and 

Paragominas in Pará, Brazil. Sites were named using a city code (e.g., AP1 = Altamira 

Point 1), and each site was sampled in biological triplicate. Coordinates listed in 

Supplementary Methods Table 01 correspond to the exact central point at which triplicate 

samples were collected. 
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The combined metadata, including physicochemical parameters, socioeconomic 

indicators, and spatial ecological context, was integrated into downstream multivariate 

analyses. 

 

 

ALTAMIRA  

 

BRAGANÇA 

Latitude Longitude Elevation Altitude  Latitude Longitude Elevation Altitude 

Palt 1 -3,20889 -52,24922 106 128,27  Pbra 1 -1,068325 -46,791195 12,3 37,69 

Palt 2 -3,20216 -52,23962667 109,2 131,47  Pbra 2 -1,0565863 -46,7767607 0,4 25,79 

Palt 3 -3,2009152 -52,2161569 83,4 105,67  Pbra 3 -1,0537596 -46,771585 -151,6 9,79 

Palt 4 -3,2003535 -52,2093526 79,9 102,17  Pbra 4 -1,0508683 -46,7651933 -19 6,39 

Palt 5 -3,2020395 -52,2023505 111,7 133,97  Pbra 5 -1,0481952 -46,7598743 -20,9 4,49 

           

 

MARABÁ  

 

PARAGOMINAS 

Latitude Longitude Elevation Altitude  Latitude Longitude Elevation Altitude 

Pmar 1 -5,34653667 -49,20456833 79,6 104,09  Ppar 1 -3,05792 -47,41727 77,3 103,34 

Pmar 2 -5,402505 -49,13356167 72,8 97,29  Ppar 2 -3,0068714 -47,3813726 55 81,04 

Pmar 3 -5,3660059 -49,0935374 75,1 99,59  Ppar 3 -2,9989622 -47,371593 71,7 97,78 

Pmar 4 -5,35686833 -49,12218167 65 89,49  Ppar 4 -2,9824708 -47,3605382 50,2 76,28 

Pmar 5 -5,35506333 -49,14269833 65,8 90,29  Ppar 5 -2,9650469 -47,3375389 73,1 99,18 

Supplementary Methods Table 01. Geographic coordinates of freshwater 
sampling sites. Table listing the georeferenced coordinates (latitude and longitude) of the 
20 freshwater sampling sites across the municipalities of Altamira, Bragança, Marabá, and 
Paragominas, Pará, Brazil. Site codes correspond to labels used throughout the manuscript. 

 

1.2. DNA Extraction, Library Preparation, and Metagenomic Sequencing 

Upon transfer to the central laboratory following field filtration at local facilities, the 

filter membranes were incubated at room temperature under constant agitation (250 RPM) 

to facilitate the release of retained particles. The resulting suspension was centrifuged at 

13,200 RPM for 10 minutes in Eppendorf tubes. DNA was extracted from the resulting 

pellet using the DNeasy PowerSoil Pro Kit (QIAGEN), following the manufacturer’s 

protocol. DNA concentration was quantified using a Qubit fluorometer (Thermo Fisher 

Scientific), and purity indices were assessed with a NanoDrop spectrophotometer (Thermo 

Fisher Scientific). General DNA integrity was verified by agarose gel electrophoresis. 

Samples meeting minimum quality thresholds (concentration ≥50 ng/µL and a 260/280 

ratio between 1.4 and 2.0) were retained for downstream analysis (n = 58). Metagenomic 

libraries were constructed using the Nextera XT DNA Library Preparation Kit (Illumina) 
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according to the manufacturer’s protocol. Sequencing was performed on the Illumina 

NextSeq 550 platform using the High-Output kit, generating 150 bp paired-end reads. Raw 

reads were delivered in FASTQ format for subsequent preprocessing and analysis. 

 

1.3. Quality Control and Preprocessing of Sequencing Data 

All raw paired-end metagenomic reads were processed using the CZ ID metagenomics 

pipeline (Illumina mNGS Pipeline v8.3) [3], a cloud-based bioinformatics platform 

designed for microbial identification and host-read depletion. The following preprocessing 

steps were automatically performed as part of the CZ ID host filtering and quality control 

workflow: 

●​ Adapter trimming and low-quality read removal were performed using fastp, with 
default parameters; 

●​ Low-complexity filtering was applied using a modified version of the SDUST 
algorithm, removing sequences with >40% low-complexity regions; 

●​ Short-read filtering removed reads shorter than 35 bp and those containing >15 
undetermined bases (Ns); 

●​ Host read depletion included sequential alignment of reads to reference genomes 
using Bowtie2 (for initial host and ERCC alignment) and HISAT2 (for secondary 
human depletion), based on the GRCh38 reference; 

●​ Read deduplication was performed using the czid-dedup module, retaining a single 
representative from any group of reads found to be 100% identical over the first 70 
bp; 

●​ ERCC spike-in removal was conducted by aligning to ERCC sequences using 
Bowtie2; 

●​ Subsampling was performed to a maximum of 2 million read pairs per sample for 
normalization across analyses. 

All resulting non-host, quality-filtered reads were retained for downstream analyses, 

including taxonomic classification, AMR gene profiling, and ecological modeling. Full 

documentation of the pipeline is available at: https://czid.org. 

 

1.4. Taxonomic Classification and Microbial Diversity Analysis 

Taxonomic classification of the filtered metagenomic reads was performed using 

Kraken2 (Galaxy Version 2.1.3+galaxy1) via the Galaxy Europe platform [4], [5]. Input 

was provided as a paired-end read collection in FASTQ format, and classification was 

performed against the Prebuilt RefSeq PlusPF database (Version: 2024-01-12), which 
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includes bacteria, archaea, viruses, protozoa, and fungi. A confidence score threshold of 0.1 

was applied, meaning a minimum of 10% of the k-mers in a read had to match a given 

taxon. Refined species-level abundance estimates were generated using Bracken (Galaxy 

Version 3.1+galaxy0), selecting the corresponding PlusPF database (K-mer = 35, Read 

Length = 100 bp) [6]. Results were visualized using Pavian (Galaxy Version 1.0) and 

Phinch (Galaxy Version 0.1) [7], [8], with the latter integrating sample metadata to generate 

bubble charts, bar charts, and attribute column plots. 

To evaluate beta diversity, Krakentools (Galaxy Version 1.2+galaxy2) was used to 

generate Bray-Curtis dissimilarity matrices from the Bracken output files [9]. These 

matrices were used for Principal Coordinates Analysis (PCoA), performed in R using the 

vegan package (v2.6-10) [10]. Significance of community differences between groups was 

assessed using PERMANOVA (adonis2) and PERMDISP (permutest), with 999 

permutations for both. Alpha diversity indices were calculated using the MD.py script 

developed by Damien Finn (available at: 

https://github.com/DamienFinn/MD/blob/main/MD.py) [11]. This tool computes multiple 

diversity metrics — including species richness, Shannon, Simpson Evenness, 

protein-coding gene richness, protein dissimilarity, and overall metagenomic diversity — 

based on MMSeqs2 clustering output. To generate the necessary inputs for MD.py, 

metagenomic assemblies were constructed for each sample using MEGAHIT (Galaxy 

Version 1.2.9+galaxy2) [12]. Assembly was performed using the k-mer strategy: min = 21, 

max = 91, step = 12. Following assembly, Prodigal was used to predict open reading frames 

and generate .faa protein sequence files for each sample [13]. These were then processed 

using MMSeqs2 and submitted to MD.py to calculate the diversity metrics. 

Triplicates were aggregated using medians per sampling site for alpha diversity 

comparisons, while individual samples (n = 58) were retained for beta diversity analysis to 

preserve site-level variability. 

 

1.5. Detection and Quantification of Antimicrobial Resistance Genes (ARGs) 

Detection of antimicrobial resistance genes (ARGs) was performed using two 

independent platforms to enable both sensitive detection and accurate quantification. First, 

ARG identification was carried out using the CZ ID AMR pipeline (v1.4.2), which applies 

the Resistance Gene Identifier (RGI) (v6.0.0) to both read and contig-level inputs [14]. 

Alignments were performed against the Comprehensive Antibiotic Resistance Database 
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(CARD v3.2.6) and the WildCARD (v4.0.0) module. WildCARD supplements the 

canonical CARD database with computationally predicted resistomes and variant data, 

increasing sensitivity to uncharacterized or emerging ARGs. These results were used to 

generate heatmaps of ARG presence and resistance drug classes, as well as species-level 

profiles of pathogenic bacteria. 

To assess ARG abundance and ecological burden, the same samples were also analyzed 

using ARGs-OAP (v3.2.4), a pipeline specifically designed for large-scale ARG annotation 

and quantification [15]. The platform utilizes the SARG database (release v3.0), which 

integrates curated ARG sequences from both CARD and the archived ARDB. The database 

supports hierarchical classification into ARG type, subtype, and reference sequence, and 

annotation output is provided at all three levels. 

Abundance normalization was performed by estimating microbial cell numbers based 

on 16S rRNA gene profiles. To this end, ARGs-OAP constructs a hypervariable region 

(HVR) database using Greengenes, and aligns reads via USEARCH to extract 16S-like 

sequences. These are taxonomically classified to estimate the community structure, and 

lineage-specific copy number correction is applied using the CopyRighter database. This 

method outputs ARG copy numbers normalized by estimated cell number (i.e., ARGs per 

million cells), accounting for both taxonomic composition and gene copy variation [16], 

[17]. Normalized abundance tables were used to generate all site-level visualizations: 

ARG-type prevalence heatmaps, stacked bar plots (relative and absolute), boxplots, and 

radar charts. This dual-pipeline strategy allowed for robust detection of ARG diversity (via 

CZ ID + CARD/WildCARD) and comprehensive quantification of ARG burden (via 

ARGs-OAP + SARG). 

To further characterize resistome structure across municipalities, alpha diversity of 

ARG profiles was calculated from normalized ARG abundance matrices using Shannon 

diversity and observed richness metrics. Beta diversity of ARG composition was assessed 

using Bray-Curtis dissimilarity, and ordination was performed using non-metric 

multidimensional scaling (NMDS). Differences in ARG load among municipalities were 

evaluated using the Kruskal-Wallis test followed by Dunn’s post hoc multiple comparisons, 

while differences in ARG composition were tested using analysis of similarities 

(ANOSIM). These analyses supported the supplementary visualizations and statistical 

summaries presented in Supplementary Figures S7–S10 and Supplementary Table S8. 
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1.6. ARG Risk Ranking and Threat Score Calculation 

Risk classification of antimicrobial resistance genes (ARGs) was performed using 

ARG_ranker (v3.7.2), a tool that evaluates ARGs according to their potential to contribute 

to the spread of clinically relevant resistance [18]. The classification is based on three 

criteria: gene mobility, enrichment in human-associated environments, and presence in 

known pathogenic hosts. Based on these criteria, ARGs are assigned to one of four risk 

categories: Rank I represents high-risk ARGs already detected in human pathogens and 

associated with mobile genetic elements; Rank II includes ARGs that are mobile and 

enriched in human-associated environments but have not yet been reported in clinical 

pathogens; Rank III consists of mobile ARGs not enriched in human or pathogenic 

contexts; Rank IV includes non-mobile ARGs with limited relevance to human health. 

To quantify site-level AMR risk, a composite Threat Score was calculated for each 

sample. Only Rank I and II ARGs — those deemed high-risk under the ARG_ranker 

framework — were included in the score computation. These ranks were summed and then 

weighted by the total normalized ARG abundance for that sample. The resulting metric 

captures both the clinical risk and quantitative burden of ARGs present. The formula used 

was: 

 
 𝑇ℎ𝑟𝑒𝑎𝑡 𝑆𝑐𝑜𝑟𝑒 = 𝑙𝑜𝑔₁₀[(𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒_𝑅𝑎𝑛𝑘 𝐼 +  𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒_𝑅𝑎𝑛𝑘 𝐼𝐼) × 𝑇𝑜𝑡𝑎𝑙 𝐴𝑅𝐺 𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 +  ε]

 
In this equation, Abundance_Rank I and Abundance_Rank II are the normalized 

abundance values (ARG copies per million cells) of high-risk ARGs in the sample; Total 

ARG Abundance is the overall ARG load, also normalized;  is a small (ε =  1×10−6)

constant to prevent undefined log values. This score was used to rank sampling sites by 

AMR threat and to build the three-dimensional resistance landscapes presented in Section 

2.6. 

 

1.7. Spatial Modeling and 3D ARG Landscapes 

Three-dimensional ARG landscape models were constructed to contextualize 

antimicrobial resistance trends within environmental gradients. To model the spatial 

distribution of antimicrobial resistance in relation to ecological factors, two variables were 

selected to represent environmental gradients: the regional deforestation percentage and the 

Metagenomic Diversity Index (MD index). Deforestation data were extracted from the 
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MapBiomas v6 dataset [19], while MD values were computed based on protein-level 

dissimilarity metrics as described in Supplementary Methods 1.4. 

To improve the interpretability of the resulting plots, MD index values were inverted 

(i.e., subtracted from the maximum observed value). Mathematically, this means 

. This inversion allowed areas of lower microbial 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑀𝐷 𝑖𝑛𝑑𝑒𝑥 =  1 − 𝑀𝐷 𝑖𝑛𝑑𝑒𝑥

diversity, which may reflect anthropogenic disturbance or selective pressure, to be visually 

emphasized as zones of ecological risk. In this format, ARG abundance and risk hotspots 

appeared as raised features on the 3D surface, aligning better with intuitive visual logic and 

aiding reader interpretation. To facilitate reader interpretation of the ARG landscape 

modeling approach, a conceptual diagram was created to illustrate how ecological variables 

and AMR indicators were mapped onto three-dimensional visualizations at Supplementary 

Methods Figure 01. This diagram serves solely as a conceptual aid and does not reflect the 

exact spatial data or analytical results used in the study. 

 

Supplementary Methods Figure 01. Conceptual framework for interpreting 3D ARG 
landscape models. This diagram illustrates how antimicrobial resistance data were 
integrated into three-dimensional visualizations by mapping sample-level ARG abundance 
(z-axis) against ecological variables such as metagenomic diversity (x-axis) and 
deforestation rate (y-axis). The landscape highlights how resistance burden can rise in 
response to ecological stressors. This schematic is intended as a conceptual aid and does 
not represent the actual modeling or interpolation used in the analytical visualizations 
presented in the main manuscript. 
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Each landscape was generated using Python (v3.9), with data points structured as 

follows: 

●​ X-axis: Sampling site index, alphabetically ordered (e.g., AP1 to PP5); 
●​ Y-axis: Ecological gradient (inverted MD index or deforestation percentage); 
●​ Z-axis: Log₁₀-transformed ARG abundance (log₁₀(ARGs + 1)); 
●​ Color: Log₁₀-transformed ARG Threat Score, mapped using a diverging color scale. 
 

Surfaces were interpolated using scipy.interpolate.griddata, and visualized with 

plot_surface from matplotlib.pyplot. Annotated labels were manually added to highlight 

sites with extreme values or clustering patterns. 

 

1.8. Statistical Analysis and Visualization Framework 

Statistical analyses and visualizations were conducted using a multi-platform approach 

to support transparency, reproducibility, and high-quality figure generation. Sampling site 

maps were generated using the free and open-source software QGIS (v3.40) by 

georeferencing GPS coordinates collected in the field. These base maps were later 

combined with visual outputs to create the composite figure used in the main manuscript 

for sampling location context. 

Taxonomic classification visualizations, including Sankey diagrams, bubble charts, bar 

plots, and attribute column charts, were produced using Pavian and Phinch via Galaxy 

Europe [7], [8]. Pavian facilitated inspection of hierarchical taxonomic structure, while 

Phinch allowed for exploration of sample-level attributes and microbial composition. Beta 

diversity visualizations were created in RStudio (v4.4.1) using the vegan package (v2.6-10) 

[10]. Bray-Curtis dissimilarity matrices were computed based on Bracken-derived 

species-level abundances. Ordination was carried out via PCoA, and statistical validation 

was done through PERMANOVA (adonis2) and PERMDISP (permutest), both with 999 

permutations. 

Additional statistical analyses were performed in R (v4.4.1) to support the revised 

comparison of resistome and microbial diversity patterns across municipalities. For ARG 

data, alpha diversity was summarized using Shannon diversity and observed richness 

calculated from normalized ARG abundance matrices. Differences in ARG load among 

municipalities were assessed using the Kruskal-Wallis test, followed by Dunn’s post hoc 

pairwise comparisons with Bonferroni correction. Differences in ARG beta diversity were 
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evaluated using ANOSIM based on Bray-Curtis dissimilarity matrices, and NMDS was 

used for ordination and visualization of compositional relationships among samples. 

For bacterial diversity, municipality-level comparisons were performed using 

Kruskal-Wallis tests followed by Dunn’s post hoc pairwise comparisons for Shannon 

diversity, Simpson evenness, and the Metagenomic Diversity Index (MD). Correlations 

between ARG load and environmental variables, including pH, temperature, electrical 

conductivity, total dissolved solids, dissolved oxygen, population density, and deforestation, 

were assessed using Spearman rank correlation. The complete outputs of these analyses are 

provided in Supplementary Tables S8 and S9, and the corresponding visualizations are 

shown in Supplementary Figures S7–S11. 

AMR heatmaps were created using the Make_AMR_Heatmap.ipynb script from the 

CZ ID GitHub repository (https://github.com/chanzuckerberg/czid-amr-heatmap), which 

takes the platform’s Combined AMR Report as input and allows filter thresholds to be 

applied for read alignment and abundance. ARG burden figures, including stacked bar 

plots, boxplots, and radar plots, were generated using the following R packages: ggplot2, 

fmsb, dplyr, tidyr, pheatmap, patchwork, viridis, readr, gridExtra, grid, png, scales, plotly, 

and tidyverse. These were used for data wrangling, multi-panel layout, and graphical 

export. 

3D ARG landscape plots were created in Python (v3.9) using numpy, pandas, scipy, 

and matplotlib. For each sampling site, the z-axis represented log-transformed ARG 

abundance; the x-axis corresponded to site codes (ordered alphabetically); and the y-axis 

represented either regional deforestation (%) or the inverted Metagenomic Diversity (MD) 

index. Color gradients were mapped to the log₁₀-transformed Threat Score. Surfaces were 

generated with plot_surface, and interpolation was handled by scipy.interpolate.griddata. 

This framework ensured rigorous processing and high-quality visual reporting of the 

microbial and resistance-related data presented in this study. 
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7.​ CONSIDERAÇÕES FINAIS 

 

Esta tese teve como objetivo central investigar, por meio de abordagens 

metagenômicas, a diversidade microbiana, viral e o resistoma de corpos d’água na região 

amazônica, com ênfase em sua relevância ecológica e sanitária no contexto de Saúde Única. 

Os três estudos que a compõem, cada um com escopos e metodologias específicas, 

representam diferentes dimensões dessa problemática, articulando descobertas 

complementares sobre a dinâmica microbiana e viral de ambientes aquáticos tropicais. 

O primeiro artigo trouxe uma contribuição inédita ao mapear, pela primeira vez, a 

diversidade viral do Lago Bolonha, revelando uma virosfera rica, funcionalmente diversa e 

potencialmente impactante em termos ecológicos e de saúde pública. Já o segundo artigo 

apresentou uma revisão crítica e atualizada sobre ferramentas computacionais para a 

descoberta in silico de vírus bacteriófagos e cianofágos em ambientes aquáticos, consolidando 

uma base metodológica essencial para futuras análises metagenômicas virais. Por fim, o 

terceiro e principal artigo forneceu uma caracterização abrangente do resistoma em diferentes 

municípios paraenses, destacando zonas de risco ecológico e sanitário associadas à presença 

de genes de resistência a antimicrobianos em águas superficiais de uso humano. 

Ao integrar os dados de diversidade microbiana, presença de ARGs e informações 

ecológicas contextuais, esta tese reforça a importância de abordagens genômicas aplicadas à 

vigilância ambiental. Seus resultados contribuem não apenas para o avanço científico em 

ecologia microbiana e resistência antimicrobiana, mas também oferecem subsídios relevantes 

para a formulação de políticas públicas voltadas ao monitoramento da qualidade da água e à 

prevenção de riscos sanitários em regiões altamente vulneráveis, como a Amazônia, uma das 

regiões mais carentes do Brasil com os menores índices de acesso a saneamento básico. 

Assim, este trabalho reafirma o potencial da metagenômica ambiental como 

ferramenta estratégica para a promoção da saúde pública, da conservação ecológica e da 

compreensão integrada entre ambiente, microrganismos e sociedade — pilares fundamentais 

do conceito de Saúde Única. 
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8.​ PERSPECTIVAS 

 

O avanço desta pesquisa abre caminhos promissores para novas investigações sobre os 

riscos ecológicos e sanitários associados à resistência antimicrobiana em ambientes aquáticos 

amazônicos. Um dos principais passos futuros previstos para este estudo é a caracterização 

dos mecanismos de disseminação dos genes de resistência detectados, a serem analisados nos 

metagenomas obtidos, com foco na identificação e análise de elementos genéticos móveis 

(MGEs). A integração dessas informações permitirá uma compreensão mais robusta sobre o 

potencial de transferência horizontal desses genes de resistência e seus impactos ambientais. 

Outro desdobramento importante consiste na análise metagenômica do microbioma 

intestinal de peixes nativos das áreas de coleta. No futuro, a análise metagenômica do 

microbioma de peixes poderá revelar interações entre o resistoma ambiental e a fauna 

aquática, e fornecer evidências importantes sobre a transferência e risco de incorporação de 

genes de resistência a antimicrobianos (ARGs) ao longo da cadeia alimentar, ampliando a 

abordagem ecológica e de Saúde Única deste estudo. 

Paralelamente, a expansão da amostragem para novas localidades e municípios do 

Estado do Pará já está em andamento, permitindo ampliar a cobertura espacial da vigilância 

metagenômica proposta. Tomando como base este projeto, outros projetos já estão em 

execução em mais duas frentes relacionadas ao monitoramento de rios na Amazônia no 

Estado do Pará – um em região ocupada pela comunidade índigena Tembé; e outro na região 

costeira de Bragança, onde há presença de mangues, em áreas que futuramente irão receber 

influência da exploração de petróleo na Foz do Amazonas. Pretende-se também intensificar a 

coleta em pontos já analisados, com o objetivo de realizar estudos temporais e comparativos 

entre estações chuvosas e de baixa pluviosidade, visando investigar a influência de variáveis 

sazonais na dinâmica do resistoma. 

Por fim, destaca-se a importância de que os dados gerados por este trabalho sirvam 

como subsídios para ações intersetoriais entre pesquisa, vigilância sanitária e políticas 

públicas. A comunicação efetiva entre ciência, setores de saúde pública e gestão ambiental é 

essencial para a transformação de conhecimento em estratégia, especialmente em contextos de 

alta vulnerabilidade, como no caso da região amazônica. 
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10.​APÊNDICE 

 

Nesta seção estão os dados suplementares coletados ao longo do período de coleta e 

planejamento amostral deste estudo. Segue como: 

 

●​ APÊNDICE A – Dados coletados por drone: Registros fotográficos e audiovisuais. 
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APÊNDICE A – Dados coletados por drone – Registros fotográficos e audiovisuais 

 
 

 
 

Neste repositório online, os registros fotográficos e audiovisuais capturados pelo 

Drone DJI Inspire 1 estão disponíveis para a visualização. O conteúdo pode ser acessado 

através da leitura do QR Code acima ou através do link: https://drive.google.com/drive/ 

folders/1OWg6DFRUGyqiibqe54zhJkT48OyzT7MO?usp=share_link. 

 

https://drive.google.com/drive/folders/1OWg6DFRUGyqiibqe54zhJkT48OyzT7MO?usp=share_link
https://drive.google.com/drive/folders/1OWg6DFRUGyqiibqe54zhJkT48OyzT7MO?usp=share_link
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11.​ANEXOS 

 

Nesta seção estão descritos os demais artigos e atividades nos quais eu participei como 

primeiro autor, co-autor, organizador ou co-organizador, incluindo produções bibliográficas, 

participações em eventos, organizações de eventos, apresentações de palestras e minicursos 

ministrados. Seguem como: 

 

●​ ANEXO A – Premiação: Prêmio de Mérito em Divulgação Científica na Categoria 

Best Paper Award para o capítulo de livro “Imunobioinformática para leigos”; 

●​ ANEXO B – Artigo Publicado: Computational identification of putative common 

genomic drug and vaccine targets in Mycoplasma genitalium; 

●​ ANEXO C – Artigo Publicado: From In-Person to the Online World: Insights Into 

Organizing Events in Bioinformatics; 

●​ ANEXO D – Artigo Publicado: Genomic and phenotypic insight into antimicrobial 

resistance of Pseudomonas fluorescens from King George Island, Antarctica; 

●​ ANEXO E – Artigo Publicado: Microbiome analyses of the Uraim River in the 

Amazon and georeferencing analyses to establish correlation with anthropogenic 

impacts of land use; 

●​ ANEXO F – Artigo Publicado: In silico approach to identify microsatellites candidate 

biomarkers to differentiate the biovar of Corynebacterium pseudotuberculosis 

genomes; 

●​ ANEXO G – Artigo Publicado: Field and classroom initiatives for portable 

sequence-based monitoring of dengue virus in Brazil; 

●​ ANEXO H – Livro Publicado: BIOINFO #02 - Revista Brasileira de Bioinformática e 

Biologia Computacional; 

●​ ANEXO I – Livro Publicado: BIOINFO #03 - Revista Brasileira de Bioinformática e 

Biologia Computacional; 

●​ ANEXO J – Capítulos de Livro Publicados: 2 capítulos em “Reverse Vaccinology”, 4 

capítulos em “O ESTADO DA ARTE NAS PESQUISAS EM VACINOLOGIA” e 2 

capítulos em “BIOINFO – Revista Brasileira de Bioinformática. Edição #01”; 

●​ ANEXO K – Currículo Lattes: Atividades realizadas de 01/2021 à 04/2025. 
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ANEXO A – Premiação – Prêmio de Mérito em Divulgação Científica na Categoria Best 

Paper Award para o capítulo de livro “Imunobioinformática para leigos” 

 
 
 

 
 

 

O Prêmio BIOINFO de Mérito em Divulgação Científica – 2023 é uma iniciativa do 

comitê editorial da Revista BIOINFO para reconhecer autores de artigos publicados na 

revista, como reconhecimento pelas suas contribuições para a disseminação da bioinformática 

e da biologia computacional no Brasil. No ano de 2023, o prêmio contemplou três principais 

categorias: Artigo mais citado; Artigo mais lido; Best paper award. A lista completa de 

vencedores do Prêmio BIOINFO 2023 está disponível em https://bioinfo.com.br/ 

premio-bioinfo-2023. 

 

 

https://bioinfo.com.br/premio-bioinfo-2023
https://bioinfo.com.br/premio-bioinfo-2023
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ANEXO B – Artigo Publicado – Computational identification of putative common 

genomic drug and vaccine targets in Mycoplasma genitalium 

 

 

 
 

Neste artigo (https://doi.org/10.1016/j.ygeno.2021.06.011) de primeira autoria, eu 

participei da análise formal, investigação, redação do rascunho original, revisão e edição, e na 

visualização dos resultados alcançados. Este artigo é oriundo do legado de trabalhos 

desenvolvidos ao longo do mestrado e foi publicado no periódico científico Genomics. 

 

 

https://doi.org/10.1016/j.ygeno.2021.06.011
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ANEXO C – Artigo Publicado – From In-Person to the Online World: Insights Into 

Organizing Events in Bioinformatics 

 

 
 

 

Neste artigo (https://doi.org/10.3389/fbinf.2021.711463) de primeira autoria 

compartilhada, eu participei na definição de escopo metodológico, análise formal, 

investigação, redação do rascunho original, revisão e edição, e na visualização dos resultados 

alcançados. Este artigo documenta a experiência de realização das edições presenciais e uma 

edição online do Curso de Verão em Bioinformática da Universidade Federal de Minas 

Gerais, publicado no período científico Frontiers in Bioinformatics, sob o Research Topic 

“Original Strategies for Training and Educational Initiatives in Bioinformatics”. 

 

https://doi.org/10.3389/fbinf.2021.711463
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ANEXO D – Artigo Publicado – Genomic and phenotypic insight into antimicrobial 

resistance of Pseudomonas fluorescens from King George Island, Antarctica 

 

 

 
 

Neste artigo (https://doi.org/10.3389/fmicb.2025.1535420), como co-autor, eu 

participei na análise parcial de dados, revisão e na visualização de alguns dos resultados 

alcançados. A participação neste artigo é oriunda da colaboração proveniente do intercâmbio 

de doutorado sanduíche em KAUST, sob a supervisão do Prof. Dr. Alexandre Rosado. Este 

artigo foi publicado no periódico científico Frontiers in Microbiology, sob a seção de 

Antimicrobials, Resistance and Chemotherapy. 

 

https://doi.org/10.3389/fmicb.2025.1535420
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ANEXO E – Artigo Publicado – Microbiome analyses of the Uraim River in the Amazon 

and georeferencing analyses to establish correlation with anthropogenic impacts of land 

use 

 

 
 

Neste artigo (https://doi.org/10.3389/fenvs.2024.1404230), eu participei como 

co-autor neste trabalho que deu origem à publicação no periódico científico Frontiers in 

Environmental Science, sob a seção de Freshwater Science, como parte do Research Topic 

”Biological Contaminants of Concern in Water and Wastewater: An Environmental Health 

Perspective”. 

 

https://doi.org/10.3389/fenvs.2024.1404230


144 
 

ANEXO F – Artigo Publicado – In silico approach to identify microsatellites candidate 

biomarkers to differentiate the biovar of Corynebacterium pseudotuberculosis genomes 

 
 

 
 

 

Neste artigo (https://doi.org/10.3389/fbinf.2022.931583) de co-autoria, eu participei na 

definição de escopo metodológico, análise formal, investigação, redação do rascunho original, 

revisão e edição, e na visualização dos resultados alcançados. Este artigo foi publicado no 

período científico Frontiers in Bioinformatics, sob o Research Topic ”Towards genome 

interpretation: computational methods to model the genotype-phenotype relationship”. 

 

https://doi.org/10.3389/fbinf.2022.931583
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ANEXO G – Artigo Publicado – Field and classroom initiatives for portable 

sequence-based monitoring of dengue virus in Brazil 

 

 
 

Neste artigo (https://doi.org/10.1038/s41467-021-22607-0), eu participei como parte 

do Latin American Genomic Surveillance Arboviral Network, consórcio de participantes do 

evento “Nanopore-based genome sequencing technology for temporal investigation and 

epidemiology of dengue outbreak: training, research, surveillance, and scientific 

dissemination”, que deu origem à publicação no periódico científico Nature Communications.

https://doi.org/10.1038/s41467-021-22607-0
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ANEXO H – Livro Publicado – BIOINFO #02 - Revista Brasileira de Bioinformática e 

Biologia Computacional 

 
 
 

 
 

Neste livro, intitulado “BIOINFO #02 - Revista Brasileira de Bioinformática e 

Biologia Computacional” (ISBN: 978-65-992753-5-7 | doi.org/10.51780/978-65-992753-5-7), 

eu participei da organização e revisão do manuscrito. Este e-book é fruto da 2ª edição de 

produções bibliográficas de BIOINFO, uma plataforma para divulgação científica em 

bioinformática, que tem como objetivo fornecer material de estudo de fácil compreensão 

referente a área em português e fornecer a alunos de pós-graduação a possibilidade de 

compartilhar seus conhecimentos através de artigos e tutoriais, bem como exercitar sua 

habilidade de comunicação científica. 

 

https://doi.org/10.51780/978-65-992753-5-7
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ANEXO I – Livro Publicado – BIOINFO #03 - Revista Brasileira de Bioinformática e 

Biologia Computacional 

 
 
 

 
 

Neste livro, intitulado “BIOINFO #03 - Revista Brasileira de Bioinformática e 

Biologia Computacional” (ISBN: 978-65-992753-8-8 | doi.org/10.51780/978-65-992753-8-8), 

eu participei da organização e revisão do manuscrito. Este e-book é fruto da 3ª edição de 

produções bibliográficas de BIOINFO, uma plataforma para divulgação científica em 

bioinformática, que tem como objetivo fornecer material de estudo de fácil compreensão 

referente a área em português e fornecer a alunos de pós-graduação a possibilidade de 

compartilhar seus conhecimentos através de artigos e tutoriais, bem como exercitar sua 

habilidade de comunicação científica. 

 

http://doi.org/10.51780/978-65-992753-8-8
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ANEXO J – Capítulos de Livro Publicados 

 

 

Neste período, participei da publicação de 2 capítulos no livro “Reverse Vaccinology”, 

como primeiro autor e como co-autor ( doi.org/10.1016/B978-0-443-13395-4.00011-3 | 

doi.org/10.1016/B978-0-443-13395-4.00024-1); 4 capítulos no livro “O ESTADO DA ARTE 

NAS PESQUISAS EM VACINOLOGIA”, todos como co-autor (doi.org/10.53924/vac1.02 | 

doi.org/10.53924/vac1.05 | doi.org/10.53924/vac1.07 | doi.org/10.53924/vac1.08); e, 2 

capítulos no livro “BIOINFO – Revista Brasileira de Bioinformática. Edição #01”, como 

autor único e como co-autor (doi.org/10.51780/978-6-599-275326-06 | 

doi.org/10.51780/978-6-599-275326-19). 

https://doi.org/10.1016/B978-0-443-13395-4.00011-3
https://doi.org/10.1016/B978-0-443-13395-4.00024-1
https://doi.org/10.53924/vac1.02
https://doi.org/10.53924/vac1.05
https://doi.org/10.53924/vac1.07
https://doi.org/10.53924/vac1.08
https://doi.org/10.51780/978-6-599-275326-06
https://doi.org/10.51780/978-6-599-275326-19
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ANEXO K – Currículo Lattes – 01/2021 à 04/2025 
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