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RESUMO

A Epidemiologia Baseada em Esgoto (EBE) consolidou-se como uma ferramenta
estratégica de vigilancia em saude, permitindo o monitoramento ndo invasivo de
patogenos e a avaliagdao da saude comunitaria sob a 6tica da Uma S6 Saude (One Health).
A presente tese teve como objetivo investigar a dinamica de circulacdo do SARS-CoV-2
e caracterizar o perfil de resisténcia antimicrobiana de Escherichia coli e Klebsiella
pneumoniae em esgoto bruto no municipio de Uberlandia-MG. O estudo foi dividido em
dois eixos de vigilancia: virologica e bacteriana. No primeiro eixo, realizou-se, nas quatro
estacdes de tratamento de esgoto de Uberlandia-MG, a quantifica¢ao da carga viral de
SARS-CoV-2 por RT-qPCR e a identificagdao genomica de variantes por sequenciamento,
ao longo dos periodos pandémico e pds-pandémico, correlacionando os dados ambientais
com indicadores clinicos de notificacao de casos e obitos. Os resultados evidenciaram a
eficacia da EBE como sistema de alerta precoce, demonstrando concordancia entre a
carga viral nos efluentes e as ondas epidemioldgicas da COVID-19. No segundo eixo,
seis isolados de E. coli e trés de K. pneumoniae recuperados da Esta¢ao de Tratamento de
Esgoto Uberabinha foram caracterizados quanto a suscetibilidade antimicrobiana e ao
genoma completo, incluindo sequence types, genes e mutagdes de resisténcia, fatores de
viruléncia e replicons plasmidiais; as mesmas amostras de esgoto foram submetidas a
metagendmica direcionada por enriquecimento de alvos, ampliando a deteccdo de tdxons
do grupo ESKAPEE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp. e
Escherichia coli) e de determinantes de resisténcia ndo recuperados pelo cultivo. As
analises revelaram uma elevada prevaléncia de cepas multirresistentes (MDR), incluindo
a deteccao de mecanismos de resisténcia criticos (blaCTX-M, blaKPC-2, blaNDM,
blaVIM), evidenciando complementaridade entre cultivo, sequenciamento gendmico e
metagendmica direcionada. Conclui-se que a vigilancia integrada de esgoto bruto ¢
essencial para a saude publica, fornecendo dados robustos para a gestdo de surtos virais
e para o controle da disseminagdo da resisténcia bacteriana sob a perspectiva de Uma S6
Saude.

Palavras-chave: Vigilancia Ambiental. SARS-CoV-2. Escherichia coli. Klebsiella
pneumoniae. Resisténcia Antimicrobiana. Metagenomica Direcionada. Sequenciamento

do Genoma Completo.



ABSTRACT

Wastewater-Based Epidemiology (WBE) has established itself as a strategic tool for
health surveillance, enabling non-invasive pathogen monitoring and community health
assessment from a One Health perspective. This thesis aimed to investigate the circulation
dynamics of SARS-CoV-2 and characterize the antimicrobial resistance profile of
Escherichia coli and Klebsiella pneumoniae in raw sewage in the municipality of
Uberlandia-MG, Brazil. The study was divided into two surveillance axes: virological
and bacterial. In the first axis, SARS-CoV-2 viral load was quantified by RT-qPCR and
variants were genomically identified by sequencing at the four wastewater treatment
plants of Uberlandia-MG throughout the pandemic and post-pandemic periods,
correlating environmental data with clinical indicators of reported cases and deaths. The
results evidenced the effectiveness of WBE as an early warning system, demonstrating
concordance between viral load in effluents and the epidemiological waves of COVID-
19. In the second axis, six E. coli and three K. pneumoniae isolates recovered from the
Uberabinha wastewater treatment plant were characterized for antimicrobial
susceptibility and whole-genome sequence data, including sequence types, resistance
genes and mutations, virulence factors and plasmid replicons; the same sewage samples
were subjected to targeted enrichment metagenomics, expanding the detection of
ESKAPEE taxa (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp., and Escherichia
coli) and resistance determinants not recovered by culture. The analyses revealed a high
prevalence of multidrug-resistant (MDR) strains, including the detection of critical
resistance mechanisms (blaCTX-M, blaKPC-2, blaNDM, blaVIM), evidencing
complementarity between culture, genomic sequencing and targeted metagenomics. It is
concluded that integrated raw sewage surveillance is essential for public health, providing
robust data for managing viral outbreaks and controlling the spread of bacterial resistance

from a One Health perspective.

Keywords: Environmental Surveillance. SARS-CoV-2. Escherichia coli. Klebsiella
pneumoniae. Antimicrobial Resistance. Targeted Metagenomics. Whole-Genome

Sequencing.
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1 INTRODUCAO

A saude publica contemporanea enfrenta o desafio imperativo de transpor a
vigilancia epidemiolodgica tradicional, historicamente focada no individuo, para uma
abordagem sistémica e integrada. Neste contexto, o conceito de "Uma S6 Saude" (One
Health), preconizado por organismos internacionais, estabelece a indissociabilidade entre
a saude humana, a saide animal e a integridade dos ecossistemas ambientais (FAO,
UNEP, WHO, WOAH, 2022). E sob esta 6tica que a Epidemiologia Baseada em Esgoto
(EBE) ou Wastewater-Based Epidemiology (WBE) se consolidou como uma ferramenta
de monitoracao ambiental ndo invasiva, capaz de fornecer um diagnostico populacional
em tempo real e mitigar os vieses de subnotificacdo clinica, como a escassez de testes ou
a prevaléncia de assintomaticos (CABRAL et al., 2024; DAUGHTON, 2001; MEDEMA
et al., 2020).

A EBE fundamenta-se na premissa de que as 4guas residudrias funcionam como
um reservatorio complexo de biomarcadores quimicos e biologicos. O esgoto bruto, ao
agregar excretas de toda uma comunidade, contém informagdes fidedignas sobre o
consumo de farmacos, a exposicao a poluentes e a circulacdo de agentes patogénicos
(KITAJIMA et al., 2020). A analise destas matrizes permite identificar tendéncias
epidemioldgicas antes mesmo da manifestacdo clinica em massa, uma vez que a excregao
de patdégenos frequentemente precede os sintomas ou ocorre em individuos que nao
procuram o sistema de satde (WU et al., 2020).

A natureza do problema abordado nesta investigagao ¢ dual, refletindo duas das
maiores crises sanitarias do século XXI: a pandemia de COVID-19 e a emergéncia
silenciosa da Resisténcia Antimicrobiana (RAM). No que tange a vigilancia virologica, a
pandemia causada pelo SARS-CoV-2 evidenciou a vulnerabilidade dos sistemas de satude
globais. Estudos corroboram a presenca de RNA viral em fezes de pacientes infectados
pouco tempo ap0s a infeccdo, validando a excrecao fecal como um fendémeno consistente.
De modo geral, a excre¢do de particulas virais frequentemente precede os sintomas
clinicos, caracteristica que consolida o monitoramento via EBE como uma valiosa
ferramenta preditiva para a antecipacdo de surtos e para a identificacdo precoce da
circulagcdo de novas variantes Ademais, a dindmica da carga viral e a sua correlagdo com
a severidade da doenga foram amplamente documentadas, sugerindo que o
monitoramento ambiental pode refletir a gravidade clinica na populacao (ZHENG et al.,

2020; DENG et al., 2022).
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No cenario de transi¢ao para a endemicidade e no periodo pds-pandémico, o
escopo de aplicacdo da EBE reconfigurou-se de maneira substancial. Com o avango
expressivo da cobertura vacinal e a consequente redu¢do da gravidade dos quadros
clinicos, a notificagdo individual e a testagem em massa diminuiram drasticamente;
contudo, o virus mantém sua trajetéria evolutiva continua. Nesse contexto, o
monitoramento ambiental consolida-se como uma estratégia critica para o rastreamento
gendmico e a deteccdo precoce de sublinhagens e novas Variantes de Preocupacdo
(VOCs), a exemplo da emergéncia e diversificagio da variante Omicron. A EBE permite,
ainda, correlacionar a carga viral circulante nas aguas residuais com indicadores de
hospitalizagdo e mortalidade, revelando "ondas silenciosas" de transmissdo e
preenchendo as lacunas de subnotifica¢do deixadas pelo desmonte das redes de testagem
clinica (CABRAL et al., 2024; RAJPUT et al., 2024).

Paralelamente, a resisténcia bacteriana representa um problema de natureza
crOnica e progressiva, frequentemente descrita como uma "pandemia silenciosa" (NEILL,
2016). O uso indiscriminado de antibidticos na medicina humana e veterindria acelerou a
selecdo de estirpes resistentes. Neste ambito, a Transferéncia Horizontal de Genes (THG),
frequentemente mediada por elementos genéticos moveis, como plasmideos, transposons
e integrons, desempenha um papel fundamental na disseminagcdo e manutencdo da
resisténcia antimicrobiana em ambientes complexos. As Estagdes de Tratamento de
Esgoto (ETEs) atuam como pontos criticos neste ciclo, recebendo efluentes carregados
de residuos de antibidticos metabolizados e¢ ndo metabolizados, bem como bactérias
provenientes de esgotos domésticos e hospitalares (YANG; WALSH, 2017).

Nesse sentido, as espécies Escherichia coli e Klebsiella pneumoniae, integrantes
do grupo ESKAPE(E), assumem relevancia devido a sua notavel capacidade de adquirir
resisténcia a multiplas drogas (MDR) e sobreviver em ambientes hostis. A presenca
destas bactérias no esgoto extrapola o papel de mero indicador de contaminagao, atuando
como um reflexo fidedigno da pressao seletiva que ocorre na comunidade. O ambiente
das estagdes de tratamento, rico em nutrientes ¢ com alta densidade bacteriana, favorece
a THG, permitindo que determinantes genéticos de resisténcia a carbapenémicos e beta-
lactamicos, entre outros, circulem livremente entre bactérias ambientais e patdgenos
humanos e animais. Consequentemente, observa-se a amplificagdo do resistoma
ambiental, ou seja, o reservatdrio total de genes de resisténcia presentes nesse ecossistema

(KARKMAN; PARNANEN; LARSSON, 2019).
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A escolha deste tema justifica-se pela necessidade urgente de validar e aprimorar
ferramentas de vigilancia que sejam custo-efetivas e sustentaveis a longo prazo,
especialmente em cenarios urbanos complexos. A investigagdo preenche uma lacuna vital
de dados sobre a circulagdo do SARS-CoV-2 no periodo de transi¢do entre a emergéncia
pandémica e a endemicidade, bem como a caracterizagao e disseminagdo da resisténcia
aos antibidticos de Escherichia coli e Klebsiella pneumoniae em efluente comunitario.

Diante do exposto, delineiam-se a seguir os objetivos geral e especificos que nortearam

esta investigagao.
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2 OBJETIVOS
2.1 Objetivo Geral

Empregar a Epidemiologia Baseada em Esgoto (EBE) como ferramenta
estratégica de vigilancia em satide para monitorar a circulacdo e evolugdo molecular do
SARS-CoV-2, bem como integrar a caracterizacdo da resisténcia aos antimicrobianos
fenotipica e genomica de isolados de E. coli e K. pneumoniae recuperados de esgoto bruto

a analise metagendmica.

2.2 Objetivos Especificos
Para o cumprimento do objetivo geral, estabelecemos os seguintes objetivos

especificos, divididos em eixos de monitoramento viral e bacteriano:

Eixo 1: Vigilancia Virolégica (SARS-CoV-2)

- Quantificar a carga viral de SARS-CoV-2 em amostras de dguas residuais ao longo dos
periodos pandémico e pos-pandémico, estabelecendo a prevaléncia do patdégeno nos
pontos de amostragem;

- Identificar as variantes genéticas circulantes e predominantes em fun¢do da
temporalidade e localizagdo geografica, correlacionando-as com o0s registros
filogenéticos oficiais;

- Correlacionar a concentracao de RNA viral detectada nos efluentes com os indicadores
epidemioldgicos clinicos locais (nimero de casos notificados e dbitos), avaliando o valor

preditivo da EBE como sistema de alerta precoce.

Eixo 2: Vigilancia Bacteriana (Escherichia coli e Klebsiella pneumoniae)

- Isolar e identificar Escherichia coli e Klebsiella pneumoniae provenientes de amostras
de esgoto bruto coletadas na Estacdo de Tratamento de Esgoto Uberabinha (ETE-
Uberabinha) de Uberlandia-MG;

- Estabelecer a resisténcia fenotipica por meio da determinagdo da Concentragdo
Inibitéria Minima (CIM) a antimicrobianos de relevancia clinica e veterinaria de cepas
de E. coli e K. pneumoniae;

- Caracterizar genomicamente os isolados por sequenciamento do genoma completo,
determinando sequence types (MLST), genes e mutagdes relacionados a resisténcia e

viruléncia, além da presenca de replicons plasmidiais;
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- Aplicar a metagendmica direcionada por enriquecimento de alvos nas amostras de
esgoto para recuperar taxonomicamente representantes do grupo ESKAPEE,
identificando determinantes de resisténcia (resistoma), comparando os achados com os

obtidos no sequenciamento dos isolados.

3.REVISAO DE LITERATURA

3.1. Epidemiologia Baseada nas Aguas Residuais - Um Novo Paradigma na

Avaliacio da Satde Publica

3.1.1. Fundamentos e Evolucao Historica

O avango demografico e a ocupagao de novos territorios tém gerado impactos
ambientais significativos, como o desmatamento e o uso intensivo do solo. Esse
fendmeno promove um contato mais estreito entre popula¢des humanas e animais, sejam
eles selvagens ou domésticos (AUSTIN, 2021). Tal interagdo potencializa a transmissao
de doengas interespécies e o surgimento de patdgenos, constituindo um grande desafio
para a saude publica contemporanea. Dados apontam que a maioria das novas doencas
descobertas anualmente possui origem animal, causando um impacto severo na
morbidade e mortalidade global (MARTINS, 2022).

O conceito One Health (Uma S6 Saude) confirma-se como uma estratégia vital,
integrando de forma indissocidvel a saude humana, a saide animal e a integridade
ecossistémica para o monitoramento e a prevencdo de epidemias(TRAN; REINHARD;
GIN, 2018; FAO, 2022; CONFORTI et al., 2025). Recentemente, impulsionadas por
emergéncias sanitarias globais, como a pandemia de COVID-19 e os surtos recorrentes
de Influenza, novas metodologias de monitoramento ambiental ganharam notoriedade
cientifica. A deteccdo e quantificagdo de patdgenos virais em matrizes ambientais,
notadamente em efluentes e corpos hidricos, transformaram-se em fontes inestimaveis de
dados epidemioldgicos. Essa abordagem viabiliza uma vigilancia preditiva, agil e
fundamentada em evidéncias robustas, expandindo a capacidade de resposta dos o6rgaos
de saude publica (AGUIAR-OLIVEIRA et al., 2020; CABRAL et al., 2024; CAMILLO
et al., 2025).

A Epidemiologia Baseada no Esgoto (EBE) consolidou-se de um projeto de

pesquisa para uma ferramenta oficial e estratégica de satide publica, fornecendo anélises
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epidemiologicas abrangentes e economicamente viaveis (MENDES et al, 2022).
Metodologicamente, trata-se de uma abordagem nao invasiva baseada no monitoramento
em tempo real de biomarcadores, que variam de compostos antropogénicos a patdégenos,
excretados nas bacias hidrograficas por populacdes inteiras (DAUGHTON, 2001;
ZUCCATO et al., 2005). Ao rastrear esses efluentes, a EBE supera as limitacdes da
vigilancia clinica individualizada, permitindo antecipar tendéncias de aumento de casos
infecciosos antes mesmo de suas confirmagoes clinicas (YANG; WALSH, 2017; CHOI
et al., 2018; KITAJIMA et al., 2020; LARSEN; WIGGINTON, 2020; CABRAL et al.,
2024). O fluxo metodoldgico que viabiliza essa abordagem, desde a excrecao dos

biomarcadores até a interpretacdo dos dados, ¢ demonstrado na Figura 1.

Figura 1. Representagdo esquematica do ciclo de vigilancia da Epidemiologia Baseada

em Esgoto (EBE).

Ciclo da Epidemiologia Baseada em Esgoto (EBE)
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dos dados

Comunidade Rede de Esgoto

Legenda Figura 1: O esquema representa as etapas do monitoramento ambiental por EBE:
(1) excrecdo viral e bacteriana pelos individuos da comunidade; (2) transporte dos
biomarcadores pela rede coletora de esgoto; (3) coleta das amostras na Esta¢do de
Tratamento de Esgoto (ETE); (4) processamento e andlises laboratoriais, incluindo
extragcdo de acidos nucleicos e quantificagdo por qPCR; e (5) andlise dos dados gerados,
possibilitando a emissdo de alertas precoces a satde publica. Fonte: elaborado pelo autor

com auxilio da IA — Gemini.
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Historicamente, a abordagem por EBE obteve notoriedade a partir da hipdtese de
Daughton (2001) sobre o rastreamento de residuos farmacéuticos, sendo validada
empiricamente por Zuccato et al. (2005), que quantificou cocaina em aguas residuais.
Desde entdo, seu escopo expandiu-se substancialmente para abranger uma vasta gama de
biomarcadores endogenos e exdgenos, incluindo alcool, tabaco, pesticidas, filtros UV,
marcadores de estresse oxidativo, quimicos industriais € patogenos virais, como os da
Hepatite A e Pdlio. Além da robustez técnica, o método destaca-se por contornar dilemas
¢ticos ao utilizar dados populacionais agregados e anonimizados, o que facilita ou
desobriga a aprovagdo por comités de €tica e permite respostas ageis dos servicos de
saude publica (DAUGHTON, 2001; ZUCCATO et al., 2005; KASPRZYK-HORDERN,
2020).

A eficacia da EBE como sistema de alerta precoce ¢ exemplificada pelo programa
de monitoramento de Israel, ativo desde 1988. A robustez desse sistema ficou evidente
em 2013, na cidade de Rahat, quando a andlise de esgoto detectou a circulagdo do virus
da Polio antes que casos clinicos fossem reportados. Essa deteccdo antecipada foi
fundamental para que as autoridades de saide mobilizassem campanhas de vacinacdo e
medidas de contingéncia a tempo, consolidando a andlise de esgotos como uma
ferramenta vital de vigilancia epidemioldgica (MARTIN et al., 2020).

Reconhecendo a robustez dessa metodologia, diversas nag¢des passaram a
institucionalizar a EBE em seus programas oficiais de vigilancia: nos Estados Unidos, o
CDC estabeleceu o National Wastewater Surveillance System (NWSS) como pilar
permanente para o rastreamento do SARS-CoV-2, MonkeyPox e outros patégenos de
notificacdo compulsodria (CDC, 2024); na Unido Europeia, a reformulagdo da Diretiva de
Tratamento de Aguas Residuais Urbanas passou a exigir o monitoramento sistematico de
virus respiratorios e marcadores de RAM em médias e grandes aglomeracdes urbanas,
consolidando a infraestrutura de saneamento como primeira linha de inteligéncia

epidemiologica (HOCK et al., 2026).

3.1.2. EBE e Monitoramento Viral

A epidemiologia baseada em d4guas residuais constitui uma estratégia de
vanguarda para 0 mapeamento comunitdrio de agentes virais infecciosos. Ao monitorar a
disseminagdo viral na populacdo ampliada, € possivel obter previsdes epidemiologicas

indiretas fundamentais. A robustez e a eficicia preditiva dessa abordagem ndo sdo
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inéditas, tendo sido amplamente validadas por experiéncias pregressas bem-sucedidas no
rastreamento de surtos de poliovirus e dos virus da Hepatite A e Norovirus (HELLMER
et al., 2014; MANOR et al., 2014; SMITH; PADDY; SIMMONDS, 2016; LARSEN;
WIGGINTON, 2020).

Antes mesmo da consolidacdo da vigilancia do SARS-CoV-2, a EBE ja
demonstrava sua utilidade no monitoramento de virus ubiquos usados como marcadores
de contaminagdo antropogénica. Em uma ETE no Rio de Janeiro, o Poliomavirus JC
(JCPyV) foi detectado em 96 % das amostras de esgoto bruto e em 43 % do esgoto tratado,
com cargas de até 3,2 x 10° copias gendmicas, evidéncia de sua persisténcia mesmo apos
o tratamento, o que refor¢a seu potencial como indicador da eficiéncia das ETEs
(FUMIAN et al., 2010).

Achados semelhantes foram relatados para outros virus ambientais no Brasil: o
Torque teno virus (TTV) e o Adenovirus foram identificados tanto em efluentes de ETEs
quanto em 28,6 % das 4aguas superficiais do Arroio Diltvio, em Porto Alegre (VECCHIA
et al, 2012); o Circo-like virus Brazil (CLV-BR), um agente emergente de
patogenicidade ainda pouco definida, teve sua circulagdo continua confirmada em esgoto
da regido metropolitana de Sao Paulo, ilustrando o potencial da EBE para a descoberta de
novos agentes virais (CASTRIGNANO et al., 2017); em Goids, a detec¢do de enterovirus
(4,4 %) variou conforme a plataforma de PCR utilizada, evidenciando desafios de
inibig¢do por compostos organicos em matrizes ambientais (BORDONI ef al., 2023); e em
Sao José do Rio Preto (SP), a persisténcia de Enterovirus em 7,35 % do efluente mesmo
apos desinfec¢do, associada a picos sazonais de Coxsackievirus que precederam surtos de
Doenga Mao-P¢-Boca, reforgou o valor preditivo da vigilancia ambiental
independentemente da notificacdo clinica. Integrados, esses dados comprovam que a
vigilancia ambiental continua rastreia a perpetuacdo do ciclo fecal-oral e viabiliza a
antecipagdo de intervengdes em satide publica, atuando como um alerta precoce vital e
independente da notificagdo clinica compulsoria de casos leves (SOUZA, 2024).

Nesse esteio, a pandemia de COVID-19, ocasionada pelo SARS-CoV-2,
catapultou a aplicacio da EBE em escala global, consolidando-a como um pilar
complementar essencial a testagem clinica (CABRAL et al., 2024; POLO et al., 2020).
Ao quantificar biomarcadores virais no esgoto bruto, o0 monitoramento provou ser um
método altamente sensivel para rastrear a dindmica de transmissao em comunidades

inteiras, fornecendo estimativas de prevaléncia quase em tempo real e agilizando a
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notificacao as autoridades sanitarias (RIVA ef al., 2020). A robustez dessa abordagem ¢
corroborada por uma correlacdo de 95 % entre a concentracdo viral nas aguas residuais e
os diagndsticos clinicos, conferindo-lhe um carater preditivo capaz de antecipar surtos
em até trés semanas, o que ¢ vital para o planejamento de intervencdes preventivas
(CAUSANILLES et al., 2018).

A base fisiopatologica dessa aplicagdao estd bem estabelecida: o RNA viral do
SARS-CoV-2 ¢é excretado nas fezes de individuos infectados, sintomaticos,
oligossintomaticos ou assintomaticos, independentemente da gravidade do quadro clinico
(PARASA et al., 2020; ZHENG et al., 2020). Embora a transmissao fecal-oral direta
ainda careca de comprovacao definitiva, essa excre¢do consistente de material genético
viral foi o que fundamentou o desenvolvimento das estratégias de monitoramento
ambiental para a COVID-19 (THOMPSON et al., 2020).

A adogdo dessa estratégia durante a pandemia foi expressiva: mais de 50 paises,
incluindo Australia, Holanda e Estados Unidos, integraram a vigilancia ambiental as suas
rotinas de saude publica (AGUIAR-OLIVEIRA et al., 2020; DENG et al., 2022). No
Brasil, iniciativas pioneiras foram implementadas em Minas Gerais, Rio de Janeiro e Rio
Grande do Sul; em Belo Horizonte e Contagem (MQG), por exemplo, 0 monitoramento de
bacias hidrograficas revelou uma progressdo na detecgdo de RNA viral de 29 % para 100
% das amostras analisadas, acompanhando a curva epidemioldgica local. A aplicagio da
EBE em paises em desenvolvimento, contudo, enfrenta desafios especificos ligados a
deficiéncia em saneamento basico: em regides onde o acesso a rede de esgoto ¢ limitado
e o uso de fossas ou defecagdo a céu aberto ¢ comum, rios poluidos assumem o papel de
matrizes analiticas para a vigilancia ambiental (DE FREITAS BUENO et al., 2022).

A evolugdo das técnicas de biologia molecular permitiu que a EBE ultrapassasse
a busca por patdgenos isolados, avangando para a caracterizagcdo do viroma, que € o
conjunto total de virus excretados por uma populacdo. A vigilancia genémica ampla,
impulsionada pelo Sequenciamento de Nova Geragdo (NGS), tornou-se imprescindivel
para a deteccdo precoce e emergéncia de variantes de virus emergentes e reemergentes
antes de seu estabelecimento clinico. No contexto brasileiro, estudos recentes
demonstraram a viabilidade da aplicag@o de painéis de captura viral abrangentes em aguas
residuais. Essa abordagem tem permitido identificar simultaneamente uma vasta
diversidade viral, englobando desde a circulacdao continua do SARS-CoV-2 em periodos

de baixa notificacdo clinica até patogenos entéricos e poliomavirus humanos, que atuam
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como marcadores de contaminacao antropogénica e indicadores de risco populacional
(CLARO et al., 2021; CAMILLO et al., 2025).

Além do monitoramento urbano geral, a EBE aplica-se estrategicamente a
vigilancia de efluentes hospitalares, infraestruturas consideradas /otspots para a excre¢ao
concentrada e¢ a disseminagdo de patogenos virulentos. No contexto da pandemia de
COVID-19, a anélise dessas matrizes demonstrou ser crucial. A quantificagdo molecular
do SARS-CoV-2, realizada primariamente pela técnica de Reacdo em Cadeia da
Polimerase via Transcriptase Reversa (RT-PCR), viabilizou o rastreamento preciso do
RNA viral diretamente nos pontos de descarte das unidades de satde. Estudos como os
revisados por Marques et al. (2022) e Soares et al. (2025) evidenciam que a detec¢ao do
genoma viral no esgoto sanitario reflete a dindmica de infec¢do na comunidade e atua
como uma ferramenta complementar a vigilancia clinica tradicional. Ademais, essas
investigacdes alertam que cargas significativas de material genético podem remanescer
no efluente hospitalar caso os processos de tratamento e desinfecg¢ao prévios ao descarte
na rede publica sejam insuficientes. A elevada prevaléncia e persisténcia desses
marcadores moleculares sublinham a necessidade imperativa de protocolos de inativagao
rigorosos e tratamentos avancados in sifu, fundamentais para mitigar o impacto sanitario
nos corpos hidricos receptores e prevenir a dissemina¢do ambiental de agentes de alto
risco nosocomial (MARQUES et al., 2022; SOARES et al., 2025).

No contexto pds-pandémico, o monitoramento ambiental do SARS-CoV-2 por
EBE mantém-se como uma estratégia de vigilancia indispensavel. Com o declinio da
testagem clinica em massa e a transi¢do para a endemicidade, o esgoto permanece como
uma das poucas matrizes capazes de fornecer dados populacionais continuos sobre a
circulacao viral, independentemente da busca espontanea por atendimento médico.
Estudos recentes tém confirmado a eficacia do RNA viral excretado como marcador
sensivel mesmo em periodos de baixa carga infecciosa, consolidando o esgoto como
indicador confiavel de circulacdo comunitaria (CABRAL et al., 2024; RAJPUT et al.,
2024). Paralelamente, a vigilancia genOmica via sequenciamento de nova geragao em
amostras de efluentes tornou-se essencial para a detec¢do precoce de novas sublinhagens
e Variantes de Preocupacao (VOCs). A identificagdo de variantes no esgoto antes de sua
confirmacdo clinica em larga escala permite orientar a atualizacdo de plataformas

vacinais, fundamentar decisdes sobre refor¢os imunoldgicos e antecipar estratégias de



30

resposta em satide publica, configurando a EBE como um pilar permanente da vigilancia

epidemiologica global no periodo endémico (DENG et al., 2022; CLARO et al., 2021).

3.1.2.1. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

3.1.2.1.1. Taxonomia e Caracteristicas Moleculares

O SARS-CoV-2 pertence a ordem Nidovirales, familia Coronaviridae, sendo um
dos sete coronavirus conhecidos capazes de infectar humanos e um dos trés associados a
quadros respiratdrios graves, junto ao SARS-CoV-1 e ao MERS-CoV (HUI; ZUMLA,
2019; WONG et al., 2019; ALI et al., 2020; MINIGULOV et al., 2024). Trata-se de um
virus envelopado com genoma de RNA fita simples, notavelmente extenso para um virus
de RNA (26,4-31,7 kb), cuja estabilidade ¢ sustentada por um complexo de replicacio
com capacidade de correcdo de erros (proofreading), um trago incomum entre virus de
RNA (HARTENIAN et al., 2020; KIM et al., 2020). A proteina Spike (S), responsavel
pela ligacdo ao receptor celular ACE2, é a regido de maior plasticidade gendmica do
virus: mutagdes como a E484K alteraram a afinidade de ligacdo e favoreceram o escape
a neutralizacdo por anticorpos, sustentando a emergéncia sucessiva de variantes de
interesse epidemioldgico (GORBALENYA ef al., 2020; HO et al., 2021; MICHELON,
2021; WU et al., 2020). Em contraste, a Nucleoproteina (gene N), responsavel pelo
empacotamento do RNA viral, apresenta maior estabilidade genética, o que a torna um

alvo preferencial para diagnostico molecular (CHAN, 2020; ZHOU et al., 2020).

3.1.2.1.2. Epidemiologia, Origem Zoonoética e DiniAmica de Transmissao

As evidéncias atuais fundamentam a hipotese de uma origem zoondtica para o
SARS-CoV-2, provavelmente remanescente de quirdpteros. A linhagem RaTG13, isolada
de morcegos Rhinolophus affinis, destaca-se como a mais proxima filogeneticamente,
com similaridade superior a 90 % (ASHOUR et al., 2020; ZHOU et al., 2021). Acredita-
se que o virus ancestral tenha sofrido pressdes evolutivas ao transitar por hospedeiros
intermediarios, como pangolins, serpentes ou civetas, viabilizando o salto interespécies
para humanos (CUI; LI; SHI, 2019).

A emergéncia do patdgeno foi identificada em Wuhan, China, em uma série de
pacientes com pneumonia de etiologia desconhecida (LAMERS; HAAGMANS, 2022).

Esse surto local disseminou-se rapidamente, levando a OMS a declarar a COVID-19
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como pandemia em 12 de margo de 2020. O impacto global foi devastador: registram-se
mais de 760 milhdes de infecgdes em todo o mundo, resultando em aproximadamente 7
milhdes de 6bitos. No cenario brasileiro, a severidade da pandemia refletiu-se em mais
de 700.000 mortes registradas, gerando profundas instabilidades sociais ¢ econdmicas e
o colapso pontual de sistemas de saude (AGUIAR-OLIVEIRA et al., 2020) A transmissao
ocorre predominantemente por inalacao de goticulas respiratorias e aerossois. O ciclo
replicativo inicia-se com a ligagdo da proteina S ao receptor ACE2, seguida pela fusdo da
membrana e liberagdo do genoma no citoplasma (KIM et al., 2020; MEDEMA et al.,
2020; METSKY et al., 2020).

Clinicamente, a infec¢ao apresenta um espectro amplo, variando de quadros leves
a fatais (HUIL; ZUMLA, 2019). Nos estagios iniciais, a sintomatologia inclui febre, tosse,
odinofagia, mialgia, cefaleia e fadiga. Entretanto, a evolugdao para a forma grave da
COVID-19 caracteriza-se por pneumonia severa, dispneia e comprometimento pulmonar
bilateral, evidenciado radiologicamente por opacidades em "vidro fosco" (ALI et al.,
2020; WONG et al., 2019; YANG; GUI; XIONG, 2020). A incidéncia de sintomas
gastrointestinais ¢ o isolamento viral em fezes corroboram a hipétese de transmissdo
fecal-oral, refor¢ada pela capacidade do virus de infectar organoides intestinais humanos

in vitro (JIN et al., 2020; JONES et al., 2020; WAN et al., 2020; XIAO et al., 2020).

3.1.2.1.3. Vigilancia Gendmica

A Vigilancia Genoémica (VGQG) vai além do diagndstico clinico, consolidando-se
como um pilar estratégico que utiliza informagdes moleculares para monitoramento e
tomada de decisdo em saude publica (SINTCHENKO; IREDELL; GILBERT, 2007).
Embora o sequenciamento tenha evoluido historicamente, o advento do Sequenciamento
de Proxima Geracdo (Next-Generation Sequencing - NGS) revolucionou a area ao
permitir a comparacdo massiva de acidos nucleicos, viabilizando a identificagdo de
patogenos em tempo real (DENG; DEN BAKKER; HENDRIKSEN, 2016).

No contexto do SARS-CoV-2, a integragdo entre dados gendmicos e informagdes
epidemioldgicas (como localizagdo geografica e data de coleta) fundamentou o conceito
de filodindmica. Esta abordagem aplica andlises estatisticas a populagdes virais
intimamente relacionadas para inferir parametros demograficos e processos
populacionais que nao seriam perceptiveis apenas pela vigilancia tradicional

(YAMASOBA et al., 2022). A andlise dos padrdes espaciais de dispersdo viral permite
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reconstruir as relagdes de ancestralidade e conectar epidemiologicamente os eventos de
transmissao durante surtos, detalhando como o virus se move geograficamente ao longo
do tempo (VOLZ; KOELLE; BEDFORD, 2013).

A VG permite reconstruir a arvore filogenética das linhagens virais, identificando
e conectando epidemiologicamente pacientes durante surtos ou eventos de transmissao.
Para padronizar a classificacao dessa vasta diversidade genética, a comunidade cientifica
adotou o sistema de nomenclatura dindmica Pango. Segundo este sistema, uma nova
linhagem ¢ designada quando ha evidéncia filogenética de ancestralidade comum e
evidéncias de ganho evolutivo, permitindo o rastreamento preciso da disseminagao viral

em escala global (RAMBAUT et al., 2021).

3.1.2.1.4. Variantes Emergentes e o Cenario Epidemioldgico Brasileiro

No Brasil, a disseminagdo do SARS-CoV-2 ocorreu de forma heterogénea, com
grandes centros urbanos e rodovias federais atuando como principais vetores de dispersao
inter-regional. Sdo Paulo, por exemplo, respondeu por mais de 85 % da transmissao
inicial no pais (CANDIDO et al., 2020; NICOLELIS et al., 2021).

O cenario nacional foi marcado pela substituigdo sucessiva de linhagens
dominantes: a variante Gamma (P.1), emergida em Manaus com mutagdes criticas na
Spike (K417T, E484K, N501Y), aumentou significativamente a transmissibilidade e a
capacidade de reinfecgdo (COUTINHO ef al., 2021; FARIA et al., 2021). Ja a variante
Zeta (P.2), identificada no Rio de Janeiro, surgiu de forma independente da Gamma, mas
desenvolveu a mesma mutagdo E484K por evolugdo convergente, ou seja, as duas
variantes adquiriram separadamente a mutagdo, sem que uma tenha derivado da outra
(MICHELON, 2021); ¢ a introdugdo da Delta, seguida pela Omicron e subvariantes
(BA.1, BA.2, BQ.1), consolidou um padrdao continuo de substitui¢do de linhagens
dominantes ao longo da pandemia (SHUAI et al., 2022; SILVA et al, 2022;
YAMASOBA et al., 2022).

3.1.3. EBE e Monitoramento Bacteriano

A aplicacdo da EBE no monitoramento da Resisténcia Antimicrobiana (RAM)
representa um avango critico na vigilancia em satide publica, alinhando-se diretamente as
diretrizes estratégicas da Organizacdo Mundial da Satde (OMS) e ao escopo do Plano de

Ac¢do Conjunto One Health (FAO, 2022). Visto que as Estagdes de Tratamento de Esgoto
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(ETEs) recebem efluentes de diversas fontes, residenciais, hospitalares e industriais, elas
atuam como grandes reservatorios € pontos de convergéncia de genes de resisténcia a
antibidticos (ARGs). A andlise dessas matrizes permite estimar a carga real de residuos
de antimicrobianos no ambiente e identificar a circulacdo comunitiria de patdogenos
resistentes de forma mais representativa € menos enviesada do que a vigilancia clinica
tradicional, a qual frequentemente se restringe aos quadros infecciosos graves
hospitalizados (PRUDEN et al., 2021; CONFORTI et al., 2025).

Essa limitacao da vigilancia clinica tradicional, marcada pela subnotifica¢do, pelo
viés de selecao de pacientes graves e por ambiguidades no diagndstico fenotipico, reforga
por que a EBE se consolida como ferramenta vital, ndo invasiva e custo-efetiva para o
rastreamento da resisténcia bacteriana (DAVIN-REGLI; LAVIGNE; PAGES, 2019;
DELGADO-VALVERDE et al., 2013). Ao contrario da vigilancia hospitalar, que captura
apenas a "ponta do iceberg", o esgoto funciona como um reservatorio que reflete o
"microbioma coletivo": a andlise de matrizes de esgoto bruto permite capturar
microrganismos excretados por toda a populacdo, sintomdtica ou assintomatica,
oferecendo uma visao geral realista da carga de resisténcia circulante (PRUDEN et al.,
2021). Estudar esses patogenos sob essa Otica suplanta o monitoramento ambiental
classico, configurando-se como estratégia robusta de One Health para antecipar e mitigar
a resisténcia bacteriana (HENDRIKSEN et al., 2019).

A literatura converge ao apontar as ETEs ndo apenas como pontos de coleta, mas
como reatores bioldgicos ativos onde ocorre pressdo seletiva. Essas infraestruturas
abrigam comunidades bacterianas densas expostas a niveis subinibitdrios de antibidticos,
desinfetantes e metais pesados, configurando-se como hotspots ideais para a THG.
Distinguir a origem dessa pressao, se proveniente de esgotos hospitalares, da comunidade
ou gerada dentro do proprio tratamento, ¢ fundamental para mitigar os riscos. O ambiente
desempenha uma funcdo subestimada na evolu¢do da RAM, servindo tanto de
reservatorio quanto de vetor de retorno de bactérias resistentes para a populacao humana
por meio do reuso de d4gua ou contaminacao de corpos hidricos (HUIJBERS; LARSSON;
FLACH, 2020; LARSSON; FLACH, 2022).

A persisténcia ambiental de genes de resisténcia ¢ ativamente sustentada por
elementos genéticos moveis: plasmideos conjugativos de alto peso molecular, como os
dos grupos de incompatibilidade IncF e IncC, carreiam genes como bla~OXA-48~ e

bla~NDM~ com sistemas de estabilidade que garantem sua manutencdo mesmo na
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auséncia de pressdo seletiva direta, permitindo que persistam e transformem novas
bactérias ambientais (PULJKO et al., 2024).

A interseccdo entre eventos climaticos extremos e a disseminagdo da RAM foi
recentemente ilustrada pelas inundag¢des historicas no Rio Grande do Sul em 2024, cujas
aguas de enchente carrearam Klebsiella pneumoniae e Escherichia coli portadoras de
genes de carbapenemases (bla~KPC~ e bla~NDM~), transformando o transbordamento
sanitario em vetor de disseminacao em larga escala para a populagdo e equipes de resgate.
Esse cenario refor¢a que mudancgas climaticas atuam como catalisadores biologicos da
RAM, exigindo que a vigilancia ambiental seja integrada aos planos de resposta a
desastres (CARDOSO et al., 2025).

Estudos tém evidenciado a utilidade da Epidemiologia Baseada em Esgoto (EBE)
no monitoramento bacteriano, transcendendo a vigilancia genérica ao oferecer a precisao
necessaria para o rastreio de mecanismos de resisténcia especificos em patdgenos criticos.
A detecgao direta de genes como blaKPC, blaNDM e blaOXA-48 no esgoto permite
mapear a circulagdo silenciosa de clones produtores de carbapenemases na comunidade,
e a persisténcia destes determinantes genéticos em matrizes ambientais pode indicar
falhas nos protocolos de tratamento de efluentes. Isso sugere a ndo eliminagao de células
vidveis ou a liberagcdo de DNA livre capaz de transformar outras bactérias no ecossistema
(ZHANG et al., 2021). Consequentemente, essa abordagem molecular transforma o
esgoto em uma matriz de rastreio epidemioldgico abrangente da malha urbana,
antecipando tendéncias que so seriam detectadas no ambiente hospitalar semanas ou
meses depois (MAO et al., 2020).

Essa estratégia de direcionar o foco para alvos de alta relevancia clinica, como
Enterobacterales produtores de carbapenemases, em detrimento de marcadores
genéricos, consolida-se na literatura contemporanea como o meio ideal para fortalecer as
politicas de vigilancia. Essa conduta metodoldgica fornece dados mais estratégicos e
aplicaveis a tomada de decisdo por parte dos gestores em saude, viabilizando a
identificacao precoce do aumento da circulagdo comunitaria ou de falhas nas intervengoes
de controle sanitario antes da eclosdo de crises hospitalares (CONFORTI et al., 2025).

Alinhada a essa necessidade, a interpretagdo quantitativa da contaminagdo
ambiental por bactérias multirresistentes requer métricas refinadas que transcendam a
simples detec¢do absoluta. Para tal, destaca-se a utiliza¢ao da razao entre Enterobacterales

Resistentes a Carbapenémicos (CRE) e a contagem total de Enterobacterales como um
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indicador normalizado de prevaléncia. Em seu estudo, URASE; GOTO; SATO (2022)
observaram que, embora as concentragdes absolutas de CRE fossem significativamente
maiores em efluentes hospitalares, a razdo de resisténcia (CRE/Total de Enterobacterales)
em efluentes domésticos tratados ainda refletia uma circulagdo comunitaria preocupante.
Essa abordagem diferencia picos de contaminacao organica geral de aumentos especificos
na circulacao de genes de resisténcia, permitindo uma avaliagdo de risco mais precisa
sobre a disseminagdo de determinantes genéticos, como blaxrc € blanpm, na comunidade.

A complexidade da dinamica de resisténcia foi evidenciada durante a pandemia
de COVID-19, onde o uso massivo de antibidticos como a azitromicina em pacientes
virais pode ter exacerbado a pressao seletiva. Em um estudo de caso na regido
metropolitana de Belo Horizonte investigou-se a correlacdo entre a carga viral de SARS-
CoV-2 e a presenca de bactérias resistentes a antibioticos (BRAs) no esgoto. Os
resultados demonstraram correlacdes significativas entre a concentracdo do virus e a
abundancia de bactérias resistentes a azitromicina em duas das trés ETEs monitoradas,
sugerindo que o tratamento da pandemia viral teve efeitos colaterais diretos no resistoma
bacteriano urbano. Curiosamente, o estudo ndo encontrou diferencgas estatisticas
significativas na concentragdo de BRAs entre bacias de esgotamento com diferentes
perfis socioecondmicos, exceto para bactérias resistentes ao meropenem (antibidtico de
uso restrito hospitalar), reforcando que a resisténcia ¢ um problema disseminado, mas
com nuances locais importantes (SANTOS, 2024).

A transicdo das técnicas dependentes de cultivo para métodos moleculares
avancados incrementou substancialmente a sensibilidade analitica da EBE. Enquanto os
ensaios fenotipicos tradicionais apresentam limitacdes intrinsecas, notadamente a
incapacidade de detectar cé€lulas no estado viadvel, mas ndo cultivavel (VBNC), as
abordagens moleculares superam tal barreira metodolégica. Nesse cenario, a PCR
quantitativa (QPCR) e a PCR digital (dPCR) consolidaram-se como métodos de referéncia
para a quantificacdo precisa de alvos genéticos em matrizes ambientais complexas e ricas
em inibidores, como os efluentes sanitarios. Por sua vez, o Sequenciamento de Nova
Geragao (NGS) e a metagendmica viabilizaram a caracterizacao abrangente do resistoma,
possibilitando o rastreio simultdneo de multiplos determinantes de resisténcia e viruléncia
de forma independente da pré-selecdo de alvos. Contudo, os elevados custos operacionais

e a exigéncia de infraestrutura avancada em bioinformatica ainda restringem a
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incorporagdo rotineira destas tecnologias na vigilancia ambiental de paises em
desenvolvimento (LI et al., 2020; MAO et al., 2021).

Apesar dos avancos, a interpretagdo dos dados epidemiologicos enfrenta desafios
metodoldgicos, particularmente a influéncia de varidveis ambientais. Estudos indicam
correlagdes significativas entre a sazonalidade e a carga de ARGs, observando picos no
outono e inverno que coincidem com o aumento de infec¢des respiratorias e prescrigdes
de antibidticos. Para que a EBE possa subsidiar efetivamente politicas publicas, ¢é
necessario integrar dados de monitoramento quimico (residuos de antibidticos),
microbiologico e variaveis climaticas, consolidando uma vigilancia verdadeiramente One
Health (CLARKE et al., 2024; HILL et al., 2024)

Nesse cenario, a busca por uma padronizagdo metodologica ganha contornos
praticos e normativos em escala internacional. Como resposta a essa necessidade, a Unido
Europeia avangou com a reformulagdo da Diretiva de Tratamento de Aguas Residuais
Urbanas (Urban Wastewater Treatment Directive — UWWTD). A implementacdo do
Artigo 17 desta diretiva estabelece a obrigatoriedade do monitoramento da Resisténcia
Antimicrobiana (RAM) em aglomeragdes urbanas com populacdo superior a 100.000
habitantes, instituindo um sistema harmonizado de indicadores que prioriza alvos
especificos, como Escherichia coli produtora de ESBL e carbapenemases. Esse
movimento regulatéorio ndo apenas sinaliza uma tendéncia irreversivel para a
incorporagdo da EBE nas politicas globais de saneamento, mas também serve como
referencial estratégico para a futura estruturacdo de legislagdes em paises em
desenvolvimento, como o Brasil. Diante dessa vanguarda normativa, torna-se ainda mais
importante o alinhamento com as estratégias globais de monitoramento estabelecidas pela
OMS (HOCK et al., 2026).

Diante da vulnerabilidade climatica emergente e do alinhamento com as
estratégias globais de monitoramento, a OMS, por meio do Sistema Global de Vigilancia
da Resisténcia e Uso de Antimicrobianos (GLASS) e da Lista de Patégenos Bacterianos
Prioritarios (BPPL 2024), eleva ao nivel critico os Enterobacterales resistentes a
carbapenémicos e cefalosporinas de terceira geragdo, categoria que inclui Klebsiella
pneumoniae ¢ Escherichia coli e que integra, junto com os demais membros do
ESKAPEE (composto por Enterococcus faecium, Staphylococcus aureus, Klebsiella

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp. e
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Escherichia coli), uma diretriz central para antecipar e mitigar futuras crises sanitarias e

climaticas (OYENUGA et al., 2024; WHO, 2025; ELBEHIRY et al., 2026).

3.1.3.1. PATOGENOS PRIORITARIOS: ESCHERICHIA COLI E KLEBSIELLA PNEUMONIAE
3.1.3.1.1. Resisténcia Antimicrobiana em Enterobacteriaceae

A familia Enterobacteriaceae constitui um dos grupos de patdégenos mais
prevalentes e clinicamente significativos na medicina humana moderna. Estes
microrganismos, que variam desde comensais indcuos da microbiota intestinal até
patogenos virulentos capazes de causar infecgdes sistémicas graves, representam um
desafio continuo para as instituicdes de saide globais. Nas ultimas décadas, o cenario
epidemioldgico destas infecgdes sofreu uma transformagao caracterizada pela emergéncia
e disseminagdo acelerada de cepas multirresistentes (MDR). O manejo clinico tornou-se
progressivamente complexo, uma vez que a resisténcia aos antimicrobianos
convencionais compromete a eficicia das terapias empiricas iniciais, fator diretamente
associado ao aumento das taxas de morbidade e mortalidade hospitalar (DELGADO-
VALVERDE et al., 2013).

Dois géneros concentram a maior relevancia clinica e regulatoria dentro desse
cenario: Escherichia coli e Klebsiella pneumoniae. Ambos integram o grupo ESKAPE(E)
de patdgenos multirresistentes prioritarios, acronimo posteriormente estendido para
incluir E. coli diante de sua ampla disseminagdo global de fenotipos multirresistentes
(RIZI; GHAZVINI; FARSIANI, 2019). Essa priorizagao foi reafirmada pela Organizacao
Mundial da Satde (OMS), que, na atualizagdo de 2024 da Bacterial Priority Pathogens
List, classificou K. pneumoniae resistente a carbapenémicos como o patégeno de maior
pontuagdo de risco entre todos os avaliados (84 %), com E. coli resistente a cefalosporinas
de terceira geragdo também no grupo de prioridade critica (WHO, 2024).

A crise da resisténcia nesses géneros € um processo evolutivo continuo
impulsionado pela pressdao seletiva. Inicialmente, o foco das preocupagdes
epidemioldgicas centrava-se na disseminacdo de plasmideos codificadores de beta-
lactamases de espectro estendido (ESBL), sobretudo as variantes da familia CTX-M, hoje
dominantes globalmente, com mais de 220 subtipos descritos, e responsaveis por deslocar
as antigas familias TEM e SHV como principal determinante de resisténcia a oxiimino-
cefalosporinas em E. coli ¢ K. pneumoniae (NASROLLAHIAN; GRAHAM; HALAIJI,

2024). Essas enzimas hidrolisam a maioria das penicilinas e cefalosporinas, o que for¢cou
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a comunidade médica a adotar os carbapenémicos, farmacos de amplo espectro e alta
estabilidade, como terapia padrao (gold standard) para infecgdes graves por Gram-
negativos (DELGADO-VALVERDE et al., 2013).

No entanto, o uso intensivo desta "tltima linha" de defesa catalisou uma nova e
alarmante fase epidemiologica: a proliferagdo de enterobactérias produtoras de
carbapenemases (CRE). A disseminacdo de genes codificadores de carbapenemases,
como KPC (originalmente descrita em isolados de K. pneumoniae, mas hoje amplamente
disseminada também em E. coli), das metalo-beta-lactamases (VIM, IMP ¢ NDM) e da
OXA-48, representam um ponto de inflexao: em muitos cenarios, essas enzimas emergem
em cepas que ja carreiam ESBLs como a familia CTX-M, acumulando mecanismos de
resisténcia e inativando praticamente todos os beta-lactdmicos disponiveis, restringindo
drasticamente o arsenal terapéutico e obrigando o uso de antibidticos antigos e toxicos
(como as polimixinas) ou de farmacocinética complexa (como a fosfomicina),
frequentemente em regimes combinados (RIZI; GHAZVINI; FARSIANI, 2019;
DANTAS et al., 2022).

3.1.3.1.2. Taxonomia, Fisiopatologia e Fatores de Viruléncia

A plasticidade taxonomica observada em Enterobacteriaceae de forma mais
ampla, incluindo reclassificagdes de espécie e complexos polifiléticos de dificil
diferenciagdo por métodos bioquimicos convencionais, cuja identificacdo genérica em
nivel de género ou complexo acaba mascarando a epidemiologia real de clones de alto
risco, ilustra a dindmica evolutiva do grupo e reforca a importincia de métodos
moleculares (CHAVDA et al., 2016; TINDALL; SUTTON; GARRITY, 2017; WU;
FENG; ZONG, 2018; DAVIN-REGLI; LAVIGNE; PAGES, 2019; NIMMANA BK,
2026)

E. coli ¢ um bacilo Gram-negativo, anaerdbio facultativo e tipicamente movel por
flagelos peritriquios. Embora a maior parte de suas linhagens componha de forma indcua
a microbiota intestinal, sua notavel plasticidade genomica permitiu a emergéncia de
patotipos patogénicos distintos intestinais (ETEC, EPEC, EHEC, entre outros) e
extraintestinais (ExXPEC), destacando-se a E. coli uropatogénica (UPEC), principal agente
etiologico de infecgdes do trato urinario comunitarias e hospitalares (NASROLLAHIAN;

GRAHAM; HALAIJI, 2024).
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K. pneumoniae, por sua vez, ¢ um bacilo Gram-negativo imovel cuja capsula
polissacaridica espessa, responsavel pelo aspecto mucoide de suas colonias, constitui seu
principal fator de viruléncia, protegendo a bactéria da fagocitose e da ag¢@o bactericida do
soro. Descreveu-se também um patotipo hipervirulento (hvKp), inicialmente restrito a
Asia-Pacifico e associado a infeccdes invasivas em individuos sadios da comunidade,
distinto da K. pneumoniae cléassica (cKp), tipicamente oportunista e hospitalar. De
particular preocupacdo ¢ a convergéncia recente entre os fenotipos hipervirulento e
resistente a carbapenémicos em clones de alto risco, reunindo elevada patogenicidade e

reduzidas opgdes terapéuticas na mesma linhagem (MENDES et al., 2023).

3.1.3.1.3. Relevancia Clinica e Epidemiologia das Infeccoes

No ecossistema das Infecgoes Relacionadas a Assisténcia a Saude (IRAS), E. coli
e K. pneumoniae ocupam posicdo de destaque entre os agentes mais frequentes,
respondendo por parcela substancial das infecgdes do trato urinario associadas a cateter,
bacteremias primarias e secundarias, pneumonias nosocomiais ou associadas a ventilagdo
mecanica, e infecgdes de sitio cirurgico. A transmissdo ocorre predominantemente de
forma exodgena no ambiente hospitalar, tendo as maos dos profissionais de saude e
reservatorios ambientais inanimados como principais vetores, € a suscetibilidade ¢
exacerbada por hospitalizagdo prolongada em UTI, imunossupressdo e invasdo por
dispositivos médicos (GHAZVINI; FARSIANI, 2019; NIMMANA BK, 2026).

Os dois géneros diferem, contudo, quanto ao peso relativo de cada cendrio
epidemioldgico. K. pneumoniae € reconhecida como patdgeno oportunista classico, sendo
a disseminagdo de linhagens produtoras de KPC um dos fatores que mais compromete a
eficacia terapéutica em UTIs. Ja E. coli, embora também relevante no ambiente
hospitalar, tem maior impacto na comunidade, funcionando como o principal indicador
da pressdo seletiva exercida pelo uso de antimicrobianos na populacdo geral (MENDES

etal.,2023; NASROLLAHIAN; GRAHAM; HALAIJI, 2024).

3.1.3.1.4. Mecanismos Especificos de Resisténcia

Em E. coli e K. pneumoniae, o mecanismo predominante ¢ a aquisi¢ao plasmidial
de ESBL do tipo CTX-M. Em ambos os géneros, o cenario tem sido agravado pela
disseminagdo da resisténcia adquirida aos carbapenémicos, mediada por interagdes

complexas que incluem [-lactamases de classe A (como KPC, codificadas em
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plasmideos), metalo-B-lactamases de classe B (como IMP-6 ¢ NDM) e oxacilinases de
classe D (como OXA-48-like) (AURILIO et al., 2022; LIVORSI et al., 2018).
Paralelamente, mecanismos ndo enzimaticos, como a perda de porinas (OmpC/OmpF) ou
a superexpressdo de bombas de efluxo, reduzem substancialmente a suscetibilidade,
permitindo a disseminagdo global de clones de dificil tratamento, a exemplo do clone
pandémico ST131 de E. coli, frequentemente associado a coexisténcia de multiplas

carbapenemases no mesmo isolado (SARANGI et al., 2021; WHO, 2024).

3.1.3.1.5. Diretrizes Terapéuticas, Prognostico e Vigilancia Ambiental

O manejo de infecgdes invasivas por estes dois géneros exige extrema cautela
entre a leitura da suscetibilidade in vitro e a eficacia in vivo. Os carbapenémicos
permanecem, de modo geral, a terapia padrdo-ouro para infecgdes invasivas por
produtores de ESBL, demonstrando menores taxas de mortalidade em estudos
observacionais (DELGADO-VALVERDE et al., 2013; NIMMANA BK, 2026).

Para isolados produtores de carbapenemases, as op¢des tornam-se escassas em
ambos os géneros. Antibidticos de resgate, como as polimixinas (colistina), exigem
otimizagdo farmacocinética rigorosa devido a toxicidade, enquanto a tigeciclina ¢
desaconselhada em monoterapia para bacteremias. Novas combinagdes de -lactamico e
inibidor ceftazidima-avibactam, meropenem-vaborbactam e imipenem-cilastatina-
relebactam, além do cefiderocol, devem ser consideradas com base em testes de
sensibilidade, mas a diretriz mais recente da Infectious Diseases Society of America
(IDSA) recomenda reserva-las preferencialmente para organismos com resisténcia
confirmada a carbapenémicos, de modo a preservar sua eficidcia futura (RIZI;
GHAZVINI; FARSIANI, 2019; TAMMA et al., 2024). A complexidade imposta pela
multirresisténcia consolidou a terapia combinada como estratégia preferencial para
infecgdes invasivas, frequentemente associando um carbapenémico a outro agente ativo,
visando reduzir a mortalidade que, em bacteremias graves, pode superar 30 % (DANTAS
etal.,2022).

Como discutido anteriormente, a EBE oferece uma alternativa robusta as limitacdes
da vigilancia clinica tradicional para os dois géneros, permitindo detectar precocemente
genes de resisténcia como blaKPC e blaNDM antes do estabelecimento de surtos
nosocomiais. Estudos conduzidos na Finlandia identificaram, em amostras de esgoto

comunitario, clones de E. coli e K. pneumoniae produtores de carbapenemase
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geneticamente relacionados a linhagens de relevancia clinica ja circulantes na populagao,
incluindo E. coli ST410 portadora de blaKPC-2 e K. pneumoniae ST512 portadora de
blaKPC-3, reforcando o potencial da vigilancia ambiental como sistema de alerta precoce
e corroborando propostas de integragdo da EBE aos sistemas globais de monitoramento,

como o GLASS (BALCAZAR, 2025; HELJANKO et al., 2024).

3.2. Resisténcia Bacteriana na Perspectiva One Health: Mecanismos, Impactos

Ecoldgicos e Estratégias de Vigilancia

A introdu¢ao dos antimicrobianos representou um marco transformador na
medicina moderna. Contudo, a intensa pressdo seletiva exercida pela ampla e,
frequentemente inadequada utilizagdo, impulsionou a evolugado e a rapida disseminagdo
de microrganismos resistentes (DA COSTA; SILVA JUNIOR, 2017). Conforme
estabelecido pela Organizagdo Mundial da Saade (OMS), a resisténcia aos
antimicrobianos (RAM) consolida-se quando modificagdes genéticas neutralizam a
eficdcia do farmaco. Os desdobramentos clinicos e socioeconomicos dessa dindmica sdo
severos, englobando a reducdo drastica das alternativas terap€uticas viaveis, o incremento
nas taxas de mortalidade e estimativas de perdas financeiras trilionarias no Produto
Interno Bruto (PIB) global até o ano de 2030 (OLIVEIRA et al., 2021; BERTHE; BALLI,
BATMANIAN, 2022; OECD, 2022).

Embora exacerbada pela a¢do antropica, a resisténcia ¢ fundamentada em um
processo evolutivo natural e milenar, documentado mesmo na era pré-antibidtica em
fun¢do da competicdo microbiana por recursos (DA COSTA; SILVA JUNIOR, 2017;
DARBY et al.,, 2023). A exposigdo contemporanea aos farmacos atua como um
catalisador, favorecendo a sobrevivéncia de linhagens portadoras de genes de resisténcia
aos antibidticos (ARGs) (CHRISTAKI; MARCOU; TOFARIDES, 2020).
Classicamente, a resisténcia manifesta-se de forma intrinseca, induzida (mutacdes) ou
adquirida, sendo a Transferéncia Horizontal de Genes (THG), via transformacao,
transdugdo ou conjugacdo, o principal motor de dissemina¢do de ARGs entre diferentes
espécies, frequentemente mediada por elementos médveis como plasmideos, transposons
e integrons de classe 1 (SOUCY; HUANG; GOGARTEN, 2015; PARTRIDGE et al.,
2018; DARBY et al., 2023).
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Uma vez assimilada a informagao genética, a expressao fenotipica da resisténcia
ocorre por meio de mecanismos bioquimicos especificos. Destacam-se a inativagao
enzimatica (como a producdo de ESBLs e carbapenemases, a exemplo da KPC em K.
pneumoniae, que hidrolisam farmacos de ultima linha); a modifica¢do do sitio alvo (como
mutacgoes no gene mecA em S. aureus); os sistemas de bombas de efluxo; e as barreiras
de permeabilidade e formagdo de biofilmes. A disseminacdo desses ARGs segue um
processo em etapas sucessivas que culmina na conectividade ecologica, ou seja, na
transferéncia fisica da bactéria para a microbiota humana ou animal (DZIDIC, 2008;
PARTRIDGE et al., 2018; RAZAVlI et al., 2020).

Como as bactérias e os genes atravessam frequentemente as fronteiras entre
espécies e compartimentos ambientais, ¢ fundamental reconhecer as interconexdes da
RAM sob o conceito de One Health (LARSSON; FLACH, 2022). O descarte inadequado
de farmacos e a contaminagdo hidrica reafirmam a RAM como uma questdo
eminentemente ambiental, extrapolando o ambiente clinico (SILVA, 2019). A dindmica
de transmissdo entre as microbiotas humana, animal ¢ ambiental estd representada

esquematicamente na Figura 2.

Figura 2. A Triade da Uma S6 Saude e as rotas de disseminagdo da Resisténcia

Antimicrobiana (RAM).
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Legenda Figura 2: A Triade da Uma S6 Saude e as rotas de disseminagdo da Resisténcia

Antimicrobiana (RAM). O esquema representa a interconexao entre os trés dominios do
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conceito One Health (Humano, Animal e Ambiente) e o eixo central de convergéncia
(Uma So6 Satde & RAM), onde os determinantes de cada dominio se sobrepdem e
potencializam a disseminagdo da resisténcia antimicrobiana. As setas indicam as
principais vias de transmissao entre os dominios: "Alimentos contaminados" representa a
transferéncia de micro-organismos resistentes do dominio animal para o humano via
cadeia alimentar; "Contato direto" indica a exposi¢ao por contato fisico entre humanos,
animais e o ambiente; e "Descarte inadequado” representa a via de disseminagdo por
efluentes e residuos ndo tratados (humanos e animais) para o ambiente, incluindo corpos
hidricos e estacdes de tratamento de esgoto (ETEs). Fonte: elaborado pelo autor com

auxilio da IA — Gemini.

Diante do desafio biologico, da estagnacdo no desenvolvimento de novos
farmacos e das disputas regulatérias entre a necessidade de producdo agropecuaria e a
prevengdo em saude publica, a vigilancia sistematica da RAM tornou-se imperativa
(SILVA et al., 2020; ALMEIDA et al., 2023). A literatura refor¢a que o monitoramento
clinico isolado ¢ insuficiente (SIMS; KASPRZYK-HORDERN, 2020). Neste cenario, a
infraestrutura global montada para o rastreamento do SARS-CoV-2 criou um tipping
point (ponto de virada) para redirecionar a vigilancia de esgoto para o monitoramento da
RAM. A integragdo de dados ambientais em tempo real com registros clinicos preenche
as lacunas da vigilancia tradicional, permitindo identificar /hotspots de evolucao

bacteriana de forma 4gil e robusta (PRUDEN et al., 2021).

3.2.1. Vigilancia, Governanca e Estratégias de Controle

Organismos multilaterais enfatizam a urgéncia de vigilancia continua (WHO,
2021). A OMS estabeleceu o Plano de Acao Global e o sistema GLASS para reforcar a
base de dados mundial. No Brasil, essas diretrizes sdo operacionalizadas através do PAN-
BR (Plano de Ac¢do Nacional de Prevengdo e Controle da Resisténcia aos
Antimicrobianos no Ambito da Uma Sé Satide) e do PAN-BR Agro (Plano de Acdo
Nacional de Prevencdo e Controle da Resisténcia aos Antimicrobianos no Ambito da
Agropecudria). Entretanto, pesquisas da triade OMS/FAO/WOAH (Organiza¢ao Mundial
da Saude/Organizagdo das Nagdoes Unidas para a Alimentacio e a

Agricultura/Organizacdo Mundial de Saide Animal) indicam um desequilibrio, com
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acOes concentradas na saide humana e negligéncia nos setores animal e ambiental
(BRASIL, 2018; SIMS; KASPRZYK-HORDERN, 2020).

A vigilancia epidemiolodgica constitui um pilar basilar para a protecao da satde
publica global ao operar mediante sistemas integrados dedicados ao rastreio de patégenos
de notificagdo compulsoria. Exemplificam essa dindmica o controle da Legionella nos
Estados Unidos, Unidao Europeia e Australia e a vigilancia ativa do virus Ebola em nag¢des
como Republica Democratica do Congo, Guiné ¢ Uganda. Esse monitoramento africano
atua em constante sinergia com as redes de alerta da propria Unido Europeia e do CDC
estadunidense. No escopo da resisténcia aos antimicrobianos (RAM), os esforcos
histéricos concentram-se nos setores clinico e agroalimentar. Tais iniciativas priorizam
sistematicamente a andlise de indicadores fecais e de bactérias do grupo ESKAPE.
Programas notdrios englobam o Sistema Nacional de Monitoramento de Resisténcia
Antimicrobiana (NARMS) nos Estados Unidos e a recém-implementada rede europeia
EARS-vet. O NARMS atua comparando isolados entéricos da cadeia de alimentos com
cepas clinicas ao passo que a plataforma EARS-vet (Rede Europeia de Vigilancia da
Resisténcia aos Antimicrobianos em Medicina Veterindria) investiga a transmissao de
resisténcia entre animais e humanos por vias nao alimentares. Contudo, persiste uma
lacuna estrutural expressiva quanto a implementacao de um monitoramento ambiental
equivalente e capaz de materializar integralmente a abordagem One Health (PRUDEN et
al., 2021).

Para orientar a prescricdo racional na medicina veterinaria, a Organizagao
Mundial de Satde Animal (OIE/WOAH) estabeleceu uma classificacdo rigorosa dos
antimicrobianos, dividindo-os em trés categorias: Agentes Antimicrobianos Veterinarios
Criticamente Importantes (VCIAs), Altamente Importantes (VHIAs) e Importantes
(VIAs). Os VCIAs, que incluem as fluoroquinolonas e cefalosporinas de terceira e quarta
geracdo, sdo fundamentais para o tratamento de infecdes graves e devem ser utilizados
apenas como ultimo recurso, apos confirmacdo por antibiograma, sendo estritamente
proibido o seu uso como promotores de crescimento devido ao alto risco de inducdo de
resisténcia cruzada com a medicina humana (GOMES et al., 2024).

Para além da vigilancia, a mitigacdo da RAM na producdo animal exige praticas
de manejo como o sistema all-in all-out, que reduz a carga microbiana ambiental pela
desinfeccao completa entre lotes, e o uso de alternativas terapéuticas e preventivas, como

probidticos e selegdo genética de linhagens mais resistentes a infec¢cdes (LOPES, 2022).
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No ambiente clinico veterindrio, contudo, essa gestdo enfrenta desafios estruturais:
diferentemente da medicina humana, onde Comissdes de Controle de Infeccao Hospitalar
padronizam protocolos, muitos hospitais e clinicas veterinarias ainda carecem de
regulamentacdo formal para o controle de infec¢cdes nosocomiais, favorecendo a
disseminagdo de patdgenos multirresistentes em ambientes de cuidados intensivos
animais (GOMES et al., 2024).

A crise da resisténcia ¢ agravada por uma logica de mercado que desestimula a
inovagdo farmacéutica. O desenvolvimento de novos antibidticos apresenta um retorno
financeiro desfavordvel para a industria quando comparado a medicamentos de uso
cronico: o tratamento de infegdes bacterianas ¢ geralmente de curta duragdo (sete a dez
dias) e as novas moléculas, quando aprovadas, sdo frequentemente mantidas como
'reservas estratégicas' para bactérias multirresistentes, limitando o volume de vendas. Este
cenario econdmico resultou num hiato na descoberta de novas classes de antimicrobianos
desde a década de 1960, deixando os sistemas de satide vulneraveis a evolucao bacteriana

(LIMA et al., 2017).

3.2.2. Escolha dos Bioindicadores na Vigilancia Ambiental

A selecdo de Escherichia coli e Klebsiella pneumoniae como alvos biologicos
primarios para a vigilancia ambiental neste estudo constitui uma decisdo estratégica,
alicercada tanto nas diretrizes internacionais de monitoramento quanto na necessidade de
integrar dados ambientais as politicas de satide publica. Esta escolha fundamenta-se na
convergéncia de trés pilares criticos, a relevancia clinica, o papel de sentinela genética e
a persisténcia ambiental no contexto One Health, avaliados de forma complementar entre
os dois patogenos, e nao isoladamente em um unico organismo (CONFORTI et al., 2025;
PRUDEN et al., 2021).

A importancia deste painel ¢ inquestionavel diante da inclusdo de ambos os géneros
no acronimo ESKAPE(E), refor¢ada pela classificacio da OMS na Bacterial Priority
Pathogens List de 2024. Cada organismo, contudo, contribui com uma dimensao distinta
ao conjunto. K. pneumoniae representa o patdogeno oportunista classico de maior peso em
unidades de terapia intensiva, com disseminagdo preocupante de linhagens produtoras de
KPC. E. coli, por sua ubiquidade na microbiota intestinal humana e animal, funciona
como o principal indicador da pressdo seletiva exercida pelo uso comunitario de

antimicrobianos, ampliando a representatividade populacional da amostragem. Monitorar
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simultaneamente os dois géneros representa, portanto, uma medida mais abrangente de
vigilancia sobre a ameaga atual a saude publica do que a observagao isolada de qualquer
um deles (VIANA-CARDENAS et al., 2026).

Para além do impacto clinico individual, os dois microrganismos desempenham um
papel ecoldgico como sentinelas da resisténcia antimicrobiana. Sua notavel plasticidade
genética, expressa na aquisi¢ao plasmidial de ESBL e carbapenemases compartilhada por
ambos os géneros, permite que atuem como reservatdrios ambientais, capazes de captar
e disseminar horizontalmente elementos genéticos modveis. Consequentemente, a
deteccdo destes dois géneros multirresistentes nas aguas residuais transcende a
identificacao do patdgeno por si, servindo como um alerta precoce ¢ multifacetado para
a circulagdo comunitdria de determinantes genéticos de resisténcia (NATIONAL
ACADEMIES OF SCIENCES, 2024).

Metodologicamente, o painel formado pelos dois géneros revelou-se um conjunto
de bioindicadores para a andlise comparativa entre diferentes matrizes de esgoto. Por
serem comensais ubiquos do trato gastrointestinal humano e altamente responsivos a
pressdo seletiva, a variagdo em seus perfis de suscetibilidade reflete, em conjunto, a
intensidade do uso de antimicrobianos em cada cenario com maior sensibilidade do que
um Unico organismo isoladamente permitiria. Estudos recentes reforcam que a vigilancia
baseada em esgoto deve priorizar multiplos alvos que permitam essa integracdo de dados
para informar politicas de One Health (DAVIN-REGLI; LAVIGNE; PAGES, 2019;
HOCK et al., 2026).

3.2.3. Determinantes Ecolégicos e Dinidmica de Dissemina¢ao da Resisténcia

Antimicrobiana

Na producdo animal, a administracio de antimicrobianos para profilaxia,
metafilaxia e como promotores de crescimento catalisa a emergéncia de cepas resistentes.
No Brasil, esse quadro ¢ agravado pela fragmentacdo de dados entre as etapas da cadeia
agroindustrial, fator que dificulta o rastreamento da transmissdo de patogenos (DA
COSTA; SILVA JUNIOR, 2017; BRASIL, 2018). Esse padrdo de consumo evidencia
uma expressiva assimetria regulatoria em escala global. Enquanto a Unido Europeia baniu
a utilizacdo de promotores de crescimento antimicrobianos desde 2006, nagdes
agroexportadoras como o Brasil ainda permitem a pratica. Tal discrepancia motivou o

Grupo de Coordenacdo Interinstitucional da Organizacdo das Nagdes Unidas (ONU) a
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recomendar a eliminacdo progressiva dos antibidticos considerados criticamente
importantes para a saude humana (SILVA et al., 2020). Em paralelo, a metafilaxia, que
consiste no tratamento profilatico simultaneo de animais clinicamente afetados e
contactantes sob risco de surto, demonstra eficacia no controle de enfermidades
respiratorias em confinamentos. Contudo, sua aplicagdo continua em subdoses intensifica
a pressao seletiva para a resisténcia e apresenta o risco inerente de mascarar falhas
estruturais de biosseguranca (LOPES, 2022).

A cadeia de alimentos atua como vetor direto de disseminacdo zoondtica: ha
correlagdo entre o uso de fluoroquinolonas na avicultura e o aumento de Campylobacter
spp. resistentes em isolados humanos, e cepas de Salmonella spp. resistentes podem
persistir mesmo apo6s sanitizacdo e refrigeracao industrial, transferindo determinantes de
resisténcia pela ingestdo (SILVA, 2019). Animais de companhia também sdo
reservatorios relevantes, dada a proximidade com os tutores: microrganismos como
MRSA, E. coli produtora de ESBL e Enterococcus faecalis resistente a vancomicina
(VRE) circulam nesse cenario, ¢ a hospitalizagdo veterinaria prolongada aumenta o risco
de infec¢des nosocomiais multirresistentes, refor¢ando a necessidade de protocolos de
biosseguranga compativeis aos da medicina humana (GOMES et al., 2024; LOPES,
2022).

Como reservatdrio ambiental, d4gua e solo favorecem a troca de genes de resisténcia
entre bactérias ambientais e aquelas adaptadas ao trato intestinal, processo intensificado
pela disseminagdo global de material fecal, que j4 contaminou por ARGs praticamente
todo o planeta, incluindo sistemas de agua doce e regides articas (GILLINGS;
PAULSEN; TETU, 2017; KARKMAN; PARNANEN; LARSSON, 2019). A maioria dos
ARGs de origem recente esta associada a espécies ligadas a infec¢cdes humanas e animais,
reforcando a hipdtese de que esses hospedeiros sdo os principais ambientes de evolugdo
da resisténcia sob pressdo seletiva (EBMEYER; KRISTIANSSON; LARSSON, 2021),
sendo a deteccao precoce de ARGs emergentes em patdgenos do grupo ESKAPE
especialmente critica (CHE et al., 2019; SOMMER, MUNCK, 2017).

Os efluentes urbanos e as ETEs constituem elos centrais entre o ambiente e a
disseminag¢do da resisténcia. Antibidticos chegam as ETEs por excre¢des humanas e
animais, descarte incorreto e efluentes farmacéuticos, € os biofilmes bacterianos
formados nesses ambientes, sobretudo na interface ar-liquido, funcionam como hotspots

de transferéncia de ARGs mediada por plasmideos (HUIJBERS; LARSSON; FLACH,
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2020; TRAN; REINHARD; GIN, 2018). A eficacia de remogao varia conforme a
tecnologia empregada: processos de membrana costumam superar tratamentos
convencionais (HILLER et al., 2019); tratamentos quimicos de oxida¢ao avangada podem
retardar a transferéncia génica, embora doses elevadas de cloro gerem subprodutos
toxicos ou selecionem estirpes tolerantes; ¢ a digestao anaerdbia termofilica (50—60 °C)
reduz significativamente ARGs de tetraciclina. Ainda assim, parte consideravel dos
ARGs permanece nos efluentes tratados e retorna ao ambiente, podendo ser adquirida por
novas bactérias a jusante em eventos de conjugacdo (NGUYEN et al., 2021).

O monitoramento de aguas residuais brutas mostra-se particularmente promissor:
por agrupar bactérias fecais de grandes populagdes, permite analises de tendéncia de
resisténcia de forma custo-efetiva e com menor dilema ético, abordagem ja validada na
vigilancia de poliovirus ¢ do SARS-CoV-2 e com potencial de alerta precoce para ARGs
emergentes, inclusive permitindo prever padrdes regionais de resisténcia a partir da
microbiota ambiental. A auséncia de padronizacdo de alvos de monitoramento, no
entanto, ainda dificulta a avaliacdo quantitativa de riscos nesse tipo de vigilancia
(AGRAWAL; ORSCHLER; LACKNER, 2021; HENDRIKSEN et al, 2019;
HUIJBERS; LARSSON; FLACH, 2020; MEDEMA et al., 2020).
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ABSTRACT:

The spread of SARS-CoV-2 was one of the greatest global public health challenges, and
wastewater-based epidemiology (WBE) became widely used as a complementary
surveillance strategy. However, studies comparing WBE performance during pandemic
and post-pandemic periods remain limited. This study monitored SARS-CoV-2
circulation in wastewater from four treatment plants in Uberlandia, Minas Gerais, Brazil,
during the pandemic (November 2022—April 2023) and post-pandemic (May 2023—
November 2023) periods. Overall positivity was 36/99 (36.36 %), with no significant
differences among plants or months. At the main plant, viral loads did not differ between
periods, but their association with reported cases weakened after the pandemic
declaration, likely reflecting reduced testing and underreporting. In contrast, viral loads
remained significantly correlated with deaths in both periods, suggesting mortality as a
more stable epidemiological correlate post-pandemic. Genomic analysis assigned most
consensus sequences to lineage B, with additional detection of B.1.1 and B.1.1.529, the
parental Omicron lineage. Pairwise and phylogenetic analyses showed high genomic
similarity, with limited divergence in a subset of samples, and placed wastewater

sequences within the regional diversity of human SARS-CoV-2 genomes from Minas
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Gerais. These findings reinforce WBE as a valuable complementary tool for monitoring
viral circulation, lineage diversity and public health decision-making when clinical
surveillance is reduced.

Keywords: SARS-CoV-2; wastewater-based epidemiology; effluents; phylogenetics;

pandemic; Brazil

1. Introduction

At the end of 2019, a zoonotic species of Coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the etiological agent of acute respiratory syndrome, was
identified in Wuhan, China, in a series of patients with pneumonia [1]. The rapid spread
of the virus resulted in the greatest global public health challenge since the Spanish
influenza pandemic of 1918 [2]. The initial outbreak spread rapidly and caused thousands
of deaths, leading the World Health Organization (WHO) to declare COVID-19 a
pandemic on March 12, 2020. Since then, more than 760 million people have been
infected worldwide, with approximately seven million deaths, of which more than
700,000 occurred in Brazil [3].

The pandemic state and the danger of emerging pathogens have led researchers and health
authorities to seek effective, lower-cost surveillance methods. In this context,
Wastewater-Based Epidemiology (WBE) has been recognized as a valuable approach for
monitoring communities, with a history of effectiveness in the surveillance of hepatitis E
in the United Kingdom [4], hepatitis A in Sweden [5], and poliomyelitis in Israel [6].
WBE for COVID-19 has been adopted by 50 countries, either institutionally or by
researchers [7]. Furthermore, the sequencing of genomes from wastewater has proved to
be an excellent tool for identifying the emergence of new strains such as B.1.234 [8].
WBE studies have shown that SARS-CoV-2 positivity and viral loads in wastewater can
reflect local viral circulation, since the virus may be excreted in feces and urine by
symptomatic, oligosymptomatic and asymptomatic infected individuals. In several
settings, increases in SARS-CoV-2 RNA in wastewater have preceded rises in reported
clinical cases by one to three weeks, supporting its use as an early-warning surveillance
tool. However, interpretation of wastewater data is influenced by factors such as variation
in viral shedding over the course of infection, differences in fecal and respiratory
contributions to sewage, RNA degradation in complex wastewater matrices, and the lack

of fully harmonized protocols for sampling, concentration and molecular analysis. Even
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with these limitations, WBE provides a population-level signal that is not restricted to
clinically tested individuals and can therefore complement conventional epidemiological
surveillance, particularly when asymptomatic infections or underreporting reduce the
representativeness of official case data [8-10].

WBE has been included as a national strategy for monitoring the spread of SARS-CoV-
2 in several countries, including Finland, Hungary, Luxembourg, the Netherlands, Spain,
and Turkey, among others. Other countries such as the United States, Canada, Australia,
France, Switzerland, and the United Kingdom have also adopted WBE, albeit primarily
for large-scale regional monitoring programs. In Brazil, independent research has
demonstrated the importance and suitability of WBE for monitoring SARS-CoV-2 [9-
13].

Despite the WHO declaring the end of the pandemic on May 5, 2023, and the reduction
in cases due to preventive measures such as vaccination, sporadic outbreaks still occur,
with epidemiological data pointing to a transition to COVID-19 endemicity. Between the
end of the pandemic declaration and December 7, 2024, 1,538,888 cases and 12,545
deaths from COVID-19 have been reported in Brazil [14]. This data reinforces the need
for continued monitoring, especially to guide vaccine boosters and to detect the presence
of new variants, which allows for the adoption of preventive measures, including updating
vaccines [15].

Our aim was to monitor SARS-CoV-2 using WBE in pandemic and post-pandemic
periods, quantifying viral loads, identifying circulating variants, relating the results to
official epidemiological records, and verifying their predictive value for cases and deaths

in different epidemiological situations.

2. Materials and methods

2.1 Collection and sampling sites

The collections took place in the city of Uberlandia, Minas Gerais, Brazil, at the four
wastewater treatment plants (WWTPs — Estacdes de Tratamento de Esgoto): Uberabinha
(18.88° S, 48.3285239° W), Aclimagdo (18.8752995° S, 48.2362601° W), Ipanema
(18.8616817° S, 48.2134606° W), and Vila Marielza (18.910017° S, 48.1987518° W)
(Fig. 1). The Uberabinha WWTP is the main plant in the municipality and is responsible
for treating 95% of the sewage collected in the city, serving approximately 806,400
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inhabitants [18]. At these four WWTPs, 500mL of grab samples of raw sewage were
collected in 34 epidemiological weeks, between November 2022 and November 2023,
comprising the pandemic and post-pandemic periods, to determine the viral load and
variants of SARS-CoV-2. The time of collection was standardized, the flow rate recorded
to calculate the number of viral particles, and the samples transported to the laboratory
under refrigeration [16]. The determination of epidemiological weeks followed the
equivalence established in the Brazilian epidemiological calendar of the Notifiable
Diseases Information System (SINAN - Sistema de Informagdo de Agravos de
Notificagao) [17].

The collections took place in the city of Uberlandia, Minas Gerais, Brazil, at the four
wastewater treatment plants (WWTPs — Estagdes de Tratamento de Esgoto): Uberabinha
(18.88° S, 48.3285239° W), Aclimagao (18.8752995° S, 48.2362601° W), Ipanema
(18.8616817° S, 48.2134606° W), and Vila Marielza (18.910017° S, 48.1987518° W)
(Fig. 1). The Uberabinha WWTP is the main plant in the municipality and is responsible
for treating 95 % of the sewage collected in the city, serving approximately 806,400
inhabitants [18].

Uberlandia is a Brazilian city located in the western portion of the state of Minas Geratis,
in the Triangulo Mineiro/Alto Paranaiba region, which has several characteristics that
make it a significant location for research into SARS-CoV-2 in wastewater. It is a
medium-sized city, with a population of approximately 900,000 inhabitants, a population
density of 173.31 inhabitants per km?, and more than 96 % of the population living in
urban areas. The city has an efficient sewage collection and treatment system, which
facilitates the analysis of wastewater in treatment plants, since 100 % of the city's urban

area is covered by sewage collection and treatment [18, 19].
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2.2 Concentration of viral particles, extraction, purification and quantification of
RNA

Immediately upon arrival at the laboratory, the samples were homogenized and a 40 mL
aliquot precipitated in 4.0g of polyethylene glycol (PEG 8000, 8 % w/v, Sigma) and 0.9g
of sodium chloride (Merck), followed by centrifugation (60min/12,000xg/4°C) to
concentrate the genetic material [23]. To the pellet formed, 1mL of acid phenol (Merck)
and 0.4mL of phosphate buffered saline (PBS pH 7.2) were added, followed by vigorous
homogenization and centrifugation (12,000xg/10min) in a 2.0mL microtube [21]. For the
extraction and purification of SARS-CoV-2 RNA, the aqueous phase was subjected to
solid phase extraction using the PureLink™ Viral RNA/DNA Mini Kit (Thermo Fisher
Scientific), according to the manufacturer's instructions. As a limitation of this study, viral
recovery controls were not assessed during the concentration process, which should be
considered when interpreting absolute loads.

Quantification of SARS-CoV-2 RNA was carried out by reverse transcription followed
by real-time PCR using the 2019-nCoV TaqMan kit (Norgen®, cat. TM67120) on a 7500
Fast Real-Time PCR System thermocycler, according to protocols developed by the
Centers for Disease Control and Prevention (CDC). The N1 and N2 gene targets were
analyzed simultaneously in a single multiplex reaction, and a sample was considered
positive when at least one target was detected at Ct <40. To construct the analytical curve,
serial dilutions ranging from 1.0 to 1.0 x 10° copies pL~" were prepared from a dsDNA
fragment supplied by the kit manufacturer (Norgen®, cat. TM67120), containing both
targets at known concentration. Efficiency and R? values for standard curves were within
accepted quality thresholds (>90 % and >0.98, respectively), and duplicate reactions were
carried out for each standard concentration. The amplification program consisted of one
cycle of 45°C for 15 minutes for reverse transcription, one cycle of 95°C for 2 minutes
for initial denaturation, 50 cycles of 95°C for 3 seconds and 55°C for 30 seconds. While
50 cycles were executed to capture low concentrations, a strict Ct <40 cutoff was applied
to define positive samples and avoid false positives [22, 23]. Quantification in viral copies
for each sample was carried out using the equation of the line provided by the analytical
curve and converted to number of RNA copies per liter (Crna). SARS-CoV-2 viral loads
were converted to genomic copies per day by multiplying the RNA concentration in
wastewater (copies/L) by the daily influent flow recorded at each WWTP at the time of

sampling (L/day). As continuous flow data were not available, the calculation was based
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on a single flow-rate measurement for each sampling event, which should be considered
when interpreting absolute viral load estimates.

Raw wastewater samples, containing potentially infectious SARS-CoV-2 RNA and other
pathogens, were processed in strict accordance with standard biosafety precautions. This
protocol necessitated the use of appropriate personal protective equipment (PPE),
biological safety cabinets for all sample manipulations, and rigorous decontamination
procedures for biological waste disposal.

This study analyzed community-level wastewater samples and did not involve the
collection of biological material from individual human or animal subjects; therefore,

approval by a research ethics committee was not required.

2.3 Whole Genome Sequencing

Samples with Ct values <30 were selected for sequencing using the Midnight RT
Expansion kit on a nanopore sequencing device (MinlON) from Oxford Nanopore
Technologies (ONT). The bioinformatics pipeline included a quality analysis, where the
reads were filtered based on a Phred Score > 10. The Nanoplot and Porechop tools were
used for quality analysis and removal of adapters, alongside trimming criteria to ensure
high-quality reads [24].

Consensus sequences were generated using Medaka software and aligned with the SARS-
CoV-2 reference sequence to identify variants. Consensus calling followed strict rules
(minimum 30x coverage) and identified dominant variants, though complex wastewater
matrices may contain multiple sub-variants not fully captured by bulk sequencing. The
lineages of the SARS-CoV-2 consensus genome sequences were assigned according to
the Pango nomenclature system [55] using Pangolin v4.4 (Phylogenetic Assignment of
Named Global Outbreak Lineages) [25, 26, 27]. Pangolin was run on the wastewater-
derived consensus FASTA files using the installed Pango designation version PANGO-
v1.38, with Scorpio v0.3.19 and Constellation v0.1.12, as reported in the Pangolin output.
These assignments were used for the lineage classification presented in Table 1 and were

compared with complementary Nextclade classifications and quality-control metrics [65].

2.4 Genome quality assessment
Consensus-genome quality of wastewater-derived SARS-CoV-2 sequences was assessed

using Nextclade v3.21.2 [65]. FASTA headers were standardized according to sample
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identifiers before analysis with the SARS-CoV-2 reference dataset. The evaluated metrics
included overall QC status, QC score, clade assignment, Nextclade-assigned Pango
lineage, genome coverage/completeness, missing bases, non-ACGTN characters,
substitutions, deletions, insertions, frameshifts and stop codons. These metrics were used
as consensus-level quality indicators and as complementary information for downstream

phylogenetic analyses.

2.5 Alignment and construction of phylogenies
R-based analyses were performed using R version 4.6.0 (R Core Team, 2026) in RStudio.
Phylogenetic trees and associated metadata were annotated and visualized using iTOL

[33].

2.5.1 Construction of SARS-CoV-2 phylogenies in sewage samples from Uberlandia
Two distinct phylogenetic analyses were performed. First, for the wastewater-only
dataset, the 15 SARS-CoV-2 consensus sequences obtained from wastewater treatment
plants in Uberlandia, Minas Gerais, Brazil, and the reference genome
NC_045512.2/Wuhan-Hu-1 were aligned with MAFFT v7.526 [28] using the --auto
parameter. No post-alignment trimming was applied to this dataset, in order to preserve
the full-genome alignment and avoid loss of informative sites in a low-divergence dataset.
Phylogenetic inference was performed using IQ-TREE v3.1.2 [66]. The ModelFinder
Plus (MFP) tool was used to test nucleotide substitution models and select the model best
suited to the data [31]. The TPM3u+F model was selected and applied in the final
phylogenetic reconstruction. Branch support was assessed using 10,000 ultrafast
bootstrap replicates with the -bnni option and 10,000 SH-aLRT replicates. The SARS-
CoV-2 reference genome NC 045512.2/Wuhan-Hu-1 was included as an outgroup.

Second, for the broader contextual phylogenetic analysis, which included wastewater-
derived sequences and a larger set of human SARS-CoV-2 genomes, sequences were
aligned with MAFFT v7.526 [28] and trimmed with ClipKIT [29] using the Smart-gap
function to remove poorly aligned or gap-rich sites. This trimming step was restricted to
the contextual dataset and was not applied to the wastewater-only dataset. The resulting
tree was used to evaluate the placement of wastewater-derived sequences within the

broader SARS-CoV-2 genomic background.
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2.5.2 Pairwise nucleotide-difference analysis of the wastewater-only dataset
Consensus-level genetic divergence among wastewater-derived SARS-CoV-2 sequences
was quantified using a pairwise nucleotide-difference matrix generated from the same
full-genome multiple sequence alignment used for IQ-TREE phylogenetic inference [30].
Analyses were performed in R using ape [34] and tidyverse-associated packages for data
handling, matrix organization and file formatting [67].

Aligned FASTA sequences and the IQ-TREE maximum-likelihood phylogeny were
imported into R. For each pair of sequences, nucleotide differences were counted across
comparable alignment positions, considering only valid nucleotide characters (A, C, G
and T). Positions containing gaps, ambiguous bases or missing characters in either
sequence were excluded from the corresponding pairwise comparison. This approach
generated direct counts of nucleotide differences between consensus genomes, rather than
model-based evolutionary distances.

The pairwise nucleotide-difference matrix was ordered according to the tip order of the
IQ-TREE phylogeny and exported as an iTOL-compatible heatmap dataset for combined
tree visualization in iTOL [33]. Pangolin lineage assignments and Nextclade mutation-
related outputs were added as program-derived annotation layers. Branch support values

below 70 % were omitted from the displayed tree to improve readability.

2.5.3 Construction and visualization of the phylogenetic tree of SARS-CoV-2
sequences from Minas Gerais larger dataset

A total of 2,104 SARS-CoV-2 genome sequences from human cases were obtained from
the GISAID database [57] using the following criteria: Minas Gerais, Brazil; collection
between November 2022 and December 2023; human host; and high genomic coverage.
These sequences were analyzed together with the 15 wastewater-derived consensus
sequences from wastewater treatment plants in Uberlandia and the reference genome
NC_045512.2/Wuhan-Hu-1.

Multiple sequence alignment was performed with MAFFT v7.526 [28] using the --auto
parameter. For the larger contextual dataset, the alignment was trimmed with ClipKIT
[29] in Smart-gap mode to remove poorly aligned or gap-rich sites and reduce alignment
noise. This trimming step was applied only to the larger contextual dataset, not to the

wastewater-only dataset.
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The evolutionary model was evaluated using IQ-TREE v3.1.2 and ModelFinder Plus
(MFP) [31, 66]. The GTR+Gamma model was selected based on the Akaike information
criterion (AIC) and used for subsequent analyses. The phylogenetic tree was built with
VeryFastTree v4.0.4 [64] under the GTR+Gamma model, using subtree pruning and
regrafting optimization (-spr 30), nucleotide mode (-nt), multithreaded execution, and
double-precision calculations.

Because the full tree contained a large number of tips, a reduced contextual subset was
generated in R using ape [34] and tidyverse-associated packages to improve figure
readability. All wastewater-derived sequences were retained. Human sequences were
selected based on two complementary criteria: phylogenetic proximity to wastewater-
derived sequences, using cophenetic distances from the full tree, and temporal-lineage
representation, with up to four human background sequences retained per month-lineage
group. The reference sequence was retained when present. The final subset was extracted
from the full tree using ape::keep.tip.

Before visualization, metadata were curated and standardized in R to ensure consistency
between sequence names, collection dates, lineage annotations, sample source and tree
tip labels. Wastewater collection dates were checked using dates encoded in sequence
names, and SARS-CoV-2 lineages were grouped into broader categories, including B,
B.1.1, B.1.1.529, BA.5-related, BA.5*, BQ.1*, XBB*, and other low-frequency or
recombinant groups. The reduced contextual tree and iTOL-compatible annotation files
were generated to display tree context, sample source, collection year, lineage group, and
highlighted wastewater samples. This reduced tree was used only for visualization and
contextual interpretation of wastewater-derived sequences within the broader SARS-

CoV-2 genomic background.

2.6 Statistical Analysis

Differences in SARS-CoV-2 viral loads were evaluated among wastewater treatment
plants and collection months. For the Uberabinha WWTP, viral loads, reported COVID-
19 cases and reported deaths were compared between the pandemic and post-pandemic
periods. Viral loads were logio-transformed before statistical analysis, and data
distribution was assessed for normality. When normality assumptions were met,
comparisons were performed using one-way ANOVA or Student’s t-test. When

assumptions were not met, Kruskal-Wallis or Mann-Whitney tests were used. Spearman
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rank correlation was applied to assess the association between wastewater viral loads and
epidemiological variables, including reported cases and deaths, considering the full study
period and each period separately. A 95 % confidence level was adopted for all analyses.

Statistical analyses were performed using GraphPad Prism 8.0.1 [63].

3. Results and discussion

During the pandemic period, WBE has been used extensively by several countries and
researchers as a predictive and early warning tool for the emergency in the increase in the
number of cases and epidemic outbreaks of COVID-19. The results of different studies
have demonstrated the predictive value of the tool in communities, usually with an
increase in viral concentration one or two weeks before outbreaks, allowing alerts to the
health system and other preventive measures in specific communities [7, 10, 39, 40].
However, it is not yet known whether, in endemic periods, Wastewater-Based
Epidemiology (WBE) retains its predictive value for new cases, even though it remains a
valuable tool for the early identification of the circulation of new variants and making it
possible to correlate these variants with more serious clinical conditions or with the need

to update vaccine production.

3.1 Quantification of SARS-CoV-2

Viral load quantification was carried out on 99 sewage samples collected from the city's
four treatment plants between November 2022 and November 2023, six months during
the pandemic and six months post-pandemic, in 34 different epidemiological weeks.
Samples that presented Ct < 40 were considered positive [22]. The overall positivity was
36/99 (36.36 %) for SARS-CoV-2, with no significant difference between WWTPs
(p=0.1098) or months (p=0.1014) by the Kruskal-Wallis test (Fig.2). The average viral
RNA load (logio genomic copies/day = SD) among positive samples was 10.05 + 0.40 at
Marielza, 13.90 + 1.33 at Ipanema , 14.16 £ 1.67 at Aclimagdo, and 15.53 + 1.58 at
Uberabinha WWTP.



61

d
= Uberabinha
=
E. Relative
£ Marielza - frequency (%)
E 100
a
ﬁ Ipanema I?5
& 50
§ E]
Aclimagao o
d{ﬂb ‘(@5 P (3":3
P (‘)‘Dﬁ & lﬁe{l‘ S ﬁf‘}(‘s’é d’é .§
& o‘f # &
Month/Year
Uberabinha
=
=
o
E Marielza
2
=
& Ipanema
o]
g
0
Aclimagio

1] 10 20
Viral load (coples/day - log,)

Fig.2 - Frequency of positive collections and quantification of SARS-CoV-2 in four
wastewater treatment plants (WWTP) in Uberldndia, MG. (a) Relative frequency of
positive collections for SARS-CoV-2 according to the month of collection (p= 0.1014-
Kruskal- Wallis). Months marked with an X represent months in which there was no
collection for that specific treatment station. (b) Variation in viral load at each treatment

station during all collections (p=0.1098- Kruskal-Wallis). Viral count results were

transformed into log10 scale.

A significant difference in viral loads was observed among WWTPs (p=0.0007, one-way
ANOVA), driven primarily by the absence of a second wave at the Marielza WWTP and
differences in the timing of waves across sites. This finding reflects local epidemiological
dynamics rather than being solely attributable to population size served by each plant.
Studies show that the reliability of the results will be greater in WWTPs serving large

population areas than in smaller areas [41].
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Comparisons between viral load and epidemiological data in the pre- and post-pandemic
periods were focused on Uberabinha WWTP, the main plant responsible for treating
approximately 95 % of the city’s collected sewage (Fig. 3). Two main arguments justified
the analysis of only the most representative WWTP, which were: 1) the lack of
epidemiological data on cases and deaths differentiated for the representative population
for the different WWTPs; and ii) the danger of bias in the analysis of the predictive value
considering the low representativeness of the other WWTPs in relation to the total

population reported in the official epidemiological data [18].
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Fig. 3 - Relationship between SARS-CoV-2 viral load quantified in wastewater samples
(WWTP Uberabinha) in the city of Uberlandia, MG, Brazil, and cases and deaths per
epidemiological week. The yellow line (a) represents the number of cases, and the red
line (b), the number of deaths. The dotted line divides the epidemiological weeks into the
pandemic period (week 44/2022 to 15/2023) and the post-pandemic period (20/2023 to
47/2023).

At the Uberabinha WWTP, 32 samples were collected, with a positivity rate of 41 %. The
average viral loads at the Uberabinha WWTP were 15.26 + (.76 logio genomic copies/day
in the pandemic period and 15.76 + 2.09 logio genomic copies/day in the post-pandemic
period, with no statistically significant difference between periods (p=0.5901). There was
also no difference between the two periods when negative results were included (p =
0.7548 - Mann Whitney test).

Visual analysis shows that the number of cases and deaths from COVID-19 are preceded
by an increase in viral load in sewage, which confirms other studies carried out in Brazil
and around the world [42, 43]. Spearman rank correlation was performed to assess the
relationship between viral loads and epidemiological data at the Uberabinha WWTP.
When analyzing the full study period (n=32), viral loads showed a significant moderate
negative correlation with reported deaths (rtho =-0.660, p <0.0001), but a non-significant
weak correlation with clinical cases (rho =-0.321, p = 0.073).

When analyzed separately by period, the pandemic phase (n=16) showed significant
negative correlations between viral loads and both reported deaths (tho = -0.649, p =
0.007) and clinical cases (rtho =-0.573, p = 0.020), suggesting a stronger predictive value
of WBE during active pandemic surveillance, when systematic testing was still widely
available. Notably, epidemiological weeks 45 to 48 of 2022 were followed by peaks in
the number of cases within the next three weeks and a sustained increase in deaths
extending to the first epidemiological week of 2023, reinforcing the early-warning role
of environmental monitoring.

In the post-pandemic period (n=16), the correlation between viral loads and deaths
remained significant and strengthened (rho = -0.731, p = 0.001), while the correlation
with clinical cases became negligible and non-significant (rho = 0.194, p = 0.471). This
divergence is consistent with the reduction in systematic COVID-19 testing and increased

underreporting of asymptomatic infections following the end of the pandemic declaration,
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which decoupled official case viral load from true viral circulation. Additionally, the
sampling schedule did not capture the major clinical peak in early 2023, which further
limited the correlation with case data and represents a significant methodological
constraint of the longitudinal analysis.

These findings are in line with previous studies that have reported correlations between
SARS-CoV-2 RNA concentrations in wastewater and COVID-19 case viral load within
communities [44, 45], although the strength and direction of such correlations have varied
considerably across different epidemiological settings, surveillance periods, and outcome
metrics, including active cases, new daily cases, and projected future cases. However,
comparatively few studies have examined the correlation between wastewater viral loads
and COVID-19 mortality, and the present results suggest that deaths may represent a more
stable and reliable epidemiological correlate of WBE data, particularly in endemic
periods with reduced clinical testing. This raises an important question for the field:
among the available epidemiological parameters, which most reliably reflects true viral
circulation and thus best supports retrospective or prospective estimates using the WBE
approach [46]

It was not possible to accurately determine the exact period of days between peaks in
virus viral load compared to cases and deaths, since in many situations, cases accumulated
and date records were not completely reliable, and a case or death could occur in one
epidemiological week and only be recorded in subsequent weeks, which prevented
statistical calculation. Reporting bias and the inability to track asymptomatic carriers of
the disease are some of the limitations of using clinical data for disease surveillance and
tracking [46, 47].

These findings are consistent, as transmission of SARS-CoV-2 normally occurs two to
three weeks before a positive test is reported [43]. This period is associated with an
incubation phase that ranges from 2 to 14 days, followed by clinical examinations that
take place approximately one week after the onset of symptoms. Previous studies have
also reported similar results as SARS-CoV-2 peaks in wastewater samples from a
treatment plant in Sweden, which were recorded three to four weeks before clinical
notification and Ahmed et al. [42] identified SARS-CoV-2 in wastewater samples from
three treatment plants in Australia up to three weeks before the first documented clinical

case. Peccia et al., 2020 [43] in the USA identified that cases appeared approximately one



65

week after peak viral load, however, the sample analyzed was primary sludge from a
treatment station.

Despite numerous reports that wastewater surveillance can be effectively used as an early
warning system for new cases of COVID-19 and other diseases [4-6] our results show
that in the pandemic period, the peak viral load associated with the increase in case
registrations are more evident than in the post-pandemic period. In the months following
the end of the pandemic, the association is practically no longer observed, and this
behavior continues throughout the post-pandemic period. It is likely that the already
massive vaccine protection in this period resulted in asymptomatic cases or cases with
milder clinical symptoms and led to less demand on the health system, compromising the
predictive value for the real number of infections, since they do not result in official
records [46, 48]. High vaccination coverage also likely led to more asymptomatic cases
not recorded in official data.

On the other hand, the number of deaths in relation to the viral load follows a similar
pattern in the pandemic and endemic periods, and confirms the predictive value of WBE.
Despite the good association, the number of deaths in viral peaks is lower in the post-
pandemic period, which allows us to infer that unvaccinated infected individuals have
better clinical resolution, require less intensive treatment and have greater protection
against death. After mass vaccination against COVID-19, unvaccinated individuals,
especially those with comorbidities, are the most likely to have complications and die
[48,49].

All our results indicate that although WBE remains a good warning system for an increase
in the number of deaths, it has relative value for indicating an increase in the number of
cases in endemic periods and with a high rate of vaccination coverage. On the other hand,
high viral load with a low number of cases probably indicates many asymptomatic cases
[46], and sequencing should continue to gain early knowledge of the introduction of new
variants and their importance for public health. In addition, count results should always
take into account that inhibitors contained in sewage can accelerate the degradation of
SARS-CoV-2 RNA [12], and that there are discrepancies related to the spread of the virus
among humans and the viral load excreted by infected people [43,44], and viral load
should always be considered as estimates [9, 50]. Also, when comparing official
epidemiological data, the accuracy of the records must be considered, which can lead to

errors in the temporal association between cases and viral load [51]. Added to this is the
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fact that SARS-CoV-2 remains on average 22 days in feces when compared to serum and
respiratory samples, which are 18 and 16 days respectively, which may indicate that an
infected individual can continue to shed the virus even when they are no longer
considered an active case [52]. These facts indicate that WBE should be carried out in a

complementary manner and in conjunction with traditional clinical epidemiology [9].

3.2 Viral genome sequencing and strain classification

Genomic surveillance of SARS-CoV-2 in wastewater complements quantitative
monitoring by providing information on circulating lineages and viral diversity at the
population level, which is particularly relevant in the post-pandemic context, when
clinical sequencing and systematic testing may be reduced. Out of 36 SARS-CoV-2-
positive wastewater samples, 16 were selected for sequencing, and 15 consensus genomes
were retained for downstream genomic analyses. The recovery of viral genomes from
sewage remains technically challenging because wastewater contains inhibitors, organic
matter and chemical compounds that may degrade viral RNA and reduce genome
completeness [12]. Even so, wastewater sequencing is valuable because it can capture
viral material shed by symptomatic, oligosymptomatic and asymptomatic individuals,
providing a broader community-level representation than clinical sampling alone.
During infection and transmission, SARS-CoV-2 accumulates mutations that may affect
viral fitness, transmissibility, immune escape and, in some cases, public health impact
[53]. Viral evolution therefore occurs both within infected individuals and at the
population level, where successful lineages expand through transmission chains [54].
This evolutionary process has been central to the emergence of SARS-CoV-2 variants
and lineages throughout the pandemic, including the successive replacement of
previously circulating variants by Omicron and its sublineages after late 2021 [54,58,59].
Pangolin lineage assignment showed that most wastewater-derived consensus sequences
from the city of Uberlandia belonged to lineage B (12/15), whereas two sequences were
assigned to B.1.1 and one sequence was assigned to B.1.1.529, the parental Omicron
lineage (Table 1). These classifications followed the Pango nomenclature system [55] and
should be interpreted as lineage assignments from wastewater-derived consensus
genomes. Lineages A and B are located near the base of the SARS-CoV-2 phylogeny,
and Wuhan-Hu-1 is one of the earliest representatives of lineage B. Therefore, the

predominance of lineage B in the wastewater consensus genomes is consistent with the
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high overall genetic similarity observed among most sequences in the wastewater-only
dataset. At the same time, the detection of B.1.1 and B.1.1.529 indicates that wastewater

sequencing captured additional lineage diversity during the study period.

Sample ID WWTP Collection date | Pangolin Assignment
code lineage method

ETE P1 06 01 2023 P1 06/01/2023 B Pango  designation
hash

ETE P1 14 02 2023 P1 14/02/2023 B UShER placement

ETE P2 01_12 2022 P2 01/12/2022 B.1.1 UShER placement

ETE P2 06_12 2022 P2 06/12/2022 B.1.1 UShER placement

ETE P2 15 03 2023 P2 15/03/2023 B Pango  designation
hash

ETE P2 17 11 2022 P2 17/11/2022 B Pango  designation
hash

ETE P3 06 12 2022 P3 06/12/2022 B Pango  designation
hash

ETE P3_15 03 2023 P3 15/03/2023 B UShER placement

ETE P3 17 11 2022 P3 17/11/2022 B Pango  designation
hash

ETE P4 01 12 2022 P4 01/12/2022 B.1.1.529 UShER placement

ETE P4 04 11 2022 P4 04/11/2022 B Pango  designation
hash

ETE P4 06 01 2023 P4 06/01/2023 B UShER placement

ETE P4 06 12 2022 P4 06/12/2022 B UShER placement

ETE P4 15 03 2023 P4 15/03/2023 B Pango  designation
hash

ETE P4 17 11 2022 P4 17/11/2022 B UShER placement

Table 1. Pangolin lineage assignment of SARS-CoV-2 consensus genome sequences
recovered from wastewater treatment plants (WWTPs) in Uberlandia, Minas
Gerais, Brazil. WWTP codes P1-P4 correspond to the four wastewater treatment plants
sampled in this study (see Section 2.1 for site details). Lineage assignment was performed
with Pangolin v4.4 (pangolin_version 4.4; scorpio v0.3.19; constellations v0.1.12), using
either the Pango designation hash or UShER placement, as indicated. The Wuhan-Hu-1
reference genome (NC 045512.2) was assigned to lineage B and used as an

outgroup/reference; it was not treated as a new submission.

The detection of B.1.1.529 is epidemiologically relevant because this lineage corresponds

to the parental Omicron lineage, which was first reported in late 2021 and subsequently
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gave rise to multiple Omicron sublineages that dominated SARS-CoV-2 circulation
worldwide [54,58,59]. Omicron lineages are characterized by extensive genetic
diversification, particularly in the spike region, and by epidemiological features such as
increased transmissibility and immune escape, which contributed to their rapid global
spread [56,58,59]. In this context, detection of B.1.1.529 in wastewater supports the
usefulness of environmental genomic surveillance for identifying lineage diversity even
when clinical sequencing is reduced.

The B.1.1 lineage detected in two wastewater-derived consensus genomes should be
interpreted within the Pango nomenclature framework. B.1.1 represents a broad lineage
background from which several sublineages emerged, including B.1.1.7, the Alpha
variant; however, B.1.1 itself should not be treated as synonymous with Alpha [60,61].
Thus, the results indicate the detection of three Pango lineages in the wastewater-derived
consensus genomes, B, B.1.1 and B.1.1.529, rather than the definitive identification of
multiple variants of concern. This distinction is particularly important for wastewater
sequencing, because consensus genomes may represent pooled viral material from
multiple infected individuals, including symptomatic, asymptomatic and underreported
cases, and may therefore have lower sublineage resolution than high-coverage clinical
genomes.

In this context, the predominance of lineage B by Pangolin, the detection of B.1.1 and
B.1.1.529, the Nextclade-derived mutation profiles, and the contextual placement of
wastewater-derived sequences among human SARS-CoV-2 genomes from Minas Gerais
collectively suggest that wastewater sequencing captured a composite signal of
circulating viral diversity in the city of Uberlandia. Rather than indicating individual
infection events, these findings support the interpretation of wastewater genomic
surveillance as a population-level approach for detecting lineage diversity and
environmental SARS-CoV-2 genetic variation. This interpretation is consistent with
previous studies showing that wastewater sequencing can complement clinical genomic
surveillance by detecting variants, cryptic diversity and viral circulation patterns that may
be missed when clinical testing and sequencing are reduced [68, 69, 70].

According to the lineage assignments reported in Table 1, most wastewater-derived
SARS-CoV-2 consensus sequences from the city of Uberlandia were classified as lineage
B (12/15), whereas two sequences were assigned to B.1.1 and one to B.1.1.529, the

parental Omicron lineage. This pattern indicates predominance of genetically similar
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SARS-CoV-2 consensus genomes in the wastewater samples, but also demonstrates that
lineage-level diversity was still detectable in the sewage system during the study period.
The detection of B.1.1.529 is particularly relevant because Omicron and its derived
sublineages dominated global SARS-CoV-2 circulation after late 2021 and were
associated with increased transmissibility and immune escape [54,58,59]. Therefore, even
though most genomes were assigned to linecage B, the identification of B.1.1 and
B.1.1.529 indicates that wastewater sequencing captured additional viral diversity
circulating in the population of the city of Uberlandia.

Figure 4 provides a detailed view of the genomic pattern observed among wastewater-
derived SARS-CoV-2 consensus genomes from the city of Uberlandia by combining
lineage classification, phylogenetic relationships, branch support, pairwise nucleotide
differences, collection year, wastewater treatment plant of origin and mutation-related
annotations. The pairwise nucleotide-difference matrix showed that divergence among
the 15 wastewater-derived consensus genomes ranged from 0 to 113 nucleotide
differences, with a median of 24 and a mean of approximately 31 differences. Of the 105
pairwise comparisons, 21 showed no nucleotide differences, 43 showed <10 differences,
and 52 showed <20 differences, indicating that most consensus genomes were highly
similar. Greater divergence was concentrated in a subset of samples, particularly
ETE P1 14 02 2023, ETE P3 15 03 2023, ETE P4 01 12 2022 and
ETE P4 17 11 2022. The highest pairwise values were observed for
ETE P1 14 02 2023 VErsus ETE P3 15 03 2023 (113 differences),
ETE P1 14 02 2023 versus ETE P4 01 12 2022 (109 differences), and
ETE P3 15 03 2023 versus ETE P4 01 12 2022 (106 differences). These more
divergent profiles were consistent with higher Nextclade-derived substitution categories
in the annotation strip of Figure 4, supporting the presence of limited but measurable
consensus-level genetic heterogeneity among wastewater-derived SARS-CoV-2
genomes.

Together, Table 1, Supplementary Table 1 and Figure 4 show that SARS-CoV-2 genomes
recovered from wastewater in the city of Uberlandia reflected both a dominant genetic
background and additional lineage-level variation. This pattern is compatible with the
expected nature of wastewater samples, which represent pooled viral material shed by
multiple infected individuals rather than genomes from single clinical cases. In the post-

pandemic context, this becomes particularly relevant because clinical testing and genomic
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sequencing tend to decrease, while asymptomatic or mildly symptomatic infections may
continue to contribute viral RNA to sewage. Thus, the genomic results reinforce the role
of wastewater surveillance as a population-level strategy for monitoring SARS-CoV-2
circulation, detecting lineage diversity and identifying genetic changes that may not be
fully represented in official clinical surveillance data.

The detection of B, B.1.1 and B.1.1.529 in wastewater-derived consensus genomes from
the city of Uberlandia should also be interpreted in the broader context of genomic
surveillance in Brazil and South America. During and after the pandemic period, SARS-
CoV-2 genomic surveillance in the region documented successive lineage replacements,
including the expansion and diversification of Omicron-derived lineages, while clinical
testing and sequencing capacity varied substantially among countries and over time. In
this scenario, wastewater sequencing provides an important population-level complement
because it can capture viral diversity shed by symptomatic, oligosymptomatic and
asymptomatic individuals, including infections that may not be represented in clinical
databases. Similar studies in Brazil and South America have shown that environmental
genomic surveillance can reveal SARS-CoV-2 diversity in wastewater and support the
detection of variant introduction and spread at the community level. Therefore, the
lineage diversity and consensus-level heterogeneity observed in the city of Uberlandia
are consistent with the role of WBE as an integrated surveillance approach for monitoring
regional viral circulation when clinical genomic surveillance becomes sparse or uneven

[13, 70, 71].
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Figure 4. Phylogenetic relationships, Pangolin lineage assignments, and pairwise
nucleotide differences among wastewater-derived SARS-CoV-2 consensus
sequences from the city of Uberlandia.

Maximum-likelihood tree of the 15 wastewater-derived SARS-CoV-2 consensus

sequences and the Wuhan-Hu-1 reference genome (NC_045512.2), displayed together
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with a heatmap of pairwise nucleotide differences calculated from the full-genome
multiple sequence alignment. Ambiguous bases and gaps were excluded on a pairwise
basis. Branch support was assessed using 10,000 ultrafast bootstrap replicates and 10,000
SH-aLRT replicates; only support values >70 % are shown. Annotation strips indicate
Pangolin lineage assignment, collection year, Nextclade-derived nucleotide substitution
categories, and wastewater treatment plant of origin. Darker red in the heatmap indicates
higher pairwise nucleotide differences. The figure highlights the high overall similarity
among wastewater-derived consensus genomes, while identifying samples with higher
consensus-level nucleotide differences. The figure was constructed and annotated using
iTOL [33].

The contextual phylogenetic analysis expanded the interpretation of the wastewater-only
dataset by placing the wastewater-derived SARS-CoV-2 sequences from the city of
Uberlandia within the broader genomic diversity of human SARS-CoV-2 sequences from
Minas Gerais (Figure 5). Rather than forming an isolated wastewater-specific cluster, the
highlighted wastewater-derived sequences were positioned among or near branches
representing different lineage groups detected in human cases during the same general
period. This pattern indicates that wastewater genomic surveillance captured a composite
community-level signal of viral diversity, including sequences located in regions of
transition between lineage groups observed from late 2022 to early 2023.

This finding is consistent with previous genomic surveillance studies showing that
wastewater sequencing can reveal SARS-CoV-2 diversity that may not be fully captured
by clinical testing alone. Karthikeyan et al. showed that wastewater sequencing can detect
emerging variants before clinical genomic surveillance and identify cryptic transmission
patterns. In Brazil, environmental genomic surveillance in Rio de Janeiro demonstrated
that wastewater monitoring can reveal SARS-CoV-2 genetic diversity and geographic
distribution at the community level. In South America, wastewater sequencing in French
Guiana also supported the detection of variant introduction, spread and cryptic
circulation, reinforcing the value of environmental surveillance in regions where clinical
sequencing may be uneven or reduced. Therefore, the placement of wastewater-derived
sequences from the city of Uberlandia among human genomic background sequences is
compatible with the role of WBE as an integrated surveillance strategy for monitoring

regional viral circulation [13, 68].
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This phylogenetic placement is particularly relevant because wastewater samples
represent pooled viral material shed by multiple infected individuals, including
symptomatic, oligosymptomatic and asymptomatic cases. Therefore, the distribution of
wastewater-derived sequences across different regions of the tree supports their use as
environmental indicators of circulating SARS-CoV-2 diversity in the population. The
proximity between wastewater-derived sequences and human genomic background
sequences indicates concordance between environmental detection and regional viral
circulation in Minas Gerais. However, the contextual tree should be interpreted as
evidence of genetic similarity and population-level viral circulation, not as direct

epidemiological linkage between specific human cases and wastewater treatment plants.
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Figure 5. Contextual phylogenetic placement of wastewater-derived SARS-CoV-2
sequences within human genomic diversity from Minas Gerais, Brazil.

Circular phylogenetic tree showing the placement of wastewater-derived SARS-CoV-2
sequences from the city of Uberlandia within a reduced contextual dataset of human
SARS-CoV-2 genomes from Minas Gerais. Wastewater-derived sequences are
highlighted with magenta circles. Human sequences include the nearest phylogenetic
neighbors of each wastewater-derived sequence and representative background sequences
selected by month and lineage group. Outer annotation rings indicate lineage group, tree
context and collection year. The figure was generated to improve visualization of the
phylogenetic position of wastewater-derived sequences within the broader human
genomic background and should be interpreted as contextual genomic placement rather

than evidence of direct transmission.
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Together, Table 1, Supplementary Table 1, Figure 4 and Figure 5 indicate that wastewater
genomic surveillance in the city of Uberlandia captured both predominant lineage
patterns and measurable consensus-level genetic variation. These results reinforce the
value of wastewater sequencing as a complementary population-level approach for
monitoring SARS-CoV-2 diversity, particularly in post-pandemic settings where reduced
clinical testing, underreporting and decreased genomic sequencing may limit the
representativeness of official surveillance data. This is especially relevant in South
America, where genomic surveillance has shown heterogeneous sequencing capacity and

dynamic variant replacement across countries and periods [70, 71] .

4. Conclusion

This study evaluated wastewater-based epidemiology as a complementary tool for
monitoring SARS-CoV-2 circulation in the city of Uberlandia, Minas Gerais, Brazil,
across pandemic and post-pandemic periods. SARS-CoV-2 RNA was detected in
wastewater throughout the study period, with no significant difference in viral loads
between pandemic and post-pandemic phases, indicating continued viral circulation after
the end of the public health emergency. Although the association between wastewater
viral loads and reported clinical cases weakened in the post-pandemic period, likely due
to reduced testing, underreporting and a higher frequency of mild or asymptomatic
infections, wastewater viral loads remained informative in relation to mortality trends.
These findings suggest that WBE may provide a useful population-level signal of viral
circulation when official case counts become less representative.

Genomic analyses expanded this interpretation by showing that wastewater-derived
SARS-CoV-2 consensus genomes captured both predominant lineage patterns and
measurable genetic heterogeneity. Pangolin lineage assignment identified a
predominance of lineage B, with additional detection of B.1.1 and B.1.1.529, the parental
Omicron lineage. Pairwise nucleotide-difference and phylogenetic analyses showed high
overall similarity among wastewater-derived consensus genomes, while the broader
contextual phylogeny placed these sequences within the regional diversity of human
SARS-CoV-2 genomes from Minas Gerais. Together, the quantitative and genomic
results reinforce wastewater surveillance as a valuable complement to clinical,
epidemiological and genomic surveillance, particularly in post-pandemic settings where

reduced testing and sequencing may limit the detection of circulating viral diversity.
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Continued integration of wastewater monitoring into public health surveillance can
support early detection of viral circulation, lineage diversity and preparedness for future

SARS-CoV-2 waves or emerging variants.
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Resumo

A resisténcia aos antimicrobianos (RAM) ¢ um desafio global no qual as 4guas residuarias
assumem papel central como matriz de vigilancia. Este estudo integrou a caracterizacao
fenotipica e genomica de isolados de Escherichia coli e Klebsiella pneumoniae
recuperados de esgoto bruto a metagendmica direcionada nas mesmas amostras. Trés
amostras compostas de 24 h foram coletadas na Estacdo de Tratamento de Esgoto
Uberabinha (Uberlandia, MG, Brasil). Seis isolados de E. coli e trés de K. pneumoniae
foram submetidos a teste de suscetibilidade antimicrobiana, sequenciamento do genoma
completo e andlises de sequence types, genes de resisténcia, viruléncia e replicons
plasmidiais. As mesmas amostras foram submetidas a painéis de metagendmica
direcionada voltados a patdgenos respiratorios e urinarios. Os nove isolados foram
classificados como multirresistentes, com nuicleo comum de resisténcia a
amoxicilina/acido  clavulanico, aztreonam, cefuroxima axetil, ceftriaxona e
ciprofloxacina; blaCTX-M foi detectado em todos os isolados de E. coli e blaKPC-2 em
todos os de K. pneumoniae. A metagenOmica direcionada recuperou oito taxons
ESKAPEE (grupo de patdgenos prioritarios) nas trés amostras e identificou sinais de
blaNDM e blaVIM diretamente na matriz de esgoto, ausentes nos genomas cultivados,
evidenciando complementaridade entre as abordagens. Os replicons IncF e do tipo Col
predominaram em ambas as espécies. Os resultados reforcam o esgoto bruto como matriz

sensivel para a vigilancia integrada da RAM sob a perspectiva de Uma So Saude,
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destacando a importancia de combinar cultivo, sequenciamento gendmico e
metagendmica direcionada para captar determinantes de resisténcia ndo detectados por

métodos isolados.

Palavras-chave (Keywords)
Antimicrobial resistance; Wastewater-based surveillance; Escherichia coli; Klebsiella

pneumoniae; Whole-genome sequencing; Targeted metagenomics; One Health

Antimicrobial resistance (AMR) is a global challenge in which wastewater plays a central
role as a surveillance matrix. This study integrated phenotypic and genomic
characterization of Escherichia coli and Klebsiella pneumoniae isolates recovered from
raw sewage with targeted, hybridization-based metagenomics on the same samples. Three
24-h composite samples were collected at the Uberabinha Sewage Treatment Plant
(Uberlandia, MG, Brazil). Six E. coli and three K. pneumoniae isolates underwent
antimicrobial susceptibility testing, whole-genome sequencing, and bioinformatic
analyses of sequence types, resistance genes, virulence factors, and plasmid replicons.
The same samples were subjected to targeted metagenomics using respiratory- and
urinary-pathogen panels. All nine isolates were multidrug-resistant, sharing a common
resistance core to amoxicillin/clavulanic acid, aztreonam, cefuroxime axetil, ceftriaxone,
and ciprofloxacin; blaCTX-M was detected in all E. coli isolates and blaKPC-2 in all K.
pneumoniae isolates. Targeted metagenomics recovered eight ESKAPEE taxa (a priority
group of multidrug-resistant pathogens) in all three samples and identified 5/aNDM and
blaVIM signals directly in the sewage matrix that were absent from the cultured genomes,
demonstrating complementarity between approaches. IncF and Col-type replicons
predominated in both species. These findings reinforce raw sewage as a sensitive matrix
for integrated AMR surveillance under the One Health perspective, highlighting the value
of combining culture, genomic sequencing, and targeted metagenomics to capture

resistance determinants missed by isolated methods.

Destaques (Highlights)

1 Esgoto bruto revelou nicleo comum de resisténcia em E. coli e K. pneumoniae.

2 Metagenomica direcionada detectou b/laNDM e blaVIM ausentes nos isolados cultivados.
3. Replicons IncF e Col predominaram nos isolados multirresistentes avaliados.
4

Cultivo, gendmica e metagenomica direcionada mostraram-se complementares na EBE.
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5. Achados reforcam a vigilancia de RAM em esgoto sob a perspectiva de Uma So6 Saude.

1. Introducio

A resisténcia aos antimicrobianos (RAM) ¢ a capacidade de microrganismos
sobreviverem e se multiplicarem na presenga de antimicrobianos previamente eficazes,
tornando infecgdes comuns dificeis de tratar, e elevando o risco de complicagdes e
mortalidade (WHO, 2025a). Embora comumente abordada sob uma perspectiva clinica,
sua emergéncia ¢ disseminacdo sdo influenciadas pelas interagdes entre saide humana,
satde animal e meio ambiente, caracterizando um desafio sob a perspectiva de Uma Sé
Saude (UNEP, 2023; WHO, 2025b).

Nesse contexto, as dguas residudrias e as Estagdes de Tratamento de Esgoto
(ETEs) apresentam relevancia particular, pois recebem bactérias resistentes, genes de
resisténcia e residuos de antimicrobianos provenientes de diferentes fontes (Punch et al.,
2025; WHO, 2024a). Paradoxalmente, o esgoto bruto representa simultaneamente um
ponto de convergéncia da RAM e uma fonte valiosa de informacdo epidemioldgica
(Conforti et al., 2025; Hock et al., 2026). Por reunir contribui¢des da populacio atendida
pela rede coletora, essa matriz fornece um sinal agregado da comunidade, possibilitando
investigar a circulagdo de microrganismos e determinantes de resisténcia em escala
populacional por meio da Epidemiologia Baseada em Esgoto (EBE) (Hock et al., 2026;
Pruden et al., 2021).

Considerando a ampla diversidade microbiana detectavel pela EBE, a vigilancia
da RAM tende a priorizar patdogenos de maior relevancia clinica e epidemioldgica
(Conforti et al., 2025; WHO, 2024a). Nesse contexto, destaca-se o grupo ESKAPEE,
composto por Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp. € Escherichia
coli (Li et al., 2025a). Esses microrganismos estdo associados a infec¢des graves e
apresentam elevada capacidade de adquirir e disseminar determinantes de resisténcia,
frequentemente limitando as opgdes terap€uticas disponiveis (Miller; Arias, 2024).

Entre eles, E. coli e K. pneumoniae assumem particular relevancia no contexto de
Uma S6 Saide por atuarem como reservatorios e disseminadores de B-lactamases de
espectro estendido e carbapenemases (Ramatla et al., 2023; Zagui et al., 2025). A

importancia de seu monitoramento ¢ reforcada pela classificacdo de Enterobacterales
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resistentes as cefalosporinas de terceira geracao e aos carbapenémicos como patdgenos
de prioridade critica pela Organizacdo Mundial da Satde (Sati et al., 2025; WHO, 2024c).

Apesar do potencial das dguas residuais para a vigilancia da RAM, nenhuma
abordagem isolada ¢ capaz de representar toda a complexidade presente nessa matriz. Os
métodos baseados em cultivo permitem recuperar bactérias viaveis e avaliar seus perfis
fenotipicos, enquanto o sequenciamento do genoma completo possibilita caracterizar
linhagens, genes e mutagdes associados a resisténcia, fatores de viruléncia e replicons
plasmidiais (Ballén et al., 2025). A metagendmica, por sua vez, amplia a investigacao
para microrganismos ¢ determinantes que podem ndo ser recuperados pelo cultivo, e
estratégias de enriquecimento direcionado podem aumentar a detec¢dao de alvos pouco
representados (Acosta et al., 2025; Mao; Shisler; Nguyen, 2025). Assim, a integra¢ao
dessas abordagens permite relacionar caracteristicas de isolados cultivaveis ao
reservatorio mais amplo de resisténcia presente no esgoto.

O objetivo deste estudo foi integrar a caracterizagdo fenotipica e gendmica de
isolados de E. coli e K. pneumoniae recuperados de esgoto bruto com a analise
metagenomica direcionada das mesmas amostras, baseada no enriquecimento por
hibridizacdo de alvos associados a patdogenos e a resisténcia aos antimicrobianos, visando
ampliar a compreensdo da disseminagdo de genes de resisténcia em ambientes urbanos.
Foram investigados os perfis de suscetibilidade, os sequence types, os genes e mutagdes
associados a resisténcia, os fatores de viruléncia e os replicons plasmidiais dos isolados.
Paralelamente, buscou-se detectar taxons ESKAPEE e categorias de resisténcia
diretamente nas amostras de esgoto por metagendmica direcionada. Essa abordagem
permitiu avaliar a complementaridade entre os dados obtidos por cultivo e
sequenciamento gendmico e aqueles revelados pela analise metagendmica da matriz

ambiental.

2. Material e Métodos

2.1 Coleta das amostras

O estudo foi realizado em Uberlandia, Minas Gerais, Brasil, municipio com
aproximadamente 800 mil habitantes, no qual todo o esgoto coletado ¢ submetido a
tratamento (DMAE, 2025; IBGE, 2025). Trés amostras de esgoto bruto foram coletadas
na etapa preliminar da Esta¢do de Tratamento de Esgoto Uberabinha (ETE-Uberabinha;
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18,88° S, 48,3285239° W), responsavel pelo tratamento de aproximadamente 95 % do
esgoto municipal (DMAE, 2025). As coletas ocorreram em 1° de dezembro de 2024, § de
janeiro de 2025 e 2 de fevereiro de 2025, correspondendo as amostras 1, 2 e 3,
respectivamente.

Em cada coleta, foi obtida uma amostra composta de 24 h, com volume final de 5
L, utilizando amostrador automatico refrigerado a 4-8 °C (Etsus 2000, Brasil). O
equipamento foi programado para coletar aliquotas a cada 20 min, com volumes ajustados
proporcionalmente a vazdo com base nos registros do més anterior. Apoés
homogeneizacao, as amostras foram mantidas sob refrigeracdo durante o transporte e

processadas em até 6 h apds o término da coleta (Baird, 2017).

2.2 Isolamento e identificacdo bacteriana

As amostras foram submetidas a diluigdes seriadas em solugdo salina a 0,9 %, e
aliquotas de 10 mL das dilui¢des selecionadas foram filtradas em membranas com
porosidade de 0,45 um, conforme principios estabelecidos para analises microbioldgicas
de aguas residuais (Baird et al., 2017). As membranas foram transferidas para ESBL
ChromoSelect Agar Base suplementado com ESBL Supplement ¢ KPC ChromoSelect
Agar Base suplementado com KPC Supplement (Millipore) e incubadas a 37 °C por 18—
24 h.

Colonias roxas, presuntivas de E. coli, foram selecionadas no meio ESBL
suplementado, enquanto colonias azuladas ou verde-azuladas, presuntivas de Klebsiella
spp., foram selecionadas no meio KPC suplementado. A identificagdo bacteriana foi
realizada no sistema automatizado VITEK® 2, utilizando o cartdio VITEK® 2 GN
(bioMérieux). Para as analises fenotipicas e gendmicas, foram selecionados seis isolados
de E. coli e trés de K. pneumoniae. ECO01, ECO02 e KLEB02 foram obtidos da amostra
1; ECO03, ECO04 ¢ KLEBO3, da amostra 2; e ECO05, ECO06 e KLEBO1, da amostra
3.

2.3 Teste de suscetibilidade aos antimicrobianos

O teste de suscetibilidade aos antimicrobianos foi realizado no sistema
automatizado VITEK® 2 (bioM¢érieux), utilizando o cartdo AST-N409 para determinagao
da concentragdo inibitoria minima. O painel incluiu amicacina (AMI), gentamicina

(GEN), amoxicilina/acido clavulanico (AMX/ACC), piperacilina/tazobactam (PIP/TAZ),



87

aztreonam (AZT), cefuroxima axetil (CEX), ceftazidima (CFZ), ceftazidima/avibactam
(CFZ/AVI), ceftriaxona (CEF), cefepima (CFP), ceftolozana/tazobactam (CZT/TAZ),
ciprofloxacina (CIP), ertapenem (ERT), meropenem (MER) e tigeciclina (TIG). A
interpretagdo dos resultados foi realizada conforme os pontos de corte estabelecidos pelo
BrCAST, versao 2024.

Os isolados foram classificados como multirresistentes quando nao apresentaram
suscetibilidade a pelo menos um agente em trés ou mais classes de antibioticos, conforme
os critérios propostos por Magiorakos et al., 2012. Para essa classificag@o, os resultados
resistentes e intermediarios foram considerados ndo suscetiveis, mantendo-se as

categorias individuais na apresentacdo dos resultados fenotipicos.

2.4 Sequenciamento do genoma completo e analises bioinformaticas

A extragdo do DNA gendmico foi realizada utilizando o kit Wizard® Genomic
DNA Purification (Promega), de acordo com as instru¢des do fabricante. A concentragao
do DNA foi determinada em fluorometro Qubit (Invitrogen, Grand Island, NY, EUA). O
sequenciamento gendmico completo foi conduzido pela SeqCoast Genomics,
Portsmouth, New Hampshire, EUA.

As bibliotecas gendmicas foram preparadas utilizando o Illumina DNA Prep
Tagmentation Kit, com indices duais exclusivos. O sequenciamento foi realizado na
plataforma Illumina NextSeq 2000, utilizando um kit de fluxo de 300 ciclos, para a
obtengao de leituras pareadas de 2 % 150 pb. Um controle PhiX na propor¢ao de 1-2 %
foi adicionado a corrida para otimizar a chamada de bases. A demultiplexagao, o trimming
das leituras e as analises iniciais da corrida foram realizados com o software DRAGEN
v.3.10.12, instalado no préprio equipamento.

As leituras pareadas foram montadas de novo utilizando o Shovill v.1.1.0

(https://github.com/tseemann/shovill), com a opg¢ao --trim para a remocao de adaptadores.

O Shovill realizou a subamostragem das leituras até uma profundidade méaxima de 150x,
seguida pela correcao de erros e pela montagem baseada no SPAdes (Bankevich et al.,
2012). A qualidade das montagens genomicas foi avaliada utilizando o QUAST v.5.0.2
(Gurevich etal., 2013) e 0 CheckM v.1.2.2 (Parks et al., 2015). Foram considerados como
critérios minimos de qualidade montagens com pelo menos 90 % de completude, no
maximo 5 % de contaminagao, até¢ 200 contigs e valor de N50 igual ou superior a 40.000

pb.
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A identidade taxondmica dos isolados foi confirmada por meio do calculo da
identidade média de nucleotideos (average nucleotide identity - ANI), utilizando o
FastANI v.1.32 (Jain et al., 2018). Para a delimitacdo das espécies, foi adotado o limiar
de ANI >95 %. Os nove genomas sequenciados foram comparados aos genomas de
referéncia de E. coli K-12 substr. MG1655 (NCBI, ASM584v2) e K. pneumoniae subsp.
pneumoniae (GenBank: GCA 000240185.2).

A determinacdo dos sequence types (STs) foi baseada nos esquemas cléssicos de
multilocus sequence typing (MLST) descritos para cada espécie. Para E. coli, foram
avaliados os genes adk, fumC, gyrB, icd, mdh, purA e recA (Wirth et al., 2006), enquanto,
para K. pneumoniae, foram utilizados os genes gapA, infB, mdh, pgi, phoE, rpoB e tonB
(Diancourt et al., 2005).

A identificacdo dos genes de viruléncia foi realizada com base no Virulence
Factor Database (VFDB) (Liu et al., 2022). A triagem de genes associados a resisténcia
aos antimicrobianos foi conduzida utilizando o AMRFinderPlus (Feldgarden et al., 2021),
considerando-se todas as categorias de resisténcia antimicrobiana e adotando-se critérios
minimos de >80 % de identidade e >80 % de cobertura. Por fim, a identificagdo de
elementos genéticos moveis foi realizada utilizando o Abricate, em associacdo com o
banco de dados PlasmidFinder, com o objetivo de detectar replicons plasmidiais

(Carattoli et al., 2014).

2.5 Metagenomica direcionada por enriquecimento de alvos

Para a analise metagenomica, 30 mL de cada amostra de esgoto bruto foram
filtrados a vacuo em membranas estéreis de 0,22 um (Millipore) e posteriormente
armazenadas a —80 °C. O material genético foi recuperado por disrup¢do mecanica e
extracdo automatizada com o Extracta® Kit — DNA e RNA de Patégenos MDx no
equipamento Extracta® 16 (Loccus). O DNA foi quantificado no NanoDrop (Thermo
Fisher Scientific), e sua pureza foi avaliada pelas razdes de absorbancia A260/280 e
A260/230.

As bibliotecas foram preparadas por fragmentacdo do DNA, incorporagdo de
adaptadores e indices, purificacdo e amplificacdo. Em seguida, foram quantificadas com
0o Qubit™ dsDNA BR Assay, normalizadas e agrupadas em pools. O enriquecimento
direcionado foi realizado por hibridizagdo durante 24 h com os painéis Respiratory

Pathogen ID/AMR e Urinary Pathogen ID/AMR (Illumina), destinados a detec¢do de
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patogenos e determinantes de resisténcia aos antimicrobianos (Illumina, 2022, 2023).
ApoOs o enriquecimento, as bibliotecas foram purificadas, quantificadas com o Qubit™
dsDNA HS Assay e avaliadas quanto a distribuicdo dos fragmentos no sistema Agilent
4150 TapeStation. O sequenciamento foi realizado na plataforma NextSeq 1000/2000
(Illumina), utilizando leituras pareadas.

Os arquivos FASTQ foram processados na plataforma Chan Zuckerberg ID,
utilizando os médulos de metagenomica e detecgdo de resisténcia aos antimicrobianos
(Kalantar et al., 2020; Lu et al., 2025). O processamento incluiu remocao de adaptadores
e iniciadores, filtragem de leituras de baixa qualidade e remogao de sequéncias humanas.
A classificagdo taxondmica foi realizada com os bancos NCBI NT/NR, enquanto os
determinantes de resisténcia foram identificados pelo mapeamento das leituras contra o

Comprehensive Antibiotic Resistance Database, utilizando o Resistance Gene Identifier

(Alcock et al., 2023).

2.6 Processamento e integracdo dos dados metagenomicos

Os resultados obtidos com os painéis Respiratory Pathogen ID/AMR (RPIP) e
Urinary Pathogen ID/AMR (UPIP) foram analisados separadamente para cada uma das
trés amostras, totalizando seis bibliotecas. Para a analise taxondmica, foram utilizados os
valores de reads per million (RPM) fornecidos pela plataforma CZ ID, considerando-se
taxons selecionados do grupo ESKAPEE.

Para a analise do resistoma, as leituras atribuidas a mesma familia ou mecanismo
de resisténcia foram agrupadas e normalizadas pelo total de leituras aprovadas no controle

de qualidade:

leituras atribuidas a categoria de resisténcia 6
AMR RPM = — - X 10
leituras aprovadas no controle de qualidade

A sobreposi¢ao com o sequenciamento do genoma completo foi avaliada em nivel
de familia génica ou mecanismo de resisténcia, considerando-se compartilhadas as
categorias detectadas pela metagendmica direcionada e em pelo menos um dos nove

i1solados sequenciados.

2.7 Analise e visualizacao dos dados
As andlises foram conduzidas de forma descritiva, utilizando frequéncias

absolutas e relativas, proporcdes e matrizes de presenga ou auséncia. Para a construgao
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dos gréficos relacionados aos dados da metagendmica direcionada, os valores de RPM e
AMR RPM foram transformados em logio (valor + 1), a fim de reduzir a amplitude da
distribuicdo e permitir a visualizagdo conjunta de categorias com diferentes niveis de
representacdo. As andlises e a constru¢do das figuras foram realizadas no ambiente

RStudio v.2026.07.0.

3. Resultados

3.1 Suscetibilidade fenotipica aos antibidticos e perfis combinados de resisténcia

Os nove isolados foram classificados como multirresistentes e, apesar da
diversidade dos perfis fenotipicos, apresentaram um nucleo comum de resisténcia,
caracterizado pela resisténcia a AMX/ACC, AZT, CEX, CEF e CIP em todos os isolados
(9/9) (Figura 1A). A resisténcia a GEN foi observada em quatro E. coli (4/6) e duas K.
pneumoniae (2/3), enquanto cinco E. coli (5/6) e duas K. pneumoniae (2/3) permaneceram
suscetiveis a AMI. Todos os isolados foram suscetiveis a CFZ/AVI. Para PIP/TAZ, a
resisténcia ocorreu em uma E. coli (1/6) e nas trés K. pneumoniae (3/3), enquanto, para
CZT/TAZ, foi restrita a duas K. pneumoniae (2/3). A resisténcia a CFP foi identificada
em cinco E. coli (5/6) e duas K. pneumoniae (2/3), com suscetibilidade intermediaria em

ECO03 ¢ KLEBO3.

A B
4
4
Aminoglil:osideosl :Eh:: : g : = = : = : = E:
LI
PenicilinascominibidoresIM::;:_i; : : : : : : : : = er ) | 1 1 |
1
Munwbact&micusl AZT ......... 0 . . . . .
Cefalosporina de 2* Ger.l CEX . . . . . . . . . -I .(I._TGZ!AVI
- 88sesses, =5
Cefalosporina de 3% Ger. | CFZ/AVI
x 000000000 —
; v 00000000 — e
Cefalosporina de 4° Ger. CZTITAZ . . . . . . . . . gg;‘
woosl o QOOOO0OOOO E—
Carbapenémicnsl ERT ‘ . . . . . . . . __ lePT
vr O O0O0000000 I CEF
Tetraciclinas | TIG ‘ . . . . . . . . IS CEX
- N ® ¥ W ® = o ® 9 6 3 0
S © © 9 © © © o o . .
§ § § § g § E E E Numero de isolados . Esnherlcmacuh. Klebsiella pneumoniae

. Resistente Inlermediériu. Sensivel

Figura 1. Suscetibilidade fenotipica aos antibiéticos e perfis combinados de resisténcia em isolados
de Escherichia coli e Klebsiella pneumoniae. (A) Classificacdo dos isolados como resistentes,
intermediarios ou suscetiveis aos antimicrobianos avaliados. (B) Diagrama UpSet representando a

frequéncia e a composi¢ao dos perfis de resisténcia. As barras verticais indicam o numero de isolados por
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perfil, as barras horizontais representam o niumero de isolados resistentes a cada antimicrobiano e os pontos
conectados indicam os antimicrobianos que compdem cada perfil. Azul e laranja representam E. coli e K.
pneumoniae, respectivamente. AMI, amicacina; GEN, gentamicina; AMX/ACC, amoxicilina/acido
clavulanico; PIP/TAZ, piperacilina/tazobactam; AZT, aztreonam; CEX, cefuroxima axetil; CFZ,
ceftazidima; CFZ/AVI, ceftazidima/avibactam; CEF, ceftriaxona; CFP, cefepima; CZT/TAZ,

ceftolozana/tazobactam; CIP, ciprofloxacina; ERT, ertapenem; MER, meropenem; TIG, tigeciclina.

A andlise dos perfis de resisténcia revelou seis perfis distintos entre os nove
isolados (Figura 1B). O perfil mais frequente foi compartilhado por ECO01, ECO02,
ECO04 e ECOO05, enquanto os cinco perfis restantes foram observados individualmente.
ECOO03 e ECO06 apresentaram combinagoes distintas das demais E. coli, e cada isolado
de K. pneumoniae exibiu um perfil proprio, diferenciado principalmente pela resposta a
AMI, GEN, CZT/TAZ, TIG, CFZ e CFP.

Os perfis frente aos carbapenémicos diferiram entre as duas espécies. Os seis
isolados de E. coli foram suscetiveis a ERT e MER, enquanto os trés isolados de K.
pneumoniae foram resistentes a ambos os antimicrobianos. A suscetibilidade a TIG foi
observada em oito dos nove isolados, sendo KLEBO1 o tnico resistente. Resultados
intermediarios foram observados para CFZ em KLEBO3 e para CFP em ECOO03 e
KLEBO3.

3.2 Diversidade de sequence types e determinantes gendomicos de resisténcia aos
antimicrobianos

A analise por MLST identificou oito sequence types (STs) entre os nove isolados,
sendo ST648 o tinico compartilhado, por ECO01 e ECO02 (Figura 2). Os demais isolados
de E. coli pertenciam aos ST10, ST90, ST1011 e ST1193, enquanto os isolados de K.
pneumoniae foram classificados como ST48, ST3512 e ST3539. O nlimero de genes de
resisténcia variou de 9 a 24 por genoma, com o maior repertorio em ECO03 e o menor
em KLEBO2.

Todos os isolados de E. coli apresentaram genes da familia b/laCTX-M, incluindo
blaCTX-M-14 em ECO01 e ECO02, blaCTX-M-15 em ECO03 e ECO04, blaCTX-M-
55 em ECOO05 e blaCTX-M-27 em ECO06. O gene hlaCMY -2 também foi detectado em
ECOO01 e ECOO02. Entre os isolados de K. pneumoniae, blaKPC-2 foi identificado nos
trés genomas, enquanto KLEBO1 também apresentou blaCTX-M-15. Outras -
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lactamases, incluindo blaTEM-1, blaOXA-1 e blaOXA-9, apresentaram distribui¢ao
variavel.

Os isolados também apresentaram diferentes combinagdes de genes associados a
resisténcia a aminoglicosideos, sulfonamidas, trimetoprim, fenicdis, macrolideos e
tetraciclinas. O gene aac(6')-Ib-cr5 foi detectado em ECO03 e KLEBOI1, enquanto genes
gnr ocorreram apenas em KLEBO1 ¢ KLEBO3. Os genes de efluxo 0ogx4 e ogxB foram
identificados em KLEB02 ¢ KLEBO03. Adicionalmente, mcr-9.1 ¢ mcr-10.1 foram
detectados em KLEB02 e KLEBO3, respectivamente.
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Figura 2. Diversidade de sequence types e determinantes genomicos de resisténcia em isolados de Escherichia coli e Klebsiella pneumoniae.
Distribuicdo dos sequence types determinados por MLST, dos genes de resisténcia aos antibidticos e das mutacdes cromossOmicas associadas a
resisténcia nos nove isolados sequenciados. ID, Identificagdo; ST, sequence type; GRA, genes de resisténcia aos antimicrobianos; RAM, resisténcia

aos antimicrobianos.
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Mutagdes cromossdmicas associadas a resisténcia foram identificadas em todos os isolados
de E. coli, principalmente em gyrAd, parC e parE. Entre os isolados de K. pneumoniae, apenas

KLEBO3 apresentou uma mutagao cromossdmica, correspondente a substituicdo GyrA-D87Y.

3.3 Distribuicio de genes associados a viruléncia

Os nove isolados apresentaram repertorios heterogéneos de genes associados a viruléncia,
com predominancia de determinantes relacionados a adesao, formagao de biofilme e aquisicao de
ferro (Figura 3). Os genes entB, fepA, fepC e rcsB foram detectados em todos os genomas. Entre os
isolados de E. coli, csgA, csgB, fdeC, gspD, ibeB ¢ ibeC estiveram presentes nos seis genomas,
enquanto mrkA, mrkD, mrkH e rcsA foram restritos a K. pneumoniae. O gene fimH foi identificado

em ECO03-ECO06 e nos trés isolados de K. pneumoniae.

Secregao Toxinas
e invasdo e outros

Figura 3. p ST I || " ” " I
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Adesio e biofilme Captagéao de ferro Capsula, LPS e evasao

Distribuiciio de genes associados a viruléncia em isolados de Escherichia coli e Klebsiella pneumoniae. Os genes
foram agrupados de acordo com as fungdes de adesdo e biofilme, captagdo de ferro, capsula/LPS e evasdo, secre¢do e
invasdo, toxinas e outros fatores. Circulos preenchidos e vazios indicam presenca e auséncia dos genes, respectivamente.

ID, Identificacdo; ST, sequence type.

Os genes iucA e iutA foram detectados em ECO01-ECO03, ECO06 e nos trés isolados de K.
pneumoniae, enquanto irp2 e ybtS ocorreram em ECO01, ECO02 ¢ ECO06. Entre os determinantes
relacionados a capsula e a evasdo, kpsM foi identificado em ECO01, ECO02 e ECO06, com kpsT e
neuC restritos a ECO06. Os genes galF e ugd foram detectados em ECOO03 e nos trés isolados de K.
pneumoniae. Genes associados a toxinas apresentaram distribuicao restrita, com east/ em ECOO0S5 e

sat e senB em ECO06.
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3.4 Distribuicio de replicons plasmidiais

Os replicons IncF e do tipo Col foram detectados em todos os isolados de E. coli (6/6) e K.
pneumoniae (3/3) (Figura 4). Entre os demais grupos, replicons IncX foram identificados em uma E.
coli (1/6) e duas K. pneumoniae (2/3), enquanto Incl ocorreu em dois isolados de E. coli (2/6). Nos

isolados de K. pneumoniae, IncR e IncU foram detectados em dois genomas cada (2/3), e IncC em
um (1/3).
Figura 4.
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Frequéncia dos grupos de replicons plasmidiais em isolados de Escherichia coli e Klebsiella pneumoniae. As barras

representam a propor¢ao de isolados de cada espécie nos quais os diferentes grupos de replicons foram detectados.

3.5 Perfil taxonomico de tixons ESKAPEE recuperados por metagenémica direcionada

A metagendmica direcionada por enriquecimento permitiu recuperar sequéncias atribuidas
aos oito taxons selecionados do grupo ESKAPEE nas seis bibliotecas RPIP e UPIP geradas a partir
das trés amostras avaliadas (Figura 5). A apresentagdo separada dos painéis evidenciou variagdes na
representacao dos tdxons entre as amostras e entre RPIP e UPIP. E. coli permaneceu entre os taxons
mais representados em todas as bibliotecas, com valores variando entre 40.439 e 136.646 RPM. Para
essa espécie, os valores foram superiores no painel UPIP nas trés amostras, atingindo o méximo em
A2-UPIP (136.646 RPM). K. pneumoniae também apresentou valores elevados, especialmente em

Al, tanto no painel RPIP (58.051 RPM) quanto no UPIP (64.737 RPM), enquanto valores menores

foram observados em A3.
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A representacdo das espécies do género Enterobacter variou entre as bibliotecas. E. cloacae
apresentou seu maior valor em A1-UPIP (31.535 RPM), enquanto E. hormaechei atingiu a maior
representacdo em A2-RPIP (29.434 RPM). A. baumannii destacou-se em A2-UPIP (184.526 RPM),
correspondendo ao maior valor observado entre todos os tdxons e bibliotecas avaliados. P. aeruginosa
apresentou maior representacdo em A3, especialmente no painel UPIP (37.815 RPM). Por sua vez,
E. faecium apresentou valores comparativamente menores (2.239-7.082 RPM), enquanto S. aureus

foi o tdxon menos representado em todas as bibliotecas avaliadas (174-638 RPM).

Escherichia coli

Klebsiella pneumoniae

Enterobacter cloacae log;, RPM

5

Enterobacter hormaechei

Acinetobacter baumannii

[ I T Y

Pseudomonas aeruginosa

Enterococcus faecium

Staphylococcus aureus

A1 A1 A2 A2 A3 A3
RPIP UPIP RPIP UPIP RPIP UPIP

Figura 5.
Perfil taxondmico de taxons selecionados do grupo ESKAPEE recuperados por metagendomica direcionada em
amostras de esgoto bruto da ETE-Uberabinha. O mapa de calor representa os valores de RPM transformados em logio
e apresentados separadamente nas bibliotecas RPIP e UPIP geradas a partir das amostras Al, A2 e A3. Al: amostra 1
(01/12/2024); A2: amostra 2 (08/01/2025); A3: amostra 3 (02/02/2025); RPM, reads per million; RPIP, Respiratory
Pathogen ID/AMR Panel; UPIP, Urinary Pathogen ID/AMR Panel.

3.6 Resistoma recuperado por metagenémica direcionada

A metagenomica direcionada permitiu detectar 134 familias ou categorias de determinantes
associados a resisténcia aos antimicrobianos nas bibliotecas RPIP e UPIP nas trés amostras avaliadas.
Desse conjunto, 30 categorias clinicamente relevantes foram selecionadas para representacao e
agrupadas de acordo com a classe de antimicrobianos (Figura 6). A apresentacdo separada dos painéis
evidenciou variagdes na representacao dessas categorias entre as amostras e entre RPIP e UPIP.

Entre as categorias mais representadas, mph apresentou os maiores valores d¢ AMR RPM nas
seis bibliotecas (43.193-95.850 AMR RPM), atingindo o maximo em A1-UPIP (95.850 AMR RPM).
Valores elevados também foram observados para hlaOXA (18.950-26.983 AMR RPM), ANT/aad
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(13.534-33.898 AMR RPM), AAC (13.517-23.509 AMR RPM), sul (8.095-29.473 AMR RPM) e
proteinas de protecao ribossomal (19.370-70.174 AMR RPM).

Entre as B-lactamases de relevancia clinica, blaKPC, blaOXA, blaTEM, blaGES e blaCTX-
M foram recuperadas nas seis bibliotecas. blaNDM apresentou variagdo acentuada entre os painéis,
com maior representacdo em A2-RPIP (13.788 AMR RPM) e valor menor na respectiva biblioteca
UPIP (37 AMR RPM). Para os determinantes de resisténcia as polimixinas, mcr apresentou maior
representacao nas bibliotecas UPIP (633-1.101 AMR RPM) em comparagao as bibliotecas RPIP (2-
3 AMR RPM).

Dezoito das 30 categorias selecionadas (60 %) também foram identificadas em pelo menos
um dos nove isolados submetidos ao sequenciamento do genoma completo. Essa sobreposicao incluiu
as B-lactamases blaCTX-M, blaKPC, blaOXA, blaTEM, blaSHV e blaCMY, além de determinantes
associados a resisténcia a quinolonas, aminoglicosideos, sulfonamidas, trimetoprim, fenicois,
fosfomicina, polimixinas e macrolideos. As 12 categorias restantes nao foram identificadas entre os
nove isolados sequenciados, embora tenham sido recuperadas diretamente das amostras pela

metagendmica direcionada, entre elas, destacaram-se blaNDM, blaGES e van.
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Figura 6. Resistoma recuperado por metagendomica direcionada em amostras de esgoto bruto da ETE-Uberabinha.
O mapa de calor representa os valores de AMR RPM transformados em logio AMR RPM + 1), apresentados
separadamente nas bibliotecas RPIP e UPIP geradas a partir das amostras A1, A2 e A3. As barras laterais indicam a classe
de antimicrobianos associada a cada categoria e sua identificagdo em pelo menos um dos nove isolados submetidos ao
sequenciamento do genoma completo Al: amostra 1 (01/12/2024); A2: amostra 2 (08/01/2025); A3: amostra 3
(02/02/2025); AMR RPM, reads per million atribuidos a determinantes de resisténcia aos antimicrobianos; RPIP,
Respiratory Pathogen ID/AMR Panel; UPIP, Urinary Pathogen ID/AMR Panel; WGS, whole-genome sequencing.

4. Discussao

Neste estudo, todos os isolados de E. coli e K. pneumoniae apresentaram multirresisténcia,
com um nucleo comum de resisténcia a diferentes subclasses de B-lactamicos, incluindo penicilina
associada a inibidor de B-lactamase, monobactamico e cefalosporinas de segunda e terceira geragdes,
além da ciprofloxacina (fluoroquinolona). Esse padrdo ¢ particularmente relevante porque reduz as

opgdes terapéuticas para infeccdes causadas por Enterobacterales, envolvendo antimicrobianos de
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reconhecida importancia para a medicina humana e veterinaria (WHO, 2024b; WOAH, 2024). Entre
os achados, sobressai a resisténcia a ceftriaxona em todos os isolados, considerando que
Enterobacterales resistentes as cefalosporinas de terceira geragdo, assim como Enterobacterales
resistentes aos carbapenémicos, sao classificados pela Organizagdo Mundial da Saude (OMS) como
patdgenos de prioridade critica (WHO, 2024c). Entretanto, esse perfil compartilhado ndo se estendeu
de forma homogénea aos B-lactamicos de maior espectro, uma vez que os seis isolados de E. coli
permaneceram suscetiveis ao ertapenem e ao meropenem, enquanto as trés K. pneumoniae foram
resistentes a ambos os carbapenémicos.

A preservagdo da atividade dos carbapenémicos frente a E. coli multirresistentes também tem
sido relatada em isolados de 4guas residuarias, como observado em uma ETE na Alemanha, onde
quase todos os 1.178 isolados de E. coli avaliados apresentaram multirresisténcia, embora a
suscetibilidade ao meropenem e ao imipenem tenha permanecido elevada (Mahfouz et al., 2018). De
forma semelhante, em esgoto hospitalar na Indonésia, seis isolados de E. coli apresentaram resisténcia
a diferentes B-lactamicos, incluindo cefalosporinas de terceira geragdo, além de fluoroquinolonas,
mas permaneceram suscetiveis aos carbapenémicos, além disso, entre os cinco genomas analisados,
foram identificadas B-lactamases como blaCTX-M-15 e blaCMY-2, sem deteccdo relatada de genes
de carbapenemases (Kunarisasi et al., 2025). No presente estudo, esse padrao também foi observado,
uma vez que a suscetibilidade ao ertapenem e ao meropenem em E. coli coincidiu com a auséncia de
genes de carbapenemases, enquanto genes da familia blaCTX-M foram detectados em todos os
isolados.

Em contraste com o observado em E. coli, a resisténcia ao ertapenem € a0 meropenem nas
trés K. pneumoniae foi acompanhada pela detec¢do de HlaKPC-2 em todos os isolados. Esse achado
¢ compativel com o cenario clinico brasileiro, b/laKPC ¢ considerado endémico desde 2015 e
frequente em K. pneumoniae entre outras Enterobacterales resistentes aos carbapenémicos
encaminhadas por hospitais a rede nacional de laboratorios de referéncia (Kiffer et al., 2023). No
ambiente brasileiro, K. pneumoniae produtoras de KPC t€m sido recuperadas de diferentes matrizes
aquaticas associadas ao esgoto, incluindo efluente hospitalar, esgoto municipal e dguas receptoras
(Zagui et al., 2025), enquanto blaKPC-2 esteve entre os principais determinantes de resisténcia
identificados em K. pneumoniae resistentes aos carbapenémicos provenientes de ETEs do Distrito
Federal (Oliveira et al., 2023). Em 4guas residudrias de outros paises, o perfil de carbapenemases em
K. pneumoniae variou entre os estudos. Entre os isolados selecionados para caracterizacao gendmica
na Finlandia, KPC foi a carbapenemase mais frequente, enquanto, na Alemanha, genes b/laOXA-48-
like predominaram na triagem molecular, seguidos por b/laNDM-1 e blaKPC, com identifica¢do de

blaKPC-2 entre os isolados sequenciados (Heljanko et al., 2024; Werner et al., 2026).
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A detecgdo de E. coli e K. pneumoniae com fendtipos de resisténcia clinicamente relevantes,
associada a identificacdo de genes relacionados a produgdo de ESBLs e carbapenemases em esgoto
bruto municipal, amplia a relevancia desses achados no contexto ambiental. Outros estudos realizados
em aguas residuarias comunitarias também demonstraram a ocorréncia de E. coli produtoras de ESBL
e de K. pneumoniae produtoras de carbapenemases, evidenciando a presenga de microrganismos
portadores de importantes mecanismos de resisténcia no esgoto comunitario (Conforti et al., 2024;
Heljanko et al., 2024). Esses achados sustentam o potencial dessa matriz para a vigilancia ambiental
da resisténcia aos antimicrobianos em nivel populacional.

Entre as combinagdes de [-lactamicos com inibidores de P-lactamase, observou-se
comportamento distinto entre os antimicrobianos avaliados. Embora todos os isolados tenham
apresentado resisténcia a amoxicilina/acido clavulanico, a atividade da piperacilina/tazobactam foi
preservada em cinco dos seis isolados de E. coli, sendo a resisténcia restrita ao ECO03. Esse isolado
carreava simultaneamente blaCTX-M-15, blaOXA-1 e blaTEM-1, enquanto ECO04, também
portador de blaCTX-M-15 e blaTEM-1, porém sem blaOXA-1, permaneceu sensivel a associagao.
Embora o nimero reduzido de isolados ndo permita estabelecer uma relagdo causal, esse contraste ¢
consistente com estudos que associaram a presenga de OXA-1 ao aumento das concentragdes
inibitorias de piperacilina/tazobactam e a reducdo de sua atividade frente a E. coli produtoras de
ESBL, particularmente no contexto da presenga do gene CTX-M-15 (Kamau et al., 2026; Walkty et
al., 2021).

Em K. pneumoniae observou-se um perfil distinto, com resisténcia a piperacilina/tazobactam
nos trés isolados, concomitantemente a presenca de blaKPC-2. Entretanto, a resisténcia fenotipica a
ceftolozana/tazobactam foi observada apenas em KLEB02 e KLEBO3, apesar da presenca desse gene
nos trés isolados. A redugdo da atividade de ceftolozana/tazobactam frente a K. pneumoniae
produtoras de KPC-2 também tém sido observada em estudos de vigilancia, incluindo dados recentes
provenientes do Brasil (Bittencourt et al., 2025). A suscetibilidade apresentada por KLEBO1, contudo,
evidencia que a presen¢a de uma B-lactamase, isoladamente, ndo permite predizer de maneira absoluta
a resposta fenotipica a diferentes associacdes com inibidores. De fato, diferencas na expressao de -
lactamases e na permeabilidade da membrana externa podem contribuir para variagdes nas
Concentragdes Inibitorias Minimas (CIM), mecanismos que ndo sdo completamente inferidos pela
simples deteccdo de genes de resisténcia por WGS (Maclean et al., 2024).

Em contraste, todos os nove isolados permaneceram suscetiveis a ceftazidima/avibactam,
incluindo os trés isolados de K. pneumoniae produtores de KPC-2 e os seis isolados de E. coli. Esse
achado ¢ consistente com a elevada atividade descrita para essa combinagao frente a Enterobacterales

produtores de KPC-2, para os quais Kang et al. (2024) observaram susceptibilidade em 184 de 186
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(98,9 %) isolados. Entre E. coli, a susceptibilidade observada também ¢ compativel com a atividade
do avibactam frente a ESBLs e AmpC, incluindo CMY-2, cuja inibi¢do ja foi demonstrada
experimentalmente (Papp-Wallace et al., 2014). Embora variantes de CMY associadas a reducao da
susceptibilidade a ceftazidima/avibactam tenham sido descritas, estas apresentam alteragdes
estruturais em relagdo a8 CMY-2 convencional, evidenciando que a atividade da combinagdo pode
variar de acordo com a variante enzimatica envolvida (Jousset et al., 2026).

A resisténcia a ciprofloxacina, observada em todos os isolados, apresentou bases genéticas
distintas entre as espécies. Em E. coli, o fendtipo coincidiu com a ocorréncia recorrente das
substituicdes GyrA S83L e D87N e ParC S80I, altera¢des localizadas nas regides determinantes de
resisténcia as quinolonas e frequentemente associadas a resisténcia de alto nivel. Padrao semelhante
foi previamente identificado em E. coli resistentes a ciprofloxacina provenientes de dguas residudrias
urbanas (Alouache et al., 2014) e continua sendo observado em estudos gendmicos recentes em
diferentes contextos de Uma So6 Saude (Seo et al., 2026). Em K. pneumoniae, entretanto, verificou-
se maior heterogeneidade dos mecanismos associados as quinolonas, incluindo determinantes
plasmidiais gnr, aac(6')-1b-cr e ogxAB, além de alteracdo em gyr4 em KLEBO3. A ocorréncia desses
mecanismos em K. pneumoniae resistentes as fluoroquinolonas tem sido demonstrada tanto em
estudos gendmicos de larga escala quanto em aguas residudrias, nos quais gnrB e, mais recentemente,
gnrEl também foram identificados (Ballén et al., 2026; Zhang et al., 2026).

A contribuicdo desses determinantes, contudo, ndo parece ser equivalente. Genes PMQR
geralmente promovem redugdes de susceptibilidade de menor magnitude quando presentes
isoladamente, podendo atuar de forma aditiva com mutagdes cromossdmicas € mecanismos de efluxo
(Zhang et al., 2026). Nesse contexto, a detec¢ao de ogx4B em KLEB02 e KLEBO03 ¢ compativel com
uma possivel contribuicao do efluxo para o fenotipo, embora sua presenca gendmica ndo permita
inferir hiperexpressdo, uma vez que a atividade dessas bombas depende também de mecanismos
regulatorios (Gravey et al., 2024).

Entre os aminoglicosideos, a maior atividade da amicacina em relagdo a gentamicina
apresentou correspondéncia com o perfil das acetiltransferases identificadas. A resisténcia a
gentamicina predominou entre os isolados portadores de aac(3)-1I, enquanto a susceptibilidade a
amicacina foi majoritariamente preservada, em concordincia com evidéncias experimentais em E.
coli, demonstrando que AAC(3)-II confere resisténcia a gentamicina, enquanto a susceptibilidade a
amicacina permanece preservada (Plattner et al., 2022). Em contraste, ECO03, na auséncia de aac(3)-
II e portador de aac(6')-Ib-cr5, apresentou resisténcia a amicacina e susceptibilidade a gentamicina,
perfil compativel com o diferente espectro de substrato das enzimas AAC(6'). A presenca desse

mesmo determinante em KLEBOI, entretanto, ndo foi acompanhada de resisténcia a amicacina,
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indicando que sua detec¢do isolada ndo determina necessariamente o fendtipo, uma vez que seu
impacto pode variar em fungdo da expressdao e do nimero de copias do gene (Dulyayangkul et al.,
2024). KLEBO3, por sua vez, apresentou resisténcia simultdnea a amicacina € a gentamicina e
carreava aac(6')-Ib. Embora esse determinante seja compativel com o comprometimento da
amicacina, a resisténcia concomitante a gentamicina sugere a participa¢do de mecanismos adicionais
ou de diferengas funcionais entre variantes dessa familia enzimatica (Plattner et al., 2022).

A resisténcia a tigeciclina foi restrita a KLEBO1. Embora esse isolado carreasse tet(4), esse
determinante estd predominantemente associado a resisténcia as tetraciclinas e ndo permite,
isoladamente, explicar o fendtipo observado. Em K. pneumoniae, mecanismos adicionais
relacionados a hiperatividade de sistemas de efluxo, particularmente AcrAB-TolC e sua regulagdo
pela via RamR-RamA, tém sido demonstrados experimentalmente em isolados resistentes a
tigeciclina (Li et al., 2025b; Xia et al., 2024). Assim, o perfil de KLEBO1 pode refletir mecanismos
nado evidenciados pela analise de presenca ou auséncia dos determinantes de resisténcia avaliados.

A analise por MLST evidenciou elevada heterogeneidade entre os isolados sequenciados, com
oito STs identificados entre os nove genomas avaliados, indicando que a multirresisténcia observada
ndo esteve restrita a um Unico perfil clonal. Elevada diversidade de STs também tem sido observada
entre E. coli recuperadas de aguas residudrias, inclusive em estudos com numero reduzido de
genomas (Kunarisasi et al., 2025). Entre E. coli, destacaram-se ST10, ST648 ¢ ST1193, linhagens
amplamente disseminadas e previamente identificadas em diferentes hospedeiros e compartimentos
na interface One Health (Fuga et al., 2022; Liibcke et al., 2024; Watt et al., 2025). ST10 apresenta
distribuigdo entre hospedeiros humanos, animais e ambientes e foi recentemente identificado em dgua
doce no Brasil entre isolados MDR produtores de CTX-M. Essa elevada diversidade clonal reforca a
hipotese de multiplas fontes de contaminagdo convergindo para a matriz de esgoto bruto, compativel
com a natureza coletiva e heterogénea da amostra populacional captada pela EBE. (Gaino et al.,
2026).

Além disso, entre essas linhagens, ST648 e ST1193 merecem particular atengdao. ST648 ¢
reconhecido como uma linhagem emergente e generalista, associada a multirresisténcia e a presenca
de fatores de viruléncia, com ocorréncia documentada em diferentes hospedeiros e origens (Schaufler
etal., 2019). No presente estudo, ECO01 e ECO02, ambos ST648, apresentaram elevada similaridade
fenotipica e gendmica, além da coexisténcia de determinantes de resisténcia e genes associados a
aquisicao de ferro, adesdo e evasao bacteriana. ST1193, por sua vez, constitui uma linhagem de alto
risco de disseminagdo global, frequentemente associada a E. coli patogénica extraintestinal e,
particularmente, a resisténcia as fluoroquinolonas e a infec¢des urinarias e da corrente sanguinea

(Pitout et al., 2022).
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Os trés isolados do complexo K. pneumoniae pertenciam a STs distintos (ST48, ST3512 e
ST3539), indicando heterogeneidade genética no conjunto avaliado. Apesar disso, todos
apresentaram resisténcia ao ertapenem e ao meropenem e carreavam blaKPC-2, demonstrando a
ocorréncia desse determinante em diferentes linhagens. Entre os STs identificados, ST48 merece
destaque por sua distribui¢do internacional e associagdo com isolados clinicos humanos, incluindo
linhagens multirresistentes e produtoras de carbapenemases (Marcade et al., 2013; Nguyen et al.,
2026). A recuperacao dessas linhagens em esgoto bruto municipal amplia a relevancia epidemiologica
dos achados, ao evidenciar a presenga, em uma matriz nao clinica, de linhagens de Enterobacterales
reconhecidas por sua importancia clinica ou por carrearem determinantes de resisténcia de elevada
relevancia.

Além da multirresisténcia, a caracterizagao do viruloma revelou a conservacao de atributos
potencialmente relacionados a colonizagdo e a adaptagdo bacteriana entre linhagens geneticamente
distintas. A ampla ocorréncia de determinantes associados a adesdo, formacao de biofilme e aquisi¢ao
de ferro ¢ particularmente relevante no contexto ambiental, pois essas fun¢des podem favorecer tanto
a interacdo com o hospedeiro quanto o estabelecimento bacteriano em superficies e comunidades
aderidas. Entre E. coli, a conservagdo de csgAd, csgB e fdeC evidencia um repertorio genético
associado a adesdo e ao biofilme. Particularmente, csgA e csgB estao envolvidos na formagao das
fibras curli, que participam da agregacdo celular e da organizagdo da matriz do biofilme. A maior
capacidade de formagdo de biofilme também tem sido relacionada a persisténcia de E. coli em
comunidades aderidas de ambientes aquaticos (Moreira et al., 2012). Estudos recentes reforcam essa
relevancia ao demonstrarem a coexisténcia de determinantes de resisténcia, adesdo e viruléncia em
E. coli ambientais e sua capacidade de colonizagdo em biofilmes associados a superficies aquaticas
(Ballesté et al., 2024; Saini et al., 2024).

Em K. pneumoniae, a conservacao de mrkA, mrkD e mrkH nos trés genomas merece particular
atencdo. O sistema mrk codifica fimbrias tipo 3 envolvidas na adesdo e formagdo de biofilme, cuja
expressao ¢ regulada por MrkH, como demonstrado mecanisticamente (Wilksch et al., 2011).
Evidéncias recentes confirmam que a modulagdo de MrkH interfere na expressdao de mrkA, na
producdo de fimbrias e no desenvolvimento do biofilme (Wilksch et al., 2025), enquanto
determinantes desse sistema também tém sido descritos em K. pneumoniae resistentes provenientes
de dguas residuarias e ETESs, inclusive entre isolados com elevada capacidade fenotipica de formacgao
de biofilme (Aworh et al., 2026). Assim, a conservagdo desses atributos em Enterobacterales
multirresistentes recuperadas de esgoto bruto sugere caracteristicas potencialmente favoraveis a

persisténcia fora do hospedeiro, ampliando sua relevancia ambiental e epidemiologica. Contudo,
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como a formagdo de biofilme ndo foi avaliada fenotipicamente, esses achados indicam potencial
genético associado a adesdo e persisténcia, e ndo a demonstragdo direta desse fendtipo.

A analise dos replicons plasmidiais revelou diferentes grupos entre os isolados, incluindo IncF
e Col-type em todos os genomas ¢ uma distribui¢ao variavel de IncX, Incl, IncR, IncU e IncC. A
presenca desses elementos ¢ particularmente relevante considerando o papel dos plasmidios na
disseminagdo horizontal de genes de resisténcia. Em E. coli provenientes de aguas residudrias,
estudos com plasmidios completamente resolvidos e ensaios de conjugacdo demonstraram que
plasmidios IncF e Incl podem carrear genes de ESBL e transferir determinantes de resisténcia entre
bactérias, incluindo genes da familia hlaCTX-M (Cheney et al., 2024; Justh de Neczpal et al., 2026).
Entre K. pneumoniae, a participacao de plasmidios na disseminagao de carbapenemases também tem
sido demonstrada em ambientes associados ao esgoto, com a identifica¢do de plasmidios IncFII-IncR
e IncC associados a disseminac¢do de blaKPC-2 e blaNDM em hospitais, ETEs e ambientes aquaticos
(Zou et al., 2023).

No Brasil, Furlan et al. (2025) caracterizaram K. pneumoniae ST258 recuperada de ETE com
uma variante de blaKPC-2 associada a um plasmidio IncFIB(pQil)/IncFII(K). De forma semelhante,
em isolados do complexo K. pneumoniae provenientes de diferentes etapas da rota das aguas
residudrias, o numero de genes de resisténcia potencialmente transferiveis esteve associado aos tipos
de plasmidios detectados (Verburg et al., 2024). Assim, a ocorréncia desses replicons nos isolados
multirresistentes recuperados do esgoto bruto refor¢a a importancia desses elementos moveis na
dinamica da resisténcia aos antimicrobianos. Entretanto, como a analise realizada em nosso estudo se
limitou a detecgao de replicons, ndo foi possivel determinar a localizagdo dos genes de resisténcia em
plasmidios especificos nem inferir sua capacidade de transferéncia.

Enquanto a caracterizacdo baseada em cultivo e WGS se concentrou nos isolados de E. coli e
K. pneumoniae, a metagendmica direcionada ampliou a investigacdo para outros patdogenos de
relevancia clinica presentes nas mesmas amostras de esgoto bruto. Sequéncias atribuidas aos oito
taxons ESKAPEE avaliados foram recuperadas nas bibliotecas RPIP e UPIP, com E. coli entre os
taxons mais representados e elevada representagdo de K. pneumoniae, além da deteccdo de A.
baumannii, P. aeruginosa, E. cloacae, E. hormaechei, E. faecium e S. aureus. A aplicabilidade desse
tipo de abordagem a vigilancia ambiental j& foi demonstrada com o proprio painel RPIP em dguas
residudrias, permitindo a caracterizagdo simultanea da comunidade microbiana e de marcadores de
resisténcia em amostras de uma ETE e de uma instalagdo comunitaria (Harrington et al., 2022).
Embora o UPIP e o RPIP tenham sido aplicados principalmente a amostras urinarias e respiratorias,
respectivamente, abordagens baseadas em enriquecimento por hibridizagdo também apresentam

potencial para investigacdo de matrizes ambientais complexas, como aguas residuarias. O UPIP
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permitiu identificar uma diversidade de microrganismos superior a recuperada exclusivamente por
cultura em amostras urinarias, enquanto o RPIP associado a analise pelo CZ ID possibilitou a
deteccao simultanea de diferentes patdgenos e determinantes de resisténcia em amostras respiratorias
(Almas et al., 2023; Shamim et al., 2024). Nesse contexto, o enriquecimento direcionado amplia a
investigacao para microrganismos ndo contemplados pelo cultivo seletivo e pode favorecer a detec¢ao
de alvos pouco representados na metagendmica nao direcionada.

A maior amplitude da metagendmica direcionada também foi evidente na caracterizacao do
resistoma. Das 30 categorias de resisténcia selecionadas, 18 (60 %) também foram identificadas em
pelo menos um dos nove isolados sequenciados, incluindo importantes familias de B-lactamases como
blaCTX-M, blaKPC, blaOXA, blaTEM, blaSHV e blaCMY . Entretanto, outras 12 categorias foram
recuperadas somente pela analise direta das amostras, entre elas b/laNDM e blaGES, demonstrando
que a caracterizacao de isolados representou apenas parte do reservatorio de resisténcia presente no
esgoto. O aumento da capacidade de detec¢do de ARGs por enriquecimento direcionado também foi
demonstrado em 4aguas residuarias hospitalares, nas quais a captura hibrida apresentou maior
sensibilidade que a metagendmica convencional para determinantes clinicamente relevantes,
incluindo blaCTX-M, blaIMP e vanB (Baba et al., 2023).

De forma semelhante, estudos com metagenomica direcionada em outras matrizes
demonstram que o enriquecimento por hibridizagdo concentra o sequenciamento em alvos
previamente selecionados € pode aumentar sua representacao, favorecendo a detec¢dao de patdgenos
¢ determinantes de resisténcia de interesse (Gaston et al., 2022; Santarelli et al., 2026).
Particularmente, a detec¢do de hlaNDM e blaGES exclusivamente pela metagendmica, amplia a
relevancia epidemioldgica do resistoma recuperado. bH/aNDM constitui um determinante de
resisténcia aos carbapenémicos de elevada importancia clinica, cuja ocorréncia em aguas residuarias
tem sido demonstrada em diferentes contextos e refor¢a o potencial dessa matriz para sua vigilancia
(Acosta et al., 2025). A deteccdo de blaGES também merece destaque, uma vez que variantes dessa
familia com atividade de carbapenemase t€ém sido descritas em diferentes bactérias recuperadas de
aguas residudrias e associadas a elementos genéticos moveis (Tanabe et al., 2023). Assim, a
identificacdo desses determinantes exclusivamente na analise metagendmica evidencia a capacidade
dessa abordagem de revelar sinais de resisténcia clinicamente relevantes que podem permanecer sub-
representados em estratégias baseadas no cultivo de grupos bacterianos especificos.

Este estudo apresenta algumas limitacdes que devem ser consideradas na interpretacao dos
resultados. A avaliagdo de trés amostras provenientes de uma Unica ETE e o numero reduzido de
isolados submetidos ao WGS limitam a extrapolagdo da diversidade observada. Além disso, o cultivo

seletivo direcionado a E. coli e K. pneumoniae nao contempla toda a diversidade de patdgenos
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prioritarios potencialmente presentes no esgoto. Na metagenomica direcionada, diferencas na
composi¢ao das sondas e na eficiéncia de captura dos painéis RPIP e UPIP também podem influenciar
a representacado relativa dos alvos detectados. Apesar dessas limitagdes, a combinacao das abordagens
possibilitou explorar diferentes dimensdes da RAM nas mesmas amostras de esgoto bruto.

A integragdo entre cultivo, WGS e metagenomica direcionada revelou diferentes dimensdes
da resisténcia aos antimicrobianos presentes no esgoto bruto municipal. A caracterizagdo dos isolados
evidenciou E. coli e K. pneumoniae multirresistentes, pertencentes a diferentes linhagens e portadoras
de determinantes de resisténcia e viruléncia, enquanto a analise direta da matriz ampliou a detecc¢ao
para outros patdogenos prioritarios € para um resistoma mais abrangente. A complementaridade entre
essas abordagens refor¢a o potencial do esgoto como fonte de informagao para a vigilancia da RAM
em nivel populacional. Nesse contexto, os dados obtidos em Uberlandia contribuem para o
fortalecimento da vigilancia ambiental da resisténcia aos antimicrobianos no Brasil e podem subsidiar
a ampliacdo de estratégias integradas de monitoramento sob a perspectiva de Uma So6 Saude.
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CONSIDERACOES FINAIS

Diante da complexidade que envolve a vigilancia em saude contemporanea, este estudo
contribuiu para consolidar a EBE nao apenas como uma metodologia complementar, mas como uma
ferramenta estratégica vital para a compreensao da dindmica de patdgenos criticos no municipio de
Uberlandia-MG. Sob a otica da One Health, os dados obtidos permitiram tracar um panorama
integrado da circulagdo viral e da resisténcia bacteriana, revelando desafios que transcendem os
muros hospitalares e permeiam o ambiente comunitario.

No que tange a vigilancia viroldgica, constatou-se que a circulagdo do SARS-CoV-2 nas dguas
residuais manteve-se continua, independentemente da transi¢ao entre os periodos pandémico e pds-
pandémico. A andlise quantitativa demonstrou que, embora a correlagdo direta com o niimero de
casos notificados tenha sofrido alteracdes devido a vacinagdo e ao incremento de casos
assintomaticos, a EBE preservou um elevado valor preditivo para desfechos graves, antecipando
curvas de 6bitos. A vigilancia gendmica confirmou a circulagao de Variantes de Preocupacio (VOC),
especificamente a linhagem Omicron e suas sublinhagens, destacando o esgoto como uma matriz
sentinela capaz de captar a diversidade evolutiva da populagao.

Paralelamente, o eixo de vigilancia bacteriana revelou um cenario preocupante quanto a
resisténcia antimicrobiana. A caracterizagdo fenotipica e genomica de Escherichia coli e Klebsiella
pneumoniae isolados de esgoto bruto evidenciou uma disseminacdo critica de fendtipos de
multirresisténcia (MDR), com destaque para a detec¢cdo de blaCTX-M em todos os isolados de E. coli
e de blaKPC-2 em todos os isolados de K. pneumoniae. A metagendmica direcionada ampliou esse
panorama, recuperando os taxons do grupo ESKAPEE e identificando sinais de blaNDM e blaVIM
diretamente na matriz de esgoto, ausentes nos genomas cultivados. O fato de a totalidade dos isolados
apresentar resisténcia a trés ou mais classes de antimicrobianos indica uma falha nas barreiras de
contencdo sanitdria atuais, cendrio agravado pela resisténcia a carbapenémicos (ertapenem e
meropenem) observada nos trés isolados de Klebsiella pneumoniae, enquanto os seis isolados de
Escherichia coli permaneceram suscetiveis a ambos os farmacos.

A despeito do seu promissor potencial, a consolidagdo pratica desta vigilancia perpassa por
refinamentos metodoldgicos continuos. A complexidade da matriz analitica demanda protocolos de
extragdo cautelosos na normalizacdo dos dados frente a dindmica demografica das bacias
hidrograficas. Todavia, a integragao efetiva da EBE com a formulagao de politicas ptblicas representa
um avango estratégico fundamental. Ao contextualizar indicadores ambientais com dados clinicos,
essa convergéncia transforma o monitoramento de efluentes em evidéncias robustas para avaliar a

eficicia de programas de gerenciamento e uso racional de antimicrobianos.
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Em suma, este estudo reitera que a EBE ¢ uma abordagem robusta, econdmica e indispensavel
para o enfrentamento das ameacas sanitarias do século XXI. Recomenda-se a institucionalizagdo do
monitoramento ambiental como politica publica permanente em Uberlandia, integrando-o a
vigilancia epidemiolédgica convencional. A mitigagdo da resisténcia bacteriana e a garantia da
seguranga sanitaria da coletividade demandam uma a¢do estatal coordenada, fundamentada na
consolidacdo do monitoramento viral e bacteriano como ferramenta diretiva para o fortalecimento

das politicas de saneamento e satide publica.
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Manuscript Preparation
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o Submissions must be complete with clearly identified standard sections used to report
original research, free of annotations or highlights, and include all numbered and labeled
components.

o Figures, charts, tables, schemes, and equations should be embedded in the text at the point
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used.

e References can be provided in any style, but they must be complete, including titles. For
information about the required components of different reference types, please refer to
the ACS Style Quick Guide.

e Supporting Information must be submitted as a separate file(s).

Document Templates and Format
Environment & Health does not require the use of any document templates.
General information on the preparation of manuscripts may also be found in the ACS Guide to

Scholarly Communication.

Acceptable Software, File Designations, and TeX/LaTeX

See the list of Acceptable Software and appropriate File Designations to be sure your file types are

compatible with the submission system. Information for manuscripts generated from TeX/LaTeX is
also available.

Cover Letter

A cover letter must accompany every manuscript submission. During the submission process, you
may type it or paste it into the submission system, or you may attach it as a file.

Recommended information includes the following:

o the full manuscript title

o the name and complete contact information (mailing address, phone, and email) of the
corresponding author

o the type of manuscript submitted

e aparagraph explaining why the paper is appropriate for E&H, clearly indicating what key
advance(s) is/are described in the work.

o astatement confirming the manuscript is not under consideration for publication and has not
been published elsewhere.

e note any use of a preprint server, and as appropriate, state how the manuscript has been
adjusted/updated between deposition and submission.

Manuscript Text Components
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Title. Titles should clearly and concisely reflect the emphasis and content of the manuscript. Titles
are of great importance for current awareness and information retrieval and should be carefully
constructed for these purposes. Titles of manuscripts may not contain the words “New” or “Novel”
nor any part number or series number without permission from the Editor. Claims of precedence
should not be made in a title, so use of “First” in titles for this purpose is prohibited. Additionally,
“Superb”, “Excellent”, “Exceptional”, “Outstanding” or other similar descriptive words, are strongly
discouraged. Acronyms and abbreviations are not permitted in manuscript titles, unless they are
broadly familiar to readers in all disciplines of chemistry. Titles should not be phrased as a question.
Author List. Bylines should include all those who have made substantial contributions to the work.
To facilitate indexing and retrieval and for unique identification of an author, use first names, initials,
and surnames or first initials (e.g., Jody R. Smith), second names, and last names (e.g., J. Riley Smith).
Do not use only initials with surnames (e.g., J. R. Smith). Deceased persons who meet the criteria for
inclusion as coauthors should be included, with an Author Information note indicating the date of
death. Do not include professional or official titles or academic degrees. At least one, or optionally
more than one but fewer than four authors must be designated with an asterisk as the author(s) to
whom reader correspondence regarding the published manuscript may be addressed.

The full names and e-mail addresses of all co-authors must be provided on the Authors & Institutes
page upon submission of the manuscript in the ACS Publishing Center. Use of ORCID identifiers is
encouraged.

Addition or deletion of an author or authors after submission of the manuscript requires justification
from the corresponding author and is subject to approval by the Editor.

Institution Address. The author affiliation(s) listed should be the institution(s) where the work was
conducted. If the present address of an author differs from that at which the work was done, that
address should be given in an Author Information note.

Many Funders and Institutions require that institutional affiliations are identified for all authors listed
in the work being submitted. ACS facilitates this requirement by collecting institution information
during manuscript submission under Step 2: Authors and Affiliations in the ACS Publishing Center.
Abstract. All Articles, Reviews, Perspectives and Policy Analysis papers must be accompanied by an
abstract, including an Abstract (TOC) graphic, which should state briefly the purpose of the research,
the principal results, and major conclusions. Abstracts of manuscripts may not contain the words
“superb”, “excellent”, “exceptional”, “outstanding”, or other similar descriptive words unless
rigorously supported by a thorough comparison with the state-of-the-art in the manuscript. Like

manuscript titles, the words “New”, “First”, or “Novel” are also generally disallowed in the abstract.
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The abstract should not generally exceed 200 words. Pasting the abstract in the text box on the Web
submission page does not replace the need for including an abstract in the manuscript document.
Keywords. All Articles, Reviews, Perspectives and Policy Analysis papers must be accompanied by
5-8 keywords. Authors are encouraged to include significant keywords that do not appear in the title
to expand discoverability and aid the reader in literature retrieval. These keywords will appear in the
PDF version of the article and will also be used as a search term in the HTML version of the article.
Introduction. The introduction should clearly and concisely explain the motivation for the work, its
importance and originality, where it fits in the development of the field and why it should be of
interest to E&H readers. Discuss relationships of the study to previously published work, but do not
reiterate or provide a complete literature survey. If a recent article has summarized work on the
subject, cite that article only, and not the sources it cites. Current findings should not be included or
summarized in this section.

Materials and Methods. Describe pertinent and critical factors involved in the experimental work but
avoid excessive description. Details not essential for understanding the paper can be placed in
Supporting Information (SI). Specific experimental methods should be sufficiently detailed for
others to repeat the experiments unequivocally. List devices of a specialized nature or instruments
that may vary in performance or affect the quality of the data obtained (e.g. spectroscopic resolution),
including the vendor. If the procedures are already published, provide citations to previous
publications and expand only on differences in the current work. Authors must emphasize any
unexpected, new, and/or significant hazards or risks associated with the reported work and this safety
information must be included in the Materials and Methods section.

Ethical Use of Animals or Human Participants in Research. For animal and human studies, the ethics

committee that approved the experimental procedure must be identified and the case number

provided, as described in the ACS Ethical Guidelines to Publication of Chemical Research. Research

involving human participants/samples should also include a statement confirming that the
samples/data were obtained through the informed consent of the donors/participants. Papers that
include any aspect of Community-Based Participatory Research (CBPR) or citizen science must
include information on practices employed to protect vulnerable populations. This information should
be included in the Experimental or Methods section of the manuscript.

Results and Discussion. Be complete but concise. Discuss your findings, postulate explanations for
the data, elucidate models and compare your results with those of others. Avoid irrelevant
comparisons or contrasts, any speculation unsupported by the data presented and verbose discussion.
Conclusions. Concisely articulate the important findings of your work and their impact on the field

of research, aiming for maximum brevity.
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Safety. Authors must emphasize any unexpected, new, and/or significant hazards or risks associated
with the reported work. For each manuscript that reports experimental procedures, authors must
include an affirmative statement about safety in the Experimental Section of the full article or the
main text of a Letter. Further information may be included or re-introduced in the Supporting
Information.

Abbreviations. Acronyms and abbreviations that are not broadly familiar to readers in all disciplines
of chemistry should be introduced in parentheses following the full term on its first appearance in the
text. Do not include a separate Abbreviations list.

Acknowledgment. Dedications and notes acknowledging financial or professional assistance to the
conduct of research or indicating presentation at a meeting should be brief and placed in the
Acknowledgment section.

Author Information Notes. The e-mail address(es) of the corresponding author or authors must be
provided as a Corresponding Author note. Present addresses for individual authors that differ from
the address(es) at which the work was done should be given in a Present Address(es) note.
Statements about author contributions to the work or equal contributions of work should be included
as a separate statement.

References and Footnotes. All the references and footnotes must be placed together in a list at the
end of the manuscript text. In the Web edition, many of them will have links to other Web resources,
such as the corresponding abstracts in Chemical Abstracts and the full text from other American
Chemical Society journals. Because of this electronic linking, and to aid scientific research, it is
crucial that authors verify the accuracy of all references.

Unnecessarily long lists of references should be avoided, and excessive self-citation is not permitted.
However, authors must reference all previous publications in which portions of the present work have
appeared. Each literature reference should be assigned one number and placed in the text as a
superscript Arabic numeral. Footnotes to the text should be combined with references and numbered
in ordinal sequence. Long footnotes should be avoided in Articles and are not permitted in
Communications; additional data and peripheral discussion should be placed in the Supporting
Information rather than in footnotes.

Bibliographic references to classified documents and reports or references to unpublished materials
that are not generally available to the scientific public should not be used. Authors must obtain written
permission from any person whose work is cited as a personal communication, unpublished work, or
work in press. Copies of letters of permission and documentation should be appended to the cover
letter file. If the manuscript is accepted but the necessary permissions have not been received, the

Editor will ask the author to remove the reference(s) and dependent text.
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List submitted articles as “in press” only if they have been formally accepted for publication.
Otherwise, use “unpublished work™ with the name of the place where the work was done and the date.
For work published online (ASAP, in press), the DOI should be furnished in addition to the author
name(s), article title, journal name, and year. DOI is an accepted form of citation before and after the
article appears in an issue.

Example of a journal reference:

Yue, Q.; Liu, W.; Zhu, X. n-Type Molecular Photovoltaic Materials: Design Strategies and Device
Applications. J. Am. Chem. Soc. 2020, 142, 11613—-11628.
Example of an in-press journal reference:

Ham, J. S.; Park, B.; Son, M.; Roque, J. B.; Jurczyk, J.; Yeung, C. S.; Baik, M.-H. ; Sarpong, R. C—

H/C—C Functionalization Approach to N-Fused Heterocycles from Saturated Azacycles.J. Am.
Chem. Soc. 2020, DOI: 10.1021/jacs.0c04278.

Example of a reference to a book with no editors:

Desiraju, G. R.; Vittal, J. J.; Ramanan, A. Crystal Engineering: A Textbook. World Scientific
Publishing Co Pte Ltd: Singapore, 2011.

Example of a reference to a book with editors:

Byrn, S. R.; Stowell, J. G. Impurities in Drug Substances and Drug Products. In Validation of Active
Pharmaceutical Ingredients; Berry, L.R., Harpaz, D., Eds.; CRC Press: Boca Raton, 2001; pp 271-
292.

Authors should consult the ACS Guide to Scholarly Communication for the appropriate style to use

in citations of journal articles, books, and other publications. In literature references, article titles
must be included and journal abbreviations should be those used in the Chemical Abstracts Service

Source Index (CASSI)

Supporting Information
This information is provided to the reviewers during the peer-review process (for Review Only) and
is available to readers of the published work (for Publication). Supporting Information must be

submitted at the same time as the manuscript. See the list of Acceptable Software by File

Designation and confirm that your Supporting Information is viewable.

If the manuscript is accompanied by any supporting information files for publication, these files will
be made available free of charge to readers. A brief, nonsentence description of the actual contents
of each file, including the file type extension, is required. This description should be labeled
Supporting Information and should appear before the Acknowledgement and Reference

sections. Examples of sufficient and insufficient descriptions are as follows:
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Examples of sufficient descriptions: “Supporting Information: '"H NMR spectra for all compounds
(PDF)” or “Additional experimental details, materials, and methods, including photographs of
experimental setup (DOC)”.

Examples of insufficient descriptions: “Supporting Information: Figures S1-S3” or “Additional
figures as mentioned in the text”.

When including supporting information for review only, include copies of references that are
unpublished or in-press. These files are available only to editors and reviewers.

Research Data Policy

All ACS journals strongly encourage authors to make the research data underlying their articles
publicly available at the time of publication.

Environment & Health applies ACS Research Data Policy Level 1, meaning the journal encourages
all authors to publicly share all the data underlying the results reported in the paper, preferably via
archiving in an appropriate public repository. Authors are also encouraged to provide a Data

Availability Statement describing the public availability of the data supporting the article’s

conclusions. Publicly available data sets should be cited appropriately.

Research data is defined as materials and information used in the experiments that enable the
validation of the conclusions drawn in the article, including primary data produced by the authors for
the study being reported, secondary data reused or analyzed by the authors for the study, and any
other materials necessary to reproduce or replicate the results.

The ACS Research Data Policy provides additional information on Data Availability Statements,

Data Citation, and Data Repositories.

Data Requirements

Nomenclature. Use abbreviations and acronyms sparingly, and all usage should be defined at the first
occurrence in the text. Whenever possible, use systematic nomenclature as recommended by [UPAC

and [IUBMB for chemical compounds and biomolecules, and SI units. The ACS and IUPAC websites

have links to nomenclature recommendations. Names of organisms should comply with genetic
conventions, with genus and species names written in italics and spelled out in full on first appearance.
Trade names should be defined at the point of first use (registered trade names should begin with a
capital letter).

Database Deposition. Advancing scientific discoveries can be enhanced when data and materials are

made available and readily exchanged. E&H encourages authors to make materials, data, and
protocols available to readers through deposition in a public database for all published articles. In
addition, ACS Publications’ figshare houses all Supporting Information within the HTML

presentation of the paper and at acs.figshare.com and is available free of charge. Authors may want
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to further investigate Dryad or institutional repositories for depositing data. Authors also agree to
make available to interested academic researchers for their own use any materials reported in the
manuscript that are not otherwise obtainable. Any restrictions to the availability of materials or

information must be stated at the time of submission. The ACS Math Style Sheet and NMR

Guidelines are available on ACS Researcher Resources.

Sequence data. DNA sequence data must be submitted to GenBank, EMBL Nucleotide Sequence

Database, or the DNA Data Bank of Japan. Protein sequence data should be deposited with

the Protein Identification Recourse at Georgetown University Medical Center, Washington,

the European Bioinformatics Institute (EBI), or the Swiss Institute of Bioinformatics.

Microarray data. Manuscripts that present microarray data should follow the MIAME (Minimum

Information About a Microarray Experiment) guidelines. Data must be submitted to the GEO (Gene

Expression Omnibus) or ArrayExpress Archive databases.

For sequence data and microarray data, the relevant accession numbers should be available at the
time that the revision is submitted and should be listed at the end of the Materials and Methods section
in the revised version of the manuscript.

Proteomics data. Proteomic experiments must meet the standards established by the Journal of

Proteome Research. More information is available in the Publication Guidelines for the Analysis and

Documentation of Peptide and Protein Identifications. Protein sequences should be handled in the
same way as described above, and accession number and database source should be included.

Computer codes. When computer codes are developed or used and are an essential part of a

manuscript, sufficient detail must be given, either within the paper or in the SI. Types of languages
that are used in the computer codes, compiler/interpreter, and operating system with a specific version
must be provided or properly cited. Upon request, after appropriate material transfer agreements to
restrict the use of the materials so as to protect the legitimate interests of the authors, codes and input
data must be made available for others to validate the calculations. Regardless of whether the source
code is open or closed source, it must be properly cited in the References.

Computational chemistry calculations. When computational chemistry calculations are performed,

input data, including force field parameters, equations defining the model (or references to where
such material is available in the open literature), methods and approaches, and basis sets, must be
given either within the paper or in the SI. If the software used for calculations is generally available,
it must be properly cited in the References. References to the methods upon which the software is
based must also be provided.

Materials. When requested, the authors should also make a reasonable effort to provide samples of

unusual materials unavailable elsewhere, including, but not limited to, clones, microorganism strains,
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antibodies, computer codes, etc., to other researchers, with appropriate material transfer agreements
to restrict the field of use of the materials so as to protect the legitimate interests of the authors. Any
restrictions to the availability of materials or information must be stated at the time of submission.
Language and Editing Services

A well-written paper helps share your results most clearly. ACS Publications’ English Editing

Service is designed to help scientists communicate their research effectively. Our subject-matter
expert editors will edit your manuscript for grammar, spelling, and other language errors so your ideas
are presented at their best.

Preparing Graphics

The quality of illustrations in ACS journals and partner journals depends on the quality of the original
files provided by the authors. Figures are not modified or enhanced by journal production staff. All
graphics must be prepared and submitted in digital format.

Graphics should be inserted into the main body whenever possible. Please see Appendix 2 for
additional information.

Any graphic (figure chart, scheme, or equation) that has appeared in an earlier publication should

include acredit line citing the original source. Authors are responsible for obtaining written
permission to re-use this material.

Figure and Illustration Services

The impact of your research is not limited to what you can express with words. Tables and figures
such as graphs, photographs, illustrations, diagrams, and other visuals can play a significant role in

effectively communicating your findings. Our Artwork Editing and Graphical Abstract services

generate publication-ready figures and Table of Contents (TOC) graphics that conform to your chosen
journal’s specifications. For figures, this includes changes to file type, resolution, color space, font,
scale, line weights, and layout (to improve readability and professional appearance). For TOC
graphics, our illustrators can work with a rough sketch or concept or help extract the key findings of
your manuscript directly for use as a visual summary of your paper.

Preparing for Submission

Manuscripts, graphics, supporting information, and required forms, as well as manuscript revisions,

must all be submitted in digital format through ACS Publishing Center, which requires an ACS ID to

log in. Registering for an ACS ID is fast, free, and does not require an ACS membership. Please refer
to Appendix 1 for additional information on preparing your submission

Prior Publication Policy
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Submission of a manuscript to E&H is contingent upon the agreement by all the authors that the
reported work has not received prior publication and that no portion of this or any other closely related
work is under consideration for publication.

E&H authors may deposit an initial draft of their manuscript in a preprint service such

as ChemRxiv, bioRxiv, arXiv, or the applicable repository for their discipline before the manuscript

is accepted for publication in E&H. Authors may revise the preprint version of their manuscript up
until a final acceptance decision has been issued. Please note any use of a preprint server in the cover
letter and include a link to the preprint, and as appropriate, state how the manuscript has been
adjusted/updated between deposition and submission. All other prior/redundant publication is
forbidden. Upon publication in E&H, authors should add a link from the preprint to the published
article via the Digital Object Identifier (DOI). Some preprint servers, including ChemRxiv and
bioRxiv, add this link for authors automatically after publication. For further details, contact the
Editorial Office. For the ACS Publications policy on theses and dissertations, click here.

Editorial Policies

Open Access and Article Publishing Charges at E&H. E&H is a fully open access journal, with all
content published under an open access license. There is therefore no subscription charges and no
charge to access, read, and download articles published in the journal. Authors of accepted
manuscripts will need to pay an Article Publishing Charge (APC) to publish their research in E&H.
The default license for authors will be CC BY-NC-ND, with the option to upgrade to CC BY. Country
discounts apply for authors based in countries with lower-income economies, detailed here. Authors
from institutions with ACS Read + Publish Agreements are eligible to have their APC covered

through these agreements. Information can be found here.

Pricing detailscan be found here. For assistance with open access, please

contact support(@services.acs.org.

The Peer-Review Process

Editors evaluate submitted manuscripts, and only those judged to fall within the scope of the journal
and to be of potential interest to E&H readers are sent for external evaluation. Authors are required
to suggest a minimum of four persons competent to review the manuscript from at least three different
countries. Suggested referees may not be at the same institution as any of the manuscript authors,
may not be former mentors or mentees, and they may not have a conflict of interest and/or have co-
authored publications in the past 5 years with any of the authors.

Reviewers will evaluate the manuscript on the basis of originality, technical quality, clarity of

presentation, and importance to the field. The editors evaluate the reviewers’ arguments in the context
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of the scope and aims of the journal and make the final decision on each manuscript. The possible
decisions will be:

e accept;

o revise to address the concerns of the reviewers before the editors make a final decision;

e reject but consider a resubmission if significant additional work is completed; or

e decline on the grounds of major technical or interpretational flaws, insufficient advance, or
lack of novelty and interest.

Editorial decisions are based on many factors, and reviewers’ concerns are taken seriously. In cases
when reviewers suggest different decisions, the editors may request additional information from the
reviewers, consult other experts, and/or ask the authors to clarify sections in question. Some
manuscripts that are declined may be considered upon resubmission if significant additional work is
completed.

Reviewers may be asked to review subsequent versions of the manuscript, especially if new data have
been added to the paper, to evaluate whether the authors have addressed the scientific concerns. In
such cases, anonymized copies of all reviewers’ comments are normally sent to the reviewers. This
practice allows the reviewers to understand the expectations of the editors. The editors will expedite
any additional rounds of reviews to ensure timely publication.

The editors strongly disapprove of any attempts by authors to determine the identity of reviewers or
to confront potential reviewers. The editorial policy of this journal is neither to confirm nor to deny
any speculation about the identities of our reviewers. The journal will not release the identity of a
reviewer to the authors or to other reviewers. Authors whose manuscripts are published in E&H will
be expected to review manuscripts submitted by other researchers from time to time. More
information about peer review at ACS Publications can be found here.

Appeals

Appeals are reviewed at the discretion of the editorial team, with a strong commitment to fairness and
transparency. While all appeals receive careful consideration, authors should be aware that only a
small proportion lead to a reversal of the original editorial decision.

To initiate an appeal, the corresponding author must email a formal appeal letter to the journal’s
editorial office or the handling editor. The corresponding author is responsible for ensuring all authors
agree to submit an appeal. Appeals should be submitted within 1 month of receiving a decision. Your
appeal letter should include:

1. Your manuscript ID

2. A clear rationale for why you disagree with the decision and include point-by-point
responses to reviewer and/or editor comments
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3. Evidence of any errors, potential reviewer conflicts of interest or other ethical considerations

You will receive an acknowledgement once your appeal is received. The editorial team may consult
with additional editors to assess the merit of the appeal. Final decisions include upholding the original
rejection, inviting a revised submission, initiating further review, or rejection with the option of
transferring to another ACS journal.

Please note, only one appeal will be considered per manuscript, and all appeal decisions are final. An
appeal is considered an extension of the manuscript submission process, therefore the same ACS

Ethical Guidelines apply. Authors should not submit an appeal while the manuscript, or substantially

similar research, is under consideration by another journal. Priority is given to active submissions
under consideration. As such, decisions on appeals may take longer.

If the appeal is successful, the editorial office will provide guidance on next steps.

Providing Potential Reviewer Names

Please suggest at least four qualified reviewers. Authors are encouraged to avoid suggesting

reviewers from the authors’ institutions. Do not suggest reviewers who may have a real or perceived

conflict of interest. Whenever possible, suggest academic email addresses rather than personal email

addresses.

Manuscript Transfer

If your submission is declined for publication by this journal, the editors might deem your work to be
better suited for another ACS Publications journal or partner journal and suggest that the authors

consider transferring the submission. Manuscript Transfer simplifies and shortens the process of

submitting to another ACS journal or partner journal, as all the coauthors, suggested reviewers,
manuscript files, and responses to submission questions are copied to the new draft submission.
Authors are free to accept or decline the transfer offer.

Note that each journal is editorially independent. Transferring a manuscript is not a guarantee that the
manuscript will be accepted, as the final publication decision will belong to the editor of the next
journal.

PRODUCTION AND PUBLICATION

Proofs via ACS Direct Correct

Correction of the galley proofs is the responsibility of the Corresponding Author. The Corresponding
Author of an accepted manuscript will receive e-mail notification and complete instructions when

page proofs are available for review via ACS Direct Correct. Extensive or important changes on page

proofs, including changes to the title or list of authors, are subject to review by the editor.
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It is the responsibility of the Corresponding Author to ensure that all authors listed on the manuscript
agree with the changes made on the proofs. Galley proofs should be returned within 48 hours in order
to ensure timely publication of the manuscript.

Publication Date and Patent Dates

Accepted manuscripts will be published on the ACS Publications Web site as soon as page proofs are
corrected and all author concerns are resolved. The first date on which the document is published on
the Web is considered the publication date.

Publication of manuscripts on the Web may occur weeks in advance of the cover date of the issue of
publication. Authors should take this into account when planning their patent and intellectual property
activities related to a document and should ensure that all patent information is available at the time
of first publication, whether ASAP or issue publication.

All articles published ahead of print receive a unique Digital Object Identifier (DOI) number, which
is used to cite the manuscript before and after the paper appears in an issue. Additionally, any
supplemental information submitted along with the manuscript will automatically be assigned a DOI
and hosted on Figshare to promote open data discoverability and use of your research outputs.
ASAP Publication

Manuscripts will be published on the "ASAP Articles" page on the web as soon as page proofs are
corrected, all author concerns are resolved, and payment has been received. ASAP publication usually
occurs within a few working days of receipt of page proof corrections (provided payment has been
resolved), which can be several weeks in advance of the cover date of the issue.

Post-Publication Policies

The American Chemical Society follows guidance from the Committee on Publication

Ethics (COPE) when considering any ethical concerns regarding a published article, Retractions, and
Expressions of Concern.

Additions and Corrections

Additions and Corrections may be requested by the author(s) or initiated by the Editor to address
important issues or correct errors and omissions of consequence that arise after publication of an
article. All Additions and Corrections are subject to approval by the Editor, and should bring new and
directly relevant information and corrections that fix scientific facts. Minor corrections and additions
will not be published. Readers who detect errors of consequence in the work of others should contact
the corresponding author of that work.

Additions and Corrections must be submitted as new manuscripts via the ACS Publishing Center by
the Corresponding Author for publication in the “Addition/Correction” section of the Journal. The

corresponding author should obtain approval from all coauthors prior to submitting or provide
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evidence that such approval has been solicited. The manuscript should include the original article title
and author list, citation including DOI, and details of the correction.

Retractions

Articles may be retracted for scientific or ethical reasons and may be requested by the article author(s)
or by the journal Editor(s), but are ultimately published at the discretion of the Editor. Articles that
contain seriously flawed or erroneous data such that their findings and conclusions cannot be relied
upon may be retracted in order to correct the scientific record. When an article is retracted, a notice
of Retraction will be published containing information about the reason for the Retraction. The
originally published article will remain online except in extraordinary circumstances (e.g. where
deemed legally necessary, or if the availability of the published content poses public health risks).
Expressions of Concern

Expressions of Concern may be issued at the discretion of the Editor if:

o there is inconclusive evidence of research or publication misconduct by the authors;

o there is evidence that the findings are unreliable but the authors’ institution will not
investigate the case;

e an investigation into alleged misconduct related to the publication either has not been, or
would not be, fair and impartial or conclusive;

e an investigation is underway but a judgment will not be available for a considerable time.
Upon completion of any related investigation, and when a final determination is made about the
outcome of the article, the Expression of Concern may be replaced with a Retraction notice or
Correction.

Appendix 1: PREPARING FOR SUBMISSION

We’ve developed ACS’ publishing and editorial policies in consultation with the research
communities that we serve, including authors and librarians. Browse our policies below to learn more.
Ethical Guidelines

ACS editors have provided Ethical Guidelines for persons engaged in the publication of chemical

research, specifically, for editors, authors, and reviewers. Each journal also has a specific policy on
prior publication.

OFAC Compliance

As a U.S.-based non-profit organization, the American Chemical Society (ACS) is required to comply

with U.S. sanctions laws and regulations administered by the U.S. Treasury Department’s Office of

Foreign Assets Control (OFAC). While these laws and regulations permit U.S.-based publishers like

ACS to engage in publishing-related activities with authors located in sanctioned regions in many

cases, ACS may be prohibited under U.S. law from engaging in publishing-related activities in some
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cases, including, but not limited to, instances where an author or the institution with which an author
is affiliated is located in a particular sanctioned region or has been designated by OFAC as a Specially

Designated National (SDN) pursuant to certain U.S. sanctions programs. ACS reserves the right to

refrain from engaging in any publishing-related activities that ACS determines in its sole discretion
may be in violation of U.S. law.

Safety Considerations

Authors must emphasize any unexpected, new, and/or significant hazards or risks associated with the
reported work. This information should be in the Experimental Section of a full article and included
in the main text of a communication or letter. Statement examples can be found in

the Safety Statement Style Sheet and additional information on communicating safety information

from the ACS Guide to Scholarly Communication is freely available here.

Conlflict of Interest Disclosure

A statement describing any financial conflicts of interest or lack thereof is published in each ACS
journal and partner journal article.

During the submission process, the Corresponding Author must provide a statement on behalf of all
authors of the manuscript, describing all potential sources of bias, including affiliations, funding
sources, and financial or management relationships, that may constitute conflicts of interest. If the
manuscript is accepted, the statement will be published in the final article.

If the manuscript is accepted and no conflict of interest has been declared, the following statement
will be published in the final article: “The authors declare no competing financial interest.”
Plagiarism

In publishing only original research, ACS is committed to deterring plagiarism, including self-
plagiarism. ACS Publications uses CrossCheck's iThenticate software to screen submitted
manuscripts for similarity to published material. Note that your manuscript may be screened during
the submission process.

Further information about plagiarism can be found in Part B of the Ethical Guidelines to Publication

of Chemical Research. See also the press release regarding ACS' participation in the CrossCheck

initiative.

Authorship, Author List, and Coauthor Notification

Authors are required to obtain the consent of all their coauthors prior to submitting a manuscript. The
submitting author accepts the responsibility of notifying all coauthors that the manuscript is being
submitted.

During manuscript submission, the submitting author must provide contact information (full name,

email address, institutional affiliation, and mailing address) for all of the coauthors. Because all of
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the author names are automatically imported into the electronic Journal Publishing Agreement, the

names must be entered into the submission system. (Note that coauthors are not required to register
in the ACS Publishing Center.) Author affiliation should reflect where the work was completed, even
if the author has since left that institution. Authors may include a note with a current address if their
institution has changed since the work was completed.

To expedite the processing of your manuscript, please format your author and affiliation information
according the guidelines in this document.

Criteria for authorship can be found in Part B of the Ethical Guidelines to Publication of Chemical

Research. Artificial intelligence (AI) tools do not qualify for authorship. As non-person entities, these
tools can neither take responsibility for published content, nor can they assent to co-authorship. The
use of Al tools for text or image generation should be disclosed in the manuscript within the
Acknowledgments section with a description of when and how the tools were used. For more
substantial use cases or descriptions of Al tool use, authors should provide full details within the
Methods or other appropriate section of the manuscript. The authors of the work are responsible for

all submitted content and agree upon submission that generated content from Al tools is appropriate,

both scientifically and based on the Ethical Guidelines to Publication of Chemical Research. For more

information on use of Al please review the ACS AT Best Practices and Policy.

Any changes to the authorship after initial submission require the completion of an authorship change

form. Confirmation that all authors (including those being added or removed) agree to the changes is
required via the signed form. Please note that exceptions will not be made for large authorship lists
and/or large numbers of changes. Authors must also provide a reason for each change and should

explain how any added co-author(s) meet the authorship criteria as defined in the Ethical Guidelines

to Publication of Chemical Research. Authorship changes are subject to editorial approval and

insufficient and/or inappropriate reasons for changes may result in manuscript rejection. In general,
the addition of new authors will be deemed inappropriate unless fully explained and justified in the
context of their scientific contributions to the work. Authorship changes post-acceptance will
generally not be considered except in rare circumstances with full justification. For more information,

please refer to the Authorship Changes section of the Authorship Guidance & Policies.

Authors with a single name: If you, or any of your coauthors, have only one name, please follow
these steps for proper submission to the ACS Publishing Center:
1. First (Given) Name Field: Enter an asterisk (*) into the "First (Given) Name" field.

2. Last (Family) Name Field: Enter your single name into the "Last (Family) Name" field.

If your paper is accepted, the asterisk (*) will be removed from the published version of the paper.
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Patent Activities and Intellectual Property

Authors are responsible for ensuring that all patent activities and intellectual property issues are
satisfactorily resolved prior to first publication (ASAP or in issue). Acceptance and publication will
not be delayed for pending or unresolved issues of this nature.

Open Researcher and Contributor ID (ORCID)

Authors submitting manuscript revisions are required to provide their own personal, validated ORCID
iD before completing the submission, if an ORCID iD is not already associated with their ACS
Publishing Center user profiles. This ID may be provided during original manuscript submission or
when submitting the manuscript revision. All authors are strongly encouraged to register for an
ORCID iD, a unique researcher identifier. The ORCID iD will be displayed in the published article
for any author on a manuscript who has a validated ORCID iD associated with ACS when the
manuscript is accepted.

ORCID iDs should not be typed into the manuscript. ACS publishes only those ORCID iDs that have
been properly verified and linked before the manuscript is accepted. After your ORCID 1D is linked,
it will be displayed automatically in all subsequently accepted manuscripts for any/all ACS journals.
We do not publish ORCID iDs provided during proof review or via other communications after a
manuscript is accepted for publication.

With an ORCID iD, you can create a profile of your research activities to distinguish yourself from
other researchers with similar names, and make it easier for your colleagues to find your publications.
If you do not yet have an ORCID iD, or you wish to associate your existing ORCID iD with your
ACS Publishing Center account, you may do so by clicking on “Profile” from your ACS Publishing

Center dashboard and following the ORCID-related links. Learn more at www.orcid.org.

Copyright and Permissions

To obtain forms and guidelines for completing the Journal Publishing Agreement or obtaining
permissions from copyright owners, and to explore a Copyright Learning Module for chemists,
click here.

Funder Reporting Requirement

Authors are required to report funding sources and grant/award numbers. Enter ALL sources of
funding for ALL authors in BOTH the Funder Registry Tool in the submission system and in your
manuscript to meet this requirement.

Open Access Compliance

Authors publishing in E&H retain copyright of their published research and may publish via a choice
of CC BY-NC-ND or CC BY license. ACS offers options by which authors can fulfill the

requirements for open access and deposition into repositories for funded research. Visit our ACS
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Open Science site to see how to fulfill requirements for specific funders and to find out if you are

eligible to publish under a read and publish agreement between ACS and your institution. You can

also find out more about Open Access Compliance and ACS Open Science initiatives.

Diversity and Inclusion Statement

During manuscript submission, ACS journal authors have the option to submit a statement sharing
information related to inclusion that is relevant for their paper. If supplying an inclusion statement,
the corresponding author must provide this on behalf of all authors of the manuscript during the
submission process. These statements include but are not limited to analysis of the paper’s citations
and acknowledgment of indigenous land on which research was conducted. Statements expressing
political beliefs are not permitted and may be removed by the journal office. All statements are subject
to final review by the Editor.

o Citation Statement: The citation statement should appear in the Acknowledgements section
of the manuscript. ACS recommends including the following: (1) the importance of
inclusive citation practices, (2) the proportion of citations by gender and race/ethnicity for
the first and last authors, (3) the method used to determine those proportions and its
limitations, and (4) steps taken by the authors to mitigate citation bias in the article.
(Adapted from BMES/Springer Guidelines)

e Land acknowledgment: The land acknowledgment statement should appear in the
Acknowledgements section of the manuscript. The statement should link to the institutions’
formal land acknowledgments on which the research took place, if possible. Further
guidance for creating these statements can be found here: https://nativegov.org/news/a-
guide-to-indigenous-land-acknowledgment/.

Appendix 2: Preparing Graphics
Resolution
Digital graphics pasted into manuscripts should have the following minimum resolutions:

o Black and white line art, 1200 dpi

e QGrayscale art, 600 dpi

e Color art, 300 dp1
Size
Graphics must fit a one- or two-column format. Single-column graphics can be sized up to 240 points
wide (3.33 in.) and double-column graphics must be sized between 300 and 504 points (4.167 in. and
7 in.). The maximum depth for all graphics is 660 points (9.167 in.) including the caption (allow 12
pts. For each line of caption text). Lettering should be no smaller than 4.5 points in the final published
format. The text should be legible when the graphic is viewed full-size. Helvetica or Arial fonts work
well for lettering. Lines should be no thinner than 0.5 point.

Color
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Color may be used to enhance the clarity of complex structures, figures, spectra, and schemes, etc.,
and color reproduction of graphics is provided at no additional cost to the author. Graphics intended
to appear in black and white or grayscale should not be submitted in color.

Avoid relying on color alone to represent information. Use indicators such as symbols, text labels, or
patterns to ensure the data is accessible to those with color vision deficiency or other visual
conditions. If color is necessary to understand data, such as in heat maps or fluorescence images,
choose accurate and accessible color combinations. For additional guidance and suggested color

schemes, see How to Make Scientific Figures Accessible to Readers with Color-

Blindness and Coloring  Chemistry—How  Mindful Color Choices Improve Chemical

Communication.

Ensure the content within graphics has sufficient contrast against adjacent colors, including the
background. Contrast ratios measure the difference in brightness between two adjacent colors,
helping make text and images readable. The Web Content Accessibility Guidelines (WCAG)

define minimum contrast requirements of 4.5:1 for text and 3:1 for nontext elements, with some

exceptions for elements like large text.

Two tools to measure contrast are TPGi’s Colour Contrast Analyzer and Web Accessibility in

Mind’s Contrast Checker. To improve low contrast, increase the saturation of one of the colors, or

use borders or other visual separators between adjacent colors. For additional information and

examples, see Color to convey meaning and Choosing color in data visualizations in the ACS

Inclusivity Style Guide.

Type of Graphics

Table of Contents (TOC)/Abstract Graphic

Consult the Guidelines for Table of Contents/Abstract Graphics for specifications.

Our team of subject-matter experts and graphical designers can also help generate a compelling TOC

graphic to convey your key findings. Learn more about our Graphical Abstract service.

Figures

A caption giving the figure number and a brief description must be included below each figure. The
caption should be understandable without reference to the text. It is preferable to place any key to
symbols used in the artwork itself, not in the caption. Ensure that any symbols and abbreviations used
in the text agree with those in the artwork.

Charts

Charts (groups of structures that do not show reactions) may have a brief caption describing
their contents.

Tables
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Each table must have a brief (one phrase or sentence) title that describes the contents. The title should
be understandable without reference to the text. Details should be put in footnotes, not in the title.
Tables should be used when the data cannot be presented clearly in the narrative, when many numbers
must be presented, or when more meaningful inter-relationships can be conveyed by the tabular
format. Tables should supplement, not duplicate, information presented in the text and figures. Tables
should be simple and concise, so avoid merging or splitting cells.

Schemes

Each scheme (sequences of reactions) may have a brief caption describing its contents.

Chemical Structures

Chemical structures should be produced with the use of a drawing program such as ChemDraw.
Cover Art

E&H authors are encouraged to submit images to be considered for use on the journal’s front cover

or Supplementary Covers at the time of the submission of their revised manuscript. If your article is

accepted for publication, your suggestion may also be selected for use on one of the journal’s covers.
Images chosen for the front cover will be published at no cost to the author.

Cover image submissions should be colorful and visually engaging, with minimal text. The cover
image should not resemble a graphical abstract or data figure, but rather should be an artistic and
scientifically accurate representation of the manuscript.

Image files should be submitted as TIF, JPG, PNG, or EPS files (not PDF or PPT) with a resolution
of at least 300 dpi for pixel-based images. Cover art should be 8.19 inches (20.8 cm) wide x 10.00
inches (25.4 cm) high at 300 ppi, and submission of “layered” artwork is encouraged. The journal’s
logo will obscure the top 2.5 inches (6.35 cm) of the image. Authors should submit the cover image,
along with a short (<50-word), clear legend explaining the image, as supplementary files to the ACS
Publishing Center with their revised manuscript. Any use of Al tools must comply with ACS

Artificial Intelligence Best Practices and be disclosed in the cover caption. For any questions about

Al use in cover art, please contact ACSPubsMultimedia@acs.org.

If you wish to be considered only for the front cover, and not a paid supplementary cover, please
respond NO accordingly to the Supplementary Cover Art question in the submission system. For

more information on the Supplementary Covers program, please see the Supplementary Cover Art

webpage. All art submitted for consideration for a supplementary cover will also be considered for a
front cover.

Web Enhanced Objects (WEO)

The Web editions of ACS journals allow readers to view multimedia attachments such as animations

and movies that complement understanding of the research being reported.
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WEOs should be uploaded in the submission system with “Web Enhanced Object’ selected as the file

designation. Consult the list of compatible WEO formats.


http://pubs.acs.org/page/4authors/submission/weo.html
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