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As bactérias resistentes a antibióticos e os seus genes de resistência a antibióticos são 

considerados contaminantes emergentes, hoje amplamente disseminados no meio ambiente. 

As estações de tratamento de águas residuais domésticas são importantes recetores e 

emissores destes contaminantes. Nestas estações, os esgotos são submetidos a diferentes 

tipos de tratamento que embora reduzam os níveis de bactérias resistentes a antibióticos e 

genes de resistência a antibióticos, não evitam que haja ainda fortes cargas emitidas para o 

meio recetor. Tendo em conta que a maioria das bactérias não é cultivável e que essa fração 

de bactérias pode conter genes de resistência a antibióticos, os métodos independentes de 

cultivo têm vindo a ser usados para avaliar a ocorrência de resistência aos antibióticos no 

ambiente. o método quantitativo de Polymerase Chain Reaction (qPCR) é um dos preferidos 

para quantificar genes de resistência a antibióticos em amostras ambientais. Contudo, é 

reconhecido que  a harmonização de métodos será decisiva para que se possa comparar de 

modo confiável os resultados obtidos em diferentes partes do mundo. 

Entre as bactérias resistentes a antibióticos emitidas por estações de tratamento de águas 

residuais, as da família Enterobacteriaceae representam uma fração importante e entre estas 

as da espécie Klebsiella pneumoniae merecem atenção especial. De facto, K. pneumoniae é 

uma espécie bacteriana que além da importância clínica quando associada aos humanos, 

também pode ser encontrada no meio ambiente, em solos, plantas, água e águas residuais. 

A capacidade de membros desta espécie de proliferar em diferentes ambientes e em 

humanos e animais pode constituir uma ameaça à saúde humana. No entanto, as 

características que podem ser mantidas ou perdidas durante a transição de K. pneumoniae 

por um contexto clínico ou ambiental ainda são desconhecidas. 

Esta tese teve como objetivo 1) avançar no conhecimento relativamente ao uso de métodos 

analíticos harmonizados de qPCR que possam permitir comparações confiáveis da 

quantificação de genes; 2) desenvolver um padrão interno baseado em células que pudesse 

ser usado em diferentes laboratórios para normalizar resultados e avaliar as perdas durante 

o processamento das amostras de água, extração de DNA e quantificação por qPCR; e 3) 

contribuir para um melhor conhecimento da ecologia de K. pneumoniae e inferir sobre as 

possíveis dinâmicas entre nichos clínicos e ambientais, com especial foco na diversidade 

genética e estabilidade da resistência a antibióticos. 

Para atingir o primeiro objetivo, determinantes genéticos que codificam resistência a 

sulfonamidas (sul1 e sul2), quinolonas (qnrS) e β-lactâmicos (blaTEM) e o gene 16S rRNA 

foram monitorizados em extratos de DNA fornecidos por parceiros que estavam a investigar 

processos de tratamento de águas residuais, à escala real ou em sistemas piloto. 

Paralelamente, foi estudada a influência do transporte de DNA, protocolos, padrões e 

equipamento de qPCR na comparação da quantificação de genes em ensaios inter-

laboratoriais. Estes resultados e a literatura disponível justificaram os esforços para atingir o 

segundo objetivo. Um padrão interno, que consistia num fragmento de um gene que não se 
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encontra no ambiente, clonado em Escherichia coli, foi desenvolvido e testado. Este padrão 

interno deverá ser adicionado a amostras de água residual ou água com o objetivo de 

controlar as perdas de DNA. A emissão de bactérias resistentes a antibióticos por estações 

de tratamento de águas residuais é uma questão preocupante, contudo não é claro se estas 

bactérias sobreviverão e manterão as suas características uma vez libertadas no meio 

ambiente. Para investigar este tópico, K. pneumoniae foi usada como espécie-modelo e duas 

abordagens de investigação distintas foram utilizadas. Um grupo de isolados de K. 

pneumoniae resistentes a cefalosporinas de 3ª geração (25 de águas residuais; 34 clínicas) 

foi comparado com base em características fenotípicas, genotípicas e genómicas (n = 22). 

Em paralelo, um grupo mais amplo de genomas obtidos de uma base de dados pública (21 

países; 61 ambientais, 78 clínicos) foi comparado com base na análise do pangenoma e nos 

perfis de características de resistência a antibióticos e metais, virulência, sistemas de efluxo, 

stresse oxidativo e quorum sensing. 

De acordo com os resultados obtidos e sua interpretação, concluiu-se que a eficiência do 

tratamento e a qualidade de águas residuais, em relação à resistência a antibióticos, devem 

ser sempre medidas com base na abundância absoluta (por volume), e não na abundância 

relativa (por total de bactérias). A comparação inter-laboratorial pareceu ser confiável, embora 

a qualidade e estabilidade dos extratos de DNA durante o transporte, bem como as 

especificidades dos consumíveis e do equipamento, possam ser críticos para os resultados 

de monitorização. O uso de um padrão interno baseado em células poderá contribuir para 

superar estas limitações. Este padrão interno permitiu estimar o efeito de matriz da água, que 

esteve associado a uma subestimativa que variou de 0.1–0.9 log do número de cópias do 

gene por mililitro de amostra, independentemente do tipo de água. Os isolados clínicos e de 

águas residuais foram indistinguíveis com base na caracterização fenotípica e genotípica, 

embora os dados sugerissem que linhagens distintas possam prevalecer em contexto clínico 

ou ambiental. Os determinantes genéticos relacionados com funções de efluxo, stresse 

oxidativo e quorum sensing estavam presentes em isolados clínicos e de águas residuais, 

enquanto que a resistência a antibióticos e metais ou genes de virulência variavam de estirpe 

para estirpe, estando associados a elementos genéticos móveis, principalmente transposões, 

sequências de inserção ou elementos integrativos e conjugativos, respetivamente. A análise 

de um grupo maior e geograficamente mais diverso de genomas sugeriu que os alelos dos 

genes de virulência e resistência a antibióticos e metais são mais prevalentes e diversos em 

isolados clínicos, enquanto alguns alelos de determinantes genéticos relacionados com 

quorum sensing, sistemas de efluxo e stresse oxidativo são mais prevalentes e diversos em 

isolados ambientais. 

Os estudos realizados são promissores relativamente à possibilidade de implementar 

esquemas inter-laboratoriais de monitorização de resistência a antibióticos que forneçam 

resultados comparáveis e confiáveis. A harmonização de alguns procedimentos e o uso de 
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padrões internos permitirão comparações de quantificação de genes de resistência a 

antibióticos em águas residuais e, portanto, melhorar e promover estudos de vigilância 

mundialmente. A dupla evidência de que as características de resistência a antibióticos 

observadas em K. pneumoniae clínicas são mantidas no meio ambiente e que é entre os 

isolados ambientais que as características de tolerância ao stresse parecem ser mais 

diversas, sugere a alta capacidade de K. pneumoniae para se disseminar a partir de águas 

residuais e no ambiente, aumentando os riscos de transmissão ao ser humano. 

 

Palavras-chave: resistência a antibióticos, águas residuais, padrão interno, Klebsiella 

pneumoniae, genómica comparada 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

ABSTRACT 
  



Abstract 

vi 

 

Antibiotic resistant bacteria and antibiotic resistance genes are considered contaminants of 

emerging concern, nowadays widely disseminated in the environment. Urban wastewater 

treatment plants are major recipients and reservoirs for these contaminants. In urban these 

plants, wastewater is subjected to different types of treatment that reduce the levels of 

antibiotic resistant bacteria and antibiotic resistance genes, although not completely. 

Considering that most of the bacteria are not culturable and that this fraction might harbor 

antibiotic resistance genes, culture-independent methods are currently used to assess 

antibiotic resistance in the environment. Among these methods, quantitative PCR is 

considered the gold standard used to quantify antibiotic resistance genes in environmental 

samples, although the lack of harmonized methods seriously limits the reliable comparison of 

results obtained in different laboratories.  

Among the antibiotic resistant bacteria emitted by wastewater treatment plants, 

Enterobacteriaceae represent an important fraction and among these Klebsiella pneumoniae 

deserve special attention. Indeed, K. pneumoniae is a bacterial species that besides the 

clinical importance when associated to humans, can also be found in the environment, in soils, 

plants, water, and wastewater. The capacity of this bacterial species to thrive in different 

environments and in humans and animals increases its significance in terms of human health 

threat might constitute a human health threat. However, the traits that might be maintained or 

lost during the transit of K. pneumoniae through clinical and environmental contexts are still 

unknown.  

This thesis aimed to 1) advance the knowledge regarding the use of harmonized analytical 

quantitative PCR methods that might enable reliable comparisons of genes quantification ; 2) 

design a cell-based internal standard that could be used in different laboratories to assess 

losses during water samples filtration, DNA extraction and quantitative PCR quantification; 

and 3) contribute to a better understanding of the ecology of K. pneumoniae and infer about 

possible dynamics between clinic and environmental niches, with special focus on genetic 

diversity and antibiotic resistance stability.  

To tackle the first aim, genetic determinants encoding resistance to sulfonamides (sul1 and 

sul2), quinolones (qnrS), and β-lactams (blaTEM) and the 16S rRNA gene were monitored in 

DNA extracts supplied by partners who were investigating wastewater treatment processes, 

at full- or pilot-scale. In parallel, the influence on genes quantification of DNA shipment, 

quantitative PCR protocols, standards and equipment was studied in an interlaboratory 

comparison. These results and the literature available justified the efforts to meet the second 

aim. An internal standard, consisting in a cloned gene fragment not found in wastewater 

samples was designed and tested. This internal standard is to be used to spike wastewater or 

water samples aiming to control DNA losses during the processing of the sample and DNA 

extraction process. The emission of antibiotic resistant bacteria by wastewater treatment 

plants is an issue of concern, however it is not clear if these bacteria will survive and maintain 
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their features once in the environment. To investigate this topic, K. pneumoniae was used as 

a model species and two distinct research approaches were used. A group of 3rd generation 

cephalosporin-resistant K. pneumoniae isolates (25 wastewater; 34 clinical) was compared 

based on phenotypic, genotypic and genomic analyses (n=22) and a broader group of 

genomes collected from a public database (21 countries, 61 environmental; 78 clinical) was 

compared based on a core and pangenome approach and profiles of antibiotic and metal 

resistance, virulence, efflux systems, oxidative stress and quorum sensing traits.  

According to the results obtained and their analysis, it was concluded that wastewater 

treatment efficiency and wastewater quality regarding antibiotic resistance emissions should 

always be measured based on absolute abundance (per volume), rather than in relative 

abundance (per total bacteria). The interlaboratory comparison seemed to be reliable, 

although DNA extract quality and stability during shipment, as well as consumables and 

equipment specificities, may be critical for the monitoring findings. The use of a cell-based 

internal standard may contribute to overcome those limitations. This internal standard 

permitted to estimate the water matrix effect which was associated with an underestimation 

that ranged 0.1–0.9 log gene copy number mL−1 of sample, irrespective of the water type. 

Clinical and wastewater isolates were indistinguishable based on phenotypic and genotypic 

characterization, although distinct lineages may prevail in clinical or environmental settings. 

Genetic determinants related to efflux, oxidative stress or quorum sensing functions were 

common to clinical and wastewater isolates, while antibiotic and metal resistance or virulence 

genes, were variable across the genomes and associated with mobile genetic elements, 

mostly transposons, insertion sequences or integrative and conjugative elements. The 

analysis of a larger and geographically more diverse group of genomes, suggested that 

antibiotic and metal resistance and virulence gene alleles were more prevalent and diverse in 

clinical isolates, while some quorum sensing, efflux systems and oxidative stress genetic 

determinants alleles were more prevalent and diverse in environmental isolates. 

The studies performed unveil a promising opportunity to implement comparable and reliable 

antibiotic resistance monitoring schemes. The harmonization of some procedures and the use 

of internal standards will enable worldwide comparisons of antibiotic resistance genes in 

wastewaters, and therefore improve and promote surveillance studies worldwide. The double 

evidence that antibiotic resistance features observed in clinical K. pneumoniae are maintained 

in the environment and that it is among the environmental isolates that stress dwelling features 

seem to be more diverse, supports the high capacity of K. pneumoniae for spreading through 

wastewater or in the environment, enhancing the risks of transmission back to humans. 

 

Keywords: antibiotic resistance, wastewater, internal standard, Klebsiella pneumoniae, 

comparative genomics 
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1. Antibiotic resistance  

Antibiotic resistance is the capacity that some bacteria have to survive and proliferate in the 

presence of antibiotics. This capacity is due to cell properties, specifically some cell structures 

and proteins, in particular enzymes. Some of these antibiotic resistance properties are 

encoded by the so-called antibiotic resistance genes that use different processes to avoid the 

action of antibiotics. Antibiotic resistance may be an intrinsic property of bacteria, being in that 

case common to most or all members of the same species. Intrinsic resistance may result from 

morphological or physiological properties, such as the absence of cell-wall, or to biochemical 

properties encoded by core genome genes, such as some types of beta-lactamase enzymes 

(common to all members of the same species) (Davies & Davies, 2010). Intrinsic antibiotic 

resistance contrasts with acquired antibiotic resistance because it is a property that emerges 

in a single bacterial cell, by mutation or by horizontal gene transfer (transformation, 

transduction, conjugation and vesiduction) (Figure 1) (Soler & Forterre, 2020).  

 

 

Figure 1 – Mechanisms of bacterial intercellular gene transfer, used also in the 

acquisition of antibiotic resistance (from Soler & Forterre, 2020). 
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Horizontal gene transfer has major relevance on the acquisition of antibiotic resistance, while 

gene mutation largely contributes to the diversity of those acquired genes (Álvarez-Martínez 

et al., 2020; Woodford & Ellington, 2007). Some mobile genetic elements, particularly phages 

and plasmids, play a relevant role on the intercellular dissemination of antibiotic resistance, 

while others such as integrons and transposons are active on the intracellular mobilization of 

genes, for instance between plasmids and chromosomes (Partridge et al., 2018). Both types 

of genetic element act synergically on the dissemination of resistance between cells and on 

the dynamics plasmid-chromosome. This dynamics is part of the capacity of bacteria to 

respond to environmental challenges and in ubiquitous bacteria, able to thrive in different types 

of environment, as a driver for gene acquisition, essential for adaptation. Antibiotics have been 

one of the drivers for the adaptation, emergence, and evolution of antibiotic resistant bacteria, 

mainly in clinical contexts, further disseminated in the environment (Andersson & Hughes, 

2011; Andersson & Hughes, 2012).  

Antibiotic resistance is a natural property of bacteria that became noticed mainly after the 

discovery and development of antibiotics as therapeutic agents to combat bacterial infections.   

The use of antibiotics in human medicine was a revolution that started in 1928 when Alexander 

Fleming discovered the penicillin produced by fungi of the species Penicillium notatum and 

insisted in its translation into a pharmaceutical product (Aminov, 2010) (Figure 2).  

 

Nowadays, medicine uses antibiotics that are categorized into five major families, according 

to the chemical structure and mode of action: 1) inhibition of the cell wall synthesis (β-lactams), 

2) disruption of the cell membrane (lipopeptides); 3) inhibition of protein synthesis 

(tetracyclines, aminoglycosides, macrolides, oxazolidinones, among others), 4) inhibition of 

Figure 2 – Discovery of new classes of antibiotics and 

bacterial resistance identified (from Álvarez-Martínez et al., 

2020). 

Figure 2 – Discovery of new classes of antibiotics and bacterial resistance 

identified (from Álvarez-Martinez et al., 2020) 



Chapter 1 

4 

 

nucleic acids synthesis (fluoroquinolones), and 5) competitive inhibition of folic acid synthesis 

(sulfonamides) (Table 1) (Morar & Wright, 2010). Some of these are natural products of 

bacteria or fungi, while others are synthetic or semi-synthetic (Butler & Buss, 2006). Most 

antibiotics target the cell-wall, nucleic acids and protein synthesis, making use of structures 

that are specific of the bacterial cell (Butler & Buss, 2006). These targets justify the specificity 

of antibiotics against bacteria, while eukaryotic and archaea cells are not affected. 

Nonetheless, bacteria have developed mechanisms to overcome most of the antibacterial 

agents in use. Indeed, the increase of the rates of bacterial drug resistance has been faster 

than the development of new drugs, which compromises the success of antibiotic therapy 

leading to serious risks to human health.  

 

Table 1 – Examples of major antibiotic classes, cellular action-targets and examples of 

resistance mechanisms. 

Antibiotic class Mechanism of action Resistance mechanism 

β-lactam Cell wall synthesis inhibition 

Enzymatic inactivation  

Efflux system 

Altered target 

Sulfonamides 

Interference with cell 

metabolism and growth 

arrest 

Efflux system 

Altered target  

Tetracyclines Protein synthesis inhibition 
Efflux systems 

Altered target 

Aminoglycosides Protein synthesis inhibition 

Enzymatic inactivation 

Efflux system 

Altered target 

Quinolones 
Nucleic acids synthesis 

inhibition 

Efflux systems 

Altered target 

Lipopeptides Cell membrane disruption Altered target 

 

Antibiotic resistance mechanisms can be categorized into the main groups, 1) prevention of 

access of the antibiotic to the target promoted by reduced membrane permeability or increased 

efflux, 2) antibiotic target modification and 3) direct modification of antibiotics through 

enzymatic inactivation (Blair et al., 2015). Although organized in only these main mechanisms 

of resistance antibiotic resistance genes and variants present an impressive diversity and 

capacity to continuously evolve. To illustrate, the National Center for Biotechnology 
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Information (NCBI) Pathogen Detection Microbial Browser for Identification of Genetic and 

Genomic Elements (MicroBIGG-E) lists more than 5 million genes, gene variants, and 

housekeeping gene mutations (www.ncbi.nlm.nih.gov/pathogens/microbigge/#AMR, 

accessed in July, 20, 2021) related with antibiotic resistance in bacterial pathogens.  

Besides the resistance mechanisms that each bacterial cell may acquire, there is also an 

important role for the interactions between species within a community. These mechanisms 

may offer a type of charity favoring the fitting of some individual cells even in the presence of 

antibiotics. Collective resistance refers to interactions within a community that favor the 

resistance to an antibiotic allowing the growth, even of susceptible populations, in its presence. 

This may be mediated by protection to the antibiotic exposure, for instance through drug 

inactivation by resistant community members, or through structural or physical protection (e.g. 

production of exopolysaccharides) (Meredith et al., 2015; Vega & Gore, 2014). Many of these 

mechanisms are cell density-dependent providing protection to dense populations through the 

activation of quorum sensing and biofilm formation, and the inactivation of antibiotics (Evans 

et al., 2018; Sorg et al., 2016). 

 

1.1. The environmental dimensions 

Bacterial resistance to antibiotics may occur naturally in environmental bacteria. This has been 

documented in studies conducted in pristine areas, where human impacts are minimal or 

inexistent, such as Antarctic surface soils, and where antibiotic resistance genes have been 

detected (Van Goethem et al., 2018). In the natural environment, antibiotic resistance genes 

might encode functions related with cell defense, biochemical signaling, or modulation of 

metabolic activity (Dantas et al., 2008; Davies et al., 2006; Martinez, 2009). The antibiotic 

resistance genes that nowadays spread among human pathogens and that are considered 

environmental contaminants, are believed to have origin in the natural resistome (i.e., the 

whole set of antibiotic resistance genes in a habitat) (Finley et al., 2013). The arguments are 

that the intensive use of antibiotics in human and animal production and medicine and, in 

minor extent, in plants agriculture led to the spread of antibiotic residues, antibiotic resistant 

bacteria and antibiotic resistance genes through different compartments in the environment, 

such as water, soil or wildlife (Dantas et al., 2008; D’Costa et al., 2011; Rizzo et al., 2013; 

Thaller et al., 2010; Vredenburg et al., 2014). In the environment, aquatic ecosystems offer 

suitable conditions for the spread of antibiotic resistance, forming a continuum between 

hospital effluents, urban wastewater and the receiving environments (Alves et al., 2014; Varela 

et al., 2014; Varela et al., 2015a; Varela et al., 2015b). For these reasons, the environmental 

dimensions of antibiotic resistance have gained increasing relevance, mainly when human 

http://www.ncbi.nlm.nih.gov/pathogens/microbigge/#AMR
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health is framed within the One-Health approach. Under this concept, antibiotic resistance and 

the human health risks must be approached assuming a continuum with the environmental 

and animal health and wellbeing (McEwen & Collignon, 2018). Indeed, human health is the 

major motivation to study and combat antibiotic resistance. For this reason the World Health 

Organization classified antimicrobial resistance as a major threat to public health in the twenty-

first century, while recognized the high relevance of the natural environment as part of the 

solution and of the problem (WHO, 2015; WHO, 2020). 

 

1.2. Wastewater: between humans and the environment 

Antibiotic resistance is mainly disseminated by bacteria of human and animal origin, and any 

niche where these bacteria can proliferate are potential reservoirs. These comprise above all, 

the human and animal bodies, mainly the digestive tract, and more intensely when under 

antibiotic use pressure. Therefore, hospitals and health care facilities and animal production 

farms may represent important reservoirs (Berendonk et al., 2015; Larsson et al., 2018). While 

those reservoirs may be pivotal for the first emissions of antibiotic resistant bacteria and 

antibiotic resistance genes to the environment, there are other paths of dissemination that 

gained increasing relevance. One of these refers to the urban wastewater treatment plants 

that receive, treat, and deliver to the natural environment, the sewage produced by the served 

community. This is one of the parts of the urban water cycle, where sewage treatment 

represents a major barrier for the spread of chemical, physical and biological contaminants, 

assuring environment and human health protection. The other part of the urban water cycle 

comprises the production and distribution of water for human consumption, in a process that 

may include disinfection (Manaia et al., 2016).  This “clean” part of the urban water cycle may 

be threatened by the adverse impacts of the discharge of untreated or deficiently treated 

wastewater. Therefore, sewage treatment represents one of the critical control points where 

antibiotic resistance may be controlled (Manaia et al., 2016; Bürgmann et al., 2018). Urban 

wastewater treatment plants receive high loads of nutrients, of human-commensal bacteria 

and of chemical contaminants, whose mixture may facilitate the survival or proliferation of 

antibiotic resistant bacteria (Qiu et al., 2012; Paul et al., 2019). These contaminants together 

with the high loads of antibiotics cause a suitable environment for antibiotic resistance survival 

(Singer et al., 2016). While in some countries antibiotic consumption has been decreasing, in 

others it is still increasing (Klein et al., 2018). Overall, high amounts are still consumed, and it 

is estimated that 30 to 90% of the ingested antibiotics by humans and animals are excreted 

untransformed in urine and feces (Du & Liu, 2012). Therefore, the widely and, eventually, 

excessive consumption of antibiotics, the incomplete metabolism of drugs and its partial 

removal in urban wastewater treatment plants, are resulting in the ubiquitous occurrence of 

https://doi.org/10.1016/j.ecoenv.2019.02.083
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antibiotic resistant bacteria and antibiotic resistance genes in aquatic environments 

(Alexander et al., 2015; Cacace et al., 2019).  

 

  

Figure 3 – Antibiotic resistance dissemination in different compartments of the urban 

water cycle (from Manaia et al., 2016). 

 

Urban wastewater treatment plants are important recipients and reservoirs of antibiotic 

resistant bacteria and antibiotic resistance genes in the environment (Figure 3). These receive 

mostly wastewater from domestic uses and pre-treated industrial and hospital effluents that 

may contain antibiotic residues, antibiotic resistant bacteria and antibiotic resistance genes, 

which will be subjected to different treatments and finally discharged into the environment, in 

aquatic systems (Manaia et al., 2016; Rizzo et al., 2013;). The wastewater environment is 

known to be a complex environment to bacteria where they will be mixed with detergents, 

metals, pharmaceutical compounds, chemicals and other products from anthropogenic activity 

that might create selective pressure and promote the proliferation and the spread of antibiotic 

resistance among the bacterial communities present (Rizzo et al., 2013; Zhang et al., 2012). 

The treatment processes used in urban wastewater treatment plants were designed to remove 

nutrients and pathogens, and although these objectives are attained, antibiotic resistant 

bacteria and antibiotic resistance genes are still emitted to the receiving environment 

(Pallares-Vega et al., 2019; Pärnänen et al., 2019; Rizzo et al., 2013). Treated wastewater 

that underwent conventional treatment, consisting of primary and activated sludge secondary 

processes, is reported to contain loads of culturable bacteria reaching 105–107 colony-forming 

units/100 mL (Narciso-da-Rocha et al., 2018; Novo & Manaia, 2010; Novo et al., 2013; Rizzo 

et al., 2013). Raw wastewater has been reported to contain predominantly bacteria of the phyla 
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Proteobacteria, Actinobacteria and Firmicutes, in which are included bacterial families 

reported as potential antibiotic resistance carriers and clinically-relevant groups, such as 

Enterobacteriaceae, Enterococcaceae, Pseudomonadaceae, among others (Alexander et al., 

2016; Manaia, 2017; Mckinney & Pruden, 2012; Narciso-da-Rocha & Manaia, 2017; Sousa et 

al., 2017; Varela et al., 2015a, Varela et al., 2015b). Most of the wastewater bacteria are non-

culturable, although they might harbor antibiotic resistance genes. Therefore, the impacts of 

wastewater discharges in receiving environments cannot be properly assessed based only on 

culturable bacteria. In a review comparing the final effluent of urban wastewater treatment 

plants in China, Estonia, Finland, Portugal, Spain and United States of America, Manaia et al. 

(2016) reported that 1014-1018 copies of genes encoding resistance to tetracycline or β-lactams 

can be discharged per day into the environment. These values have been consistently 

confirmed in other studies (Pallares-Vega et al., 2019; Pärnänen et al., 2019). Metagenomics 

studies have unveiled an impressive diversity of antibiotic resistance genes in wastewater, 

with 100 to > 400 types being detected in the influent and 1-5 five times less types in the final 

effluent (An et al., 2018; Lira et al., 2020; Ng et al., 2019; Quintela-Baluja et al., 2019). Despite 

these reductions, these studies have reported also that some genes were enriched during 

treatment. Despite the high potential of metagenomic analysis to explore the wastewater 

resistome, this approach provides results whose interpretation in terms of treatment efficiency 

and risk assessment may be biased and complex. For this reason, some authors have 

preferred to assess treatment efficiency and impacts of wastewater treatment plants based on 

the use of targeted analysis of quantitative polymerase chain reaction (qPCR) (Cacace et al., 

2019; Storteboom et al., 2010). This approach requires the selection of suitable markers, 

normally genes that have been reported in clinical isolates or with a wide distribution such as 

blaCTX, blaKPC, blaNDM, blaIMP, blaVIM involved in β-lactams resistance, vanA involved in 

vancomycin resistance, sul1 and sul2 involved in sulfonamides resistance and tet genes, 

encoding resistance to tetracycline (Du et al., 2014; Narciso-da-Rocha et al., 2014; Rodriguez-

Mozaz et al., 2015; Szczepanowski et al., 2009). Quantitative PCR, through the intra-polation 

to a calibration curve, allows the estimation of gene abundance per volume of sample, which 

is adequate to assess treatment efficiency and to risk assessment. While these determinations 

may be influenced by experimental conditions, the possibility of comparing data obtained in 

different laboratories has been regarded as an urgently need to enable antibiotic resistance 

monitoring (Berendonk et al., 2015; Manaia et al., 2016).   

Water scarcity and water pollution have led to consider the use of treated wastewater an 

option, which is becoming mandatory in some situations. Around 1.2x109 people live in areas 

affected by serious water scarcity conditions (United Nations, 2014) and 1.8 x109 are expected 

to be living in countries or regions affected by water scarcity by 2025 (FAO, 2012; United 

Nations, 2014). Wastewater reuse may be applied mainly for irrigation in agriculture and 
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landscaping (Drechsel et al., 2010). This practice is already in use in countries, such as 

France, Italy, Spain, Cyprus, Israel, USA, among others (EPA, 2012; Kalavrouziotis et al., 

2015; Pedrero et al., 2010). However, such a practice may increase the risks of transmission 

of antibiotic resistant bacteria and antibiotic resistance genes from urban wastewater 

treatment plants to the environment and finally back to humans, via the food chain (Fuhrimann 

et al., 2016). At European level new guidelines for minimum requirements for water reuse have 

been recently announced (Alcalde-Sanz & Gawlik, 2017). It considers an integrated water 

management, with special focus on agricultural irrigation, and recommends that treated 

wastewater should fulfil minimum requirements regarding four parameters (Escherichia coli, 

biochemical oxygen demand, total suspended solids, turbidity), establishing different water 

quality requirements according to crop categories and irrigation mode. However, the release 

of antibiotics, antibiotic resistant bacteria or antibiotic resistance genes into the environment 

is not regulated so far (Rizzo et al., 2020). It is important to consider that even if the wastewater 

is not reused for irrigation, treated wastewater will end up in the environment in aquatic 

systems, used or connected to irrigation, leisure, or other ends, where may represent a risk to 

human health. Antibiotic resistant bacteria and their antibiotic resistance genes are nowadays 

recognized environmental contaminants of emerging concern that can pose serious risks to 

human health as they reduce antibiotic therapy efficacy (Pruden et al., 2006). Therefore, it is 

important to develop treatment methodologies that could have more efficacy on wastewater 

treatment and on the removal of antibiotic resistant bacteria and antibiotic resistance genes. 

High quality treated wastewater is crucial for ensuring adequate protection of the environment 

and human health. 

 

1.2.1. Wastewater treatment 

Sewage collected and pipped into a wastewater treatment plant (influent, raw wastewater) is 

subjected to different processes, which main objective is to remove debris, high organic loads 

and pathogens from sewage (Manaia et al., 2018).  
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Figure 4 – Schematic presentation of the treatments applied in an urban wastewater 

treatment plant (from Manaia et al., 2018). 

 

Most of the urban wastewater treatment plants apply a pre-treatment followed by primary 

treatment and a secondary biological process. The pre-treatment may be a mechanical 

process aiming to remove solids that might damage the downstream equipment. The influent 

may then undergo primary treatment aiming at settling the sedimentable solids, being ready 

for entering the secondary treatment area where biodegradable compounds are removed and 

microorganisms can be outcompeted or aggregated in flocs that will sediment (Figure 4) 

(Grady et al., 2011; Henze et al., 2008). This process is rather complex, not fully understood 

from the microbiological point of view, and reported as being subjected to a high degree of 

stochasticity (Bengtsson-Palme et al., 2016; Lira et al., 2020). Despite these fluctuations, it is 

generally estimated that a secondary effluent can have a load of up to 1012 antibiotic resistant 

bacteria per day or 1018 antibiotic resistance genes per day (Manaia et al., 2016; Vaz-Moreira 

et al., 2014). To further polish these effluents, some urban wastewater treatment plants also 

apply other processes that comprise tertiary treatment steps, and where disinfection may be 

considered an added value to remove microorganisms (Rizzo et al., 2020). Other aims of the 

tertiary treatment include increasing the removal of nutrients (nitrogen/phosphorus) and 

chemical micropollutants from secondary treatment effluent, increasing the final effluent water 

quality (Henze et al., 2008).  
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The most used disinfection method is chlorination, however ultraviolet (UV) radiation and 

ozonation are also employed. Some studies have compared the effect of these treatment 

processes on the removal of antibiotic resistant bacteria and antibiotic resistance genes. While 

some studies report that chlorination has shown to be more effective than UV or ozonation 

(Zhuang et al., 2015) and the sequential use of UV and ozonation revealed to be more effective 

on antibiotic resistance genes removal than UV irradiation only (Sharma et al., 2016), others 

report that chlorination did not prove to have significant contribution to ARGs removal (Di 

Cesare et al., 2016; Gao et al., 2012; Munir et al., 2011).  Therefore, it seems that the efficiency 

of a treatment may be extremely dependent on the operation conditions employed. For 

example, the effect of chlorination on antibiotic resistance genes proved to be dependent on 

the dosage of chlorine and contact time, achieving a maximum inactivation of 1.30-1.49 log-

units at 30 mg/min.L of chlorine (Sharma et al., 2016). Moreover, all bacteria, except 

sulfadiazine- and erythromycin-resistant bacteria were inactivated to levels below the 

detection limit by using 15 mg/min.L of chlorine (Yuan et al., 2015). Other treatment processes 

have been investigated or developed, although are only at the pilot- or bench-scale level, such 

as advanced oxidation processes based on the formation of hydroxyl radicals, nanomaterials, 

membrane filtration and coagulation, among others (Barancheshme & Munir, 2018). The 

development and implementation of treatment processes effective on the removal of these 

contaminants is crucial to avoid environmental pollution with antibiotic resistant bacteria and 

antibiotic resistance genes (Rizzo et al., 2020).   

 

1.2.2. Assessment of wastewater treatment efficiency on 

antibiotic resistance reduction 

Wastewater treatment efficiency is traditionally assessed based on some standardized 

physicochemical and microbiological parameters (Council Directive 91/271/EEC; Manaia et 

al., 2018). The microbiological parameters rely on the measurement of bacteria of enteric 

origin, such as enterococci, and mainly total and faecal coliforms and Escherichia coli (ISO 

7899; ISO 9308). These or any other microbiological parameters are not indicated in the 

European legislation that defines minimal quality requirements of wastewater (Council 

Directive 91/271/EEC), although Escherichia coli is one of the quality and safety parameters 

recommended for wastewater reuse for irrigation (The European Parliament and the Council 

Regulation 2020/741). However, even in the water reuse minimum requirements, antibiotic 

resistance is not considered. In general, the occurrence of antibiotic resistant bacteria and 

antibiotic resistance genes in wastewater, although recognized worldwide, is currently not 

considered in any legislative framework. In part this is due to the difficulties in establishing 
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minimum requirements, justifying that further research efforts on the evaluation of advanced 

treatment processes and on monitoring methods are needed. Regular and harmonized 

monitoring will generate a body of information that can support the establishment of legislative 

policies. Different methodological approaches have been reported in the literature (Table 2) 

(Manaia et al., 2018). 

 

Table 2 – Brief summary of strengths and weaknesses of culture-dependent and -

independent methodologies used to assess antibiotic resistance in wastewater 

environments (adapted from Manaia et al., 2018).  

 Culture-dependent methods Culture-independent methods 

Strengths  Allow phenotype identification 

Permit enumeration of viable 
cells 

Permit the identification and 
monitoring of clinically-
relevant species 

Standardized methods 

Low cost 

 

High specificity and sensitivity 

Targeted analyses 

Allow the determination of 
abundance and prevalence of 
specific ARGs 

Permit the simultaneous 
quantitative analysis of 
multiple ARGs and 
housekeeping genes in a 
single sample 

 

Weaknesses  Laborious  

Time consuming 

Cultures are not 
representative of the whole 
community diversity 

Most bacteria are not  
culturable 

 

DNA extraction may represent 
an important bias on the 
quantification 

The analysis is independent 
from the phenotype of the host 

The presence of PCR 
inhibitors in complex matrices 
may compromise the accuracy 
of ARGs quantification 

High cost 

No standardized methods 

 

Culture-dependent methods rely on the cultivation of bacteria of interest to evaluate their 

growth, metabolism and phenotype, while the culture-independent methods are based on the 

analysis of nucleic acids (Hiller et al., 2019; Manaia et al., 2018; Rizzo et al., 2013).  Most 

regulatory framework that include microbiological analysis establish culturing and numbers of 

culturable microorganisms as safety and quality criteria. Besides the major advantages that 

are the existence of standardized methods, the simplified translation of the results into 
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predefined quality criteria and the existence of data archived for decades, there are other 

potentials. These include the possibility of phenotypic characterization of isolates, the 

feasibility of implementation even with low technical resources, and potential for global data 

comparability. However, a major limitation refers to the fact that non-culturable populations, 

regardless their viability, are not considered when culture methods are used (Hiller et al., 2019; 

Manaia et al., 2018; Rizzo et al., 2013). Depending on the type of environment, the fraction of 

culturable bacteria may range from less than 0.1% to 10% (Vartoukian et al., 2010; Vaz-

Moreira et al., 2013). This scenario created increasing interest on culture-independent 

methods that rely on the direct analysis of DNA, regardless the viability of the cells, growth 

requirements or cell injuries (Kim et al., 2013; Manaia et al., 2018). Culture-independent 

methods offer a comprehensive overview of the diversity and abundance of genes in a sample. 

The methods mostly used to investigate and monitor antibiotic resistance are quantitative PCR 

(qPCR), that enables the quantification of selected genes, and metagenomics that permit the 

search for a broad range of genes in samples with complex microbial communities (Aarestrup 

& Woolhouse, 2020; Hendriksen et al., 2019; Hutinel et al., 2019; Oulas et al., 2015; Pärnänen 

et al., 2019; Riquelme et al., 2021). The selection of the best method depends on the study 

aims. While metagenomics approaches are promising for non-target ARG profiling, the overall 

advantage of qPCR is the higher sensitivity and precision allowing the quantification of target 

genes even when these genes are at low-abundance values (Manaia et al., 2018). Therefore, 

one of the gold-standard methods currently used to quantify ARGs is the qPCR which is a 

targeted and accurate method that permits the detection and quantification of selected genes. 

This method has been used to quantify genes in clinical samples, groundwater, wastewater, 

manure, and soil (Böckelmann et al., 2009; Kim et al., 2013; Liotti et al., 2019; McKinney et 

al., 2018) presenting a high accuracy and specificity. Nevertheless, qPCR as well as the 

culture-dependent methods, is not exempt from biases. Quantitative PCR may be limited by 

the presence of detergents, humic acids and other compounds that might inhibit the qPCR 

reaction (Sidstedt et al., 2015; Smith & Osborn, 2009). Moreover, qPCR targets a limited 

number of genes and is dependent on qPCR primers design/specificity (Manaia et al., 2018). 

Another disadvantage might be the inability to directly discriminate between extracellular and 

intracellular DNA, although strategies have been used to try to solve this problem such as the 

use of propidium monoazide (Cangelosi & Meschke, 2014; Nocker et al., 2007). 
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1.2.3. Antibiotic resistance monitoring in wastewater – potentials 

and limitations 

 

Antibiotic resistance is present in large amounts in domestic effluents, persist wastewater 

treatment and, consequently, urban wastewater treatment plants discharges may have 

adverse impact on the receiving environment (Alexander et al., 2015; Cacace et al., 2019). 

This fact has raised the interest on implementing feasible and reliable methods to monitor 

antibiotic resistant bacteria or antibiotic resistance genes in wastewaters. Monitoring antibiotic 

resistance in wastewater can have three main aims – i) assess the quality of the effluent and 

estimate the potential impacts in the receiving environment (e.g. Cacace et al., 2019); ii) 

assess the quality and efficacy of the treatment process (e.g. Pärnänen et al., 2019); iii) survey 

the profiles and abundance of antibiotic resistance in a population through the inspection of 

the respective sewage (Aarestrup & Woolhouse, 2020). The latter is out of the scope of the 

monitoring aims herein approached and will not be further discussed.  

While in culture-dependent methods the protocols are usually established and standardised, 

they have limitations to stand alone to attain the aims mentioned above. However, before 

culture-independent methods can be implemented, some aspects need to be further explored, 

as it is recognized that the existing methods are not harmonized, and it is unknown if the 

results obtained worldwide are comparable (Berendonk et al., 2015; Manaia et al., 2016). For 

example, for culture-dependent methods, the procedures for determining antibiotic 

susceptibility of a given bacterial strain are well defined in the Clinical and Laboratory 

Standards Institute or European Committee on Antimicrobial Susceptibility Testing guidelines 

(CLSI, 2016; EUCAST, 2021). Although these guidelines are designed for the evaluation of 

resistance of clinical strains, they have been adapted to assess antimicrobial resistance of 

isolates obtained from environmental sources (Manaia et al., 2018). The harmonization of 

protocols and the definition of universal guidelines based on the use of culture-independent 

methods present different challenges. Determinations can be influenced by numerous 

variables, some of which may be difficult to control, making it challenging to compare results 

between different laboratories and regions of the world (Manaia et al., 2016; Manaia et al., 

2018). Technical decisions such as the selection of the membranes used to concentrate the 

water biomass for further DNA extraction and the choice of the DNA extraction kit, may 

influence the final result. Also, the results may be affected by factors such as the primers, 

qPCR mixtures, qPCR protocol or equipment and qPCR standards, or the sequencing 

technique and depth, read length, assembly quality and reference database and criteria for 

annotation (Manaia et al., 2018). Another question refers to the sensitivity of the methods to 

use, since advanced wastewater treatment may lower antibiotic resistant bacteria and 

resistance genes to levels below the limits of detection (Becerra-Castro et al., 2016; Fortunato 

et al., 2018; Sousa et al., 2017). These are aspects that have been discussed and identified 
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as critical to advance the control of antibiotic resistance in wastewater environments (Di 

Cesare et al., 2020; Manaia et al., 2018). 

 

1.2.4. Wastewater as a bridge from clinics to the environment  

In urban areas, domestic sewage represents the major human emission of pathogens and 

antibiotic resistant bacteria. Although wastewater treatment has a pivotal role on the removal 

of such microorganisms from sewage, an important fraction can survive, being discharged into 

the environment. The occurrence of pathogenic organisms in treated wastewater is mainly 

explained by human emissions and by the capacity of members of these species to endure 

treatment processes. The acronym ESKAPE has been used to list six groups of opportunistic 

pathogens that are leading causes of drug-resistant infections in hospitals, specifically 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa and Enterobacter spp. (Boucher et al., 2009). 

Considering characteristics of these bacteria such as ubiquity, high incidence of clinical 

situations and severity of the infections, it is arguable that members of this list should be 

considered as priority targets in wastewater monitoring. In fact, all these organisms have been 

reported both in raw and treated wastewater (Akya et al., 2020; Higgins et al., 2018; Limayem 

et al., 2019; Mbanga et al., 2021; Surleac et al., 2020). Pathogens causing infections or thriving 

in transition environments, such as wastewater, irrigation or leisure waters, represent a human 

health threat. However, it is also possible that some of these bacteria cannot survive 

wastewater treatment and environmental challenges, or if they do, may tend to lose part of 

acquired traits. The effect of distinctive selective processes due to the stress imposed by the 

external conditions on the retention or loss of specific traits is still a major question. The 

evaluation of the stability and maintenance of virulence and resistance features in wastewater 

and in the environment is a suitable approach to study the effect that these transition 

environments might cause phenotypically and genotypically in bacteria (Biswal et al., 2014). 

Since these organisms can be present in humans and in distinct environments, the study about 

the alterations that transitions environments, such as wastewater, might promote in these 

organisms regarding antibiotic resistance and virulence might be of importance to evaluate 

the possible potential impact of these organisms on human health when discharged into the 

environment. 
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2. Relevance in clinics and in the environment of Klebsiella 

pneumoniae  

The family Enterobacteriaceae is integrated in the class Gammaproteobacteria and includes 

genera and species with ubiquitous distribution in soil, water, plants, animals and humans 

(Brenner & Farmer, 2015). Members of this family stain Gram-negative, are non-spore forming 

rods, and are facultative anaerobes with chemoorganotrophic fermentative and respiratory 

metabolism (Brenner & Farmer, 2015). As the name hints, some members of the family 

Enterobacteriaceae are common enteric inhabitants of vertebrates, being Escherichia coli the 

most well-known species, also used as microbiological indicator of fecal contamination (ISO 

9308). This family also comprises well-known pathogens, such as Shigella dysenteriae, some 

hemorrhagic lineages of E. coli, and Klebsiella pneumoniae (Berman, 2012). Ubiquity, 

virulence, and acquired antibiotic resistance, place some members of the family 

Enterobacteriaceae among the leading group of clinically-relevant bacteria with wide 

environmental distribution (Iredell et al., 2016; WHO, 2014).  

K. pneumoniae is one of the species of the ESKAPE group that has called the attention of 

public health entities such as the World Health Organization, the Centers for Disease Control 

and Prevention (US) or the European Centre for Disease Prevention and Control, as a 

significant threat to global public health due to its high rates of antimicrobial resistance (ECDC, 

2019; WHO, 2015). This species of the family Enterobacteriaceae has been reported in a wide 

range of sources, not only in association with humans and animals, but also in plants, soils, 

water, and wastewater (Navon-Venezia et al., 2017; Wyres & Holt, 2018). In humans, it can 

colonize and infect the respiratory, gastrointestinal and urinary tracts and the skin, being an 

opportunistic pathogen, mostly associated with urinary infections, pneumonia and wound 

infections (Navon-Venezia et al., 2017; Wyres & Holt, 2018). The threat posed by members of 

this species is illustrated by the fact that this species is one of the major causes of the bacterial 

infections caused by all Gram-negative bacteria (Navon-Venezia et al., 2017). The 

examination of 41 814 isolates of Klebsiella pneumoniae collected over the year of 2019 in 30 

EU/EEA countries, demonstrated that more than a third (36.6%) of the isolates were resistant 

to at least one of the antimicrobial groups under surveillance (i.e., fluoroquinolones, 3rd 

generation cephalosporins, aminoglycosides and carbapenems) (ECDC, 2019). The highest 

EU/EEA population-weighted mean resistance percentage was reported for 3rd generation 

cephalosporins (31.3%), followed by fluoroquinolones (31.2%), aminoglycosides (22.3%) and 

carbapenems (7.9%). Single resistance was less commonly reported than resistance to two 

or more antimicrobial groups, with the most common resistance phenotype being the 

combined resistance to fluoroquinolones, 3rd generation cephalosporins and aminoglycosides 

(ECDC, 2019). Indeed, 3rd generation cephalosporin-resistant and carbapenem-resistant 
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Enterobacteriaceae species, including Klebsiella pneumoniae, are part of the WHO list of 

priority pathogens for research and development of new antibiotics, being classified in the 

critical level (Figure 5) (WHO, 2015).   

 

 

Figure 5 - Percentage of invasive Klebsiella pneumoniae isolates resistant to 3rd 

generation cephalosporins (A) and carbapenems (B) by country, EU/EEA, 2019. 

 

The clinical relevance of this species is also related to its high genome plasticity, compared to 

other Gram-negative organisms (Wyres & Holt, 2018). In members of this species, plasmids 

and plasmid-related genes are frequently observed as extra- or intra-chromosome elements, 

hinted by genome regions with high variability in the guanine and cytosine (G+C) content, 

reflecting the intense horizontal gene transfer activity (Wyres & Holt, 2018). Paczosa and 

Mecsas (2016) described this species as “going in the offense with a strong defence” due to 

the wide range of clinically-relevant traits that can be observed in members of this bacterial 

group. Besides having clear advantages regarding antimicrobial resistance, this species has 

also a high infection capacity. This is promoted by traits related with virulence such as 

capsules, lipopolysaccharides, fimbriae but also traits related to metals and antibiotic 

resistance which confer additional advantage in aggressive environments (Paczosa & 

Mecsas, 2016). These features make of Klebsiella pneumoniae an interesting model organism 

to assess the ecology, persistence and stability of bacteria with acquired antibiotic resistance 

that are able to thrive in the environment. Such kind of study is increasingly feasible thanks to 

the possibility to explore and compare bacterial genomes.  
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3. Genomics and the study of antibiotic resistance ecology  

Genomics is an area of knowledge and application that is developing fast, with crucial 

contributions from technology and bioinformatics, and pushed and pulled by numerous areas 

of intervention, where microbiology is only a tiny fraction (Figure 6). Therefore, numerous 

advances in microbial genomics are paced with other synchronous developments. Over the 

last decades, new DNA sequencing technologies, with decreasing costs have emerged (e.g., 

Roche 454, Illumina, Pacific Biosciences, Oxford Nanopore technology) (Gupta & Verma, 

2019). While short read sequencing technologies such as Illumina have the limitation of 

missing and failing the highly frequent repetitive regions of bacterial genomes, these limitations 

have been compensated by the use of long read technologies such as Pacific Biosciences or 

Oxford Nanopore technologies (Gupta & Verma, 2019; Segerman, 2020).  

 

 

Figure 6 – Areas of intervention of genomics (from Yang et al., 2014). 

  

Besides metagenomic approaches, briefly addressed above, next generation sequencing also 

leveraged whole-genome sequence (WGS) analyses, permitting an improved and advanced 

knowledge of functional capacities, evolution and epidemiology of microorganisms (Gerner-

Smidt et al., 2019; Quainoo et al., 2017; Runcharoen et al., 2017). Either based on the 

examination of genomes of microbial isolates or genomes assembled from metagenomes, 

microbial genomics is now a still under exploitation field that promises to bring important 
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insights into the ecology and evolution of acquired antibiotic resistance (Baquero, 2012; 

Murray et al., 2020). One of the most important characteristics of genome sequence analysis 

is the relatively high reproducibility and the portability, which permits the public access to open 

data obtained worldwide. Public databases providing the whole genome sequence of 

pathogens and antibiotic resistant bacteria as well as filters and tools for preliminary analysis 

are nowadays essential for researchers and health professionals (Table 3).   

Besides some fundamental research aspects, also practical implications are increasingly 

arising from the application of genomics studies. For instance, the Global Antimicrobial 

Resistance and Use Surveillance System (GLASS) promoted by WHO is exploring the use of 

whole-genome-sequencing for surveillance of antimicrobial resistance (WHO, 2020). 

According to the GLASS report (WHO, 2020), the use of WGS for global surveillance will 

promote the acquisition of information about the emergence and spread of antibiotic resistance 

and will help on the development of diagnostic tools to characterize antibiotic resistance in a 

shorter time, complementing phenotypic characterization (WHO, 2020). Research has 

demonstrated the usefulness of genomics to infer about diseases caused by transmission 

between humans and food, as part of an one-health approach (Gerner-Smidt et al., 2019), to 

track disease outbreaks (Quainoo et al., 2017), to track antibiotic resistant bacteria circulation 

in a specific environment (van Dorp et al., 2019), to determine the location or antibiotic 

resistance determinants on core or accessory genome of an organism (Gorrie et al., 2018), to 

determine the geographic spread of a resistant strain to trace transmission networks (Nakano 

et al., 2018), among others. Genomics also supports comparative studies based on 

pangenome (core and accessory genes) analysis, providing information to estimate the 

genomic diversity of a dataset and bacterial evolution insights (Vernikos et al., 2015). 

Pangenome analysis revealed to be useful to provide insights into the potential ecological role 

and virulence (Wu et al., 2018; Guevarra et al., 2021), to complement culturomics in order to 

classify emerging bacteria or re-classify described ones (Caputo et al., 2019), as a tool for 

analysing pathogenic bacteria (Rouli et al., 2015) or to understand populations genomics and 

evolutionary events (Delgado-Blas, et al., 2021) across different bacterial species. These 

strategies and the availability of whole genome sequence data obtained worldwide will be 

crucial to monitor pathogen populations, to identify and track high-risk clones at the 

international level and to timely implement contention strategies. Moreover, understanding the 

mechanisms of disease, transmission and evolution, will help to advance in knowledge which 

is important to improve infection treatments globally.
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Table 3 – Examples of public databases that provide, interpret and/or offer analysis tools to explore bacterial genomes. 

Acronym Description Website  

PATRIC 
Pathosystems Resource Integration Center - provides integrated data and analysis 

tools to support biomedical research on bacterial infectious diseases. 
https://www.patricbrc.org/ 

NCBI Pathogen 

Detection 

NCBI Pathogen Detection - provides bacterial pathogen genomic sequences 

originating in environmental sources and clinical sources and identifies related 

sequences to uncover potential contamination sources. 

https://www.ncbi.nlm.nih.gov/p

athogens/ 

JSpeciesWS 

JSpeciesWS - measures the probability of genomes belonging to the same species or 

not based on their complete or draft nucleotide sequence and give indication of 

genome size, G+C content, among others. 

http://jspecies.ribohost.com/jsp

eciesws/ 

BIGSdb-

Pasteur 

BIGSdb-Pasteur – provides a collection of curated, open or private databases of 

genome sequences and genotypes based on multilocus sequence typing (MLST), 

whole genome based typing and supplementary schemes (in particular, antimicrobial 

resistance or virulence genes). 

https://bigsdb.pasteur.fr/ 

CARD 
Comprehensive Antibiotic Resistance Database – provides a database of resistance 

genes, their products and associated phenotypes. 
https://card.mcmaster.ca/ 

AMRFinderPlus 

AMRFinderPlus (NCBI) - identifies AMR genes, resistance-associated point mutations, 

and select other classes of genes using protein annotations and/or assembled 

nucleotide sequence. 

https://www.ncbi.nlm.nih.gov/p

athogens/antimicrobial-

resistance/AMRFinder/ 

VFDB 
Virulence Factor Database – provides curated information about virulence factors of 

bacterial pathogens.  

http://www.mgc.ac.cn/VFs/mai

n.htm 
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Acronym Description Website 

CGE 

Center for Genomic Epidemiology - provides access to bioinformatics resources such 

as: 

ResFinder (identification of acquired antibiotic resistance genes); 

PathogenFinder (prediction of bacteria’s pathogenicity towards human hosts); 

VirulenceFinder (identification of acquired virulence genes); 

MLST (Multi Locus Sequence Typing (MLST) from an assembled genome or from a set 

of reads); 

PlasmidFinder (PlasmidFinder identifies plasmids in total or partial sequenced isolates 

of bacteria); 

SpeciesFinder (Prediction of bacterial species using the S16 ribosomal DNA sequence); 

Among others. 

http://www.genomicepidemiolo

gy.org/ 

ISfinder 
ISfinder - provides a basic framework for nomenclature and insertion sequences 

classification into related groups or families. 

https://www-

is.biotoul.fr/index.php 

RAST 
RAST – Rapid Annotation using Subsystem Technology - fully-automated service for 

annotating complete or nearly complete bacterial and archaeal genomes.  
https://rast.nmpdr.org/rast.cgi 

Table 3 (cont.) - Examples of public databases that provide, interpret and/or offer analysis tools to explore bacterial genomes. 
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3.1. Klebsiella pneumoniae under the genomics lens 

Specifically in the genus Klebsiella the use of genomics has contributed to elucidate 

biochemical and physiological properties of isolates recovered in clinical and research 

laboratories, and to assess relationships among closely related species that share 95-96% 

average nucleotide identity with K. pneumoniae (Holt et al., 2015; Long et al., 2017; Rodrigues 

et al., 2018). These approaches also unveiled the features associated with the core and 

accessory genome parts, highlighting clinically-relevant traits that might be associated to some 

critical features of the most spread or invasive K. pneumoniae members (Wyres et al., 2020). 

These approaches have also contributed to better understand aspects such as plasmid 

maintenance and dynamics in the hospital settings (Conlan et al., 2016; Gorrie et al., 2018; 

Martin et al., 2018). This kind of studies have evidenced how important these approaches can 

be to understand population structure, evolution and antibiotic resistance transmission. The 

same approaches promise to bring new insight into the dynamics of K. pneumoniae between 

humans, infection episodes and environmental lifestyles (Wyres et al., 2020). These studies 

will help to understand K. pneumoniae genomic epidemiology and evolution and therefore 

further and deeper studies are needed. However, whole genome sequence and genomics 

analyses have mostly relied on the study of clinical bacteria and clinically-relevant features. 

Some of the above listed databases (Table 3) are of this an example, being limited the number 

of genomes available of environmental origin and scarce and of poor quality the information 

provided. This upgrade is urgently needed to have an improved and more robust perspective 

of the relationship between the clinical and the environmental resistome.   
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4. Hypothesis and objectives of the thesis  

Advances on the current knowledge of the wastewater resistome are essential to support the 

development of adequate legal frameworks and implementation of control measures as well 

as to unveil the human-health risks associated with the discharge of antibiotic resistant 

bacteria and antibiotic resistance genes in the environment.  

The three hypothesis that oriented this thesis were:  

1. That qPCR can be used in inter-laboratory assays for the quantification of antibiotic 

resistance genes in different types of wastewater to assess treatment efficiency and potential 

environmental impacts;   

2. That DNA losses during extraction from wastewater and water samples could be controlled 

based on the use of a cell-based internal standard;  

3. That clinical isolates of K. pneumoniae, used as a model bacterial species, may be lost or 

lose some antibiotic resistance and fitness features, once thriving in the environment.   

The arguments to explore these three topics were:  

1. The regular and integrated monitoring of antibiotic resistance in wastewater has been 

claimed as a priority on the combat of antibiotic resistance, being integrated surveillance one 

of the objectives of the World Health Organization global action plan on antimicrobial 

resistance (WHO, 2015). Moreover, numerous groups around the world have been developing 

improved and innovative wastewater treatment systems to reduce the resistance load of 

wastewater (Rizzo et al., 2020), being necessary to provide harmonized and comparable 

analytical methods that permit reliable comparisons.   

 

2. Numerous studies have demonstrated that DNA extraction may be critical for the analysis 

of the resistome in environmental samples (Djurhuus et al., 2017; Hinlo et al., 2017; Li et al., 

2018). A critical step may be related with cells – e.g., loss during filtration, failure to lyse, 

trapping in the sample debris and protein precipitates - and later on due to losses in the DNA 

target, mainly when qPCR is used. Therefore, the development of an internal standard that 

could be used in different laboratories, mainly in those with limited experience in DNA 

extraction, was considered a valid contribution.  

3. Discussions about antibiotic resistance in wastewater environments may assume that 

antibiotic resistant bacteria are more resilient during treatment and in the environment than 

the susceptible counterparts, or, in opposition, that some lineages of multidrug resistant 
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bacteria may be lost or at least lose some relevant features during wastewater treatment or in 

the environment. The recognition of the lineages and features that survive wastewater 

treatment will contribute to improve the current knowledge about the potentials and limitations 

of wastewater treatment as well as to identify markers that may be useful for environmental 

monitoring.    

 
 



 

 

 

CHAPTER 2 

THESIS ROADMAP
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The thesis is organized in 8 chapters, three of which are general – the Introduction in Chapter 

1, General Discussion and Main Conclusions in Chapter 7, and Suggestions of Future Work 

in Chapter 8. Experimental work addressing each of three hypotheses, listed in section 

“Hypothesis and objectives of the thesis” in Chapter 1, is described in Chapter 3 to Chapter 6. 

The thesis includes work that is integrated in eight scientific articles, six published in peer-

reviewed journals, between 2018 and 2020, one currently submitted and another one in 

preparation. 

Chapter 3 was designed to address needs identified in ongoing collaborative studies. Once 

qPCR was identified as the method of choice to quantify antibiotic resistance genes in 

wastewater, as it allows the determination of abundance and prevalence values and supports 

the calculation of removal rates, the goal was to test distinct protocols targeting genes in 

different types of samples, processed in different laboratories. This study permitted the 

analysis of results obtained in distinct laboratories using the same protocols and standards, 

but different operators, batch of reagents and equipment. It also permitted the inference about 

the possible influence of DNA extract quality and shipment, and the use of distinct protocols. 

The promising results of this chapter raised the concern that DNA extraction may be poorly 

efficient in some laboratories (mainly researchers who are not microbiologist or molecular 

biologists) and that minor genes may be prone to higher deviations.  

These considerations supported the design of Chapter 4. Previous experience has shown that 

cell resilience to lysis or cell losses due to different factors may affect DNA extraction yield 

and quality. Therefore, the aim was the design of an internal standard. The challenge was the 

identification of a gene that would not be found in wastewater environment. A rare gene 

encoding a molinate hydrolase from Gulosibacter molinativorax (Leite et al., 2015) was 

considered a good option, given its absence in the environment and in wastewater. A fragment 

of this gene was cloned in Escherichia coli to produce an internal standard. The use of this 

internal standard showed that the matrix effect, the major cause for cell loss or inadequate 

lysis during DNA extraction, had a moderate effect on DNA extraction. DNA extraction was 

neither affected by the operator nor by the kit used, being observed that one three times 

cheaper than the recommended was also suitable. The possibility of supplying an internal 

standard to groups with limited skills in DNA extraction or the recommendation of a low-cost 

DNA extraction kit or the demonstration that qPCR protocols performed in different 

laboratories were comparable were important achievements towards the systematization of 

antibiotic resistance monitoring processes.  

Although it is consensual that antibiotic resistance monitoring in wastewater is important, the 

wide diversity of antibiotic resistance genes in these environments unveiled by metagenomics 
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studies (An et al., 2018; Lira et al., 2020; Ng et al., 2019), raises the question of what is indeed 

important for human health. A major question is which are the genetic determinants and 

bacteria lineages that may be responsible for future effects in humans, namely through 

infection. These were the questions addressed in Chapters 5 and 6. In Chapter 5, 34 clinical 

and 25 wastewater isolates of K. pneumoniae resistant to 3rd generation cephalosporins, from 

Spain and Portugal, were compared based on clinically-relevant features, infection capacity 

(n=47), genetic lineage and genome analysis (n=22). These results were clear: although 

clinical isolates may be selected for higher virulence and antibiotic resistance, identical 

features persist in wastewater isolates. However, it was hypothesized that a larger number of 

isolates and isolation sources might bring a distinct perspective. This was the motivation for 

Chapter 6 study that included 139 genomes, retrieved from the public database National 

Center for Biotechnology Information (NCBI) and from the previous study (Chapter 5). These 

139 genomes, included 78 of clinical and 61 of environmental origin, distributed by 21 

countries. While some genetic determinants such as antibiotic and metal resistance genes, 

and virulence genes were more prevalent and diverse in clinical genomes, other such as efflux 

systems, quorum sensing, and oxidative stress were more abundant and diverse in the 

environmental genomes. These observations suggest that K. pneumoniae may evolve some 

fitness-relevant features in the environment, further specialized through mutation and gene 

acquisition in the clinical context. These conclusions are relevant starting points to further 

investigate if the antibiotic resistance genes or some key housekeeping features that may 

deserve to be monitored in the environment.   
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Abstract 

Urban wastewater treatment plants are major recipients of antibiotics, antibiotic resistant 

bacteria, and antibiotic resistance genes. The development of wastewater treatment 

processes for the efficient removal of these contaminants is a priority. However, monitoring 

antibiotic resistance in wastewater presents some challenges. This work focused on the 

suitability of using quantitative PCR (qPCR) to monitor wastewaters. The aims were to 1) 

assess the suitability of results expressed in gene abundance or prevalence to evaluate 

treatment efficiency and wastewater quality; 2) assess the degree of information provided by 

different antibiotic resistance genes as possible markers; 3) explore possibilities and critical 

factors for producing comparable data in different laboratories – e.g., the effect of DNA extract 

quality and shipment, equipment and gene-specific bias. Because it allows the detection of 

specific genetic determinants, and the results can be expressed as absolute (per volume) or 

relative (prevalence per total bacteria) abundance the method of choice was qPCR. The 

genetic determinants monitored were among the most predominant antibiotic resistance 

genes in wastewater encoding resistance to sulfonamides (sul1 and sul2), quinolones (qnrS), 

and β-lactams (blaTEM) and the 16S rRNA gene as a proxy of total bacteria. The work was 

conducted in collaboration with partners responsible for wastewater treatment, in full-scale 

plants or pilot systems, who supplied the DNA extracts. The results showed that although 

wastewater quality can be expressed in terms of antibiotic resistance prevalence, treatment 

efficiency must be measured based on absolute abundance. The interlaboratory comparison 

of monitoring results seemed reliable, although DNA extract quality and stability during 

shipment, as well as consumables and equipment specificities, may be critical for the 

monitoring findings. It was also observed that some genetic determinants or PCR primers may 

be inadequate for interlaboratory monitoring. This work shows that harmonized protocols may 

contribute to enable worldwide comparisons of antibiotic resistance genes in wastewaters, for 

technological development or surveillance purposes.   
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1. Introduction 

Antibiotic resistant bacteria and antibiotic resistance genes are recognized contaminants of 

emerging concern (Manaia et al., 2016). In urban areas, wastewater treatment plants are 

major recipients of these contaminants (Rizzo et al., 2013). In the urban wastewater treatment 

plants, the influent is subjected to a series of treatment processes frequently constituting a 

primary treatment for the removal of major solids and a secondary treatment for the removal 

of biological loads. Some urban wastewater treatment plants may also apply a tertiary 

treatment, that may consist or include a disinfection treatment, aiming the removal of 

micropollutants and the improvement of quality of the final effluent (Manaia et al., 2018). Urban 

wastewater treatment plants can achieve removal values of bacteria, ranging 1-3 log-units 

/mL, meaning that high loads of antibiotic resistant bacteria and antibiotic resistance genes 

are discharged in the final effluent (Manaia et al., 2016; Narciso-da-Rocha et al., 2014; Novo 

et al., 2013; Pallares-Vega et al., 2019). The need to assess the impacts caused in the 

receiving environments and to improve wastewater treatment technologies is consensual, 

although far from being designed or implemented (Berendonk et al., 2015; Di Cesare et al., 

2020). The traditional enumeration of bacteria and Escherichia coli monitoring in water are 

methods implemented to assess water quality but with serious limitations to be used as an 

antibiotic resistance monitoring method (Manaia et al., 2018). These methods have the 

advantage of being comparable among different laboratories because are designed for 

routine- and directive-oriented procedures in which the water quality is evaluated based on 

the presence of enterococci, Escherichia coli or other bacteria (ISO 7899; ISO 9308). Although 

these methods are informative of the phenotype of bacteria, they present disadvantages. 

Besides being time consuming, these approaches do not consider the viable but not culturable 

bacteria and are not oriented for antibiotic resistant bacteria analysis (Manaia et al., 2018). 

Culture-independent methods are based on nucleic acids analysis and therefore enable the 

detection of the usually large fraction of non-culturable bacteria, including antibiotic resistant 

bacteria as well as, at least some, of their genetic determinants. For these reasons, and 

because of requiring a lower workload, culture-independent methods have been used to 

monitor antibiotic resistance worldwide (Cacace et al., 2019; Böckelmann et al., 2009; Kim et 

al., 2013; Klein, 2002; Nguyen et al., 2021; Valasek, 2005). However, environmental 

monitoring of antibiotic resistance genes has been made exclusively as a research activity. 

Metagenomics and the quantitative PCR (qPCR) are the most used techniques for this 

purpose. The first, metagenomics, is a non-targeted analysis which enables the detection of a 

wide range of antibiotic resistance genes but does not allow quantifications in relation to the 

volume or mass of sample. The second, qPCR, is a targeted method based on the use of 

specific primers, and which allows the quantification of antibiotic resistance genes per volume 

or mass of sample supported by a calibration curve (in the traditional real-time thermal 
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cyclers). As a targeted method, qPCR presents high specificity and sensitivity being among 

the gold-standard culture-independent methods to be used to monitor antibiotic resistance 

genes in environmental samples (Kim et al., 2013). Variations to first qPCR methods have 

been developed, being important upgrades the avoidance of calibration curve and the large 

numbers of samples that can be processed simultaneously, e.g. in the qPCR array, high 

throughput qPCR or in the ddPCR (An et al., 2018; Gao et al., 2018; Pärnänen et al., 2019). 

Although the use of qPCR to monitor antibiotic resistance is expanding and revealing to be a 

promising tool, it has been recognized that results can be affected by the sample processing 

(e.g. filtering membranes for liquid samples, DNA extraction kits, standards used, primers and 

master mixes, protocols or equipment (Djurhuus et al.,2017; Hinlo et al., 2017; Kim et al., 

2013; Li et al., 2018; Rocha et al., 2020). The present study bridged different research projects 

(Table 1) where, for different reasons, antibiotic resistance genes were being monitored in 

wastewaters, aiming to explore the potentials and pitfalls of centralized versus interlaboratory 

analyses. Specifically, it was aimed to 1) assess the suitability of results expressed in gene 

abundance and prevalence to evaluate treatment efficiency and wastewater quality; 2) 

compare the information provided by different antibiotic resistance genes and assess their 

suitability as possible markers; 3) investigate critical factors and how these can be controlled 

for producing comparable data in different laboratories – e.g., the effect of DNA extract quality 

and shipment, equipment or gene-specific bias.  

The findings of this work show that adequately implemented and harmonized procedures may 

offer reliable data of antibiotic resistance monitoring obtained worldwide in treatment efficiency 

or environmental surveillance.  

 

2. Material and Methods  

2.1. Samples and DNA extracts 

This work was performed using DNA extracts obtained in our premises or by different partners, 

who shipped the DNA extracts to CBQF/UCP. All sample processing and DNA extraction were 

performed according to a harmonized procedure and protocol (Pärnänen et al., 2019; Rocha 

et al., 2020). Samples of raw/untreated and treated wastewater were collected by the partners 

of each laboratory, filtered and the total DNA was extracted using the DNeasy PowerWater kit 

(QIAGEN, Hilden, Germany) (or an alternative, Table 1) according to the recommended 

procedures (common to all partners). The filtering membranes and the DNA extraction kits 

used for each partner to filter the samples and extract the total bacterial DNA are indicated in 

Table 1. The DNA extracts were shipped in refrigerated conditions at 4 ºC to UCP, Portugal 
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which upon DNA extracts reception kept the DNA extracts refrigerated at -20 ºC until their use 

for qPCR analyses. 

 

2.2. Quantitative PCR 

The genes 16S rRNA, targeting total bacteria; gadAB, targeting Escherichia coli; and the 

genes encoding resistance to the antibiotic classes sulfonamides (sul1 and sul2), quinolones 

(qnrS), and β-lactams (blaTEM, and blaOXA-1) were quantified using qPCR. These genes were 

selected based on their wide distribution in wastewater (blaTEM, blaOXA, sul1, qnrS), and as 

markers of bacterial groups (16S rRNA, gadAB, Escherichia coli) (Chen et al., 2006; Du et al., 

2014; Narciso-da-Rocha et al., 2014; Varela et al., 2015). The quantifications were performed 

at least in duplicate for each sample, using the Standard Curve method as described in 

Brankatschk et al. (2012). The primers, standards and qPCR conditions are presented in Table 

2. Possible qPCR inhibition was assessed by quantifying target genes using 10- and 100-fold 

diluted samples, as suggested by Bustin et al. (2009). Two real-time thermocyclers were used: 

StepOnePlus™ (Life Technologies, Carlsbad, USA), in UCP (Portugal), and Bio-Rad Real-

Time PCR Analysis Software in Virginia Tech (US). 
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Table 1 - Aims and design of the studies supporting this chapter.  

All samples were filtered through polycarbonate membranes with 0.22 μm of pore (Whatman or Merck), DNA was extracted with the DNeasy PowerWater kit; and all 

qPCR reactions were performed in a StepOne™ Real-Time PCR System (Life Technologies). Exceptions are indicated in the table.   

Study Aim 
Study 

type 

Type of 

wastewater 

Wastewater 

Treatments 

Genes analysed 

 
Observations 

Narciso-da-

Rocha et 

al., 2018 

Evaluate variations in bacterial community 

composition and antibiotic resistance genes load 

and explore possible relationships among them. 

Full-

scale 

RWW, 

sTWW, 

tTWW, RE-

tTWW 

Primary, 

activated sludge 

and UV 

16S rRNA, intI1, 

blaTEM, blaOXA-A, 

blaSHV, blaCTX-M, sul1, 

sul2, and qnrS 

Membranes Whatman 

Rodríguez-

Chueca et 

al., 2019 

Application of advanced oxidation processes for 

the removal of antibiotics and antibiotic resistance 

genes from a wastewater effluent of a treatment 

plant. 

Full-

scale 

sTWW and 

tTWW 

H2O2/UV-C, 

PMS/UV-C and 

PMS/Fe(II)/UV-C 

16S rRNA, intI1, 

blaTEM, blaOXA-A, sul1, 

sul2, and qnrS 

Membranes Isopore 

Merck 

Rocha et 

al., 2019 

Comparison of measurements of tetracycline-, 

sulphonamide-, and cefotaxime-resistant 

presumptive total and fecal coliforms and 

presumptive enterococci versus antibiotic 

resistance genes quantified by quantitative 

polymerase chain reaction across waste-, 

recycled-, tap-, and freshwater. Comparison of 

qPCR measurements among two laboratories. 

Full-

scale / 

Pilot 

RWW, 

sTWW, 

tTWW 

Primary, 

activated sludge 

and UV 

16S rRNA, 23S rRNA, 

uidA, gadAB, intI1, 

blaOXA-1, blaCTX – M, 

sul1, sul2, tet(A) and 

tet(O) 

PT: Membranes Merck 

US: Membranes 

Whatman 

 

US: DNA extraction; 

FastDNA SPIN KIT 

(MP Biomedicals LCC) 

US: qPCR- Bio-Rad 

Real-Time PCR 

Analysis Software 

(Biorad) 

Rocha et 

al., 2020 

Inter-laboratory calibration to assess the variability 

inherent to the qPCR procedures for quantification 

of antibiotic resistance genes. 

Full-

scale 
sTWW 

Membrane 

bioreactor and 

activated sludge 

16S rRNA, intI1, 

blaTEM, blaCTXM-32, 

sul1, qnrS, and vanA 

Membranes Whatman 

Michael et 

al., 2020 

Explore the impact of UV-C/H2O2 and 

sunlight/H2O2 processes on removing antibiotics, 

cultivable bacteria and genes. 

Pilot 

scale 
sTWW 

Activated sludge, 

sunlight/H2O2, 

and UV-C/H2O2 

16S rRNA, blaOXA-A, 

blaSHV, blaCTX-M, sul1, 

sul2, qnrS, tet(M), 

vanA, and mecA 

Membranes Merck 

RWW – Raw wastewater; sTWW – effluent of the secondary treatment; tTWW – effluent of the tertiary treatment; RE-tTWW – effluent of the tertiary treatment incubated 3 days in the dark 
at 20 ºC; UV – ultraviolet; H2O2/UV-C – hydrogen peroxide/ UV-C; PMS/UV-C – Peroxymonosulfate/ UV-C; and PMS/Fe(II)/UV-C – Peroxymonosulfate/iron/UV-C.
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Table 2 - Primers, standards and qPCR conditions used in the different studies.  

Target 
Gene 

Primers sequence (reference) qPCR program and conditions 

Report of the results and 
Limits of Quantification per 
PCR reaction  
(LOQ, copy number) 

16S rRNA 

331F - TCCTACGGGAGGCAGCAGT 

518R - ATTACCGCGGCTGCTGG 

(Nadkarni et al., 2002 and Muyzer et al., 1993) 

95 °C - 10 min (1 cycle); 95 °C - 15 s, 60 °C - 1 
min (45 cycles)  
Mastermix: Power SYBR Green  
Primer concentration: 500 nM 
DNA: 10  µL / 25  µL reaction 

Rocha et al., 2020 
LOQ: 376 

16S rRNA 

1369F - CGGTGAATACGTTCYCGG 

1492R - GGWTACCTTGTTACGACTT  

(Suzuki et al., 2000) 

98 °C - 2 min (1 cycle), 98 °C - 5 s - 55 °C - 5 s 
(40 cycles)  
Mastermix: Evagreen 
Primer concentration: 400 nM 
DNA: 1 µL / 20 µL reaction 

Rocha et al., 2019  
LOQ: 100 

16S rRNA 

1114F - CGGCAACGAGCGCAACCC 

1275R - CCATTGTAGCACGTGTGTAGCC 

(Denman et al., 2016) 

95 °C - 10 min (1 cycle); 95 °C - 15 s, 55 °C - 
20 s and 72 °C - 10 s (35 cycles)  
Mastermix: KAPA SYBR® FAST ABI Prism 
Primer concentration: 200 nM 
DNA: 2 µL / 20 µL reaction 

Narciso-da-Rocha et al., 2018; 
Michael et al., 2020  
LOQ: 385 
Rodríguez-Chueca et al., 2019 
LOQ: 330  
Rocha et al., 2019 
LOQ: 402  

gadAB 

gadrt-1 - GCGTTGCGTAAATATGGTTGCCGA  

gadrt-2 - CGTCACAGGCTTCAATCATGCGTT  

(Chen et al., 2006) 

US: 95 °C - 2 min (1 cycle), 95 °C - 5 s, 69 °C - 
5 s (40 cycles)   
Mastermix: Evagreen 
Primer concentration: 400 nM 
DNA: 1 µL / 20 µL reaction 
PT: 95 °C - 10 min (1 cycle), 95 °C - 15 s, 60 
°C - 1 min (40 cycles)  
Mastermix: KAPA SYBR® FAST ABI Prism 
Primer concentration: 400 nM 
DNA: 2 µL / 20 µL reaction 

Rocha et al., 2019 
LOQ-US: 10 /LOQ-PT: 43 
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Target 
Gene 

Primers sequence (reference) qPCR program and conditions 

Report of the results and 
Limits of Quantification per 
PCR reaction  
(LOQ, copy number) 

sul1 

sul1F - CGCACCGGAAACATCGCTGCAC 

sul1R - TGAAGTTCCGCCGCAAGGCTCG  

(Pei et al., 2006) 

US: 98 °C - 2 min (1 cycle), 98 °C - 5 s, 69 °C - 
5 s (40 cycles) 
Mastermix: Evagreen 
Primer concentration: 400 nM 
DNA: 1 µL / 20 µL reaction 
PT: 95 °C - 5 min (1 cycle), 95 °C - 10 s, 60 °C 
- 30 s (35 cycles)  
Mastermix: FAST SYBR 
Primer concentration: 300nM 
DNA: 5 µL / 20 µL reaction (Rodríguez-Chueca 
et al., 2019; Rocha et al., 2020; Rocha et al., 
2019; Michael et al., 2020; Narciso-da-Rocha 
et al., 2018) 
 

Narciso-da-Rocha et al., 2018; 
Rocha et al., 2020; Michael et al., 
2020 
LOQ: 240   
Rodríguez-Chueca et al., 2019 
LOQ: 135 
Rocha et al., 2019 
LOQ-US: 100 / LOQ-PT: 96 

sul2 

sul2F - TCCGGTGGAGGCCGGTATCTGG 

sul2R - CGGGAATGCCATCTGCCTTGAG  

(Pei et al., 2006) 

US: 98 °C - 2 min (1 cycle), 98 °C - 5 s, 67.5 
°C - 5 s (40 cycles)  
Mastermix: Evagreen 
Primer concentration: 400 nM 
DNA: 1 µL / 20 µL reaction 
PT: 95 °C - 5 min (1 cycle), 95 °C - 15 s, 60 °C 
- 1 min (40 cycles)  
Mastermix: KAPA SYBR® FAST ABI Prism 
Primer concentration: 200 nM 
DNA: 2 µL / 20 µL reaction 

Narciso-da-Rocha et al., 2018; 
Rodríguez-Chueca et al., 2019;  
Michael et al., 2020  
LOQ: 47  
Rocha et al., 2019 
LOQ-US: 100/ LOQ-PT: 47  

 

Table 2 (cont.) - Primers, standards and qPCR conditions used in the different studies.  
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Target 
Gene 

Primers sequence (reference) qPCR program and conditions 

Report of the results and 
Limits of Quantification per 
PCR reaction  
(LOQ, copy number) 

blaOXA-1 

oxa1F - TATCTACAGCAGCGCCAGTG 

oxa1R - CGCATCAAATGCCATAAGTG  

(Yang et al., 2012) 

US: 98 °C - 2 min (1 cycle), 98 °C - 5 s, 62 °C - 
5 s (40 cycles)  
Mastermix: Evagreen 
Primer concentration: 400 nM 
DNA: 1 µL / 20 µL reaction 
PT: 95 °C - 10 min (1 cycle), 95 °C - 15 s, 60 
°C - 1 min (40 cycles)  
Mastermix: KAPA SYBR® FAST ABI Prism 
Primer concentration: 200 nM 
DNA: 2 µL / 20 µL reaction 

Rocha et al., 2019  
LOQ-US: 10 /LOQ-PT: 38 

blaTEM 

blaTEMF -  TTCCTGTTTTTGCTCACCCAG 

 blaTEMR -  CTCAAGGATCTTACCGCTGTTG  

(Bibbal et al., 2007) 

95 °C - 10 min (1 cycle), 95 °C - 15 s, 60 °C - 1 
min (40 cycles)  
Mastermix: SYBR® Select Master Mix 
Primer concentration: 200 nM 
DNA: 2 µL / 20 µL reaction 

Narciso-da-Rocha et al., 2018; 
Rocha et al., 2020; Michael et al., 
2020 
LOQ: 75  
Rodríguez-Chueca et al., 2019  
LOQ: 45 

qnrS 

qnrSrtF- GACGTGCTAACTTGCGTGAT  

qnrSrtR - TGGCATTGTTGGAAACTTG  

(Marti et al., 2013) 

95 °C - 10 min (1 cycle), 95 °C - 15 s, 60 °C - 1 
min (40 cycles)  
Mastermix: SYBR® Select Master Mix 
Primer concentration: 600 nM 
DNA: 2 µL / 20 µL reaction 

Narciso-da-Rocha et al., 2018  
LOQ: 75 copies 
Rodríguez-Chueca et al., 2019 
LOQ: 10 
Rocha et al., 2020; Michael et al., 
2020 
LOQ: 96  

Table 2 (cont.) - Primers, standards and qPCR conditions used in the different studies.  
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2.3. Criteria used to analyse qPCR results 

The qPCR results were analysed based on the following criteria: standard curve efficiency 

between 90 and 110%, correct melting temperature value, and unique melting peak. 

Amplifications in which the melting curves presented shoulders (increased signal in the 

baseline, e.g., due to primer dimers), multiple melting peaks (additional unspecific 

amplification) or incorrect melting temperatures (> ±1 °C from standards) were not considered. 

It was considered in each case that any gene amplification product that was below the limit of 

quantification (LOQ), would not be considered for the analysis. 

 

2.4. Calculations and statistical analyses 

One-way analysis of variance (ANOVA) and Tukey's and Bonferroni post-hoc tests (SPSS 

Statistics for Windows v.27.0; IBM Corp., Armonk, NY, USA) were used to assess statistically 

significant differences (p<0.05) of prevalence and/or abundance of genes between types of 

wastewater. Log removal values of genes abundance (or prevalence) was calculated as: Log 

removal (log-units) = average of gene abundance (or prevalence) in the influent of the 

treatment – average of gene abundance (or prevalence) in the effluent of the treatment.  

 

3. Results and Discussion 

3.1. Gene abundance vs. gene prevalence 

One of the objectives of this study was to interpret the results expressed in gene abundance 

or prevalence to evaluate treatment efficiency and wastewater quality. The results presented 

in Figure 1 show the qPCR quantifications for the genes 16S rRNA, sul1, sul2, qnrS and blaTEM, 

expressed as abundance, in the upper part, or prevalence, in the lower part. Quantifications 

of the 16S rRNA gene express the abundance of bacteria in the water samples and is used 

also to estimate the prevalence values. The abundance of this gene was the highest in RWW 

(raw wastewater), ranging 7.97-8.15 log-units/mL, followed by sTWW, where it ranged 4.70-

8.09 log-units/mL. Disinfection, tested at full- or pilot-scale (tTWW), led to 16S rRNA gene 

quantifications ranging 4.51-6.50 log-units/mL.  
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The quantifications of the 16S rRNA gene were not proportional to the DNA concentration in 

the extracts (Table 3).  The effect was more notorious in samples of tertiary treatment 

processes in which DNA losses during extraction may be more severe (Table 3).  
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Figure 1 - Gene abundance (gene copy number /mL of sample) (A-E, upper part) and 

genes prevalence (abundance of the gene/abundance of 16S rRNA gene) (A-E, lower 

part) in wastewater samples. RWW: wastewater treatment plant influent, sTWW: 

wastewater collected after secondary treatment, tTWW: wastewater collected after 

tertiary treatment, and SRWDS: simulated reclaimed water distribution system. For 

tertiary treatment samples within parenthesis is indicated the type of treatment tested 

and the period of time of treatment. PT refers to samples obtained in Portugal, DD to 

samples obtained in Germany, CYP to samples obtained in Cyprus, ES to samples 

obtained in Spain and US samples obtained in the USA. Error bars represent the 

standard deviation of at least two replicates. * refers to different melting temperature 

from the standards and # refers to determinations below the limit of quantification; n.d. 

refers to values not determined; α,β,γ refer to statistically significant differences 

(p<0.05). 

 

 

 

 

Legend: 
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Table 3 - Samples volume filtered, DNA extracts concentration and shipment. 

 Sample 

Volume 
filtered 

(mL) 

Shipped 
(Yes/No) 

Average DNA 
concentration 

in the DNA 
extract (ng/µL) 

Average DNA 
concentration  
(mg /100 mL) 

Average log 16S 
rRNA gene 

copy number / 
100 mL sample 

RWW 
(Full 

scale) 

PT1 25 No 25.5 10.2 797 

PT5 50 No 52.9 10.6 815 

US1 100 Yes 231.7 23.2 797 

sTWW 
(Full-
scale) 

PT2 250 No 56.3 2.3 650 

PT6 50 No 126.4 25.3 809 

PT7 150 Yes 24.5 1.6 694 

PT8 150 Yes 33.4 2.2 679 

PT9 150 Yes 72.0 4.8 749 

ES1 100 Yes 1.2 0.1 521 

ES3 100 Yes 2.1 0.2 535 

ES5 100 Yes 1.3 0.1 504 

ES7 100 Yes 1.3 0.1 526 

ES9 100 Yes 1.2 0.1 544 

ES11 100 Yes 1.2 0.1 527 

ES13 100 Yes 0.8 0.1 486 

ES15 100 Yes 0.6 0.1 470 

US2 100 Yes 9.4 0.9 681 

DD1 150 Yes 7.7 0.5 591 

DD2 150 Yes 13.1 0.9 * 

DD3 150 Yes 5.5 0.4 557 

CYP9 150 Yes 3.8 0.3 549 

CYP10 150 Yes 4.5 0.3 555 

CYP11 150 Yes 3.9 0.3 546 

CYP12 150 Yes 4.4 0.3 563 

CYP13 150 Yes 4.5 0.3 545 

tTWW 
(Full-
scale) 

PT3 300 No 84.6 2.8 650 

PT4 300 No 58.7 2.0 609 

ES2 100 Yes 0.9 0.1 480 

ES4 100 Yes 0.7 0.1 451 

ES6 100 Yes 0.4 0.0 489 

ES8 100 Yes 0.5 0.0 464 

ES10 100 Yes 1.8 0.2 519 

ES12 100 Yes 0.8 0.1 485 

ES14 100 Yes 0.6 0.1 481 

ES16 100 Yes 0.5 0.1 468 
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Sample 

Volume 
filtered 

(mL) 

Shipped 
(Yes/No) 

Average DNA 
concentration 

in the DNA 
extract (ng/µL) 

Average DNA 
concentration 
(mg /100 mL) 

Average log 16S 
rRNA gene 

copy number / 
100 mL sample 

 US3 100 Yes 6.8 0.7 618 

sTWW 
(Pilot-
scale) 

CYP1 200-215 Yes 23.8 1.1-1.2 650 

tTWW 
(Pilot-
scale) 

CYP2 200-250 Yes 16.2 0.6-0.8 601 

CYP3 200-250 Yes 4.6 0.2 480 

CYP4 200 Yes 0.9 0.0 425 

CYP5 200-250 Yes 0.6 0.0 411 

CYP6 100-150 Yes 26.9 1.8-2.7 639 

CYP7 100-150 Yes 22.8 1.5-2.3 568 

CYP8 150-200 Yes 26.4 1.3-1.8 571 

US4 100 Yes 3.1 0.3 683 
* Different melting temperature compared to the standard. 

Legend:

 

 

The observation of Table 3 suggests that even extracts with low DNA concentrations, may 

have enough DNA to serve as template to the PCR amplification of abundant genes as is the 

case of 16S rRNA gene. In general, the antibiotic resistance genes (sul1, sul2, qnrS and 

blaTEM) presented abundance values of about 0.60-3.73 log-units/mL lower than the 16S rRNA 

gene. However, in some sTWW or tTWW samples the lowest gene quantifications ranged 

values of 1.3-1.7 log-units/mL (blaTEM and qnrS), which may be close to the limits of 

quantification. These lowest quantification values were observed in samples with low DNA 

concentrations and may be artefactual, due to the quality of DNA extracts. Hence, 16S rRNA 

gene quantification is always essential to assess the abundance of bacterial biomass in a 

sample, being recommended in any study to evaluate microbiological wastewater quality. The 

16S rRNA gene is the most commonly used normalization parameter to assess the prevalence 

of antibiotic resistance genes (Cacace et al., 2019; Gao et al., 2012; Rodriguez-Mozaz et al., 

2015). Such normalization informs about the fraction of bacteria that in a community harbours 

antibiotic resistance genes. The results presented in Table 4 show that, in general, the 

Table 3 (cont.) - Samples volume filtered, DNA extracts concentration and shipment. 
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reduction of the 16S rRNA gene and of the tested antibiotic resistance genes presented close 

values. 

 

Table 4 – Values of log removal of the gene abundance and of the gene prevalence in 

the different treatment processes tested.  

  
   Values of log removal of genes abundance 

(white) or prevalence (grey) 
 

  
16S 

rRNA 
sul1 sul1 sul2 sul2 qnrS qnrS blaTEM blaTEM 

PT1-PT2 1.48 1.29 0.17 1.31 -0.19 2.57 1.07 2.33 0.84 

PT2-PT3 -0.01 -0.21 -0.21 0.15 0.15 -0.10 -0.09 -0.11 -0.12 

PT3-PT4 0.41 0.45 0.06 n.d. n.d. 0.99 0.60 0.60 0.20 

ES1-ES2 0.41 0.49 0.07 0.39 -0.03 0.60 0.19 0.16 -0.26 

ES3-ES4 0.85 0.90 0.05 0.77 -0.07 0.54 -0.31 0.25 -0.60 

ES5-ES6 0.16 0.51 0.35 0.47 0.31 0.36 0.21 0.15 -0.01 

ES7-ES8 0.61 0.66 0.05 0.57 -0.04 0.57 0.10 0.27 -0.35 

ES9-ES10 0.25 0.18 -0.07 0.04 -0.21 0.07 -0.18 0.02 -0.23 

ES11-ES12 0.41 0.39 -0.03 0.34 -0.08 0.23 -0.18 0.05 -0.36 

ES13-ES14 0.05 -0.01 -0.07 0.06 0.00 -0.23 0.06 0.04 -0.02 

ES15-ES16 0.03 0.19 0.16 0.16 0.14 -0.15 -0.05 0.03 0.00 

PT5-PT6 0.05 -0.25 -0.30 0.34 0.28 n.d. n.d. n.d. n.d. 

US1-US2 1.16 0.52 -0.11 -0.09 -1.50 n.d. n.d. n.d. n.d. 

US2-US3 0.63 0.43 0.04 0.37 -0.49 n.d. n.d. n.d. n.d. 

US3-US4 -0.66 -0.45 -0.04 -0.28 0.61 n.d. n.d. n.d. n.d. 

CYP1-CYP2 0.49 0.36 -0.13 0.36 -0.13 0.75 0.26 1.21 0.72 

CYP2-CYP3 1.21 1.26 0.05 1.15 -0.06 -0.03 -1.25 <LOQ <LOQ 

CYP3-CYP4 0.55 0.49 -0.07 0.65 0.10 1.40 0.99 <LOQ <LOQ 

CYP4-CYP5 0.14 0.10 -0.04 -0.09 -0.23 <LOQ <LOQ <LOQ <LOQ   
CYP6-CYP7 0.70 0.67 -0.03 0.18 0.00 1.43 0.73 0.90 0.20 

CYP7-CYP8 -0.03 0.07 0.10 0.59 0.09 0.00 0.03 0.12 0.14 

TOTAL 
AVERAGE 

VALUE 
0.42 0.38 0 0.37 -0.07 0.56 0.13 0.43 0.01 

Legend:

 

 

 Also, in Figure 1 it is observed that for the same gene in the same water sample, prevalence 

values tend to be identical irrespective of the treatment type, while abundance (per volume) 

varies (e.g sul1 and sul2 pilot-scale treatment) vary. Indeed, the prevalence of the genetic 

determinants analysed was, in most of the cases, non-significantly different in RWW, sTWW 

and/or tTWW (p>0.05). Moreover, calculation of prevalence values may be influenced by 

cumulative standard deviations of two determinations. And may be more problematic for low 
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abundance genes. This was observed, for example, in the sample CYP2 for the genes qnrS 

and blaTEM where a high standard deviation in the gene abundance promoted a high standard 

deviation in the prevalence values estimated for that sample. These observations lead to the 

conclusion that the assessment of water treatment efficiency can be reliably measured based 

on the reduction of the 16S rRNA gene and, if that is the option, other genes, but the results 

should be always expressed per volume (absolute abundance). However, although the gene 

abundance (16S rRNA or antibiotic resistance genes) informs about bacterial load, it provides 

limited insight about wastewater quality regarding antibiotic resistance. In this case, it is the 

ratio between the antibiotic resistance gene and the 16S rRNA gene that better characterizes 

the samples. For instance, in Figure 1 the pilot-scale treated wastewater samples, irrespective 

of treatment, presented always similar prevalence values. This observation suggests that the 

prevalence of antibiotic resistance in a wastewater may be fairly stable, no matter the 

treatment efforts that are applied. The consequent conclusion is that removal of bacteria and 

dilution with water or soils with lower antibiotic resistance prevalence may be favourable to 

reduce the resistance prevalence.  

 

3.2. Possible antibiotic resistance markers 

A second objective of this study was to compare the tested genetic determinants regarding 

the degree of information they can provide about wastewater treatment efficiency. In the pilot-

as in the full-scale systems samples the abundance of genes could be ranked as 16S 

rRNA>sul1>sul2>qnrS>blaTEM (Figure1A-E, upper part). These results are in line with literature 

in which these genes are widely distributed in wastewater and they may persist even after 

wastewater treatment (Cacace et al., 2019; Fouz et al., 2020). The same hierarchization was 

observed for prevalence values - sul1>sul2>qnrS>blaTEM (Figure 1B-E, lower part). The results 

showed that the abundance of all the examined genetic determinants was lower in sTWW and 

tTWW compared to RWW (p<0.05), and no statistically significant differences were observed 

between sTWW and tTWW (p>0.05) (Figure 1A-E, upper part). These results suggest that the 

secondary treatment is the one causing the sharpest variations on genes abundance, which 

was also previously observed (Narciso-da-Rocha et al., 2018).  

The selection of possible markers is useful to assess wastewater treatment efficiency. A 

suitable marker should be present in all samples and in high abundance to be determined 

even after treatment. These criteria were the basis for the selection of the genetic determinants 

that are being compared. The analysis of the results showed, however, that only 16S rRNA 

and sul1 fulfilled these criteria as the other genes were not determined in some samples, 

probably due to poor DNA quality/concentration. The average removal values expressed in 
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log gene copy number / mL ranged 0.37 to 0.56 (Table 4), which are values extremely low 

when compared to what is described in the literature, normally above 1.5 (Narciso da Rocha 

et al., 2018; Pallares-Vega et al., 2019). This is probably because disinfection, that 

corresponded to most of the samples examined in this study, had a mild effect on antibiotic 

resistance genes elimination. However, disinfection may have jeopardized the quality of DNA, 

which concentration was very low in some samples (Table 3). And, consequently, genes that 

are in low relative abundance values may seem to be completely eliminated. This assumption 

may be misleading. Hence, the recommendation is that treatment efficiency and antibiotic 

resistance removal should be assessed based on at least 2-3 high abundance genes, such as 

sul1 or the class 1 integron integrase gene intI1, a proxy of antibiotic resistance (Gillings et al., 

2015). 

 

3.3. Interlaboratory antibiotic resistance determinations 

A third objective of this study was the assessment of the feasibility of comparing data produced 

in different laboratories and to identify critical factors that could bias the results. The set of 

data obtained allowed this discussion, because the samples and DNA extracts examined were 

obtained and analysed in different laboratories based on common protocols (PT7-9, DD1-3, 

CYP9-13) or the same sample was examined with own laboratory protocols (US1-2). Part of 

the DNA extracts were shipped (Table 1). 

In this case study, samples from US were analysed in both laboratories.The samples followed 

the sequence – sample collection, processing, DNA extraction, and qPCR analysis in US. 

Then the DNA extracts (stored at – 80 ºC in the meanwhile) were shipped to Portugal and 

qPCR analysis of the same determinants were performed (Figure 2) and compared to the 

obtained in the US. The operator was the same and the protocols were those in use in each 

laboratory. Quantifications performed in both laboratories differed in values that ranged 0.0 

log-units/mL for sul1 gene in RWW1A sample, to 2.7 log-units for blaOXA-1 gene quantification 

in RWW3A sample (Figure 2). In 22/60 determinations it was observed that gene 

quantifications were lower in PT than in US, possibly due to DNA degradation during shipment. 

Indeed, the quantifications of DNA in some shipped extracts were lower when measured after 

storage and shipment, mainly in raw wastewater where DNAses are more likely to be abundant 

and active (Table 5).  
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Table 5 – Wastewater samples types and the possible effect of the shipment on the DNA 

extracts concentration. The quantifications performed in both countries were done with 

Qubit. 

Sample 

type 
Replicates 

DNA concentration 

determined in US (ng/µL) 

DNA concentration 

determined in UCP (ng/µL) 

RWW 1A 92.5 90.0 

RWW 2A 315.0 210.0 

RWW 3A 202.0 100.0 

sTWW 1A 9.1 8.9 

sTWW 2A 9.7 9.0 

sTWW 3A 8.7 8.7 

tTWW 1A 7.5 8.1 

tTWW 2A 6.6* 20.2* 

tTWW 3A 3.2 3.1 

SRWDS 1A 1.5 1.7 

SRWDS 2A 5.3 3.6 

SRWDS 3A 2.4 2.5 

*, possibly due to DNA solubilization  

Seven of these situations (PT samples in gadAB gene quantification) led to the impossibility 

of detecting some genes that were below LOQ in PT while were measurable in US. The most 

evident situations were observed for the gene gadAB and sul2 (Figure 2). The opposite, i.e. 

higher determinations in Portugal were also observed, specifically for the genes 16S rRNA 

gene, sul1 or blaOXA-1 in RWW. The fact that in some cases higher quantifications were 

observed after shipment might be related to the calibration curve or the qPCR equipment 

sensitivity. Distinct limits of quantification (per qPCR reaction) might contribute for some of the 

differences observed (e.g., 10 gene copies in the US and 43 gene copies in PT for gadAB 
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gene (Table 2). DNA degradation during shipment may also explain some of these results 

(Table 5). 
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Figure 2 - Comparison of gene abundance (gene copy number/mL of sample) values 

obtained in Portugal and in the US in wastewater samples. RWW: wastewater treatment 

plant influent, sTWW: wastewater collected after secondary treatment, tTWW: 

wastewater collected after UV disinfection, and SRWDS: simulated reclaimed water 

distribution system. PT refers to quantification performed in Portugal, and US to data 

obtained in the US. The absolute difference values in the mean quantification of 

technical triplicates are indicated above the bars, whenever the target was quantifiable 

in both laboratories. The lack of gene quantification performed in Portugal for some 

samples was due to quantification below the limit of detection and the lack of gene 

quantification performed in US for some samples was due to quantification below the 

limit of detection (blaOXA-1 and sul2) or due to quantification below the limit of 

quantification (gadAB). The gene copy numbers are listed in the Table 2. 

 

In another study by Rocha et al. (2020) five partners located in different countries compared 

the variability of qPCR procedures for the quantification of antibiotic resistance genes using 

the same DNA extracts and qPCR protocols between different laboratories and concluded that 
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the equipment might be a factor introducing some discrepancy in the results. The present 

study aimed to take this comparison further, since it used distinct qPCR standards, protocols, 

and equipment, as would be the case in published literature from different labs. These results 

suggest that although cooperation between groups is always valuable, there are conditions to 

perform and compare data produced in different laboratories, as long as the margins of 

discrepancy are taken into account, as well as the attenuation of variables that may influence 

most the results. The thermal cycler and consumables may be critical in this aspect. Other 

factors may include the calibration curve, a difficulty that may be overcome by using a synthetic 

reference, and the DNA quality.    

The results summarized in Table 3 show that DNA extracts obtained in laboratories that are 

not equipped/trained for molecular biology experiments (CYP and ES) and/or that DNA 

extracts that after tertiary treatment may have lower concentration. This fact may impose a 

serious bias in the analysis, mainly for the analysis of rare genes or when treatment efficiency 

is being analysed. Moreover, it can be aggravated by the DNA shipment, during which DNA 

degradation may occur. However, the comparison of the DNA concentration and of the gene 

quantification did not provide a clear evidence about degradation, at least in treated 

wastewater samples. DNA quality is of major relevance to assess treatment efficiency and 

poor-quality extracts will not affect the quantifications of abundant genes but may be critical 

for rarer genes (Table 6). All these observations suggest treatment efficiency may be 

overestimated in some cases. It is recommended that a cell-based internal standard is used 

to control losses during DNA extraction.  

 

Table 6 - Simulation of the impact of DNA losses on gene quantification.  

WATER 
(100 mL) 

Losses (DNA extraction, shipment) 
(%) 

DNA extract 
(100 µL) 

qPCR reaction 
(2 µL) 

1 x 106 

gene 
copy 

0 1 x 106 2 x 104 

50 5 x 105 1 x 104 

90 1 x 105 2 x 103 

1 x 103 
gene 
copy 

0 1 x 103 2 x 101 

50 5 x 102 1 x 101 

90 1 x 102 2 x 100 
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4. Conclusions 

It was concluded that the assessment of wastewater treatment efficiency can be reliably 

measured based on the reduction of the 16S rRNA gene and, if antibiotic resistance is under 

evaluation, also of some of the respective genes. Reasons to express the results per volume 

(absolute abundance) were provided and supported. Moreover, the 16S rRNA gene 

quantification was observed to be essential to assess the abundance of bacterial biomass in 

a sample, being recommended in any study to evaluate microbiological wastewater quality. Of 

note is the fact that antibiotic resistance prevalence, in contrast to abundance, presents 

modest variation, regardless the type of treatment used. Consequently, it is argued that total 

bacterial removal and dilution with microbial communities with lower antibiotic resistance 

prevalence may be favourable to reduce the resistance prevalence.  

The selection of gene markers should accomplish specific requirements. Low abundance 

genes may be inadequate to assess treatment efficiency, although may be useful to assess 

wastewater quality. It is recommended that treatment efficiency and antibiotic resistance 

removal is assessed based on at least 2-3 high abundance genes, where a gene such as sul1, 

analysed in this study, should be included.  

The comparison of data produced in different laboratories is a priority in the field of wastewater 

and antibiotic resistance. The results showed that such aim is feasible for assessing treatment 

efficiency and wastewater quality. However, the margins of discrepancy that are observed 

must be considered. The variables that may generate discrepancies must be controlled and 

attenuated. For instance, DNA extracts quality is critical, and the use of a cell-based internal 

standard might be useful to control losses in DNA extraction.  
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Abstract 

 

Klebsiella pneumoniae are ubiquitous bacteria and recognized multidrug-resistant 

opportunistic pathogens that can be released into the environment, mainly through sewage, 

where they can survive even after wastewater treatment. A major question is if once released 

into wastewater, the selection of lineages missing clinically-relevant traits may occur. 

Wastewater (n=25) and clinical (n=34) 3rd generation cephalosporin-resistant K. pneumoniae 

isolates were compared based on phenotypic, genotypic and genomic analyses. Clinical and 

wastewater isolates were indistinguishable based on phenotypic and genotypic 

characterization. The analysis of whole genome sequences of 22 isolates showed that 

antibiotic and metal resistance or virulence genes, were associated with mobile genetic 

elements, mostly transposons, insertion sequences or integrative and conjugative elements. 

These features were variable among isolates, according to the respective genetic lineage 

rather than the origin. It is suggested that once acquired, clinically relevant features of K. 

pneumoniae may be preserved in wastewater, even after treatment. This evidence highlights 

the high capacity of K. pneumoniae for spreading through wastewater, enhancing the risks of 

transmission back to humans.  
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1. Introduction 

The species Klebsiella pneumoniae, within the family Enterobacteriaceae, include 

opportunistic pathogens, with ubiquitous distribution (Wyres & Holt, 2018; Pendleton et al., 

2013). The ubiquity and clinical relevance of K. pneumoniae is due, in part, to the genome 

plasticity, in which genes acquisition, such as those encoding antibiotic resistance, is a major 

driver (Wyres & Holt, 2018; Paczosa & Mecsas, 2016; Beceiro et al., 2013). Indeed, genes 

acquired by horizontal gene transfer, encoding resistance against aminoglycosides, 3rd 

generation cephalosporins, carbapenems and fluoroquinolones (Wyres et al., 2020; Navon-

Venezia et al., 2017) or metals such as arsenic, copper, tellurium and mercury are frequent in 

K. pneumoniae (Bialek-Davenet et al., 2014). The ubiquity and clinical relevance of K. 

pneumoniae is also due to a wide array of genes that encode functions related with adhesion, 

protection (capsules) or siderophore production (Paczosa & Mecsas, 2016). The combination 

of these features and ubiquitous distribution make K. pneumoniae an important opportunistic 

pathogen, responsible for one third of the hospital infections caused by Gram-negative 

bacteria (Navon-Venezia et al., 2017). 

The ubiquity of K. pneumoniae is illustrated by its occurrence in healthy humans and animals, 

and in plants, soil, water and wastewater (Bagley, 1985; Podschun & Ullmann, 1998; Wyres 

& Holt, 2018), suggesting that it may circulate among distinct compartments. In urban areas, 

domestic sewage represents the major human emission of pathogens and antibiotic resistant 

bacteria. Although wastewater treatment has a pivotal role for the removal of such 

microorganisms from sewage, an important fraction can survive, being discharged into the 

environment (Manaia et al., 2016; Vaz-Moreira et al., 2014; Rizzo et al., 2013).  

The occurrence of K. pneumoniae in treated wastewater is mainly explained by human 

emissions and by the capacity of members of this species to endure treatment processes. In 

fact, the survival or even proliferation of virulent and multidrug resistant K. pneumoniae 

discharged through sewage in the environment has been reported (Fouz et al., 2020; 

Runcharoen et al., 2017). These facts explain why identical K. pneumoniae sequence types 

(e.g. ST11, ST15, ST17, ST258 or ST147) have been reported in both clinical settings and 

wastewater (Wyres & Holt, 2018; Wyres et al., 2020).  

Pathogens causing infection or thriving in the environment are supposedly exposed to distinct 

challenges, which may hypothetically be associated with the retention or loss of specific traits 

and/or responsible for distinctive selective processes. A major question is if K. pneumoniae 

found in the environment retain the features observed in clinical isolates, or if some properties, 

like antibiotic resistance or virulence, can be lost. In accordance, this work aimed to investigate 

if phenotypic and genotypic traits and genome characteristics are shared by clinical and 
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wastewater isolates. It was also aimed to compare both groups in terms of genome features 

associated with horizontal gene transfer. Our hypothesis was addressed using a set of isolates 

resistant to 3rd generation cephalosporins, as this is an increasingly frequent phenotype in 

clinical and environmental isolates (Navon-Venezia et al., 2017; Müller et al., 2018). A group 

of 59 isolates (25 from wastewater, 34 clinical) was characterized phenotypically and 

genotypically targeting clinically-relevant traits and a subset of these isolates (7 from 

wastewater, 15 clinical – 11 from patients and 4 from clinical environment) was further 

compared based on genome analyses. The results suggested that phylogeny, more than 

strains origin, may explain the profile of acquired traits. 

 

2. Material and methods 

2.1. Study structure and bacterial strains  

Fifty-nine K. pneumoniae isolates, identified based on the 16S rRNA gene sequence and 

exhibiting resistance to 3rd generation cephalosporins (cefotaxime and ceftazidime) were 

selected for this study. The selection of these isolates for this study was due to the clinically 

relevance of K. pneumoniae isolates resistant to 3rd generation cephalosporins and due to 

their ubiquity across clinical and environmental niches. The bacterial isolates were from 

wastewater (n=25): 3 from hospital effluent, 12 from raw wastewater and 10 from treated 

wastewater and clinical (n=34): 30 from patients (26 from Portugal, 4 from Spain) and 4 from 

the respective clinical environment (Spain) (Table S1). Wastewater isolates were recovered in 

independent events in the Northern region of Portugal between 2011 and 2016 and from a 

laboratory collection of 49 isolates were selected those that were resistant to 3rd generation 

cephalosporins, a feature common to all clinical isolates. The clinical isolates were obtained 

from urine, faeces or blood samples, among others, of hospitalized patients, collected over a 

period of 18 months, from 2014 to 2016 in Porto, Portugal. Clinical samples, including urine, 

faeces, blood and haemoculture samples were processed at the hospital in accordance with 

the manual for good laboratory practices implemented in this health unit. There was no 

treatment of personal data and the biological samples are not related to any data that allows 

the identification of individuals. The 8 clinical isolates recovered in Spain were collected during 

a hospital outbreak in the Balearic Islands from patients (n=4) and from drains and surface 

(n=4). As it was hypothesized that during infection the isolates are exposed to specific 

conditions, which are different from the natural environment, the inclusion of the Spanish 

outbreak isolates was considered interesting to assess whether genome variation could 

present a distinct pattern when compared to Portuguese clinical isolates. The isolates were 
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classified in 3 categories: clinical when isolated from patients, clinical environment when 

isolated from hospital settings, and wastewater (Table S1). The choice for wastewater isolates 

was based on the fact that this comprises a highly competitive and stressful environment, 

where pathogens are supposed to be eliminated. The phenotypic characterization of the 

isolates included clinically-relevant traits such as antibiotic resistance phenotype analyses, 

trans-species conjugation assays, biofilm formation and infection capacity. Genotypic 

characterization involved the detection of antibiotic resistance genes and the determination of 

the number and size of plasmids.  

 

2.2. Antibiotic resistance phenotype and genotype 

Resistance phenotypes were determined based on the disk diffusion method, incubated for 24 

h at 37 ºC, as recommended by the Clinical Laboratory Standards Institute (CLSI, 2016) for 

antibiotics belonging to 5 different classes: β-lactams (AMC, amoxicillin with clavulanic acid, 

20/10 µg; AML, amoxicillin, 25 µg; ATM, aztreonam, 30 µg; MEM, meropenem, 10 μg); 

aminoglycosides (CN, gentamicin, 10 μg; AK, amikacin, 30 μg); quinolones (CIP, ciprofloxacin, 

5 µg); sulfonamides (RL, sulfamethoxazole, 25 µg); and tetracyclines (TE, tetracycline, 30 μg), 

the combination sulfamethoxazole/trimethoprim (SXT, sulfamethoxazole/trimethoprim, 

1.25/23.75 µg) and trimethoprim (W, trimethoprim, 5 µg) was also tested. Bacterial isolates 

were classified as resistant or susceptible according to the inhibition zone diameters 

recommended by CLSI, 2016 guidelines for Enterobacteriaceae (CLSI, 2016). The reference 

strain Escherichia coli ATCC® 25922 was included in each assay as quality control. The genes 

blaCTX, blaIMP, blaKPC, blaOXA, blaSHV, blaTEM, blaVIM, and mcr were screened by PCR using the 

primers, annealing temperatures and the conditions described in the literature indicated in 

Table S2. Positive and negative controls were included in each reaction and amplicons were 

randomly confirmed based on DNA sequence analysis. 

 

2.3. Plasmid analyses 

The plasmid replicon types were screened in total DNA extracted from each isolate using the 

PCR conditions recommended by Carattoli et al., 2005. Positive and negative controls were 

included in each reaction and amplicon sequencing for authenticity confirmation.  In addition, 

the number and size of plasmids were determined by pulse field gel electrophoresis (PFGE), 

as described by Ferreira et al., 2019. Briefly, cell suspensions were prepared in a cell 

suspension buffer (100 mM Tris-HCl, pH 8; 100 mM EDTA, pH 8) reaching a final turbidity of 
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1.4-1.5 at 610 nm and cells were lysed in solidified plugs (1% melted SeaKem Gold agarose 

(Lonza, Switzerland)) using cell lysis buffer (50 mM Tris-HCl, pH 8; 50 mM EDTA, pH 8; 1% 

N-lauroylsarcosine sodium salt) and proteinase K (20 mg/mL) for 2 h at 55 °C in an incubator 

with constant agitation (150 rpm). Plugs were washed twice with sterile ultrapure water at 55 

°C for 15 min and four times with TE buffer at 55 °C for 15 min with constant agitation and 

stored at 4 °C until further analyses. DNA in the plugs was digested with S1 nuclease (per 

plug: 12.5 µL S1 buffer; 50 U S1 nuclease; total volume of 125 µL)(Thermo Scientific, USA) 

for 30 min at 37 °C. The PFGE was performed using a 1% SeaKem Gold agarose gel run in 

CHEF III DR System (Bio-Rad, Laboratories, Hercules, CA, United States) with 0.5 X TBE (45 

mM Tris-HCl, pH 8.0; 45 mM boric acid; 1 mM EDTA) for 18 h at 14 ºC, with an initial switch 

time of 6.8 s and final switch time of 35.4 s, 6 V, with a 120º angle. Gels were stained with 

ethidium bromide (1 mg/mL) for 20 min and distained twice with water for 20 min. The number 

and size of plasmids harbored by each isolate were determined based on comparisons of the 

profiles obtained with the molecular weight of bands obtained for the control Salmonella 

enterica serovar Braenderup H9812 digested with XbaI (Thermo Scientific, USA) (Magalhães 

et al., 2015).  

 

2.4. Conjugation assays 

The trans-species conjugation assays used Escherichia coli J53 as recipient strain. E. coli J53 

was selected as recipient strain as it was considered a better discriminating feature while 

normalized possible bias due to intraspecies genetic proximity between donor and recipient.  

Donors and recipient were cultured in Luria-Bertani (LB) broth overnight at 30 ºC with agitation. 

Conjugation was performed using a 1:3 ratio of donor and recipient cells inoculated in LB 

medium supplemented with ceftazidime (2 mg/L) and incubated for 20 h at 28 ºC. Putative 

transconjugants were selected on LB agar supplemented with sodium azide (100 mg/L) and 

ceftazidime (2 mg/L), incubated overnight at 37 ºC. The transconjugants were characterized 

based on antibiotic resistance phenotypes and genes as described above.  

 

2.5. Biofilm formation  

The capacity to form biofilm was tested on flat bottom 96-well polystyrene microtiter plates 

(Orange Scientific, Belgium), in LB (10 g tryptone, 5 g yeast extract, 10 g NaCl), modified LB 

(mLB) (5 g tryptone, 2.5 g yeast extract, 1.0 g NaCl) and mLB supplemented with cefotaxime 

(2 mg/L) media. A volume of 100 µL of cultures grown at 37 ºC during 18 h with an optical 
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density of 0.1 -0.3 at 610 nm was inoculated in a microtiter plate and incubated at 37 ºC during 

24 h. After measuring the cultures turbidity at 595 nm, planktonic cells were removed by 

washing the wells 3 times with of 1X phosphate-buffered saline solution. The sediment, 

presumable biofilm, was air dried for 15 min and was fixed with 98% (v/v) methanol during 15 

min, to be stained with 0.1% of crystal violet solution for 10 min at room temperature. The 

excess of stain was removed under low running tap water and the dye bound to the adherent 

cells was suspended in 100 µL of ethanol 95% (v/v), during 15 min at room temperature. The 

optical density of this solution was measured at 570 nm. All assays were made in triplicate. 

Biofilm formation capacity was classified into 4 categories: negative (OD≤ODc), weak 

(ODc<OD≤2xODc), moderate (2xODc<OD≤4xODc) and strong (4xODc<OD). OD refers to the 

optical density measured in each well and ODc = average OD value for the negative control + 

3 x standard deviation of average OD values of the negative control (Stepanovic et al., 2000). 

 

2.6. Infection capacity   

Infection capacity assays used Galleria mellonella as model organism. A group of 47 isolates 

(23 wastewater, 20 clinical and 4 clinical environment) selected based on the capacity to form 

biofilm (highest scores), the capacity for trans-species conjugation, and/or the detection of 2 

or more plasmids by PFGE, were tested as previously described (Mil-Homens et al., 2010). 

Plate Count Agar (PCA) overnight cultures, at 37 °C, were suspended in saline solution (0.85% 

NaCl) at a density of ~1x105 CFUs/µL.  A volume of 5 µL of that suspension was injected into 

each G. mellonella larva, in 10 larvae replicates that were incubated at 37 °C in the dark for 

72 h. Test larvae were starved overnight at 37 ºC, in the dark, were approximately 2–3 cm in 

length and had no signs of darkening. The injection site (the hindmost left proleg) was 

disinfected with ethanol and the injection was performed using a micrometer adapted to control 

the injection volume onto a micro-syringe (Mil-Homens et al., 2016). At least three independent 

experiments for each isolate were performed, therefore for each isolate were tested 30 larvae. 

As negative control, 10 larvae were injected with 0.85% NaCl in each experiment. After the 

incubation period, selected because after 72 h may be observed pupa formation (Harding et 

al., 2012), the injected larvae were individually examined for survival, movement, cocoon 

formation and melanization, according to Tsai et al., 2016. The G. mellonella Health Index 

Scoring System was used to assess the larvae health status where a score ≥9 represents a 

healthy larva and a score <9 represents an infected larva (Loh et al., 2013). From 0-8 scores, 

the lowest the score, the stronger the infection capacity of the bacterial isolate and 

consequently more severe was the effect on larva health. 

 



Chapter 5 

77 

 

2.7. Genome analysis   

A group of 22 isolates (7 of wastewater, 11 clinical, 4 of clinical environment) were selected 

for whole genome sequencing based on the phenotypic and genotypic characterization 

performed (Table S3). Representative genomes from the groups determined (Figure 1) and 

presenting clinically relevant traits such as moderate/strong biofilm producers, conjugative, 

presenting multidrug-resistance, among others characteristics were selected for genomic 

analysis. The genomes sequences were determined using the paired-end Illumina HiSeq, the 

quality of the reads obtained was checked with the FastQC v0.11.8 software and the genomes 

were assembled using SPAdes v3.11.1 software. The resulting contigs with low coverage 

(<2%), or with a size below 500 bp were removed and the quality of the genomes was 

assessed using the CheckM method (Parks et al., 2015).  

The coverage of genomes was determined based on the formula C=NxL/G (C, coverage; N, 

number of reads; L, average read length; G, genome size). The whole genomes shotgun 

sequences obtained in this study have been deposited in the DDBJ/ENA/GenBank database. 

Accession numbers are indicated in Table S3. The version described in this paper are the first 

version. Genomes average nucleotide identity based on the blast algorithm (ANIb) and the 

percentage in GC was determined using JSpeciesWS online service 

(http://jspecies.ribohost.com/jspeciesws/#analyse).  

For genome comparison whole genomes were annotated using PROKKA version 1.12 

(Seemann, 2014) and the amino acid sequences obtained for all the functional categories for 

each isolate were compared using the criteria of 70% similarity over 50% of coverage 

alignment using the GET_HOMOLOGUES software (Contreras-Moreira & Vinuesa, 2013). 

Average identity matrixes were calculated with BLASTp scores among the protein sequences 

of the genomes and a dendrogram representing the degree of similarity of the genomes based 

on the amino acid sequences presence or absence was obtained. 

The internal fragments of a group of 7 housekeeping genes (gapA, infB, mdh, pgi, phoE, rpoB 

and tonB) from the K. pneumoniae Multi Locus Sequence Type (MLST) scheme (Diancourt et 

al., 2005) were extracted from each K. pneumoniae genome to determine the MLST using the 

Institute Pasteur database. Concatenated sequences were aligned using MEGA7 and a 

phylogenetic tree was constructed using the Maximum Likelihood method with a bootstrap of 

1000 replicates. Clinically relevant genome features such as the genes annotated as encoding 

for antibiotic and metal resistance, virulence, quorum sensing, and oxidative stress related 

functions and plasmid replicon type were screened on the K. pneumoniae whole genomes 

sequences. A total of 127 clinically relevant genes were downloaded from publicly available 

databases and used to perform BLASTn searches against a database created in house 
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constituted by the genomes in analyses. Metal resistance (n=35), virulence (n=26) and efflux 

systems  (n= 17) related genes sequences were downloaded from the Institute Pasteur 

database 

(https://bigsdb.pasteur.fr/cgibin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=down

loadAlleles), antibiotic resistance genes (n= 21) from ResFinder database (Zankari et al., 

2012) and cross-checked with CARD database (https://card.mcmaster.ca/), plasmids replicon 

type genes (n=12) were downloaded from PlasmidFinder 2.1 tool from Center for Genomic 

Epidemiology (https://cge.cbs.dtu.dk/services/PlasmidFinder/). Quorum sensing (n=7) and 

oxidative stress (n=9) related genes were searched in Uniprot database using the terms 

“Klebsiella pneumoniae quorum sensing” and “Klebsiella pneumoniae oxidative stress” and 

downloaded from NCBI database. Considering that the presence of genes encoding metals 

resistance and yersiniabactin virulence was variable among closely phylogenetically related 

strains, the genetic context of those genes was explored seeking to unveil possible hints of 

genes acquisition. The genetic linkage between antibiotic resistance encoding genes was 

investigated aiming to assess acquisition patterns.  

 

2.8. Statistical analysis 

The phenotypic and genotypic characteristics of the 59 K. pneumoniae isolates were 

compared based on the Jaccard similarity index using the software Primer & Permanova v6 

(Primer-e, New Zealand) and expressed as a dendrogram obtained with UPGMA algorithm. 

The data was organized in a 1/0 (presence1; absence =0) table for the following 

characteristics: 1) PCR gene screening; 2) antibiotic resistance phenotype; 3) number of 

plasmids; 4) size of plasmids (<150 Kbp=0; ≥150 Kbp=1); 5) plasmids replicon types; 6) 

conjugation with E. coli J53; 7) ARGs acquired in transconjugants (1 gene=0; ≥2 genes=1); 8) 

multidrug resistance acquired by transconjugants (≤2 antibiotic classes=0; ≥3 antibiotic 

classes=1) and 9) biofilm formation in LB and mLB (negative/weak=0; moderate/strong=1). 

Fisher’s exact test, adequate to compare small samples with low frequency values (Kim, 

2017), was used to evaluate statistically significant differences between clinical and 

environmental isolates phenotypic and genotypic characteristics using a p-value  0.05.  
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3. Results 

3.1. Preliminary characterization based on phenotype and selected 

genetic traits  

The characterization of the isolates (Table S1) based on phenotypic and genetic features 

evidenced identical profiles shared by clinical and wastewater isolates (Figure 1). In general, 

the prevalence values observed for each of the tested characteristics were not significantly 

different. An exception was the trans-species conjugation (with E. coli J53). A total of 73% of 

the clinical isolates (22/30, the clinical environment was not included in this analysis) was 

capable of conjugating with E. coli, while only 40% (10/25) of wastewater had such a capacity 

(p-value=0.016; Fisher’s exact test) (Figure 1). Transconjugant E. coli J53 with acquired 

antibiotic resistance genes (ARGs) and multidrug resistant (MDR) phenotypes (i.e. resistance 

to antibiotics belonging to 3 or more classes) were more frequent for clinical than for 

wastewater donors (ARGs 53% - 16/30 vs. 36% -9/30; MDR 50% - 15/30 vs. 24% - 6/25, 

respectively), although not statistically significantly different (ARGS – p-value=0.278; MDR – 

p-value=0.057; Fisher’s exact test) (Table S4). The capacity to form biofilm in LB medium was 

significantly more frequent in wastewater (72%) than in clinical (30%) isolates (p-value=0.003; 

Fisher’s exact test). In diluted LB, with half the nutrients concentration and 10 times less 

sodium chloride (mLB), more isolates tested positive for biofilm formation (wastewater, 84% 

vs. clinical, 70%) and significant differences were not observed (p-value=0.341; Fisher’s exact 

test) (Figure 1). The addition of cefotaxime (2 mg/L) to culture media did not affect the biofilm 

forming capacity. Genotypic features presented, in general, identical prevalence values in both 

groups. Genes encoding resistance against carbapenems and other β-lactams (blaCTX, blaOXA, 

blaSHV, blaTEM and blaKPC) presented identical prevalence in clinical and in wastewater isolates 

(0.056<p-value<1.00; Fisher’s exact test). Also, the PFGE analysis revealed that irrespective 

of the origin most isolates harbored 1-3 plasmids. Plasmids larger than 150 Kbp were present 

in 87% of clinical and 88% of wastewater isolates, while smaller plasmids (<150 Kbp) were 

more frequent in wastewater isolates (72% vs. 53% in clinical), although not statistically 

significant (>150 Kbp – p-value=1.00; <150 Kbp – p-value=0.177; Fisher’s Exact test) (Figure 

1). The G. mellonella Health Index scores varied between 0 and 9 (strong to no-infection 

capacity), being 0 and 1 more frequent in clinical (30%) than in wastewater isolates (4%) (p-

value=0.038; Fisher’s exact test). While the score 9 ranged 20 to 22% in both groups, scores 

2-8 were more frequent in wastewater (74%) than in clinical isolates (50%), though not 

statistically significant (p-value=0.127; Fisher’s exact test) (Figure 1).  

The pheno- and genotypic characterization was integrated based on a numerical taxonomy 

approach (59 strains, 27 characteristics) (Figure 1). The resultant dendrogram permitted the 
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ad hoc definition of 6 groups (A to F) (cut-off ~60%). Clinical and wastewater isolates clustered 

together, and 6 isolates were unclustered (Figure 1 and Table S5). These results suggest that 

wastewater isolates, regardless the type of wastewater, retained clinically relevant features.  

Aiming to better explore these results, 22 isolates included in clusters A, B, D, E and F (Figure 

1) were selected for whole genome sequence analysis (Table S5). These were 7 of 

wastewater (Portugal, 4 RWW, 2 tTWW and 1 hospital effluent), 11 of patients (7 Portugal; 4 

Spain) and 4 of clinical environment (Spain). This selection comprised isolates with clinically 

relevant traits, such as trans-species conjugation and MDR transfer, meropenem resistance, 

biofilm formation capacity and distinct G. mellonella infection indices (0-9). Group C, 

composed of three isolates unable to conjugate with E. coli J53 and not yielding any of the 

plasmid replicon types tested, were not included in this analysis, mainly interested in assessing 

clinically-relevant features occurring in distinct lineages. 
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Figure 1 - Clustering analysis using Jaccard similarity based on distinctive traits of the 

3rd generation cephalosporin-resistant K. pneumoniae isolates. Antibiotic classes 

tested: β-lactams and carbapenems (AMC-Amoxicillin+Clavulanate (20/10 μg); MEM-

Meropenem (10 μg)); aminoglycosides (CN-Gentamicin (10 μg)); AK-Amikacin (30 μg)); 

quinolones (CIP-Ciprofloxacin (5 μg)); sulfonamides (SXT-

Sulfamethoxazole/Trimethoprim (1.25/23.75 μg); RL-Sulfamethoxazole (25 μg); W–

Trimethoprim (5 μg)); and tetracyclines (TE-Tetracycline(30 μg)). ARGs blaIMP, blaVIM and 

mcr were also screened and were not detected in none of the isolates. All the isolates 

showed a resistance phenotype against amoxicillin and aztreonam. Red, green and blue 

symbols in the dendrogram refer to isolates obtained from patients, wastewater and 

clinical settings, respectively. Colors in the table refer to the trait presence and different 

colors refer to different sequence types. A to F letters in the dendrogram refer to the 

main clusters identified. C-P – clinical isolate obtained from patients; C-E – isolate 

obtained from clinical environment; HE – hospital effluent; RWW – raw influent 

wastewater; sTWW – secondary treatment effluent wastewater; tTWW – tertiary 

treatment effluent wastewater; N.D. - not determined; LB - Luria-Bertani; mLB - modified 

Luria-Bertani; ST – sequence type; CKP – clinical K. pneumoniae; EKP – environmental 

K. pneumoniae; CEKP – clinical environment K. pneumoniae. 

 

 

3.2. Comparative genome analyses 

 

The 22 isolates were affiliated to 7 multi-locus sequence types (MLST), 3 of which included 

wastewater and clinical isolates (ST348, ST15, ST147). Two were represented by single 

wastewater isolates (ST377 and ST1426). The other two corresponded to the Spanish 

outbreak isolates (ST326 and ST392), each with two clinical and two environmental isolates 

(Figure 2A). 

The dendrogram produced based on the average nucleotide identity values (98-100%) (blast 

algorithm, ANIb) supported the affiliation to 7 MLST groups (Figure 2B). Also, the comparison 

of the genomes based on the presence/absence of annotated deduced amino acid sequences 

supported the formation of the same groups (Figure 2C). The three types of analyses 

evidenced the closest relationship between ST15 and ST326, and ST147 and ST392. This 

organization did not coincide with that reported in Figure 1, with isolates of the ST147 and 

ST348 divided by different groups (D and E; and A, E and F, respectively), while others were 

clustered in groups A or B (ST326, ST392 and ST15, respectively).  
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Figure 2 - Genome-based phylogenetic analysis of the 22 3rd generation cephalosporin-

resistant K. pneumoniae isolates. (A) Maximum Likelihood Tree based on the 

concatenated MLST gene sequences (gapA, infB, mdh, pgi, phoE, rpoB, and tonB); (B) 

UPGMA dendrogram based on ANIb pairwise values comparisons among the genomes, 

and (C) UPGMA dendrogram representing the degree of similarity of the genomes 

based on the amino acid sequences presence or absence. Red, green and blue symbols 

in the dendrogram refer to isolates obtained from patients, wastewater and clinical 

environment, respectively. 

 

A further analysis focused on genetic determinants related to efflux systems, oxidative stress, 

quorum sensing, virulence, plasmid replicon types and antibiotic and metal resistance genes, 

as these may be associated to opportunistic pathogens or acquired traits. The genetic 

determinants related to efflux systems, oxidative stress, and quorum sensing detected were 

common to all the examined genomes (Table S6), irrespective of the origin or genetic lineage 

(Figure 3). Also, mrk genes, encoding Type 3 fimbriae involved in bacterial adhesion, and wzi 

and wzc genes, involved in bacterial capsule production, and the ARG blaSHV were observed 

in the 22 genomes (Figure 3). However, these were sometimes represented by different 

variants (Table S6). The presence of genetic determinants encoding antibiotic resistance, 

plasmid replicon types, metal resistance, and virulence was variable among the 22 genomes. 

Antibiotic resistance genes rarely observed were aadB1 (in ST392, 1 clinical environment), 

ermB (in ST147, 1 hospital effluent), and arr-3 (in ST147, 2 clinical). In contrast, the genes 

blaOXA, dfrA, fosA and aac(6´)lb-cr were common to most of the 22 isolates, with a few 

exceptions observed in 1 ST348 RWW isolate where blaOXA, dfrA and aac(6´)lb-cr were not 

detected, in 1 ST147 hospital effluent isolate lacking blaOXA and aac(6´)lb-cr, and in 1 ST392 

clinical isolate that did not yield the fosA gene (Figure 3 and Table S6).  

The most common plasmid replicon type was IncFIB (K), curiously not detected in 4 genomes 

of the ST147 (1 hospital effluent and 3 clinical) and in one ST348. The plasmid replicon type 
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IncFIA was observed in more than half of the isolates (n=13), although in any the ST392, 

ST1426, ST348, or ST377. Two uncommon plasmid replicon types were colRNAI and IncX4, 

observed in a single hospital effluent ST147 isolate that lacked the IncFIB (K). Two other 

uncommon replicon types were IncHI2 and IncHI2A detected in the ST392 isolate of the 

clinical environment in the Spanish outbreak.  

Metal resistance genes were associated with tellurium, mercury, arsenic, copper and silver. 

Tellurium resistance genes, presumably organized in an operon, were observed in the 

genomes of 6 isolates, 5 of which of Portugal (2 of wastewater, ST377 and ST348 and 3 

clinical, ST147). These genes were not present in all isolates of the same ST, suggesting their 

acquired character. This was confirmed by the occurrence of ter genes in a clinical 

environment isolate of the ST392 recovered during the outbreak. Curiously, this isolate 

harbored the unique IncHI2 and IncHI2A plasmid replicon types, referred above, although ter 

and these Inc groups were not in the same contig. The genes putatively constituting the 

mercury operon were observed in 9 genomes, all (n=4) of the ST326 (clinical and clinical 

environment), 3 of wastewater (2, ST15 and 1, ST147) and 1 clinical (ST15) and 1 of clinical 

environment (ST392). It was suggested that mer genes were acquired by ST147 and ST392 

isolates in clinical context (hospital effluent and clinical environment, respectively). Genes 

associated with the copper and silver operon were detected in all ST326 and ST392 isolates, 

being variable among the ST15 (1 clinical and 1 wastewater isolates) and the ST147 (2 clinical 

isolates). Arsenic-resistance related genes, described as part of the arsenic operon, were 

detected in all isolates that also presented the copper and silver resistance genes, being a 

wastewater and clinical ST348 isolates the exception. The other ST348 isolate with origin in 

wastewater only yielded ter genes, and curiously it was the only one that lacked the IncFIB(K) 

plasmid replicon (Figure 3). These observations suggest that in some cases the metal 

resistance genes were acquired, as they varied within the same genetic lineage and were 

associated with plasmid replicon types. However, these genes were not lost in wastewater, 

not even after treatment. 

Virulence genes related with iron transport, including siderophore production and capsular 

serotype K2 were variable among the examined genomes, although these variations were 

mainly associated with phylogenetic lineages. The only exceptions were observed for isolates 

of ST15 and ST147. The virulence genes kfu, related to iron transport system, were detected 

in all the isolates (n=7) of the ST15 and ST326. The presence of the genes fyuA, irp and ybt 

associated with yersiniabactin siderophore production, detected in 6 isolates, was variable 

among and within lineages, suggesting its acquired character. These genes were observed in 

all ST348 isolates, in 1 (out of 3) ST15 isolates, and in 2 (out of 6) ST147 isolates. Interestingly, 

these 2 ST147 isolates were those yielding the arsenic, cooper and silver resistance genes, 

while lacked mercury or tellurium resistance genes, present in other genomes of the same 
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ST147. The genes kpiA were observed in all isolates (n=15) of ST392, ST1426, ST348, ST147, and ST377 (Figure 3). 

 

 

Figure 3 - Clustering analysis of 22 3rd generation cephalosporin-resistant K. pneumoniae based on selected clinically relevant features 

(genes encoding antibiotic resistance, metal resistance, virulence, efflux systems, oxidative stress, quorum sensing and plasmid replicon 

types). A presence/absence table supported the Jaccard similarity index estimation and UPGMA clustering analysis. Colors in the table 

refer to the trait presence and different colors refer to different isolates MLST. Red, green, and blue symbols in the dendrogram refer to 

isolates obtained from patients, wastewater, and clinical settings, respectively. C-P – clinical isolate obtained from patients; C-E – isolate 

obtained from clinical environment; HE – hospital effluent; RWW – raw influent wastewater; sTWW – secondary treatment effluent 

wastewater; tTWW – tertiary treatment effluent wastewater. 
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3.3. Antibiotic and metal resistance and virulence genes genetic 

context 

The genetic context of acquired features, whose presence spanned distinct genetic lineages 

or varied within a single lineage was investigated. These comprised antibiotic (i.e. blaCTX e 

blaKPC) and metal (ter, mer, sil, pco) resistance, and yersiniabactin-related virulence genes. 

The tellurium-related genes were associated to insertion sequences of the families IS66 and 

ISNCY in ST377 (1 RWW), of the family ISNCY in ST147 (3 clinical) and in ST348 (1 RWW) 

and of the family IS256 in ST392 (1 clinical environment) (Figure 4A, Figure S1). All the ter 

genes examined presented 99-100% sequence identity with other genomes of K. pneumoniae 

available in public databases, except in the clinical environment isolate (KP3A) recovered 

during the hospital Spanish outbreak (ST392). In this case, the ter genes presented 65-83% 

nucleotide sequence identity with the others analysed in this study. Moreover, this was the 

only isolate were the ter genes were associated to the Tn3 and IS256. Based on BLASTn 

search these tellurium operon genes hinted high sequence identity with similar genes 

observed in the genomes of bacteria of the genera Citrobacter, Enterobacter and Salmonella. 

In the 6 genomes containing the ter genes were also identified tra genes, reported as 

necessary for bacterial conjugation (Virolle et al., 2020). These tra genes were traI, traF, traG 

in the 5 genomes with the K. pneumoniae ter-type, different from the traN and traU observed 

in the genome with the atypical ter genes (Figure 4A). Moreover, only in this latter atypical 

genome, other metal resistance genes (mercury, arsenic, copper, and silver) were observed 

beside the ter genes (Figure 3, Figure 4A, 4B and 4C).   

Mercury-related genes were observed in distinct contexts. In the 3 ST15 isolates and in 1 out 

of 3 ST392 isolates, those genes were flanked by transposases. In the single ST147 isolate 

where this gene was detected, it was flanked by a recombinase and a gene involved in 

conjugation (traC), also observed to flank mer genes in the 4 ST326 isolates (Figure 4B). 

Therefore, depending on the sequence type of the isolates, the mercury-related genes were 

flanked by different mobilization genes. The genes related to the metals arsenic, copper, and 

silver were linked in the same contig in most of the isolates (11 out of 13 isolates) and their 

acquisition through horizontal gene transfer was suggested by their association to 

transposases in ST147, ST15, ST326, ST392 (Figure 4C, Figure S2). In the ST1426 isolate, 

these genes were not in the same contig (Figure 4C, Figure S2). In those 11 genomes, the 

silver-related genes were flanked by a transposase and the copper-related genes by an ISL3 

transposase. The arsenic-related genes were flanked either by both ISNCY and ISL3 

transposases (n= 8) or only by ISL3 transposases (n=3). Two out of the 3 ST348 isolates



Chapter 5 

87 

 

presented arsenic-, but not copper- or silver- related genes, and in 1 out of 2 isolates these 

genes were associated in the same contig in an insertion sequence (Figure 4C, Figure S2).
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Figure 4 - Schematic presentation of the genetic environment of A) tellurium (ter), B) mercury (mer) and C) arsenic (ars), copper (pco) and 

silver (sil) resistance-related genes. The contig number (c) is indicated for each isolate close to the schematic presentations. 
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The yersiniabactin locus, involved in siderophore production (fyuA, irp1, irp2, ybtA, ybtE, ybtP, 

ybtQ, ybtS, ybtT, ybtU and ybtX), was observed to be linked to a prophage integrase and to 

P-type conjugative transfer protein and traM in ST15, ST147 and ST348 (Figure 5, Figure S4). 

The yersiniabactin siderophore production related genes were inserted in integrative and 

conjugative elements (ICE), whose organization varied according to the sequence type of the 

isolates. These genes were inserted in ICEkp4 (99.97% of identity with ICEkp4) in the ST15 

isolate, in ICEkp5 (99.49% of identity with ICEkp5) in the ST348 isolates, and in ICEkp12 

(99.99% of identity with ICEkp12), in the ST147 isolates.  

 

 

Figure 5 - Schematic presentation of yersiniabactin virulence factor genetic 

environment. The contig number (c) is indicated for each isolate in the cases where 

more than one isolate shares the same yersiniabactin genetic environment (e.g EKP-

SCC10 – c2).  

 

In general, as expected, the most variable genome features investigated within each 

phylogenetic group were the plasmid replicon types and the antibiotic resistance genes profile 

(Figure 3). The genetic linkage of antibiotic resistance genes was investigated aiming to find 

hints of distinct acquisition paths. The blaCTX-M-15 gene, encoding antibiotic resistance to 

cephalosporins, was observed to be flanked by insertion sequences and/or transposases in 

all the genomes where this gene was detected (16/22). The blaCTX-M-15 gene was associated 

to genes encoding resistance to β-lactams (blaTEM), aminoglycosides (strB, strA), and 

sulfonamides (sul) in ST392, ST15, ST348 and, ST1426 (Figure 6). The gene blaKPC, encoding 

resistance to carbapenems was observed to be flanked by transposases in the clinical isolates 

of the ST147 (n=5). The blaKPC-3 gene in 2/5 clinical isolates was also associated in the same 

contig with genes involved in conjugation (Figure 6), as has been reported before (Ferreira et 
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al., 2021). In the other 3/5 clinical isolates the blaKPC-3 gene was associated with genes 

encoding resistance to quinolones (aac(6´)-lb-cr), aminoglycosides (strA and strB), β-lactams 

(blaOXA-1/ blaOXA-9, blaTEM-1A) and sulfonamides (sul1/ sul2) (Figure 6 and Table S6).  
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Figure 6 - Genetic environment of the genes encoding resistance to carpanemens 

(blaKPC), cephalosporins (blaCTX), tetracyclines (tet), aminoglycosides (aac3), β-lactams 

(blaTEM), and sulfonamides (sul). The genetic environment of class I integron (int) 

encoding genes is also presented. The contig number (c) is indicated for each isolate 

next to the contig that is represented.  

 

4. Discussion  

As pathogens causing an infection or thriving in the environment, bacteria can be exposed to 

distinct conditions, which hypothetically may be associated with the retention or loss of specific 

traits either phenotypic or genotypic (Martin & Bachman, 2018). This hypothesis was behind 

the comparative characterization made in this study. The phenotypic and genotypic 

characterization organized the isolates according to the antibiotic resistance traits, being 

resistance to tetracycline, meropenem, sulfonamides and amoxicillin with clavulanic acid the 

most differentiating. Other differentiating traits were the capacity to conjugate with E. coli J53 

and transfer antibiotic resistance genes and the biofilm forming capacity. All the features that 

differentiated the groups have been observed in clinical and in environmental strains (Barati 

et al., 2016; Obasi et al., 2017). The comparative analysis revealed that the origin of the 

isolates was not determinant for group organization, although most of the clinical isolates 

clustered in group A (Figure 1). This group (A) was characterized by moderate/strong biofilm 

forming capacity, presence of β-lactamase encoding genes (blaCTX, blaOXA, blaSHV and blaTEM), 

resistance to tetracycline, presence of a single plasmid of high molecular weight and of the 

replicon type FIIK, as well as the capacity to transfer ARGs and MDR to E. coli J53. Also, 

characteristics such as the capacity of the isolates to conjugate with E. coli J53 or to form 

biofilm were significantly more frequent in clinical or in wastewater isolates, respectively. 

These observations may suggest a certain degree of habitat adaptation. For instance, the 

trans-species conjugative capacity described in K. pneumoniae (Suzuki et al., 2019; Yi et al., 

2010), may be favored in habitats shared by different species, as is the case of E. coli in the 

gut of patients under antibiotherapy (Wyres & Holt, 2018; Stanley et al., 2018). In turn, the 

capacity to form biofilm may represent an advantage for nutrient capture or stress protection 

favoring wastewater bacteria with those properties (Paczosa et al., 2016). Trans-species 

conjugation and biofilm formation were apparently widespread over the distinct genetic 

lineages, although with curious exceptions - ST15 strains were not observed to conjugate with 

E. coli J53 and some clinical ST147 strains did not form biofilm. However, these differences 

are probably not associated with the origin of those strains, whose ubiquity is suggested in the 

literature, with the ST15, ST147 and ST348 described in clinical and environmental sources 
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(Diestra et al., 2010; Fasciana et al., 2019; Navon-Venezia et al., 2017; Wyres & Holt, 2016; 

Marques et al., 2019; Trigo Da Roza et al., 2019). The ST326, ST392, ST377 and ST1426 

have been reported in other studies as being associated to the clinical settings (Fursova et al., 

2020; Shelenkov et al., 2020; Zenati et al., 2017). Indeed, ST326 and ST392 were the lineages 

recovered from an outbreak in a hospital, and the capacity of a clinical environment ST392 

isolate to acquire metal resistance genes was strongly suggested in this study. Also, to our 

knowledge, ST377 and ST1426 were never reported in wastewater.  

 Genes related to efflux, oxidative stress or quorum sensing were detected in all the 22 isolates 

examined. This observation agrees with the literature that identify some genes related with 

efflux and quorum sensing as part of the K. pneumoniae core genome (Wyres et al., 2020; 

Lery et al., 2014). An exception was the regulator lysR gene not detected in isolates of the 

ST15, which is involved in quorum sensing, oxidative stress response, and has also been 

associated to the regulation of virulence factors, mainly to the expression of adhesins in early 

stages of the biofilm formation, being important in the process of infection (Hennequin & 

Forestier, 2009; Reading & Sperandio, 2005). This observation is in agreement with the 

ongoing discussion about the truncated nature of this regulator in members of this lineage 

(Machuca et al., 2018; Naha et al., 2021). Interestingly, these isolates were moderate/strong 

biofilm producers and were not able to infect G. mellonella, suggesting the importance of lysR 

for infection. The genes mrk, wzc, wzi and blaSHV were also observed in the 22 genomes 

analysed, which is in agreement with previous observations due to its localization in the 

chromosome (Holt et al., 2015; Paczosa & Mecsas, 2016; Wyres et al., 2020). 

Genes whose detection varied among the examined genomes were related with antibiotic and 

metal resistance or virulence. Antibiotic resistance genes blaKPC and blaCTX were genetically 

linked to other ARGs and were observed to be mainly associated with transposons of the types 

Tn4401 and Tn3-like. According to the literature, these transposons are widespread in K. 

pneumoniae and are often related with acquisition of blaKPC and blaCTX (Rodrigues et al., 2016; 

Mbelle et al., 2020). Metal resistance-related genes were associated with the insertion 

sequences IS66, ISNCY, ISL3, IS3 or IS1, in a pattern shared by isolates of different lineages 

or origins, except one isolate of the ST392 in which was detected the IS256. The fact that 

these metal-related genes were flanked by insertion sequences suggests the potential for 

mobilization (Hendrickx et al., 2020; Håkonsholm et al., 2020). One ST392 isolate was the 

only Spanish outbreak strain where the ter genes were detected, and it presented a unique 

sequence and context when compared to the other isolates included in this study. Since this 

was an outbreak isolate it may suggest different paths of gene acquisition from other species, 

due to selective pressures, as is hinted by the high sequence similarity with homologous 

genetic elements reported in other genera.   
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Among the virulence genes detected, genes related to the production of yersiniabactin 

siderophores, which enable iron acquisition from the host to survive and propagate during the 

infection process (Paczosa et al., 2016), were observed in some ST15 and ST147 and in all 

ST348 isolates. The yersiniabactin loci were associated with integrative and conjugative 

elements (ICE), as described by Lam and colleagues (2018). Among these, ICEkp4, ICEkp5 

and ICEkp12 were specific of the sequence type of the isolates, considering that the first was 

observed in ST15, the second in ST348 and the third in ST147. This is in agreement with the 

literature, although in the same sequence types other ICE associated with virulence genes 

have been reported (Lam et al., 2018). Nevertheless, the results suggested that the 

phylogenetic lineage, more than the origin of the isolates, might explain the paths of acquisition 

of virulence genes. ICEkp are typically constituted by a P4-like integrase gene in the left end, 

followed by the yersiniabactin locus, and by a mobilization module constituted by the xis 

excisionase, virB-type 4 secretion system (T4SS), oriT transfer origin and mobBC proteins 

(responsible for mobilization) (Lam et al., 2018). In some ICE structures it is also found a zinc 

and manganese metabolism module (Lam et al., 2018), observed in our study in ICEkp4, ST15 

isolates. 

In this study it was observed that genes related to antibiotic or metals resistance were flanked 

by insertion sequences, transposases or genes involved in bacterial conjugation. Moreover, 

genes related to virulence were flanked by ICEs. This observation suggests that the 

mobilization of the three types of genes uses different mechanisms. Moreover, the genetic 

analysis of the mobilization structures suggests that the genetic lineage, rather than the source 

of isolation, are determinant for the genotype and phenotype of the strain. Evidences that 

isolates of the ST392, ST147, ST15 and ST348 have the potential to acquire or lose metal 

resistance genes and that such a capacity is related with some plasmid replicon types was 

evidenced in this study despite the limited number of genomes examined.  

Plasmids are present in almost all K. pneumoniae isolates with a broad range of replicon types 

associated (Navon-Venezia et al., 2017). Among them, blaCTX-M-15 is commonly associated to 

IncFII plasmids that simultaneously carry other antibiotic resistance genes (Wyres & Holt, 

2016). Indeed, the isolates of the ST377, ST392, ST348 and ST147 that harbored the gene 

blaCTX-M, all presented the blaCTX-M-15 variant and tested positive for the replicon type IncFII. 

Also, the blaKPC-3 observed in clinical isolates of the ST147 was previously described as being 

associated to the replicon type IncN (Ferreira et al., 2021), although this and other replicon 

types are reported as vectors for these carbapenemase encoding genes (IncX3, IncR, IncHI1 

and IncI2) (Navon-Venezia et al., 2017).  

A major question of this study was whether the isolation habitat, clinical or wastewater, could 

influence K. pneumoniae isolates features. The phenotypic and genomic studies did not 
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evidence features that highlighted specialization to the isolation habitat. The results suggest 

that clinical isolates once in wastewater may retain clinically relevant traits, even those that 

were acquired through horizontal gene transfer and were associated with transposons, 

insertion sequences or integrative and conjugative elements. Moreover, it is suggested that 

phylogeny, more than the isolates origin, may explain the profile of acquired traits, although 

genetic variation may occur within the same genetic lineage. 
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6. Supplementary files 

6.1. Supplementary Figures 

 

Figure S1 - Genetic environment of tellurium (ter) resistance-related genes. Blue arrows indicate the genes related to tellurium resistance 

and yellow arrows refer to hypothetical proteins. 



Chapter 5 

105 

 

 



Chapter 5 

106 

 

Figure S2 - Genetic environment of arsenic (ars), copper (pco) and silver (sil) resistance-related genes. Blue arrows indicate genes related 

to resistance to arsenic, copper and arsenic metals, yellow arrows refer to hypothetical proteins. 

 

 

Figure S3 - Genetic context of mercury (mer) resistance-related genes. Blue arrows indicate the genes related to mercury resistance and 

yellow arrows refer to hypothetical proteins. 
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Figure S4 - Genetic environment of yersiniabactin virulence locus. Blue arrows indicate genes related to yersiniabactin virulence and yellow 

arrows refer to hypothetical proteins. 
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6.2. Supplementary Tables 

Table S1 – 3rd generation cephalosporin-resistant K. pneumoniae isolates characterized based on β-lactam and carbapenem encoding 

genes, antimicrobial resistance phenotype, plasmid number, size and replicon types, conjugation properties and biofilm formation capacity. 

A total of 25 isolates were obtained from wastewater, 30 from patients and 4 from clinical settings. 

Isolate name Isolate origin Isolation conditions Isolate Category Classification 

EKP-SCC1 Raw wastewater 

membrane-Fecal Coliform 
medium + Cefotaxime (8 

mg/L) 

Environmental 

EKP-SCC3 Raw wastewater Environmental 

*EKP-SCC5 Raw wastewater Environmental 

*EKP-SCC10 Raw wastewater Environmental 

EKP-SCC11 Raw wastewater Environmental 

*EKP-SCC15 Raw wastewater Environmental 

EKP-SCC16 Raw wastewater Environmental 

*EKP-SCC17 Secondary treatment effluent wastewater Environmental 

EKP-SCC23 Secondary treatment effluent wastewater Environmental 

EKP-SCC24 Secondary treatment effluent wastewater Environmental 

EKP-SCC27 Secondary treatment effluent wastewater Environmental 

EKP-SCC32 Secondary treatment effluent wastewater Environmental 

EKP-SCC44 Tertiary treatment effluent wastewater Environmental 

EKP-SCC59 Tertiary treatment effluent wastewater Environmental 

EKP-SCC66 Raw wastewater Environmental 

EKP-SCC67 Raw wastewater Environmental 

EKP-SCC70 Tertiary treatment effluent wastewater Environmental 
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Isolate name Isolate origin Isolation conditions Isolate Category Classification 

*EKP-SCC75 Raw wastewater 

 

Environmental 

EKP-SCC87 Secondary treatment effluent wastewater Environmental 

EKP-SCC98 Raw wastewater Environmental 

EKP-SCC99 Raw wastewater Environmental 

*EKP-SCC100 Tertiary treatment effluent wastewater Environmental 

*EKP-H1FC25 Hospital effluent 
membrane-Fecal Coliform 
medium + Ciprofloxacin (4 

mg/L) 
Environmental 

EKP-H1PC18 Hospital effluent Plate Count Agar + 
Ciprofloxacin (4 mg/L) 

Environmental 

EKP-H1PC38 Hospital effluent Environmental 

*CKP-KP2-448 Urine 

Cystine Lactose Eletrolyte 
Deficient/ Columbia agar + 

5% sheep blood 

Clinical 

CKP-110 Urine Clinical 

*CKP-822 Urine Clinical 

CKP-847 Urine Clinical 

CKP-038 Urine Clinical 

CKP-088 Urine Clinical 

CKP-048 Urine Clinical 

CKP-123 Urine Clinical 

CKP-124 Urine Clinical 

*CKP-KP1-388 Urine Clinical 

*CKP-KP2-465 Urine Clinical 

CKP-636 Faeces 

MacConkey agar  

Clinical 

*CKP-KP1-349 Faeces Clinical 

CKP-608 Liquid Clinical 

Table S1 (cont.) - 3rd generation cephalosporin-resistant K. pneumoniae isolates characterized based on β-lactam and carbapenem 

encoding genes, antimicrobial resistance phenotype, plasmid number, size and replicon types, conjugation properties and biofilm 

formation capacity. 



Chapter 5 

110 

 

 

 

Isolate name Isolate origin Isolation conditions Isolate Category Classification 

CKP-813 Liquid 

 

Clinical 

CKP-179 Blood Clinical 

*CKP-KP1-080 Blood Clinical 

CKP-125 Blood Clinical 

CKP-261 Blood Clinical 

CKP-018 Swab Clinical 

CKP-792 Swab Clinical 

CKP-562 Swab Clinical 

CKP-374 Expectoration Clinical 

*CKP-927 Expectoration Clinical 

CKP-379 Bronchial Secretions Clinical 

CKP-611 Bronchial Secretions Clinical 

*CKP-KP13 Blood 

Blood agar  

Clinical 

*CKP-KP30 Blood Clinical 

*CKP-KP3 Blood Clinical 

*CKP-KP40 Blood Clinical 

*CEKP-KP4A Hospital drain Clinical environment 

*CEKP-KP55A Hospital surface Clinical environment 

*CEKP-KP3A Hospital basin drain Clinical environment 

*CEKP-KP1A Hospital bathroom drain Clinical environment 

 

 

Table S1 (cont.) - 3rd generation cephalosporin-resistant K. pneumoniae isolates characterized based on β-lactam and carbapenem 

encoding genes, antimicrobial resistance phenotype, plasmid number, size and replicon types, conjugation properties and biofilm 

formation capacity. 
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Table S2 - Primer sequences and PCR amplification conditions used in this study. 

Target gene Primer name Sequence 
Annealing 

temperature 
(°C) 

Amplicon 
size (bp) 

References 

blaCTX-M 
blaCTX-M (fw) CRATGTGCAGYACCAGTAA 

53 540 Weill et al., 2004 
blaCTX-M (rev) CGCRATATCRTTGGTGGTG 

blaOXA-A 
blaOXA-A (fw) ACACAATACATATCAACTTCGC 

53 814 Henriques et al., 2006 
blaOXA-A (rev) AGTGTGTTTAGAATGGTGATC 

blaSHV 
blaSHV (fw) TCGGGCCGCGTAGGCATGAT 

62 626 DiPersio et al., 2005 
blaSHV (rev) AGCAGGGCGACAATCCCGCG 

blaTEM 
blaTEM (fw) ATAAAATTCTTGAAGACGAAA 

45 1080 DiPersio et al., 2005 
blaTEM (rev) GACAGTTACCAATGCTTAATCA 

blaKPC 
blaKPC (fw) TGTCACTGTATCGCCGTCTAG 

52 880 Gootz et al., 2009 
blaKPC (rev) TTACTGCCCGTTGACGCCCAATCC 

blaVIM 
q_blaVIM (fw) GTACGCATCACCGTCGACAC 

48 178 Bisiklis et al., 2007 
q_blaVIMspec (rev) AGACGGGACGTACACAACTAAG 

blaIMP 
q_blaIMP (fw) GAATAGRRTGGCTTAAYTCTC 

46 188 Mendes et al., 2007 
q_blaIMP (rev) CCAAACYACTASGTTATC 

mcr 
MCR2 (fw) TGGTACAGCCCCTTTATT 

55 1617 Xavier at al., 2016 
MCR2 (rev) GCTTGAGATTGGGTTATGA 
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Table S3 – 3rd generation cephalosporin-resistant K. pneumoniae isolates genomes used for comparative genomic analysis. 

Isolate name Isolate origin 
Contigs 
number 

Genome 
coverage 

Genome size 
(Mbp) 

G+C content 
(%) 

Accession number 

EKP-H1FC25 Hospital effluent 74 99x 5.36 57.3 JAGSXY000000000 

EKP-SCC10 Raw wastewater 84 97x 5.46 57.1 JAGSZX000000000 

EKP-SCC15 Raw wastewater 113 93x 5.67 56.9 JAGSZY000000000 

EKP-SCC75 Raw wastewater 95 97x 5.44 57.3 JAGSZR000000000 

CKP-822 Urine 90 97x 5.44 57.2 JAGSZS000000000 

CKP-KP2-465 Urine 112 163x 5.75 56.9 JAGSZZ000000000 

CKP-KP2-448 Urine 108 214x 5.76 56.9  JAGTAA000000000 

CKP-KP1-349 Faeces 100 183x 5.65 56.9 JAGTAB000000000 

CKP-KP1-388 Urine 107 201x 5.65 56.7 JAGTAC000000000 

CKP-KP1-080 Blood 99 257x 5.65 56.9 JAGTAD000000000 

CKP-KP3 Blood 56 16x 5.48 57.2 JAGTPB000000000 

CKP-KP13 Blood 78 72X 5.72 56.9 JAGTOX000000000 

CKP-KP30 Blood 100 41x 5.66 57.0 JAGTOV000000000 

CKP-KP40 Blood 59 47x 5.82 56.7 JAGTOS000000000 

CEKP-KP55A Hospital surface 98 33x 5.70 56.9 JAGTOO000000000 

CEKP-KP1A 
Drain bathroom from 

hospital 
91 40x 5.69 57.0 JAGTON000000000 

CEKP-KP3A 
Drain basin from 

hospital 
83 50x 5.74 56.7 JAGTOL000000000 

CEKP-KP4A Hospital drain 60 57x 5.52 57.2 JAGTOK000000000 

EKP-SCC5 Raw wastewater 92 63x 5.51 57.0 JAGSZT000000000 
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Isolate name Isolate origin 
Contigs 
number 

Genome 
coverage 

Genome size 
(Mbp) 

G+C content 
(%) 

Accession number 

EKP-SCC17 
Secondary Treatment 

Wastewater 
87 50x 5.34 57.3 JAGSZU000000000 

EKP-SCC100 
Terciary Treatment 

Wastewater 
87 53x 5.49 57.2 JAGSZV000000000 

CKP-927 Expectoration 77 64x 5.43 57.2 JAGSZW000000000 

The level of contamination was below 5% and the completeness above 90%, for all genomes. 

 

Table S4 - Antimicrobial resistance phenotype and genotype transferred to transconjugants by the conjugative isolates from the 59 isolates 

of K. pneumoniae resistant to 3rd generation cephalosporins. + indicates detection of the trait, - indicates not detection of the trait, S, I and 

R indicate susceptible, intermediate and resistant to the antibiotic, and NA indicates not assessed because the trait was not detected in the 

donor cell. 

    ARGs   Antimicrobial Susceptibility 

  Isolate blaCTX blaOXA blaSHV blaTEM blaKPC   AMC AML ATM MEM CTX CAZ CN AK CIP SXT RL W TE 

Donor EKP-SCC3 + - + - -   S R R S R R S S R R R R R 

Transconjugant 3B + NA + NA NA   NA R R NA R R NA NA S R R R S 

                                          

Donor EKP-SCC10 + + + + -   S R R S R R R S R R R R S 

Transconjugants 

10A + + - + NA   NA R R NA R R R NA S R R R NA 

10C + + - + NA   NA R R NA R R R NA S R R R NA 

10D + + - + NA   NA R R NA R R R NA S R R R NA 

10E + + - + NA   NA R R NA R R R NA S R R R NA 

                                          

Donor EKP-SCC11 + + + + -   R R R S R R R S R R R R R 

 
 

                    

Table S3 (cont.) - 3rd generation cephalosporin-resistant K. pneumoniae isolates genomes used for comparative genomic analysis. 
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   ARGs   Antimicrobial Susceptibility 

  Isolate blaCTX blaOXA blaSHV blaTEM blaKPC   AMC AML ATM MEM CTX CAZ CN AK CIP SXT RL W TE 

Transconjugants 

11-7 + + - + NA   I R R NA R R R NA S R R R R 

11-8 + + - + NA   S R R NA R R R NA S R R R R 

11-9 + + - + NA   I R R NA R I R NA S R R R R 

11-10 + + - + NA   I R R NA R I R NA S R R R R 

                                          

Donor EKP-SCC15 + + + - -   I R R S R R R S R R R R S 

Transconjugants 

15C + + - NA NA   I R R NA R R R NA S R R R NA 

15D + + - NA NA   I R R NA R R R NA S R R R NA 

15G + + - NA NA   I R R NA R R R NA S R R R NA 

15-1 + + - NA NA   I R R NA R R R NA S R R R NA 

                                          

Donor EKP-SCC16 + + + + -   I R R S R R S S R S I S S 

Transconjugants 

16A + + - + NA   I R R NA R R NA NA S NA S NA NA 

16B + + - + NA   S R R NA R R NA NA S NA S NA NA 

16C + + - + NA   S R R NA R I NA NA S NA S NA NA 

16D + + - + NA   S R R NA R R NA NA S NA S NA NA 

                                          

Donor EKP-SCC44 + - + + -   S R R S R R S S S R R R S 

Transconjugants 

44A + NA - + NA   NA R R NA R I NA NA NA R R R NA 

44B + NA - + NA   NA R R NA R R NA NA NA R R R NA 

44D + NA - + NA   NA R R NA R R NA NA NA R R R NA 

44E + NA - + NA   NA R R NA R R NA NA NA R R R NA 

                                          

Donor EKP-SCC75 + + + + -   I R R S R R R S R R R R R 

 
 

                    

Table S4 (cont.) - Antimicrobial resistance phenotype and genotype transferred to transconjugants by the conjugative isolates from 

the 59 isolates of K. pneumoniae resistant to 3rd generation cephalosporins. 
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ARGs 

  

 
 
 

Antimicrobial Susceptibility 

  Isolate blaCTX blaOXA blaSHV blaTEM blaKPC   AMC AML ATM MEM CTX CAZ CN AK CIP SXT RL W TE 

Transconjugants 

75A + + - + NA   I R R NA R I R NA I R R R R 

75B + + - + NA   I R R NA R R R NA S R R R R 

75C + + - + NA   I R R NA R R R NA I R R R R 

75E + + - + NA   I R R NA R R R NA I R R R R 

                                          

Donor EKP-H1FC25 + - + + -   I R R S R R R S R R R R S 

Transconjugants 

H1FC25A - NA + + NA   I R R NA R R S NA S S S S NA 

H1FC25B - NA + + NA   I R R NA R R R NA S R R R NA 

H1FC25C - NA + + NA   I R R NA R R R NA S R R R NA 

H1FC25D - NA + + NA   I R R NA R R R NA S R R R NA 

                                          

Donor EKP-H1PC18 + - + + -   I R R S R R R S R R R R S 

Transconjugants 

H1PC18-1 - NA + + NA   I R R NA R R R NA S R R R NA 

H1PC18-2 - NA + + NA   I R R NA R R R NA S R R R NA 

H1PC18-3 - NA + + NA   I R R NA R R R NA S R R R NA 

H1PC18-4 - NA + + NA   I R R NA R R R NA S R R R NA 

H1PC18-5 - NA + + NA   I R R NA R R R NA S R R R NA 

                                          

Donor EKP-H1PC38 + + - + -   R R R R R R R S R R R R R 

Transconjugants 

H1PC38-25 + + - + NA   I R R S R R S R S S S S S 

H1PC38-5 - - NA - NA   R R S S R R S S S S S S S 

H1PC38-5 NA NA NA NA NA   R R S S I R S S S S S S S 

                                          

Donor CKP-KP2-448 + + + - +   R R R R R R R I R R R R S 

                     

Table S4 (cont.) - Antimicrobial resistance phenotype and genotype transferred to transconjugants by the conjugative isolates from 

the 59 isolates of K. pneumoniae resistant to 3rd generation cephalosporins. 
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    ARGs   Antimicrobial Susceptibility 

  Isolate blaCTX blaOXA blaSHV blaTEM blaKPC   AMC AML ATM MEM CTX CAZ CN AK CIP SXT RL W TE 

Transconjugants 
448-1 - - - NA +   R R R I R R S S S S S S NA 

448-1 - - - NA +   R R R I R R S S S S S S NA 

                                          

Donor CKP-608 + - + - -   I R R S R R R S R R R R R 

Transconjugants 

608-1 - NA - + +   R R R NA R R S NA S R R R S 

608-2 - NA - + +   R R R NA R R S NA S R R R S 

608-3 - NA - + +   R R R NA R R S NA S R R R S 

608-5 - NA - + +   R R R NA R R I NA S R R R S 

                                          

Donor CKP-179 + + + + -   I R R S R R R S R R R R R 

Transconjugants 
179-1 + + - + NA   S R R NA R I R NA S R R R R 

179-6 + + - +fraco NA   R R R NA R R R NA S R R R R 

                                          

Donor CKP-847 + + + + -   I R R S R R R S R R R R R 

Transconjugants 

847-1 + + - + NA   S R R NA R R R NA S R R R R 

847-4 + + - + NA   S R R NA R R R NA S R R R R 

847-5 + + - + NA   I R R NA R I R NA S R R R I 

847-6 + + - + NA   S R R NA R I R NA R R R R R 

847-7 + + - + NA   S R R NA R I R NA S R R R R 

847-8 + + - + NA   I R R NA R I R NA R R R R R 

                                          

Donor CKP-018 + - + + -   I R R S R R R S R R R R S 

Transconjugant 018-5 + NA - + NA   R R R NA R R R NA S R R R NA 

 
 
 

                    

Table S4 (cont.) - Antimicrobial resistance phenotype and genotype transferred to transconjugants by the conjugative isolates from 

the 59 isolates of K. pneumoniae resistant to 3rd generation cephalosporins. 
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    ARGs   Antimicrobial Susceptibility 

  Isolate blaCTX blaOXA blaSHV blaTEM blaKPC   AMC AML ATM MEM CTX CAZ CN AK CIP SXT RL W TE 

Donor CKP-038 + - + + -   I R R S R R S S S S R S S 

Transconjugants 
038-1 + NA - + NA   R R R NA R I NA NA NA NA S NA NA 

038-2 + NA - + NA   R R R NA R I NA NA NA NA S NA NA 

                                          

Donor CKP-792 + + + + -   R R R S R R R I R R R R R 

Transconjugants 

792-10 + + - + NA   S R R NA R R R S S R R R R 

792-22 + + - + NA   S R R NA R R S S S R R R S 

792-15 + + - + NA   S R R NA R I R S S R R R R 

792-1 + + - + NA   I R R NA R R R S I R R R R 

                                          

Donor CKP-813 + + + + -   I R R S R R R S R R R R R 

Transconjugants 

813-1 - - - + NA   R R R NA R R I NA I R R R S 

813-2 - - - + NA   R R R NA R R S NA S R R R S 

813-3 - - - + NA   R R R NA R R S NA I R R R S 

                                          

Donor CKP-KP1-080 + - + + +   R R R R R R R I R R R R S 

Transconjugants 

8080-1 - NA - + +   R R R I R R I I S R R R NA 

8080-5 - NA - + +   R R R I R R S S S R R R NA 

8080-10 - NA - + +   R R R I R R I S S R R R NA 

8080-15 - NA - + +   R R R I R R S S S R R R NA 

                                          

Donor CKP-KP1-349 + - + + +   R R R R R R R R R R R R S 

Transconjugants 
349-1 - NA - + +   R R R I R R I S S R R R NA 

349-5 - NA - + +   R R R I R R S S S R R R NA 

 
 

                    

Table S4 (cont.) - Antimicrobial resistance phenotype and genotype transferred to transconjugants by the conjugative isolates from 

the 59 isolates of K. pneumoniae resistant to 3rd generation cephalosporins. 
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    ARGs   Antimicrobial Susceptibility 

  Isolate blaCTX blaOXA blaSHV blaTEM blaKPC   AMC AML ATM MEM CTX CAZ CN AK CIP SXT RL W TE 

Transconjugants 
349-10 - NA - + +   R R R I R R I S S R R R NA 

349-15 - NA - + +   R R R I R R I I S R R R NA 

                                          

Donor CKP-379 + + + - -   R R R S R R R S R R R R R 

Transconjugants 
379-3 + + - NA NA   S R R NA R R R NA S R R R R 

379-10 + + - NA NA   S R R NA R R R NA S R R R R 

                                          

Donor CKP-562 + + + + -   I R R S R R R S I R R R R 

Transconjugants 

562-1 + + - + NA   I R R NA R R R NA S R R R R 

562-23 + + - + NA   S R R NA R R R NA S R R R R 

562-18 + + - + NA   S R R NA R I R NA S R R R R 

562-10 + + - + NA   S R R NA R I R NA S R R R R 

                                          

Donor CKP-927 + - + - -   R R R S R R S S R R R R S 

Transconjugants 
927-1 + NA - NA NA   S R R NA R I NA NA S S S R NA 

927-3 + NA - NA NA   S R R NA R I NA NA S S S R NA 

                                          

Donor CKP-048 + - - + -   R R R S R R R S S R R R R 

Transconjugant 048-5 - NA NA + NA   R R R NA R R I NA NA R R R S 

                                          

Donor CKP-124 + + + + -   I R R S R R R S R R R R S 

Transconjugants 
124-3 + - - + NA   S R R NA R R R NA S R R R NA 

124-4 + - - + NA   S R R NA R I R NA S R R R NA  

 
 
 

                    

Table S4 (cont.) - Antimicrobial resistance phenotype and genotype transferred to transconjugants by the conjugative isolates from 

the 59 isolates of K. pneumoniae resistant to 3rd generation cephalosporins. 
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    ARGs   Antimicrobial Susceptibility 

  Isolate blaCTX blaOXA blaSHV blaTEM blaKPC   AMC AML ATM MEM CTX CAZ CN AK CIP SXT RL W TE 

Donor CKP-125 + + + + -   I R R S R R R S R R R R S 

Transconjugants 
125-2 + - - + NA   S R R NA R I R NA S R R R NA 

125-3 + - - + NA   R R R NA R I R NA S R R R NA 

                                          

Donor CKP-KP1-388 + - + + +   R R R R R R R I R R R R S 

Transconjugants 

388-1 - NA + + +   R R R I R R S I S R R R NA 

388-2 - NA - + +   R R R I R R S S S R R R NA 

388-3 - NA + + +   R R R I R R S S S R R R NA 

388-4 - NA + + +   R R R I R R S S S R R R NA 

388-5 - NA + + -   R R R I R R S S S R R R NA 

                                          

Donor CKP-KP2-465 + + + - +   R R R R R R S S R R R R S 

Transconjugants 

465-5 - - - NA +   R R R I R R NA NA S S S S NA 

465-10 - - - NA +   R R R I R R NA NA S S S S NA 

465-15 - - - NA +   R R R R R R NA NA S S S S NA 

                                          

Donor CEKP-KP4A + + + + -   R R R S R R S I R R R R R 

Transconjugant KP4A-1 + + - + NA   R R R NA R R NA S R R R R R 

                                          

Donor CKP-KP13 + + + + -   R R R S R R S R R R R R R 

Transconjugants 
KP13-1 + + - + NA   R R R NA R R NA R S S S S S 

KP13-2 + + - + NA   R R R NA R R NA R S S S S S 

                                          

Donor CKP-KP30 + + + + -   R R R S R R S R R R R R R 

 
 

                    

Table S4 (cont.) - Antimicrobial resistance phenotype and genotype transferred to transconjugants by the conjugative isolates from 

the 59 isolates of K. pneumoniae resistant to 3rd generation cephalosporins. 
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    ARGs   Antimicrobial Susceptibility 

  Isolate blaCTX blaOXA blaSHV blaTEM blaKPC   AMC AML ATM MEM CTX CAZ CN AK CIP SXT RL W TE 

Transconjugants 
KP30-3 + + - + NA   R R R NA R R NA R S S S S S 

KP30-4 + + - + NA   R R R NA R R NA R S S S S S 

                                          

Donor CEKP-KP55A + + + + -   R R R S R R S R R R R R R 

Transconjugants 
KP55-1 + + - + NA   R R R NA R R NA R S S S S S 

KP55-4 + + - + NA   R R R NA R R NA R S S S S S 

                                          

Donor CEKP-KP3A + + + + -   R R R S R R S S R R R R R 

Transconjugants 
KP3A-1 + + - + NA   R R R NA R R NA NA S R R R R 

KP3A-2 + + - + NA   R R R NA R R NA NA S R R R I 

                                          

Donor CEKP-KP1A + + + + -   R R R S R R S R R R R R R 

Transconjugants 
KP1A-2 + + - + NA   R R R NA R R NA R S S S S S 

KP1A-5 + + - + NA   R R R NA R R NA R S S S S S 

                                          

Donor CKP-KP3 + + + + -   R R R S R R S S R R R R R 

Transconjugants 
KP3-2 + + - + NA   R R R NA R R NA NA S R R R R 

KP3-7 + + - + NA   R R R NA R R NA NA S R R R R 

                                          

Donor CKP-KP40 + + + + -   R R R S R R S S R R R R R 

Transconjugants 
KP40-2 + + - + NA   R R R NA R R NA NA S R R R R 

KP40-4 + + - + NA   R R R NA R R NA NA S R R R R 

 

Table S4 (cont.) - Antimicrobial resistance phenotype and genotype transferred to transconjugants by the conjugative isolates from 

the 59 isolates of K. pneumoniae resistant to 3rd generation cephalosporins. 
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Table S5 - Clusters obtained based on the pheno- and genotypic characteristics of the 3rd 

generation cephalosporin-resistant K. pneumoniae isolates and dominant characteristics 

observed in each cluster.  

Cluster 
No. of 
isolates 

Wastewater 
isolates 

Clinical 
isolates 

Dominant characteristics 

A 24 5 19 

Presence of β-lactamase encoding genes (blaCTX, 
blaOXA, blaSHV and blaTEM) 

Resistance to tetracycline 

High molecular weight plasmids 

Presence of plasmid replicon type FIIK 

Capacity to transfer ARGs and MDR to E. coli J53 

Moderate/strong biofilm forming capacity 

G. mellonella infection indices varied between 0 to 9 

B 14 9 5 

Tetracycline susceptibility  

Incapacity to conjugate with E. coli J53 

G. mellonella infection indices varied between 1 to 9 

C 6 5 1 

Tetracycline resistance 

Presence of 3 plasmids 

Absence of the plasmid replicon type FIIK 

Capacity to conjugate observed only in a hospital 
effluent isolate 

G. mellonella infection indices varied between 2 and 
8  

D 5 2 3 

Absence of the blaCTX and blaOXA genes 

Only the clinical isolates were meropenem resistant, 
due to the presence of the gene blaKPC  

Able to transfer MDR phenotypes to E. coli J53 

G. mellonella infection indices varied between 1 and 
5 

E 3 0 3 

Able to conjugate with E. coli J53 

MDR transfer was not observed 

G. mellonela infection indices of 1-2 

F 3 3 0 

Resistant to amoxicillin with clavulanic acid and to 
sulfonamides 

Detection of a single plasmid larger than 150 Kbp 

Not able to conjugate with E. coli J53 

Moderate/strong capacity to form biofilms 

G. mellonela infection indices of 2-9 
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Table S6 - Genes searched related to clinically-relevant properties on selected 3rd generation 

cephalosporin-resistant K. pneumoniae genomes. 1 indicates the detection of the gene and 0 

indicates the not detection of the gene. For each gene it is indicated the allele that was 

detected, the number of genomes in which it was detected, the length of the gene and of the 

query, the number of different nucleotides in the query sequence and the number of gaps. 

The accession number and the database from which each gene allele was downloaded is also 

indicated. 

 

Due to high dimension this table is provided in the following link: 

https://docs.google.com/spreadsheets/d/1pniXrw-a-EfcLBfWB-

ipgI_YNSLQqitl/edit?usp=sharing&ouid=109610140440067111385&rtpof=true&sd=true 

 

 

https://docs.google.com/spreadsheets/d/1pniXrw-a-EfcLBfWB-ipgI_YNSLQqitl/edit?usp=sharing&ouid=109610140440067111385&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1pniXrw-a-EfcLBfWB-ipgI_YNSLQqitl/edit?usp=sharing&ouid=109610140440067111385&rtpof=true&sd=true


 

 

 

CHAPTER 6 

ENVIRONMENTAL AND CLINICAL KLEBSIELLA 

PNEUMONIAE: TWO SIDES OF THE SAME COIN  

 

  



Chapter 6 

124 

 

The work presented in this chapter is part of a manuscript submitted: 
 

Rocha, J., Henriques, I., Gomila, M., Manaia, C.M. (submitted). Environmental and 

clinical Klebsiella pneumoniae: two sides of the same coin.  

 

 

Contribution: 

 

 

 

 

 

Contributor Role JR IH MG CM 

Conceptualisation    x 

Methodology x  x x 

Validation   x x 

Investigation x  x x 

Data Curation x  x  

Writing – Original Draft Preparation x   x 

Writing – Review and Editing  x x x 

Supervision   x x 

Project Administration    x 

Funding   x x 



Chapter 6 

125 

 

Abstract 

Members of Klebsiella pneumoniae complex are ubiquitous bacteria that can be found in 

different environmental compartments, such as soil, plants and water and as humans’ 

opportunistic pathogens. This study aimed at exploring common and distinctive features in K. 

pneumoniae of clinical and environmental origin inferred from their genomes. Whole genome 

sequences of clinical (n=78) and environmental (n=61) belonging to the K. pneumoniae 

complex, available in the GenBank, obtained from 21 countries, were compared based on 

phylogenetic, pangenome and fitness-related traits. Multi-locus sequence typing divided the 

isolates into 56 sequence types, eight of which were common to clinical and environmental 

origins. For the genetic categories evaluated were observed more antibiotic resistance 

gene/plasmids exclusive to clinical than to environmental isolates, while latter presented 

higher genetic diversity of genes related with functions such as efflux or oxidative stress. 

These observations suggest the sharing and adaptation of K. pneumoniae between distinct 

niches.   
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1. Introduction 

The species Klebsiella pneumoniae, within the family Enterobacteriaceae, is considered a 

major pathogen, associated with urinary, respiratory, gastrointestinal and skin infections 

(Podschun & Ullmann, 1998; Wyres & Holt, 2016). Despite its ubiquitous character, K. 

pneumoniae are severe opportunistic pathogens, whose control is impaired by the frequent 

multidrug resistance phenotype, representing a major threat for neonates, elderly, and 

immunocompromised patients (Pendleton et al., 2013). Previous reports indicate that about 

one-third of the Gram-negative bacterial infections observed in hospitals are attributed to 

members of this species (Navon-Venezia et al., 2017). The genome of K. pneumoniae is ~5.5 

Mbp in size, with ~5500 genes, of which ~3500 are accessory, suggesting its dynamic and 

plastic character (Bialek-Davenet et al., 2014; Holt et al., 2015). The accessory genome 

comprises acquired antimicrobial and metal resistance and virulence genes, as well as 

plasmids and other elements associated with horizontal gene transfer, evidenced by domains 

of varying guanine/cytosine content (Navon-Venezia et al., 2017; Wyres & Holt, 2018, 2016).  

A wide range of virulence factors involved in iron uptake, capsule production, biofilm 

production, and others, facilitate the evasion of host defence mechanisms (Gomez-Simmonds 

& Uhlemann, 2017; Paczosa & Mecsas, 2016). In addition, antibiotic resistance genes 

acquired by members of this species cover all classes of antibiotics, being K. pneumoniae 

sometimes among the first to spread emerging resistance genes (e.g., blaCTX, blaKPC, blaNDM) 

(Liu et al., 2019; Yu et al., 2019; Zhou et al., 2020; Navon-Venezia et al., 2017).  

As other opportunistic pathogens, K. pneumoniae are ubiquitous bacteria able to thrive in 

environmental compartments (e.g., soil, plants, and waterways) (Bagley, 1985; Podschun & 

Ullmann, 1998). While some K. pneumoniae are likely emitted from human and animal 

sources, and hence can be considered environmental contaminants, others are truly 

environmental strains thriving in their natural habitat. Indeed, water, vegetation and soil are 

described as the native environment of K. pneumoniae (Brisse et al., 2006). Given its wide 

distribution (Wyres & Holt, 2018), it is important to investigate the common and distinctive 

features of environmental and human-associated strains of K. pneumoniae. Although 

distinguishing between environmental and human bacteria can be challenging, the 

characterization of populations from both origins is crucial to assess the major drivers of 

evolution, the stability of acquired genetic traits, and ultimately to infer about privileged paths 

of transmission from the environment to humans.  

This study aimed to test the hypothesis that human-associated and environmental K. 

pneumoniae may belong to distinct genetic lineages and display different features, particularly 

regarding the pattern of mobile genetic elements, acquired genes, allelic genetic diversity, 
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among others. It is also hypothesized that genes acquired by human-associated K. 

pneumoniae may be stable in these bacteria, even when they thrive in the environment. The 

study was designed to cover the broadest geographic distribution of clinical and environmental 

isolates. Therefore, whole genome sequences of K. pneumoniae were retrieved from NCBI 

database, which were complemented with whole genome sequences available in the in-house 

collection. 

 

2. Material and Methods  

2.1. Whole genome sequences selection 

Genomes were searched and retrieved from NCBI, between May 3 and October 31, 2018, 

using the keyword Klebsiella pneumoniae, filtered for assembled genomes (Figure S1). This 

search resulted in 231 K. pneumoniae complete genomes, 174 of clinical origin, 10 

environmental and 47 with unreported origin, according to the information available in the 

NCBI database. For this study, 56 complete clinical genomes were downloaded based on the 

criterion that they were obtained from different clinical samples (e.g., blood, wound, urine, 

respiratory tract, among others). Given the low number of complete genomes of environmental 

origin, it was necessary to also include 43 draft-genomes available in the same database. 

Among those of environmental origin (e.g. sewage, river, soil, food) these genomes were 

selected because they contained fewer contigs or scaffolds (less than 74 and 99, respectively). 

This collection was complemented with 30 draft genomes (22 clinical and 8 environmental) 

under study by the same authors (Rocha et al., in revision; Gomila et al., in preparation), 

making a total of 139 genomes, 78 clinical and 61 environmental (Table S1). The inclusion of 

genomes from potentially clonal strains was avoided. For this, when the genomes shared 

100% of average nucleotide identity based on BLAST algorithm (ANIb) they were included 

only when originating from different samples or if they harboured different genes/pangenome. 

 

2.2. Phylogenetic inference   

The partial sequences of the housekeeping genes gapA, infB, mdh, pgi, phoE, rpoB and tonB 

were extracted from the genome to determine the Multi-Locus Sequence Type (Diancourt et 

al., 2005). Sequence types were determined using the BIGSdb (Jolley & Maiden, 2010). Gene 

fragments were concatenated and a total of 3,012 bp was used for multilocus sequence 

analysis. Alignment was performed using MEGA7 and phylogenetic trees were constructed 

using Neighbor-Joining, Maximum Likelihood and Minimum Parsimony methods, with 
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bootstraps of 1000 replicates. Average nucleotide identity (ANIb) values (9,661 pairwise 

comparisons) were determined using the online service JSpeciesWS 

(http://jspecies.ribohost.com/jspeciesws/#analyse). PRIMER6 software (Clarke & Gorley, 

2006) was used to calculate Euclidean distance and to construct a dendrogram using the 

Unweighted Pair Group Method using Averages (UPGMA). 

 

2.3. Comparative genomics analysis 

Genomes were annotated using PROKKA version 1.12 (Seemann et al., 2014) in order to 

standardize the annotation for all the genomes. PROKKA software predicts open reading 

frames and performs the annotation of deduced amino acid sequences. Pangenome analysis 

of clinical and environmental genomes was determined for each group separately using the 

GET_HOMOLOGUES software and the criteria 70% similarity and 50% of coverage 

(Contreras-Moreira & Vinuesa, 2013). To ensure that all core genes were included in the 

analysis and to avoid the bias caused by truncated genes in the draft genomes, the soft core 

genes (present in >95% of the genomes) of the clinical and of the environmental pangenomes 

were selected for further comparisons. To detect sequences exclusive of each group or 

common to both, the deduced amino acid sequences belonging to the clinical and to the 

environmental genomes soft cores were compared using CD_HIT website (Li & Godzik, 2006) 

(70% similarity over 50% of coverage). The exclusive gene sequences were extracted and 

validated manually based on BLASTn searches against the opposite group (clinical vs. 

environmental). The functional categories of cloud, shell, soft core and core genes for all the 

approaches were determined using the KOALA (KEGG Orthology And Links Annotation) 

database. Genes encoding putatively clinically- and fitness-relevant properties, such as 

antibiotic and metal resistance, virulence, quorum sensing, and oxidative stress, and 

sequences of different plasmid replicon types were screened in the whole genome sequences. 

BLASTn was used to screen 237 genes downloaded from specialized databases: metal 

resistance (n=38), virulence (n=87); efflux systems (n=17) (from Institute Pasteur database, 

https://bigsdb.pasteur.fr/cgibin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=downl

oadAlleles), antibiotic resistance (n=44) (from ResFinder database (Zankari et al., 2012) and 

cross-checked in CARD database, https://card.mcmaster.ca/), plasmids replicon type (n=35) 

(PlasmidFinder 2.1 tool from Center for Genomic Epidemiology 

(https://cge.cbs.dtu.dk/services/PlasmidFinder/), quorum sensing (n=7) and oxidative stress 

(n=9) (NCBI). These two last groups were searched in the Uniprot database using the terms 

“Klebsiella pneumoniae“ and “quorum sensing” or “Klebsiella pneumoniae” and “oxidative 

stress” and downloaded from NCBI database. Based on this information, a presence/absence 

matrix was constructed and similarity between genomes was calculated using the Jaccard 
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index. Results were represented in a UPGMA clustering dendrogram. Variants of each gene 

were determined based on nucleotide differences (>1 nucleotide difference) between 

sequences.  

 

2.4. Statistical analysis 

Fisher’s exact tests were applied to assess the statistically significant differences between the 

proportion of clinical and environmental isolates that harbored the screened genes and the 

respective alleles (p<0.05). The diversity of the alleles observed for each gene was compared 

based on the Shannon diversity index, which reflects the relative abundance of the gene’s 

alleles (p<0.05). 

 

3. Results  

3.1. Genome’s diversity 

The study examined 139 genomes (Table S1, Figure S1) with origin in 21 countries: USA 

(23/139, 17%), UK, Portugal and Spain (each 15/139, 33%), China (14/139, 10%), Germany 

(13/139, 9%), Thailand (11/139, 8%) and other countries (each <8 isolates, 33/139, 24%) and 

belonged to 56 MLST. Among the identified sequence types (STs), 23 were identified 

exclusively in clinical isolates, 25 STs exclusively in environmental isolates, and eight STs 

(ST11, ST14, ST15, ST37, ST45, ST147, ST348 and ST437) included isolates classified in 

both categories (Table 1 and Table S1). The predominant STs among clinical isolates were 

ST147 (18%), ST11, ST23, and ST258 (each 8%) and among environmental isolates were 

ST14 (8%), ST895 and ST3128 (each 7%) (Table 1 and Table S1). The number of unique 

STs, meaning an ST detected once among the isolates, was similar in clinical (n=16) and in 

environmental (n=19) K. pneumoniae genomes (p>0.05).  
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Table 1 - Summary of the Klebisella spp. genomes features used in this study. 

  Clinical Environmental 

Number of isolates 78 61 

Number of countries 14 14 

Sequencing technologies 

Illumina 

PacBio 

Nanop
ore 

Illumina 

PacBio 

454 

Number of STs 31 33 

Unidentified STs* no yes (n=1) 

Most abundant STs (identified in at least 3% of the 139 
genomes):  

 

ST11 6 1 

ST14 2 5 

ST15 4 2 

ST23 6 0 

ST37 2 2 

ST147 14 2 

ST258 6 0 

ST307 4 0 

ST326 4 0 

ST392 4 0 

ST895 0 4 

ST3128 0 4 

* Unidentified ST refers to a ST which has not been determined as it has not been possible to 
obtain the housekeeping gene sequences required for this determination. 
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The occurrence of clinical and environmental isolates identified with the same ST was not 

circumstantial, as it was observed in different countries. For example, it was observed for ST11 

(n=7) in Japan, Germany, China, USA and Spain, ST14 (n=7) in USA and Algeria, ST15 (n=6) 

in Portugal, Nepal, USA and China, ST37 (n=4) in Thailand, USA and China, ST45 (n=3) in 

Thailand and UK and ST147 (n=16) in Portugal, Switzerland, Germany, United Arab Emirates, 

Thailand, Pakistan and Spain. Also, some STs represented by more than one isolate were 

reported in a single country (USA, ST16, n=2 clinical; ST941, n=2 clinical; Portugal, ST348, 

n=2 environmental, n=1 clinical; Spain, ST392, n=4 clinical; ST326, n=4 clinical; ST405, n=2 

clinical; Germany, ST3128, n=4 clinical), although most of the times were reported by the same 

authors. This latter situation was observed for ST258 in USA (n=6 clinical) and ST437, (n=2 

environmental, n=1 clinical) in Brazil (Figure 1).  

The ANIb values varied between 93% and 100% (Table S2). Values below 95% corresponded 

to 13 isolates that at the time of the genomes download were identified as K. pneumoniae and 

were later revised to K. variicola (n=6, 1clinical and 5 environmental) and to K. 

quasipneumoniae (n=7, 1 clinical and 6 environmental) (Rodrigues et al., 2018) that belong to 

the K. pneumoniae complex. The integration of K. pneumoniae and other species of the 

complex in distinct clusters was also indicated by the analysis based on the concatenated 

sequences of the MLST genes (Neighbor-Joining, Maximum Likelihood and Maximum 

Parsimony) (Figure 1 and Figure S2). Those 13 genomes were affiliated to different STs 

(ST3870, ST3013, ST2355, ST138, ST477, ST2045, ST3011, ST3851, ST146, ST906, 

ST3940, ST208, and ST355) (Figure 1 and Table S1). The option to maintain these genomes 

in the study was justified by the fact that they belong to the same complex and their inclusion 

avoided the disproportion on the number of clinical and environmental isolates that might bias 

the results. Possible biases in the results due to the inclusion of these isolates were also 

critically assessed. The analysis based on the ANIb values (Figure S3) clustered the genomes 

according to the ST although, in some cases, such as the ST11, ST23, ST37, ST258 and 

ST392, the ST was divided in different groups (Figure 1 and Figure S3). In all cases except 

for ST258 and ST392, this separation was associated with distinct countries (Figure S3).   
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Figure 1 - Phylogenetic tree obtained by concatenated MLST gene sequences (gapA; infB; mdh; pgi; phoE; rpoB; tonB) and using the 

Neighbor-Joining method and a bootstrap of 1000 replicates – condensed (left) and extended (right) representation. Similar results were 

obtained with Maximum Likelihood and Maximum Parsimony methods. Bootstrap values (>60%) are indicated at the nodes. Clinical isolates 

are indicated in red and environmental in green.
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3.2. Genome analysis: pangenome and core genome approach 

The number of coding sequences that were detected in clinical and environmental 

pangenomes was similar (10 210 in clinical and 10 288 in environmental) (Figure S4). The 

number of deduced amino acid sequences identified in the core, soft core and shell was higher 

in clinical genomes than in environmental genomes, while the number of cloud genes (present 

in 1 or 2 genomes) was higher in environmental isolates (Figure S4). The functional categories 

of core amino acid sequences were mostly related with genetic information processing 

(587/2713, 21% clinical, 435/2319, 19% environmental), environmental information 

processing (298/2713, 11% clinical, 261/2319 11% environmental), signalling and cellular 

processes (298 /2713 11% clinical, 281/2319 12% environmental) and carbohydrate 

metabolism (288/2713 11% clinical, 249/2319 11% environmental) and not different in both 

groups under analysis (Figure S5). The analysis of the soft core genes for each group did not 

reveal any exclusive gene in either group. Cloud amino acid sequences were mostly related 

to the functional categories previously mentioned (Figure S5). Clinically relevant genes (e.g., 

antibiotic resistance and quorum sensing) were detected in similar values in clinical and 

environmental isolates, and were distributed across the core, soft core, shell and cloud 

dimensions of the pangenomes.  

This result motivated a deeper investigation of target genes associated with clinically-relevant 

traits in clinical and environmental genomes. Therefore, the genomes were further compared 

based on presence/absence and number of alleles of genes (herein represented by 

sequences that differ in at least one nucleotide) related with antibiotic and metal resistance, 

plasmid replicon type, virulence, efflux systems, oxidative stress and quorum sensing. This 

analysis revealed that 3 metal resistance (pbrA, pbrBC and pbrR genes), 37 virulence genes 

(iro, clb, iuc, among other genes), 13 antibiotic resistance genes (rmt, mef, mcr, among other 

genes) and 14 plasmid replicon types (IncHI2, IncQ1, IncU, IncX3, psL483, among others) 

were exclusive of clinical isolates (Figure S6). Only one of these isolates harbouring these 

exclusive genes, specifically the plasmid replicon type psL483 was affiliated to K. 

quasipneumoniae (Table S3). In contrast, one antibiotic resistance gene and six plasmid 

replicon types were detected exclusively in environmental isolates (Figure S6). Only one of 

these isolates was affiliated K. quasipneumoniae, the only environmental isolate (1/61 

isolates) harbouring the replicon types Col(IMG531) and Col(IRGK)  (Table S3). These 

differences apart, 20 genes in these categories were detected in all genomes (antibiotic 

resistance n=1, virulence n=1, efflux systems n=8, oxidative stress n=5, quorum sensing n=5) 

and most genes of the others (163/237) were detected in both groups (Table S3 and Table 

S4). However, some of the genes common to both groups presented significantly different 

prevalence values (p<0.05). The genes related with antibiotic (blaKPC, blaOXA, blaSHV, blaTEM 
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and aac(6’)-Ib-cr) or metal resistance (mer, ter) and virulence (yersiniabactin - fyuA, irp, ybt) 

were significantly more prevalent among clinical genomes, irrespective of the inclusion in the 

analysis of K. variicola strain KP071 (blaOXA, blaTEM, aac(6’)-Ib-cr and ter) and K. 

quasipneumoniae strain KP125 (blaTEM). In turn, the resistance gene blaOKP-A and replicon 

types Col(MGD2) and Col(BS512) were more significantly more frequent in environmental 

genomes (Figure 2-A and Table S4). However, this result was attributed to K. 

quasipneumoniae isolates KP013, K031, KP047, KP060, KP061 and KP062 that harboured 

the gene blaOKP-A, eventually intrinsic in this species here represented by distinct sequence 

types and geographic origins. A dendrogram based on the presence/absence of the 237 genes 

clustered the genomes mainly in agreement with the sequence types and/or geography 

(Figure S7). This analysis showed that a single ST could be subdivided according to 

geography – e.g. ST14 isolates were divided in Algeria and USA subgroups, ST147 isolates 

were split into groups from Germany, Portugal, Thailand or United Arab Emirates (Table S4, 

Figure S7). 

In the group of the 237 genes analysed were observed 2661 gene variants (1601 in clinical 

and 1648 in environmental isolates), indicated by at least one nucleotide substitution (Table 

S3). The rationale of this analysis was to assess genetic variation, irrespective of the 

implications on the phenotype. The highest number of gene variants was observed for 

virulence, especially to capsular related genes (wzc n=55, wzi n=64), quorum sensing (e.g. 

lsrB n=74, tqsA n=83) and oxidative stress (e.g. msrQ n=37, oxyR n=37), also observed in K. 

quasipneumoniae and K. variicola isolates (Table S3 and Table S5). In 26 out of the 163 

common genes (4 antibiotic resistance, 2 metal resistance, 11 virulence, 3 efflux systems, 2 

oxidative stress and 4 quorum sensing) significant differences (p<0.05) in the prevalence of 

alleles detected in clinical and environmental isolates were observed (Figure S6). The 

prevalence of 16 out of these 26 was significantly different, irrespective of the inclusion of K. 

quasipneumoniae and K. variicola in the analysis (e.g. aadA, blaOXA, ibpB, lsrC, among others). 

Indeed, 17 out those 26 genes were among the three Klebsiella species, and in the case of 

10 of those genes, K. quasipneumoniae and K. variicola were responsible for the differences 

observed between clinical and environmental isolates. Moreover, in 23 genes common to both 

clinical and environmental isolates, it was observed a significantly higher Shannon diversity 

index in environmental than in clinical genomes (p<0.05) for genes of the categories efflux 

systems (n=9), oxidative stress (n=8) and quorum sensing (n=6 (Table S6). Again, these 

differences were due to K. quasipneumoniae and K. variicola genomes, responsible for the 

observed significant differences in 14 of those 23 genes (5 efflux systems, 5 oxidative stress, 

4 quorum sensing). The Shannon diversity of the alleles related to copper resistance (pco), 

adhesion (mrk), fosfomycin resistance (fosA), among others, was also higher in environmental 

isolates (p<0.05) (Table S6 and Figure 2-B). Only for copper and fosfomycin resistance the 
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exclusion of K. quasipneumoniae and K. variicola genomes did not alter the significant 

differences (p<0.05). In contrast, the allelic Shannon diversity in genes related to antibiotic 

resistance (n=8), metal resistance (n=2), virulence (n=12) and the plasmid replicon types (n=3) 

was higher in clinical genomes (p<0.05) (Table S6 and Figure 2-B). These differences in 

Shannon diversity were maintained when K. quasipneumoniae and K. variicola genomes were 

excluded from the analysis (p<0.05), except for 2 replicon types (IncFII (pKP91) and IncN) 

(p>0.05). 

Genomes in which was detected the lowest number of the screened genes (<30% of 237) 

corresponded to 21 clinical (of 13 sequence types) and 25 environmental (to 17 sequence 

types) isolates. These genomes typically contained metal resistance genes (pco, sil, ars) in 

environmental isolates, or antibiotic resistance (blaKPC) and virulence genes (yersiniabactin) in 

clinical isolates. Genomes with the highest number of the screened genes (>50% of the 237) 

corresponded to 3 clinical isolates (ST14, USA and two ST23, China) (Table S4).  
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Figure 2 - Statistically significant differences observed between clinical and 

environmental K. pneumoniae isolates. A) Prevalence (%) of genes (Fisher’s exact test 

and p-value < 0.05); B) Prevalence (%) of gene-alleles, meaning variants of a single gene 

that differ in at least one nucleotide (Shannon diversity index (Table S6) and p-value < 

0.05). The prevalence of the genes or of the gene-alleles was determined based on the 

following formula: Prevalence (%) = 100 x (Number of clinical or environmental 

genomes containing the gene A/ total number of clinical or environmental genomes) or 

100 x (Number of observed variants of gene A in clinical or environmental genomes/ 

total number of observations of the gene A in clinical or environmental genomes). Some 

genes such as blaLEN and blaOKP-A were only observed in the K. variicola and K. 

quasipneumoniae species, respectively. AR – antibiotic resistance; MR – metal 

resistance; Vir – virulence; Plasm – plasmids; ES – efflux systems; OS – oxidative 

stress; QS – quorum sensing. 

   

4. Discussion 

The hypothesis of the study was that human-associated and environmental K. pneumoniae 

may belong to distinct genetic lineages and yield distinct genome features, mainly those that 

were associated with increased fitness, such as antibiotic and metal resistance, virulence, 

oxidative stress or quorum sensing (Runcharoen et al., 2017). To test this hypothesis, 

genomes from clinical or environmental sources and wide geographic distribution were 

compared. A first shortcoming was the limited number of whole genome sequences available 

for environmental isolates. This suggests the bias existing in public databases towards clinical 

isolates, which may represent a limitation to investigate the interface between humans and 

the environment. A solution adopted to overcome this shortcoming was the inclusion of high-

quality draft genomes of environmental isolates, which we assumed would support a reliable 

comparison between clinical and environmental isolates. Also concerning the environmental 

genomes, the supporting information is sometimes insufficient or inaccurate to support robust 

ecology studies. The supply of accurate and reliable data relative to environmental isolate 

genomes should be encouraged among the scientific community.  

The group of isolates that at the time of genomes download for this study were identified as K. 

pneumoniae, later reclassified as K. quasipneumoniae and K. variicola, were observed to 

represent a distinct group based on ANIb and MLST. While the whole genome sequence 

analysis revealed the differentiation of the species, K. pneumoniae and K. quasipneumoniae 

and K. variicola have been considered phenotypically and phylogenetically close and difficult 
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to distinguish (Long et al., 2017). Nevertheless, it was reported that genes such as blaLEN, 

blaOKP, gyrA, parC, among others, may contribute to the reliable distinction of these species 

(Rodrigues et al., 2018). In fact, the genes blaOKP-A and blaLEN were only detected in isolates 

affiliated to K. quasipneumoniae and K. variicola, respectively. The situations where the 

inclusion of these 13 isolates (2 clinical and 11 environmental) might have influenced the 

results were identified. Nevertheless, this situation highlights the importance of the correct 

species affiliation in public databases, as the information may be used without the verification 

that was made in this study and that revealed the misidentification.  

The majority of the STs (n=53/61) were only observed either in clinical or environmental 

isolates, and in most of these cases each ST was represented by one isolate. The ST11, 

ST14, ST15, ST37, ST45, ST147, ST348, ST437 comprised clinical and environmental 

isolates of this study. These STs, widely distributed worldwide, have been associated to 

outbreaks (Wyres & Holt, 2016). Particularly, the STs with the widest geographic distribution, 

ST11, ST23 and ST147, which comprised mostly or exclusively clinical isolates, may suggest 

a certain degree of specialization.  Among the environmental isolates, the same ST generally 

did not share the same origin, except for ST14 corresponding to five isolates from crops in 

Algeria. This may suggest a wider geographic distribution of the genetic lineages in the 

environment than in patients, where selection is known to occur and the diversity of habitats 

is incomparably narrower, as has been noted before (Wyres et al., 2020).  

Among the 237 screened genes, it was mostly among clinical isolates that exclusive antibiotic 

and metal resistance, virulence and plasmid replicon types were observed. This observation 

was not unexpected given the strong selection pressures that bacteria are subjected to in an 

infection episode (Baishya & Wakeman, 2019; Martin & Bachman, 2018). It may also explain 

a significantly higher diversity in virulence and antibiotic resistance genes and gene alleles in 

these isolates. In contrast, efflux, oxidative stress and quorum sensing related genes were 

common to both groups and in some cases significantly more diverse in environmental 

isolates. Although these results may be explained in part by the influence of the isolates 

affiliated with K. quasipneumoniae and K. variicola (specifically for envR, oxyR, luxS, among 

others) the absence of selection pressure may also suggest the important advantage that 

these functions may confer to adapt to natural environments where external conditions are 

supposed to vary more than in the human body (Bambeke et al., 2000; Guan et al., 2017; 

Williams & Cámara, 2009). The continuum between clinical and environmental habitats is 

known (Teixeira et al., 2020; Rozman et al., 2020; Zagui et al., 2020) and explains why genes 

associated to clinical origins (e.g. blaCTX-M, blaKPC, blaNDM) were detected in environmental 

isolates, although in lower prevalence. In addition, different mobilomes might be associated to 

clinical or environmental isolates, considering that plasmid replicon types such as IncA/C2, 

IncFIA(H1), IncL/M (pMU407), IncX3 were more associated to clinical origins and the replicon 
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types Col(BS512) and Col(MGD2) to the environmental origins. The hypothesis that clinical 

and environmental isolates yield distinct genome features was confirmed.  

An important conclusion of the study was that distinct lineages prevail in clinical and 

environmental settings, although some lineages may occur in both contexts. Another 

conclusion was that the natural environment may offer favourable conditions for the 

diversification/evolution of fitness-relevant genetic determinants, such as those related with 

efflux, oxidative stress and quorum sensing, while the clinical context drives the acquisition 

and evolution of virulence and antibiotic and metal resistance genes as well as some plasmid 

replicon types, which may be selected during colonization or infection. Comparative genomics 

studies with clinical and environmental isolates will be determinant to better understand the 

implications and risks of the spread of pathogens in the environment. However, it is essential 

that the public databases are gradually enriched with complete sequences of environmental 

isolates, which are still scarce when compared with the data available for clinical isolates.   
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6. Supplementary Material 

6.1. Supplementary Figures 

 

 

Figure S1 - Workflow followed to establish the K. pneumoniae collection of genomes 

used in this study. 
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Figure S2 - Phylogenetic tree obtained concatenating MLST gene sequences (gapA; 

infB; mdh; pgi; phoE; rpoB; tonB) using Maximum Likelihood (A) and Maximum 

Parsimony (B) methods.  
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Figure S3 - Dendrogram obtained from a matrix based on pairwise ANIb comparisons 

among the 139 genomes. Red symbols represent clinical isolates (n=78) and green 

symbols represent environmental isolates (n=61).  
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Figure S4 - Pangenome analysis of the individual clinical and environmental K. 

pneumoniae isolates based on the criteria of 50% of coverage and 70% identity between 

deduced amino acid sequences. Core genes – present in all genomes; soft core genes 

– present in 95% of the genomes, cloud genes – present only in less than 2 genomes 

and shell genes – present in more than 2 genomes and less than 95% of the genomes. 
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Figure S5 - Functional categories of the pangenome analysis of clinical and 

environmental K. pneumoniae isolates amino acid sequences. Numbers refer to distinct 

deduced amino acid sequences with an attributed functional category. Metabolism 

functional category include: carbohydrate, energy, lipid, nucleotide, amino acid 

metabolism, glycan biosynthesis, metabolism of cofactors and vitamins, metabolism of 

terpenoids and polyketides, biosynthesis of other secondary metabolites, and 

xenobiotics biodegradation and metabolism. Genetic information processing 

functional category include: translation, folding, sorting and degradation, and 

replication and repair. Environmental information processing functional category 

include: membrane transport, and signal transduction. Cellular processes functional 

category includes: transport and catabolism, cell growth and death, cellular community 

– prokaryotes, and cell motility. 
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Figure S6 - Prevalence in percentage of the alleles found for each gene in clinical (n=78) and environmental (n=61) genomes analysed. The 

genes were organized by functional category. The asterisk indicates statistically significant differences between the prevalence of alleles 

found in the total of clinical and the total of environmental isolates compared to the total alleles found for the same gene, based on Fisher’s 

exact test and p-value < 0.05. 
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Figure S7 – UPGMA dendrogram based on the presence/absence matrix of fitness-

related genes in the 139 genomes. Red symbols represent clinical isolates (n=78) and 

green symbols represent environmental isolates (n=61).   

 

 

6.2. Supplementary Tables 

Due to high dimension, supplementary tables are available in the following link: 

https://docs.google.com/spreadsheets/d/1qLMIZ6S6cEVpdOlTru9osICZPjbJg2U8/edit?usp=

sharing&ouid=109610140440067111385&rtpof=true&sd=true 

 

Table S1 - List of Klebsiella pneumoniae isolates genomes used in this study. 

Table S2 - Pairwise average nucleotide identity calculated for the list of Klebsiella 

pneumoniae isolates in study. 

Table S3 - Clinically relevant genes screening and respective alleles on the Klebsiella 

pneumoniae isolates used in this study. 

Table S4 - Clinically relevant genes presence (1) and absence (0). 

Table S5 - Clinically relevant alleles presence (1) and absence (0). 

Table S6 - Clinically relevant genes alleles diversity indices for genes detected in 

clinical and environmental Klebsiella pneumoniae isolates. 

https://docs.google.com/spreadsheets/d/1qLMIZ6S6cEVpdOlTru9osICZPjbJg2U8/edit?usp=sharing&ouid=109610140440067111385&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1qLMIZ6S6cEVpdOlTru9osICZPjbJg2U8/edit?usp=sharing&ouid=109610140440067111385&rtpof=true&sd=true
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Antibiotic resistance is a natural phenomenon in bacteria that after 80 decades of antibiotic 

use in human medicine, veterinary and food-animal production and in plant agriculture has 

been regarded as a major public health threat. Over the years, antibiotic residues, antibiotic 

resistant bacteria and antibiotic resistance genes have been disseminated in the environment, 

from pristine to highly impacted areas, in water, soil and wildlife (Dantas et al., 2008; D’Costa 

et al., 2011; Rizzo et al., 2013; Thaller et al., 2010; Vredenburg et al., 2014). In urban areas, 

wastewater treatment plants are major recipients, reservoirs and sources of these 

contaminants and therefore have been considered critical control points where antibiotic 

resistance can be monitored aiming the improvement of treatment processes and the 

attenuation of impacts of the discharge into the environment (Bürgmann et al., 2018; Manaia 

et al., 2016). Quantitative PCR (qPCR) has been adopted to monitor antibiotic resistance in 

wastewater and to study the effect of wastewater treatment processes (Cacace et al., 2019; 

Storteboom et al., 2010). Two major aims have been identified to be tackled through antibiotic 

resistance monitoring. The first, is the improvement and development of novel wastewater 

treatment processes. The second, is the comparison of the resistance loads entering and 

being emitted by wastewater treatment plants in regions with distinct climate and socio-

economic contexts (Di Cesare et al., 2020; Pärnänen et al., 2019). However, the comparison 

of results may be challenging due to biases caused by different factors such as the DNA 

extraction kit used, the experience of the operator on molecular biology techniques, the 

samples matrix effects, qPCR equipment, protocols and reagents, among others (Djurhuus et 

al., 2017; Hinlo et al., 2017; Kim et al., 2013; Li et al., 2018; Rocha et al., 2020). One of the 

hypotheses of this thesis was that qPCR can be used in inter-laboratory assays for the 

quantification of antibiotic resistance genes in different types of wastewater to assess 

treatment efficiency and potential environmental impacts. This is a procedure currently used, 

however the conditions and most influencing variables are not properly identified, limiting the 

reliability of such comparisons. The monitoring of antibiotic resistance genes using qPCR can 

be made based on abundance (per volume) or prevalence (per 16S rRNA gene) 

determinations (Cacace et al., 2019; Gao et al., 2012; Narciso-da-Rocha et al., 2018; 

Rodriguez-Mozaz et al., 2015). However, the type of information retrieved is different and must 

be adjusted to the aims of the study. In this study it was demonstrated that treatment efficiency 

must be based on abundance values, rather than on prevalence, since total and antibiotic 

resistant bacteria are removed at approximately identical rates. It was also concluded that 

comparisons of determinations made in different laboratories may be reliable, mainly if 

targeting high abundance genes and if the procedures are harmonized. One of the factors 

recognized as crucial to the reliability of culture-independent microbiological studies is the 

quality of the DNA extract (Djurhuus et al., 2017; Hinlo et al., 2017; Li et al., 2018; Riediger et 

al., 2016). This can be a major obstacle for groups who have the expertise in wastewater 
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treatment and advanced treatment processes, but lack laboratory conditions and know-how 

on molecular biology. The second hypothesis of this thesis addressed this challenge and 

developed a method to control the DNA losses during extraction from wastewater and water 

samples, through the use of a cell-based internal standard. Several studies have assessed 

the effect of the use of standards for DNA extraction or qPCR experiments, however these 

were either based on cell-free DNA added to the samples prior to DNA extraction or added to 

the DNA extract prior to qPCR measurements (Cloud et al., 2003; Volkmann et al., 2007; 

Burggraf and Olgemöller, 2004). In both cases, the most important factor in DNA extraction, 

which is the cell lysis, was not considered. Therefore, the use of a cell-based internal standard 

is more reliable to assess cell losses during filtration, DNA extraction and in qPCR. The use 

of an internal standard that could be shared among different laboratories, mainly in those with 

limited experience in DNA extraction, was considered a valid contribution to promote the 

comparability of results worldwide. 

A topic of intense debate is the selection of the best markers to assess the occurrence and 

spread of antibiotic resistance in wastewater and in the environment. The definition of priority 

markers is challenging and sometimes still based on variable criteria (Manaia et al., 2018). 

However, some criteria seem to be consensual, being the ubiquity in humans and wastewater, 

the high genomic plasticity and the history of acquired antibiotic resistance, leading arguments. 

K. pneumoniae meet these criteria, being, among others, identified by the World Health 

Organization and other identities (ECDC, 2019; WHO, 2014) as priority bacteria to tackle 

antibiotic resistance dissemination. Although members of this species can be found in human 

or environmental niches, the paths of transmission to humans are still not known. 

Environmental monitoring and assessment of risks of transmission to humans were major 

motivations to further investigate K. pneumoniae. The study was designed around the 

hypothesis that clinical isolates of K. pneumoniae may be lost or lose some antibiotic 

resistance and fitness features, once thriving in the environment. In fact, several comparative 

genomics studies have been discussing this question across different species (Youenou et al., 

2015; Bodilis et al., 2018; Faoro et al., 2019; Ekwanzala et al., 2020). While in some studies 

clinical and environmental strains mostly shared common traits (Bodilis et al., 2018; 

Ekwanzala et al., 2020), in other studies, besides common traits, distinct features could be 

associated to clinical or environmental origins (Youenou et al., 2015; Faoro et al., 2019). This 

last observation is in line with the findings of this thesis where although it was not observed a 

specialization of K. pneumoniae genomes depending on the clinical or environmental origin, it 

was possible to identify traits more common in clinical isolates, such as antibiotic resistance 

genes, certain plasmid replicon types or virulence traits. Moreover, the higher level of diversity 

of efflux systems, oxidative stress and quorum sensing in environmental K. pneumoniae 

isolates might suggest that these traits are essential to their adaptation to different habitats. 
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These findings increased the knowledge on origin specific traits, which may be useful as 

genetic markers. 

 
The main conclusions of this thesis can be summarized as: 

- The assessment of the wastewater treatment efficiency should be expressed in 

abundance (per volume of sample) and not in prevalence (per 16S rRNA gene); 
- The analysis of treatment efficiency and antibiotic resistance removal should be based 

on highly abundant genes, such as sul1; 
- The DNA extraction, when performed by less experienced laboratories, might 

influence DNA extract quality, which is crucial to achieve reliable quantifications by 

qPCR; 
- The simplification of DNA extraction procedures using cheaper or user-friendly DNA 

extraction kits might not create important bias on the comparison of antibiotic 

resistance gene quantification worldwide and might incentivize the participation of 

laboratories with lower resources in monitoring studies; 
- The use of a cell-based internal standard is a procedure that will allow the control of 

losses occurred during DNA extraction procedure due to water samples matrix effect 

or during shipment of DNA extracts; 
- The phenotypic and genomic studies did not evidence features that highlighted 3rd 

generation cephalosporins-resistant K. pneumoniae specialization to the isolation 

habitat, suggesting that clinical isolates once in wastewater may retain clinically 

relevant traits, even those that were acquired through horizontal gene transfer and 

were associated with transposons, insertion sequences or integrative and conjugative 

elements; 

- The phylogeny, more than the isolates origin, was suggested to explain the profile of 

acquired traits, although genetic variation may occur within the same genetic lineage; 

- The natural environment may offer favorable conditions for the 

diversification/evolution of housekeeping fitness-relevant features, such as efflux, 

oxidative stress and quorum sensing related, while the clinical context drives the 

acquisition and evolution of virulence and antibiotic and metal resistance genes as 

well as some plasmid replicon types. 

 



 

CHAPTER 8 

SUGGESTIONS OF FUTURE WORK 
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The present thesis revealed the influence of some factors on qPCR measurements and the 

potential clinical relevance of K. pneumoniae found in the environment. Some questions might 

be addressed as future work, such as: 

- Study the application of the cell-based internal standard as a lyophilized product, more 

user-friendly and easier to share among different laboratories, as a way to allow the 

harmonization procedure among different laboratories; 

- Study the effect of the water samples matrix effect and DNA extraction based on 

Gram-positive cell-based internal standard; 

- Determine whether differences could be observed in the doses of K. pneumoniae 

needed to infect G. mellonella, among clinical and environmental isolates; 

- Based on the previous suggestion, select the genes detected as more prevalent in 

clinical or environmental K. pneumoniae genomes in this thesis and investigate 

whether the gene expression is altered considering the different doses of clinical or 

environmental isolates tested; 

- Perform comparative genome analysis similar to what was done in this thesis to the 

other ESKAPE microorganisms to increase the body of knowledge and allow the 

selection of target genes to be monitored in the surveillance studies. 
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