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Abstract 

Wastewaters serve as important hot spots for antimicrobial resistance and monitoring can be 

used to analyse the abundance and diversity of antimicrobial resistance genes at the level of 

large bacterial and human populations. In this study, whole genome sequencing of beta-

lactamase-producing Escherichia coli and metagenomic analysis of whole-community DNA 

were used to characterize the occurrence of antimicrobial resistance in hospital, municipal and 

river waters in the city of Brno (Czech Republic). 

Cefotaxime-resistant E. coli were mainly extended-spectrum beta-lactamase (ESBL) 

producers (95.6%, n=158), of which the majority carried blaCTX-M (98.7%; n=151) and were 

detected in all water samples except the outflow from hospital wastewater treatment plant. A 

wide phylogenetic diversity was observed among the sequenced E. coli (n=78) based on the 

detection of 40 sequence types and single nucleotide polymorphisms (average number 34,666 

± 15,710) between strains. The metagenomic analysis revealed a high occurrence of bacterial 

genera with potentially pathogenic members, including Pseudomonas, Escherichia, 

Klebsiella, Aeromonas, Enterobacter and Arcobacter (relative abundance > 50%) in untreated 

hospital and municipal wastewaters and predominance of environmental bacteria in treated 

and river waters. Genes encoding resistance to aminoglycosides, beta-lactams, quinolones and 

macrolides were frequently detected, however blaCTX-M was not found in this dataset which 

may be affected by insufficient sequencing depth of the samples. 

The study pointed out municipal treated wastewater as a possible source of multi-drug 

resistant E. coli and antimicrobial resistance genes for surface waters. Moreover, the 

combination of two different approaches provided a more holistic view on antimicrobial 

resistance in water environments. The culture-based approach facilitated insight into the 

dynamics of ESBL-producing E. coli and the metagenomics shows abundance and diversity 

of bacteria and antimicrobial resistance genes vary across water sites. 
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1. Introduction 

The availability of drinking water, appropriate sewage system and treatment of wastewaters 

(WWs) are fundamental to the maintenance and further improvement of public health 

(Bürgmann et al., 2018). Wastewater treatment plants (WWTPs) represent places where 

sewage (containing bacteria and other microorganisms, chemical residues and nutrients) from 

different sources such as hospitals, communities, industry and agriculture is interacting (Amos 

et al., 2014). Conventional WWTPs have capacity to reduce bacteria only by 10-100 fold, 

which allows bacterial spread via treated water (Karkman et al., 2018). Therefore, WWTPs 

are considered hot spots for spread of antimicrobial-resistant bacteria (ARB) and 

antimicrobial resistance genes (ARG) in the environment and were also pointed out to 

facilitate favourable conditions for horizontal gene transfer during the treatment processes 

(Amos et al., 2014; Garner et al., 2018). The degree to which antimicrobials select for ARB in 

WWTPs remains to be elucidated and environmental studies taking into account the 

interaction of whole community of bacteria with ecological factors are needed (Manaia et al., 

2018). 

To study antimicrobial resistance (AMR) in WWs, culture-based and culture-independent 

(especially quantitative PCR and metagenomics) methods are used. These methods give 

different types of information and a combination of both approaches is recommended (Manaia 

et al., 2018). 

Metagenomics is based on high throughout sequencing of all DNA extracted from sample 

(e.g. sewage, animal faeces, etc.) and the sufficient sequencing depth of a sample is crucial. 

One million and at least 80 million reads per sample have been suggested as minimal values 

to be accurate within 1% of true beta-diversity and to observe a comprehensive composition 

of antimicrobial resistance gene families, respectively (Gweon et al., 2019). Though in the 

same study, it was also demonstrated that even 200 million reads were not sufficient to 
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establish allelic diversity of ARG in the sample from WWTP effluent. The global sewage 

project relies extensively on metagenomic studies and in a recent study over 1.4 TB of 

sequencing data from untreated sewage were analysed and differences in the abundance and 

diversity of ARG between continents were observed (Hendriksen et al., 2019). The most 

abundant ARG included those conferring resistance to macrolides, beta-lactams, tetracycline 

and aminoglycosides in all locations. The authors suggested metagenomic analysis of sewage 

as a suitable approach for global AMR monitoring. Nevertheless, the application of 

metagenomic analyses should be considered wisely according to the aim of the study. Huge 

changes in bacterial composition during the wastewater treatment that can influence the 

abundance of ARG has been demonstrated (Bengtsson-Palme et al. 2016). Therefore, it is not 

recommended to use only metagenomic analyses for comparison of AMR and prediction of 

antimicrobial selective pressure between untreated and treated water and information from 

culture-based methods should be included too. 

Escherichia coli is known as a human commensal strain as well as a human pathogen capable 

of causing intestinal (e.g. gastroenteritis) and extraintestinal (e.g. bloodstream and urinary 

tract) infections. Certain groups of virulence factors and similar phylogenetic backgrounds are 

characteristic of extraintestinal pathogenic E. coli (ExPEC) which are highly relevant in the 

clinic also due to AMR occurrence (Russo and Johnson, 2003). Particularly, E. coli resistant 

to cefotaxime (CTX) and other medically important cephalosporins by production of 

extended-spectrum beta-lactamases (ESBLs) pose a serious clinical threat (Paulshus et al., 

2019). Hospitals together with WWTPs are considered as the main source of ESBL-producing 

E. coli for the environment (Gomi et al., 2017a). Certain E. coli sequence types (STs) 

including ST69, ST73, ST95 and ST131 are frequently associated with extraintestinal diseases 

and show a wide variety in encoded virulence factors and AMR determinants (Dale and 

Woodford, 2015). Especially pandemic ExPEC ST131, resistant to cefotaxime (by CTX-M-15 
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ESBL) and/or fluoroquinolones, is involved in millions of infections per year (Pitout and 

Devinney, 2017). 

The aim of this study was to characterize the occurrence and spread of AMR in hospital, 

municipal and river waters in the city of Brno (Czech Republic). Three different methods 

were used to fulfil this aim: (1) enumeration of total vs CTX-resistant E. coli, (2) phenotyping 

and genotyping of representative CTX-resistant E. coli isolates, and (3) metagenomic analysis 

of whole-community DNA of each water sample. 

 

2. Materials and methods 

 

2.1. Sampling sites 

The water sampling was conducted during October 2016 in the city of Brno (approximately 

400,000 inhabitants), Czech Republic. A total of six sewage samples were collected: three 

samples from the University hospital Brno Bohunice (49°10'49.4"N 16°34'20.7"E) were 

obtained on one day and two days later, two samples from the municipal wastewater treatment 

plant (WWTP) Brno Modrice (49°07'52.9"N 16°37'57.7"E) and one from the Svratka river 

(49°07'49.3"N 16°37'38.0"E) taken upstream of the outflow from municipal WWTP (Fig. 1). 

The hospital samples included inflow to the hospital WWTP (Hospital-WWTP-In), outflow 

from the hospital WWTP (Hospital-WWTP-Out) and raw hospital sewage (Hospital-Raw) 

flowing to municipal WWTP. From the municipal WWTP, inflow (Municipal-WWTP-In) and 

outflow (Municipal-WWTP-Out) were sampled. In the hospital WWTP, wastewater from 

infection clinics is treated and a chlorine disinfection is used as a last step of wastewater 

treatment. The municipal WWTP is based on two-stage treatment, i.e. mechanical and 

biological, with usage of anaerobic sludge stabilisation. From each sampling, a sample of 1 L 
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was collected in a sterile glass bottle. The samples were transported in a cooling box, kept at 4 

°C and processed during the day of sampling. 

 

2.2. E. coli isolation  

The water samples were diluted by serial ten-fold dilution method to obtain countable plates 

or the samples were concentrated using filtering (0.22 µm; Sigma-Aldrich, US) before 

plating. For enumeration of E. coli and other coliform bacteria, chromogenic medium 

Brilliance™ E. coli/coliform Selective Agar (Oxoid, UK) with and without cefotaxime (CTX, 

2 mg/L; Sigma-Aldrich, US) was used and plates were incubated at 37 °C overnight. All 

samples were tested in triplicates. The proportion of CTX-resistant E. coli and other coliform 

bacteria out of the total counts of E. coli/coliforms were calculated and Fisher's exact test 

(with p-value < 0.05 indicating significant difference) was used to evaluate influence of 

wastewater treatment process (Municipal-WWTP-In vs Municipal-WWTP-Out) on CTX-

resistant bacteria selection. 

Up to 40 colonies of presumptive CTX-resistant E. coli were collected from the different 

plates of each water sample trying to encompass as much diversity as possible. The selected 

colonies were subcultured on MacConkey agar (Oxoid, UK) and stored at -80 °C. Species 

identification was verified using MALDI-TOF MS (Microflex LT, Bruker Daltonics, 

Germany) and only E. coli isolates were subjected to further typing. 

 

2.3. Phenotyping and genotyping of cefotaxime-resistant E. coli 

The isolates were tested for the production of ESBL/AmpC enzymes by D68C1 AmpC & 

ESBL Detection Set (Mast Diagnostics, UK) followed by double-disk synergy test (CLSI 

2008) in case of questionable results. The susceptibility to 15 antimicrobial compounds 

(Oxoid, UK) was determined by disk diffusion method (CLSI, 2015a). The tested 
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antimicrobials included amoxicillin-clavulanic acid (30 µg), ampicillin (10 µg), ceftazidime 

(30 µg), cephalothin (30 µg), chloramphenicol (30 µg), ciprofloxacin (5 µg), ertapenem (10 

µg), gentamicin (10 µg), imipenem (10 µg), meropenem (10 µg), nalidixic acid (30 µg), 

streptomycin (10 µg), sulphamethoxazole-trimethoprim (23,75/1,25 µg), compound 

sulphonamides S3 (300 µg) and tetracycline (30 µg). The inhibition zones diameters were 

interpreted according to CLSI, 2017 standards except for cephalothin where CLSI, 2015b 

standard was used. 

A heatmap with clustering based on antimicrobial susceptibility profiles of all isolates was 

constructed using gplots (Warnes et al., 2019) and heatmap.plus (Day, 2015) libraries from 

the R environment v3.5.1 and edited in Inkscape v0.92 (https://inkscape.org/). All isolates 

were tested for the presence of beta-lactamase genes (blaCTX-M, blaGES, blaOXA, blaSHV, 

blaTEM) by polymerase chain reaction (PCR) (Dobiasova et al. 2013). Primers for detection of 

blaGES gene were designed for this study (GES_start 5'-ATGCGCTTCATTCACGC-3'; 

GES_end 5'-CTATTTGTCCGTGCTCAGGA-3') according to the sequence of blaGES-1 

(GenBank accession AF355189). AmpC producers were additionally screened for the 

following genes (blaACC, blaACT, blaBIL, blaCMY blaDHA, blaFOX, blaLAT and blaMOX) (Pérez-

pérez and Hanson 2002) and PCR amplicons were sequenced using Sanger-based technology. 

E. coli ST131 genotype was tested by multiplex PCR (Johnson et al., 2009). 

The clonality of all E. coli isolates was determined by pulsed-field gel electrophoresis (PFGE) 

(Centers for Disease Control and Prevention, 2004) using XbaI enzyme (Takara Bio Inc., 

Japan). Cluster analysis of macrorestriction patterns was performed using BioNumerics 6.6 

software (Applied Maths, Belgium) based on Dice similarity indices. Isolates with ≥ 85% 

similarity of PFGE patterns were categorized into the same cluster (Carrico et al., 2005). 

At least one isolate per sampling site from each PFGE cluster was selected for whole genome 

sequencing (WGS). 
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2.4. WGS, assembly and data analysis of CTX-resistant E. coli 

The DNA from isolates was extracted by NucleoSpin Tissue kit (Macherey-Nagel, Germany), 

used for preparation of DNA libraries (Nextera XT DNA Library Preparation Kit, Illumina, 

Inc., USA) and sequenced on the NextSeq (2 x 150bp paired-end sequencing, NextSeq 

500/550 High Output Kit v2, Ilumina) or the MiSeq (2 x 250 bp paired-end sequencing, 

MiSeq Reagents Kits v2, Illumina) platforms (Illumina). All steps were performed according 

to the manufacturer's instructions. Raw Illumina paired-end reads were quality trimmed by 

Trimmomatic v0.32 (Bolger et al., 2014) and assembled using the de novo assembler SPAdes 

v3.12.0 (Bankevich et al., 2012). The obtained contigs were analysed for the presence of ARG 

and chromosomal point mutations associated with resistance by ResFinder 3.1 (Zankari et al., 

2012) and for plasmid replicons by PlasmidFinder 2.0 (Carattoli et al., 2014). The presence of 

chromosomal mutations was evaluated based on the criteria that one single chromosomal 

mutation in gyrA gene confers low-level resistance to quinolones, and several mutations in 

DNA gyrase genes (gyrA and gyrB) and topoisomerase IV genes (parC and parE) are 

required to increase the level of quinolones resistance in Enterobacteriaceae (Correia et al. 

2017). ARG or plasmid replicons were considered present if length coverage and identity to 

the reference sequence were 100% and ≥ 95%, respectively. STs and phylogenetic group of E. 

coli isolates were determined by MLST 2.0 (Larsen et al., 2012) and ClermonTyping tools 

(Beghain et al., 2018), respectively. The unknown STs were proceeded by analysis using 

EnteroBase v1.1.2 (Zhou et al., 2019) and new sequence type (ST) numbers were assigned. 

The virulence factor database (VFDB; on September 2019) (Liu et al., 2019) was used to 

identify ExPEC isolates based on the definition that ExPEC strains contain two or more of the 

following virulence factors: papA and/or papC (P fimbriae), sfa/focDE (S and F1C fimbriae), 

afa/draBC (Dr-binding adhesins), kpsM II (group 2 capsule) and iutA (aerobactin receptor) 
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(Peirano et al., 2013). The length coverage and identity of virulence gene to the reference 

sequence had to be 100% and ≥ 90%, respectively. 

For phylogenetic analysis, quality-trimmed reads were mapped against E. coli str. K-12 

substr. MG1655 reference genome (GenBank accession U00096) employing bowtie2 v2.3.4.2 

(Langmead and Salzberg, 2012). Samtools v1.3.1 (Li et al., 2009) was used for the format 

conversions and generation of the mpileup files. Single-nucleotide polymorphisms (SNPs) 

were then detected by VarScan v2.4.3 (Koboldt et al., 2012) with a minimum read depth of 6 

(general tree constructed from all the sequenced samples) or 8 (supplementary trees inferred 

from samples belonging to particular STs of interest), respectively; minimum base quality of 

20; and variant allele frequency ≥ 0.8. Moreover, all the sites in which at least one sample had 

read depth < 6 or 8, respectively, were removed. 

Filtered SNPs of all the datasets were concatenated and analysed separately by jModeltest 

v2.1.10 (Darriba et al., 2015) in order to find the best-fitting nucleotide substitution model. 

Under Akaike information criterion, GTR model with the Γ model of rate heterogeneity was 

estimated as the best-fitting for datasets of SNPs from all the sequenced samples, as well as 

datasets comprised of samples belonging to ST38 and ST635. Plain GTR model was 

estimated as the most suitable for datasets generated from ST10 and ST131 samples. 

Maximum-likelihood analyses were performed by RAxML v8.2.10 (Stamatakis, 2014), 

robustness of the inferred topologies was assessed by 500 bootstrap replicate analyses. 

Sample IM1c (Municipal-WWTP-In isolate 1c) was used as an outgroup in the analysis of the 

largest dataset. Resulting tree topologies were visualised via iTOL v4.3.2 (Letunic and Bork, 

2019) and edited in Inkscape v0.92 (www.inkscape.org). SNP distances among samples were 

calculated employing Biostrings library (Pagès et al., 2019) from the R environment v3.5.1. 

 

2.5. Sequencing of whole-community DNA and data analysis 
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The whole-community DNA from each water sample was isolated using phenol-chloroform 

for obtaining large amounts of DNA followed by PowerWater DNA Isolation kit (MO BIO 

Laboratories, Inc., USA) for removal of poor-quality DNA. The DNA was used for the library 

preparation (Nextera XT DNA Library Preparation Kit) followed by sequencing on Illumina 

MiSeq platform using MiSeq Reagents Kits v3 (2 x 250 bp paired-end sequencing). The reads 

were quality- and adaptor-trimmed (quality threshold Q ≥ 20 and minimum length of 50 bp) 

using bbduk2 which is part of the suite bbtools version 36.49 

(https://sourceforge.net/projects/bbmap/). 

The metagenomic dataset was analysed using MGmapper (MetaGenomics mapper) 2.4 

(Petersen et al., 2017) based on mapping reads to reference sequences and which allows two 

modes: best mode (a read can be assigned to one reference sequence) and full mode (a read 

can be assigned to more databases). The databases are based on data from NCBI GenBank 

except databases managed by the Center for Genomic Epidemiology namely ResFinder, 

PlasmidFinder and VirulenceFinder (Joensen et al., 2014), and the database called waterborne 

E. coli-db which consists of genome assemblies of E. coli isolates (n=78) obtained within this 

study. The metagenomic analysis was run (on May 2018) in the best mode for the respective 

databases in the following order: waterborne E. coli-db (created on May 2018; not complete 

genomes), Bacteria (complete genomes), Bacteria_draft (not complete genomes), 

HumanMicrobiome, Archaea, Virus, Protozoa, Human, Vertebrate_mammals, 

Vertebrate_other and Invertebrates. Full mode was used for ResFinder (resistance genes, on 

November 2018), Plasmid (plasmid sequences from NCBI GenBank; on May 2018), 

PlasmidFinder (plasmid replicons for Enterobacteriaceae and Gram-positive bacteria; on May 

2019) and VirulenceFinder (virulence factors, on November 2018) databases. The paired 

reads mapping was used for all above mentioned databases except PlasmidFinder where 
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single-end read mapping (requiring at least 50 bp alignment for any single read) were 

preferable due to the short length of plasmid replicon sequences. 

The number of reads mapping to bacterial databases (waterborne E. coli-db, Bacteria, 

Bacteria_draft, HumanMicrobiome) was summarized per sample and bacterial abundances 

were calculated as percentage per sample (relative abundance). 

ARG were clustered according to 95% similarity of the sequence (CD-HIT_EST). The 

relative abundance of ARG clusters and plasmid replicons was calculated as fragments per 

kilobase of reference per million mapped reads (FPKM). The FPKM values were log-

transformed and visualised in heatmaps (for antimicrobial classes and ARG) as previously 

described (Hendriksen et al., 2019) using pheatmap (Kolde, 2018) and viridis (Garnier, 2018) 

for color scale from the R environment v3.5.1 and R studio v1.1.456 (R Core Team 2018) and 

edited in Inkscape v0.92 (https://inkscape.org/). 

 

3. Results 

3.1. Proportion of cefotaxime-resistant E. coli and coliform bacteria among total E. coli 

and coliforms 

Presumptive E. coli and other coliform bacteria were enumerated by counting colonies on 

cultivation media with and without cefotaxime (Table S1). The proportion of CTX resistant E. 

coli and other coliform bacteria out of total E. coli and other coliform bacteria was 4.83% and 

16.67% in Hospital-WWTP-In, 0.67% and 11.08% in Hospital-Raw, 0.25% and 0.08% in 

Municipal-WWTP-In, 0.87% and 0.3% in Municipal-WWTP-Out and 2.13% and 6.67% in 

river water respectively. No E. coli or coliform bacteria (CFU/10 ml) were detected in 

Hospital-WWTP-Out. The counts of total and CTX-resistant E. coli/other coliform bacteria 

were in range 134-746-fold lower in Municipal-WWTP-Out than in Municipal-WWTP-In. 

However, the proportions of CTX-resistant E. coli/other coliform bacteria among total E. 
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coli/other coliform bacteria were significantly higher (p-value < 0.01) in Municipal-WWTP-

Out compared to Municipal-WWTP-In. 

 

3.2. Beta-lactamases among CTX-resistant E. coli 

A total of 158 CTX-resistant E. coli were obtained from the different samples (for the 

numbers of isolates according their origin see Table 1). No CTX-resistant isolates were 

obtained in Hospital-WWTP-Out. Most CTX-resistant E. coli showed ESBL-production 

(151/158, 95.6%) and only a minority of isolates produced AmpC beta-lactamases (9/158, 

5.7%). Among these, two isolates produced both ESBL and AmpC beta-lactamases. Most 

ESBL-producing isolates were positive for blaCTX-M (149/151, 98.7%) while the AmpC 

phenotype was associated with blaCMY (6/9, 66.7%) and blaDHA (2/9, 22.2%). The occurrence 

of other beta-lactamase genes varied according to the origin of samples. Genes blaTEM 

(87/158, 55.1%) and blaOXA (74/158, 46.8%) were frequently detected, while blaSHV (2/158, 

1.3%) and blaGES (1/158, 0.6%) was detected at low occurrence (Table 1, Fig. 2, Table S2). 

 

3.3. Antimicrobial resistance phenotype of CTX-resistant E. coli 

The isolates exhibited diverse resistance phenotypes and did not group together into the same 

cluster according to their origin (Fig. 2, Table S2). All E. coli isolates (n=158) showed 

resistance to ampicillin (100%, penicillins) and cephalotin (100%; first generation of 

cephalosporins) which is explained by their selective isolation on media with cefotaxime. In 

total, 131 isolates (82.9%; n=158) were multi-drug resistant (i.e. resistant to compounds from 

three or more antimicrobial groups). More than half of the isolates were resistant to 

ceftazidime (64.6%; third generation of cephalosporins), sulphamethoxazole-trimethoprim 

(63.3%), nalidixic acid (60.8%; quinolones), streptomycin (58.2%; aminoglycosides) and 

tetracycline (57.6%). Resistance to other tested antimicrobials was as follows: sulphonamides 

(47.5%), gentamicin (43.7%; aminoglycosides), amoxicillin-clavulanic acid (34.8%; 
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penicillins and beta-lactamase inhibitor), chloramphenicol (21.6%; amphenicols) and 

ciprofloxacin (21.5%; fluoroquinolones). No isolate was resistant to carbapenems. 

 

3.4. Genetic diversity of CTX-resistant E. coli 

E. coli isolates showed high genetic diversity and were divided into 66 clusters based on ≥ 

85% similarity of PFGE patterns (Table S2). The isolates from Municipal-WWTP-In and 

Municipal-WWTP-Out were divided into 19 and 25 clusters, respectively, whereas in hospital 

wastewaters there were 14 clusters for Hospital-WWTP-In and only 10 clusters for Hospital-

Raw. Overall, most clusters contained isolates of the same origin. Despite generally high 

genetic diversity, isolates with indistinguishable PFGE profiles were found in Hospital-Raw 

and Municipal-WWTP-In (n=2); and in Municipal-WWTP-In and Municipal-WWTP-Out 

(n=5). Eighteen isolates (18/158, 11.4%) were classified as ST131 and originated from 

Hospital-Raw (3/39, 7.7%), Municipal-WWTP-In (10/38, 26.3%) and Municipal-WWTP-Out 

(5/35, 14.3%) (Table S2). 

 

3.5. WGS of CTX-resistant E. coli – MLST and phylogenetic group typing 

Based on the phenotyping and genotyping and the origin of the isolates, 78 representative E. 

coli isolates were subjected to WGS: 13 isolates from Hospital-Raw, 13 isolates from 

Hospital-WWTP-In, 20 isolates from Municipal-WWTP-In, 28 isolates from Municipal-

WWTP-Out, and 4 isolates from river (Table S2). Among the sequenced E. coli isolates, 40 

STs were identified. E. coli ST38 (12.8%), ST131 (10.3%), ST635 (6.4%) and ST10 (6.4%) 

predominated. Three isolates showed new allele combinations and three new STs (ST8252, 

ST8254 and ST8340) were assigned. The isolates belonged to six phylogenetic groups with a 

high occurrence of group A (32/78; 41%), D (17/78; 21.8%), B1 (16/78; 20.5%) and B2 

(11/78; 14.1%), whereas only one isolate each was assigned to phylogenetic group C (1/78; 
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1.3%) and F (1/78; 1.3%). One isolate (strain R27c) was controversial as it was classified into 

group A but its ClermonTyper mash group was B1. The distribution of STs and phylogenetic 

groups are marked in the phylogenetic tree (Fig. 3) and Table S2. 

 

3.6. WGS of CTX-resistant E. coli – ARG, virulence genes, and plasmids 

Among the 78 sequenced E. coli isolates, ARG conferring resistance to beta-lactams (100%, 

n=78), macrolides (96.2%), aminoglycosides (74.4%), sulphonamides (70.5%), trimethoprim 

(61.3%), fluoroquinolones (50%), tetracyclines (39.8%) and phenicols (6.4%) were detected 

and are listed in Table S2. Beta-lactam resistance genes encoding ESBLs were predominant 

and mainly consisted of various blaCTX-M variants including blaCTX-M-15 (62.8%), blaCTX-M-14 

(10.3%), blaCTX-M-1 (9%), blaCTX-M-27 (3.8%), blaCTX-M-3 (2.6%), blaCTX-M-32 (1.3%) and blaCTX-

M-174 (1.3%). Beta-lactam resistance genes encoding AmpC beta-lactamases were blaCMY-2 

(62.5%) and blaDHA-1 (25%). Macrolide resistance genes identified were mph(A) in nineteen 

(24.4%) isolates and erm(B) in two (2.6%) isolates. Furthermore, mdf(A), which is considered 

to be intrinsic in E. coli (Edgar and Bibi, 1997), was detected in 75 (96.2%) isolates. At least 

one point mutation known to mediate quinolone resistances in chromosomal gyrA was found 

in 47.4% isolates (37/78) and at least one additional mutation in the genes parC/parE was 

detected in twenty-seven of these (34.6%). All isolates with at least three mutations (23/78) 

showed phenotypic resistance to nalidixic acid and ciprofloxacin (Table S2). 

In regards to virulence-related genes, twenty-two isolates (28.2%) were predicted to be 

ExPEC and nearly half of the isolates originated from Municipal-WWTP-Out (10/22, 45.5%) 

(Table S2). 

Thirty-one plasmid replicons were detected with FIB (48.7%), FII (43.6%), I1 (21.8%), 

FIB(K) (18%), FIA (15.4%), Y (15.4%), HI2 (14.1%), HI2A (12.8%) and Col156 (12.8%) 

being the most prevalent (Table S2). 
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3.7. Phylogenetic relatedness of selected E. coli 

The phylogenetic tree (Fig. 3) was inferred based on nucleotide sequence aligment of 158,416 

sites [i.e. positions (SNPs) that were detected in at least two isolates]. In general, the isolates 

with the same ST grouped together. The number of SNPs was in the range of 7 to 53,106 

which confirmed high diversity relatedness between sequenced E. coli isolates (n=78). The 

isolates from the same phylogenetic groups were grouped together with the exception of strain 

R27c (River isolate 27c) which belonged to group A (ClermonType mash group was B1) and 

was the closest strain related to E. coli OM15c (Municipal-WWTP-Out isolate 15c) from 

group B1 (12,421 SNPs). The isolates with 100% identical PFGE profiles showed 324 SNPs 

[SH20c (Hospital-Raw isolate 20c) and IM9c (Municipal-WWTP-In isolate 15c)] and 799 

SNPs [IM7c (Municipal-WWTP-In isolate 7c) and OM2c (Municipal-WWTP-Out isolate 

2c)]. Few isolates showed relatedness ≤ 100 SNPs and they belonged to ST131 (4 strains from 

2 different PFGE clusters), ST635 (3/3), ST38 (2/2), ST710 (2/1) and ST1970 (2/1). 

Individual phylogenetic trees for the most frequently detected STs, ST38 (n=10; 70,012 sites; 

SNPs in the range 75 – 12,112), ST131 (n=8; 88,075 sites; 71 – 13,259 SNPs), ST10 (n=5; 

15.340 sites; 1,380 – 11,054 SNPs) and ST635 (n=5; 46,223 sites; 197 – 4,659 SNPs) were 

constructed (Fig. S1-S4). 

 

 

3.8. Metagenomics analysis of water samples 

The obtained reads for the metagenomic analysis of six water samples were in the range of 1.9 

- 2.8 million. The percentage of mapped and unmapped reads (the reads which were not 

assigned to any of the databases) varied widely according to the origin of water sample with 

the highest number of mapped reads in Hospital-raw (82.9%) and the lowest in Municipal-
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WWTP-Out (5.5%). Overall, most mapped reads (range: 5.3 - 81.7%) were assigned to 

bacteria (including waterborne E. coli–db, bacteria, bacteria draft and human microbiome 

databases) and low number of reads (reads average summed for each database < 0.2%) were 

assigned to protozoa, viruses, invertebrates, vertebrates-mammals, vertebrates-others and 

archaea. No reads were mapped to the human database. In the case of databases run in 

fullmode, a high abundance of mapped reads was observed only for the plasmid database 

(range: 0.2 - 13.8%). Low number of reads were mapped to ARG (0.08% on average), 

plasmid replicons (0.07% on average) and virulence genes (0.003% on average). Detailed 

information on number of reads mapped to the databases is listed in Table S3. 

 

3.9. Bacterial composition of water samples 

The bacterial composition varied between water samples. Overall, the majority of bacterial 

reads were assigned to the phylum Proteobacteria (range: 73 - 97%), followed by 

Bacteroidetes (2 - 15%) and Firmicutes (1 - 4%). The phyla Nitrospirae (9%), Actinobacteria 

(2%) and Chloroflexi (2%) were characteristic for Municipal-WWTP-Out and a high 

occurrence of the phylum Actinobacteria was observed in river water (19%) (Table S4a, S4b, 

S4c). 

The predominant genera in Hospital-WWTP-In included Aeromonas (25.3%), Acidovorax 

(16%), Escherichia (14.2%), Pseudomonas (8.3%), Acinetobacter (6.3%), Arcobacter (4.1%) 

and Klebsiella (3.9%). In contrast, in Hospital-WWTP-Out Acidovorax (26.4%), Aeromonas 

(6.8%), Thauera (5.9%) were predominant and the remaining 60.9% of the bacterial 

composition was made by genera with an abundance of < 4%. The majority of genera that 

have pathogenic representatives were found in Hospital-Raw, including Pseudomonas 

(58.8%), Escherichia (9.8%), Enterobacter (8.6%), Klebsiella (7.5%) and Aeromonas (3.6%). 
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Municipal-WWTP-In included predominantly the genera Arcobacter (29.4%), Aeromonas 

(11.6%), Acinetobacter (9.3%), Bacteroides (8.5%), Acidovorax (7.3%) and Citrobacter 

(4.6%). The high occurrence (62.8%) of genera with relative abundance < 4% was observed 

in Municipal-WWTP-Out as well as the presence of genera such as Acidovorax (11.8%), 

Nitrospira (9.2%), Arcobacter (5.9%), Thauera (5.7%) and Aeromonas (4.6%). 

The river sample exhibited a unique composition of major genera compared to the other 

samples with high relative abundance of Limnohabitans (41.1%), Rhodoluna (6.7%), 

Candidatus Planktophila (6.2%), Polynucleobacter (5.6%) and Flavobacterium (4.6%) (Fig. 

4, Table S4a, S4b, S4c). 

 

3.10. ARG and plasmids replicons in water samples 

A total of 167 ARG clusters conferring resistance to compounds in 11 antimicrobial groups 

were detected across all water samples (Fig. 5a, 5b, Table S5a, S5b, S5c). The highest ARG 

abundance was documented in Hospital-WWTP-In (3,755 FPKM), followed by Hospital-Raw 

(595 FPKM), Municipal-WWTP-In (372 FPKM), and Hospital-WWTP-Out (336 FPKM). 

Low ARG abundances were observed in the Municipal-WWTP-Out and river (27 and 5 

FPKM, respectively). High abundance of genes mediating resistance to beta-lactams (mainly 

encoded by blaGES_clust, blaOXA_clust2, blaOXA_clust4), aminoglycosides (aac(6')-Ib_clust, 

aac(6')-30-aac(6')-Ib', aadA_clust1, aadA10, aph(6)-Id) and aminoglycosides/quinolones 

(aac(6')-Ib_clust) were detected in hospital waters (Hospital-WWTP-In, Hospital-WWTP-

Out, Hospital-Raw). Differently, resistance to macrolides, encoded mainly by genes msr(E) 

and mph(E), was most abundant in Municipal-WWTP-In. Notably, the gene blaCTX-M was not 

found in the metagenomic dataset. 

The highest abundance of plasmid replicons was detected in Hospital-WWTP-In (12,167 

FPKM), followed by Hospital-Raw (1,457 FPKM), Municipal-WWTP-In (790 FPKM), 
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Hospital-WWTP-Out (439 FPKM), Municipal-WWTP-Out (56 FPKM) and river (18 FPKM). 

The highest proportion of the 71 plasmid replicons belonged to small plasmids such as 

Col440I (detected in range 33.4 – 56.4% across the all water samples), ColKP3 (e.g. 16.1% in 

Hospital-WWTP-Out), ColRNAI (14.9% in Municipal-WWTP-Out) and IncQ2 (11.2% and 

9.3% in Municipal-WWTP-In and Hospital-WWTP-In, respectively) and Col440II (5.1% in 

Hospital-Raw) (Fig. 5c, Table S6). 

 

4. Discussion 

Municipal and hospital WWs represent a rich source of different bacterial species in which 

antimicrobial resistant strains with pathogenic potential are frequently detected. Despite the 

fact that hospital WWs contain bacteria originating from the human population that is under 

medical treatment, only minimal contribution on content and diversity of ARG in influent to 

WWTP was observed (Buelow et al., 2018). This is probably caused by small amount (< 1%) 

of hospital WWs in municipal WWs (Karkman et al., 2018). For a more holistic 

understanding of the influence of hospital and community settings on spreading of AMR, 

analysis of both municipal and hospital WWs was performed in this study. 

Cephalosporins (3rd, 4th and 5th generation), including cefotaxime, belong to the 

antimicrobials with highest priority on the WHO list of Critically Important Antimicrobials 

for Human Medicine (World Health Organisation, 2019) and thus the occurrence and spread 

of bacterial strains resistant to these antimicrobials represent a serious clinical threat. In this 

study, a high occurrence of CTX-resistant E. coli producing clinically important ESBLs was 

detected in hospital and municipal WWs including Municipal-WWTP-Out. Furthermore, high 

occurrence of several potentially pathogenic bacterial genera was observed in Hospital-

WWTP-In, Hospital-Raw and Municipal-WWTP-In using a metagenomic approach. 
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The highest number of CTX-resistant E. coli and other coliforms were detected at Hospital-

WWTP-In (wastewater from infection clinics, undetected after treatment), followed by 

Hospital-Raw and Municipal-WWTP-In. The abundance of bacteria monitored by cultivation 

decreased at Municipal-WWTP-Out compared to Municipal-WWTP-In, but the proportion of 

CTX-resistant E. coli and other coliform bacteria among their total counts was significantly 

higher in Municipal-WWTP-Out, likely suggesting higher tolerance of CTX-resistant bacteria 

to the wastewater treatment. Similar findings were documented previously in a study from 

France that reported a significantly higher proportion of ESBL-producing E. coli in treated 

(0.6%) compared to untreated (0.3%) water (Bréchet et al., 2014). These findings suggest an 

improved ability of ESBL-producing bacteria to survive treatment processes used in 

conventional WWTPs. 

The phenotype and genotype analyses revealed a high occurrence of E. coli producing ESBLs 

(94.3%) encoded mostly by blaCTX-M (98.7% of 151 isolates) in our CTX-resistant E. coli 

collection (n=158). A low occurrence of CTX-resistant E. coli was observed in the river with 

only few ESBL- (n=4) and AmpC- (n=3) producing E. coli, compared to the other samples. 

Similarly, a high presence of blaCTX-M (96%) among 54 ESBL-producing E. coli was detected 

in the effluent from a municipal WWTP and in hospital WW in Japan (Gomi et al., 2017a). E. 

coli isolates carrying blaCTX-M were also documented in surface water in the Netherlands 

(Franz et al., 2015) and in the Yamato river in Japan (Gomi et al., 2017b). Another study 

conducted by Liu et al. (2018) characterized a total of 2,686 E. coli isolates from rivers and 

lakes in Northwest China and 2.8% were ESBL producers and 76.3% of 76 isolates carried a 

blaCTX-M gene. Despite the low occurrence of ESBL-producing E. coli in surface water, these 

observations are worrisome. They suggest the ability of these clinically important strains to 

become part of the natural environment, but conclusive studies connecting strains from 

WWTP effluent and nature are required. 
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Among the sequenced E. coli (n=78), a high genomic diversity (40 different STs) as well as 

large variety of ARG and plasmids were observed, yet some clinically important STs were 

dominating (ST38, ST131, ST635 and ST10). All E. coli ST131 (n=8) showed ExPEC status 

and carried blaCTX-M (mainly blaCTX-M-15) which is in agreement with the pandemic spread of 

E. coli ST131 lineage and has been documented in water environments previously (Dolejska 

et al., 2011; Paulshus et al., 2019). A total of twenty-two E. coli isolates (28% of 78 isolates) 

had ExPEC status and interestingly ten of them originated from the outflow of the municipal 

WWTP. A similar finding was documented for a municipal WWTP in Germany where 

virulence profiling showed that 16% (of 50 isolates) and 19% (of 42 isolates) E. coli from 

inflow and outflow had ExPEC characteristics, respectively (Mahfouz et al., 2018). 

The metagenomic analysis revealed differences in the bacterial composition among the water 

samples. The DNA isolation methods significantly influence observed microbial diversity 

(Knudsen et al., 2016; Zielińska et al., 2017) and thus the comparison with other studies with 

different methodology has to be made in caution. The three major phyla Proteobacteria (73 - 

97%), Bacteroidetes (1 - 15%) and Firmicutes (1 - 4%) were predominantly found in our 

water samples as was documented in municipal waters previously (Narciso-da-Rocha et al., 

2018). Narciso-da-Rocha et al. (2018) observed lower occurrence of Proteobacteria (66% and 

43% in municipal WW and treated water, respectively), than what we noticed. In a study 

focused on surface water in China (Jin et al., 2018) the most predominant phyla were 

Proteobacteria (22 - 79%), Bacteroidetes (19 - 75%) and Actinobacteria (percentage was not 

specified). High occurrence of Actinobacteria (18%) was also detected in the river in our 

study and it seems to be typical for surface water (Jin et al., 2018). 

The high relative abundance of potentially pathogenic bacteria (genera Pseudomonas, 

Escherichia, Klebsiella, Enterobacter, Arcobacter and Aeromonas) was characteristic for 

hospital WWs (Hospital-WWTP-In, Hospital-Raw) and Municipal-WWTP-In, compared to 
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Hospital-WWTP-Out and Municipal-WWTP-Out. In these samples, the majority of bacterial 

reads (over 84%) was represented by genera with relative abundance of < 4% and 

environmental bacteria (genera Acidovorax, Thauera, Aeromonas and Nitrospira). The high 

abundance of Nitrospira spp. (9%) observed at the outflow of the municipal WWTP is likely 

due to their ability to utilise nitrites in activated sludge (Gruber-Dorninger et al., 2015). This 

finding points out large changes in the bacterial composition during the wastewater treatment, 

both in the hospital and municipal WWTPs, thus corroborating previous findings (Bengtsson-

Palme et al. 2016). Interestingly, the presence of Escherichia and other coliforms was 

observed in metagenomic results in all samples, but these bacteria had not been obtained by 

the cultivation approach from Hospital-WWTP-Out where chlorine disinfection is used. It 

was observed that only small portion of E. coli (0.4%) can survive the chlorine disinfection 

used in WWTP in the viable but nonculturable state (Oliver et al., 2005). This suggests the 

presence of DNA from coliform bacteria in Hospital-WWTP-Out, however whether this 

originated from live or dead bacteria is unknown. 

The abundance of ARG was higher in the hospital and municipal WWs than in the treated 

waters and the river according to the metagenomic analysis. Similarly, a high proportion of 

genes mediating resistance to macrolides, beta-lactams, aminoglycosides and tetracyclines 

was detected in municipal sewage in Europe by Hendriksen et al. (2019). Surprisingly, the 

gene blaCTX-M was missing in our metagenomic dataset even though it was present in most of 

the isolates from our CTX-resistant E. coli collection. The possible explanation is probably 

insufficient sequencing depth of the water samples. 

 

5. Conclusions 

The obtained results revealed a widespread occurrence and high genetic diversity of ESBL-

producing E. coli in hospital and municipal waters in the city of Brno, Czech Republic, based 
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on cultivation approach. ESBL-producing E. coli with ExPEC status were documented for 

several water samples, including the outflow from municipal WWTP. This water is flowing to 

the river and is used for irrigation and recreational activities. The subsequent contamination of 

surface water by clinically important bacteria represents a threat for human and animal health. 

The metagenomic approach revealed that the abundance and composition of bacteria, ARG 

and plasmids varied across tested water samples. This approach allowed to obtain a high-level 

perspective on the water samples including taxonomic shifts towards lower pathogenic 

potential of bacterial genera in WWTP outflows compared to inflows. The two approaches 

used in this study conveyed different information and highlighted the need for cautious 

interpretation of results. The culture-based approach was more appropriate to follow the 

dynamics of ESBL-producing E. coli compared to the metagenomics, which likely requires an 

increased sequencing depth to detect full composition of ARG in the water sample and to 

allow precision epidemiology. Taken together, the results of the two approaches convey 

information useful for public health risk assessment and suggest the need to improve 

wastewater treatment technology as a step to reduce spread of AMR to the environment. 

This study brought above mentioned findings, however it would be beneficial to repeat 

sampling to observe changes in dynamic of ESBL-producing E. coli, bacterial composition 

and abundance of ARG over longer time period. 
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Six sites in Brno, Czech Republic were sampled within this study and are marked by red 

checkmarks: inflow to the hospital WWTP, outflow from the hospital WWTP, raw hospital 

sewage, inflow to the municipal WWTP, outflow from the municipal WWTP and the Svratka 

river. 

 

Fig. 2 AMR phenotype, origin and detected beta-lactamases in CTX-resistant E. coli isolates 

(n=158) 

The clustering of isolates is based on their AMR phenotype. AMR phenotype: AMP, 

ampicillin; KF, cephalotin; S, streptomycin; CAZ, ceftazidime; NA, nalidixic acid; SXT, 

sulphamethoxazole-trimethoprim; TE, tetracycline; AMC, amoxicillin-clavulanic acid; CN, 

gentamicin; S3, compound sulphonamides; CIP, ciprofloxacin; C, chloramphenicol; ETP, 

ertapenem; IMP, imipenem; MEM, meropenem. Strain origin: Inflow to the hospital WWTP 

(Hospital-WWTP-In), raw hospital sewage (Hospital-Raw), inflow to the municipal WWTP 

(Municipal-WWTP-In) and outflow from the municipal WWTP (Municipal-WWTP-Out). 

 

Fig. 3 Phylogenetic tree of CTX-resistant E. coli isolates (n=78) based on SNPs analysis 

See legend for the strain origin, phylogenetic group and variant of CTX-M beta-lactamase. 

Strain origin: Inflow to the hospital WWTP (Hospital-WWTP-In), raw hospital sewage 

(Hospital-Raw), inflow to the municipal WWTP (Municipal-WWTP-In) and outflow from the 

municipal WWTP (Municipal-WWTP-Out). The potential ExPEC are marked by black star. 

The strain identification (strain ID) and ST are denoted along the phylogenetic tree. 

 

Fig. 4 Taxonomic composition of water samples at genus level 

The relative abundance is presented as the percentage of each genus to the total read count for 

each water sample, respectively. The genera with relative abundance ≥ 4% at least in one of 
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the water samples are visualized, the remaining genera are included in the category “Other 

genera”. aInflow to the hospital WWTP (Hospital-WWTP-In), outflow from the hospital 

WWTP (Hospital-WWTP-Out), raw hospital sewage (Hospital-Raw), inflow to the municipal 

WWTP (Municipal-WWTP-In) and outflow from the municipal WWTP (Municipal-WWTP-

Out). bSum of percentage of reads mapped to genus Escherichia and database called 

waterborne E. coli. cGenus was not specified for this reference sequence in database, only 

phylum Actinobacteria was listed. 

 

Fig. 5 Relative abundance (FPKMc) of ARG and plasmid replicons in water samples 

a ARG abundance per antimicrobial class (ARG encoding resistance to the same 

antimicrobial group are clustered together). b Abundance of 30 most common ARG (ARG 

genes are clustered together based on the 95% similarity of reference sequences, the list of 

ARG for each gene cluster is listed in Table S6c). c Abundance of 30 most common plasmid 

replicons. 

aInflow to the hospital WWTP (Hospital-WWTP-In), outflow from the hospital WWTP 

(Hospital-WWTP-Out), raw hospital sewage (Hospital-Raw), inflow to the municipal WWTP 

(Municipal-WWTP-In) and outflow from the municipal WWTP (Municipal-WWTP-Out). 

bOnly gene aac(6')-Ib-cr confers resistance to quinolones in the aac(6')-Ib_clust. cColour strip 

shows fragments per kilo base per million fragments (FPKM) transformed to log (ln). 
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Highlights 

• Antimicrobial resistance in wastewaters by culture-based and metagenomic 

approaches 

• High prevalence of E. coli with blaCTX-M in municipal and hospital wastewaters 

• ESBL-producing extraintestinal-pathogenic E. coli detected at outflow of WWTP 

• Predominance of pathogenic bacteria in municipal and hospital wastewaters 
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