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Abstract

Wastewaters serve as important hot spots for amiiial resistance and monitoring can be
used to analyse the abundance and diversity amambbial resistance genes at the level of
large bacterial and human populations. In this \stwhole genome sequencing of beta-
lactamase-producingscherichia coliand metagenomic analysis of whole-community DNA
were used to characterize the occurrence of anmtilmi& resistance in hospital, municipal and
river waters in the city of Brno (Czech Repubilic).

Cefotaxime-resistantE. coli were mainly extended-spectrum beta-lactamase (ESBL
producers (95.6%, n=158), of which the majorityrieat blacrx-v (98.7%; n=151) and were
detected in all water samples except the outflamnfhospital wastewater treatment plant. A
wide phylogenetic diversity was observed amongseguenced. coli (n=78) based on the
detection of 40 sequence types and single nuckegidymorphisms (average number 34,666
+ 15,710) between strains. The metagenomic analgsesaled a high occurrence of bacterial
genera with potentially pathogenic members, inclgdiPseudomonas, Escherichia
Klebsiella Aeromonas, EnterobactandArcobacter(relative abundance > 50%) in untreated
hospital and municipal wastewaters and predominafcavironmental bacteria in treated
and river waters. Genes encoding resistance toagtycosides, beta-lactams, quinolones and
macrolides were frequently detected, howedegrx.y was not found in this dataset which
may be affected by insufficient sequencing deptthefsamples.

The study pointed out municipal treated wastewatgra possible source of multi-drug
resistantE. coli and antimicrobial resistance genes for surfaceemsatMoreover, the
combination of two different approaches providednare holistic view on antimicrobial
resistance in water environments. The culture-baggultoach facilitated insight into the
dynamics of ESBL-producing. coli and the metagenomics shows abundance and diversity

of bacteria and antimicrobial resistance genes aargss water sites.
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1. Introduction

The availability of drinking water, appropriate seye system and treatment of wastewaters
(WWs) are fundamental to the maintenance and furtimprovement of public health
(Bairgmann et al., 2018). Wastewater treatment plddtWTPS) represent places where
sewage (containing bacteria and other microorgasistmeemical residues and nutrients) from
different sources such as hospitals, communitnekjgtry and agriculture is interacting (Amos
et al., 2014). Conventional WWTPs have capacityeduce bacteria only by 10-100 fold,
which allows bacterial spread via treated waterrkikean et al., 2018). Therefore, WWTPs
are considered hot spots for spread of antimictgbmgstant bacteria (ARB) and
antimicrobial resistance genes (ARG) in the envitent and were also pointed out to
facilitate favourable conditions for horizontal getransfer during the treatment processes
(Amos et al., 2014; Garner et al., 2018). The deg¢penvhich antimicrobials select for ARB in
WWTPs remains to be elucidated and environmentadliet taking into account the
interaction of whole community of bacteria with egcal factors are needed (Manaia et al.,
2018).

To study antimicrobial resistance (AMR) in WWs, touk-based and culture-independent
(especially quantitative PCR and metagenomics) ousthare used. These methods give
different types of information and a combinatiorboth approaches is recommended (Manaia
et al., 2018).

Metagenomics is based on high throughout sequerdliradl DNA extracted from sample
(e.g. sewage, animal faeces, etc.) and the suffigequencing depth of a sample is crucial.
One million and at least 80 million reads per sarmve been suggested as minimal values
to be accurate within 1% of true beta-diversity &amabserve a comprehensive composition
of antimicrobial resistance gene families, respetyi (Gweon et al., 2019). Though in the

same study, it was also demonstrated that evenn@0i@n reads were not sufficient to



establish allelic diversity of ARG in the samplerfr WWTP effluent. The global sewage
project relies extensively on metagenomic studied e a recent study over 1.4 TB of
sequencing data from untreated sewage were anadygedifferences in the abundance and
diversity of ARG between continents were observddn@riksen et al., 2019). The most
abundant ARG included those conferring resistanamdcrolides, beta-lactams, tetracycline
and aminoglycosides in all locations. The authoggested metagenomic analysis of sewage
as a suitable approach for global AMR monitoringevBitheless, the application of
metagenomic analyses should be considered wiselyrdiog to the aim of the study. Huge
changes in bacterial composition during the wastewaeatment that can influence the
abundance of ARG has been demonstrated (BengtsdoreRet al. 2016). Therefore, it is not
recommended to use only metagenomic analyses fopaason of AMR and prediction of
antimicrobial selective pressure between untreatedl treated water and information from
culture-based methods should be included too.

Escherichia colis known as a human commensal strain as wellrasrean pathogen capable
of causing intestinal (e.g. gastroenteritis) anttagntestinal (e.g. bloodstream and urinary
tract) infections. Certain groups of virulence @astand similar phylogenetic backgrounds are
characteristic of extraintestinal pathogehiccoli (EXPEC) which are highly relevant in the
clinic also due to AMR occurrence (Russo and Jonn2003). Particularlyk. coli resistant

to cefotaxime (CTX) and other medically importargpbalosporins by production of
extended-spectrum beta-lactamases (ESBLs) poseaausselinical threat (Paulshus et al.,
2019). Hospitals together with WWTPs are consida®the main source of ESBL-producing
E. coli for the environment (Gomi et al., 2017a). Cert&in coli sequence types (STs)
including ST69, ST73, ST95 and ST131 are frequeaghociated with extraintestinal diseases
and show a wide variety in encoded virulence factand AMR determinants (Dale and

Woodford, 2015). Especially pandemic EXPEC ST184istant to cefotaxime (by CTX-M-15



ESBL) and/or fluoroquinolones, is involved in noltis of infections per year (Pitout and
Devinney, 2017).

The aim of this study was to characterize the geaiwe and spread of AMR in hospital,
municipal and river waters in the city of Brno (CheRepublic). Three different methods
were used to fulfil this aim: (1) enumeration afalosrs CTX-resistank. coli, (2) phenotyping
and genotyping of representative CTX-resistantoliisolates, 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 Octobe6 201he city of Brno (approximately
400,000 inhabitants), Czech Republic. A total of sewage samples were collected: three
samples from the University hospital Brno Bohun{@®°10'49.4"N 16°34'20.7"E) were
obtained on one day and two days later, two saniflasthe municipal wastewater treatment
plant (WWTP) Brno Modrice (49°07'52.9"N 16°37'57/&)"and one from the Svratka river
(49°07'49.3"N 16°37'38.0"E) taken upstream of tb#low from municipal WWTP (Fig. 1).
The hospital samples included inflow to the hod$pNt&WTP (Hospital-WWTP-In), outflow
from the hospital WWTP (Hospital-WWTP-Out) and réwspital sewage (Hospital-Raw)
flowing to municipal WWTP. From the municipal WWTiRflow (Municipal-WWTP-In) and
outflow (Municipal-WWTP-Out) were sampled. In thedpital WWTP, wastewater from
infection clinics is treated and a chlorine disatien is used as a last step of wastewater
treatment. The municipal WWTP is based on two-stagatment, i.e. mechanical and

biological, with usage of anaerobic sludge stadtics). From each sampling, a sample of 1 L



was collected in a sterile glass bottle. The sagwiere 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-foldtidn method to obtain countable plates
or the samples were concentrated using filterin@20um; Sigma-Aldrich, US) before
plating. For enumeration oE. coli and other coliform bacteria, chromogenic medium
Brilliance™ E. colicoliform Selective Agar (Oxoid, UK) with and withbcefotaxime (CTX,

2 mg/L; Sigma-Aldrich, US) was used and plates waoeibated at 37 °C overnight. All
samples were tested in triplicates. The propordb@&TX-resistanE. coli and other coliform
bacteria out of the total counts Bf coli/coliforms were calculated and Fisher's exact test
(with p-value < 0.05 indicating significant differee) was used to evaluate influence of
wastewater treatment process (Municipal-WWTP-InMgnicipal-WWTP-Out) on CTX-
resistant bacteria selection.

Up to 40 colonies of presumptive CTX-resist&htcoli were collected from the different
plates of each water sample trying to encompassua$ diversity as possible. The selected
colonies were subcultured on MacConkey agar (Ox0id) and stored at -80 °C. Species
identification was verified using MALDI-TOF MS (Mioflex LT, Bruker Daltonics,

Germany) and onlf£. coliisolates were subjected to further typing.

2.3.  Phenotyping and genotyping of cefotaxime-resisté&ntcoli

The isolates were tested for the production of EABIpC enzymes by D68C1 AmpC &
ESBL Detection Set (Mast Diagnostics, UK) followbg double-disk synergy test (CLSI
2008) in case of questionable results. The sudubfytito 15 antimicrobial compounds

(Oxoid, UK) was determined by disk diffusion methd@LSI, 2015a). The tested



antimicrobials included amoxicillin-clavulanic ac{80 ng), ampicillin (10ug), ceftazidime
(30 ng), cephalothin (3Qug), chloramphenicol (3@g), ciprofloxacin (5ug), ertapenem (10
ug), gentamicin (10ug), imipenem (10ug), meropenem (1@g), nalidixic acid (30ug),
streptomycin (10 pg), sulphamethoxazole-trimethoprim (23,75/1,2%), compound
sulphonamides S3 (300g) and tetracycline (3Qg). The inhibition zones diameters were
interpreted according to CLSI, 2017 standards extmpcephalothin where CLSI, 2015b
standard was used.

A heatmap with clustering based on antimicrobiaceptibility profiles of all isolates was
constructed using gplots (Warnes et al., 2019) leeatmap.plus (Day, 2015) libraries from
the R environment v3.5.4nd edited in Inkscape v0.92 (https://inkscape)oyil isolates
were tested for the presence of beta-lactamases gl tx.m, blaces blaoxa, blasny,
blatem) by polymerase chain reaction (PCR) (Dobiasova.e2013). Primers for detection of
blages gene were designed for this study (GES start 358GCTTCATTCACGC-3'
GES _end 5-CTATTTGTCCGTGCTCAGGA-3') according toe tlsequence oblages.1
(GenBank accession AF355189). AmpC producers welditianally screened for the
following genes l§laacc, blaact, blag, blacmy blapna, blarox, blaiar andblayox) (Pérez-
pérez and Hanson 2002) and PCR amplicons were seggi@sing Sanger-based technology.
E. coliST131 genotype was tested by multiplex PCR (Johaesah, 2009).

The clonality of allE. coliisolates was determined by pulsed-field gel etgxttoresis (PFGE)
(Centers for Disease Control and Prevention, 2@@4)g Xba enzyme (Takara Bio Inc.,
Japan). Cluster analysis of macrorestriction pastevas performed using BioNumerics 6.6
software (Applied Maths, Belgium) based on Diceikinty indices. Isolates witk» 85%
similarity of PFGE patterns were categorized i@ $ame cluster (Carrico et al., 2005).

At least one isolate per sampling site from eacGPEluster was selected for whole genome

sequencing (WGS).



2.4. WGS, assembly and data analysis of CTX-resistantoli

The DNA from isolates was extracted by NucleoSpssie kit (Macherey-Nagel, Germany),
used for preparation of DNA libraries (Nextera X NAB Library Preparation Kit, lllumina,
Inc., USA) and sequenced on the NextSeq (2 x 158diped-end sequencing, NextSeq
500/550 High Output Kit v2, llumina) or the MiSef & 250 bp paired-end sequencing,
MiSeq Reagents Kits v2, lllumina) platforms (llluma). All steps were performed according
to the manufacturer's instructions. Raw Illuminargadend reads were quality trimmed by
Trimmomatic v0.32 (Bolger et al., 2014) and asseahising thele novoassembler SPAdes
v3.12.0 (Bankevich et al., 2012). The obtained iganvere analysed for the presence of ARG
and chromosomal point mutations associated witisteexce by ResFinder 3.1 (Zankari et al.,
2012) and for plasmid replicons by PlasmidFind@r(Zarattoli et al., 2014). The presence of
chromosomal mutations was evaluated based on ttexixrthat one single chromosomal
mutation ingyrA gene confers low-level resistance to quinolones, several mutations in
DNA gyrase genesgyrA and gyrB) and topoisomerase IV genesa(C and parE) are
required to increase the level of quinolones rasist inEnterobacteriaceaéCorreia et al.
2017). ARG or plasmid replicons were consideredegmeif length coverage and identity to
the reference sequence were 100%>a08%, respectively. STs and phylogenetic grouf.of
coli isolates were determined by MLST 2.0 (Larsen gtZ8112) and ClermonTyping tools
(Beghain et al., 2018), respectively. The unknowrs Svere proceeded by analysis using
EnteroBase v1.1.2 (Zhou et al., 2019) and new sexugype (ST) numbers were assigned.
The virulence factor database (VFDB,; on Septeml®dO}P (Liu et al., 2019) was used to
identify EXPEC isolates based on the definitiort #&PEC strains contain two or more of the
following virulence factorspapAand/orpapC (P fimbriae),sfa/focDE(S and F1C fimbriae),

afa/draBC (Dr-binding adhesinskpsM Il (group 2 capsule) anidtA (aerobactin receptor)



(Peirano et al., 2013). The length coverage andtitgeof virulence gene to the reference
sequence had to be 100% an@0%, respectively.

For phylogenetic analysis, quality-trimmed readsevemapped againdt. coli str. K-12
substr. MG1655 reference genome (GenBank accesi§l0096) employing bowtie2 v2.3.4.2
(Langmead and Salzberg, 2012). Samtools v1.3.%¥f{(lal., 2009) was used for the format
conversions and generation of the mpileup filesigle+nucleotide polymorphisms (SNPSs)
were then detected by VarScan v2.4.3 (Koboldt .e8l12) with a minimum read depth of 6
(general tree constructed from all the sequencetles) or 8 (supplementary trees inferred
from samples belonging to particular STs of inthragspectively; minimum base quality of
20; and variant allele frequengy0.8. Moreover, all the sites in which at least sample had
read depth < 6 or 8, respectively, were removed.

Filtered SNPs of all the datasets were concateratedanalysed separately by jModeltest
v2.1.10 (Darriba et al., 2015) in order to find thest-fitting nucleotide substitution model.
Under Akaike information criterion, GTR model witheI" model of rate heterogeneity was
estimated as the best-fitting for datasets of Sfi#ta all the sequenced samples, as well as
datasets comprised of samples belonging to ST38 &MEB5. Plain GTR model was
estimated as the most suitable for datasets gedefadom ST10 and ST131 samples.
Maximum-likelihood analyses were performed by RAxMi8.2.10 (Stamatakis, 2014),
robustness of the inferred topologies was assebge800 bootstrap replicate analyses.
Sample IM1c (Municipal-WWTP-In isolate lwas used as an outgroup in the analysis of the
largest dataset. Resulting tree topologies wengalised via iTOL v4.3.2 (Letunic and Bork,
2019) and edited in Inkscape v0.92 (www.inkscagg.@NP distances among samples were

calculated employing Biostrings library (Pagéslet2919) from the R environment v3.5.1.

2.5.  Sequencing of whole-community DNA and data analysis

10



The whole-community DNA from each water sample vwsagated using phenol-chloroform
for obtaining large amounts of DNA followed by PoWéater DNA Isolation kit (MO BIO
Laboratories, Inc., USA) for removal of poor-qualdNA. The DNA was used for the library
preparation (Nextera XT DNA Library Preparation )Kibllowed by sequencing on lllumina
MiSeq platform using MiSeq Reagents Kits v3 (2 ¥ 2p paired-end sequencing). The reads
were quality- and adaptor-trimmed (quality thresh@> 20 and minimum length of 50 bp)
using bbduk2 which is part of the suite bbtools siu@r 36.49
(https://sourceforge.net/projects/bbmap/).

The metagenomic dataset was analysed using MGmappetaGenomics mapper) 2.4
(Petersen et al., 2017) based on mapping readsdmence sequences and which allows two
modes: best mode (a read can be assigned to areneé sequence) and full mode (a read
can be assigned to more databases). The databasbasad on data from NCBI GenBank
except databases managed by the Center for Genemdemiology namely ResFinder,
PlasmidFinder and VirulenceFinder (Joensen eR@ll4), and the database called waterborne
E. colidb which consists of genome assemblieg.afoli isolates (n=78) obtained within this
study. The metagenomic analysis was run (on Magpbithe best mode for the respective
databases in the following order: waterboEnecolidb (created on May 2018; not complete
genomes), Bacteria (complete genomes), Bacteriti_df@ot complete genomes),
HumanMicrobiome, Archaea, Virus, Protozoa, Human, ert&brate_mammals,
Vertebrate other and Invertebrates. Full mode veasl dor ResFinder (resistance genes, on
November 2018), Plasmid (plasmid sequences from INGBnBank; on May 2018),
PlasmidFinder (plasmid replicons for Enterobacts@e and Gram-positive bacteria; on May
2019) and VirulenceFinder (virulence factors, onvd&lober 2018) databases. The paired

reads mapping was used for all above mentionedbdsés except PlasmidFinder where
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single-end read mapping (requiring at least 50 bgn@ment for any single read) were
preferable due to the short length of plasmid ocgplisequences.

The number of reads mapping to bacterial datab@seserborneE. colirdb, Bacteria,
Bacteria_draft, HumanMicrobiome) was summarized s@mnple and bacterial abundances
were calculated as percentage per sample (rek@wedance).

ARG were clustered according to 95% similarity bk tsequence (CD-HIT_EST). The
relative abundance of ARG clusters and plasmidigep$ was calculated as fragments per
kilobase of reference per million mapped reads (APKThe FPKM values were log-
transformed and visualised in heatmaps (for antmbial classes and ARG) as previously
described (Hendriksen et al., 2019) using pheatfdajile, 2018) and viridis (Garnier, 2018)
for color scale from the R environment v3.&rfd 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-resistart. coli and coliform bacteria among totdt. coli

and coliforms
PresumptiveE. coli and other coliform bacteria were enumerated byntng colonies on
cultivation media with and without cefotaxime (Tal81). The proportion of CTX resistdhat
coli and other coliform bacteria out of total coli and other coliform bacteria was 4.83% and
16.67% in Hospital-WWTP-In, 0.67% and 11.08% in pitsd-Raw, 0.25% and 0.08% in
Municipal-WWTP-In, 0.87% and 0.3% in Municipal-WWJ®ut and 2.13% and 6.67% in
river water respectively. Nd. coli or coliform bacteria (CFU/10 ml) were detected in
Hospital-WWTP-Out. The counts of total and CTX-st@ntE. coli/other coliform bacteria
were in range 134-746-fold lower in Municipal-WWTR#t than in Municipal-WWTP-In.

However, the proportions of CTX-resistait col/other coliform bacteria among tot&l

12



coli/other coliform bacteria were significantly highi@rvalue < 0.01) in Municipal-WWTP-

Out compared to Municipal-WWTP-In.

3.2. Beta-lactamases among CTX-resistantcoli

A total of 158 CTX-resistankE. coli were obtained from the different samples (for the
numbers of isolates according their origin see @abl. No CTX-resistant isolates were
obtained in Hospital- WWTP-Out. Most CTX-resistalat coli showed ESBL-production
(151/158, 95.6%) and only a minority of isolateeduced AmpC beta-lactamases (9/158,
5.7%). Among these, two isolates produced both E&Bd AmpC beta-lactamases. Most
ESBL-producing isolates were positive fbtactx-m (149/151, 98.7%)while the AmpC
phenotype was associated witlacyy (6/9, 66.7%) andlapya (2/9, 22.2%). The occurrence
of other beta-lactamase genes varied accordinghe¢oorigin of samples. Genddargy
(87/158, 55.1%) anbBlapxa (74/158, 46.8%) were frequently detected, whilasyy, (2/158,

1.3%) andblages (1/158, 0.6%) was detected at low occurrence @ abFig. 2, Table S2).

3.3. Antimicrobial resistance phenotype of CTX-resistaatcoli

The isolates exhibited diverse resistance phenstgpd did not group together into the same
cluster according to their origin (Fig. 2, Table)S2all E. coli isolates (n=158) showed
resistance to ampicillin (100%, penicillins) andplalotin (100%; first generation of
cephalosporins) which is explained by their selectsolation on media with cefotaxime. In
total, 131 isolates (82.9%; n=158) were multi-dragistant (i.e. resistant to compounds from
three or more antimicrobial groups). More than half the isolates were resistant to
ceftazidime (64.6%; third generation of cephalos®)r sulphamethoxazole-trimethoprim
(63.3%), nalidixic acid (60.8%; quinolones), stwpycin (58.2%; aminoglycosides) and
tetracycline (57.6%). Resistance to other testeitngrobials was as follows: sulphonamides

(47.5%), gentamicin (43.7%; aminoglycosides), aritli-clavulanic acid (34.8%;
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penicillins and beta-lactamase inhibitor), chlor&micol (21.6%; amphenicols) and

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

3.4. Genetic diversityf CTX-resistantE. coli

E. coliisolates showed high genetic diversity and weweddd into 66 clusters based an
85% similarity of PFGE patterns (Table S2). Thelaggss from Municipal-WWTP-In and
Municipal-WWTP-Out were divided into 19 and 25 ¢krs, respectively, whereas in hospital
wastewaters there were 14 clusters for Hospital-VIPAT and only 10 clusters for Hospital-
Raw. Overall, most clusters contained isolateshef $ame origin. Despite generally high
genetic diversity, isolates with indistinguishaPIEGE profiles were found in Hospital-Raw
and Municipal-WWTP-In (n=2); and in Municipal-WWTR-and Municipal-WWTP-Out
(n=5). Eighteen isolates (18/158, 11.4%) were diassas ST131 and originated from
Hospital-Raw (3/39, 7.7%), Municipal-WWTP-In (10/38.3%) and Municipal-WWTP-Out

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

3.5.  WGS of CTX-resistanE. coli — MLST and phylogenetic group typing

Based on the phenotyping and genotyping and thlggnooif the isolates, 78 representatkve
coli isolates were subjected to WGS: 13 isolates froosptal-Raw, 13 isolates from
Hospital-WWTP-In, 20 isolates from Municipal-WWTR;| 28 isolates from Municipal-
WWTP-Out, and 4 isolates from river (Table S2). A\gdhe sequenced. coliisolates, 40
STs were identifiedE. coli ST38 (12.8%), ST131 (10.3%), ST635 (6.4%) and S(B14%0)
predominated. Three isolates showed new allele cwatibns and three new STs (ST8252,
ST8254 and ST8340) were assigned. The isolatesidpadoto six phylogenetic groups with a
high occurrence of group A (32/78; 41%), D (17/28,8%), B1 (16/78; 20.5%) and B2

(11/78; 14.1%), whereas only one isolate each wagy@ed to phylogenetic group C (1/78;
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1.3%) and F (1/78; 1.3%). One isolate (strain R2va3 controversial as it was classified into
group A but its ClermonTyper mash group was B1. dis&ribution of STs and phylogenetic

groups are marked in the phylogenetic tree (Figui@) Table S2.

3.6. WGS of CTX-resistanE. coli — ARG, virulence genes, and plasmids

Among the 78 sequencéd coli isolates, ARG conferring resistance to beta-last§h®0%,
n=78), macrolides (96.2%), aminoglycosides (74.48@)phonamides (70.5%), trimethoprim
(61.3%), fluoroquinolones (50%), tetracyclines 838) and phenicols (6.4%) were detected
and are listed in Table S2. Beta-lactam resistgeces encoding ESBLs were predominant
and mainly consisted of varioldacrx.v variants includindolacrx-v-1s (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%) andblacTx-
v-174 (1.3%). Beta-lactam resistance genes encoding Alpgi@-lactamases wetdacyy-2
(62.5%) andblapna-1 (25%). Macrolide resistance genes identified wap@{A) in nineteen
(24.4%) isolates anerm(B) in two (2.6%) isolates. Furthermoradi{A), which is considered
to be intrinsic inE. coli (Edgar and Bibi, 1997), was detected in 75 (96.&4dlates. At least
one point mutation known to mediate quinolone tasises in chromosomglyrA was found

in 47.4% isolates (37/78) and at least one additiomutation in the gengsarC/parE was
detected in twenty-seven of these (34.6%). Allated with at least three mutations (23/78)
showed phenotypic resistance to nalidixic acid @pdbfloxacin (Table S2).

In regards to virulence-related genes, twenty-tsolates (28.2%) were predicted to be
EXPEC and nearly half of the isolates originateamfiMunicipal-WWTP-Out (10/22, 45.5%)
(Table S2).

Thirty-one plasmid replicons were detected with HUB.7%), Fll (43.6%), 11 (21.8%),
FIB(K) (18%), FIA (15.4%), Y (15.4%), HI2 (14.1%}I12A (12.8%) and Col156 (12.8%)

being the most prevalent (Table S2).
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3.7. Phylogenetic relatedness of selectedcoli

The phylogenetic tree (Fig. 3) was inferred baseducleotide sequence aligment of 158,416
sites [i.e. positions (SNPs) that were detectedl ileast two isolates]. In general, the isolates
with the same ST grouped together. The number d?sSWNas in the range of 7 to 53,106
which confirmed high diversity relatedness betwseguencedE. coli isolates (n=78). The
isolates from the same phylogenetic groups werapgo together with the exception of strain
R27c (River isolate 27c) which belonged to groufCAermonType mash group was B1) and
was the closest strain related Eo coli OM15c (Municipal-WWTP-Out isolate 15c¢) from
group B1 (12,421 SNPs). The isolates with 100%tideahPFGE profiles showed 324 SNPs
[SH20c (Hospital-Raw isolate 20c) and IM9c (MunafVWWTP-In isolate 15c)] and 799
SNPs [IM7c (Municipal-WWTP-In isolate 7c) and OMZ2®lunicipal-WWTP-Out isolate
2¢)]. Few isolates showed relatednes)0 SNPs and they belonged to ST131 (4 straims fro
2 different PFGE clusters), ST635 (3/3), ST38 (2/8¥710 (2/1) and ST1970 (2/1).
Individual phylogenetic trees for the most freqiyedetected STs, ST38 (n=10; 70,012 sites;
SNPs in the range 75 — 12,112), ST131 (n=8; 884ES; 71 — 13,259 SNPs), ST10 (n=5;
15.340 sites; 1,380 — 11,054 SNPs) and ST635 (#6223 sites; 197 — 4,659 SNPs) were

constructed (Fig. S1-S4).

3.8. Metagenomics analysis of water samples

The obtained reads for the metagenomic analyssafiater samples were in the range of 1.9
- 2.8 million. The percentage of mapped and unmapeads (the reads which were not
assigned to any of the databases) varied widelgrdot to the origin of water sample with
the highest number of mapped reads in Hospital{&29%) and the lowest in Municipal-
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WWTP-Out (5.5%). Overall, most mapped reads (rartgd: - 81.7%) were assigned to
bacteria (including waterborng. coli~db, bacteria, bacteria draft and human microbiome
databases) and low number of reads (reads avevag®mex for each database < 0.2%) were
assigned to protozoa, viruses, invertebrates, lmettes-mammals, vertebrates-others and
archaea. No reads were mapped to the human datdbatee case of databases run in
fullmode, a high abundance of mapped reads wasnaab@®nly for the plasmid database
(range: 0.2 - 13.8%). Low number of reads were radpp ARG (0.08% on average),
plasmid replicons (0.07% on average) and virulegeees (0.003% on average). Detailed

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

3.9. Bacterial composition of water samples

The bacterial composition varied between water $asnfverall, the majority of bacterial
reads were assigned to the phylum Proteobacteaag¢r 73 - 97%), followed by
Bacteroidetes (2 - 15%) and Firmicutes (1 - 4%)e Pphyla Nitrospirae (9%), Actinobacteria
(2%) and Chloroflexi (2%) were characteristic foruMcipal-WWTP-Out and a high
occurrence of the phylum Actinobacteria was obskmeiver water (19%) (Table S4a, S4b,
S4c).

The predominant genera in Hospital-WWTP-In includsgtomonas(25.3%), Acidovorax
(16%), Escherichia(14.2%),Pseudomonag8.3%), Acinetobactern(6.3%), Arcobacter(4.1%)
andKlebsiella(3.9%). In contrast, in Hospital-WWTP-OAtidovorax(26.4%),Aeromonas
(6.8%), Thauera (5.9%) were predominant and the remaining 60.9%th&f bacterial
composition was made by genera with an abundanee48f. The majority of genera that
have pathogenic representatives were found in HkadRaw, including Pseudomonas

(58.8%),Escherichia(9.8%),Enterobacter(8.6%),Klebsiella(7.5%) andAeromonag3.6%).
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Municipal-WWTP-In included predominantly the genekecobacter (29.4%), Aeromonas
(11.6%), Acinetobacter(9.3%), Bacteroides(8.5%), Acidovorax (7.3%) andCitrobacter
(4.6%). The high occurrence (62.8%) of genera wethtive abundance < 4% was observed
in Municipal-WWTP-Out as well as the presence ofega such agcidovorax(11.8%),
Nitrospira (9.2%),Arcobacter(5.9%), Thauera(5.7%) andAeromonag4.6%).

The river sample exhibited a unique compositionn@jor genera compared to the other
samples with high relative abundance laimnohabitans (41.1%), Rhodoluna (6.7%),
CandidatusPlanktophila (6.2%)Polynucleobacte 5.6%) andFlavobacterium(4.6%) (Fig.

4, Table S4a, S4b, S4c).

3.10. ARG and plasmids replicons in water samples

A total of 167 ARG clusters conferring resistancecompounds in 11 antimicrobial groups
were detected across all water samples (Fig. 5aJ &file S5a, S5b, S5c¢). The highest ARG
abundance was documented in Hospital-WWTP-In (3FB&M), followed by Hospital-Raw
(595 FPKM), Municipal-WWTP-In (372 FPKM), and HosgdtWWTP-Out (336 FPKM).
Low ARG abundances were observed in the Municipg¥7®P-Out and river (27 and 5
FPKM, respectively). High abundance of genes meujaesistance to beta-lactams (mainly
encoded byblages clust, blapxa_clust2, blapxa_clust4), aminoglycosidesadc(6')-Ib clust,
aac(6')-30-aac(6')-Ib’, aadAclustl, aadA10, aph(6)-Id and aminoglycosides/quinolones
(aac(6')-1b _clust) were detected in hospital waters (Hos&l/TP-In, Hospital-WWTP-
Out, Hospital-Raw). Differently, resistance to naictes, encoded mainly by genesi(E)
andmphE), was most abundant in Municipal-WWTP-In. Notalthe gendlacrtx.v was not
found in the metagenomic dataset.

The highest abundance of plasmid replicons wasctdgtein Hospital-WWTP-In (12,167

FPKM), followed by Hospital-Raw (1,457 FPKM), Muipal-WWTP-In (790 FPKM),
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Hospital-WWTP-Out (439 FPKM), Municipal-WWTP-Outg%PKM) and river (18 FPKM).
The highest proportion of the 71 plasmid replicdoedonged to small plasmids such as
Col440I (detected in range 33.4 — 56.4% acrossltheater samples), ColKP3 (e.g. 16.1% in
Hospital-WWTP-Out), ColRNAI (14.9% in Municipal-WWPFOut) and IncQ2 (11.2% and
9.3% in Municipal-WWTP-In and Hospital-WWTP-In, pestively) and Col440Il (5.1% in

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

4. Discussion

Municipal and hospital WWSs represent a rich sowtdifferent bacterial species in which
antimicrobial resistant strains with pathogenicegmbial are frequently detected. Despite the
fact that hospital WWs contain bacteria originatirgm the human population that is under
medical treatment, only minimal contribution on temt and diversity of ARG in influent to
WWTP was observed (Buelow et al., 2018). This abpbly caused by small amount (< 1%)
of hospital WWs in municipal WWs (Karkman et al.018). For a more holistic
understanding of the influence of hospital and camity settings on spreading of AMR,
analysis of both municipal and hospital WWs wagqrered in this study.

Cephalosporins (3rd, 4th and 5th generation), tholy cefotaxime, belong to the
antimicrobials with highest priority on the WHOTtlisf Critically Important Antimicrobials
for Human Medicine (World Health Organisation, 2p&a8d thus the occurrence and spread
of bacterial strains resistant to these antimi@isbrepresent a serious clinical threat. In this
study, a high occurrence of CTX-resist&ntcoli producing clinically important ESBLs was
detected in hospital and municipal WWs includingriitipal-WWTP-Out. Furthermore, high
occurrence of several potentially pathogenic baidtegenera was observed in Hospital-

WWTP-In, Hospital-Raw and Municipal-WWTP-In usingreetagenomic approach.
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The highest number of CTX-resistdhat coli and other coliforms were detected at Hospital-
WWTP-In (wastewater from infection clinics, unddtst after treatment), followed by
Hospital-Raw and Municipal-WWTP-In. The abundant®dacteria monitored by cultivation
decreased at Municipal-WWTP-Out compared to Mumle{WWTP-In, but the proportion of
CTX-resistantE. coli and other coliform bacteria among their total dsumas significantly
higher in Municipal-WWTP-Out, likely suggesting higy tolerance of CTX-resistant bacteria
to the wastewater treatment. Similar findings weoeumented previously in a study from
France that reported a significantly higher projportof ESBL-producinge. coli in treated
(0.6%) compared to untreated (0.3%) water (Bréehetl., 2014). These findings suggest an
improved ability of ESBL-producing bacteria to swes treatment processes used in
conventional WWTPs.

The phenotype and genotype analyses revealed abayhirence oE. coli producing ESBLs
(94.3%) encoded mostly biylactx-m (98.7% of 151 isolatesh our CTX-resistanE. coli
collection (n=158). A low occurrence of CTX-resrst&. coliwas observed in the river with
only few ESBL- (n=4) and AmpC- (n=3) produciig coli, compared to the other samples.
Similarly, a high presence bfactx.v (96%) among 54 ESBL-producirkfy coli was detected
in the effluent from a municipal WWTP and in hogpiVW in Japan (Gomi et al., 2017&).
coli isolates carryinglactx.v were also documented in surface water in the Niathes
(Franz et al., 2015) and in the Yamato river inalgfGomi et al., 2017b). Another study
conducted by Liu et al. (2018) characterized al k&,686E. coli isolates from rivers and
lakes in Northwest China and 2.8% were ESBL produeed 76.3% of 76 isolates carried a
blactx-v gene. Despite the low occurrence of ESBL-produé&ingoli in surface water, these
observations are worrisome. They suggest the ahfithese clinically important strains to
become part of the natural environment, but comatustudies connecting strains from

WWTP effluent and nature are required.
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Among the sequencdgl. coli (n=78), a high genomic diversity (40 different $&s well as
large variety of ARG and plasmids were observed,spene clinically important STs were
dominating (ST38, ST131, ST635 and ST10).Rllcoli ST131 (n=8) showed EXPEC status
and carrieblactx-m (mainly blactx-m-15) which is in agreement with the pandemic spread of
E. coli ST131 lineage and has been documented in wat@oaments previously (Dolejska
et al., 2011; Paulshus et al., 2019). A total adrity-twoE. coliisolates (28% of 78 isolates)
had EXPEC status and interestingly ten of themirmatgd from the outflow of the municipal
WWTP. A similar finding was documented for a mupai WWTP in Germany where
virulence profiling showed that 16% (of 50 isolatasd 19% (of 42 isolateg). coli from
inflow and outflow had EXPEC characteristics, resipely (Mahfouz et al., 2018).

The metagenomic analysis revealed differencesdrb#tterial composition among the water
samples. The DNA isolation methods significantlfiluance observed microbial diversity
(Knudsen et al., 2016; Ziékka et al., 2017) and thus the comparison withrathelies with
different methodology has to be made in cautiore Tiree major phyla Proteobacteria (73 -
97%), Bacteroidetes (1 - 15%) and Firmicutes (1%%) 4vere predominantly found in our
water samples as was documented in municipal watensously (Narciso-da-Rocha et al.,
2018). Narciso-da-Rocha et al. (2018) observed lameeurrence of Proteobacteria (66% and
43% in municipal WW and treated water, respectiyellgan what we noticed. In a study
focused on surface water in China (Jin et al., 20b8 most predominant phyla were
Proteobacteria (22 - 79%), Bacteroidetes (19 - 7&B4l) Actinobacteria (percentage was not
specified). High occurrence of Actinobacteria (18%gs also detected in the river in our
study and it seems to be typical for surface wiheret al., 2018).

The high relative abundance of potentially pathigepacteria (generdPseudomonas,
Escherichia, Klebsiella, Enterobacter, Arcobact@nd Aeromonaps was characteristic for

hospital WWs (Hospital-WWTP-In, Hospital-Raw) anduMcipal-WWTP-In, compared to
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Hospital-WWTP-Out and Municipal-WWTP-Out. In thes@mples, the majority of bacterial
reads (over 84%) was represented by genera wititivel abundance of < 4% and
environmental bacteria (genefeidovorax Thauera Aeromonasand Nitrospira). The high
abundance dNitrospira spp. (9%) observed at the outflow of the munic\dWTP is likely
due to their ability to utilise nitrites in activat sludge (Gruber-Dorninger et al., 2015). This
finding points out large changes in the bactemahposition during the wastewater treatment,
both in the hospital and municipal WWTPs, thus @oarating previous findings (Bengtsson-
Palme et al. 2016). Interestingly, the presenceEs¢herichiaand other coliforms was
observed in metagenomic results in all samplesthmge bacteria had not been obtained by
the cultivation approach from Hospital-WWTP-Out wheshlorine disinfection is used. It
was observed that only small portionf coli (0.4%) can survive the chlorine disinfection
used in WWTP in the viable but nonculturable s{&@ever et al., 2005). This suggests the
presence of DNA from coliform bacteria in HospN&WTP-Out, however whether this
originated from live or dead bacteria is unknown.

The abundance of ARG was higher in the hospital modicipal WWs than in the treated
waters and the river according to the metagenométyais. Similarly, a high proportion of
genes mediating resistance to macrolides, betaregt aminoglycosides and tetracyclines
was detected in municipal sewage in Europe by Heseln et al. (2019). Surprisingly, the
geneblacrtx-v was missing in our metagenomic dataset even thaugas present in most of
the isolates from our CTX-resistaBt coli collection. The possible explanation is probably

insufficient sequencing depth of the water samples.

5. Conclusions
The obtained results revealed a widespread ocaerand high genetic diversity of ESBL-

producingE. coliin hospital and municipal waters in the city ohBy Czech Republic, based
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on cultivation approach. ESBL-produciiiy coli with EXPEC status were documented for
several water samples, including the outflow fronmicipal WWTP. This water is flowing to
the river and is used for irrigation and recreaiaactivities. The subsequent contamination of
surface water by clinically important bacteria es@nts a threat for human and animal health.
The metagenomic approach revealed that the abuadamt composition of bacteria, ARG
and plasmids varied across tested water samplésapproach allowed to obtain a high-level
perspective on the water samples including taxooostifts towards lower pathogenic
potential of bacterial genera in WWTP outflows camgal to inflows. The two approaches
used in this study conveyed different informatiamd ahighlighted the need for cautious
interpretation of results. The culture-based apgroaas more appropriate to follow the
dynamics of ESBL-producing. colicompared to the metagenomics, which likely reguae
increased sequencing depth to detect full compositif ARG in the water sample and to
allow precision epidemiology. Taken together, tlesults of the two approaches convey
information useful for public health risk assessmand suggest the need to improve
wastewater treatment technology as a step to reshread of AMR to the environment.

This study brought above mentioned findings, howeatvenould be beneficial to repeat
sampling to observe changes in dynamic of ESBL4pcow) E. coli, bacterial composition

and abundance of ARG over longer time period.
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Fig. 1 Water sampling sites
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Six sites in Brno, Czech Republic were sampled iwithis study and are marked by red
checkmarks: inflow to the hospital WWTP, outfloverin the hospital WWTP, raw hospital
sewage, inflow to the municipal WWTP, outflow frahe municipal WWTP and the Svratka

river.

Fig. 2 AMR phenotype, origin and detected beta-lactamas€xI X-resistank. coli isolates

(n=158)

The clustering of isolates is based on their AMRergitype. AMR phenotype: AMP,
ampicillin; KF, cephalotin; S, streptomycin; CAZeftazidime; NA, nalidixic acid; SXT,
sulphamethoxazole-trimethoprim; TE, tetracyclingyi®@, amoxicillin-clavulanic acid; CN,
gentamicin; S3, compound sulphonamides; CIP, dmxatin; C, chloramphenicol; ETP,
ertapenem; IMP, imipenem; MEM, meropenem. Straigimr Inflow to the hospital WWTP
(Hospital-WWTP-In), raw hospital sewage (HospitavR, inflow to the municipal WWTP

(Municipal-WWTP-In) and outflow from the municip@ WTP (Municipal-WWTP-Out).

Fig. 3 Phylogenetic tree of CTX-resistdat coliisolates (n=78) based on SNPs analysis

See legend for the strain origin, phylogenetic grand variant of CTX-M beta-lactamase.
Strain origin: Inflow to the hospital WWTP (HosgH&WTP-In), raw hospital sewage
(Hospital-Raw), inflow to the municipal WWTP (Muipal-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 arend&®d along the phylogenetic tree

Fig. 4 Taxonomic composition of water samples at genusl le
The relative abundance is presented as the pegeeafaach genus to the total read count for

each water sample, respectively. The genera wittive abundance 4% at least in one of
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the water samples are visualized, the remainingergeare included in the category “Other
genera”.®inflow to the hospital WWTP (Hospital- WWTP-In), dlatw from the hospital
WWTP (Hospital-WWTP-Out), raw hospital sewage (HtdgRaw), inflow to the municipal
WWTP (Municipal-WWTP-In) and outflow from the muimpal WWTP (Municipal-WWTP-
Out). °Sum of percentage of reads mapped to geBssherichiaand database called
waterborneE. coli. “‘Genus was not specified for this reference sequanciatabase, only

phylum Actinobacteria was listed.

Fig. 5 Relative abundance (FPKIMof ARG and plasmid replicons in water samples

a ARG abundance per antimicrobial class (ARG enapdmesistance to the same
antimicrobial group are clustered togethér)Abundance of 30 most common ARG (ARG
genes are clustered together based on the 95%astyibf reference sequences, the list of
ARG for each gene cluster is listed in Table S6édAbundance of 30 most common plasmid
replicons.

4nflow to the hospital WWTP (Hospital-WWTP-In), dlaw from the hospital WWTP
(Hospital-WWTP-Out), raw hospital sewage (HospRalw), inflow to the municipal WWTP
(Municipal-WWTP-In) and outflow from the municipAWWTP (Municipal-WWTP-Out).
POnly geneaac(6')-Ib-cr confers resistance to quinolones in the aac(6$HIst.°Colour strip

shows fragments per kilo base per million fragm¢RBKM) transformed to log (In).
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Highlights
» Antimicrobial resistance in wastewaters by culture-based and metagenomic
approaches
* High prevaence of E. coli with blacrx-m in municipal and hospital wastewaters
» ESBL-producing extraintestinal-pathogenic E. coli detected at outflow of WWTP

* Predominance of pathogenic bacteriain municipa and hospital wastewaters
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