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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Hospital wastewater contained high con-
centration of blaKPC andEscherichia coli.

• The blaCTX-M-15 gene dominated among
ESBL isolates.

• The blaKPC-2 andblaNDM-1 genes domi-
nated among carbapenemase-producing
isolates.

• Various high-risk enterobacterial clones
were detected.

• These clones harboured a diverse
plasmidome and exhibited multidrug re-
sistance.
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The emergence of extended-spectrum� -lactamase (ESBL)- and especially carbapenemases inEnterobacteraleshas led to
limited therapeutic options. Therefore, it is critical to fully understand all potential routes of transmission, especially in
high-risk sources such as hospital wastewater. This study aimed to quantify four enteric opportunistic pathogens
(EOPs), total, ESBL- and carbapenem-resistant coliforms and their corresponding resistance genes (two ESBL and� ve
carbapenemase genes) and to characterize enterobacterial isolates from hospital wastewater from two large hospitals in
Zagreb over two seasons. Culturing revealed similar average levels of total and carbapenem-resistant coliforms (3.4 ×
104 CFU/mL), and 10-fold lower levels of presumptive ESBL coliforms (3 × 10 3 CFU/mL). Real-time PCR revealed the
highest E. colilevels among EOPs (105 cell equivalents/mL) and the highest levels of the blaKPCgene (up to 10� 1 gene
copies/16S copies) among all resistance genes examined. Of the 69 ESBL- and 90 carbapenemase-producing
Enterobacterales(CPE) isolates from hospital wastewater, all were multidrug-resistant and most were identi� ed as
Escherichia coli, Citrobacter, Enterobacter, and Klebsiella. Among ESBL isolates,blaCTX-M-15 was the most prevalent ESBL
gene, whereas in CPE isolates,blaKPC-2and blaNDM-1 were the most frequently detected CP genes, followed byblaOXA-48.
Molecular epidemiology using PFGE, MLST and whole-genome sequencing (WGS) revealed that clinically relevant
variants such asE. coliST131 (blaCTX-M-15/ blaTEM-116) and ST541 (blaKPC-2), K. pneumoniaeST101 (blaOXA-48/ blaNDM-1),
and Enterobacter cloacaecomplex ST277 (blaKPC-2/ blaNDM-1) were among the most frequently detected clone types. WGS
also revealed a diverse range of resistance genes and plasmids in these and other isolates, as well as transposons and in-
sertion sequences in the� anking regions of the blaCTX-M, blaOXA-48, and blaKPC-2genes, suggesting the potential for
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mobilization. We conclude that hospital wastewater is a potential secondary reservoir of clinically important pathogens
and resistance genes and therefore requires effective pretreatment before discharge to the municipal sewer system.

1. Introduction

The threat of increasing antibiotic resistance (AR) of pathogenic bacte-
ria is one of the greatest challenges to global health. Of particular concern is
the increasing bacterial resistance to� -lactam antibiotics such as 3rd gener-
ation cephalosporins and carbapenems, which are classi� ed as“critically
important for human medicine ” by the World Health Organization
(WHO) (WHO, 2019). However, in 2021, WHO established a new classi� -
cation in which 3rd generation cephalosporins and carbapenems were
placed in the ýWatchý group of antibiotics ( WHO, 2021). It is particularly
important to protect the ef � cacy of these antibiotics and the last-resort an-
tibiotics included in the ýReserveý group, as their loss due to AR would re-
sult in treatment failures and deaths.

Hospital wastewater is considered a high-risk point source for the
spread of antibiotic-resistant bacteria (ARB), antibiotic-resistance genes
(ARGs), and enteric opportunistic pathogens (EOPs) in the environment
(Hassoun-Kheir et al., 2020). Hospitalized patients are more likely to be
treated with antibiotics than the general population, and therefore, higher
concentrations of ARB or ARGs are often found in hospital wastewater
than in municipal wastewater ( Hassoun-Kheir et al., 2020; Paulus et al.,
2019). These ARB/ARGs can spread to rivers and lakes through municipal
wastewater treatment plants (WWTPs) because they are not always
completely removed in WWTPs (Kehl et al., 2022; Puljko et al., 2022).
Human-derived bacteria that do not persist in the aquatic environment
can transfer ARGs to resident aquatic microorganisms, including patho-
gens, through horizontal gene transfer (HGT) (González-Plaza et al.,
2019; Larsson and Flach, 2022). This could lead to further potential transfer
of ARGs from the environment to humans. Therefore, it is important to un-
derstand the AR gene pool of hospital wastewater, especially for bacteria of
the order Enterobacterales, some of which are important nosocomial patho-
gens that can thrive in both the environment and the human gut, in order to
track their spread from the hospital point source to the environment.

In contrast to many developed countries, hospital wastewater in Croatia
is discharged directly into municipal WWTPs without any treatment, which
may be a cause for concern, even though hospital wastewater represents
only a small proportion ( <2 %) of the total volume of wastewater treated
in WWTP. Therefore, ARB/ARGs, which are typically found in low levels
in wastewater, such as CP-producingEnterobacterales(CPE) and their
mobile ARGs (e.g.blaKPC, blaNDM, blaOXA-48, blaVIM and blaIMP), can spread
rapidly and widely, posing a greater risk than other, more common environ-
mental bacteria with intrinsic resistance mechanisms (Manaia et al., 2018).
CPE and ESBL (extended spectrum� -lactamase)-producingEnterobacterales
(ESBL-E) have been listed by the WHO as critical priority pathogens for
which research and the development of new antibiotics is urgently needed
due to the emergence of multidrug resistance among these pathogens
(WHO, 2017). In Europe, these species have been increasingly detected in
clinical samples over the past decade (Kazmierczak et al., 2021). Croatia
is one of the countries with a high prevalence of these strains, especially
Klebsiella pneumoniaeisolates (62 % resistant to 3rd generation cephalospo-
rins in 2021; ECDC, 2021). In addition, carbapenem resistance rates among
clinical K. pneumoniaeisolates increased from 2 % in 2018 to 32.9 % in
2021 in Croatia (ECDC, 2021). Previous studies have identi� ed hospital
wastewater as a high-risk point source for the spread of CPE and ESBL-E
(Jeli� et al., 2019; Kehl et al., 2022). However, more information on their
phylogeny and genomic characteristics is needed to better assess the risk
of spreading these clinically important ARB and their ARGs via hospital
wastewater.

The most common resistance mechanism to� -lactams in Enterobacterales
is the production of � -lactamases, and the most important enzymes in this
family are the ESBLs, plasmid-mediated AmpC� -lactamases (pAmpC), and

carbapenemases (CPs). ESBLs confer resistance to most� -lactam antibi-
otics, including penicillins, cepha losporins, and monobactam aztreo-
nam, and the most common variants are TEM, SHV, CTX-M, and OXA
(Bradford, 2001). pAmpC enzymes are generally less prevalent than
ESBLs inEnterobacterales, but are still important because they contrib-
ute to � -lactam resistance, which can also extend to carbapenems
when pAmpC are overproduced in combination with an impermeability
defect (Bari•i � et al., 2014). Carbapenems are considered to be a last-
resort treatment for Gram-negative infections, as they retain activity
against chromosomal cephalosporinases and ESBLs. The production of
CPs can confer resistance to virtually all� -lactams and is the most com-
mon mechanism of resistance to carbapenems among Gram-negative
bacteria. Acquired CPs of clinical importance include KPC, VIM,
NDM, IMP and OXA-48, and their geographic distribution is remark-
ably diverse (Nasri et al., 2017; Kazmierczak et al., 2021; Neidhöfer
et al., 2021).

The role of wastewater from hospitals as a reservoir of potentially path-
ogenic or ARB of clinical concern, such as CPE and ESBL-E, and the associ-
ated risk are not fully understood. To date, studies investigating CPE or
ESBL-E in hospital wastewater have mainly used culture-based methods
paired with molecular methods such as PCR and sequencing to understand
phenotypic and molecular mechanisms of resistance in isolated bacteria
(Haller et al., 2018; Lépesová et al., 2020; L. Zhang et al., 2020). However,
molecular methods such as pulsed-� eld gel electrophoresis (PFGE) and
multilocus sequence typing (MLST) have been used to a much lesser extent
to understand the genetic relatedness and epidemiology of isolates (Daoud
et al., 2018; Kehl et al., 2022). Similarly, whole-genome sequencing (WGS)
and real-time PCR (qPCR) have rarely been used to assess the diversity and
abundance of ARGs (Flach et al., 2021; Azuma et al., 2022; Carlsen et al.,
2022). Therefore, a combined approach encompassing all of these methods
is needed to assess the role of hospital wastewater in the spread of
antibiotic-resistant priority pathogens.

In order to comprehensively characterize the wastewater from two hospi-
tals in Zagreb, this study aimed to investigate the prevalence ofEscherichia coli
and other coliforms presumed to be ESBL- or carbapenemase-positive, as well
as selected ESBL and CP genes and EOPs using culture-based and molecular
methods (real-time PCR). Additionally, a total of 159 enterobacterial isolates
(69 ESBL- and 90 CP-producing) was successfully isolated and identi� ed.
These isolates were characterized by phenotypic and genotypic assays to de-
termine their AR pro � les, molecular epidemiology, and ARGs present in
them. In addition, the mechanisms of AR and their potential mobility in the
selected isolates ofE. coli, Klebsiellaspp., andEnterobacter cloaceaecomplex
were characterized using WGS.

2. Materials and methods

2.1. Sample collection

Untreated wastewater samples were collected from two large hospitals
(abbreviated as H1 and H2) in Zagreb, Croatia. Both hospitals provide pri-
mary health care and emergency services and differ in the number of hos-
pital beds (H1 – 1510 beds, and H2– 570 beds). Samples were taken at
three consecutive days (biological replicates) in winter (from January 28
to 30) and summer (from July 24 to 26) of 2020. Grab wastewater samples
(2000 mL) were collected from the sewer system in sterile 2.5 L glass bot-
tles before being discharged into the municipal sewer system. Hospital
wastewater is not treated at the hospital before it enters the municipal
sewers, as is common for all hospitals in Croatia. The collected samples
were transported on ice in cool boxes to the laboratory and processed
within 2 h.
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2.2. DNA extraction and qPCR assays

For DNA extraction from wastewater, each sample was� ltered sepa-
rately in triplicate (subsamples of 50–90 mL) through mixed cellulose
ester membranes (47 mm diameter, 0.22� m pore size, GE Healthcare,
Life Science, USA). Total community DNA was extracted from each� lter
separately using the DNeasy Powersoil kit (Qiagen, USA) according to the
manufacturer's recommendations. Before the extraction procedure, the� l-
ters were cut into small pieces with sterile scissors. The three eluates from
each sample were pooled. DNA quality (260/280 ratio) was determined
using a Nanodrop spectrophotometer (BioSpec Nano, Shimadzu, Japan),
and DNA quantity was determined using a Qubit Fluorometer 3.0 (Thermo
Fisher Scienti� c, USA). All extracts were stored at� 20 °C until use.

qPCR was used to quantify two ESBL genes (blaTEM and blaCTX-M-32), � ve
CP genes (blaKPC-3, blaNDM, blaOXA-48-like, blaIMP, and blaVIM), colistin resis-
tance gene (mcr-1), and the 16S rRNA gene (rrn) as a marker for total bac-
teria. In addition, marker genes for EOPs belonging to the WHO priority
pathogens were also quanti� ed: yccT (E. coli), gltA (K. pneumoniae), secE
(Acinetobacter baumanii), and 23S rDNA (enterococci). Primers, qPCR con-
ditions and generation of standard curves are as described inPuljko et al.
(2022). The ampli� cation ef� ciency values for the latter taxonomic marker
genes are listed in Table S2 and ranged from 77 to 115 %. All qPCR assays
were performed on the ABI 7300 real-time PCR thermocycler (Applied
Biosystems, USA) with Power SYBR® Green PCR Master Mix (10� L, Ap-
plied Biosystems, USA), 1 � M of each primer (Puljko et al., 2022,
Tables S1, S2), and 2 ng of DNA template in a total volume of 20� L. All
samples were analysed in triplicate. Gene abundances were calculated per
1 mL sample (absolute abundance) and per number ofrrn copies (relative
abundance). The abundances of theyccT gene ofE. coli, the gltA gene of
K. pneumoniae, secE gene ofA. baumannii, the 23S rRNA gene of enterococci,
and the rrn gene of total bacteria were expressed as cell equivalents (CE)/
mL. In the case ofE. coli, K. pneumoniae, and A. baumannii, only one copy
of the target gene is present in a cell (Clifford et al., 2012 ; Gadsby et al.,
2015); thus, one copy number is equivalent to one cell. However, in entero-
cocci and total bacteria, average copy number of 23S rRNA and 16S rRNA
genes is� ve and three, respectively (Stoddard et al., 2015); therefore, 23S
rRNA and 16S rDNA copies determined by qPCR were divided by 5 and 3,
respectively, to convert them to CE.

2.3. Coliform counts and isolation of ARB

To enumerateE. coliand non-E. colicoliforms, a series of dilutions of
wastewater samples were prepared in 0.85 % NaCl (tenfold dilutions up
to 1:10,000), and then � ltered in triplicate through sterile mixed cellulose
ester membrane� lters (47 mm diameter, 0.22 � m pore size, Whatman,
GE Healthcare, Life Science, SAD). Filters were then placed on 1) Rapid'E.
coli 2 (Bio-Rad, France) for enumeration of total E. coli and non-E. coli
coliforms; 2) Rapid'E.coli2 agar plates supplemented with 4 mg/L cefotax-
ime (CTX) representing 3rd generation cephalosporins for enumeration of
CTX-resistant (CTX-R)E. coliand non-E. colicoliforms and 3) CHROMagar
mSuperCARBA (CHROMagar, France) agar plates for enumeration of
carbapenem-resistant (CR)E. coli and non-E. coli coliforms. Plates were
incubated at 37 °C for 24 h, and colonies of total, CTX-R and CRE. coli
and non-E. colicoliforms were enumerated, and their concentrations were
calculated as colony-forming units (CFU) per milliliter of wastewater
(CFU/mL).

For isolation of ARB, a total of 200 colonies of presumptive E. coliand
other coliforms were picked from Rapid'E.coli2 with CTX and CHROMagar
mSuperCARBA plates and re-streaked on the same medium to purity. The
puri � ed colonies were stored in a 20 % glycerol stock at� 80 °C.

2.4. Identi� cation of isolates

Bacterial isolates were sent to the Laboratory for Mass Spectrometry and
Functional Proteomics at the Ru� er Bo•kovi � Institute for identi � cation
using Matrix Assisted Laser Desorption Ionization– Time of Flight Mass

Spectrometry (MALDI-TOF MS) analysis. Isolates were streaked on
Mueller-Hinton plates (Oxoid, UK) and incubated overnight for 18 –24 h
at 37 °C. Colony material of pure cultures was transferred by direct
smearing onto spots of the MALDI-TOF MS target with tooth-picks. Bacte-
rial identi � cation was reported to the species level if the score value was
above 2.00 or to the genus level if the score was between 1.70 and 1.99.
A minority of isolates that could not be successfully identi � ed by MALDI-
TOF MS were identi� ed by sequencing of the 16S rRNA gene. For this pur-
pose, a 1465 bp fragment of the 16S rRNA gene was ampli� ed by PCR using
primers 27F and 1492R (Weisburg et al., 1991). Thermocycling conditions
were as follows: 5 min at 95 °C, followed by 35 cycles of 45 s at 95 °C, 1 s at
55 °C and 1:30 min at 72 °C, and a� nal extension step at 72 °C for 10 min.
Amplicons were sent to Macrogen (Amsterdam, Netherlands) for Sanger se-
quencing in the forward direction. The resulting sequences were character-
ized using BLASTn (http://www.ncbi.nlm.nih.gov/BLAST/ ). All sequences
were identi � ed to species level (� 99 % sequence identity).

2.5. Antibiotic susceptibility testing

All isolates were subjected to antibiotic susceptibility testing using the
disk diffusion method ( EUCAST, 2020). The antibiotics used were amoxicil-
lin (AML, 25 � g), amoxicillin/clavulanic acid (AMC, 30 � g), cephalexin (CL,
30 � g), cefuroxime (CXM, 30 � g), ceftazidime (CAZ, 10� g), cefepime (FEP,
30 � g), ertapenem (ETP, 10� g), imipenem (IPM, 10 � g), meropenem
(MEM, 10 � g), gentamicin (GM, 10 � g), trimethoprim/sulfamethoxazole
(SXT, 1.25/23.75 � g) and cipro� oxacin (CIP, 5 � g). The AML, CL and
CAZ disks were purchased from Oxoid, and the others from BD (BBL,
USA). Isolates that were resistant to any of the carbapenems underwent
minimum inhibitory concentration (MIC) determination by serial broth
microdilution according to EUCAST (2020)guidelines. In addition, colistin
(COL) resistance of all isolates was determined by MIC. Brie� y, in a sterile
96-well plate, a starting concentration of 64 mg/L (COL, IPM, and MEM) or
16 mg/L (ETP) was used and serially diluted twofold to a � nal concentra-
tion of 1 mg/L (COL, IPM, and MEM) or 0.25 mg/L (ETP). The remaining
two columns were used as a positive control for bacterial growth (no anti-
biotic) and a negative control (no bacteria added). The wells contained
90 � L of Mueller-Hinton broth (Merck, Germany) or cation adjusted
Mueller-Hinton broth 2 (Sigma-Aldrich, Germany; in the case of COL) and
serially diluted target antibiotics. Overnight bacterial cultures were diluted
to a concentration of 5 × 10 5 CFU/mL, and each well was inoculated with
10 � L of the culture. The plates were incubated overnight at 37 °C, and the
lowest concentration at which no visible growth was observed was deter-
mined as the MIC of the sample. StrainsEscherichia coliATCC 25922 and
Escherichia coliNCTC 13846 were used as quality controls. The isolates
were classi� ed as multidrug-resistant (MDR), extensively drug-resistant
(XDR), or pandrug-resistant (PDR) according to the de� nitions of
Magiorakos et al. (2012). Finally, isolates were clustered into groups ac-
cording to the similarity of their resistance patterns, and representatives
of each group were used for further targeted PCRs.

2.6. Phenotypic identi� cation of ESBLs, pAmpC and carbapenemases

For the detection of ESBL production, CTX-R isolates underwent the
double disk synergy test according to EUCAST guidelines (EUCAST,
2017). Brie� y, overnight cultures of isolates were diluted in saline to 0.5
McFarland concentration and plated on Mueller-Hinton agar plates with a
sterile cotton swab. Paired CAZ (30� g) and CTX (30 � g) disks were used,
which were 20 mm and 30 mm (centre to centre) from the amoxicillin-
clavulanate disk (AMC, 20 + 10 � g), respectively. Plates were incubated
overnight at 37 °C. An increase in the zone of inhibition (synergy with
clavulanate) for one of the 3rd generation cephalosporins was considered
a positive result for ESBL production.

To screen for pAmpC production, CTX-R isolates were subjected to a
combined disk test using phenylboronic acid (Gupta et al., 2014). Brie� y,
the cefoxitin disks (30 � g) alone and in combination with phenylboronic
acid (300 � g) were placed on the inoculated Mueller-Hinton agar plates.
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After overnight incubation at 37 °C, an increase in the zone of inhibition of
� 5 mm indicated pAmpC production.

To detect carbapenemase production, CR isolates were subjected to the in-
house Carba NP test (Nordmann et al., 2012). Brie� y, a calibrated loop (10 � L)
of bacterial colonies was resuspended in Tris-HCL lysis buffer and mixed with
100 � L phenol red solution containing ZnSO4×7H 2O (0.1 mM) and
imipenem-cilastatin (12 mg/mL). Aft er incubation at 37 °C for a maximum
of 2 h, the bacterial strains that changed the color of the suspension from
red to orange or yellow were considered to be carbapenemase producers.

2.7. Targeted PCRs

Targeted PCRs were performed on a subset of isolates with different AR
pro� les. Total bacterial DNA was extracted from bacterial overnight cul-
tures using the Quick-DNA™Miniprep Plus Kit (Zymo, USA) according to
the manufacturer's instructions. Isolates with con� rmed ESBL production
were tested for the presence of ESBL genes by multiplex PCR (blaTEM,
blaSHV, blaPER, blaVEB, blaGESand blaSME) and singleplex PCR (blaCTX-M

groups 1, 2, and 9). In addition, these isolates underwent multiplex PCR
for pAmpC genes (blaMOX, blaCIT, blaDHA, blaACC, blaEBC, and blaFOX). All iso-
lates with con� rmed CP production underwent PCR for the following CP
genes:blaIMP, blaKPC, blaNDM, blaOXA-48, and blaVIM. Bacterial isolates that
were identi � ed as colistin-resistant in broth microdilution assays under-
went multiplex PCR for the following genes: mcr-1, mcr-2, mcr-3, mcr-4
and mcr-5. Primer sequences and thermocycling conditions are listed in
Table S3. All positive PCR products were puri� ed using NucleoSpin Gel
and PCR Clean-up (Macherey-Nagel, Germany) and underwent Sanger se-
quencing in the forward direction (Macrogen). Resulting sequences were
edited and compared with reference sequences in the NCBI database
using the online BLASTX search.

2.8. Genotyping by PFGE and MLST

Isolates ofE. coli, Klebsiellaspp., andEnterobacterspp. were subjected to
genetic relatedness determination by PFGE ofXbaI-digested genomic DNA
using the CHEF-DR III system (Bio-Rad Laboratories, USA), as previously
described (Jelic et al., 2016). Restriction patterns were analysed with
BioNumerics software (Applied Maths, Belgium) using the DICE coef� cient
(tolerance 1.5 %), and the dendrogram was generated with UPGMA. Iso-
lates that had a similarity cut-off of � 85 % of their banding patterns
were assigned to the same cluster.

One representative of each cluster was analysed for the presence of a se-
quence type (ST) using the commercial service IDgenomics (Seattle, USA)
or by WGS (see below). In the case of the commercial service, the sequences
of 7 housekeeping genes of 3E. coliand 1 K. pneumoniaewere typed using
the databasehttps://pubmlst.org/ .

2.9. WGS and sequence analysis

Based on the results of antibiotic susceptibility testing and their clinical
signi� cance, selected isolates ofE. coli, K. pneumoniae, and E. cloacae
complex (cplx) were subjected to WGS, resulting in the sequencing of 4
E. coli, 2 K. pneumoniae, 2 Enterobacter asburiae, 3 Enterobacter cloacae, 1
Enterobacter ludwigiiand 1 Enterobacter kobeii. DNA was extracted from
frozen isolates revived by two consecutive smears on LB agar plates with
CTX or IPM (4 mg/L) and subculture overnight in LB broth with the appro-
priate antibiotic (4 mg/L CTX or IPM). Sequencing was performed on the
Ion Torrent PGM platform (Life Technologies, USA) according to the man-
ufacturer's instructions. The Ion Xpress Plus Fragment Library Kit was used
to enzymatically shear 100 ng of genomic DNA. The target fragment size
was 400 bp. Subsequently, the fragmented DNA was processed using the
Ion DNA Barcoding Kit (Life Technologies, USA) and its size was selected
using the E-Gel SizeSelect 2 % Agarose Kit (Life Technologies, USA). The
size and distribution of DNA fragments were analysed using the High Sen-
sitivity Kit (Agilent, USA). Further sample preparation was performed
using the Ion OneTouch Kit (Life Technologies, USA). Finally, the ampli� ed

DNA was sequenced using the 318 Chip (Life Technologies, USA). The raw
data were assembled de novo using the Assembler SPAdes software, ver.
3.1.0., which is part of the Assembler plugin on the Ion Torrent server. Ge-
nomes were annotated using the Rapid Annotation using Subsystem Tech-
nology (RAST) database (Aziz et al., 2008; Overbeek et al., 2014). ARGs
were found using ResFinder (Bortolaia et al., 2020). STs and plasmid repli-
con types were identi� ed using tools from the Center for Genomic
Epidemology website (Larsen et al., 2012; Carattoli et al., 2014).

Screening for chromosomal mutations in genes associated with colistin
resistance was performed using the reference genome ofE. cloacaeATCC
13047 (NCBI GenBank Accession No. CP001918).E. cloacaeATCC 13047
was screened for reference amino acid sequences of PmrA, PmrB, PhoP,
PhoQ, and MgrB. Whole genome sequences of 6Enterobacterspp. isolates
were used to search for chromosomal mutations causing resistance to
colistin in Enterobacterspp. by sequence BLASTing (http://blast.ncbi.nlm.
nih.gov). The effect of mutation as neutral/detrimental was determined
using the freely available PROVEAN (Protein Variation Effect Analyzer)
v1.1.3 software (http://provean.jcvi.org/seq_submit.php ).

2.10. Data analysis

Bacterial and gene concentration data were� rst log10-transformed be-
fore further analysis. The unpaired Welch'st-test was used to compare the
average concentration of target organisms (total coliforms, E. coli, other
coliforms) in hospital wastewater and the absolute concentration of EOPs
between seasons. In addition, the relative abundance of ESBL and CP
genes between seasons in each hospital wastewater was assessed using a
multiple unpaired t-test. All statistical analyses and data visualisations
were performed using GraphPad Prism ver. 9.4.0 for Windows (GraphPad
Software, San Diego, California, USA).

2.11. Data accessibility

The Sanger sequence data were submitted to GeneBank, and the acces-
sion numbers for each gene are as follows:blaVIM (OQ130426-OQ130434),
blaOXA-48 (OQ133342-133360), blaGES (OQ133361-133362), blaSHV

(OQ133363-OQ133367), blaCTX-M (OQ145335-OQ145369), blaNDM

(OQ145370-OQ145389), blaKPC (OQ145390-OQ145414), and blaTEM

(OQ215146-OQ215184). Whole genome sequencing data were submitted
under BioProject PRJNA913323 with BioSample accession numbers
SAMN32292703–SAMN32292715.

3. Results

3.1. Concentrations of total, CTX-R and CR E. coli and other coliforms

Cultivation on non-selective and two different selective plates revealed
the presence of total and presumptive CTX-RE. coliand non-E. colicoliforms
(Biorad Rapid'E.coli2 agar plates with CTX) and presumptive CRE. coliand
non-E. colicoliforms (CHROMagar mSuperCARBA plates) in all hospital
wastewater samples (Fig. 1). The average concentration of total E. coli
and non-E. colicoliforms in wastewater from the two hospitals was 9 ×
103 and 2.5 × 10 4 CFU/mL, respectively. In comparison, signi� cantly
lower concentrations of presumptive CTX-RE. coli (4.8 × 10 2 CFU/mL)
and non-E. coli(6.8 × 10 3 CFU/mL) were measured. However, the concen-
trations of presumptive CR E. coliand non-E. colicoliforms in the analysed
wastewater samples were slightly higher than the corresponding CTX-R
concentrations and were consistent with the total concentrations of the cor-
responding species (Fig. 1, Table S4). No signi� cant seasonal changes were
detected in presumptive CTX-R or CRE. coliand non-E. colicoliforms.

3.2. Abundance of ESBL and CP genes in hospital wastewater

Two ESBL (blaTEM, blaCTX-M-32) and � ve CP genes (blaKPC-3, blaOXA-48-like,
blaNDM, blaIMP, blaVIM) were detected in all hospital wastewater samples
using qPCR (Fig. 2). The concentrations of blaTEM and blaCTX-M-32 were
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mostly between approx. 10� 3 and 10� 4 gene copies/rrn copies (Fig. 2A).
Regarding seasonal variations, hospital H1 had signi� cantly higher levels
of blaTEM in summer samples, whereas hospital H2 had signi� cantly higher
levels of blaCTX-M-32 in the same season (unpairedt-test, p < 0.01). Among
the CP genes,blaKPC-3 was the most abundant in wastewater of both
hospitals, with signi � cantly higher levels in summer (approx. 10� 1 gene
copies/rrn copies) compared to winter samples (approx. 10� 3 gene
copies/rrn copies) (unpaired t-test, p < 0.01; p < 0.001) (Fig. 2B). The
relative abundance of the other CP genes examined mostly ranged from
approx. 10� 3 to 10� 4 gene copies/rrn copies with no signi� cant seasonal
differences observed, except forblaVIM in H1 and blaOXA-48 in H2 with
signi� cantly higher levels in summer samples. The colistin resistance
genemcr-1was not found in any of the hospital wastewater.

3.3. Concentrations of total bacteria and EOPs in hospital wastewater

The qPCR-based analyses of the bacterialrrn gene showed that the mean
concentration of total bacteria in the winter wastewater samples was
approx. 108 CE/mL and was signi� cantly lower in the summer samples

(107 CE/mL) (Welch's t-test,p < 0.001) (Fig. 3). In addition, quanti � cation
of speci� c taxonomic markers for EOPs such asE. coli(yccT), K. pneumoniae
(gltA), A. baumannii(secE), and Enterococcus spp. (23S rRNA) showed that
there were no signi� cant differences in gene abundances between seasons,
although median levels for A. baumanii were considerably higher in
summer than in winter samples. In general,E. coliwas the most abundant
species in the hospital wastewater samples (approx. 105 CE/mL), whereas
the concentrations of the other EOPs were approx. 104 CE/mL, with the
exception of A. baumaniiin summer.

3.4. Identi� cation of isolates

A total of 200 presumptive enterobacteria were successfully isolated on
selective media supplemented with antibiotics (CTX or carbapenems)
from wastewater samples from both hospitals. Of these, we identi� ed 159
members of the order Enterobacteralesand 41 strains not belonging to this
order by MALDI-TOF or 16S rRNA gene sequencing (Fig. S1A).
Enterobacteralesisolates included 69 CTX-R (27 from H1 and 42 from H2)
and 90 CR isolates (43 from H1 and 47 from H2) (Fig. S1B). The identi� ed

Fig. 1. Boxplot comparison of concentrations (CFU/mL) of total, presumptive CTX-R and CRE. coli(A) or non-E. colicoliforms (B) in wastewater from both hospitals. Boxes indicate
median and quartiles, and whiskers represent minimum and maximum values. Asterisks indicate signi� cant difference between seasons (*p < 0.05, multiple Welch's t-test).

Fig. 2. Relative abundance of ESBL (blaCTX-M-32 and blaTEM) (A) and carbapenemase (CP) genes (blaOXA-48, blaKPC-3, blaNDM, blaIMP, and blaVIM) (B) in wastewater from two
hospitals during winter and summer sampling. A signi� cant difference between gene abundance in samples from different seasons in each hospital was determined using
an unpaired t-test and is indicated by asterisks (**p < 0.01; *** p < 0.001, multiple unpaired t-test).
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Enterobacteralesfrom both hospitals belonged to eight different genera,
namely Escherichia(n = 58), Citrobacter(n = 39), Enterobacter(n = 29),
Klebsiella(n = 23), Raoultella (n = 5), Kluyvera (n = 3), Morganella
(n = 1), and Serratia(n = 1) (Fig. S1C).

3.5. Phenotypic tests for detection of� -lactamases

All presumptive CTX-REnterobacteralesisolates (n = 69) were found to be
positive for ESBL production in the double disk synergy test. Of these, 35 % of
isolates (n = 24) were also phenotypic ally positive for pAmpC production in
the phenylboronic acid disk test, and 32 % (n = 20) were positive for CP pro-
duction in the Carba NP test. In addition, all presumptive CR Enterobacterales
isolates (n = 90) were con � rmed as CPE by the Carba NP test.

3.6. Antibiotic susceptibility patterns

All 159 Enterobacteralesisolates from hospital wastewater (both ESBL-E
and CPE) were tested for antibiotic susceptibility by the agar disk diffusion

and broth microdilution methods ( Fig. 4). Of the � -lactam antibiotics tested,
all isolates were resistant to penicillins (AML, AMC), 1st (CL) and 2nd gener-
ation cephalosporins (CXM). More than 85 % of ESBL-E and>95 % of CPE
isolates were resistant to 3rd (CAZ) and 4th generation cephalosporins
(FEP), respectively. Almost all CPE isolates showed resistance to all three
carbapenems tested, whereas half of the ESBL-E isolates were found to be
carbapenem-resistant (51 %, ETP). Regarding resistance to other classes of
antibiotics, high ra tes of resistance to� uoroquinolones (CIP; � 87 %) were
observed in both groups of isolates. Resistance to aminoglycosides (GM) oc-
curred more frequently in ESBL-E (75 %) than in CPE isolates (57 %).
Trimethoprim-sulfonamide resistance (SXT) was con� rmed in 36 % of isolates
in both groups. Colistin resistance was found at relatively low levels, but in a
higher percentage (27 %) in CPE than in ESBL-E isolates (9 %).

Intrinsic resistance was consideredin the evaluation of MDR and XDR pro-
� les of Enterobacteralesisolates (Magiorakos et al., 2012). MDR was found in
all isolates (ESBL-E and CPE), and approximately 50 % of ESBL-E and 80 %
of CPE isolates were XDR (Fig. 4). In addition, one CPE isolate (E. kobei) was
classi� ed as PDR, because it was resistant to all antibiotics tested.

3.7. Molecular detection of ARGs

The subset of 42 ESBL-E isolates underwent targeted PCR to detect ESBL
and pAmpC genes. Of these isolates, those identi� ed as colistin- or
carbapenem-resistant underwent a PCR-based analysis targeting plasmid-
mediated colistin resistance genes or CP genes, respectively. Sanger sequenc-
ing of the amplicons was used to determine the gene variant (Table 1). The
most frequently detected ESBL gene wasblaCTX-M-1 group genes, speci� cally
blaCTX-M-15, which was present in 30 isolates, mainly E. coli (n = 13) and
K. pneumoniae(n = 8), while blaCTX-M-3 was detected in 4 isolates (Table 1).
This was followed by blaTEM-116, which was detected in 22 ESBL isolates.
Other ESBL genes detected wereblaSHV (blaSHV-12 and blaSHV-28) and blaGES-7,
which were detected only in Klebsiellaspp. Nineteen ESBL-E isolates possessed
two ESBL genes, mainlyblaCTX-M-15+TEM-116 (Table 1). Additionally, 12/42
isolates possessed CP genes, mainlyblaKPC-2(n = 6) and blaOXA-48 (n = 5),
whereasblaNDM-1 was detected in only one isolate (K. oxytoca) (Table 1).
The latter K. oxytocawas the only isolate in which 5 � -lactamase genes were
detected (blaCTX-M-15, blaTEM-1, blaGES-7, blaEBCand blaNDM-1) (Table 1). In addi-
tion, the pAmpC multiplex PCR revealed the presence ofblaEBC(6/42 isolates,
mainly in E. cloacaecomplex (cplx) and Klebsiellaspp.), blaCIT (6/42, found
only in Citrobacterspp.), andblaMOX genes (4/42, found only in E. coli).

Of the 43 CPE isolates selected for targeted PCR, CP genes were detected
in almost all isolates (41/43). The blaKPC-2(20/43, 47 %) and blaNDM-1 (19/

Fig. 3. Quanti� cation of E. coli (yccT), K. pneumoniae(gltA), A. baumannii(secE),
Enterococcusspp. (23S rRNA) and total bacteria (16S rRNA) (cell equivalents
(CE)/mL) from winter and summer wastewater samples from two hospitals. The
boxes indicate the median and quartiles, and the whiskers represent the minimum
and maximum values. Asterisks indicate signi� cant difference between seasons
(*** p < 0.001, multiple Welch's t-test).

Fig. 4. Percentage of ESBL- and carbapenemase-producingEnterobacterales(ESBL-E and CPE) isolates from hospital wastewater samples identi� ed with an antibiotic resistance
phenotype. AML: amoxicillin; AMC: amoxicillin/clavulanic acid; CL: cephalexin; CXM: cefuroxime; CAZ: ceftazidime; FEP: cefepime; ETP: ertapenem; IPM: imipenem; MEM:
meropenem; GM: gentamicin; SXT: trimethoprim/sulfamethoxazole; CIP: cipro� oxacin; COL - colistin; MDR: multidrug-resistant, XDR: extensively drug-resistant.
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43, 44 %) genes were the two most frequently detected ones, especially
in Citrobacterspp. (Table 2). E. cloacaecplx strains (n = 5) and E. coli
(n = 4) were also frequent carriers of blaKPC-2, whereas K. pneumoniae
was a frequent carrier of blaNDM-1 (n = 7).

Other CP genes detected wereblaOXA-48 (15/43 isolates, 35 %, mostly in
K. pneumoniae) and blaVIM-1 (9/43, 21 %, mostly in E. cloacaecplx and
Citrobacterspp.) (Table 2), whereas the 17/43 CPE isolates had two or
more CP genes. Among these 17 isolates, the most frequent combination
of genes wasblaOXA-48+NDM-1 in K. pneumoniae(n = 5) and Citrobacter
spp. (n = 1) and blaKPC-2+NDM-1 in E. cloacaecplx (n = 2) and Citrobacter
spp. (n = 3) ( Table 2). The most common combination of three CP genes
were blaKPC-2+NDM-1+VIM-1 , detected in Citrobacterspp. (n = 3).

Both ESBL-E and CPE isolates were negative for mobile colistin resis-
tance genes (mcr1-mcr5).

3.8. Molecular epidemiology of E. coli, K. pneumoniae and E. cloacae cplx isolates

Clonal relatedness of all (ESBL-E and CPE)E. coli (n = 58),
K. pneumoniae(n = 22) and E. cloacaecplx isolates (n = 26) was deter-
mined by PFGE, and ST was determined for one representative isolate
from each cluster.

For E. coli, a total of 6 PFGE clusters were found: A (n = 2), B (n = 4), C
(n = 7), D (n = 8), E (n = 15) and F (n = 2); 14 isolates could not be
assigned to any cluster and 5 could not be typed. Five different STs were
found among the clustered isolates: ST216, ST405, ST361, ST541, and
ST131. Isolates from clusters D and F had the same ST131, while the ST
of the largest cluster (E) could not be determined. The distribution of
E. coli isolates among clusters showed partitioning between hospitals. The
largest cluster (E) included 15 isolates (with blaKPC-2or blaTEM-1/ TEM-116

+ blaCTX-M-15+ blaMOX+ blaKPC-2), all of which were from H2 hospital waste-
water. Most of them showed the same AR pro� le and were susceptible only
to SXT and COL. TheE. colistrains of another dominant cluster (D) were ST
type ST131 (blaTEM-1 or blaTEM116+ blaCTXM-15), and all but one were from
H2. The isolates of the third dominant cluster (C) belonged to ST541
(blaKPC-2), were all derived from H1. They were only susceptible to GM,
SXT and COL. Isolates from the latter two clusters (C and D) had phenotypic
resistance to a lower number of antibiotics tested than those from the larg-
est cluster E.

Among the 22 K. pneumoniaeisolates, 3 PFGE clusters were found
among 13 isolates, whereas the remaining 9 isolates were singletons
(Fig. 5B). Three different ST were identi� ed: ST16, ST101, and ST307.
The largest cluster B included 9 isolates from H2 wastewater belonging to
ST101, and most of them showed resistance to all antibiotics tested, except
colistin, and carried blaOXA-48 or blaOXA-48 + blaNDM-1.

For theE. cloacaecplx, PFGE genotyping was assessed per species (Fig. 5C).
The E. cloacae(n = 16) were grouped into 3 clusters (n = 11), and the re-
maining 5 isolates were singletons. Cluster C was the largest and included 6
isolates from H2 wastewater that were ST type ST277 and showed phenotypic
resistance to carbapenems (blaKPC-2) and colistin but were susceptible to GM
and SXT (Fig. 5C). The ST type of the second largest cluster (B) could not be
determined (blaVIM-1), whereas 2 isolates of cluster A belonged to ST32. Of
the E. asburiaeisolates (n = 7), only 4 were in a cl uster (cluster A), originated
from H2 and belonged to ST277 (blaKPC-2+ blaNDM-1). The remaining 3 iso-
lates were singletons (Fig. 5C). ThreeE. ludwigiiisolates from H2 wastewater
had a similarity percentage >94 %, and belonged to ST277. These isolates
had the same genotypic (blaKPC-2) and phenotypic resistance pro� le as
E. cloacaeisolates from cluster C (Fig. 5C). Two E. bugadensisisolates were sin-
gletons, and oneE. kobeiwas not included in this analysis.

3.9. Presence of ARGs, STs and plasmid replicon types in isolates by WGS analysis

A total of 13 isolates were subjected to WGS analysis - fourE. coli, two
K. pneumoniae, three E. cloacae, two E. asburiae, one E. ludwigii, and one
E. kobei(Table S8). This selection mainly included isolates from dominant
and distinct clusters with clinically-relevant features, such as resistance to
carbapenems and/or colistin.

Of the four different E. coliisolates, the STs were identi� ed for three of
them, including ST361, ST131, and ST541 while one isolate could not be
typed. All three ESBL-producingE. coli(ST361, ST131 and ND) contained
blaCTX-Mgenes (blaCTX-M-15and/or blaCTX-M-194) and the blaOXA-1gene, whereas
one ST361 strain additionally possessedblaTEM-1B. In addition, all E. coliiso-
lates contained the pAmpCblaEBCgene. Phenotypic resistance to aminoglyco-
sides was supported by the detection ofacc(6�)-Ib-cr and/or aac(3)-IIa genes,
whereas resistance to� uoroquinolones was supported by the presence of
qnrB1 and/or acc(6�)-Ib-cr, to chloramphenicol by the detection of catB3 and
to trimethoprim/sulfamethoxazole by dfrA12 gene. Other resistance genes
found comprised the lnuF gene (lincomycin resistance),tetA(tetracyline resis-
tance), and sitABCDgene (resistance to biocides - hydrogen peroxide). Two
ESBL-producingE. coliisolates (ST361 and ND) were phenotypically identi� ed
as carbapenem resistant, but WGS analysis did not detect carbapenem

Table 1
Distribution of ESBL, pAmpC and carbapenemase genes among ESBL-producing
Enterobacteralesfrom hospital wastewater samples.

Isolates (n = 42) ESBL, pAmpC and carbapenemase genes

Escherichia coli(n = 18) TEM-1 (1)
TEM-1 + CTX-M-15 (6)
TEM-116 (3)
TEM-116 + EBC (1)
TEM-116 + CTX-M-15 (3)
TEM-116 + CTX-M-15 + MOX + KPC-2 (4)

Klebsiella pneumoniae(n = 8) CTX-M-15 + SHV-28 (1)
TEM-1 + CTX-M-15 + SHV-28 (1)
TEM-1 + CTX-M-15 + SHV-28+ EBC (1)
TEM-116 + CTX-M-15 (1)
TEM-116 + CTX-M-15 + SHV-12 (2)
TEM-116 + CTX-M-15 + GES-7 (1)
TEM-116 + CTX-M-15 + EBC + OXA-48 (1)

Klebsiella oxytoca(n = 1) TEM-1 + CTX-M-15 + GES-7 + EBC + NDM-1 (1)
Enterobacter cloacaecplx (n = 5) TEM-116 (2)

TEM-116 + EBC (1)
TEM-116 + CTX-M-15 + EBC (1)
TEM-1 + CTX-M-15 + EBC + OXA-48 (1)

Citrobacterspp. (n = 6) TEM � 1 + CXT- M-3 + CIT (2)
TEM-1 + CTX-M-15 + CIT (1)
TEM-1 + CTX-M-15 + CIT + OXA-48 (1)
TEM-116 + CTX-M-15 + CIT (2)

Other Enterobacteralesa (n = 4) TEM-1 + CTX-M-3 + OXA-48 (2)
TEM-1 + CTX-M-15 + KPC-2 (2)

a Other Enterobacterales– Kluyvera cryocrescens(2), Raoultella planticola(1),
Raoultella ornithinolytica(1)

Table 2
Distribution of carbapenemase genes among CPE isolates from hospital wastewater.

Isolates (n = 43) Carbapenemase genes

Escherichia coli(n = 4) KPC-2 (4)
Klebsiella pneumoniae(n = 14) KPC-2 (1)

OXA-48 (6)
NDM-1 (2)
OXA-48 + NDM-1 (5)

Enterobacter cloacaecplx (n = 9) KPC-2 (3)
KPC-2 + NDM-1 (2)
VIM-1 (2)
no detected genes (2)

Citrobacterspp. (n = 10) NDM-1 (1)
OXA-48 + NDM-1 (1)
KPC-2 + NDM-1 (3)
VIM-1 + NDM-1 (1)
KPC-2 + NDM-1 + VIM � 1 (3)
VIM-1 (1)

Other Enterobacteralesa (n = 6) KPC-2 (2)
OXA-48 (1)
VIM-1 (1)
KPC-2 + OXA-48 + VIM-1 (1)
KPC-2 + OXA-48 + NDM-1 (1)

a Other Enterobacterales– Kluyvera cryocrescens(1), Raoultella planticola(2),
Raoultella ornithinolytica(1), Serratia marcescens(1), Morganella morganii(1).
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resistance genes in them, whereas the presence ofblaKPC-2was detected by
PCR in one of them. This gene was also detected in CP-producingE. coli
(ST541), and phenotypic resistance to� uoroquinolones was con� rmed by
the detection of the qnrS1 gene.

Two CP-producingK. pneumoniaeisolates belonged to ST16 and ST101,
respectively (Table S8). According to WGS, these two isolates carried the
blaOXA-48 gene; however, targeted PCR additionally detected the presence of
blaNDM-1. They also possessed ESBL genes such asblaCTXM-15, blaSHV-205, and
blaOXA-1. Additional genes responsible for resistance to trimethroprim/sulfa-
methoxazole (dfrA14), (� uoro)quinolones (aac(6�)-lb-cr, oqxA, oqxB,
qnrB1), fosfomycin (fosA, fosA5), or chloramfenicol ( catB3) were also de-
tected in these isolates.

E. cloacaecplx included ST277 isolates (2E. asburiae, E. cloacae, and
E. ludwigii), ST32 (E. cloacae) and ST501 (E. kobei), whereas one isolate
could not be assigned into any ST. Carbapenemase production activity
was supported by the WGS-based detection ofblaKPC-2 in ST277 and
ST501 isolates orblaVIM-1 genes (unknown ST), and targeted PCR addition-
ally detected blaNDM-1 in two Enterobacterisolates (ST277, ST501). In addi-
tion to the blaTEM gene, which was detected in all but oneEnterobacterspp.,
other resistance genes for� -lactams were observed, includingblaCTX-M-3

(in ST501), blaOXA-1 (in ST277), blaOXA-10 (in ST277, ST32), andblaOXA-14

(in ST501). Each isolate contained oneblaACT/ blaMIR gene. Three isolates
with phenotypic gentamicin resistance contained aac(6�)-Ib-cr, aac(3)-I,
aph(3� )-Ib, and aph(6�)-Id genes, and four gentamicin-susceptible isolates
contained aac(3�)-1 and aadA11 or aac(6�)-Ib-cr. Of the 7 isolates display-
ing phenotypic cipro � oxacin resistance, two containedqnrB1 or qnrS1
genes and no cipro� oxacin resistance genes were detected in the� ve iso-
lates. Two Enterobacterisolates with phenotypic trimethoprim/sulfameth-
oxazole resistance contained thesul1, sul2and dfrA14 genes. Other genes
responsible for resistance to fosfomycin (fosA), rifampicin ( arr-3),

chloramphenicol (catB3), and the biocides (qacE) were also found sporadi-
cally. No plasmid-mediated mcr colistin resistance genes were detected in
ST277, ST32 and ST501 strains that were phenotypically resistant to colis-
tin. These isolates had mutations in three or more genes (pmrA, pmrB, phoP,
phoQand mgrB) which are associated with colistin resistance. The total
number of numerous mutations detected in all six Enterobacterspp. isolates
was 343 and the analysis in PROVEAN revealed 91 unique mutations (6
deleterious - PmrA – P174A; PmrB– E218G, S308Q, G309R, L310S; PhoP
– N174S; and 85 neutral mutations) (Table S9). Multiple amino acid substi-
tutions were noted for all proteins except for MgrB that had one amino acid
substitution (V10I) found in 4 Enterobacterspp. isolates. The L133I muta-
tion in the phoQgene was reported for the� rst time in this study, as indi-
cated in Table S9.

The genetic context of the blaCTX-M, blaOXA-48, blaKPC-2, and blaVIM-1

genes was analysed using RAST annotations (Fig. 6). The blaCTX-M genes
(blaCTX-M-15, blaCTX-M-194 and blaCTX-M-3) were � anked by insertion
sequences (ISEc9or IS6 family) and/or transposases (Tn3 family) in all
genomes (analysed by WGS) in which these genes were detected (6/13).
The blaOXA-48 gene was� anked by a lysR gene in K. pneumoniaeST101
and ST16 and by an IS4 family insertion sequence inK. pneumoniae
ST101. TheblaKPC-2gene was� anked in � ve Enterobacterspp. (ST277 and
ST501) by genes belonging to the Tn3-based transposon family (ISKpn6
and ISKpn27). Two ST277 Enterobacterisolates (E. cloacaeand E. ludwigii)
carried blaKPC-2together with the blaTEM-1 gene as part of this Tn3 transpo-
son. Similarly, blaKPC-2was present in ST541E. coliassociated with the Tn3-
based transposon, Tn4401. The blaVIM-1 was associated in E. cloacae
(unknown ST) with genes encoding resistance to aminoglycosides (aac
(6�)-Ib-cr, aadA1), biocides (qacE� 1), and sulfonamides (sul1).

Finally, plasmids were detected in all 13 sequenced isolates, with eleven
isolates containing more than one replicon (Table S8). In total, 19 different

Fig. 5. Dendrogram generated with Bionumerics software showing cluster analysis ofXbaI-PFGE patterns of (A)Escherichia coli, (B) Klebsiella pneumoniae, and (C)Enterobacter
spp. isolates along with their antibiotic resistance phenotypes and genotypes, and multilocus sequence types (MLST). Red squares represent resistance, yellow squares
represent intermediate resistance, and green squares represent susceptibility to the indicated antibiotics (AML- ampicillin, AMC– ampicillin/clavulanic acid, FEP –
cefepime, CAZ– ceftazidime, CXM – cefuroxime, CL – cefalexin, CIP- cipro� oxacin, ETP– ertapenem, GM– gentamicin, IPM- imipenem, MEM – meropenem, SXT–
trimethoprim/sulfamethoxazole, COL –colistin). ID stands for the name of the isolate. ND indicates that a MLST could not be completely identi� ed. Medium indicates the
selective antibiotic (CTX – cefotaxime or CARB– carbapenem) contained in the culture medium. Isolates selected for whole genome sequencing are underlined. (For
interpretation of the references to color in this � gure legend, the reader is referred to the web version of this article.)
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plasmid replicon types were identi � ed in E. coli, K. pneumoniae, and Entero-
bacterspp. The most frequently detected plasmid replicon types were IncFIB
(n = 9) and IncHI2 (n = 6).

4. Discussion

This study focused on the resistance to 3rd generation cephalosporins
and carbapenems, especially amongEnterobacterales, which are now
among the most prevalent ARB threatening human health. Monitoring of
these bacteria and their ARGs from high-risk point sources such as hospital
wastewater is critical to obtain the information needed to track their spread
in the environment.

The culture-based enumeration ofE. coliand other coliforms resistant to
CTX (3rd generation cephalosporin) or carbapenems in hospital wastewa-
ter analysed here showed that concentrations ranged from 103 to 104

CFU/mL, which is up to two orders of magnitude higher than in the in � uent
of the receiving WWTP in Zagreb (Puljko et al., 2022). This high prevalence
of CTX-R and CRE. coliand non-E. colicoliforms in wastewater from the
two large hospitals in Zagreb is comparable or lower than in several
previous studies, including hospital wastewater from neighbouring
Austria and Slovenia (Rozman et al., 2020). The lack of on-site treatment
of sewage in Zagreb hospitals exacerbates the potential for further spread
and resulting health impact of bacterial resistance to last-line antibiotics
such as carbapenems.

The further quanti � cation of � ve CP genes (blaOXA-48, blaKPC-3, blaNDM,
blaIMP, and blaVIM) by qPCR in wastewater from both hospitals showed
that blaKPC-3was detected at the highest levels and reached relative levels
of up to 10� 1 gene copies/rrn copies. These levels were unusually high
compared to previously published concentrations of blaKPC in hospital
wastewater samples (around 10� 5 gene copies/rrn copies) (S. Zhang
et al., 2020). This high prevalence ofblaKPCin the studied hospital wastewa-
ter is consistent with the frequent detection of KPC-producing isolates in
Croatian hospitals, especiallyK. pneumoniae(Bedeni� et al., 2015, 2021;
Jelic et al., 2016). The potential risk of this gene would be exacerbated by
the possibility of horizontal transmission between strains, as has already
been demonstrated in clinical isolates in Croatia (Jelic et al., 2016). Finally,
the fact that blaKPCis predominantly associated with hospital wastewater

but rarely detected in the environment ( Jeli� et al., 2019; Hooban et al.,
2020) may lead to the prioritisation of monitoring this gene to detect poten-
tial leakage from inadequately treated hospital wastewater. The concentra-
tions of other CP genes,blaOXA-48, blaNDM, blaVIM, and blaIMP, as well as two
ESBL genes,blaTEM and blaCTX-M-32, were within the range of previous
studies (� 10� 3 to 10� 4 gene copies/rrn copies) (Rodriguez-Mozaz et al.,
2015; Flach et al., 2021). Moreover, the qPCR-based quanti� cation of the
WHO priority pathogens E. coli, K. pneumoniae, A. baumanii, and Enterococ-
cusspp. showed that hospital wastewater contained all of these pathogens
at concentrations of 103 to 105 CE/mL (or 10� 3 to 10� 5 CE/rrn copies),
which were comparable to those measured in German hospital wastewater
samples (Alexander et al., 2022). All these results con� rm that hospital
waste is an important reservoir for high-priority pathogens and ARGs and
a pathway for their dissemination in water systems.

To place the obtained ARG data in a medical context, culture-based
methods paired with molecular methods such as WGS and PCR were used
to investigate the phenotypic and molecular mechanisms of resistance in
CR and CTX-R enterobacterial isolates. Sixty-nine CTX-R and 90 CR
Enterobacteraleswere successfully isolated from our hospital wastewater
samples. The mechanisms underlying resistance to CTX and carbapenems
in these isolates were the production of ESBL and carbapenemases, respec-
tively. Among the CPE isolates,Citrobacterspp. (34 %), Enterobacterspp.
(26 %), E. coli (18 %) and Klebsiellaspp. (16 %), dominated, whereas
E. coli(61 %), Klebsiellaspp. (13 %), and Citrobacterspp. (12 %) were pre-
dominant among ESBL-E isolates. All isolates tested were found to be
MDR, consistent with the ability of enterobacteria to acquire various
ARGs via HGT, which is mostly mediated by plasmids (Cantón et al., 2012).

ESBL-E isolates had high rates of resistance to� uoroquinolones (87 %),
aminoglycosides (75 %), and even carbapenems (ETP, 51 %), in addition to
3rd and 4th generation cephalosporins. Further genetic characterization of
these isolates revealed that themost common ESBL genotype was
blaCTX-M-15 (71 %) and blaTEM-116 (52 %), whereas blaSHV (12 %)
(blaSHV-12 and blaSHV-28) was rare. Moreover, blaCTX-M-15 and blaTEM-116/TEM-1

co-occurred in the majority of our E. coli, Klebsiellaspp. andCitrobacterspp.
isolates, whereas blaCTX-M-15, blaTEM, and blaSHV co-occurred only in
K. pneumoniaeisolates (10 %). This is consistent with previous reports from
Zagreb hospitals, including H1 studied here, describing a frequent association

Fig. 6. Schematic presentation of the genetic environment of ESBL (blaCTX-M) and carbapenemase genes (blaOXA-48, blaKPC-2and blaVIM-1). Numbers (1–3) denote predicted
regions for cefepime resistance (1), aztreonam resistance (2), cipro� oxacin resistance (3), and mannose-1-phosphate guanylytransferase (4). STND- sequence type could
not be completely identi � ed. Analyses were performed using RAST annotation and the Gene Graphics web application (https://genegraphics.net ).
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of these genes in clinical enterobacterial isolates (Bedeni� et al., 2016;
D'Onofrio et al., 2020). In addition, co-production of ESBL (blaCTX-M, blaTEM,
blaSHV), pAmpC (blaMOX, blaEBCor blaCIT), and CP genes (blaKPC-2, blaOXA-48

or blaNDM-1) was observed in some of the ESBL-E isolates analysed here, consis-
tent with a worldwide survey of clin ical enterobacterial isolates (Kazmierczak
et al., 2021).

CPE isolates showed a high rate of resistance to all� -lactam antibiotics
tested, including carbapenems, and to� uoroquinolones (99 %), but also to
a lesser extent to aminoglycosides (57 %). However, 27 % CPE isolates were
resistant to colistin, which may lead to treatment failure if spread further, as
carbapenems and colistin are considered as last choice antibiotics for the
treatment of MDR bacteria. The blaKPC-2and blaNDM-1 were the most fre-
quently detected CP genes in this study, particularly in Citrobacterspp.
These species are becoming increasingly important in the hospital setting
as emerging carriers of CPs, with KPC-2, OXA-48 or VIM predominating de-
pending on the geographic location (Arana et al., 2017; Babiker et al., 2020;
Yao et al., 2021).The presence ofblaVIM-1 and blaNDM-1 has also been re-
ported in Citrobacter freundiifrom hospital H1 studied here (Atali � et al.,
2014; Bedeni� et al., 2016). Our results also show the co-occurrence of
two CPs (mostly blaKPC-2+NDM-1 ) in Citrobacterspp. which is consistent
with some previous studies (Yao et al., 2021), or even three different CPs
such asblaKPC-2+NDM-1+VIM-1 , which to our knowledge has not been re-
ported before. This indicates that theseCitrobacterspp. could be a relevant
reservoir for potentially transmissible carbapenem resistance in hospital
wastewater. Moreover, in the present study, carbapenem-resistant
K. pneumoniae, which are an emerging public health problem in Croatia
and other EU countries, were found to contain predominantly blaOXA-48

and blaNDM-1 genes, which frequently co-occur. This is consistent with pre-
vious � ndings showing that blaOXA-48 and blaNDM-1 are frequently detected
CP genes in clinical K. pneumoniaein Zagreb hospitals (Bedeni� et al.,
2016, 2022) and hospitals from surrounding countries such as Italy
(Lorenzin et al., 2022), Slovenia (Benuli� et al., 2020) and Serbia
(Palmieri et al., 2020). Isolation of this WHO priority pathogen from hospi-
tal wastewater provides a secondary reservoir and possible transmission
route for these bacteria to natural waters and the community.

Molecular epidemiology using PFGE coupled with WGS identi� cation of
ARGs and MLST was further performed on critical priority pathogens (WHO,
2017): ESBL- and CP-producingE. coli, K. pneumoniae, and Enterobacterspp.
Among the E. coliisolates, the ST of the largest cluster could not be identi� ed,
possibly due to their environmental origin. In addition, WGS analysis of a
representative of this cluster revealed multiple ARGs for� -lactams, including
ESBL (blaCTX-M-15, blaCTX-M-194, blaTEM-116) and CP genes (blaKPC-2), and for
other priority antibiotics, as well as the presence of several plasmids, includ-
ing those already associated with the transmission ofblaCTX-M-15(IncFIA and
IncFIB) or blaKPC-2(IncR and Col440I) (Chen et al., 2014; Nicolas-Chanoine
et al., 2014; Rocha-Gracia et al., 2022). E. coli ST131 and ST541 were
among the most common sequence types detected in this study. Interestingly,
ST131 has also been found in human MDR isolates from hospitals in Croatia
(Krilanovi � et al., 2020) and other countries (Price et al., 2013), and in the
environment including municipal wastewater ( Hocquet et al., 2016; Lopes
et al., 2021). In this study, E. coliST131 had ESBL (blaCTX-M-15+TEM116 ) and
pAmpC genes (blaEBC) and was found by WGS to have ARGs to other antibi-
otics such as gentamycin and chloramfenicol and biocides (peroxides). It also
contained the plasmid replicon types IncFIA and IncFIB which have been as-
sociated with the spread of the blaCTX-M-15 gene (Nicolas-Chanoine et al.,
2014; Rocha-Gracia et al., 2022). In another ST, ST541, detected in CP-
producing E. colistrains,blaKPC-2and ARGs to several other antibiotic classes
were detected. This ST is rare and has been detected in livestock in Asia
(Chan et al., 2014; Qiu et al., 2019).

Among the K. pneumoniaeisolates examined in this study, ST101 was the
most prevalent multidrug-resistant clone, with phenotypic resistance to all � -
lactams including carbapenems. This ST was predominantly associated here
with the blaOXA-48 gene which was � anked by the IS4 family transposase
IS10A, previously found predominantly in pOXA-48 plasmids (Hendrickx
et al., 2021). This suggests that ST101K. pneumoniaehas the potential to
spread carbapenem resistance through horizontal transmission. In agreement

with our results, the presence of blaOXA-48 and blaNDM-1 in ST101
K. pneumoniaeisolates has recently been reported in Italian and Slovenian
hospitals (Nucleo et al., 2020; Benuli� et al., 2020). In addition, this ST has
also been detected in hospitals and treated hospital wastewater in Serbia
and Romania, respectively (Novovi� et al., 2017; Popa et al., 2021) Other
STs detected inK. pneumoniaeisolates were ST16, associated with CP pro-
ducers carrying blaOXA-48 and/or blaNDM-1 and blaCTX-M-15 ESBL, and ST307,
associated with ESBL producers carryingblaCTX-M-15 and blaSHV-28. Previous
studies from Croatia have reported the occurrence ofblaNDM-1 or blaOXA-48

in clinical ST16 K. pneumoniae, but the co-occurrence of blaNDM-1 and
blaOXA-48 has not yet been reported in this lineage in Croatia (Kocsis et al.,
2016; Bedeni� et al., 2018; Jeli� et al., 2018). In other countries, ST16 is fre-
quently associated with co-occurrence ofblaOXA-232 and blaNDM-1 (Abe et al.,
2022; Avolio et al., 2017 ; Espinal et al., 2019). Furthermore, ST307 has also
been described in CTX-M-15-producingK. pneumoniae, which caused a noso-
comial outbreak in Germany (Haller et al., 2019). In addition, WGS showed
that both ST16 and ST101 contained ARGs for several antibiotic classes other
than � -lactams and several plasmid replicon types, including IncFIA, IncFIB,
and IncR that have previously been associated with the carriage ofblaCTX-M-15

in K. pneumoniae(Wyres et al., 2019; Silva et al., 2022). Apart from the likely
plasmid association,blaCTX-M-15 was � anked by insertion sequences and Tn3
type transposon in ourK. pneumoniaeandE. coliisolates, highlighting the role
of these platforms in its further dissemination ( Zhao and Hu, 2013; Grevskott
et al., 2020).

The majority of E. cloacaecplx isolates analysed in this study were
carbapenemase producers belonging to ST277, which to our knowledge
has not been previously detected in humans or environmental samples.
This ST was MDR with carbapenem and colistin resistance being the most
commonly detected resistance phenotypes. WGS showed that these isolates
harboured CP genesblaKPC-2or blaKPC-2+ blaNDM-1 and several other ARGs
for � -lactam and other antibiotic classes and biocides, but no mobile colistin
resistance genes. However, point mutation analysis of theseE. cloacaecplx
isolates identi� ed mutations in the pmrA, pmrB, phoP, phoQor mgrBgenes
that most likely confer the observed colistin resistance, suggesting chromo-
somally associated resistance mechanisms. In addition, WGS showed that
these isolates contained a diverse plasmidome, including plasmid replicon
types associated with the carriage ofblaKPC-2 (IncFII, IncN, IncP6, IncR,
IncX5, and Col440I) (Chen et al., 2014; Souza et al., 2019; Yao et al.,
2017) or blaNDM-1 (IncFIB, IncN, and IncR) (Wu et al., 2019). This suggests
that these CP genes may spread further via HGT. Furthermore,E. cloacae
isolates whose ST classi� cation could not be successfully identi� ed (cluster
B) contained blaVIM and mobilizable plasmids such as IncHI2, IncHI2A, and
IncC, which are commonly associated with the transmission of this gene
(Arcari et al., 2020; Sadek et al., 2020). The blaVIM gene was genetically
linked to several ARGs for other classes of antibiotics or antiseptics in
these isolates, suggesting possible common transmission of these genes
via HGT. Finally, a ST501E. kobeiisolate that had previously successfully
colonized and persisted in hospital sinks and plumbing (Aranega-Bou
et al., 2021), was phenotypically identi � ed here as PDR. This was sup-
ported by the presence of a variety of ARGs, including the carbapenemases
KPC-2 and NDM-1, which could be associated with the detected plasmids
IncN and IncR, respectively (Chen et al., 2014; Gamal et al., 2016; Wang
et al., 2018). Of note, blaNDM-1 was not detected in this and several other
isolates by WGS, but only by targeted PCR paired with Sanger sequencing,
which may be due to loss of plasmid carrying blaNDM-1 during repeated sub-
cultures compared to the � rst subculture used for DNA isolation for
targeted PCR. Finally, the analysis of the genomic context ofblaKPC-2

showed that Enterobacterisolates carried this gene as part of a non-
Tn4401 transposon, as also reported in clinicalEnterobacterisolates from
Colombia (De La Cadena et al., 2018) and environmental Klebsiellaisolates
from Brazil ( Janssen et al., 2021), suggesting the potential for mobilization.

5. Conclusions

The results of this study, which is the � rst of its kind in Croatia, show
that the wastewater from the two major hospitals in Zagreb contains
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relatively high levels of coliform bacteria resistant to 3rd generation ceph-
alosporins and carbapenems, as well as clinically signi� cant ESBL and CP
genes. Of concern is the presence of the multidrug-resistant WHO priority
pathogens with both intrinsic (point mutations involved in colistin resis-
tance) and acquired resistance mechanisms (ESBL and carbapenemase) pre-
viously reported in patients from local hospitals as well. So there is a
possibility that these pathogenic strains and antibiotic-resistant strains
can be transmitted into the water systems and then back to humans and
animals. Effective treatment of hospital wastewater with advanced treat-
ment methods such as UV and ozone treatments must therefore be ensured
to reduce or stop the spread of ARB and ARGs of clinical concern in the
natural environment.
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WWTP Season Sample 
Combined coliforms E. coli Non E. coli 

Non-resistant CTX-R CR Non-resistant CTX-R CR Non-resistant CTX-R CR 

V
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Winter 

Influent 1.52x104 1.01x102 4.05x101 7.48x103 1.73x101 1.62x101 7.75x103 8.37x101 2.43x101 
Effluent 1.38x102 1.05 0.61 6.60x101 0.16 0.19 7.22x101 0.89 0.42 

log reduction 2.04±0.1 2.05±0.19 1.82±0.19 2.06±0.31 2.03±0.14 1.95±0.22 2.02±0.09 2.06±0.21 1.79±0.22 
 

Summer 
Influent 5.75x104 3.00x102 1.55x102 3.48x104 5.33x101 6.18x101 2.27x104 2.47x102 9.35x101 
Effluent 1.83x103 8.80 2.92 1.05x103 2.00 0.56 7.80x102 6.80 2.36 

log reduction 1.83±0.47 1.81±0.48 2.05±0.76 1.83±0.44 1.64±0.91 2.22±0.86 1.76±0.51 1.81±0.41 1.96±0.72 

B
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Winter 

Influent 3.60x104 3.28x102 2.50x102 2.35x104 6.17x101 1.40x102 1.24x104 2.67x102 1.10x102 
Effluent 3.08x103 9.35x101 2.06x101 1.95x103 1.10x101 4.22 1.13x103 8.22x101 1.64x101 

log reduction 1.51±0.73 1.22±0.84 1.39±0.45 1.58±0.77 1.17±0.60 1.47±0.15 1.40±0.73 1.25±0.88 1.16±0.53 
 

Summer 
Influent 7.00x104 5.57x102 2.93x102 3.73x104 1.02x102 5.00x101 3.27x104 4.55x102 2.43x102 
Effluent 5.02x102 4.45 1.63 2.37x102 0.98 0.078 2.65x102 3.47 1.55 

log reduction 2.20±0.2 2.10±0.14 2.32±0.24 2.25±0.20 2.00±0.07 2.85±0.34 2.13±0.23 2.15±0.18 2.27±0.22 

Z
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Winter 

Influent 3.75x104 5.22x102 3.23x102 1.90x104 1.48x102 8.00x101 1.84x104 3.73x102 2.43x102 
Effluent 3.17x102 5.57 3.83 1.27x102 1.15 0.91 1.90x102 4.24 2.92 

log reduction 2.07±0.11 1.97±0.15 1.93±0.12 2.18±0.09 2.15±0.32 1.97±0.16 1.96±0.24 1.92±0.17 1.91±0.12 
 

Summer 
Influent 1.37x105 1.56x103 1.67x103 6.05x104 1.90x102 1.13x102 7.58x104 1.37x102 1.56x103 
Effluent 4.25x102 4.95 4.55 1.33x102 0.50 0.40 2.92x102 4.42 4.15 

log reduction 2.47±0.2 2.50±0.19 2.29±0.65 2.65±0.13 2.56±0.21 2.40±0.14 2.34±0.27 2.46±0.2 2.28±0.81 
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Winter 

Influent 4.60x104 9.42x102 2.20x103 2.12x104 5.83x101 5.55x102 2.48x104 8.83x102 1.64x103 
Effluent 3.87x102 2.21x101 3.11x101 4.83x101 0.15 1.00x101 3.38x102 2.20x101 2.11x101 

log reduction 2.08±0.16 1.75±0.36 2.09±0.47 2.64±0.03 2.30±0.26 1.81±0.37 1.89±0.14 1.72±0.36 2.29±0.59 
 

Summer 
Influent 5.08x104 5.96x102 8.97x101 2.37x104 8.37x101 3.50x101 2.72x104 5.12x102 5.47x101 
Effluent 1.75x104 1.28x101 2.33 1.17x104 1.15 0.62 5.77x103 1.17x101 1.72 

log reduction 1.02±1.23 1.42±0.88 1.51±0.46 0.96±1.42 2.08±0.00 1.65±0.42 1.08±1.03 1.39±0.00 1.43±0.40 
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Winter 

Influent 4.35x104 4.14x103 4.81x103 1.27x104 7.83x102 1.13x103 3.08x104 3.36x103 3.70x103 
Effluent 4.68x103 5.03x101 6.58x101 1.30x103 1.02x101 1.32x101 3.38x103 4.02x101 5.27x101 

log reduction 0.97±0.06 1.68±0.74 1.59±0.87 0.99±0.03 1.60±0.97 1.74±0.81 0.96±0.09 1.70±0.7 1.53±0.92 
 

Summer 
Influent 1.30x105 1.23x103 4.99x102 2.35x104 2.18x102 7.90x101 1.07x105 1.01x103 4.20x102 
Effluent 2.08x104 1.52x102 2.23x102 7.55x103 3.33x101 2.38x101 1.33x104 1.18x102 1.99x102 

log reduction 1.68±1.38 1.25±0.51 0.23±0.44 1.33±1.27 1.20±0.62 0.36±0.72 1.79±1.44 1.25±0.49 0.22±0.40 
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Winter 

Influent 3.68x104 4.05x102 8.52x102 2.05x104 3.83x101 4.08x102 1.63x104 3.67x102 4.43x102 
Effluent 2.20x102 2.45 1.73 1.45x102 0.53 0.75 7.50x101 1.92 0.98 

log reduction 2.22±0.12 2.28±0.35 2.72±0.18 2.16±0.14 1.85±0.06 2.79±0.71 2.35±0.16 2.23±0.46 2.66±0.15 
 

Summer 
Influent 6.95x104 3.80x102 4.00x102 4.00x104 1.20x102 9.50x101 2.95x104 2.60x102 3.05x102 
Effluent 6.80x102 3.95 1.95 3.33x102 1.31 0.60 3.48x102 2.65 1.35 

log reduction 2.01±0.03 1.98±0.09 2.31±0.10 1.39±1.21 1.98±1.14 2.22±0.15 1.92±0.08 1.99±0.15 1.57±0.07 
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Winter 

Influent 7.48x104 1.12x103 1.53x102 3.82x104 9.33x101 2.17x101 3.67x104 1.03x103 1.32x102 
Effluent 3.03x103 2.45x101 1.78 1.28x103 1.50 0.067 1.75x103 2.30x101 1.72 

log reduction 1.39±0.08 1.66±0.17 1.93±0.06 1.46±0.11 1.78±0.57 2.36±0.26 1.33±0.06 1.66±0.16 1.88±0.10 
 

Summer 
Influent 6.22x104 6.18x102 1.26x103 3.15x104 4.83x101 1.67x101 3.07x104 5.70x102 1.24x103 
Effluent 1.26x103 1.55x101 1.13x101 4.38x102 2.67 0.43 8.25x102 1.28x101 1.09x101 

log reduction 1.69±0.3 1.60±0.03 2.23±0.57 2.03±0.59 1.38±0.28 0.74±0.00 1.60±0.21 1.64±0.04 2.22±0.58 
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 Season Sample Vinkovci  Bjelovar Zagreb �ý�D�N�R�Y�H�F �9�D�U�D�å�G�L�Q Karlovac Zadar 
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Winter 
Influent 2.91x108 3.08x108 3.83x108 6.68x108 3.06x108 3.62x108 1.73x108 
Effluent 9.25x106 9.82x107 1.88x107 3.08x107 1.64x108 8.67x106 3.24x107 

log reduction 1.50±0.04 0.50±0.05 1.31±0.04 1.34±0.12 0.27±0.05 1.62±0.12 0.73±0.03 

Summer 
Influent 5.54x107 4.01x107 9.74x107 8.22x107 7.05x107 6.96x107 1.08x108 
Effluent 6.70x105 1.76x106 2.83x106 2.88x106 1.36x107 2.40x106 7.99x106 

log reduction 1.92±0.08 1.36±0.09 1.54±0.06 1.46±0.07 0.71±0.1 1.46±0.1 0.13±0.12 
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Winter 
Influent 6.82x104 4.58x104 9.98x104 8.06x104 1.99x105 5.37x104 2.31x105 
Effluent 2.46x102 2.88x103 1.57x103 8.43x102 2.69x104 9.14x101 1.32x103 

log reduction 2.44±0.42 1.20±0.14 1.80±0.19 1.98±0.19 0.87±0.13 2.77±1.33 2.24±0.11 

Summer 
Influent 1.15x105 3.31x104 1.13x105 5.31x104 3.37x105 1.05x105 9.14x104 
Effluent 3.16x102 8.88x102 8.98x102 7.90x102 6.50x104 6.32x103 4.14x103 

log reduction 2.56±0.14 1.57±0.17 2.10±0.11 1.83±0.16 0.71±0.1 1.22±0.28 1.34±0.31 
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Winter 
Influent < LOD < LOD 1.41x104 < LOD 1.19x104 4.90x103 < LOD 
Effluent < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

log reduction NA NA NA NA NA NA NA 

Summer 
Influent 4.64x103 1.70x104 1.05x104 1.04x104 8.63x103 4.14x104 1.29x104 
Effluent < LOD < LOD 3.34x102 < LOD 2.23x103 < LOD < LOD 

log reduction NA NA 1.50±0.12 NA 0.59±0.01 NA NA 
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Winter 
Influent < LOD < LOD 1.12x104 < LOD 2.92x103 < LOD 8.40x103 
Effluent < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

log reduction NA NA NA NA NA NA NA 

Summer 
Influent 6.15x103 7.88x103 1.61x104 < LOD 5.93x103 1.23x104 5.46x103 
Effluent < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

log reduction NA NA NA NA NA NA NA 
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Winter 
Influent 2.75x104 3.47x104 8.32x104 4.12x104 3.96x104 4.44x104 1.10x105 
Effluent 2.26x102 < LOD 9.21x102 < LOD 1.61x104 7.39x102 2.60x103 

log reduction 2.09±0.00 NA 1.96±0.22 NA 0.39±0.22 1.78±0.02 1.63±0.13 

Summer 
Influent 2.08x105 2.48x105 2.16x105 2.19x105 2.29x105 3.94x105 2.06x105 
Effluent 7.22x103 4.25x103 3.72x103 1.73x104 1.47x105 7.33x103 1.51x104 

log reduction 1.46±0.1 1.77±0.1 1.76±0.12 1.10±0.08 0.19±0.07 1.73±0.07 1.13±0.07 
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AML25* AMC30 CL30 CXM30 CAZ10 FEP30 ETP10 IPM10 MEM10 GM10 SXT (1.25/23.75)CIP5 ETP IPM MEM COL
Klebsiella pneumoniae SE_SC_COL_54 0 0 0 0 0 0 0 0 0 0 0 0 >16 >64 >64 32 PDR
Klebsiella pneumoniae SE_SC_COL_47 0 0 0 0 0 0 0 0 0 0 0 0 >16 >64 >64 32 PDR
Klebsiella pneumoniae SE_SC_COL_46 0 0 0 0 0 0 0 0 0 8 0 0 >16 >64 >64 32 PDR
Klebsiella pneumoniae SE_SC_COL_96 0 0 0 0 16 17 0 0 0 21 24 13 >16 >64 >64 32 XDR
Klebsiella pneumoniae SE_SC_COL_95 0 0 0 0 9 15 0 0 0 23 25 13 >16 >64 >64 16 XDR
Klebsiella pneumoniae SE_SC_COL_97 0 0 0 0 12 16 0 0 0 23 24 13 >16 >64 >64 16 XDR
Klebsiella pneumoniae SE_SC_COL_99 0 0 0 0 14 15 0 0 0 23 24 12 >16 >64 >64 16 XDR
Klebsiella pneumoniae SE_SC_COL_182 0 0 0 0 13 15 0 0 0 19 23 12 >16 >64 >64 8 XDR
Klebsiella pneumoniae SE_SC_COL_204 0 0 0 0 11 14 0 0 0 24 23 13 >16 >64 >64 8 XDR
Klebsiella pneumoniae SE_SC_COL_101 0 0 0 0 12 15 0 0 0 19 26 14 >16 >64 >64 8 XDR
Klebsiella pneumoniae SE_SC_COL_67 0 0 0 0 0 15 0 0 0 21 27 21 >16 >64 >64 4 XDR
Klebsiella pneumoniae SE_SC_COL_84 0 0 0 0 0 8 8 9 8 23 27 15 >16 >64 >64 4 XDR
Klebsiella pneumoniae SE_SC_COL_102 0 0 0 0 0 8 12 15 12 22 19 15 >16 >64 >64 4 XDR
Klebsiella pneumoniae SE_SC_COL_82 0 0 0 0 10 19 15 15 17 0 14 15 >16 >64 64 4 XDR
Klebsiella pneumoniae SE_SC_COL_86 0 0 0 0 0 16 14 19 16 19 20 16 >16 >64 >64 16 XDR
Klebsiella pneumoniae SE_SC_COL_87 0 0 0 0 0 12 13 19 16 20 20 16 >16 64 >64 4 XDR
Klebsiella pneumoniae SE_SC_COL_51 0 0 0 0 0 0 0 0 0 0 0 0 >16 >64 >64 <1 XDR
Klebsiella pneumoniae SE_SC_COL_59 0 0 0 0 0 0 0 0 0 0 0 0 >16 >64 64 <1 XDR
Klebsiella pneumoniae SE_SC_COL_57 0 0 0 0 0 0 8 20 14 8 0 0 >16 32 32 <1 XDR
Klebsiella pneumoniae SE_SC_COL_21 0 0 0 0 0 14 0 0 8 8 28 21 >16 >64 >64 <1 XDR
Klebsiella pneumoniae SE_SC_COL_52 0 0 0 0 0 0 0 0 10 0 21 0 >16 >64 >64 2 XDR
Klebsiella pneumoniae SE_SC_COL_69 0 0 0 0 0 16 9 15 10 16 21 15 >16 >64 >64 <1 XDR
Klebsiella pneumoniae SE_SC_COL_190 0 0 0 0 0 15 11 21 13 15 25 17 >16 >64 >64 <1 XDR
Klebsiella pneumoniae SE_SC_COL_173 0 0 0 0 10 20 15 16 15 0 22 15 >16 >64 64 <1 XDR
Klebsiella pneumoniae SE_SC_COL_164 0 0 0 0 13 21 15 20 18 0 21 15 >16 >64 64 <1 XDR
Klebsiella pneumoniae SE_SC_COL_148 0 0 0 0 13 21 14 10 18 0 10 16 >16 >64 64 32 XDR
Klebsiella pneumoniae SE_SC_COL_30 0 0 0 0 0 15 16 17 16 13 28 18 >16 >64 64 <1 XDR
Klebsiella pneumoniae SE_SC_COL_61 0 0 0 0 0 14 0 8 8 9 29 20 >16 >64 >64 <1 MDR
Klebsiella pneumoniae SE_SC_COL_78 0 0 0 0 0 15 0 12 10 22 0 0 >16 >64 >64 <1 XDR
Klebsiella pneumoniae SE_SC_COL_72 0 0 0 0 0 16 9 16 12 20 22 17 >16 >64 >64 2 MDR
Klebsiella pneumoniae SE_SC_COL_152 0 0 0 0 12 15 0 0 0 24 23 13 >16 >64 >64 2 MDR
Klebsiella pneumoniae SE_SC_COL_189 0 0 0 0 0 18 13 19 18 20 22 16 >16 >64 >64 2 MDR
Klebsiella pneumoniae SE_SC_COL_137 0 0 0 9 16 24 17 19 18 25 26 14 >16 64 32 2 MDR
Klebsiella pneumoniae SE_SC_COL_71 0 0 0 0 0 18 10 17 11 25 23 17 >16 >64 >64 <1 MDR
Klebsiella pneumoniae SE_SC_COL_68 0 0 0 0 0 17 10 15 10 27 22 17 >16 >64 >64 <1 MDR
Klebsiella pneumoniae SE_SC_COL_118 0 0 0 0 12 26 0 0 0 22 22 13 >16 >64 >64 <1 MDR
Klebsiella oxytoca SE_SC_COL_215 0 0 0 0 0 12 0 20 19 15 31 10 >16 >64 >64 4 XDR
Klebsiella oxytoca SE_SC_COL_140 0 0 0 0 0 10 11 18 14 13 26 9 >16 >64 >64 8 XDR
Klebsiella oxytoca SE_SC_COL_33 0 0 0 0 0 21 16 17 19 0 0 11 >16 >64 64 <1 XDR
Klebsiella oxytoca SE_SC_COL_88 0 0 0 0 12 27 18 18 20 14 0 19 >16 64 32 <1 XDR
Klebsiella oxytoca SE_SC_COL_89 0 0 0 0 11 26 16 20 16 26 0 15 >16 >64 64 <1 MDR
Klebsiella oxytoca SE_SC_COL_150 0 0 0 0 0 12 8 17 16 18 21 17 16 >64 64 <1 MDR
Klebsiella oxytoca SE_SC_COL_28 0 0 0 0 13 16 0 0 0 22 30 15 >16 >64 >64 <1 MDR
Klebsiella oxytoca SE_SC_COL_27 0 0 0 0 0 9 0 0 8 0 27 27 >16 >64 >64 <1 MDR
Klebsiella oxytoca SE_SC_COL_103 0 0 0 0 9 14 0 11 0 10 29 18 >16 >64 >64 <1 XDR
Klebsiella oxytoca SE_SC_COL_104 0 0 0 0 9 13 0 12 0 9 29 17 >16 >64 >64 <1 XDR
Klebsiella oxytoca SE_SC_COL_09 0 0 0 10 14 21 20 21 21 16 33 19 >16 >64 64 <1 XDR

Kirby- Bauer Assay (diameter/mm) MIC assay (mg/L)
Species (MALDI-TOF MS) Isolate ID Multidrug resistance
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AML 25* AMC 30* CL 30* CXM 30 CAZ 10 FEP 30 ETP 10 IPM 10 MEM 10 GM 10 SXT (1.25/23.75)CIP 5 ETP IPM MEM COL
Citrobacter freundii SE_SC_COL_225 0 0 0 0 0 0 9 13 10 16 24 19 >16 >64 >64 4 XDR
Citrobacter freundii SE_SC_EC_31 0 0 0 0 0 15 12 14 13 21 26 16 >16 >64 >64 64 XDR
Citrobacter freundii SE_SC_COL_23 0 0 0 0 0 14 12 16 13 16 0 9 >16 >64 >64 2 XDR

Citrobacter freundii1 SE_SC_COL_22 0 0 0 0 0 9 9 16 10 16 0 14 >16 >64 >64 <1 XDR

Citrobacter freundii SE_SC_COL_194 0 0 0 0 0 11 11 14 12 0 0 8 >16 >64 >64 2 XDR
Citrobacter freundii SE_SC_COL_76 0 0 0 0 0 13 16 17 14 16 0 17 >16 >64 >64 2 XDR
Citrobacter freundii SE_SC_COL_94 0 0 0 0 0 12 13 15 19 9 0 0 >16 >64 >64 2 XDR
Citrobacter freundii SE_SC_COL_124 0 0 0 0 0 10 0 13 10 0 0 10 >16 >64 >64 <1 XDR
Citrobacter freundii SE_SC_COL_100 0 0 0 0 0 13 9 15 10 16 0 8 >16 >64 >64 <1 XDR
Citrobacter freundii SE_SC_COL_24 0 0 0 0 0 12 10 16 11 16 0 14 >16 >64 >64 <1 XDR
Citrobacter freundii SE_SC_COL_113 0 0 0 0 0 19 14 16 17 9 0 9 >16 >64 >64 <1 XDR
Citrobacter freundii SE_SC_COL_168 0 9 0 0 0 12 0 19 18 0 0 10 >16 >64 >64 <1 XDR
Citrobacter freundii SE_SC_COL_50 0 0 0 0 9 0 0 16 11 12 0 0 >16 >64 64 <1 XDR
Citrobacter freundii SE_SC_COL_25 0 0 0 0 0 14 14 18 13 16 0 9 >16 >64 64 <1 XDR
Citrobacter freundii SE_SC_COL_31 0 0 0 0 0 0 0 14 10 12 0 0 >16 64 64 <1 XDR
Citrobacter freundii SE_SC_COL_105 0 0 8 0 0 20 18 21 22 16 0 13 >16 >64 32 <1 XDR
Citrobacter freundii SE_SC_COL_222 0 0 0 0 0 14 9 13 9 14 32 21 >16 >64 >64 <1 XDR
Citrobacter freundii SE_SC_COL_93 0 8 0 0 0 19 15 18 19 15 24 21 >16 >64 64 2 XDR
Citrobacter freundii SE_SC_COL_169 0 12 0 0 7 14 0 20 19 22 0 14 >16 64 64 <1 XDR
Citrobacter freundii SE_SC_COL_19 0 0 0 0 0 8 7 10 8 24 0 11 >16 >64 >64 <1 XDR
Citrobacter freundii SE_SC_COL_02 0 0 0 0 0 14 18 19 15 17 0 14 >16 >64 >64 <1 XDR
Citrobacter freundii SE_SC_EC_05 0 0 0 0 0 17 12 18 15 18 34 21 >16 >64 >64 2 MDR
Citrobacter freundii SE_SC_EC_04 0 0 0 0 0 12 15 17 14 23 21 19 >16 >64 >64 2 MDR
Citrobacter freundii SE_SC_COL_117 0 10 0 0 0 15 11 16 13 20 19 16 >16 >64 >64 <1 MDR
Citrobacter freundii SE_SC_EC_33 0 0 0 0 12 19 14 19 18 22 33 19 >16 >64 64 <1 MDR
Citrobacter freundii SE_SC_COL_64 0 0 0 0 0 20 15 19 19 17 21 17 >16 >64 32 <1 MDR
Citrobacter freundii SE_SC_COL_63 0 8 0 0 9 20 11 18 16 18 25 17 >16 64 32 <1 MDR
Citrobacter brakii SE_SC_COL_91 0 0 0 0 0 9 0 13 9 8 0 12 >16 64 >64 <1 XDR
Citrobacter brakii SE_SC_COL_92 0 0 0 0 0 14 8 14 9 10 0 0 >16 64 64 <1 XDR
Citrobacter brakii SE_SC_COL_77 0 0 0 0 0 15 18 18 16 15 0 13 >16 64 64 <1 XDR
Citrobacter brakii SE_SC_COL_01 0 0 0 0 0 11 0 0 0 16 31 13 >16 >64 >64 <1 XDR
Citrobacter brakii SE_SC_COL_107 0 0 0 0 11 16 0 0 0 22 29 21 >16 >64 >64 <1 MDR
Citrobacter brakii SE_SC_COL_90 0 0 0 0 0 14 0 0 0 24 32 12 >16 >64 >64 <1 MDR
Citrobacter brakii SE_SC_COL_114 0 0 0 0 0 14 0 0 0 22 30 11 >16 >64 >64 <1 MDR
Citrobacter brakii SE_SC_COL_158 0 0 0 0 9 17 0 19 16 18 29 19 >16 >64 64 <1 MDR
Citrobacter brakii SE_SC_COL_186 0 0 9 0 0 12 19 19 18 18 14 15 16 >64 32 <1 MDR
Citrobacter brakii SE_SC_COL_203 0 0 0 0 10 23 13 21 22 26 37 21 >16 64 8 2 MDR
Citrobacter farmeri SE_SC_COL_83 0 10 0 0 19 24 18 19 18 17 27 21 >16 64 32 2 MDR
Citrobacter farmeri SE_SC_COL_17 0 9 8 0 0 24 19 20 19 18 29 21 >16 64 16 2 MDR
Citrobacter farmeri SE_SC_COL_34 0 11 0 0 15 22 19 22 19 17 29 21 >16 >64 32 <1 MDR

Multidrug 
resistanceIsolate ID

Species (MALDI-TOF 
MS/16S rRNA)

Kirby- Bauer Assay (diameter/mm) MIC assay (mg/L)
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AML 25* AMC 30* CL 30* CXM 30 CAZ 10 FEP 30 ETP 10 IPM 10 MEM 10 GM 10 SXT (1.25/23.75)CIP 5 ETP IPM MEM KOL
Enterobacter cloacae SE_SC_COL_214 0 8 0 0 16 23 13 17 15 19 35 21 >16 >64 64 >64 XDR
Enterobacter cloacae SE_SC_COL_199 0 11 0 0 14 23 0 0 0 21 24 20 >16 64 32 >64 XDR
Enterobacter cloacae SE_SC_COL_223 0 0 0 0 10 16 16 19 17 25 29 12 >16 >64 64 4 XDR
Enterobacter cloacae SE_SC_COL_198 0 0 0 0 13 19 18 16 18 15 29 30 >16 >64 64 >64 XDR
Enterobacter cloacae SE_SC_COL_218 0 0 0 0 19 21 8 20 19 18 31 20 >16 >64 64 >64 MDR
Enterobacter cloacae SE_SC_COL_80 0 0 0 0 0 22 0 9 9 8 29 16 >16 32 32 >64 XDR
Enterobacter cloacae SE_SC_COL_36 0 0 0 0 18 26 19 24 24 14 28 15 2 8 8 >64 MDR

Enterobacter cloacae1 SE_SC_COL_197 0 0 0 0 13 15 0 0 0 23 28 9 >16 >64 >64 <1 MDR

Enterobacter cloacae SE_SC_COL_75 0 9 0 0 15 21 16 19 17 21 31 15 >16 >64 64 2 MDR
Enterobacter cloacae SE_SC_COL_111 0 0 0 0 0 15 18 16 18 19 19 21 >16 >64 >64 2 MDR
Enterobacter cloacae SE_SC_COL_208 0 0 0 0 16 23 8 20 19 26 34 15 >16 >64 64 <1 MDR
Enterobacter asburiae SE_SC_COL_159 0 0 0 0 13 20 0 13 11 20 29 17 >16 >64 >64 >64 XDR
Enterobacter asburiae SE_SC_COL_206 0 0 0 0 12 17 13 15 16 16 28 17 >16 >64 >64 >64 XDR
Enterobacter asburiae SE_SC_COL_207 0 8 0 0 12 18 13 15 16 15 28 16 >16 >64 64 >64 XDR
Enterobacter asburiae SE_SC_COL_110 0 0 0 0 14 22 16 19 17 22 28 16 >16 >64 64 16 XDR
Enterobacter asburiae SE_SC_COL_166 0 0 0 0 10 18 0 17 13 23 32 19 >16 >64 >64 8 XDR
Enterobacter asburiae SE_SC_COL_185 0 0 0 0 15 21 13 20 11 24 31 19 >16 >64 >64 8 XDR
Enterobacter asburiae SE_SC_COL_162 0 0 0 0 14 21 0 19 16 20 31 18 >16 >64 >64 4 XDR
Enterobacter asburiae SE_SC_COL_106 0 0 0 0 13 20 15 21 16 27 30 14 >16 >64 >64 4 XDR
Enterobacter asburiae SE_SC_COL_188 0 8 7 0 16 22 16 20 19 15 32 15 >16 >64 64 4 XDR
Enterobacter asburiae SE_SC_COL_167 0 0 0 0 10 16 0 16 18 27 31 21 >16 64 64 2 MDR
Enterobacter asburiae SE_SC_COL_163 0 0 0 0 11 21 0 18 18 21 31 19 >16 >64 >64 2 MDR
Enterobacter asburiae SE_SC_COL_145 0 0 0 0 14 18 13 18 19 22 29 17 >16 >64 64 2 MDR
Enterobacter asburiae SE_SC_COL_153 0 0 0 0 15 19 0 16 11 23 25 17 >16 >64 >64 <1 MDR
Enterobacter asburiae SE_SC_COL_156 0 0 0 0 13 18 0 16 11 21 26 16 >16 >64 >64 <1 MDR
Enterobacter asburiae SE_SC_COL_170 0 0 0 0 12 16 10 12 8 22 25 15 >16 >64 >64 <1 MDR
Enterobacter asburiae SE_SC_COL_109 0 0 0 0 0 16 11 19 16 25 0 21 >16 >64 >64 2 XDR
Enterobacter asburiae SE_SC_COL_154 0 0 0 12 0 22 0 15 14 23 25 18 16 8 4 <1 MDR
Enterobacter kobei SE_SC_COL_155 0 0 0 0 11 17 0 14 13 23 31 9 >16 >64 >64 4 XDR
Enterobacter kobei SE_SC_COL_187 0 0 0 0 14 20 16 20 18 15 31 15 >16 >64 64 4 XDR
Enterobacter kobei SE_SC_COL_81 0 0 0 0 0 21 0 11 9 7 29 18 >16 64 >64 64 XDR
Enterobacter kobei SE_SC_COL_165 0 0 0 0 9 21 8 19 18 22 30 15 >16 >64 32 2 MDR
Enterobacter ludwigii SE_SC_COL_132 0 0 0 0 12 21 15 17 14 25 27 15 >16 >64 >64 2 MDR
Enterobacter ludwigii SE_SC_COL_176 0 0 0 0 11 21 14 16 13 21 29 16 >16 >64 32 2 MDR

Enterobacter ludwigii1 SE_SC_COL_195 0 0 0 0 14 20 15 20 18 16 30 18 >16 >64 >64 >64 XDR

Species (MALDI-TOF 
MS/16S rRNA)

Kirby- Bauer Assay (diameter/mm) MIC assay (mg/L) Multidrug 
resistance

Isolate ID
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AML 25 AMC 30* CL 30 CXM 30 CAZ 10 FEP 30 ETP10 IPM10 MEM10 GM 10 SXT (1.25/23.75)CIP 5 ETP IPM MEM COL
Raoultella ornithinolytica SE_SC_COL_211 0 0 0 0 9 21 0 15 16 22 35 25 >16 >64 >64 >64 MDR
Raoultella ornithinolytica SE_SC_COL_160 0 0 0 0 0 19 0 21 17 9 32 18 >16 >64 64 <1 XDR
Raoultella ornithinolytica SE_SC_Col_183 0 0 0 0 0 14 16 15 13 14 16 10 >16 64 >64 <1 XDR
Raoultella ornithinolytica SE_SC_COL_08 0 0 0 0 10 21 14 19 18 19 22 21 >16 >64 >64 <1 MDR
Raoultella ornithinolytica SE_SC_COL_07 0 8 8 0 9 21 14 19 16 20 23 20 >16 >64 >64 <1 MDR
Raoultella ornithinolytica SE_SC_COL_142 0 0 0 0 10 19 12 16 12 19 26 21 >16 >64 >64 <1 MDR
Raoultella ornithinolytica SE_SC_COL_39 0 0 0 8 13 23 18 21 19 20 33 21 >16 >64 64 <1 MDR
Raoultella ornithinolytica SE_SC_COL_26 0 9 0 8 16 24 17 20 20 23 33 25 >16 >64 32 <1 MDR
Raoultella ornithinolytica SE_SC_COL_128 0 0 0 18 19 24 0 0 0 24 32 25 >16 >64 64 <1 MDR
Raoultella planticola SE_SC_COL_03 0 0 0 0 0 12 0 9 9 9 0 16 >16 64 32 2 XDR
Raoultella planticola SE_SC_COL_05 0 0 0 0 7 11 0 11 10 8 0 16 >16 32 64 2 XDR
Raoultella planticola SE_SC_EC_15 0 0 0 0 10 15 0 0 0 24 27 25 >16 >64 >64 <1 MDR

Species (MALDI-TOF MS) Isolate ID
Kirby- Bauer Assay (diameter/mm) MIC assay (mg/L) Multidrug 

resistance

AML 25 AMC 30 CL 30 CXM 30 CAZ 10 FEP 30 ETP 10 IPM 10 MEM 10 GM 10 SXT (1.25/23.75)CIP 5 ETP IPM MEM COL
Escherichia coliSE_SC_EC_26 0 10 0 0 14 21 18 21 20 23 33 20 >16 >64 >64 2 MDR
Escherichia coliSE_SC_EC_28 0 12 0 0 16 23 13 21 18 25 32 20 >16 >64 >64 2 MDR
Escherichia coliSE_SC_COL_15 0 11 0 0 14 22 19 21 21 24 31 21 >16 >64 64 2 MDR
Escherichia coliSE_SC_EC_22 0 0 0 0 13 16 0 0 0 22 31 19 >16 >64 >64 <1 MDR
Escherichia coliSE_SC_EC_21 0 0 0 0 11 16 0 0 0 23 28 18 >16 >64 >64 2 MDR
Escherichia coliSE_SC_EC_29 0 10 0 0 17 25 12 21 22 25 31 18 >16 >64 64 2 MDR
Escherichia coliSE_SC_EC_37 0 11 0 0 18 25 10 25 25 30 35 21 >16 64 32 2 MDR

Kirby- Bauer Assay (diameter/mm) MIC assay (mg/L) Multidrug 
resistanceSpecies ID

Species (MALDI-
TOF MS)

AML 25 AMC30* CL 30 CXM 30 CAZ 10 FEP 30 ETP 10 IPM 10 MEM 10 GM 10 SXT (1.25/23.75)CIP 5
Kluyvera cryocrescensSE_SC_COL_157 0 2 0 9 19 22 0 18 17 24 27 20
Kluyvera cryocrescensSE_SC_COL_216 0 0 0 10 19 22 0 10 8 25 27 18
Kluyvera cryocrescensSE_SC_COL_126 0 0 0 0 16 21 15 20 17 24 21 13
Kluyvera cryocrescensSE_SC_COL_127 0 0 0 0 14 19 14 18 15 21 25 18
Kluyvera cryocrescensSE_SC_COL_16 0 0 0 0 16 21 15 19 16 21 25 18

Species (MALDI-TOF 
MS) Isolate ID

Kirby- Bauer Assay (diameter/mm)
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AML 25 AMC30 CL 30 CXM 30 CAZ 10 FEP 30 ETP10 IPM10 MEM10 GM 10 SXT (1.25/23.75)CIP 5 ETP IPM MEM COL
Leclercia adecarboxylataSE_SC_COL_133 0 0 0 0 0 10 0 13 10 9 0 17 >16 >64 >64 8 PDR

Species (MALDI-TOF MS)Isolate ID
Kirby- Bauer Assay (diameter/mm) MIC assay (mg/L) Multidrug 

resistance

AML 25* AMC 30* CL 30* CXM 30* CAZ 10 FEP 30 ETP10 IPM10 MEM10 GM 10 SXT (1.25/23.75)CIP 5 ETP IPM MEM COL*
Serratia marcescens SE_SC_COL_209 0 0 0 0 0 0 0 0 0 8 19 10 >16 >64 >64 >64 XDR

Species (MALDI-TOF MS)Isolate ID
Kirby- Bauer Assay (diameter/mm) MIC assay (mg/L) Multidrug 

resistance
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Description Scientific Name Max Score Total ScoreQuery CoverE valuePer. identAcc. LenAccession  Source Country
Leclercia adecarboxylata strain Z96-1 plasmid pMCR-Z96-1 Leclercia adecarboxylata 3003 3003 100% 0 100 9782CP040891.1 Human China
Acinetobacter baumannii strain EH plasmid pEH_mcr4.3 Acinetobacter baumannii 3003 3003 100% 0 100 18786CP038261.1 Human Czech Republic
Acinetobacter baumannii strain EC plasmid pEC_mcr4.3 Acinetobacter baumannii 3003 3003 100% 0 100 43093CP038265.1 Poultry Czech Republic
Acinetobacter baumannii plasmid pAB18PR065-MCR-4.3 Acinetobacter baumannii 3003 3003 100% 0 100 25602MK360916.1 Swine China
Acinetobacter baumannii strain MRSN15313 plasmid pAb-MCR4.3 Acinetobacter baumannii 3003 3003 100% 0 100 35502CP033872.1 Human Brazil
Enterobacter cloacae strain En_MCR4 plasmid pEn_MCR4 Enterobacter cloacae 3003 3003 100% 0 100 8639MH061380.1 Human China
Enterobacter cloacae strain ENT1164 phosphoethanolamine transferase MCR-4.3 (mcr-4) geneEnterobacter cloacae 3003 3003 100% 0 100 1626MG026621.1 Human Singapore
Enterobacter kobei strain MUMC-1 plasmid pMUMC-1_5 Enterobacter kobei 3003 3003 100% 0 100 12808CP119978.1 Human Netherlands
Enterobacter kobei strain MUMC-2 plasmid pMUMC-2_4 Enterobacter kobei 3003 3003 100% 0 100 12808CP119977.1 Human Netherlands
Enterobacter kobei strain RIVM_C014549 plasmid pRIVM_C014549_3 Enterobacter kobei 3003 3003 100% 0 100 12786CP119533.1 Human Netherlands
Enterobacter kobei strain RIVM_C009363 plasmid pRIVM_C009363_4 Enterobacter kobei 3003 3003 100% 0 100 12808CP119532.1 Human Netherlands
Acinetobacter nosocomialis strain 2S8-227 plasmid p2S8-227-mcr4.3 Acinetobacter nosocomialis 3003 3003 100% 0 100 24013CP076399.1 Human Taiwan
Enterobacter kobei strain 26153 plasmid pMCR4-26153 Enterobacter kobei 3003 3003 100% 0 100 12808OP428979.1 Human Czech Republic
Enterobacter cloacae strain 2022CK-00409 plasmid unnamed3 Enterobacter cloacae 3003 3003 100% 0 100 10802CP104839.1 Human USA
Shewanella baltica strain 11FHM2 plasmid pSBP2_mcr4 Shewanella baltica 3003 3003 100% 0 100 86727CP051531.1 Atlantic Mackerel Norway
Salmonella enterica subsp. enterica serovar London strain LZ19MPS10 plasmid pYULZMPS10Salmonella enterica subsp. enterica serovar London 3003 3003 100% 0 100 158615CP100354.1 Swine China
Acinetobacter baumannii strain LWGS-04-08-26 plasmid pLWGS0408-26 Acinetobacter baumannii 3003 3003 100% 0 100 26839MW413305.1Slaugtherhouse processed wastewaterGermany
Lelliottia amnigena strain FDAARGOS 1446 plasmid unnamed2 Lelliottia amnigena 3003 3003 100% 0 100 123770CP077333.1 Unknown Germany
Enterobacter kobei strain IB2020 plasmid pIB2020_ColE_MCR Enterobacter kobei 3003 3003 100% 0 100 12808CP059482.1 Human Italy
Shewanella frigidimarina NCIMB 400, chromosome Shewanella frigidimarina NCIMB 400 3003 3003 100% 0 100 4845257CP000447.1 Unknown USA
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