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Abstract

We report on the genomic characterization of 47 multi-drug resistant, carbapenem resistant

and ESBL-producing K. pneumoniae isolates from the influent (I) and effluent (E) of three

wastewater treatment plants (WWTPs) and from Romanian hospital units which are dis-

charging the wastewater in the sampled WWTPs. The K. pneumoniae whole genome

sequences were analyzed for antibiotic resistance genes (ARGs), virulence genes and

sequence types (STs) in order to compare their distribution in C, I and E samples. Both clini-

cal and environmental samples harbored prevalent and widely distributed ESBL genes, i.e.

blaSHV, blaOXA, blaTEM and blaCTX M. The most prevalent carbapenemase genes were

blaNDM-1, blaOXA-48 and blaKPC-2. They were found in all types of isolates, while blaOXA-162, a

rare blaOXA-48 variant, was found exclusively in water samples. A higher diversity of carba-

penemases genes was seen in wastewater isolates. The aminoglycoside modifying

enzymes (AME) genes found in all types of samples were aac(6’), ant(2’’)Ia, aph(3’), aaD,

aac(3) and aph(6). Quinolone resistance gene qnrS1 and the multi-drug resistance oqxA/B

pump gene were found in all samples, while qnrD and qnrB were associated to aquatic iso-

lates. The antiseptics resistance gene qacEdelta1 was found in all samples, while qacE was

detected exclusively in the clinical ones. Trimethroprim-sulfamethoxazole (dfrA, sul1 and

sul2), tetracyclines (tetA and tetD) and fosfomycin (fosA6, known to be located on a transpo-

zon) resistance genes were found in all samples, while for choramphenicol and macrolides

some ARGs were detected in all samples (catA1 and catB3 / mphA), while other (catA2,
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cmIA5 and aac(6’)Ib / mphE and msrE) only in wastewater samples. The rifampin resistance

genes arr2 and 3 (both carried by class I integrons) were detected only in water samples.

The highly prevalent ARGs preferentially associating with aquatic versus clinical samples

could ascribe potential markers for the aquatic (blaSHV-145, qacEdelta1, sul1, aadA1, aadA2)

and clinical (blaOXA-1, blaSHV-106,blaTEM-150, aac(3)Iia, dfrA14, oqxA10; oqxB17,catB3, tetD)

reservoirs of AR. Moreover, some ARGs (oqxA10; blaSHV-145; blaSHV-100, aac(6’)Il, aph(3’)

VI, armA, arr2, cmlA5, blaCMY-4, mphE, msrE, oqxB13, blaOXA-10) showing decreased preva-

lence in influent versus effluent wastewater samples could be used as markers for the effi-

ciency of the WWTPs in eliminating AR bacteria and ARGs. The highest number of

virulence genes (75) was recorded for the I samples, while for E and C samples it was

reduced to half. The most prevalent belong to three functional groups: adherence (fim

genes), iron acquisition (ent, fep, fyu, irp and ybt genes) and the secretion system (omp

genes). However, none of the genes associated with hypervirulent K. pneumoniae have

been found. A total of 14 STs were identified. The most prevalent clones were ST101,

ST219 in clinical samples and ST258, ST395 in aquatic isolates. These STs were also the

most frequently associated with integrons. ST45 and ST485 were exclusively associated

with I samples, ST11, ST35, ST364 with E and ST1564 with C samples. The less frequent

ST17 and ST307 aquatic isolates harbored blaOXA-162, which was co-expressed in our

strains with blaCTX-M-15 and blaOXA-1.

Introduction

Antibiotic resistance (AR) is presently considered one of the most serious global public health

threats, with the potential to become significantly more problematic by 2020 [1] due to globali-

zation, environmental, social and demographic changes and health system capacity [2]. One of

the priority topics endorsed by WHO (Word Health Organization) and JPIAMR (The Joint

Programme Initiative on Antimicrobial Resistance) for tackling AR is to determine the role

played by the environment in the selection and dissemination of AR [3, 4]. Wastewater treat-

ment plants (WWTPs) have been recently suggested to be hotspots providing the perfect envi-

ronment for the enrichment, recombination and selection of AR “super-bugs” which could

eventually be discharged and subsequently impact adversely the environment and human

health, thus highlighting the necessity for strategies of water quality improvement [5].

In 2018, a national consortium composed of the important Romanian institutions involved

in water quality control and epidemiology of AR started the RADAR project, aiming to investi-

gate the dynamics of AR and antibiotic resistance genes (ARGs) in ESKAPE pathogens

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii,
Pseudomonas aeruginosa and Enterobacter sp.) isolated from clinical and wastewater samples

[6].

Here we report results of a RADAR sub-study aiming the genomic characterization of car-

bapenem resistant and extended spectrum β-lactamase (ESBL)-producing K. pneumoniae iso-

lates from the influent and effluent of three WWTPs compared to clinical isolates obtained

from Romanian hospital units which are discharging the wastewater in the sampled WWTP

influent in order to evaluate the contribution of WWTPs to the AR reservoir and to reveal

potential transmission between the water and clinical compartments. The main reasons to

choose K. pneumoniae is the high prevalence of infections with K. pneumoniae strains resistant
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to carbapenems (22.5%), 3rd generation cephalosporins (62.55%) and multidrug resistant—

MDR (55.4%) reported in Romania [7]. Moreover, the hospital effluents are often released in

the urban WWTP influent, increasing the risk of antibiotic resistant bacteria to be dissemi-

nated in the environment. However, the epidemiology of resistant K. pneumoniae clinical

strains in WWTPs in Romania is currently unknown. Moreover, K. pneumoniae is a good

indicator of the transmission between clinical and environmental AR reservoirs, being an

ubiquitous microorganism found in soil, surface water and on plants [8], but also one of the

most important Gram-negative opportunistic pathogens, frequently associated with both hos-

pital and community acquired severe infections. [9, 10]; Moreover, K. pneumoniae could

cumulate resistance (e.g. MDR, carbapenemase production) and hypervirulence (e.g. hyper-

mucoviscosity) features could generate a new clinical crisis [11, 12, 13].

Methodology

Isolation and phenotypic characterization of Klebsiella pneumoniae strains

Sampling location. The wastewater samples were collected during December 2018 –June

2019 from three WWTPs and the clinical units discharging the hospital wastewater in the sam-

pled WWTPs, located in Southern Romania: Bucharest (44.43225 N 26.10626 E), Galaţi (45.45

N 28.05 E) and Târgovişte (44.92543 N 25.4567 E). The WWTP influent wastewaters have

been sampled at locations of highly turbulent flow in order to ensure good mixing. The

WWTP effluent samples were collected from downstream from all entering wastewater

streams prior to discharge into the receiving waters. Permission was granted by the managers

of the privately owned WWTPs.

The clinical strains have been collected from three clinical units, respectively the National

Institute for Infectious Diseases ‘Matei Bals’, Bucharest, Romania (680 beds), Infectious Dis-

eases Hospital Galaţi, Romania (160 beds) and Târgovişte County Hospital, Romania (Inten-

sive Care, Infectious Diseases, Surgery Units) (1767 beds). The study was cleared by the local

IRBs at all three clinical sites.

Isolation and characterization of K. pneumoniae strains. The analysed K. pneumoniae
strains were isolated from influent and effluent water samples collected in sterile glass sample

containers, transported to the laboratory at 5±3˚ C and processed within less than 24 hours.

The water samples were diluted and filtered through 0.45 μm pore size membrane filters

(Millipore, France), as described in SR EN ISO 9308-2/2014 (for coliform bacteria), using the

following antibiotic-enriched media (BioMérieux, France): ChromID ESBL agar for extended

spectrum beta-lactamases (ESBL)–producing Enterobacteriaceae and non-Enterobacteriaceae
strains, ChromID OXA-48 agar and ChromID CARBA agar for carbapenemase (CRE)-pro-

ducing Enterobacteriaceae. The resistant colonies obtained after cultivation at 37˚ C for 24

hours in aerobic conditions were subsequently inoculated on the selective media for the confir-

mation of the beta-lactam resistance phenotype. A total of 178 K. pneumoniae wastewater

strains were recovered from the antibiotic-enriched media and identified using the MALDI--

TOF-MS Bruker system: 96 from the influent and 82 from the effluent. The study also included

17 strains isolated during the same period from patients hospitalized in the clinical units dis-

charging the wastewater in the sampled WWTPs. The antibiotic susceptibility profiles of K.

pneumoniae strains were determined using the standard disc diffusion method according to

The Clinical & Laboratory Standards Institute (CLSI) 2018 guidelines [14]. The antibiotics

tested were: ampicillin (AMP), piperacillin (PRL), amoxicillin-clavulanic acid (AMC), aztreo-

nam (ATM), meropenem (MEM), imipenem (IMP), ertapenem (ETP), cefuroxime (CXM),

cefoxitin (FOX), ceftriaxone (CRO), cefepime (FEP), gentamicin (GEN), amikacin (AMK), tet-

racycline (TET), trimethoprim-sulfamethoxazole (SXT), ciprofloxacin (CIP).

WGS for characterization of multi-drug resistant Klebsiella pneumoniae in waste water
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Selection of K. pneumoniae strains for sequencing analyses. From the total of 195 K.

pneumoniae water and clinical strains, 47 strains (of which 18 from influent, 16 from effluent

and 13 from clinical settings) were selected for sequencing. The water strains were selected to

include all three geographical areas, both influent and effluent strains and isolates recovered

from all three chromogenic media, i.e. ChromID ESBL agar (8 strains), ChromID OXA-48 (10

strains) and ChromID CARBA (18 strains) (S1 Table). The 13 clinical strains were selected

from individual ESKAPE isolates collected during one month prior to wastewater collection in

the three hospitals. The clinical strains displaying highly similar or identical resistance pheno-

types with the water strains isolated from the same geographical area were given priority.

Next generation sequencing (NGS) setup

Bacterial DNA was extracted using DNeasy UltraClean Microbial Kit (Qiagen) and an in-

house protocol based on mechanical and chemical bacterial lysis followed by DNA precipita-

tion with ethanol. The Nextera DNA Flex Library Prep Kit (Illumina) was further used accord-

ing to the manufacturer recommendations. Before sequencing, the DNA pool libraries were

checked for optimal quality (2100 Bioanalyser, Agilent) and quantity (Qubit 4 Fluorimeter,

Thermo Fisher Scientific). Forty-seven bacterial isolates were sequenced on the Miseq plat-

form (Illumina) by using the paired-end shotgun strategy and Miseq reagent kit v.3 (600

cycles). This ensures the highest output of all MiSeq kits and generates sequences up to 300 bp

long.

Bioinformatics setup

K. pneumoniae whole genome sequences were analyzed using an NGS bioinformatics pipeline

which runs on a Conda environment under Linux. Relevant information was extracted from

NGS data by following the next steps: 1. The raw MiSeq Illumina pair-end (PE) reads were

trimmed of the adaptor sequences using BBDuk program from the BBTools suite [15]; 2. The

trimmed reads were assembled using SPAdes de novo assembler [16]; 3. Average Nucleotide

Identity (ANI) was applied using the FastANI program [17] on the resulting scaffolds from

SPAdes, in order to double-check the species against the K. pneumoniae complete assembled

reference genomes downloaded from NCBI; 4. Antimicrobial resistance and virulence genes

were identified in the de novo assembled scaffolds using the ABRicate program [18] to query

the NCBI Bacterial Antimicrobial Resistance Reference Gene Database and the Virulence Fac-

tors database (VFDB), respectively. Plasmid replicon types were determined using the Plas-

midFinder (implemented in ABRicate) [19]; 5. Multilocus sequence typing (MLST) and the

sample subtype (ST) were predicted using the MLST program [20]. Finally, reference mapping

and BLAST searches of the contigs have been performed with Geneious Prime 2019.2.1

(https://www.geneious.com) [21].

The sets of virulent and resistant genes were further compared against the genes from the

CARD [22] and VFDB [23] databases corresponding to K. pneumoniae.

The manipulation of the genomic information extracted from the MLST, resistance and vir-

ulence gene predictions, as well as plotting the resulting data was performed and computed in

Excel, with the use of pivot tables and built-in functions.

The data have been filtered based on the extraction sites of the samples, on the number of

wastewaters or clinical samples, on the MLST and based on the most important classes of anti-

biotic resistance and virulence genes.

The selected antimicrobial resistance genes (ARGs) to different antimicrobial agents were

grouped in the following sets: beta-lactam (ESBLs and carbapenemases), aminoglycosides,

WGS for characterization of multi-drug resistant Klebsiella pneumoniae in waste water
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other antimicrobial agents (trimethoprim-sulfamethoxazole, tetracyclines, chloramphenicol,

fosfomycin, rifampicin and macrolides), quinolones and antiseptics.

Identification of integron presence was assessed by determination of integrase genes for

class I, II and III integrons using BLAST tool (https://blast.ncbi.nlm.nih.gov/) [24], using intl1
(Accession No: NC_019081), intl2 (Accession No. NZ_CP025853.1:24029–24565) and int3
(Accession No. NC_014356.1:c1521-481) as query sequences and the draft genome sequences

as subjects.

The assembled sequences have been deposited in GenBank with Bioproject ID:

PRJNA579879.

Results

Antibiotic susceptibility testing

Out of the total of 178 K. pneumoniae strains recovered from the antibiotic-enriched media: 96

from the influent and 82 from the effluent, 34 water strains (18 from influent and16 from efflu-

ent) were selected for whole genome sequencing. The water strains have been recovered from

chromogenic media, i.e. ChromID ESBL agar (8 strains), ChromID OXA-48 (10 strains) and

ChromID CARBA (18 strains) (S1 Table). The in vitro antibiotic susceptibility profiles of the

sequenced K. pneumoniae isolates confirmed the expected resistance phenotypes of the strains

recovered from the ChromID ESBL agar (i.e. resistance to at least 3rd generation cephalospo-

rins) and ChromID OXA-48 and ChromID CARBA (i.e. resistance to at least one carbape-

nem). A number of 13 clinical strains isolated from the three hospitals on culture media

currently used in the respective clinical settings has been included in the study (S1 Table). The

great majority of the strains selected for sequencing were MDR (S1 Table).

Antimicrobial susceptibility profiles of the analysed strains

The antibiotic susceptibility assay of the tested strains has revealed that 92.30% of the clinical

strains, and 87.5% and 82.3% respectively from the strains isolated from the WWTP effluent

and influent were MDR. The clinical strains exhibited 92.30% resistance to AMP, PRL, ATM,

FEP, and over 70% resistance to CXM, CIP, TET, SXT. The WWTP influent strains were

100% resistant to AMP, PRL and FEP and over 80% resistant to AMC, CXM, CRO, ATM,

IMP, MEM, ETM, CIP, SXT, while the WWTP effluent strains were 100% resistant to AMP,

SXT and over 80% resistant to PIP, AMC, CXM, FEP, ETP, ATM and CIP (S1 Table).

Antimicrobial resistance genes (ARGs) distribution

The most prevalent ARGs detected in the 47 K. pneumoniae isolates selected for analysis

(18from influent, 16 from effluent and 13 from clinical samples) were as follows:

a. In influent samples, the ARGs with prevalence >50% (n = 12, in decreasing order) are

those which confer resistance to aminoglycosides and beta-lactams: ant(2'')Ia, qacEdelta1,

sul1, aac(6')IId, aadA1, fosA, blaCTX-M-15, blaTEM-1, dfrA14, aph(3'')Ib, aph(6)Id, sul2. Other

ARG genes identified (n = 33) (with prevalence 25%-50%) were: blaSHV187, oqxA10, oqxA,

oqxB, catB3, blaOXA-1, fosA6, mphA, catA1, dfrA12, blaSHV-158, aadA2, blaSHV-145, aac(3)Iia,

blaOXA-48, qnrS1, blaKPC-2, blaOXA-9, blaSHV-12, ble, blaNDM-1, catA2, blaSHV-100, aac(6')Il,
aph(3')VI, armA, arr2, cmlA5, blaCMY-4, mphE, msrE, oqxB13, blaOXA-10 (S2 Table).

b. In effluent isolates, of the highly prevalent ARGs (n = 12), eight were similar to those

found in the influent samples, i.e.: ant(2'')Ia, qacEdelta1, sul1, aac(6')IId, aadA1, fosA,

blaCTX-M-15, blaTEM-1, while four were more frequently found in these isolates,
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comparatively to the influent ones, i.e.oqxA, oqxB, fosA6, mphA. On the other hand, the

diversity of ARGs with prevalence between 25% and 50% (n = 15) is much more reduced

compared to the influent set: dfrA14, aph(3'')Ib, aph(6)Id, sul2, blaSHV-187, catB3, blaOXA-1,

catA1, dfrA12, blaSHV-158, aadA2, aac(3)IIa, blaOXA-48, qnrS1, tet(A) (S2 Table).

The prevalence of some ARGs was significantly different in influent versus effluent waste-

water samples, i.e.: it is much higher in influent as compared to effluent samples for oqxA10
(44.4% in influent, 25% in effluent); blaSHV-145 (33.3% in influent, 6.3% in effluent); blaSHV-100,

aac(6')Il, aph(3')VI, armA, arr2, cmlA5, blaCMY-4, mphE, msrE, oqxB13, blaOXA-10 (27.8% in

influent, 6.3% in effluent). In the case of tet(A) prevalence is much more decreased in influent

5.6% as compared to 37.5% in effluent).

c. In clinical isolates, the highly prevalent ARGs (> 50%) (n = 12) are slightly different, i.e.:

ant(2'')Ia, aac(6)IId, fosA, blaCTX-M-15, blaTEM-1, dfrA14, oqxA10, catB3, blaOXA-1, aac(3)Iia,

oqxB17, blaSHV-106, only four genes being similar to those found in the wastewater compart-

ments. The diversity of ARGs with prevalence between 25% and 50% in the clinical samples

(n = 10) is the lowest, compared with the water samples (S2 Table).

The analysis of the β-lactamases encoding ARGs has shown that the most prevalent and

widely distributed genes are blaSHV, blaOXA, blaTEM and blaCTXM. In the clinical samples the

most frequent were blaCTX-M-15, blaOXA-1, blaSHV-106, blaTEM-1, blaOXA-48 and blaTEM-150. In

the influent samples, resistance to β-lactams is determined mainly by the presence of

blaCTX-M-15, blaOXA-1, blaOXA-48, blaOXA-10, blaNDM-1, blaCMY-4, blaSHV-145, blaTEM-1. In the

effluent samples, the most prevalent were blaCTX-M-15, blaOXA-48, blaOXA-1 and blaTEM1,

blaSHV-158, blaSHV-187 and blaKPC-2. We noticed a high prevalence of blaKPC-2 in both effluent

and influent isolates from one of the sampled geographical locations (Târgovişte). The analysis

of carbapenemases encoding ARGs (CRGs) has shown a slightly higher diversity of CRGs

in wastewater isolates, as compared to clinical ones. The most prevalent were blaNDM-1,

blaOXA-48, blaKPC-2, which were found in all types of isolates, while blaOXA-162 was found exclu-

sively in water samples from different geographical locations (Fig 1).

Fig 2 presents the most prevalent aminoglycoside modifying enzymes (AME) genes. The

AME genes that were found in all types of samples were aac(6’), ant(2'')Ia, aph(3'), aaD, aac(3)
and aph(6).

Among the quinolone resistance genes, qnrS1 was detected in all three types of samples

from Bucharest, but was predominant in influent and effluent isolates. The qnrD (qnrD1) was

Fig 1. Beta-lactam resistance genes detected in the K. pneumoniae isolates from wastewater and the

corresponding clinical settings.

https://doi.org/10.1371/journal.pone.0228079.g001
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detected exclusively in influent, while in the effluent samples the qnrB alleles were predomi-

nant. To these, the presence of the oqxA/B efflux pump, also responsible for resistance to anti-

septics could explain the fluoroquinolone resistance. The most frequent antiseptics resistance

genes were oqxA/B, followed by qacEdelta1, detected both in clinical and wastewater isolates

and, with a much lower frequency, qacE, detected exclusively in clinical samples (Fig 3).

ARGs for other classes of antimicrobial substances were also identified: for SXT were repre-

sented by dfrA, sul1 and sul2, for tetracyclines by tetA and D, for choramphenicol by catA1
and catB3 (detected in all three types of samples), cat2, cmIA5 and aac(6’)Ib (only in aquatic

samples), for fosfomycin, by fosA (detected in all three types of samples), for macrolides by

mph(A) (detected in all three types of samples) and mphE and msrE (only in wastewater sam-

ples) and for rifampin by arr2 and 3, detected only in water samples (Fig 4).

Dynamics of ARGs among the clinical and environmental reservoirs

The following genes are of particular importance: qacEdelta1, sul1 (both increasing from

30.8% in clinical strains to 66.7% / 75% in influent and effluent, respectively); aadA1 (which

increases from 23.1% in clinical strains to 66.7% / 56.3% in influent and effluent, respectively);

dfrA14 (which decreases from 76.9% in clinical strains to 50%/43.8% in influent and effluent,

respectively); oqxA10 (which decreases from 53.8% in clinical strains to 44.4% / 25% in influ-

ent and effluent, respectively); catB3, blaOXA-1 (both decrease from 69.2% in clinical strains to

Fig 2. AME genes identified in the K. pneumoniae isolated from wastewater and clinical settings.

https://doi.org/10.1371/journal.pone.0228079.g002

Fig 3. Identified quinolone and antiseptics resistance genes in wastewater and clinical samples.

https://doi.org/10.1371/journal.pone.0228079.g003
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38.9% / 43.8% in influent and effluent, respectively); aadA2 (increases from 7.7% in clinical

strains to 33.3% / 43.8% in influent and effluent, respectively); blaSHV-145 (which increases to

33.3% / 6.3% in influent and effluent, respectively, while missing in clinical strains); aac(3)IIa
(decreases from 61.5% in clinical strains to 27.8% / 43.8% in influent and effluent, respec-

tively); oqxB17 (decreases from 53.8% in clinical strains to 22.2% / 18.8% in influent and efflu-

ent, respectively); tet(D) (which decreases from 46.2% in clinical strains to 22.2% / 12.5% in

influent and effluent, respectively); blaSHV-106 (which decreases from 69.2% in clinical strains

to 16.7% / 25% in influent and effluent, respectively) and blaTEM-150 (which decreases from

38.5% in clinical strains to 11.1% / 18.8% in influent and effluent, respectively).

MLST distribution

Variations in MLST distribution among the three sample sets were observed and correlated

both with geographical location and the sampling site (influent, effluent and clinical samples).

A total of 14 STs were identified in the K. pneumoniae strains analysed in this study. ST101

is the most prevalent clone (n = 13) closely followed by ST258 (n = 10). ST219 and ST395 have

an equal prevalence (n = 5); ST307 (n = 3), ST1878 and ST17 (n = 2) have a low prevalence,

while the following STs were identified only once: ST 219 like, ST45, ST485 only in influent

(6%), ST11, ST35, ST364 only in effluent (6%) and ST1564 exclusively in the clinical isolates

(S1 Fig).

The ST with the highest prevalence, ST101, was mostly identified in the clinical isolates

(54%), while the second most prevalent one, ST258, was found in only 8% of the clinical iso-

lates and 28% and respectively 25% of the influent and effluent isolates. Only ST395 was found

in all sampling points, but identified most frequently in the effluent (19%). ST219 and ST1878

were isolated from influent (22%/6%) and effluent samples (6%/6%) while ST307 from clinical

(15%) and effluent (6%) samples. The most frequently encountered STs, i.e. 101, 258 and 219

were also among the ones in which class I integron sequences were most frequently detected

(Fig 5).

Virulence genes distribution

A total number of 75 virulence genes were identified in the analyzed strains. Of these, the

highly prevalent ones (n = 34, with prevalence over 50%) had a quite similar distribution

among the samples with different isolation sources: entA, entB, entE, entS, fepA, fepB, fepC,

fepD, fepG, mgtB, mgtC, ompA, xcpA/pilD, xcpR, yagV/ecpE, yagW/ecpD, yagX/ecpC, yagY/

Fig 4. Resistance genes for other classes of antibiotics identified in aquatic and clinical samples.

https://doi.org/10.1371/journal.pone.0228079.g004
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ecpB, yagZ/ecpA, ykgK/ecpR, fimA, fimE, fyuA, irp1, irp2, ybtA, ybtE, ybtP, ybtQ, ybtS, ybtT,

ybtU, ybtX, fimC (S3 Table). The rest of the virulence genes (n = 41) had a prevalence of less

than 25%.

These highly frequent cover 3 functional groups: adherence (fim genes); iron acquisition

(ent, fep, fyu, irp and ybt genes); secretion system—T6SS-III(omp genes).

The fimA, fyuA, irp1, irp2, ybtA, ybtE, ybtP, ybtQ, ybtS, ybtT, ybtU, ybtX genes increased

from 61.5% in clinical strains to 94.4–88.9% / 87.5% in influent and effluent, respectively,

while fimC decreased from ~50% in clinical and influent to 25% in the effluent samples.

The highest number of virulence genes (n = 75) was found in the influent strains, while

those detected in the effluent and clinical samples were lower by about 40% and 50% respec-

tively (S3 Table).

Discussions

Among the European countries, Romania is experiencing one of the highest rates of AR as

revealed by the most recent data reported to EARSS (European Antimicrobial Resistance Sur-

veillance System). The WWTPs are aquatic environments characterized by high-level selective

pressure exerted by antibiotics and other chemical pollutants (such as heavy metals, drugs,

metabolites); therefore, the comparative analysis of WWTPs and clinical isolates related in

time and space could reveal trends of ARGs transmission and dissemination among the clini-

cal and aquatic environment compartments. In this context, the RADAR national project has

as a main goal to provide useful information and tools for bridging AR concerns in the hospital

and the aquatic environment in Romania.

The main purpose of the current sub-study performed within the frame of RADAR project

was to use WGS data for assessing the relatedness between clinical and environmental beta-

lactam resistant K. pneumoniae isolates that could indicate the flow of ARGs from the hospital

towards the environment and the reverse and thus providing a better understanding of the

role of WWTP as an AR reservoir. The WGS data were obtained on K. pneumoniae isolates

from three locations in southern Romania.

The strains isolated from Bucharest proved, as expected, a much higher rate of AR and

diversity of ARGs and STs (S1 Fig) as compared to the other two geographical locations. This

could be explained by the fact that the receiving WWTP from the capital city is much larger

than those from Târgovişte and Galaţi. Moreover, Bucharest is by far more industrialized

(therefore a higher selective pressure from pollutants can be expected inside WWTP, favouring

Fig 5. MLST and integrons distribution in the clinical, influent and effluent compartments.

https://doi.org/10.1371/journal.pone.0228079.g005
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the enrichment, recombination and selection of AR). The pathology in the Bucharest hospital

unit is more diverse and more severe–cases from throughout the country are referred to the

National Institute for Infectious Diseases “Matei Bals”.

The ESBL-producing K. pneumoniae strains represent a serious public health issue globally

and locally [25].

The ESBL-positive K. pneumoniae strains harboured the most frequent and clinically rele-

vant ESBL genes belonging to SHV, CTX-M, OXA and TEM families. The preponderance of

blaCTX-M-15 and blaSHV as the main ESBL genes in K. pneumoniae isolates confirms the results

of other studies performed on Romanian clinical isolates, as well as the large worldwide distri-

bution of these ESBL genes [26, 27, 28].

The most frequent carbapenemases genes (e.g. blaOXA-48, blaKPC-2, blaNDM-1 and blaOXA-

162) found in the majority of the influent, effluent and clinical isolates are those reported as

prevalent both in Romania and in other geographical areas [29]. Previous studies performed in

Romania on carbapenem-non-susceptible Klebsiella pneumoniae clinical isolates have shown

that blaOXA-48 was by far the most predominant genotype, followed by blaNDM-1 and blaKPC-2

[30, 31, 32]. The corresponding STs for the carbapenemase-producing isolates are: ST101 and

ST258 (the most prevalent, as also reported in other studies including those performed on

Romanian clinical strains by the authors of the present paper [11, 33], followed by ST11, ST17,

ST219, ST307 and ST395). It’s worth mentioning that in two geographically different isolates

from Bucharest (influent, ST17) and Galaţi (effluent, ST307) we have found blaOXA-162, a rare

blaOXA-48 variant, differing by a single amino acid substitution (Thr213Ala), and which is usu-

ally co-expressed with ESBL genes (such as blaTEM, blaSHV, blaCTX-M), as in our case [34, 35].

This particular carbapenemase remains extremely rare, with few reports from Turkey [36],

Germany [37], Hungary [38] and Greece [35]. In Greece [35], blaOXA-162 has been found to be

co-expressed with blaOXA-1 and blaDHA-1 in ST11 isolates. It is interesting to note that in our

study, of the two isolates containing blaOXA-162, one has also harboured blaOXA-1. Also, similar

to the German and Hungarian studies, blaOXA-162 is co-expressed in both isolates with the

blaCTX-M-15 [29, 38]. In contrast with other reports where blaOXA-162 was found in clinical iso-

lates, in this study we have identified it in WWTP samples (both influent and effluent). To our

knowledge, there is just one study that connects OXA-162 to the ST307 subtype [39] and there

is none to connect it to ST17.

On the other hand, we verified the possibility that detected blaOXA-162gene in these two

could be a sequencing artefact. Therefore, each assembled contig of these two isolates was fur-

ther used as reference to map the corresponding raw Illumina PE reads onto. In the influent

sample, the consensus sequence of blaOXA-162 gene was generated based on 8962 reads with a

good coverage (mean = 269.6); In the effluent isolate, the contig was generated from 1483

reads having a satisfactory coverage (mean = 82.6).Performing comparative BLAST searches

on both contigs resulted that both were identical (100% pairwise identity) with K. pneumoniae
class D carbapenemases.

The most frequent STs in terms of frequency of isolation, geographical spreading and pres-

ence in both clinical and environmental compartments, i.e. 101, 258 and 219 were the most

frequently associated with integrons. Class 1 integrons have been associated with the spread of

resistance to antibiotics, disinfectants and heavy metals genes mainly in Gram-negative bacte-

ria but also in Gram-positive strains. Furthermore, these mobile genetic elements represent a

proxy for anthropogenic pollution [40].

Our study reveals for the first time the presence of carbapenemases-producing K. pneumo-
niae ST35, ST219, ST364, ST395, ST485 and ST1878 in wastewaters, of which ST395 has clini-

cal importance, while ST35 and ST485 are sporadically related to clinical cases. The other STs,

with major clinical significance, have already been described in wastewaters: ST11 [5, 41, 42,
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43], ST17 [44], ST45 [45], ST101 [43, 46, 47, 48], ST258 [49], ST307 [45, 49, 50, 51], ST512

[52], and the minor clone ST1564 [45].

Fluoroquinolones resistance rates are increasing, especially in Enterobacteriaceae, due to

their broad use for treating both Gram-negative and Gram-positive bacterial infections. Of the

known mechanisms of resistance to quinolones overexpression of efflux pumps and plasmid

mediated resistance qnrB, D and S, which protect DNA gyrase from quinolone inhibition were

detected in our strains. It is well known that plasmid mediated quinolones resistance (PMQR)

plasmids may also carry ESBL genes, including those harboured by our strains, i.e. blaSHV, bla-

TEM, blaCTX-M, blaOXA and blaKPC-2, posing a great challenge for the treatment of the respective

infections [53].

The most dominant aminoglycosides resistance gene was aac(6'), as also described in other

studies [54], followed by ant(2”), aph(3”) and aadA, either alone or in combination. The pres-

ence of these genes was higher in wastewater isolates, as compared to clinical ones, suggesting

the important role of the aquatic environment as a reservoir of aminoglycosides resistance

genes and the need for effective surveillance and strategies to reduce the selection pressure.

Similar to AME genes, trimethoprim-sulfamethoxazole resistance genes dfrA, sul1 and sul2
were also detected more frequently in wastewater samples, suggesting the need for careful sur-

veillance of the aquatic reservoir for the presence of this type of resistance, particularly when

taking into account that SXT is considered a low-cost alternative treatment by the Consortium

on Resistance Against Carbapenems in Klebsiella and other Enterobacteriaceae (CRACKLE)

[55, 56] and that in K. pneumoniae, sul1 and dfr are highly prevalent in relation with class 1

integrons [57].

Similar to other studies, the most prevalent tetracyclines resistance genes were tetA and

tetD [58].

Chloramphenicol resistance was mainly related to the presence of catB and catA genes, fol-

lowed by cmIA5. Although cmr genes are reported by some studies as the most frequently

found in clinical K. pneumoniae isolates [58], it was not present in the selected strains.

Although macrolides are not relevant for the treatment of Gram-negative infections, it has

been suggested that commensal Gram-negative organisms may serve as a reservoir of ARGs

that can be transferred to Gram-positive pathogens [59]. In our study, the most frequent

macrolide ARG was mphA, followed by mphE and msrE.

Compared to other Gram-negative species, K. pneumoniae exhibits lower susceptibility to

fosfomycin [60], and the most frequently reported mechanism is the production of the fosfo-

mycin-inactivating enzyme fosA [61], which was identified in 99.7% of the K. pneumoniae
genomes deposited in BLAST [62]. In our study fosA6 was identified with high frequency both

in clinical and wastewater isolates. Taking into account that fosA6 is localized on a transposon

and its transfer to a fosfomycin-resistant E. coli strain was already demonstrated [63], it can be

suggested that K. pneumoniae isolates carrying the chromosomal fosA6 gene could serve as a

reservoir of fosfomycin resistance in both clinical and aquatic environment.

The only rifampicin resistance mechanism harboured by our strains was the one linked to

ADP-ribosyltransferase (arr) genes 2 and 3, revealed exclusively in the wastewater samples.

The arr-1, arr-2 and arr-3 genes carried by class I integrons have been described in Gram-neg-

ative bacilli strains in Europe and Asia [64]. The arr-2 gene which was the most frequently

detected in the selected strains, particularly in influent samples, has been reported to be associ-

ated with several transposons and integrons in K. pneumoniae strains [65]. This raises the con-

cern of mobilization and transmission of rifampicin resistance from K. pneumoniae strains to

other clinically important pathogens.

The effect of biocidal agents used for disinfection to enhance cross-resistance to antibiotics

has been highlighted in different reports. In the case of K. pneumoniae, occurrence of
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resistance to different antibiotics, including colistin, has been revealed after exposure to ben-

zalkonium chloride [66] and chlorhexidine digluconate [67, 68]. Therefore, we have also fol-

lowed the distribution of disinfectants resistance genes in the analyzed strains.

In our study, the qacEdelta and qacE genes have been more frequently associated with

wastewater isolates, suggesting the selection of this type of resistance in the aquatic environ-

ment, probably due to the high selection pressure exerted by the presence of disinfectants. The

qacdeltaE and qacE were isolated from a class I integron in the R751 plasmid, and were first

documented in K. pneumoniae [69]. The qacE gene was, as expected, less encounteredsince it

is predominantly associated with Gram-positive bacteria [70]. The most prevalent were the

oqxA/B complex genes conferring resistance to multiple classes of antibiotics, but also to deter-

gents and disinfectants. The oqxA/B complex can be located on chromosome and/or plasmids,

flanked by IS26-like elements, posing thus a great risk for the public and environmental health,

in terms of AMR horizontal transmission and selection of multiple-drug resistant phenotypes

[71].

The highly prevalent ARGs preferentially associating with aquatic versus clinical samples

could ascribe potential markers for the aquatic (i.e. blaSHV-145, qacEdelta1, sul1, aadA1,

aadA2) and clinical (blaOXA-1, blaSHV-106, blaTEM-150, aac(3)Iia, dfrA14, oqxA10; oqxB17,catB3,

tetD) reservoirs of AR.

Also, some ARGs (oqxA10; blaSHV-145; blaSHV-100, aac(6')Il, aph(3')VI, armA, arr2, cmlA5,

blaCMY-4, mphE, msrE, oqxB13, blaOXA-10) showing a significantly decreased prevalence in

influent versus effluent wastewater samples could be used as markers for the efficiency of the

WWTPs in eliminating AR bacteria and ARGs. The higher tetA prevalence in the effluent as

compared to influent could suggest that WWTPs favour the enrichment in tetracyclines resis-

tant isolates.

Besides its resistance mechanisms, K. pneumoniae can also present different virulence fac-

tors, some of them responsible for the occurrence of hypervirulent K. pneumoniae severe infec-

tions [72]. The hypervirulence-associated factors are including capsular serotypes (K1 and

K2), certain STs (ST 23 and CC 23), the virulence plasmid pLVPK and KPHP1208 pathogenic-

ity island, as well as RmpA and MagA required for the mucoid phenotype and aerobactin.

Despite the high number of virulence genes harboured by our strains, none of the genes associ-

ated with the hypervirulent K. pneumoniae genotype was detected.

The presented results contribute to enriching the knowledge of the epidemiological context

of ESKAPE pathogens at national and European level, a major step in the implementation of

reliable surveillance and actions plans. Whole genome sequencing is an essential tool that

could provide fast and rich data on resistance genes, mobile genetic elements and virulence

profiles, very useful for tracking AR reservoirs and transmission.
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