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 29 

Abstract 30 

Carbapenems are used as last-resort drugs to treat infections caused by multidrug-resistant 31 

bacteria. Despite the increasing number of reports of carbapenem-resistant Enterobacteriaceae 32 

(CRE), there is still limited information on their distribution or prevalence in the environment. 33 

Our aim was to assess the occurrence of CRE in the Lis river (Portugal) and to characterize the 34 

genetic platforms linked to carbapenemase genes. We collected six water samples from sites 35 

near a wastewater treatment plant (n=4 samples) and livestock farms (n=2). Twenty-four CRE 36 

were characterized by BOX element-polymerase chain reaction (BOX-PCR), and thirteen 37 

representative isolates were analysed by Pulsed-Field Gel Electrophoresis (PFGE) and by 38 

sequencing the 16S rRNA gene. Antimicrobial susceptibility testing, PCR screening for 39 

carbapenemase-encoding genes, conjugation experiments and plasmid analysis were performed. 40 

Four isolates were chosen for whole-genome sequencing. All water samples contained CRE (4.0 41 

CFU/mL on average). Representative isolates were multidrug-resistant (resistant to 42 

ciprofloxacin, trimethoprim-sulfamethoxazole and to all β-lactams tested) and were identified as 43 

K. pneumoniae, Enterobacter and Citrobacter. Isolates carried plasmids and harboured 44 

carbapenemase-encoding genes: blaKPC-3 in K. pneumoniae (n=9), blaNDM-1 in Enterobacter 45 

(n=3) and blaGES-5 in Citrobacter (n=1). Conjugation experiments were successful in two 46 

Klebsiella isolates. Enterobacter PFGE profiles grouped in one cluster while Klebsiella were 47 

divided in three clusters and a singleton. Whole-genome sequencing analysis revealed blaGES-5 48 

within a novel class 3 integron (In3-16) located on an IncQ/pQ7-like plasmid in Citrobacter 49 

freundii CR16. blaKPC-3 was present on IncFIA-FII pBK30683-like plasmids, which were 50 

subsequently confirmed in all K. pneumoniae (n=9). Furthermore, blaKPC-3 was part of a 51 

genomic island in K. pneumoniae CR12. In E. roggenkampii CR11, blaNDM-1 was on an IncA/C2 52 

plasmid. The carbapenemase-encoding plasmids harboured other resistance determinants and 53 

mobile genetic elements. Our results demonstrate that Lis river is contaminated with CRE, 54 

highlighting the need for monitoring antibiotic resistance in aquatic environments, especially to 55 

last-resort drugs.  56 
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Capsule 60 

 61 

Carbapenemase-producing Enterobacteriaceae were detected in a Portuguese river, carrying 62 

blaGES-5, blaKPC-3 and blaNDM-1. 63 

 64 

Introduction 65 

  66 

During the last decades, we have been witnessing the escalation of antibiotic-resistant 67 

infections, a phenomenon that poses a serious threat to public health (O ’neill, 2016; World 68 

Health Organisation, 2018). Infections that were once easy to treat are now becoming fatal, 69 

leading to higher mortality rates and higher costs to healthcare systems (Center for Disease 70 

Dynamics Economics & Policy, 2015; Nadimpalli et al., 2017). A report published in 2016 by 71 

the UK government estimates that, by the year of 2050, 10 million lives will be at risk due to 72 

drug-resistant infections (O ’neill, 2016). Even last-resort antibiotics such as carbapenems, 73 

which are administered in cases of severe infections, are starting to lose their efficacy (European 74 

Centre for Disease Prevention and Control, 2017).   75 

In Gram-negative bacteria, carbapenem resistance derives mainly from the production of 76 

carbapenemases. The first  carbapenemase in Enterobacteriaceae was described in 1993 77 

(NmcA) (Naas and Nordmann, 1994) and since then a large variety of carbapenemases have 78 

emerged and are now spreading worldwide at an alarming rate (Bonomo et al., 2018; Logan and 79 

Weinstein, 2017). Many carbapenemase-encoding genes are located on plasmids and linked 80 

with various mobile genetic structures, which further enhance their dissemination potential 81 

(Nordmann et al., 2012).  82 
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Reports of CRE have increased significantly in the past 20 years (Nordmann et al., 2011; Potter 83 

et al., 2016). In 2017, the World Health Organization (WHO) listed CRE as critical priority 84 

pathogens for R&D of new antibiotics (World Health Organisation, 2017).  85 

The environment is currently seen as a vast reservoir of resistant organisms and their associated 86 

genes (Larsson et al., 2018). There is accumulating data revealing an interexchange of these 87 

genes between wildlife, livestock and humans (Wellington et al., 2013). CRE isolates have been 88 

found in samples of different origins in many countries in recent years, including wastewaters 89 

(de Oliveira et al., 2017; Gomi et al., 2018), vegetables (Liu et al., 2018), animals (García-90 

Cobos et al., 2015; Webb et al., 2016), drinking water (Henriques et al., 2004; Saavedra et al., 91 

2003), wells and river water (Migliavacca, 2017; Tacão et al., 2015; Zurfluh et al., 2013). Rivers 92 

are remarkable hotspots of antibiotic resistance, especially when exposed to human activities 93 

(Surette and Wright, 2017; Tacão et al., 2012; Zhang et al., 2009).  94 

The Lis river (Central Portugal) has suffered several ecological disasters during the last 30 95 

years, mainly due to piggery untreated wastewater discharges (J. Vieira et al., 2012). Several 96 

reports described poor water quality (Vieira et al., 2013; J. S. Vieira et al., 2012), including 97 

water contamination with veterinary antibiotics such as sulfamethazine (Paíga et al., 2016). 98 

Discharges from livestock farming are considered sources of antibiotic resistance genes in 99 

freshwater bodies (Nnadozie and Odume, 2019). Nonetheless, this river has never been 100 

inspected for the presence of antibiotic-resistant bacteria and resistance genes. Thereby, we 101 

sampled at Lis river in order to examine the occurrence of CRE and to characterize the genetic 102 

platforms linked to carbapenemase genes. With this study we also intend to contribute for the 103 

surveillance of CRE dissemination in Portuguese freshwater environments, hoping to raise 104 

awareness on potential human health risks.  105 

 106 

Materials and Methods 107 

 108 

Sampling and Bacterial Isolation  109 
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Water samples were collected in 2017 from Lis river urban area in four sites. Two sites were in 110 

the vicinity of a municipal wastewater treatment plant (UWWTP): UW (upstream the plant) 111 

(39°44'14.2"N;8°47'43.5"W) and DW (downstream the plant) (39°47'57.2"N;8°50'12.6"W). 112 

Two sites were near the entrance of the brook of Milagres (known as a hotspot for discharges 113 

from pig production facilities (J. Vieira et al., 2012)): UM (upstream the entrance) 114 

(39°46'28.7"N;8°50'01.0"W) and DM (downstream the entrance) (39°47'57.2"N;8°50'12.6"W). 115 

Sites UM and DM were sampled only once, while sites UW and DW were sampled twice, with 116 

a three-month interval, making a total of 6 water samples. 117 

Water was collected in sterile bottles (7 L) and kept on ice for transportation. We filtered the 118 

water samples in triplicate through sterile 0.45-µm-pore membranes (400 mL each) (Pall Life 119 

Sciences) and placed them on Chromocult agar (Merck) supplemented with 4 µg/mL of 120 

imipenem. Chromocult agar without antibiotic was used to determine the proportion of 121 

imipenem-resistant bacteria by filtering also in triplicate 1mL of each water sample. Plates were 122 

incubated at 37 ºC and counts were performed after 24 h. 123 

Individual imipenem-resistant colonies were purified and stored in 20% glycerol at -80 ºC. 124 

 125 

Typing and Identification of CRE isolates 126 

 We used BOX-PCR, which is a PCR-based method of fingerprinting that targets repetitive 127 

sequences present throughout the genome of diverse bacterial species, to type all isolates as 128 

previously described (Tacão et al., 2012). Isolates representing each BOX profile were then 129 

selected and identified by 16S rRNA gene sequencing (Tacão et al., 2012). Representative CRE 130 

isolates were further analysed by PFGE of XbaI digested DNA, using the CHEF-DR II System 131 

(Bio-Rad Laboratories) as previously described (Ribot et al., 2006). PFGE is also a DNA 132 

fingerprinting method used for the purpose of subtyping bacteria and determine clonal 133 

relatedness (Tenover et al., 1995). We analysed the restriction patterns with GelCompar II 134 

(Applied Maths) in accordance to the criteria of Tenover and colleagues (Tenover et al., 1995).  135 

 136 

Antimicrobial Susceptibility Testing and Detection of Resistance Genes 137 
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Antimicrobial susceptibility was tested by the disk diffusion method according to the European 138 

Committee on Antimicrobial Susceptibility Testing (EUCAST) (European Committee on 139 

Antimicrobial Susceptibility Testing, 2017). The antibiotics tested were Amikacin (AK), 140 

Aztreonam (ATM), Cefepime (FEP), Cefotaxime (CTX), Ceftazidime (CAZ), Ciprofloxacin 141 

(CIP), Ertapenem (ETP), Gentamicin (CN), Imipenem (IPM), Meropenem (MEM), Piperacillin 142 

(PRL), Piperacillin/tazobactam (TZP), Ticarcillin (TIC), Ticarcillin/clavulanic acid (TTC), 143 

Tigecycline (TGC) and Trimethoprim/sulfamethoxazole (SXT) (Oxoid). We used Escherichia 144 

coli ATCC 25922 as quality control. 145 

The CRE isolates were screened for carbapenemase-encoding genes blaKPC, blaNDM, blaVIM , 146 

blaGES, blaOXA-48 using primers and conditions previously described (Table S1) (Tacão et al., 147 

2015). We also inspected the presence of blaCTX-M and mcr-1 (Tacão et al., 2017). Amplicons 148 

were confirmed by sequencing.  149 

 150 

Conjugation Experiments and Plasmid Analysis 151 

We examined the transfer of carbapenem resistance genes by the broth culture conjugation 152 

method using E. coli J53 as recipient (Tacão et al., 2017). Briefly, donors and recipient strains 153 

were mixed at a ratio of 1:1 in broth culture and grown 24 h at 37 ºC without agitation. 154 

Transconjugants were selected on Plate Count Agar (PCA) containing imipenem (4 µg/mL) and 155 

sodium azide (200 µg/mL) and confirmed by BOX-PCR. We confirmed the presence of blaNDM, 156 

blaKPC and blaGES genes in transconjugants by PCR and determined Minimal inhibitory 157 

concentrations (MICs) in Mueller-Hinton agar according to EUCAST (European Committee on 158 

Antimicrobial Susceptibility Testing, 2016). The transfer frequency was also calculated as the 159 

number of transconjugants per recipient cell. 160 

Plasmids were extracted using the NZYMiniprep kit (NZYTech) and examined by 161 

electrophoresis. We assigned incompatibility groups by the PCR-based replicon typing scheme 162 

(Carattoli et al., 2005). The IncX, IncI2 and IncR replicons were detected according to previous 163 

methods (Chen et al., 2013; Compain et al., 2014). We evaluated the presence of pBK30661-164 
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like and pBK30683-like plasmids by PCR in blaKPC-harbouring K. pneumoniae isolates (Chen et 165 

al., 2014).  166 

 167 

Whole Genome Sequencing (WGS) and Analyses 168 

We selected four CRE isolates for WGS, considering the PFGE and plasmid profiling results. 169 

Genomic DNA was purified using the Wizard Genomic DNA Purification kit (Promega) and 170 

paired-end libraries were generated using Illumina HiSeq 2500 platform (Illumina) according to 171 

the manufacturer’s protocol. We checked raw reads quality using FastQC software 172 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and subjected them to a trimming 173 

process to remove those with a phred quality score below 20 by applying Trimmomatic (version 174 

0.36, parameters: illuminaclip on, slidingwindow 4:15, leading , trailing 3, crop off, minlen 36) 175 

(Bolger et al., 2014). The assembly was performed  with SPAdes version 3.11.0  (Bankevich et 176 

al., 2012).  177 

We annotated the assembled draft genomes using Rapid Annotation using Subsystem 178 

Technology (RAST) (Aziz et al., 2008). Species identification was confirmed by calculating the 179 

average nucleotide identity (ANIb) values using the online ANI calculator tool (Rodriguez-R 180 

and Konstantinidis, 2016), and digital DNA-DNA hybridization (dDDH) values using the 181 

Genome-to-Genome Distance Calculator 2.1 (Meier-Kolthoff et al., 2013). Finally, we 182 

considered the G+C% divergence in the overall genome relatedness analysis (Meier-Kolthoff et 183 

al., 2014). 184 

WGS data was analysed using tools to determine multi-locus sequence types (MLST), presence 185 

of resistance genes (Resfinder 3.0) and plasmids (PlasmidFinder 1.3), all available at the Center 186 

for Genomic Epidemiology (http://www.genomicepidemiology.org). We also used the 187 

comprehensive antibiotic resistance database (CARD) to predict the resistomes and the genomic 188 

island prediction software (GIPSy) to predict genomic islands (GIs) associated with antibiotic 189 

resistance (McArthur et al., 2013; Soares et al., 2016). Integrons were compared against the 190 

integron database INTEGRALL (http://integrall.bio.ua.pt) (Moura et al., 2009). 191 
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We verified contig arrangements of blaNDM-1-, blaKPC-3- and blaGES-5-carrying plasmids by PCR 192 

and Sanger sequencing to close gaps between contigs. For this, specific primers were designed 193 

(Table S1). 194 

 195 

Nucleotide Sequence Accession Number 196 

The whole genome sequences were submitted at DDBJ/ENA/Genbank under the accession 197 

numbers RBMO00000000 (E. roggenkampii CR11), RBWG00000000 (K. pneumoniae CR12), 198 

RBWI00000000 (C. freundii CR16) and RBWH01000000 (K. pneumoniae CR20).  199 

 200 

Results  201 

 202 

Occurrence and Diversity of Imipenem-resistant Enterobacteriaceae 203 

Carbapenem (imipenem)-resistant Enterobacteriaceae were detected in all samples. Colony 204 

counts on Chromocult were on average 2.33×103±2.78×102 CFU/mL of riverine water (Table 1). 205 

In medium supplemented with imipenem, average colony counts of 22.0±7 CFU/mL were 206 

obtained, corresponding to approximately 0.85% of total coliforms.  207 

Twenty-four isolates were analysed by BOX-PCR and thirteen isolates, with distinct profiles 208 

from each sampling site, were identified by 16S rRNA gene sequence analysis as Klebsiella 209 

pneumoniae (n=9), Citrobacter (n=1) and Enterobacter (n=3) (Table 2). 210 

PFGE analysis divided the nine K. pneumoniae isolates into three clusters and one singleton 211 

(Figure S1A). All Enterobacter shared an identical pattern and were obtained from sites UW 212 

(CR7; CR8) and UM (CR11) (Figure S1B).  213 

Antibiotic Susceptibility Patterns and Carbapenemase genes 214 

CRE isolates were multidrug-resistant (resistant to three or more classes of antibiotics; Table 2) 215 

(Magiorakos et al., 2012).  Isolates were resistant to ciprofloxacin, trimethoprim-216 

sulfamethoxazole and to all β-lactams tested. The only exceptions were the Enterobacter 217 

isolates, which were susceptible to aztreonam as well as the Citrobacter isolate, which was 218 
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susceptible to aztreonam, cefotaxime, cefepime and amikacin. All Enterobacter isolates were 219 

resistant to amikacin and gentamicin. Five K. pneumoniae isolates and the Citrobacter isolate 220 

were resistant to gentamicin. No isolate was resistant to tigecycline.  221 

All 13 CRE isolates carried one carbapenemase-encoding gene: blaKPC-3 was found in K. 222 

pneumoniae isolates, blaNDM-1 was found in Enterobacter isolates and the Citrobacter isolate 223 

harboured a blaGES-5 (Table 2). blaCTX-M and mcr-1 were not detected.   224 

 225 

Plasmids and Conjugation 226 

The presence of plasmids was confirmed in all isolates (Figure S2). Most Klebsiella isolates 227 

shared the same plasmid profile while isolates CR17 and CR20 displayed distinct profiles 228 

(Figure S2). Among the Enterobacter isolates, CR7 and CR8 had the same plasmid profile 229 

while CR11 exhibited a different pattern. Replicon IncY was detected by PCR in 8 K. 230 

pneumoniae isolates, whereas IncR was found in the Citrobacter isolate (Table 2).  231 

Transconjugants were successfully obtained from isolates K. pneumoniae CR18 and CR21. 232 

Transconjugants carried blaKPC and exhibited significant MICs increase for carbapenems (from 233 

24 to 428 times) and cephalosporins (from 128 to 250 times) (Table 3). The transfer frequencies 234 

(transconjugants per recipient cell) of pBK30683-like plasmids to E. coli J53 were 5.16×10-7 for 235 

CR18 and 6.88×10-7 for CR21.   236 

 237 

WGS Analysis 238 

Based on PFGE and plasmid profiles, 4 CRE isolates were selected for WGS (Table S2). The 239 

single Citrobacter isolate (CR16) was chosen since it is the only representative of this genus. 240 

Although all three Enterobacter isolates shared the same PFGE profile, isolate CR11 exhibited 241 

a singular plasmid profile and was chosen for WGS. Regarding the Klebsiella isolates, CR12, 242 

representative of the dominant PFGE profile and CR20, displaying unique PFGE and plasmid 243 

profiles, were the ones selected for WGS. 244 
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Genome sequence-based methods (ANIb and dDDH values) were congruent in the 245 

identification of both Klebsiella isolates as Klebsiella pneumoniae. The genome sequence of 246 

Enterobacter CR11 was 98.6% identical by ANIb to the genome of Enterobacter roggenkampii 247 

DSM 16690 while the sequence of Citrobacter CR16 was 99.0% identical by ANIb to the 248 

genome of Citrobacter freundii AR_0116 (Table S3). dDDH values of Enterobacter CR11 and 249 

Citrobacter CR16 with the mentioned type strains were well above 70%, indicating that they 250 

belong to the same species (Chun et al., 2018). 251 

K. pneumoniae CR12 and CR20 252 

K. pneumoniae CR12 and CR20 belonged to sequence types ST231 and ST147 (Table 4).  In 253 

Klebsiella CR12, the PCR-based protocol proposed by  Chen et al.(Chen et al., 2014) was 254 

positive for all eight PCRs, confirming the genetic context of blaKPC-3 within Tn4401d in a FIA-255 

FII pBK30683-like plasmid (GenBank accession number KF954760) (Chen et al., 2014). After 256 

further assembly based on PCR and Sanger sequencing, analysis unveiled that the blaKPC-3 257 

containing contig (size 27,843 bp; Figure 1) was 100% identical in terms of nucleotide sequence 258 

to the corresponding region of plasmid pBK30683 from K. pneumoniae BK30683, isolated in 259 

two hospitals in the US (Table 4) (Chen et al., 2014). Other resistance determinants were 260 

detected on the same contig that are also present in pBK30683, including blaTEM-1, blaOXA-9 261 

(encoding β-lactam resistance), aacA4, aadA1, strB (aminoglycoside resistance), sul2 262 

(sulphonamide resistance), dfrA14 (trimethoprim resistance) and an operon encoding resistance 263 

to nickel (Table S4). Further analysis of the genome of K. pneumoniae CR12 led to the 264 

identification of five GIs ranging from 7 to 28kb, harbouring genetic determinants related with 265 

resistance (Table S5). Sequence analysis of each region revealed that two of these structures 266 

harbour the genes encoding resistance-nodulation-division (RND)-type multidrug efflux pumps 267 

(GI-2) and the porin encoding gene ompF (GI-3). CR12 GIs analysis also revealed that the 268 

nested transposon Tn4401/Tn1331, where blaKPC is located, is part of GI-5 that also harbours 269 

sul, strA,B and the nickel-resistance protein nirB. 270 
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In K. pneumoniae CR20, a cointegrated IncFIA/FII plasmid was also confirmed by the same 271 

method (Chen et al., 2014) and the blaKPC-3-containing contig (size=10,058 bp) was 100% 272 

identical in terms of nucleotide sequence to the corresponding region of plasmid pBK30683 273 

(Table 4). The PCR scheme was positive for all reactions except for the one targeting Tn4401 274 

conserved sequences located downstream blaKPC. Further contig assembly revealed that in CR20 275 

blaKPC-3 gene is directly flanked by the insertion sequence IS26, confirming the absence of the 276 

region between these two genetic elements described in pBK30683 plasmid (Figure 1). 277 

Accordingly, all the resistance genes located in this region, including aacA4, aadA1, blaTEM-1, 278 

blaOXA-9 and sul2, were absent in K. pneumoniae CR20. GIPSy analysis resulted in the 279 

identification of one GI of 27kb in K. pneumoniae CR20 containing genes that encode for RND 280 

multidrug efflux proteins (Table S5). 281 

Other resistance determinants were detected in both Klebsiella isolates (Table S4), namely the 282 

fosfomycin resistance gene fosA and the naturally occurring β-lactamase gene blaSHV-1 in CR12 283 

and blaSHV-11 in CR20. Mutations reported in fluoroquinolone-resistant K. pneumoniae (Correia 284 

et al., 2017) were detected, including S80I in parC (in both isolates) and S83I in gyrA (in 285 

CR20). Regarding plasmids, an IncFIB replicon was predicted in both Klebsiella isolates and a 286 

Col440II plasmid was predicted in CR20. The remaining K. pneumoniae isolates (n=7) were 287 

inspected by PCR and the presence of pBK30683-like plasmids was confirmed. 288 

 289 

E. roggenkampii CR11 290 

PCR mapping of the blaNDM-1-surrounding sequences revealed its association with an IncA/C2 291 

plasmid. A BLAST search using the assembled contig (size 33,823 bp) indicated that 292 

pCR11_A/C2 shares a high degree of similarity with other IncA/C2 plasmids (Figure 2). Indeed, 293 

this contig was 99.85% identical with the corresponding region of pNDM15-1078, a plasmid 294 

from a clinical E. coli isolate in Canada (accession no. CP012902.1) (Table 4). The same contig 295 

shared 99.99% identity with plasmid pNDM-CIT from C. freundii STE (accession no. 296 
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JX182975.1), a clinical isolate obtained from a hospitalized patient with an urinary infection in 297 

south-eastern India (Dolejska et al., 2013).  298 

Further analysis revealed that blaNDM-1 was located on a Tn125-like transposon together with a 299 

bleMBL (resistance to bleomycin) and a truncated phosphoribosylanthranilate isomerase gene 300 

(Bontron et al., 2016). This region is flanked by two identical class 1 integrons comprising an 301 

intl1, a dfrA12-aadA2 array (encoding trimethoprim and aminoglycoside resistance), qacE∆1 302 

(quaternary ammonium compounds), and sul1 (sulphonamide resistance), which are flanked 303 

upstream by ISCR1 insertions. Directly upstream the blaNDM-1 gene, an IS26-insertion sequence 304 

was identified. A region that is described in pNDM-CIT (Dolejska et al., 2013) containing other 305 

relevant resistance genes including armA (aminoglycosides), mph2 and mel (macrolides), and 306 

the mer operon (mercury), was also detected in this isolate, located in a 8,202 bp contig which is 307 

probably part of  pCR11_A/C2 (Table S4).  308 

An IncQ2 and a CoIRNAI plasmids were predicted in E. roggenkampii CR11. The IncQ2 309 

plasmid consisted on an 8,382 bp contig exhibiting high similarity with pQ7 plasmid (99.79% 310 

nucleotide identity) (Guillard et al., 2015). The main difference in pCR11_IncQ2 plasmid was 311 

the presence of a novel class 3 integron (In3-17) where the blaGES-1 cassette is absent and a 312 

blaOXA-677 replaces the fused blaOXA/aac cassette (Figure 2). GIPSy analysis unveiled that the 313 

blaOXA-677 gene is also located on GI-5 in the pCR11_IncQ2 plasmid. Moreover, genes that 314 

encode for tripartite multidrug resistance systems proteins were also present in GI-3 and GI-4 in 315 

E. roggenkampii CR11 (Table S5). 316 

An amino acid substitution (S83I) previously reported in the gyrA quinolone resistance-317 

determining region of Enterobacter cloacae isolates (Guillard et al., 2015),  was detected in 318 

CR11. Finally, the in silico analysis revealed the presence of an ampC gene (blaMIR-22), intrinsic 319 

of the E. cloacae complex (Jacoby and Tran, 1999; Reisbig and Hanson, 2004). 320 

 321 

C. freundii CR16 322 
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Citrobacter freundii CR16 was assigned to a new sequence type (ST429). The blaGES-5 gene was 323 

detected on a fully assembled IncQ2 plasmid of 8,950 bp, with a GC content of 61.7%.  This 324 

plasmid shares high similarity with pQ7 (accession no.FJ696404) described in E. coli TB7  325 

(Poirel et al., 2010), with a query coverage of 99% and nucleotide identity of 99.89% (Table 4). 326 

A similar plasmid was present in Enterobacter CR11, as described above. Comparing to pQ7, 327 

the major difference was the presence of a novel class 3 Integron (In3-16) with a nucleotide 328 

substitution in the blaGES gene that results in a different variant, blaGES-5 (Figure 3).  329 

The integron  intI1-qnrB4- blaDHA was detected in Citrobacter CR16, in a contig which 330 

exhibited 99.9% nucleotide identity and a query coverage of 94.0% with plasmid pMPDHA, 331 

from a Klebsiella oxytoca clinical isolate found in France (Verdet et al., 2006). Additional 332 

resistance genes present in pMPDHA such as sul1, ereA2 (macrolide resistance), aacA4 and 333 

aac(3’)-IIb (aminoglycosides), were also detected in Enterobacter CR11 with the same 334 

arrangement, indicating their probable presence in a pMPDHA-like plasmid. The qnrB4 gene is 335 

also located in GI-4. Other GIs related to resistance traits are present in CR16, namely, GI-1 and 336 

GI-2, comprising genes that encode for RND multidrug efflux proteins (Table S2).  337 

  338 

Other resistance determinants were found, including the chromosomal blaCMY-2 and genes 339 

encoding macrolide (mph(A), mrx) and chloramphenicol (catII) resistance (Table S4). IncX5, 340 

IncHI2 and IncR plasmids were predicted in this isolate.  In gyrA, an amino acid substitution 341 

(S83I) known to reduce fluoroquinolone susceptibility was detected. 342 

 343 

Discussion  344 

The global rise of resistance to carbapenems in Enterobacteriaceae poses one of the most 345 

pressing public health threats related to antibiotic resistance. However, the number of studies 346 

investigating aquatic environments as potential reservoirs of CRE is still very limited. 347 
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In this study, we report the occurrence of CRE in water from Lis river, Portugal. A low 348 

percentage of imipenem-resistant Enterobacteriaceae (approximately 0.85%) was determined, 349 

which might be explained by the restrictive rules in the administration of carbapenems in 350 

Portugal (Tacão et al., 2015). As reported in other studies (Bonomo et al., 2018), production of 351 

carbapenemases seems to be the major contributing mechanism for carbapenem-resistance. The 352 

occurrence of Enterobacteriaceae that harbour carbapenemase-encoding genes in aquatic 353 

systems is of great concern since these antibiotics are reserved to treat the most severely ill 354 

patients in hospitals (Nicolau, 2008). Reports of CRE recovered from aquatic systems are 355 

increasing worldwide and  have already been reported in countries from all continents, except 356 

for Australia (Mills and Lee, 2019; Woodford et al., 2014). The Indian subcontinent is one of 357 

the most worrying cases, where the gene encoding NDM-1 is widely disseminated (Walsh et al., 358 

2011). In a recent work where the distribution of carbapenem-resistant E. coli was analyzed in 359 

the Indian aquatic environment, Akiba and co-workers reported the occurrence of twenty 360 

isolates resistant to imipenem in a total collection of 446 isolates (4.49%) (Akiba et al., 2016). 361 

In Portugal, Tacão and co-workers accessed the prevalence and diversity of carbapenem-362 

resistant bacteria in the Vouga river basin and determined a low percentage of imipenem-363 

resistant isolates (0.19%) of which only 2.7% were members of the Enterobacteriaceae family 364 

(Tacão et al., 2015). Also, Poirel, Kieffer and colleagues found KPC-, VIM- and IMP-producing 365 

E. coli isolates in a river crossing the city of Santo Tirso, north Portugal (Kieffer et al., 2016; 366 

Poirel et al., 2012). Most of these reports describing the occurrence of carbapenemases in 367 

bacteria isolated from aquatic environments are still largely observational and lack sufficient 368 

depth or quantification in order to make comparative analysis. Nonetheless, the variety of the 369 

carbapenemase genes harboured by Enterobacteriaceae found in the Lis river and their 370 

antimicrobial susceptibility patterns are alarming.  371 

 372 

All K. pneumoniae isolates carried a blaKPC-3 on a truncated nested transposon Tn4401/Tn1331 373 

located on pBK30683-like plasmids, highlighting the spread of the mobile genetic platform 374 
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blaKPC-3-Tn4401d among Enterobacteriaceae in Portugal (Rodrigues et al., 2016). This platform 375 

can be moved between strains and can insert into the chromosome or plasmids of already 376 

multidrug-resistant strains (Cerqueira et al., 2017). For instance,  the co-occurrence of blaKPC-3-377 

Tn4401d with mcr-1-harboring plasmids has been recently reported in clinical E. coli in 378 

Portugal (Tacão et al., 2017). In our study blaKPC-3 transfer by conjugation was confirmed for 379 

two K. pneumoniae isolates. The occurrence of K. pneumoniae environmental isolates 380 

harbouring blaKPC-3 is also alarming due to the increasing prevalence of KPC-3 producers among 381 

K. pneumoniae in Portuguese hospitals (Manageiro et al., 2015a). Particularly, ST147 isolates 382 

(of the same ST as isolate CR20) carrying this common platform were recently involved in 383 

outbreaks in Portuguese hospitals (Rodrigues et al., 2016).  ST147 has been associated with 384 

carbapenem resistance worldwide due to production of VIM, KPC and NDM enzymes 385 

(Manageiro et al., 2015a; Zowawi et al., 2015). There are also reports on the occurrence of 386 

ST147 isolates on wastewater (Alouache et al., 2014; Zurfluh et al., 2018) and companion 387 

animals (Ovejero et al., 2017). 388 

K. pneumoniae CR12 (ST231), which shared the same PFGE profile with 3 isolates obtained 389 

from different sampling sites in two different dates, also had the same blaKPC-3-Tn4401d-IncFIA 390 

structure in its genome. Furthermore, this structure is part of a genomic island, which enhances 391 

the probability of horizontal gene transfer events (Juhas et al., 2009). K. pneumoniae ST231 392 

carrying this platform have been linked to community invasive infections and its high content in 393 

virulence factors and antimicrobial resistance genes has also been highlighted, including blaGES-5 394 

and blaSHV-12 in Portugal (Manageiro et al., 2015a; Rodrigues et al., 2016). Furthermore, clinical 395 

isolates of K. pneumoniae ST231 producing NDM-1 have been identified in the UK (Giske et 396 

al., 2012). 397 

Of extreme relevance is the identification of four Enterobacter isolates carrying the blaNDM-1 398 

carbapenemase gene. This is one of the most clinically significant carbapenemases which has 399 

become widely distributed in recent years, particularly in India (Nordmann and Poirel, 2014; 400 

Walsh et al., 2011).  401 
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The presence of blaNDM-1 in a broad-host range plasmid, which carries other relevant resistance 402 

genes, is of great concern and the inclusion of several mobile genetic platforms on this plasmid 403 

renders an even higher risk of transimission to strains of clinical relevance (Sugawara et al., 404 

2017). Similar plasmids have been detected in multidrug-resistant isolates in the UK and India, 405 

including from water samples in New Delhi (Carattoli et al., 2011). Reports of NDM-producing 406 

bacteria in Europe are mostly from clinics, while environmental niches comprise only sporadic 407 

cases, as a NDM-1-producing Salmonella enterica isolated from a wild bird in Germany and a 408 

NDM-9-producing K. pneumoniae from wastewater in Switzerland (Fischer et al., 2013; 409 

Zurfluh et al., 2018). The gene blaNDM has been detected in WWTPs receiving hospital effluents 410 

in  Belgium and Spain (Proia et al., 2018; Subirats et al., 2017). To the best of our knowledge, 411 

this is the first report on the presence of blaNDM-harbouring Enterobacteriaceae in an 412 

environmental setting in Portugal. Till date, the only published report of a NDM-1 producer in 413 

Portugal is a Providencia stuartii strain isolated during a hospital outbreak (Manageiro et al., 414 

2015b).  415 

E. roggenkampii is a recently-described species that has a similar gene content and ANI 416 

characteristics as previously defined species in the E. cloacae complex (Sutton et al., 2018). The 417 

high similarity between these species often results in the misidentification of E. roggenkampii 418 

strains as E. cloacae (Sutton et al., 2018). 419 

Similarly to Klebsiella and Enterobacter isolates, Citrobacter CR16 also displayed a relevant 420 

antibiotic resistance arsenal. The location of blaGES-5  as part of a novel class 3 integron on an 421 

InQ2 mobilisable plasmid is of particular emphasis (Poirel et al., 2010). These IncQ-type 422 

plasmids are known to play an important role in the dissemination of antibiotic resistance genes 423 

(Poirel et al., 2010).  424 

The GES-5 variant is the main carbapenem-hydrolysing GES-type enzyme identified in 425 

Enterobacteriaceae and possesses significant higher carbapenemase activity than GES-1 (Poirel 426 

et al., 2009). This variant is also disseminated quite widely, being found not only in nosocomial 427 
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settings but also in the environment (Nordmann and Poirel, 2014; Poirel et al., 2009). In 428 

Portugal, an IntI3-blaGES-5 structure has already been described in K. pneumoniae ST231 clinical 429 

isolates,  belonging to the same sequence type of Klebsiella CR20 (Manageiro et al., 2015a). 430 

Also in Portugal, blaGES-5 was detected in four K. pneumoniae isolates obtained from water 431 

streams (Manageiro et al., 2014). 432 

Overall, our results highlight the propagation of acquired carbapenemase genes outside the 433 

clinic and in river environments, that may be related to the location of these genes in 434 

conjugative plasmids also harbouring transposable elements. 435 

Intensive livestock activities have a serious impact on Lis river water quality (Vieira et al., 436 

2013) and may contribute to the high coliform counts determined in the river water (2.3×103 437 

CFU/mL on average). There are also several studies providing evidence that piggery manure is 438 

a hotspot of transferable plasmids carrying antibiotic resistance genes, correlating the use of 439 

antibiotics in food animals and antibiotic resistance among bacteria isolated from humans 440 

(Cerqueira et al., 2017; Manageiro et al., 2015a; Rodrigues et al., 2016; Webb et al., 2016; 441 

Zowawi et al., 2015). Besides livestock activities, municipal and hospital wastewater treatment 442 

plants are considered a major source of antibiotic-resistant bacteria, which is ultimately released 443 

in the environment (Gomi et al., 2018; Pärnänen et al., 2019). Although wastewater treatment 444 

processes normally result in significant reductions in the bacterial load, the percentage of 445 

antibiotic-resistant bacteria and antibiotic resistance genes are not reduced to the same extent 446 

and can even increase (Alouache et al., 2014; Giske et al., 2012; Ovejero et al., 2017).     447 

In order to obtain a more detailed understanding of the Lis river resistome and to track the 448 

source of contamination, larger and more detailed studies are needed encompassing more 449 

sampling sites. Although animal agriculture discharges seem to have a significant impact on the 450 

microbial load in water from Lis river, our results are not conclusive in linking imipenem-451 

resistant strains to piggeries-associated pollution.  452 
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In conclusion, our findings depict aquatic environments as underappreciated reservoirs of 453 

clinical relevant Enterobacteriaceae resistant to carbapenems and other antibiotics, which may 454 

be spreading their resistance genes to different strains. These results emphasize the need to 455 

enhance and extend the systematic monitoring of carpapenemases dispersion in bacteria from 456 

non-human sources, specially in environments subjected to anthropogenic pressures. 457 

 458 

Figures: 459 

 460 

Figure 1. Synteny analysis of blaKPC-3 gene context in IncFIA/FII plasmids from K. pneumoniae 461 

isolates BK30661 (GenBank accession no.KF954759), BK30683 (GenBank accession 462 

no.KF954760), CR12 (GenBank accession no.RBWG00000000) and CR20 (GenBank 463 

accession no.RBWH01000000). Lines indicate conserved genes. 464 
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 465 

Figure 2. Major structural features of the region harbouring the blaNDM-1 gene between the 466 

IncA/C2 plasmid isolated in this study, pCR11, with similar backbone plasmid pNDM15-1078 467 

(GenBank accession no.CP012902). “Flip” arrows indicate changes in gene direction.  468 

 469 

Figure 3. Alignment of IncQ2-typing plasmids to the reference plasmid pQ7 (GenBank 470 

accession no.FJ696404). Top row shows the reference plasmid and the rows below the 471 

reconstructed plasmids in Citrobacter CR16 (GenBank accession no. RBWI00000000) and 472 

Enterobacter CR11 (GenBank accession no. RBMO00000000). 473 

 474 

Tables: 475 
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Table 1. Prevalence of Imipenem-Resistant Coliforms in the water of four river sites (UM, DM, 476 

UW, DW) sampled in 2017. Samples from sites UW and DW were collected twice. Three 477 

replicas were plated for each site.  478 

Sampling 
sites 

Total Coliforms 
(CFU/mL) 

% of total culturable 
bacteria in 

Chromocult resistant 
to Imipenem 

No. of selected 
Imipenem-

resistant isolates 

No of Imipenem-
resistant strains with 

different BOX 
profiles 

UM 3.7×103±1.0 x102 0.8 ± 0.1 3 2 

DM 2.5×103±7.8 x10 1.0 ± 0.0 3 2 

UW1 6.8×102±8.0 x10 0.4 ± 0.2 8 3 

DW1 2.7×103±6.4 x102 2.3 ± 0.9 1 1 

UW2 2.9×103±5.9 x102 0.2 ± 0.1 4 3 

DW2 1.3×103±1.6 x102 0.4 ± 0.1 5 2 

 479 

Table 2. Identification, antibiotic susceptibility profiles and genotypes of CRE isolated from Lis 480 

river (sites UM, DM, UW and DW) carrying carbapenemase genes. 481 

  

Resistance Profile 

 

Isolate 

Closest taxa 
identified by 
BLAST using 

16S rDNA gene   
Sample of 
Origin  

Replicon 
typing  

Carbapenemase 
gene  
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C
IP

 

T
G

C
 

S
X
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CR3 K. pneumoniae UW1 IncY blaKPC                             

CR7 Enterobacter UW1 - blaNDM                                

CR8 Enterobacter UW1 - blaNDM                                

CR9  K. pneumoniae DW1 IncY blaKPC                                 

CR11 Enterobacter UM - blaNDM                              

CR12 K. pneumoniae UM IncY blaKPC                                 

CR13 K. pneumoniae DM IncY blaKPC                                 

CR14 K. pneumoniae DM IncY blaKPC                                 

CR16 Citrobacter UW2 IncR blaGES                          

CR17 K. pneumoniae UW2 IncY blaKPC                               

CR18 K. pneumoniae UW2 IncY blaKPC                                 

CR20 K. pneumoniae DW2 IncR blaKPC                             
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CR21 K. pneumoniae DW2 IncY blaKPC                               

 482 

 483 

Table 3. MICs of carbapenems and cephalosporins for K. pneumoniae isolates CR18 and CR21, 484 

transconjugants E. coli J53::KPC and recipient strain E. coli J53. 485 

MIC, mg/L (susceptibility) 

  K. pneumoniae CR18 E. coli J53 (18t) K. pneumoniae CR21 E. coli J53 (21t) E. coli J53 

Ceftazidime  >256 (R) 64 (R) >256 (R) 64 (R) 0.5 (S) 

Cefotaxime  >256 (R) 24 (R) >256 (R) 16 (R) 0.094 (S) 

Ertapenem >32 (R) 6 (R) >32 (R) 12 (R) 0.016 (S) 

Imipenem  >32 (R) 4 (IR) >32 (R) 6 (IR) 0.19 (S) 

Meropenem >32 (R) 4 (IR) >32 (R) 4 (IR) 0.015 (S) 

 486 

 487 

Table 4. Sequence type of CRE isolates and genetic context of carbapenemase encoding genes. 488 
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TGC, Tigecycline; SXT, Trimethoprim-sulfamethoxazole; CAZ, Ceftazidime; CTX, Cefotaxime; FEP, Cefepime; AK, Amikacin; CN, Gentamicin; CIP, Ciprofloxacin (dark grey, 
resistant; light grey, intermediate; white, susceptible). 

(R), Resistant; (IR), Intermediate resistance; (S), Susceptible 



22 

 

during sampling. We thank Dr. Thomas Jové, from Integrall database, for curation and integron 495 

number assignment. 496 

 497 

Funding 498 

This work was funded by the international cooperation project “ARTEMan: Antibiotic 499 

resistance transfer between environmental and human settings.” financed by the Brazilian 500 

agency Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and the 501 

Portuguese agency Fundação para a Ciência e Tecnologia (FCT). Authors acknowledge FCT 502 

financing to Marta Tacão (CEEC/01304/2017) and Pedro Teixeira (SFRH/BD/132046/2017). 503 

Thanks are due for the financial support to CESAM (UID/AMB/50017 - POCI-01-0145-504 

FEDER-007638), to FCT/MCTES through national funds (PIDDAC), and the co-funding by the 505 

FEDER, within the PT2020 Partnership Agreement and Compete 2020.  506 

 507 

Supplementary data 508 

 Tables S1-S5 and Figures S1-S2 are available as Supplementary data. 509 

 510 

References 511 

Akiba, M., Sekizuka, T., Yamashita, A., Kuroda, M., Fujii, Y., Murata, M., Lee, K.I., Joshua, 512 

D.I., Balakrishna, K., Bairy, I., Subramanian, K., Krishnan, P., Munuswamy, N., Sinha, 513 

R.K., Iwata, T., Kusumoto, M., Guruge, K.S., 2016. Distribution and relationships of 514 

antimicrobial resistance determinants among extended-spectrum-cephalosporin-resistant or 515 

carbapenem-resistant Escherichia coli isolates from rivers and sewage tratment plants in 516 

India. Antimicrob. Agents Chemother. 60, 2972–2980. 517 

https://doi.org/10.1128/AAC.01950-15 518 

Alouache, S., Estepa, V., Messai, Y., Ruiz, E., Torres, C., Bakour, R., 2014. Characterization of 519 

ESBLs and associated quinolone resistance in Escherichia coli and Klebsiella pneumoniae 520 

isolates from an urban wastewater treatment plant in Algeria. Microb. Drug Resist. 20, 30–521 



23 

 

38. https://doi.org/10.1089/mdr.2012.0264 522 

Aziz, R.K., Bartels, D., Best, A. a, DeJongh, M., Disz, T., Edwards, R. a, Formsma, K., Gerdes, 523 

S., Glass, E.M., Kubal, M., Meyer, F., Olsen, G.J., Olson, R., Osterman, A.L., Overbeek, 524 

R. a, McNeil, L.K., Paarmann, D., Paczian, T., Parrello, B., Pusch, G.D., Reich, C., 525 

Stevens, R., Vassieva, O., Vonstein, V., Wilke, A., Zagnitko, O., 2008. The RAST server: 526 

Rapid Annotations using Subsystems Technology. BMC Genomics 9, 75. 527 

https://doi.org/10.1186/1471-2164-9-75 528 

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A.A., Dvorkin, M., Kulikov, A.S., Lesin, V.M., 529 

Nikolenko, S.I., Pham, S., Prjibelski, A.D., Pyshkin, A. V., Sirotkin, A. V., Vyahhi, N., 530 

Tesler, G., Alekseyev, M.A., Pevzner, P.A., 2012. SPAdes: a new genome assembly 531 

algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19, 455–477. 532 

https://doi.org/10.1089/cmb.2012.0021 533 

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for Illumina 534 

sequence data. Bioinformatics 30, 2114–2120. 535 

https://doi.org/10.1093/bioinformatics/btu170 536 

Bonomo, R.A., Burd, E.M., Conly, J., Limbago, B.M., Poirel, L., Segre, J.A., Westblade, L.F., 537 

2018. Carbapenemase-producing organisms: a global scourge. Clin. Infect. Dis. 66, 1290–538 

1297. https://doi.org/10.1093/cid/cix893 539 

Bontron, S., Nordmann, P., Poirel, L., 2016. Transposition of Tn 125 encoding the NDM-1 540 

carbapenemase in Acinetobacter bumannii. Antimicrob. Agents Chemother. 60, 7245–541 

7251. https://doi.org/10.1128/AAC.01755-16 542 

Carattoli, A., Bertini, A., Villa, L., Falbo, V., Hopkins, K.L., Threlfall, E.J., 2005. Identification 543 

of plasmids by PCR-based replicon typing. J. Microbiol. Methods 63, 219–228. 544 

https://doi.org/10.1016/j.mimet.2005.03.018 545 

Carattoli, A., Villa, L., Poirel, L., Bonnin, R.A., Nordmann, P., 2011. Evolution of IncA/C 546 

blaCMY-2-carrying plasmids by acquisition of the blaNDM-1 carbapenemase gene. 547 

Antimicrob. Agents Chemother. 56, 783–786. https://doi.org/10.1128/AAC.05116-11 548 

Center for Disease Dynamics Economics & Policy, 2015. State of the world’s antibiotics, The 549 



24 

 

Center for Disease Dynamics, Economics & Policy. Washington, D.C. 550 

https://doi.org/10.1016/S1473-3099(13)70318-9 551 

Cerqueira, G.C., Earl, A.M., Ernst, C.M., Grad, Y.H., Dekker, J.P., Feldgarden, M., Chapman, 552 

S.B., Reis-Cunha, J.L., Shea, T.P., Young, S., Zeng, Q., Delaney, M.L., Kim, D., Peterson, 553 

E.M., O’Brien, T.F., Ferraro, M.J., Hooper, D.C., Huang, S.S., Kirby, J.E., Onderdonk, 554 

A.B., Birren, B.W., Hung, D.T., Cosimi, L.A., Wortman, J.R., Murphy, C.I., Hanage, 555 

W.P., 2017. Multi-institute analysis of carbapenem resistance reveals remarkable diversity, 556 

unexplained mechanisms, and limited clonal outbreaks. Proc. Natl. Acad. Sci. 114, 1135–557 

1140. https://doi.org/10.1073/pnas.1616248114 558 

Chen, L., Chavda, K.D., Al Laham, N., Melano, R.G., Jacobs, M.R., Bonomo, R.A., Kreiswirth, 559 

B.N., 2013. Complete nucleotide sequence of a blaKPC-harboring IncI2 plasmid and its 560 

dissemination in New Jersey and New York hospitals. Antimicrob. Agents Chemother. 57, 561 

5019–5025. https://doi.org/10.1128/AAC.01397-13 562 

Chen, L., Chavda, K.D., Melano, R.G., Hong, T., Rojtman, A.D., Jacobs, M.R., Bonomo, R.A., 563 

Kreiswirth, B.N., 2014. Molecular survey of the dissemination of two blaKPC-harboring 564 

IncFIA plasmids in New Jersey and New York hospitals. Antimicrob. Agents Chemother. 565 

58, 2289–2294. https://doi.org/10.1128/AAC.02749-13 566 

Chun, J., Oren, A., Ventosa, A., Christensen, H., Arahal, D.R., da Costa, M.S., Rooney, A.P., 567 

Yi, H., Xu, X.W., De Meyer, S., Trujillo, M.E., 2018. Proposed minimal standards for the 568 

use of genome data for the taxonomy of prokaryotes. Int. J. Syst. Evol. Microbiol. 68, 569 

461–466. https://doi.org/10.1099/ijsem.0.002516 570 

Compain, F., Poisson, A., Le Hello, S., Branger, C., Weill, F.X., Arlet, G., Decré, D., 2014. 571 

Targeting relaxase genes for classification of the predominant plasmids in 572 

Enterobacteriaceae. Int. J. Med. Microbiol. 304, 236–242. 573 

https://doi.org/10.1016/j.ijmm.2013.09.009 574 

Correia, S., Poeta, P., Hébraud, M., Capelo, J.L., Igrejas, G., 2017. Mechanisms of quinolone 575 

action and resistance: where do we stand? J. Med. Microbiol. 66, 551–559. 576 

https://doi.org/10.1099/jmm.0.000475 577 



25 

 

de Oliveira, D. V., Nunes, L.S., Barth, A.L., Van Der Sand, S.T., 2017. Genetic background of 578 

β-lactamases in Enterobacteriaceae isolates from environmental samples. Microb. Ecol. 579 

74, 599–607. https://doi.org/10.1007/s00248-017-0970-6 580 

Dolejska, M., Villa, L., Poirel, L., Nordmann, P., Carattoli, A., 2013. Complete sequencing of 581 

an IncHI1 plasmid encoding the carbapenemase NDM-1, the ArmA 16s RNA methylase 582 

and a resistance-nodulation-cell division/multidrug efflux pump. J. Antimicrob. 583 

Chemother. 68, 34–39. https://doi.org/10.1093/jac/dks357 584 

European Centre for Disease Prevention and Control, 2017. Surveillance of antimicrobial 585 

resistance in Europe 2016. Annual report of the European Antimicrobial Resistance 586 

Surveillance Network (EARS-Net). Stockholm. https://doi.org/doi 10.2900/296939 587 

European Committee on Antimicrobial Susceptibility Testing, 2017. EUCAST guidelines for 588 

detection of resistance mechanisms and specific resistances of clinical and/or 589 

epidemiological importance, European Society of Clinical Microbiology and Infectious 590 

Diseases. 591 

European Committee on Antimicrobial Susceptibility Testing, 2016. Breakpoint tables for 592 

interpretation of MICs and zone diameters. 593 

Fischer, J., Schmoger, S., Jahn, S., Helmuth, R., Guerra, B., 2013. NDM-1 carbapenemase-594 

producing Salmonella enterica subsp. enterica serovar Corvallis isolated from a wild bird 595 

in Germany. J. Antimicrob. Chemother. 68, 2954–2956. https://doi.org/10.1093/jac/dkt260 596 

García-Cobos, S., Köck, R., Mellmann, A., Frenzel, J., Friedrich, A.W., Rossen, J.W.A., 2015. 597 

Molecular typing of Enterobacteriaceae from pig holdings in north-western Germany 598 

reveals extended- spectrum and AmpC β-lactamases producing but no carbapenem esistant 599 

ones. PLoS One 10, 1–12. https://doi.org/10.1371/journal.pone.0134533 600 

Giske, C.G., Fröding, I., Hasan, C.M., Turlej-Rogacka, A., Toleman, M., Livermore, D., 601 

Woodford, N., Walsh, T.R., 2012. Diverse sequence types of Klebsiella pneumoniae 602 

contribute to the dissemination of blaNDM-1 in India, Sweden, and the United Kingdom. 603 

Antimicrob. Agents Chemother. 56, 2735–2738. https://doi.org/10.1128/AAC.06142-11 604 

Gomi, R., Matsuda, T., Yamamoto, M., Chou, P.H., Tanaka, M., Ichiyama, S., Yoneda, M., 605 



26 

 

Matsumura, Y., 2018. Characteristics of carbapenemase-producing Enterobacteriaceae in 606 

wastewater revealed by genomic analysis. Antimicrob. Agents Chemother. 62, 1–11. 607 

https://doi.org/10.1128/AAC.02501-17 608 

Guillard, T., Cholley, P., Limelette, A., Hocquet, D., Matton, L., Guyeux, C., Lebreil, A.L., 609 

Bajolet, O., Brasme, L., Madoux, J., Vernet-Garnier, V., Barbe, C., Bertrand, X., De 610 

Champs, C., Eloy, C., De Briel, D., Jaulhac, B., Lozniewski, A., Neuwirth, C., Plesiat, P., 611 

Verdier, M., 2015. Fluoroquinolone resistance mechanisms and population structure of 612 

Enterobacter cloacae non-susceptible to ertapenem in north-eastern France. Front. 613 

Microbiol. 6, 1–10. https://doi.org/10.3389/fmicb.2015.01186 614 

Henriques, I., Moura, A., Alves, A., Saveedra, M.J., Correia, A., 2004. Molecular 615 

characterization of a carbapenem-hydrolyzing class A β-lactamase, SFC-1, from Serratia 616 

fonticola UTAD54. Antimicrob. Agents Chemother. 48, 2321–2324. 617 

https://doi.org/10.1128/AAC.48.6.2321 618 

Jacoby, G.A., Tran, J., 1999. Sequence of the MIR-1 beta-lactamase gene. Antimicrob. Agents 619 

Chemother. 43, 1759–1760. 620 

Juhas, M., Van Der Meer, J.R., Gaillard, M., Harding, R.M., Hood, D.W., Crook, D.W., 2009. 621 

Genomic islands: tools of bacterial horizontal gene transfer and evolution. FEMS 622 

Microbiol. Rev. 33, 376–393. https://doi.org/10.1111/j.1574-6976.2008.00136.x 623 

Kieffer, N., Poirel, L., Bessa, L.J., Barbosa-vasconcelos, A., 2016. VIM-1, VIM-34, and IMP-8 624 

carbapenemase-producing Escherichia coli strains recovered from a Portuguese river. 625 

Antimicrob. Agents Chemother. 60, 2585–2586. https://doi.org/10.1128/AAC.02632-626 

15.Address 627 

Larsson, D.G.J., Andremont, A., Bengtsson-Palme, J., Brandt, K.K., de Roda Husman, A.M., 628 

Fagerstedt, P., Fick, J., Flach, C.F., Gaze, W.H., Kuroda, M., Kvint, K., Laxminarayan, R., 629 

Manaia, C.M., Nielsen, K.M., Plant, L., Ploy, M.C., Segovia, C., Simonet, P., Smalla, K., 630 

Snape, J., Topp, E., van Hengel, A.J., Verner-Jeffreys, D.W., Virta, M.P.J., Wellington, 631 

E.M., Wernersson, A.S., 2018. Critical knowledge gaps and research needs related to the 632 

environmental dimensions of antibiotic resistance. Environ. Int. 117, 132–138. 633 



27 

 

https://doi.org/10.1016/j.envint.2018.04.041 634 

Liu, B., Zhang, X., Wan, S., Hao, J., Jiang, R., 2018. Characteristics of carbapenem-resistant 635 

Enterobacteriaceae in ready-to-eat vegetables in China. Front. Microbiol. 9. 636 

https://doi.org/10.3389/fmicb.2018.01147 637 

Logan, L.K., Weinstein, R.A., 2017. The epidemiology of carbapenem-resistant 638 

Enterobacteriaceae: the impact and evolution of a global menace. J. Infect. Dis. 215, S28–639 

S36. https://doi.org/10.1093/infdis/jiw282 640 

Magiorakos, A., Srinivasan, A., Carey, R.B., Carmeli, Y., Falagas, M.E., Giske, C.G., Harbarth, 641 

S., Hindler, J.F., 2012. Multidrug-resistant, extensively drug-resistant and pandrug-642 

resistant bacteria: an international expert proposal for interim standard definitions for 643 

acquired resistance. Clin. Microbiol. Infect. 18, 268–281. 644 

Manageiro, V., Ferreira, E., Almeida, J., Barbosa, S., Simões, C., Bonomo, R.A., Caniça, M., 645 

Castro, A.P., Lopes, P., Fonseca, F., Vieira, S., Guimarães, M.A., Ribeiro, J., Oliveira, H., 646 

Pinto, M., Diogo, J., Jesus, A., Sancho, L., Rodrigues, M., Vaz, T., Afonso, T., 2015a. 647 

Predominance of KPC-3 in a survey for carbapenemase-producing Enterobacteriaceae in 648 

Portugal. Antimicrob. Agents Chemother. 59, 3588–3592. 649 

https://doi.org/10.1128/AAC.05065-14 650 

Manageiro, V., Ferreira, E., Caniça, M., Manaia, C.M., 2014. GES-5 among the β-lactamases 651 

detected in ubiquitous bacteria isolated from aquatic environment samples. FEMS 652 

Microbiol. Lett. 351, 64–69. https://doi.org/10.1111/1574-6968.12340 653 

Manageiro, V., Sampaio, D.A., Pereira, P., Rodrigues, P., Vieira, L., Palos, C., Caniça, M., 654 

2015b. Draft genome sequence of the first NDM-1-producing Providencia stuartii strain 655 

isolated in Portugal. Genome Announc. 3, 1–2. https://doi.org/10.1128/genomea.01077-15 656 

McArthur, A.G., Waglechner, N., Nizam, F., Yan, A., Azad, M.A., Baylay, A.J., Bhullar, K., 657 

Canova, M.J., De Pascale, G., Ejim, L., Kalan, L., King, A.M., Koteva, K., Morar, M., 658 

Mulvey, M.R., O’Brien, J.S., Pawlowski, A.C., Piddock, L.J. V., Spanogiannopoulos, P., 659 

Sutherland, A.D., Tang, I., Taylor, P.L., Thaker, M., Wang, W., Yan, M., Yu, T., Wright, 660 

G.D., 2013. The Comprehensive Antibiotic Resistance Database. Antimicrob. Agents 661 



28 

 

Chemother. 57, 3348–3357. https://doi.org/10.1128/AAC.00419-13 662 

Meier-Kolthoff, J.P., Auch, A.F., Klenk, H.P., Göker, M., 2013. Genome sequence-based 663 

species delimitation with confidence intervals and improved distance functions. BMC 664 

Bioinformatics 14. https://doi.org/10.1186/1471-2105-14-60 665 

Meier-Kolthoff, J.P., Klenk, H.P., Göker, M., 2014. Taxonomic use of DNA G+C content and 666 

DNA-DNA hybridization in the genomic age. Int. J. Syst. Evol. Microbiol. 64, 352–356. 667 

https://doi.org/10.1099/ijs.0.056994-0 668 

Migliavacca, R., 2017. Occurrence of extended spectrum Enterobacteriaceae from wells, river 669 

water, and wastewater treatment plants in Oltrepò Pavese area, northern Italy. Front. 670 

Microbiol. 8, 1–12. https://doi.org/10.3389/fmicb.2017.02232 671 

Mills, M.C., Lee, J., 2019. The threat of carbapenem-resistant bacteria in the environment: 672 

evidence of widespread contamination of reservoirs at a global scale. Environ. Pollut. 255, 673 

113143. https://doi.org/10.1016/j.envpol.2019.113143 674 

Moura, A., Soares, M., Pereira, C., Leitão, N., Henriques, I., Correia, A., 2009. INTEGRALL: 675 

A database and search engine for integrons, integrases and gene cassettes. Bioinformatics 676 

25, 1096–1098. https://doi.org/10.1093/bioinformatics/btp105 677 

Naas, T., Nordmann, P., 1994. Analysis of a carbapenem-hydrolyzing class A β-lactamase from 678 

Enterobacter cloacae and of its LysR-type regulatory protein. Proc. Natl. Acad. Sci. U. S. 679 

A. 91, 7693–7. https://doi.org/10.1073/pnas.91.16.7693 680 

Nadimpalli, M., Delarocque-astagneau, E., Love, D.C., Price, L.B., Huynh, B., Collard, J., Lay, 681 

K.S., Borand, L., Ndir, A., Walsh, T.R., Guillemot, D., Infections, B., 2017. Combating 682 

global antibiotic resistance: emerging one health concerns in lower- and middle-income 683 

countries. Clin. Infect. Dis. 66, 963–969. https://doi.org/10.1093/cid/cix960 684 

Nicolau, D.P., 2008. Carbapenems: a potent class of antibiotics. Expert Opin. Pharmacother. 9, 685 

23–37. https://doi.org/10.1517/14656566.9.1.23 686 

Nnadozie, C.F., Odume, O.N., 2019. Freshwater environments as reservoirs of antibiotic 687 

resistant bacteria and their role in the dissemination of antibiotic resistance genes. Environ. 688 

Pollut. 254. https://doi.org/10.1016/j.envpol.2019.113067 689 



29 

 

Nordmann, P., Dortet, L., Poirel, L., 2012. Carbapenem resistance in Enterobacteriaceae: Here 690 

is the storm! Trends Mol. Med. 18, 263–272. 691 

https://doi.org/10.1016/j.molmed.2012.03.003 692 

Nordmann, P., Naas, T., Poirel, L., 2011. Global spread of carbapenemase producing 693 

Enterobacteriaceae. Emerg. Infect. Dis. 17, 1791–1798. 694 

https://doi.org/http://dx.doi.org/10.3201/eid1710.110655 695 

Nordmann, P., Poirel, L., 2014. The difficult-to-control spread of carbapenemase producers 696 

among Enterobacteriaceae worldwide. Clin. Microbiol. Infect. 20, 821–830. 697 

https://doi.org/10.1111/1469-0691.12719 698 

O ’neill, J., 2016. Tackling drug-resistant infections globally: final report and recommendations. 699 

Wellcome Trust HM Gov. 700 

Ovejero, C.M., Escudero, A., Thomas-lopez, D., Hoefer, A., Moyano, G., Montero, N., Martin-701 

espada, C., Gonzalez-Zorn, B., 2017. Highly tigecycline-resistant Klebsiella pneumoniae 702 

sequence type 11 (ST11) and ST147 isolates from companion animals. Antimicrob. 703 

Agents Chemother. 61, 1–6. 704 

Paíga, P., Santos, L.H.M.L.M., Ramos, S., Jorge, S., Silva, J.G., Delerue-Matos, C., 2016. 705 

Presence of pharmaceuticals in the Lis river (Portugal): sources, fate and seasonal 706 

variation. Sci. Total Environ. 573, 164–177. 707 

https://doi.org/10.1016/j.scitotenv.2016.08.089 708 

Pärnänen, K.M.M., Narciso-da-Rocha, C., Kneis, D., Berendonk, T.U., Cacace, D., Do, T.T., 709 

Elpers, C., Fatta-Kassinos, D., Henriques, I., Jaeger, T., Karkman, A., Martinez, J.L., 710 

Michael, S.G., Michael-Kordatou, I., O’Sullivan, K., Rodriguez-Mozaz, S., Schwartz, T., 711 

Sheng, H., Sørum, H., Stedtfeld, R.D., Tiedje, J.M., Giustina, S.V. Della, Walsh, F., Vaz-712 

Moreira, I., Virta, M., Manaia, C.M., 2019. Antibiotic resistance in European wastewater 713 

treatment plants mirrors the pattern of clinical antibiotic resistance prevalence. Sci. Adv. 5. 714 

https://doi.org/10.1126/sciadv.aau9124 715 

Poirel, L., Barbosa-Vasconcelos, A., Simões, R.R., Da Costa, P.M., Liu, W., Nordmann, P., 716 

2012. Environmental KPC-producing Escherichia coli isolates in Portugal. Antimicrob. 717 



30 

 

Agents Chemother. 56, 1662–1663. https://doi.org/10.1128/AAC.05850-11 718 

Poirel, L., Carattoli, A., Bernabeu, S., Bruderer, T., Frei, R., Nordmann, P., 2010. A novel IncQ 719 

plasmid type harbouring a class 3 integron from Escherichia coli. J. Antimicrob. 720 

Chemother. 65, 1594–1598. https://doi.org/10.1093/jac/dkq166 721 

Poirel, L., Carrër, A., Pitout, J.D., Nordmann, P., 2009. Integron mobilization unit as a source of 722 

mobility of antibiotic resistance genes. Antimicrob. Agents Chemother. 53, 2492–2498. 723 

https://doi.org/10.1128/AAC.00033-09 724 

Potter, R.F., D’Souza, A.W., Dantas, G., 2016. The rapid spread of carbapenem-resistant 725 

Enterobacteriaceae. Drug Resist. Updat. 29, 30–46. 726 

https://doi.org/10.1016/j.drup.2016.09.002 727 

Proia, L., Anzil, A., Borrego, C., Farrè, M., Llorca, M., Sanchis, J., Bogaerts, P., Balcázar, J.L., 728 

Servais, P., 2018. Occurrence and persistence of carbapenemases genes in hospital and 729 

wastewater treatment plants and propagation in the receiving river. J. Hazard. Mater. 358, 730 

33–43. https://doi.org/10.1016/j.jhazmat.2018.06.058 731 

Reisbig, M.D., Hanson, N.D., 2004. Promoter sequences necessary for high-Level expression of 732 

the plasmid-associated ampC B-lactamase gene blaMIR-1 48, 4177–4182. 733 

https://doi.org/10.1128/AAC.48.11.4177 734 

Ribot, E.M., Fair, M.A., Gautom, R., Cameron, D.N., Hunter, S.B., Swaminathan, B., Barrett, 735 

T.J., 2006. Standardization of Pulsed-Field Gel Electrophoresis protocols for the subtyping 736 

of Escherichia coli O157:H7, Salmonella, and Shigella for PulseNet. Foodborne Pathog. 737 

Dis. 3, 59–67. https://doi.org/10.1089/fpd.2006.3.59 738 

Rodrigues, C., Bavlovic, J., Machado, E., Amorim, J., Peixe, L., Novais, Â., 2016. KPC-3-739 

producing Klebsiella pneumoniae in Portugal linked to previously circulating non-CG258 740 

lineages and uncommon genetic platforms (Tn4401d-IncFIA and Tn4401d-IncN). Front. 741 

Microbiol. 7. https://doi.org/10.3389/fmicb.2016.01000 742 

Rodriguez-R, L.M., Konstantinidis, K.T., 2016. The enveomics collection: a toolbox for 743 

specialized analyses of microbial genomes and metagenomes. Peer J Prepr. 4:e1900v1. 744 

https://doi.org/https://doi.org/10.7287/peerj.preprints.1900v1 745 



31 

 

Saavedra, M.J., Peixe, L., Sousa, J.C., Henriques, I., Alves, A., Correia, A., 2003. Sfh-I, a 746 

subclass B2 metallo-β-lactamase from a Serratia fonticola environmental isolate. 747 

Antimicrob. Agents Chemother. 47, 2330–2333. https://doi.org/10.1128/AAC.47.7.2330-748 

2333.2003 749 

Soares, S.C., Geyik, H., Ramos, R.T.J., de Sá, P.H.C.G., Barbosa, E.G.V., Baumbach, J., 750 

Figueiredo, H.C.P., Miyoshi, A., Tauch, A., Silva, A., Azevedo, V., 2016. GIPSy: 751 

genomic island prediction software. J. Biotechnol. 232, 2–11. 752 

https://doi.org/10.1016/j.jbiotec.2015.09.008 753 

Subirats, J., Royo, E., Balcázar, J.L., Borrego, C.M., 2017. Real-time PCR assays for the 754 

detection and quantification of carbapenemase genes (blaKPC, blaNDM, and blaOXA-48) in 755 

environmental samples. Environ. Sci. Pollut. Res. 24, 6710–6714. 756 

https://doi.org/10.1007/s11356-017-8426-6 757 

Sugawara, Y., Akeda, Y., Sakamoto, N., Takeuchi, D., Motooka, D., Nakamura, S., Hagiya, H., 758 

Yamamoto, N., Nishi, I., Yoshida, H., Okada, K., Zin, K.N., Aye, M.M., Tonomo, K., 759 

Hamada, S., 2017. Genetic characterization of blaNDM-harboring plasmids in carbapenem-760 

resistant Escherichia coli from Myanmar. PLoS One 12, 1–15. 761 

https://doi.org/10.1371/journal.pone.0184720 762 

Surette, M., Wright, G.D., 2017. Lessons from the environmental antibiotic resistome. Annu. 763 

Rev. Microbiol. 71, 309–29. https://doi.org/10.1146/annurev-micro-090816-093420 764 

Sutton, G.G., Brinkac, L.M., Clarke, T.H., Fouts, D.E., 2018. Enterobacter hormaechei subsp. 765 

hoffmannii subsp. nov., Enterobacter hormaechei subsp. xiangfangensis comb. nov., 766 

Enterobacter roggenkampii sp. nov., and Enterobacter muelleri is a later heterotypic 767 

synonym of Enterobacter asburiae based on computational analysis of sequenced 768 

Enterobacter genomes. F1000Research 7, 521. 769 

https://doi.org/10.12688/f1000research.14566.1 770 

Tacão, M., Correia, A., Henriques, I., 2015. Low prevalence of carbapenem-resistant bacteria in 771 

river water: resistance is mostly related to intrinsic mechanisms. Microb. Drug Resist. 21, 772 

1–10. https://doi.org/10.1089/mdr.2015.0072 773 



32 

 

Tacão, M., Correia, A., Henriques, I., 2012. Resistance to broad-spectrum antibiotics in aquatic 774 

systems: anthropogenic activities modulate the dissemination of blaCTX-M-like genes. Appl. 775 

Environ. Microbiol. 78, 4134–4140. https://doi.org/10.1128/AEM.00359-12 776 

Tacão, M., Tavares, R., Teixeira, P., Roxo, I., Ramalheira, E., Ferreira, S., Henriques, I., 2017. 777 

mcr-1 and blaKPC-3 in Escherichia coli sequence type 744 after meropenem and colistin 778 

therapy, Portugal. Emerg. Infect. Dis. 23, 359–367. 779 

Tenover, F.C., Arbeit, R.D., Goering, R. V, Mickelsen, P. a, Murray, B.E., Persing, D.H., 780 

Swaminathan, B., 1995. Interpreting chromosomal DNA restriction patterns produced by 781 

Pulsed-Field Gel Electrophoresis: criteria for bacterial strain typing. J. Clin. Microbiol. 33, 782 

2233–2239. https://doi.org/0095-1137/ 783 

Verdet, C., Benzerara, Y., Adam, O., Ould-hocine, Z., Arlet, G., 2006. Emergence of DHA-1-784 

producing Klebsiella spp. in the Parisian region: genetic organization of the ampC and 785 

ampR genes originating from Morganella morganii. Antimicrob. Agents Chemother. 50, 786 

607–617. https://doi.org/10.1128/AAC.50.2.607 787 

Vieira, J., Fonseca, A., Vilar, V.J.P., Boaventura, R.A.R., Botelho, C.M.S., 2013. Water quality 788 

modelling of Lis river, Portugal. Environ. Sci. Pollut. Res. 20, 508–524. 789 

https://doi.org/10.1007/s11356-012-1124-5 790 

Vieira, J., Fonseca, A., Vilar, V.J.P., Boaventura, R.A.R., Botelho, C.M.S., 2012. Water quality 791 

in Lis river, Portugal. Environ. Monit. Assess. 184, 7125–7140. 792 

https://doi.org/10.1007/s10661-011-2485-9 793 

Vieira, J.S., Pires, J.C.M., Martins, F.G., Vilar, V.J.P., Boaventura, R.A.R., Botelho, C.M.S., 794 

2012. Surface water quality assessment of Lis river using multivariate statistical methods. 795 

Water, Air, Soil Pollut. 223, 5549–5561. https://doi.org/10.1007/s11270-012-1267-5 796 

Walsh, T.R., Weeks, J., Livermore, D.M., Toleman, M.A., 2011. Dissemination of NDM-1 797 

positive bacteria in the New Delhi environment and its implications for human health: an 798 

environmental point prevalence study. Lancet Infect. Dis. 11, 355–362. 799 

https://doi.org/10.1016/S1473-3099(11)70059-7 800 

Webb, H.E., Bugarel, M., Bakker, H.C. Den, Nightingale, K.K., Granier, A., Scott, H.M., 801 



33 

 

Loneragan, G.H., 2016. Carbapenem-resistant bacteria recovered from faeces of dairy 802 

cattle in the high plains region of the USA. PLoS One 11. 803 

https://doi.org/10.1371/journal.pone.0147363 804 

Wellington, E.M.H., Boxall, A.B.A., Cross, P., Feil, E.J., Gaze, W.H., Hawkey, P.M., Johnson-805 

Rollings, A.S., Jones, D.L., Lee, N.M., Otten, W., Thomas, C.M., Williams, A.P., 2013. 806 

The role of the natural environment in the emergence of antibiotic resistance in Gram-807 

negative bacteria. Lancet Infect. Dis. 13, 155–165. https://doi.org/10.1016/S1473-808 

3099(12)70317-1 809 

Woodford, N., Wareham, D.W., Guerra, B., Teale, C., 2014. Carbapenemase-producing 810 

Enterobacteriaceae and non-Enterobacteriaceae from animals and the environment: an 811 

emerging public health risk of our own making? J. Antimicrob. Chemother. 69, 287–291. 812 

https://doi.org/10.1093/jac/dkt392 813 

World Health Organisation, 2018. Global Antimicrobial Resistance Surveillance System 814 

(GLASS) report: early implementation 2016-2017. https://doi.org/ISBN 978-92-4-151344-815 

9 816 

World Health Organisation, 2017. Global priority list of antibiotic-resistant bacteria to guide 817 

research, discovery, and development of new antibiotics, The Lancet Infectious Diseases. 818 

Geneva. https://doi.org/10.1016/S1473-3099(09)70222-1 819 

Zhang, X.-X., Zhang, T., Fang, H.H.P., 2009. Antibiotic resistance genes in water environment. 820 

Appl. Microbiol. Biotechnol. 82, 397–414. https://doi.org/10.1007/s00253-008-1829-z 821 

Zowawi, H.M., Forde, B.M., Alfaresi, M., Alzarouni, A., Farahat, Y., Chong, T.-M., Yin, W.-822 

F., Chan, K.-G., Li, J., Schembri, M. a., Beatson, S. a., Paterson, D.L., 2015. Stepwise 823 

evolution of pandrug-resistance in Klebsiella pneumoniae. Sci. Rep. 5, 15082. 824 

https://doi.org/10.1038/srep15082 825 

Zurfluh, K., Hächler, H., Nüesch-Inderbinen, M., Stephan, R., 2013. Characteristics of 826 

extended-spectrum β-lactamase- and carbapenemase-producing Enterobacteriaceae 827 

isolates from rivers and lakes in Switzerland. Appl. Environ. Microbiol. 79, 3021–3026. 828 

https://doi.org/10.1128/AEM.00054-13 829 



34 

 

Zurfluh, K., Stevens, M.J.A., Stephan, R., Nüesch-Inderbinen, M., 2018. Complete and 830 

assembled genome sequence of an NDM-9- and CTX-M-15-producing Escherichia coli 831 

sequence type 617 isolated from wastewater in Switzerland. J. Glob. Antimicrob. Resist. 832 

15, 105–106. https://doi.org/10.1016/j.jgar.2018.08.015 833 

 834 

 835 

 836 

 837 



Highlights:  
 

• Carbapenem-resistant Enterobacteriaceae were detected in a Portuguese river 
• Isolates carried blaGES-5, blaKPC-3 or blaNDM-1 genes 
• Genes were located on conjugative or mobilizable plasmids. 
• blaGES-5 was located in a novel class 3 integron 
• First detection of blaNDM in a portuguese environmental setting.  
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