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New Delhi Metallo-β-Lactamase–
Producing Enterobacterales
Bacteria, Switzerland, 2019–2020
Jacqueline Findlay, Laurent Poirel, Julie Kessler, Andreas Kronenberg, Patrice Nordmann

Carbapenemase-producing Enterobacterales (CPE)
bacteria are a critical global health concern; New Delhi
metallo-β-lactamase (NDM) enzymes account for >25%
of all CPE found in Switzerland. We characterized NDMpositive CPE submitted to the Swiss National Reference Center for Emerging Antibiotic Resistance during
a 2-year period (January 2019–December 2020) phenotypically and by using whole-genome sequencing. Most
isolates were either Klebsiella pneumoniae (59/141) or
Escherichia coli (52/141), and >50% were obtained from
screening swabs. Among the 108 sequenced isolates,
NDM-1 was the most prevalent variant, occurring in 56
isolates, mostly K. pneumoniae (34/56); the next most
prevalent was NDM-5, which occurred in 49 isolates,
mostly E. coli (40/49). Fourteen isolates coproduced a
second carbapenemase, predominantly an OXA-48-like
enzyme, and almost one third of isolates produced a 16S
rRNA methylase conferring panresistance to aminoglycosides. We identified successful plasmids and global
lineages as major factors contributing to the increasing
prevalence of NDMs in Switzerland.

C

arbapenem-resistant Enterobacterales (CRE) bacteria are considered by the World Health Organization to be a critical global health concern; they
were placed in the organization’s critical-priority
group of the priority pathogens list for the research
and development of new antibiotics in 2017 (1).
Among the Ambler class B β-lactamases, the New
Delhi metallo-β-lactamases (NDM) were identified
in 2008 in a patient from Sweden who had been hospitalized in India and upon return to Sweden had a
carbapenem-resistant Klebsiella pneumoniae sequence
Author affiliations: University of Fribourg, Fribourg, Switzerland
(J. Findlay, L. Poirel, J. Kessler, P. Nordmann); University of Bern,
Bern, Switzerland (A. Kronenberg); Institute for Microbiology,
University of Lausanne and University Hospital Centre, Lausanne,
Switzerland (P. Nordmann); Associate Editor, Emerging Infectious
Diseases (P. Nordmann)
DOI: https://doi.org/10.3201/eid2710.211265
2628

type (ST) 14 strain isolated from his urine, leading to
the identification of the blaNDM-1 gene (2). In a followup study in 2009, NDM enzymes were shown to be
widespread in India, Pakistan, and Bangladesh; the
blaNDM-1 gene was identified in multiple Enterobacterales species, predominantly in Escherichia coli and K.
pneumoniae (3). Since those initial studies, NDM carbapenemases have been reported globally (4,5). The
SMART global surveillance program analyzed Enterobacterale isolates in 55 countries from 2008–2014
and found that the prevalence of NDM carbapenemase producers was substantially higher in India,
Egypt, the United Arab Emirates, and Serbia (6).
In 2010, NDM-1-producing Acinetobacter baumannii
bacteria were reported in India (7), and reports in
other Acinetobacter spp. followed (8). In 2011, NDM1 was reported in Pseudomonas aeruginosa in Serbia
(9), illustrating a wide host range among gram-negative bacteria.
NDM enzymes are capable of conferring resistance to almost all β-lactam antimicrobial drugs (except aztreonam), including carbapenems which are
often considered drugs of last resort for the treatment of serious infections (2). Treatment options for
infections caused by NDM-producing bacteria are
very limited, particularly because they often harbor
multiple other resistance genes. For example, there
are notable associations between blaNDM genes and
plasmid-borne extended-spectrum β-lactamases
(ESBLs) and pAmpC encoding genes (most commonly blaCTX-M and blaCMY) that result in resistance
to aztreonam (10); similarly, 16S rRNA methylases
(RMTases), which can confer high-level resistance
to all aminoglycosides, have also been strongly associated with NDM carriage (11). The recently approved β-lactamase inhibitors, diazabicyclooctanes
(e.g., avibactam [AVI], relebactam [REL]) and cyclic boronates (e.g., vaborbactam [VAB]) have no
activity against metallo-β-lactamases (MBLs) and
subsequently new treatment options are urgently
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needed. Aztreonam (ATM)/AVI has been suggested
as a treatment option for infections caused by NDMproducing bacteria because ATM is spared by MBL
hydrolytic activities and AVI inhibits the activity of
any co-produced ESBL or AmpC (12).
To date, a total of 32 NDM variants have been
identified (https://www.ncbi.nlm.nih.gov/pathogens/beta-lactamase-data-resources); however, the
NDM-1, NDM-4, NDM-5, and NDM-7 variants remain dominant globally with some exhibiting increased carbapenemase activity compared with
NDM-1 (3–5,10). NDM encoding genes are highly
transmissible, often located on plasmids of various
replicon types harboring several antibiotic resistance
genes. Outbreaks of NDM producers, either clonal or
due to the dissemination of successful plasmids, have
been increasingly reported (13–15).
In Switzerland, production of NDM enzymes
was identified in 2011 in E. coli, K. pneumoniae, and
Proteus mirabilis isolates obtained from Geneva
University Hospitals (16) and since then have become one of the dominant carbapenemase types,
just after oxacillin (OXA) 48 (17) in the country,
accounting for >25% of all carbapenem-producing
Enterobacterales (CPE) submitted to the Swiss National Reference Centre for Emerging Antibiotic Resistance (NARA) in 2020. In this study we describe
the epidemiology of NDM-positive Enterobacterales
submitted to NARA during January 2019–December 2020.
Materials and Methods
Bacterial Isolates, Identification, and
Susceptibility Testing

The NARA reference laboratory received 532 CPE
samples from hospitals and clinics throughout Switzerland over a 2-year period, January 2019–December 2020, after a mandatory request in January 2019
for carbapenemase producers. We obtained patient
and isolation source data from the accompanying
request forms sent by referring laboratories. Of the
532 samples, 141 were confirmed to be NDM-positive enterobacterial isolates. Species identification
was confirmed using API-20E tests (bioMérieux,
https://www.biomerieux.com) and UriSelect 4 agar
(Bio-Rad, https://www.bio-rad.com). Susceptibility
testing was performed by disk diffusion or by broth
microdilution for the β-lactam/β-lactamase inhibitor combinations and results interpreted in accordance with EUCAST guidelines (18). For the ATM/
AVI combination, AVI was used at a fixed concentration of 4 mg/L.

Detection of Carbapenemase Genes

All isolates were subject to the Rapidec Carba NP test
(bioMérieux) and then to NG-Test CARBA 5 test (NG
Biotech, https://ngbiotech.com), according to the
manufacturer’s instructions. Isolates testing positive
by the Rapidec Carba NP test and the NG-Test CARBA 5 test or exhibiting resistance to >1 carbapenem
(ertapenem, imipenem, or meropenem) were screened
by PCR (19) for the presence of carbapenemase genes
(blaKPC, blaOXA-48, blaNDM, blaVIM, and blaIMP). Sanger sequencing of amplified carbapenemase genes was performed by Microsynth AG (Microsynth AG, https://
www.microsynth.com) to identify the exact alleles.
Whole-Genome Sequencing and Analyses

Whole-genome sequencing (WGS) was performed on
a subset of 108 nonduplicate isolates (by patient and
species) on a MiSeq instrument (Illumina, https://
www.illumina.com) using the Nextera sample preparation method with 2 × 150 bp paired end reads.
Reads were assembled into contigs using the Shovill
pipeline (https://github.com/tseemann/shovill),
which is based on SPAdes version 3.13.0 (20). Sequence types, the presence of resistance genes, and
speciation were confirmed, using MLST version 2.0,
ResFinder version 4.1 (21), and KmerFinder version
3.2 (22) on the Center for Genomic Epidemiology
platform (https://cge. cbs.dtu.dk/services); contigs
were annotated using Prokka (23). A core genome
single-nucleotide polymorphism (SNP) alignment
was generated using Parsnp (24) and viewed using Interactive Tree of Life version 6.1.1 (25). E. coli
MG1655 (GenBank accession no. NC_000913) and K.
pneumoniae ATCC 700721/MGH78578 (GenBank accession no. NC_009648) were used as the reference
sequences for each alignment.
Complete NDM-encoding plasmid sequences were downloaded from GenBank by using the
search terms and filters “NDM” and “plasmid” and
applying a minimum sequence length of 15 kb to
generate an NDM plasmid reference database for
mapping analyses. Reads were mapped to reference
sequences using CLC Genomics Workbench (QIAGEN, https://www.qiagen.com) and then contigs
mapped using progressive Mauve alignment software to manually mitigate against false positives
(26). A >95% coverage and identity were used to
assess relevant matches (Appendix Table, https://
wwwnc.cdc.gov/EID/article/27/11/21-1265-App1.
pdf). We have submitted sequence data from this
study to the National Center for Biotechnology Information’s Sequence Read Archive (BioProject no.
PRJNA744003).
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Results
Isolate Sources and Species Identification

More than half of isolates (82/141; 58.2%) were obtained from screening swab samples (fecal and rectal,
and nonrectal) and the remaining isolates were from
urine (34/141; 24.1%), tissue and fluid (14/141; 9.9%),
respiratory (4/141; 2.8%), blood cultures (3/141;
2.1%), and 4 isolates were of unknown origin (Table
1). Isolates were K. pneumoniae (59/141; 41.8%), E. coli
(52/141; 36.9%), Enterobacter cloacae complex (19/141;
13.5%), Citrobacter freundii (3/141; 2.1%), Klebsiella
aerogenes (3/141; 2.1%), Klebsiella quasipneumoniae
(2/141; 1.4%), Klebsiella variicola (2/141; 1.4%), and
Klebsiella oxytoca (1/141; 0.7%). Isolates were obtained
from 116 patients; 65 were male (56%), 47 female
(41%), and 4 did not have sex stated.
All 7 main regions of Switzerland were represented in this study; 8–40 isolates were submitted
from each (Figure 1). Approximately half of all isolates (71/141; 50.4%) were obtained from hospitals
in either the Lake Geneva or Zurich region, 2 of the
most populated areas of Switzerland, but just 8 isolates were received from central Switzerland, the region with the greatest population size (27). Sixty-six
isolates were from 2019 and 75 from 2020, whereas 33
NDM-positive Enterobacterales isolates were submitted to NARA in 2018 (data not shown). Such a significant increase in numbers could indicate a trend
of increased NDM prevalence in Switzerland, as has
been observed previously during 2013–2018 (17). We
selected 108 nonduplicate isolates for further investigation: 46 E. coli, 42 K. pneumoniae, 14 Enterobacter
cloacae complex, 3 K. quasipneumoniae, 2 K. aerogenes,
and 1 K. pneumoniae variicola isolate.
Susceptibility Testing

Susceptibility testing showed that most isolates were
resistant to fluoroquinolones (93/108; 86.1%), and
most (69/108; 63.9%) were resistant to >2 aminoglycosides, of which we tested kanamycin, tobramycin,
gentamicin, and amikacin. No isolate was found

resistant to tigecycline, 6 (5.6%) isolates exhibited
resistance to colistin, and 1 isolate was resistant to
fosfomycin. We also performed susceptibility testing against selected β-lactam and β-lactam/inhibitor
combinations, namely imipenem (IPM), IPM/REL,
meropenem (MEM), MEM/VAB, ceftazidime (CAZ),
CAZ/AVI, ATM, and ATM/AVI (Table 2). All isolates were resistant to both CAZ and CAZ/AVI, as
well as MEM; 17 (15.7%) isolates were susceptible to
MEM/VAB. Ten (9.3%) isolates were susceptible to
IPM and 2 (1.9%) to IPM/REL; of note, breakpoints
for IPM and IPM/REL are different, which may explain the lower susceptibility rate for the combination.
Most (97/108; 89.8%) isolates exhibited resistance to
ATM, whereas 8 isolates (7 E. coli and 1 K. pneumoniae)
were resistant to ATM/AVI with MICs of 8 mg/L (n
= 4) and 16 mg/L (n = 4), based on breakpoint value
of resistance for AZT/AVI taken from that of ATM.
Among the drug combinations, AZT/AVI was the
most effective, as expected.
AZT/AVI Resistance Mechanisms

Analysis of the ATM/AVI-resistant isolates revealed
that 6/7 E. coli isolates harbored a blaCMY allele: blaCMY-2
(n = 1), blaCMY-42 (n = 2), blaCMY-145 (n = 2), and blaCMY-148
(n = 1). All those isolates had an insertion of 4 amino
acids within the PBP-3 encoding gene located after
residue 333, which was YRIN in 5 isolates and YRIK
in the other 2 isolates. Similar 4-aa insertions have
been reported among NDM-5–producing E. coli as a
cause of elevated MICs of ATM, related to impeding
accessibility to the binding site of PBP-3, and therefore were involved in ATM/AVI resistance in addition to CMY production (28). Ma et al. reported that
the insertion alone has a minor effect on ATM/AVI
resistance levels (29), but resistance could be achieved
when combined with CMY production (29). Other
studies reported that CMY variants with a glycine
residue at position 231 exhibited enhanced hydrolysis
against ATM (30,31). Among the isolates we tested,
CMY-42, CMY-145, and CMY-148 variants all harbored a Val231Ser substitution, suggesting that those

Table 1. Sources of 141 blaNDM-positive isolates identified in Enterobacterales bacteria, Switzerland, 2019–2020
No. from patient source
Blood
Tissue
Fecal and
Nonrectal
Species
Urine
culture and fluid Respiratory rectal swab screening swab Unknown
Klebsiella pneumoniae
12
1
7
2
31
4
2
Escherichia coli
13
2
1
0
31
4
1
Enterobacter cloacae complex
6
0
5
1
6
0
1
K. aerogenes
1
0
0
0
2
0
0
Citrobacter freundii
1
0
0
0
1
1
0
K. quasipneumoniae
0
0
0
0
2
0
0
K. variicola
0
0
1
1
0
0
0
K. oxytoca
1
0
0
0
0
0
0
Total
34
3
14
4
73
9
4
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Figure 1. Regions of Switzerland from which Enterobacterale isolates positive for New Delhi metallo-β-lactamase were obtained,
January 2019–December 2020.

enzymes affected the levels of ATM/AVI resistance,
along with the PBP-3 modifications.
One ATM/AVI-resistant K. pneumoniae isolate exhibited an MIC of 8 mg/L; it neither carried a blaCMY
gene nor harbored any mutation within its PBP-3 encoding gene. However, it did harbor blaCTX-M-15, and
we identified a premature stop codon near the beginning of ompK35, which would render the porin nonfunctional. Although this does not explain the ATM/
AVI MIC by itself, it might be a contributing factor.
Carbapenemase Alleles and Other Resistance Genes
Carbapenemase Alleles

Among the 108 sequenced isolates, we identified 4
blaNDM allelic variants; blaNDM-1 (n = 56), blaNDM-4 (n =
2), blaNDM-5 (n = 49), and blaNDM-7 (n = 1). Most E. coli
isolates harbored blaNDM-5 (40/46 isolates) and the 6
remaining E. coli isolates had blaNDM-1 (Table 3). This
finding indicated that the spread of blaNDM-5 gene in
E. coli may be affected by the increased catalytic efficiency of NDM-5 against carbapenems compared

with NDM-1 (32). Conversely, K. pneumoniae isolates
predominantly carried blaNDM-1 (34/42), and rarely
blaNDM-5 (6/42) and blaNDM-4 (2/42). Most (12/14) E.
cloacae complex isolates harbored blaNDM-1; of the
others, 1 harbored blaNDM-5 and 1 blaNDM-7. Multiple
carbapenemase genes were found in 18 isolates,
namely 11 K. pneumoniae, 6 E. coli, and 1 E. cloacae
complex isolate. Sixteen of the 18 isolates harbored a
blaOXA-48-like gene (blaOXA-48 [n = 5], blaOXA-181 [n = 6],
blaOXA-232 [n = 3], blaOXA-244 [n = 2]), and single E. coli and
K. pneumoniae isolates harbored blaKPC-3 genes. In addition to producing the various carbapenemases, most
isolates also produced multiple other β-lactamases,
including CTX-M–type ESBLs and CMY-type AmpC–
encoding genes. We identified genes encoding RMTases conferring resistance to all clinically significant
aminoglycosides in a total of 35 isolates (Figures 2, 3).
E. coli Isolates

We identified a total of 17 sequence types (STs) among
the 46 E. coli isolates. Four dominant ST clusters or
clonal complexes (CCs) were identified by performing
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Table 2. MIC distributions for 108 blaNDM-positive isolates identified in Enterobacterales bacteria, Switzerland, 2019–2020*
Breakpoint
MIC, mg/L
No. isolates at MIC
%
Antimicrobial drug
S
R
<0.06 0.125 0.25 0.5 1
2
4
8 16 32 64 128 >256 Susceptible
Imipenem
<2
>4
2
8 23 37 19 11
8
9.3
Imipenem/relebactam
<2
>2
2
9 30 34 15 11
7
1.9
Meropenem
<2
>2
8
9 15 27 25 20
4
0
Meropenem/vaborbactam
<2
>8
8
9 19 27 25 19
1
15.7
Ceftazidime
<1
>4
108†
0
Ceftazidime/avibactam
<8
>8
108†
0
Aztreonam
<1
>4
3
1
1
1
2
3
8
3
2
8
22
54
10.2
Aztreonam/avibactam‡
≤4
>4§
15¶
19
16 14 12 11 13 4
4
92.6
*Testing range for all drugs was 0.06–256 mg/L. Breakpoints from the European Committee on Antimicrobial Susceptibility Testing. Gray shading
indicates resistant isolates. R, resistant; S, susceptible.
†MIC>256 mg/L.
‡Avibactam used at a fixed concentration of 4 mg/L.
§Aztreonam/avibactam breakpoint selected arbitrarily based on the aztreonam breakpoints.
¶MIC<0.06 mg/L.

core genome SNP analyses as follows: ST405 (n = 5),
all producing NDM-5 and obtained from 4 regions of
Switzerland; ST410 (n = 7), all producing NDM-5 and
obtained from 3 regions; ST361 (n = 8), all producing
NDM-5 and obtained from 4 regions; CC10 from 4 regions, comprising ST167 (n = 9) and single representatives of its single locus variants, ST617 and ST1284,
all of which also produced NDM-5 (Figure 2). Six
isolates co-produced another carbapenemase gene,
namely blaOXA-181 (n = 3), blaOXA-244 (n = 2), or blaKPC-3 (n =
1). The core genome size in this analysis was 2.82 Mb.
K. pneumoniae Isolates

Within the 42 K. pneumoniae isolates, we identified 14 STs. A core-genome SNP analysis showed
that 2 clonal clusters dominated; 1 contained CC258
isolates, comprising 10 ST11 and 3 ST437 isolates,
and the other included 14 ST147 isolates (Figure 3).
Among CC258 isolates, all produced NDM-1 with the
exception of 1 that produced NDM-4 and 1 NDM-7,
both belonging to ST11. Within ST147 isolates, 12 produced NDM-1 and 2 produced NDM-5. Isolates from
both clusters were scattered geographically; we obtained CC258 isolates from hospitals in 4 regions and
ST147 isolates from 6 regions in Switzerland. Eleven

isolates coharbored >1 carbapenemase gene; the
genes were blaOXA-48 (n = 4), blaOXA-181 (n = 3), blaOXA-232
(n = 3), and blaKPC-3 (n = 1). The core genome size in
this analysis was 4.25 Mb.
E. cloacae Complex Isolates and Other Species

The 14 E. cloacae complex isolates represented 10 STs,
indicating no dominant clone. Twelve isolates produced NDM-1, and the remaining 2 produced either
NDM-5 or NDM-7. One ST91 E. cloacae isolate additionally carried a blaOXA-48 gene. The remaining isolates
included 3 of K. quasipneumoniae, 2 of K. aerogenes, and
1 of K. variicola. The K. quasipneumoniae isolates were
of ST4834, ST5330, and 1 novel ST. Both K. aerogenes
isolates belonged to ST93. The K. quasipneumoniae and
K. variicola isolates produced NDM-1, and the K. aerogenes isolates produced NDM-5.
16S RMTases

By screening our collection of NDM-producing isolates for RMTase encoding genes, we found a high
positivity rate. Almost a third of isolates (35/108)
harbored >1 RMTase gene, most commonly armA
(16 isolates), followed by rmtB (13 isolates), rmtC
(6 isolates), and rmtF (co-produced in 2 isolates

Table 3. Carbapenemase alleles harbored by isolates sequenced in study of Enterobacterales bacteria, Switzerland, 2019–2020
Carbapenemase
NDM-1 NDM-1
NDM-4
NDM-5 NDM-5 NDM-5 NDM-1
+
+
NDM-1
+
+
+
+
+
NDM-5
OXA- NDM- OXAOXAOXAOXA+
NDM- OXA- OXA+
NDMSpecies
1
48
232
KPC-3 NDM-4 181
5
48
181
232
244
KPC-3
7
Total
Escherichia coli
6
34
3
2
1
46
Klebsiella
28
3
2
1
1
1
2
1
2
1
42
pneumoniae
Enterobacter
11
1
1
1
14
cloacae complex
K. aerogenes
2
2
K. quasipneumoniae
3
3
K. variicola
1
1
Total
49
4
2
1
1
1
39
1
5
1
2
1
1
108
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Figure 2. Clustering and gene content of 46 Escherichia coli isolates collected in Switzerland, January 2019–December 2020. A)
Phylogenetic tree showing clustering and the respective ST, NDM variant, and region of Switzerland from which each isolate was
obtained. B) Gene matrix showing β-lactamase and RMTase gene content of the isolates. NDM, New Delhi metallo-β-lactamase; ST,
sequence type.

alongside rmtB). RMTases are capable of conferring
high-level resistance to all clinically relevant aminoglycoside antimicrobial drugs including the recently
approved urinary tract infection treatment plazomicin (33). RMTases have previously been shown to
have a strong association with blaNDM, particularly
K. pneumoniae ST147 (34); in our study, 8 of the K.
pneumoniae ST147 isolates carried RMTase genes.
Of the 35 RMTase-positive isolates we identified, a
highly similar plasmid could be identified for 24,
and 10/24 harbored the same RMTase genes as the
reference plasmid. This result could suggest that the
RMTase genes in these isolates may be carried on
the same plasmid as the blaNDM gene. The remaining 14 identified highly similar plasmids either did
not encode an RMTase gene or encoded one different from that identified in our isolates. The strong
association between blaNDM and RMTase gene carriage have been previously reported elsewhere (34)
and has been associated with both the co-localization of blaNDM and RMTase gene types on the same
plasmid, as well as encoded separately in diverse
plasmid types (34). Such high level of association of
carbapenemases to the NDM-5 and RMTase genes
will further limit the choice of therapeutics available
for treating infections because of those multidrugresistant bacteria.

Typing of NDM Plasmids

By mapping sequencing reads against a database
of known NDM-encoding plasmids and applying
a stringent cutoff (>95% coverage and identity), we
identified plasmids highly similar to those in our
study. We found plasmids with >95% coverage and
identity for 69/108 (63.9%) of the sequenced isolates
(Appendix Table). Most (50/69) of the identified plasmids harbored IncF replicons, albeit a diverse range.
Plasmids with the IncF replicon types were the most
common, among which the blaNDM-5 gene was dominant; the replicons IncFII (n = 14), IncFII/IncFIA (n
= 11), IncFIB(pQIL) (n = 7), and IncF(pKPX1) (n = 6)
were the most common. A total of 13/69 plasmids
carrying a blaNDM gene possessed an IncX3 replicon,
and carried either blaNDM-5 (n = 9), blaNDM-1 (n = 3), and
blaNDM-7 (n = 1) genes.
Within E. coli isolates, highly similar plasmids
could be identified for 31/46 isolates, representing
7 different replicon types and combinations. Most
(24/31) were IncF replicon variants, and 9 of these
blaNDM-bearing plasmids exhibited 95%–100% coverage and identity to pIncF, a ≈116 kb IncFII/IncFIA
NDM-5–producing plasmid identified in E. coli ST617
from Italy (GenBank accession no. MW048884.1). The
pIncF-like plasmids were identified in 4 STs, namely
ST167 (n = 4), ST361 (n = 3), ST617 (n = 1), and ST1588
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(n = 1). Highly similar IncX3 plasmids could be identified from 4 isolates, corresponding to the previously
reported ≈46 kb pEsco-5256cz (GenBank accession no.
MG252891.1) carrying the blaNDM-5 gene from Czech
Republic, and 2 other highly similar blaNDM-5-carrying
IncX3 plasmids exhibited high similarity to a ≈35 kb
pABC280-NDM-5 (GenBank accession no. MK372392)
identified from the United Arab Emirates.
Within K. pneumoniae isolates, we identified similar plasmids for 28/42 isolates from 9 different replicon types or combinations. Similar to E. coli isolates,
most plasmids (22/28) corresponded to IncF replicon
variants. Seven isolates, all belonging to ST147, exhibited 99%–100% coverage and identity to pM321-NDM-1
(GenBank accession no. AP018834), a ≈54 kb blaNDM-1positive plasmid harboring the FIB(pQIL) replicon
type and described in isolates from Myanmar (35).
Six ST11 K. pneumoniae isolates also exhibited 100%
coverage and similarity to pAR_0146 (GenBank accession no. CP021962), a ≈ 132 kb IncFII(pKPX1) plasmid
identified in the United States. Of interest, within the
4 IncX3 plasmids that could be identified, 2 exhibited high similarity (100% coverage and identity) to
pEsco-5256cz and 1 to pABC280-NDM-5; we found
those 2 plasmids in E. coli isolates as well, which suggested interspecies plasmid sharing. We also detected
the plasmid pEsco-5256cz in the E. cloacae complex
isolates; 3 of those ST93 isolates harboring plasmids
exhibited 99% coverage and identity to pEsco-5256cz.

Discussion
This study showed increasing prevalence of NDMproducing Enterobacterales bacteria in Switzerland.
One cause appears to be successful lineages of both E.
coli and K. pneumoniae.
The E. coli clusters we identified in this study are
all considered as high-risk clones or correspond to CC
that are frequently reported internationally (36–40).
Multiple studies reported NDM-5–producing ST405
E. coli isolates circulating in Europe and particularly
in isolates from Germany, Italy, and Spain (39–40).
One study alluded to the cross-border transmission
between Switzerland and Germany of NDM-5-producing ST405 isolates (39), and in our study this E. coli
clone also appears widespread, found in multiple regions of Switzerland. E. coli ST410 is increasingly reported as a cause of hospital outbreaks and has been
associated with the carriage of both ESBLs and various carbapenemase genes, including blaNDM-5, in both
Europe and Asia (36,37). CC10 members producing NDM-5, have been described in multiple countries, including China, the United States, and Switzerland (39,41). We found it in isolates across a wide
geographical area. E. coli ST361 was most commonly
described as an ESBL-producing clone in both human and animal populations, usually harboring the
blaCTX-M-15 gene, but more recently it has been described
as harboring blaNDM-5 in several countries, including Germany and Switzerland (39,42–45). Similarly,

Figure 3. Clustering and gene content of 42 Klebsiella pneumoniae isolates collected in Switzerland, January 2019–December 2020.
A) Phylogenetic tree showing clustering and the respective ST, NDM variant, and region of Switzerland from which each isolate was
obtained. B) Gene matrix showing β-lactamase and RMTase gene content of the isolates. NDM, New Delhi metallo-β-lactamase;
ST, sequence type.
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ESBL-producing E. coli ST167 and ST410 isolates have
been found in food products (meat and dairy) in Germany (45), indicating that these lineages may already
be widespread, albeit without the blaNDM-5–carrying
plasmid. A recent study in Switzerland identified both
ST167 and ST410 E. coli isolates harboring the NDM-5
encoding gene; genomic analysis showed that the isolates harbored blaNDM-5–carrying plasmids with a high
nucleotide identity to plasmids previously identified
in a nosocomial outbreak in Myanmar (38).
Both K. pneumoniae clusters identified in this
study encompass high-risk clones. K. pneumoniae
ST147 has emerged as an important clone for the
dissemination of various antimicrobial-resistance
genes, given its wide global distribution and strong
association with hospital outbreaks (46). Tavoschi et
al. identified NDM-1-producing ST147 K. pneumoniae
isolates as the dominant cause of a yearlong outbreak
in hospitals in Tuscany, Italy (42); their finding might
explain a dominance of ST147 isolates, considering
the proximity of Italy and Switzerland. K. pneumoniae
CC258 is most commonly associated with the global
dissemination of blaKPC through ST11 and ST258. K.
pneumoniae ST11, however, seems amenable to the
dissemination of a wide range of resistance genes;
hospitals have reported outbreaks harboring various
carbapenemase family genes including blaKPC, blaNDM,
and blaVIM (47,48). NDM-1–producing K. pneumoniae
ST11 has long been reported throughout Europe and
could be considered as endemic in some countries
(48–50). K. pneumoniae ST11 might therefore be considered as a successful clone in Switzerland, as we observed. We detected pEsco-5256cz–like and pABC280NDM-5–like IncX3 plasmids in complex isolates of all
3 species groups (E. coli, K. pneumoniae, and E. cloacae).
Our findings suggest that the plasmids are highly capable of cross-species transmission, which has been
observed for IncX3 plasmids generally and is a factor
in their success.
The isolates in this study were multidrug resistant, and a substantial proportion exhibited resistance to aminoglycosides, largely resulting from the
co-carriage of RMTases. The high level of association of carbapenemases to the NDM-5 and RMTase
genes will limit the choice of therapeutics available
for treating infections because of those multidrugresistant bacteria. Several isolates were identified
that were resistant to the β-lactam/inhibitor combination ATM/AVI, a potential future treatment
for infections caused by NDM-producing bacteria
(28,29). The transmission of successful plasmids,
both within and between species, was identified
as a major factor in the increasing prevalence of

NDM-producing Enterobacterales. This 2-year study
gives a snapshot of the epidemiology of NDM producers in Switzerland and illustrates how the use
of WGS is both an essential and informative tool
for surveillance and for monitoring emerging resistance. Our findings underpin the importance of the
surveillance of NDM-producing bacteria and particularly the monitoring of successful clonal lineages
and plasmids.
Acknowledgments
We thank the following colleagues from throughout
Switzerland for providing us with the clinical strains used
in our study: M. Oberle, C. Ottiger (Aargau); O. Dubuis,
S. Garf (Basel-Landschaft); A. Egli, D. Goldenberger (Basel
Stadt); K. Burren, C. Casanova, S. Droz, S. Thiermann,
R. Troesch (Bern); D. Bandera, V. Deggim, S. Pfister
(Fribourg); N. Liassine, G. Renzi (Geneva); C. Guler
(Grisons); L. Monnerat (Jura); I. Dietrich, P. Friderich,
I. Mitrovic, B. Suterbuser (Lucerne); K. Vidakovic
(Schaffhausen); M. Ritzler, S. Sieffert (St Gallen); K. Herzog
(Thurgau); V. Gaia (Ticino); S. Emonet, M. Eyer,
L. Tissieres (Valais); C. Andreutti, M. Corthesy,
M. Dessauges, M. Maitrejean, M. Rosselin, C. Vogne
(Vaud); V. Bruderer, G. Eich, E. Gruner, M. Kuegler,
K. Lucke, P. Minkova, S. Mancini (Zurich).
This work has been funded by the University of Fribourg,
the Swiss National Reference Center for Emerging
Antibiotic Resistance, and by the Swiss National Science
Foundation (project FNS-31003A_163432).

About the Author

Dr. Findlay is a researcher at the University of Fribourg,
Switzerland. Her primary research interests include the
evolution of antimicrobial resistance and the molecular
epidemiology of antimicrobial-resistant bacteria.
References
1.

World Health Organization. Global priority list of
antibiotic-resistant bacteria to guide research, discovery,
and development of new antibiotics. 2017 [cited 2021 Aug 9].
https://www.who.int/medicines/publications/
WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
2. Yong D, Toleman MA, Giske CG, Cho HS, Sundman K,
Lee K, et al. Characterization of a new metallo-β-lactamase
gene, blaNDM-1, and a novel erythromycin esterase gene
carried on a unique genetic structure in Klebsiella pneumoniae
sequence type 14 from India. Antimicrob Agents Chemother.
2009;53:5046–54. https://doi.org/10.1128/AAC.00774-09
3. Kumarasamy KK, Toleman MA, Walsh TR, Bagaria J,
Butt F, Balakrishnan R, et al. Emergence of a new
antibiotic resistance mechanism in India, Pakistan, and the
UK: a molecular, biological, and epidemiological study.
Lancet Infect Dis. 2010;10:597–602. https://doi.org/10.1016/
S1473-3099(10)70143-2

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 10, October 2021

2635

RESEARCH
4.

5.
6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

2636

Dortet L, Poirel L, Nordmann P. Worldwide dissemination
of the NDM-type carbapenemases in gram-negative bacteria.
BioMed Res Int. 2014;249856. https://doi.org/10.1155/
2014/249856
van Duin D, Doi Y, The global epidemiology of
carbapenemase-producing Enterobacteriaceae. Virulence. 2017;
19:460–9. https://doi.org/10.1080/21505594.2016.1222343
Karlowsky JA, Lob SH, Kazmierczak KM, Badal RE,
Young K, Motyl MR, et al. In vitro activity of imipenem
against carbapenemase-positive Enterobactericeae isolates
collected by the SMART global surveillance program
from 2008 to 2014. J Clin Microbiol. 2017;55:1638–49.
https://doi.org/10.1128/JCM.02316-16
Karthikeyan K, Thirunarayan MA, Krishnan P.
Coexistence of blaOXA-23 with blaNDM-1 and armA in clinical
isolates of Acinetobacter baumannii from India. J Antimicrob
Chemother. 2010;65:2253–4. https://doi.org/10.1093/
jac/dkq273
Hu H, Hu Y, Pan Y, Liang H, Wang H, Wang X, et al. Novel
plasmid and its variant harboring both a blaNDM-1 gene and
type IV secretion system in clinical isolates of Acinetobacter
lwoffii. Antimicrob Agents Chemother. 2012;56:1698–702.
https://doi.org/10.1128/AAC.06199-11
Jovcic B, Lepsanovic Z, Suljagic V, Rackov G, Begovic J,
Topisirovic L, et al. Emergence of NDM-1 metallo-βlactamase in Pseudomonas aeruginosa clinical isolates from
Serbia. Antimicrob Agents Chemother. 2011;55:3929–31.
https://doi.org/10.1128/AAC.00226-11
Wu W, Feng Y, Tang G, Qiao F, McNally A, Zong Z. NDM
metallo-β-lactamases and their bacterial producers in
healthcare settings. Clin Microbiol Rev. 2019;32:e00115–8.
https://doi.org/10.1128/CMR.00115-18
Doi Y, Wachino JI, Arakawa Y. Aminoglycoside resistance:
the emergence of acquired 16S ribosomal RNA
methyltransferases. Infect Dis Clin North Am. 2016;30:523–
37. https://doi.org/10.1016/j.idc.2016.02.011
Shields RK, Doi Y. Aztreonam combination therapy: an
answer to metallo-β-lactamase–producing gram-negative
bacteria? Clin Infect Dis. 2020;71:1099–101. https://doi.org/
10.1093/cid/ciz1159
Politi L, Gartzonika K, Spanakis N, Zarkotou O, Poulou A,
Skoura L, et al. Emergence of NDM-1-producing Klebsiella
pneumoniae in Greece: evidence of a widespread clonal
outbreak. J Antimicrob Chemother. 2019;74:2197–202.
https://doi.org/10.1093/jac/dkz176
Otter JA, Doumith M, Davies F, Mookerjee S, Dyakova E,
Gilchrist M, et al. Emergence and clonal spread of colistin
resistance due to multiple mutational mechanisms in
carbapenemase-producing Klebsiella pneumoniae in London.
Sci Rep. 2017;7:12711. https://doi.org/10.1038/
s41598-017-12637-4
Wailan AM, Sidjabat HE, Yam WK, Alikhan N-F, Petty NK,
Sartor AL, et al. Mechanisms involved in acquisition of
blaNDM genes by IncA/C2 and IncFIIY plasmids. Antimicrob
Agents Chemother. 2016;60:4082–8. https://doi.org/
10.1128/AAC.00368-16
Poirel L, Schrenzel J, Cherkaoui A, Bernabeu S, Renzi G,
Nordmann P. Molecular analysis of NDM-1–producing
enterobacterial isolates from Geneva, Switzerland.
J Antimicrob Chemother. 2011;66:1730–3. https://doi.org/
10.1093/jac/dkr174
Ramette A, Gasser M, Nordmann P, Zbinden R, Schrenzel J,
Perisa D, et al. Temporal and regional incidence of
carbapenemase-producing Enterobacterales, Switzerland, 2013
to 2018. Euro Surveill. 2021;26:1900760. https://doi.org/
10.2807/1560-7917.ES.2021.26.15.1900760

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

European Committee on Antimicrobial Susceptibility
Testing. Breakpoint tables for interpretation of MICs and
zone diameters. Version 11.0. 2021 [cited 2021 Aug 9].
https://www.eucast.org/fileadmin/src/media/PDFs/
EUCAST_files/Breakpoint_tables/v_11.0_Breakpoint_
Tables.pdf
Poirel L, Walsh TR, Cuvillier V, Nordmann P. Multiplex PCR
for detection of acquired carbapenemase genes. Diagn
Microbiol Infect Dis. 2011;70:119–23. https://doi.org/10.1016/
j.diagmicrobio.2010.12.002
Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M,
Kulikov AS, et al. SPAdes: a new genome assembly
algorithm and its applications to single-cell sequencing.
J Comput Biol. 2012;19:455–77. https://doi.org/10.1089/
cmb.2012.0021
Zankari E, Hasman H, Cosentino S, Vestergaard M,
Rasmussen S, Lund O, et al. Identification of acquired
antimicrobial resistance genes. J Antimicrob Chemother.
2012;67:2640–4. https://doi.org/10.1093/jac/dks261
Larsen MV, Cosentino S, Lukjancenko O, Saputra D,
Rasmussen S, Hasman H, et al. Benchmarking of methods
for genomic taxonomy. J Clin Microbiol. 2014;52:1529–39.
https://doi.org/10.1128/JCM.02981-13
Seemann T. Prokka: rapid prokaryotic genome annotation.
Bioinformatics. 2014;30:2068–9. https://doi.org/10.1093/
bioinformatics/btu153
Treangen TJ, Ondov BD, Koren S, Phillippy AM. The Harvest
suite for rapid core-genome alignment and visualization of
thousands of intraspecific microbial genomes. Genome Biol.
2014;15:524. https://doi.org/10.1186/s13059-014-0524-x
Letunic I, Bork P. Interactive Tree Of Life (iTOL) v4:
recent updates and new developments. Nucleic Acids Res.
2019;47(W1):W256–9. https://doi.org/10.1093/nar/gkz239
Darling AE, Mau B, Perna NT. progressiveMauve: multiple
genome alignment with gene gain, loss and rearrangement.
PLoS One. 2010;5:e11147. https://doi.org/10.1371/
journal.pone.0011147
Federal Statistical Office. Permanent resident population by
age, canton, district, and commune, 2010–2019. 2020 [cited 2021
Aug 10]. https://www.bfs.admin.ch/bfs/en/home/statistics/
population/effectif-change.assetdetail.13707298.html
Alm RA, Johnstone MR, Lahiri SD. Characterization of Escherichia coli NDM isolates with decreased susceptibility
to aztreonam/avibactam: role of a novel insertion in PBP3.
J Antimicrob Chemother. 2015;70:1420–8.
Ma K, Feng Y, McNally A, Zong Z. Struggle to survive: the
choir of target alteration, hydrolyzing enzyme, and
plasmid expression as a novel aztreonam-avibactam
resistance mechanism. mSystems. 2020;5:e00821–20.
https://doi.org/10.1128/mSystems.00821-20
Kotsakis SD, Papagiannitsis CC, Tzelepi E, Tzouvelekis LS,
Miriagou V. Extended-spectrum properties of CMY-30, a
Val211Gly mutant of CMY-2 cephalosporinase. Antimicrob
Agents Chemother. 2009;53:3520–3. https://doi.org/10.1128/
AAC.00219-09
Sadek M, Juhas M, Poirel L, Nordmann P. Genetic features
leading to reduced susceptibility to aztreonam/avibactam
among metallo-β-lactamase–producing Escherichia coli
isolates. Antimicrob Agents Chemother. 2020;64:e01659–2.
https://doi.org/10.1128/AAC.01659-20
Rogers BA, Sidjabat HE, Silvey A, Anderson TL, Perera S, Li J,
et al. Treatment options for New Delhi metallo-β-lactamase–
harboring Enterobacteriaceae. Microb Drug Resist. 2013;19:100–
3. https://doi.org/10.1089/mdr.2012.0063
Taylor E, Sriskandan S, Woodford N, Hopkins KL.
High prevalence of 16S rRNA methyltransferases among

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 10, October 2021

NDM-Producing Enterobacterales, Switzerland

34.

35.

36.

37.

38.

39.

40.

41.

42.

carbapenemase-producing Enterobacteriaceae in the UK
and Ireland. Int J Antimicrob Agents. 2018;52:278–82.
https://doi.org/10.1016/j.ijantimicag.2018.03.016
Sugawara Y, Akeda Y, Hagiya H, Sakamoto N, Takeuchi D,
Shanmugakani RK, et al. Spreading patterns of NDMproducing Enterobacteriaceae in clinical and environmental
settings in Yangon, Myanmar. Antimicrob Agents
Chemother. 2019;63:e01924–18. https://doi.org/10.1128/
AAC.01924-18
Eljaaly K, Alharbi A, Alshehri S, Ortwine JK, Pogue JM.
Plazomicin: a novel aminoglycoside for the treatment
of resistant gram-negative bacterial infections. Drugs.
2019;79:243–69. https://doi.org/10.1007/s40265-019-1054-3
Roer L, Overballe-Petersen S, Hansen F, Schønning K, Wang M,
Røder BL, et al. Escherichia coli sequence type 410 is causing
new international high-risk clones. MSphere.2018;3:e00337–18.
https://doi.org/10.1128/mSphere.00337-18
Li J, Yu T, Tao X-Y, Hu Y-M, Wang H-C, Liu J-L, et al.
Emergence of an NDM-5-producing Escherichia coli sequence
type 410 clone in infants in a children’s hospital in China.
Infect Drug Resist. 2020;13:703–10. https://doi.org/10.2147/
IDR.S244874
Bleichenbacher S, Stevens MJA, Zurfluh K, Perreten V,
Endimiani A, Stephan R, et al. Environmental dissemination
of carbapenemase-producing Enterobacteriaceae in rivers in
Switzerland. Environ Pollut. 2020;265(Pt B):115081.
https://doi.org/10.1016/j.envpol.2020.115081
Chakraborty T, Sadek M, Yao Y, Imirzalioglu C, Stephan R,
Poirel L, et al. Cross-border emergence of Escherichia coli
producing the carbapenemase NDM-5 in Switzerland
and Germany. J Clin Microbiol. 2021;59:e02238–20.
https://doi.org/10.1128/JCM.02238-20
Bitar I, Piazza A, Gaiarsa S, Villa L, Pedroni P, Oliva E, et al.
ST405 NDM-5 producing Escherichia coli in northern Italy: the
first two clinical cases. Clin Microbiol Infect. 2017;23:489–90.
https://doi.org/10.1016/j.cmi.2017.01.020
Garcia-Fernandez A, Villa L, Bibbolino G, Bressan A,
Trancassini M, Pietropaolo V, et al. Novel insights and
features of the NDM-5–producing Escherichia coli sequence
type 167 high-risk clone. MSphere. 2020;5:e00269–20.
https://doi.org/10.1128/mSphere.00269-20
Tavoschi L, Forni S, Porretta A, Righi L, Pieralli F,
Menichetti F, et al. The Tuscan Clinical Microbiology
Laboratory Network. Prolonged outbreak of New Delhi
metallo-β-lactamase–producing carbapenem-resistant
Enterobacterales (NDM-CRE), Tuscany, Italy, 2018 to 2019.
Euro Surveill. 2020;25:2000085. https://doi.org/
10.2807/1560-7917.ES.2020.25.6.2000085

43.

44.

45.

46.

47.

48.

49.

50.

Park Y, Choi Q, Kwon GC, Koo SH. Emergence and
transmission of New Delhi metallo-β-lactamase-5–
producing Escherichia coli sequence type 361 in a tertiary
hospital in South Korea. J Clin Lab Anal. 2020;34:e23041.
https://doi.org/10.1002/jcla.23041
Ali T, Rahman SU, Zhang L, Shahid M, Han D, Gao J, et al.
Characteristics and genetic diversity of multidrug
resistant extended-spectrum β-lactamase (ESBL)–
producing Escherichia coli isolated from bovine mastitis.
Oncotarget. 2017;8:90144–63. https://doi.org/10.18632/
oncotarget.21496
Irrgang A, Falgenhauer L, Fischer J, Ghosh H, Guiral E,
Guerra B, et al. CTX-M-15-producing E. coli isolates from
food products in Germany are mainly associated with an
IncF-type plasmid and belong to two predominant clonal
E. coli lineages. Front Microbiol. 2017;8:2318. 10.3389/
fmicb.2017.02318 https://doi.org/10.3389/fmicb.2017.02318
Peirano G, Chen L, Kreiswirth BN, Pitout JDD.
Emerging antimicrobial-resistant high-risk Klebsiella
pneumoniae clones ST307 and ST147. Antimicrob Agents
Chemother. 2020;64:e01148–20. https://doi.org/10.1128/
AAC.01148-20
Liao W, Liu Y, Zhang W. Virulence evolution, molecular
mechanisms of resistance and prevalence of ST11
carbapenem-resistant Klebsiella pneumoniae in China: a review
over the last 10 years. J Glob Antimicrob Resist. 2020;23:174–
80. https://doi.org/10.1016/j.jgar.2020.09.004
Zhao J, Liu C, Liu Y, Zhang Y, Xiong Z, Fan Y, et al.
Genomic characteristics of clinically important ST11 Klebsiella
pneumoniae strains worldwide. J Glob Antimicrob Resist.
2020;22:519–26. https://doi.org/10.1016/j.jgar.2020.03.023
Baraniak A, Machulska M, Żabicka D, Literacka E,
Izdebski R, Urbanowicz P, et al.; NDM-PL Study Group.
Towards endemicity: large-scale expansion of the NDM1-producing Klebsiella pneumoniae ST11 lineage in Poland,
2015–16. J Antimicrob Chemother. 2019;74:3199–204.
https://doi.org/10.1093/jac/dkz315
Voulgari E, Gartzonika C, Vrioni G, Politi L, Priavali E,
Levidiotou-Stefanou S, et al. The Balkan region: NDM1-producing Klebsiella pneumoniae ST11 clonal strain causing
outbreaks in Greece. J Antimicrob Chemother. 2014;69:2091–
7. https://doi.org/10.1093/jac/dku105

Address for correspondence: Laurent Poirel, Medical and
Molecular Microbiology Unit, Department of Medicine, Faculty
of Science, University of Fribourg, Chemin du Musée 18, CH-1700
Fribourg, Switzerland; email: laurent.poirel@unifr.ch

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 10, October 2021

2637

