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Abstract
Objectives The occurrence of metallo-beta-lactamase-producing Pseudomonas aeruginosa (MBL-PA) isolates is increasing 
globally, including in Switzerland. The aim of this study was to characterise, phenotypically and genotypically, the MBL-PA 
isolates submitted to the Swiss National Reference Center for Emerging Antibiotic Resistance (NARA) reference laboratory 
over a 12-month period from July 2022 to July 2023.
Methods Thirty-nine non-duplicate MBL-PA Isolates were submitted to NARA over the study period from across Switzer-
land. Susceptibility was determined by broth microdilution according to EUCAST methodology. Whole-genome sequencing 
was performed on 34 isolates. Sequence types (STs) and resistance genes were ascertained using the Centre for Genomic 
Epidemiology platform. MBL genes, blaNDM-1, blaIMP-1, and blaVIM-2, were cloned into vector pUCP24 and transformed 
into P. aeruginosa PA14.
Results The most prevalent MBL types identified in this study were VIM (21/39; 53.8%) followed by NDM (11/39; 28.2%), 
IMP (6/39; 15.4%), and a single isolate produced both VIM and NDM enzymes. WGS identified 13 different STs types among 
the 39 isolates. They all exhibited resistance to cephalosporins, carbapenems, and the beta-lactam-beta-lactamase inhibitor 
combinations, ceftolozane-tazobactam, ceftazidime-avibactam, imipenem-relebactam, and meropenem-vaborbactam, and 
8 isolates were cefiderocol (FDC) resistant. Recombinant P. aeruginosa strains producing blaNDM-1, blaIMP-1, and blaVIM-2 
exhibited FDC MICs of 16, 8, and 1 mg/L, respectively.
Conclusions This study showed that the MBL-PA in Switzerland could be attributed to the wide dissemination of high-risk 
clones that accounted for most isolates in this study. Although FDC resistance was only found in 8 isolates, MBL carriage 
was shown to be a major contributor to this phenotype.

Keywords Pseudomonas aeruginosa · Metallo-beta-lactamase · Carbapenems · Epidemiology

Introduction

Pseudomonas aeruginosa is a major cause of nosocomial 
infections, particularly in immune-compromised patients, and 
is associated with considerable morbidity and mortality [1, 2]. 
The increasing global incidence of carbapenem-resistant P. 

aeruginosa (CRPA) is a cause of great concern since infections 
caused by such multidrug-resistant organisms often leave very 
few viable therapeutic options [1–3]. Carbapenem resistance in 
P. aeruginosa can attributed to a number of mechanisms includ-
ing permeability defects, the production of carbapenemases, 
and the over-expression of genes encoding efflux pumps [4, 
5]. Numerous epidemiological studies have shown that CRPA 
infections are predominantly related to high-risk clones produc-
ing carbapenemases along with other beta-lactamase genes, in 
addition to possessing other non-ß-lactamase-related resist-
ance mechanisms [3]. ST235 is globally the most prevalent 
high-risk clone and has been associated with various resistance 
mechanisms including the production of diverse carbapenemase 
types, but predominantly metallo-beta-lactamases (MBLs) [6]. 
VIM-, NDM-, and IMP-type MBLs are the most common MBL 
types in CRPA, and infections caused by MBL-producing P. 
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aeruginosa (MBL-PA) are particularly challenging since these 
enzymes confer resistance to all beta-lactams, including all cur-
rently available beta-lactam-beta-lactamase inhibitor (BLBLI) 
combinations, with the exception of aztreonam (ATM), and the 
recently approved siderophore antibiotic, cefiderocol (FDC) 
[7]. However, MBL-PA are often found to be resistant to ATM 
due to the production of other beta-lactamases (e.g. ESBLs, and 
particularly GES-type enzymes) and/or overexpression of the 
intrinsic blaPDC gene, thereby limiting the use of this antimi-
crobial [8]. Additionally, resistance to FDC has been reported 
to be associated with the carriage of NDM-type enzymes and/
or mutations in iron transporter systems in some clinical isolates 
[9, 10]. To contend with so few available therapeutic options, 
several novel BLBLI combinations are currently under develop-
ment for the treatment of MBL-PA including aztreonam-avi-
bactam (ATM-AVI), cefepime-taniborbactam (FEP-TAN), and 
cefepime-zidebactam (FEP-ZID)—all of which are currently 
in phase 3 clinical trials. ATM-AVI combines ATM with AVI, 
a diazabicyclooctane (DBO), which allows the restoration of 
susceptibility in MBL-producers that also produce other class A, 
C, and some class D beta-lactamases [11]. FEP-TAN, combin-
ing a 4th-generation cephalosporin with a bicyclic boronate, has 
been shown to exhibit excellent activity against Ambler class 
A, C, and D beta-lactamases as well as the class B beta-lacta-
mases, NDM and VIM, but notably has no activity against IMP 
enzymes [12]. The FEP-ZID combination similarly includes 
FEP but with ZID, a bicyclo-acyl hydrazide compound, which 
exhibits dual activity by inhibiting the hydrolytic activity of 
many beta-lactamases (classes A, C, and D) and additionally 
possessing significant antimicrobial activity on its own by bind-
ing PBP-2—subsequently rendering this BLBLI to be effective 
against MBL-PA [13]. These new BLBLIs, if approved, will 
offer a much needed expansion of the limited armamentarium 
against MBL-PA, and subsequently, any arising resistance will 
need to be closely monitored.

The aims of our study were (i) to characterise, both phe-
notypically and genotypically, all of the MBL-producing P. 
aeruginosa isolates submitted to the Swiss National Reference 
Center for Emerging Antibiotic Resistance (NARA) reference 
laboratory over a 12-month period from July 2022 to July 2023 
for their resistance traits and (ii) to determine their respective 
susceptibility to all currently available and recently developed 
therapeutical options, and also to some of the new BLBLIs.

Materials and methods

Bacterial isolates, identification, and susceptibility 
testing

Isolates exhibiting resistance to carbapenems were submitted 
to the NARA reference laboratory from hospitals and clin-
ics throughout Switzerland, over a 12-month period, from 

July 2022 to July 2023. Patient and isolation source data was 
obtained from the accompanying request forms sent by refer-
ring laboratories. Species identification was confirmed using 
API-20NE tests (bioMérieux, https:// www. biome rieux. com). 
Susceptibility testing was performed by broth microdilution, 
and results were interpreted in accordance with EUCAST 
guidelines [14]. To investigate the contribution of efflux mecha-
nisms to FEP-TAN and FEP-ZID resistance, MICs were also 
performed in the presence of 25 mg/L phenylalanine-arginine 
β-naphthylamide (PAβN). Carbapenemase activity was detected 
by Carba NP test [15], and carbapenemase gene alleles were 
confirmed by PCR and subsequent Sanger sequencing.

Cloning experiments

MBL genes, blaNDM-1, blaIMP-1, and blaVIM-2, were ampli-
fied and cloned into high copy number vector pUCP24 
[16], using primers listed in Table S1, before transforma-
tion into P. aeruginosa PA14.

Whole‑genome sequencing and analyses

Whole-genome sequencing (WGS) was performed on a sub-
set of 34, randomly selected, isolates on a MiSeq instrument 
(Illumina) using the Nextera library preparation method with 
2 × 150 bp paired end reads. Reads were assembled into con-
tigs using the Shovill pipeline (https:// github. com/ tseem ann/ 
shovi ll). Sequence types, the presence of resistance genes, 
and speciation were confirmed, using MLST version 2.0, 
ResFinder version 4.1 [17], and KmerFinder version 3.2 [18] 
on the Center for Genomic Epidemiology platform (https:// 
cge. cbs. dtu. dk); contigs were annotated using Prokka [19]. A 
core genome single-nucleotide polymorphism (SNP) align-
ment was generated using Parsnp [20] and viewed using Inter-
active Tree of Life version 6.1.1 [21] using P. aeruginosa 
PAO1 (GenBank accession no. NC_002516) as the reference 
sequence. SNP distances between the core genomes of all 
isolates were calculated using snp-dists [22].

Sequence data from this study was submitted to the 
National Center for Biotechnology Information’s Sequence 
Read Archive (BioProject no. PRJNA1044010).

Results and discussion

Isolate demographics

A total of 44 MBL-producing P. aeruginosa isolates 
were received at the NARA over the 12-month period of 
the study, and following deduplication (by patient and 
MBL-type), 39 isolates were retained for further analysis. 

https://www.biomerieux.com
https://github.com/tseemann/shovill
https://github.com/tseemann/shovill
https://cge.cbs.dtu.dk
https://cge.cbs.dtu.dk
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Half of the isolates were obtained from screening swabs 
(including faeces), and the remaining isolates were from 
urine (7/39; 17.9%), wound (7/39; 17.9%), and respiratory 
(4/39; 10.3%) samples; only a single isolate was obtained 
from a blood sample. Most isolates were obtained from 
males (27/39; 69.2%). Isolates were submitted from 11 
Swiss Cantons, with the highest numbers of isolates being 
submitted from Zurich (n = 9) and Geneva (n = 8), the 
most populous areas of Switzerland.

Antibiotic resistance genes and phenotypic analysis

Within the 39 isolates, the VIM-type enzymes were the most 
frequently identified (n = 21) carbapenemases, followed by 
NDM-type (n = 11) and IMP-type (n = 6) β-lactamases. 
Of note, a single isolate produced both a VIM-type and an 
NDM-type enzyme. All isolates exhibited resistance to cef-
tazidime (CAZ), imipenem (IPM), meropenem (MEM), and 
the BLBLIs ceftolozane-tazobactam (TOL-TAZ), ceftazidime-
avibactam (CAZ-AVI), imipenem-relebactam (IPM-REL), 
and meropenem-vaborbactam (MEM-VAB) (Table 1). The 
lack of activity of these BLBLIs is unsurprising since TAZ, 
the DBO inhibitors, AVI and REL, and the cyclic boronate 
inhibitor, VAB, do not exhibit any activity against class B beta-
lactamases [23]. Resistance to ATM and the, as yet unlicensed 
combination, ATM-AVI, was observed in 5 isolates, with 
MICs of 32 mg/L (n = 4) and 256 mg/L. MBLs are known 
to be unable to hydrolyse the monobactam ATM; however, 
many class A and C beta-lactamases efficiently hydrolyse this 
antimicrobial [11]. A total of 19 and 18 isolates showed resist-
ance to the novel -still unlicensed- combinations FEP-TAN 
and FEP-ZID, using the preliminary breakpoint of 8 mg/L 
for both. Within the FEP-TAN resistant isolates, six produced 
IMP-type enzymes, against which TAN is known to exhibit no 
activity [12]. When combined with the efflux pump inhibitor, 
PAβN, MIC reductions were observed in all FEP-TAN-R iso-
lates (ranging from 2- to 1024-fold) and in 17/18 FEP-ZID-R 
isolates (ranging from 2- to 1024-fold). This resulted in 5/19 
FEP-TAN-R isolates and 16/18 FEP-ZID-R isolates becoming 
sensitive. This suggests that resistance to these novel combina-
tions is, at least in part, attributable to efflux mechanisms in P. 
aeruginosa. FDC resistance was observed in 8 isolates, 6 of 
which produced NDM-type MBLs and two with IMP-type. 
High-level resistance was observed to ciprofloxacin (36/39; 
92.3%) and amikacin (29/39; 74.4%), but all isolates remained 
susceptible to colistin.

FDC resistance and MBL production

To assess the contribution of MBLs to FDC non-suscepti-
bility, MICs were performed on recombinant P. aeruginosa 

strains producing blaNDM-1, blaIMP-1, and blaVIM-2. Strains 
producing NDM-1 and IMP-1 were resistant with MICs 
respectively at 16 and 8 mg/L, while the VIM-2-producing 
recombinant strain exhibited an MIC at 1 mg/L (Table 2), 
corresponding to a notable increase (4-fold), despite remain-
ing sensitive. These results suggest that the MBL types pro-
duced in the 8 FDC-resistant strains in this study contribute 
significantly to this phenotype.

Whole‑genome sequence analysis

STs and carbapenemase genes

WGS of 34 isolates identified the following MBLs: 
blaNDM-1 (n = 11), blaVIM-2 (n = 8), blaIMP-1 (n = 4), 
blaVIM-4 (n = 4), blaVIM-5 (n = 2), and blaVIM-36 (n = 2), 
and individual isolates each carried blaIMP-7, blaIMP-13, 
and blaNDM-1 + blaVIM-2. Thirteen different STs were 
found with ST773 being the most prevalent with all eight 
isolates producing blaNDM-1 and submitted from 5 can-
tons. Seven ST111 isolates were identified, harbouring 
either blaVIM-2 (n = 4) or blaVIM-4 (n = 3) respectively, 
and four ST1047 isolates harboured blaIMP-1. All other 
STs were represented by ≤ 2 isolates. Among the 13 STs 
identified, sixteen isolates represented by six STs (STs 
111, 235, 298, 308, 357, and 654), are members of the 
worldwide top 10 high-risk clones [3]. These findings are 
similar to those found in a UK study, analysing PA-MBL 
isolates collected from 2003 to 2012, where STs 111, 235, 
233, 357, 654, and 773 were found to be dominant, and 
VIM-type enzymes were the major MBL-type [24]. These 
similarities between both studies, despite the difference 
in the collection periods, illustrate the long-term global 
dominance and stability of these P. aeruginosa high-
risk clone lineages. Among the 8 isolates that exhibited 
resistance to FDC, 6 produced NDM-1 (of which 5 were 
ST773), a single isolate produced IMP-1, and another 
produced IMP-7. Production of NDM enzymes has pre-
viously been associated with elevated FDC MICs in P. 
aeruginosa and Enterobacterales [9, 10]. Taken alongside 
the data obtained from the expression of blaIMP-1 in a 
recombinant P. aeruginosa strain above, it could therefore 
be concluded that IMP-type enzymes likely contribute to 
decreased susceptibility to FDC in these isolates.

A core genome alignment of all 34 sequenced isolates 
(Fig. 1) showed the clustering of isolates sharing the 
same ST and MBL but from different cantons. However, 
analysis of the SNP distances between the clusters of iso-
lates sharing the same ST and MBL did not evidence any 
obvious epidemiological link, with differences ranging 
from 196 to 1343 SNPs. This illustrates that despite the 
commonalities (STs and MBLs) between these clusters of 
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isolates, none were as a result of a clonal outbreak, and 
instead this highlights the dominance of these particular 
STs in MBL-PA.

OprD and PBPs

Analysis of the oprD gene sequences identified that most 
isolates produced a non-functional OprD, most often due to 
mutations resulting in truncated proteins. The OprD porin 
is a well-known route by which imipenem can enter the 
P. aeruginosa cell [4], and this was evidenced by all iso-
lates with non-functional OprD exhibiting imipenem MICs 
≥ 128 mg/L (128->256 mg/L), while those with a func-
tional OprD showed lower average MICs (32–256 mg/L). 
Analysis of PBP-2 and PBP-3, known beta-lactam targets 

and particularly associated with resistance to some of the 
BLBLIs, did not reveal any mutations.

RMTases

RMTase-encoding genes were detected in 10 isolates, among 
which nine isolates harboured rmtB, including eight isolates 
which produced NDM-1 (all ST773), and a single isolate 
that produced VIM-2 (ST316). In addition, one isolate, an 
ST308 NDM-1 producing strain, also produced the RmtD 
RMTase. The high-risk clone ST773 had previously been 
reported to carry rmtB and blaNDM-1 in isolates from the 
UK [25]. RMTases can confer high level resistance to all 
clinically relevant aminoglycoside antibiotics, and therefore 
monitoring of their prevalence is essential.

Conclusions

MBL-PA are increasing in incidence globally, including in 
Switzerland. The isolates in this study were frequently found 
to be resistant to most beta-lactams, as well as non-beta-
lactam antibiotics including fluoroquinolones and amino-
glycosides. The levels of resistance observed to the novel 
BLBLI combinations (ATM-AVI, FEP-TAN, FEP-ZID), not 
currently in use and still under development, are concerning 

Table 2  FDC MICs of 
recombinant P. aeruginosa 
strains producing the MBLs, 
NDM-1, IMP-1, and VIM-2

Strain FDC 
MIC 
(mg/L)

PA14 0.25
PA14/pUCP24 0.25
PA14/pUCP-NDM-1 16
PA14/pUCP-IMP-1 8
PA14/pUCP-VIM-2 1

Fig. 1  Core genome align-
ment of 34 MBL-producing P. 
aeruginosa strains with STs, 
MBL variants, Canton of origin 
and OprF status. NF; non-func-
tional, blank; functional
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and illustrate the challenges faced when treating infections 
caused by MBL-PA. This study showed the wide dissemi-
nation in Switzerland of dominant P. aeruginosa high-risk 
clones that accounted for the majority of isolates in this 
study. The co-production of 16S rRNA methylases in many 
of these MBL producers is a significant concern, since these 
two mechanisms contribute to the pan-resistance to almost 
all beta-lactams and aminoglycosides, both antibiotic fami-
lies being critical for the treatment of the corresponding 
infections.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10096- 024- 04752-8.
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