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ABSTRACT Carbapenemase-producing Enterobacterales (CPE) are a major public health 
concern. Within the Enterobacter cloacae complex (ECC), the blaVIM-1 carbapenemase 
gene is frequently plasmid-borne, enabling inter-clonal and inter-species spread that 
complicates the detection and control of carbapenemase dissemination. We investiga­
ted an increase in VIM-1-producing Enterobacter spp. reported to the Swiss National 
Reference Center for Emerging Antibiotic Resistance (NARA) between 2022 and 2024 
using high-resolution genomic methods. Between January 2022 and October 2024, 
blaVIM-1-positive Enterobacter spp. isolates from 39 patients, plus additional contem­
porary blaVIM-1-positive Enterobacterales, were analyzed. Whole-genome sequencing 
(Illumina) was performed for all isolates, with long-read sequencing (Oxford Nano­
pore Technologies) for 12 selected isolates. Species identification, genomic relatedness 
by MLST and cgMLST, and fine-scale plasmid characterization and comparison were 
performed. Most isolates were Enterobacter hormaechei (n = 37), alongside Enterobacter 
kobei (n = 1) and Enterobacter ludwigii (n = 1), distributed across 13 sequence types, 
excluding purely clonal dissemination. Hybrid assemblies showed blaVIM-1 located on 
several plasmid types. IncHI2 plasmids of 249–343 kb carrying additional antimicrobial 
resistance promoting genes including mcr-9 predominated, spanning multiple ECC 
lineages and also present in two other species. Conjugation of these was confirmed 
experimentally, and within-host plasmid variation was observed. No further cases 
occurred after October 2024. We describe a multiclonal spread of blaVIM-1 Enterobacter­
ales in Switzerland, mediated by IncHI2 plasmids. These findings highlight the need for 
plasmid-focused genomic surveillance to complement clonal typing in CPE outbreak 
investigations.
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E nterobacter are generally opportunistic Gram-negative pathogens frequently 
implicated in hospital-acquired infections (1). The Enterobacter cloacae complex 

(ECC) encompasses multiple closely related species, including E. cloacae, E. hormaechei, 
and E. asburiae, that are often difficult to distinguish with classical diagnostic meth­
ods—biochemical or matrix-assisted laser desorption ionization–time of flight mass 
spectrometry (MALDI-TOF MS)—but are collectively significant in clinical settings (1). 
Enterobacter spp. rank among the top opportunistic pathogens, causing an estimated 7% 
of nosocomial infections in intensive care units in the United States (2). These bacteria 
have large genomes (~5 Mb) and exhibit high genetic and metabolic diversity, which can 
complicate species-level identification in clinical laboratories (3).

A major concern is the acquired resistance of Enterobacter spp. to carbapenems, 
which are often last-resort antibiotics for multidrug-resistant infections. In particular, 
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carbapenem-hydrolyzing enzymes such as Verona Integron-encoded metallo-β-lacta­
mase (VIM) can inactivate virtually all β-lactam antibiotics, including carbapenems, with 
the exception of aztreonam (4). The blaVIM-1 gene, first identified in the late 1990s, has 
disseminated widely via mobile genetic elements (5). It is usually embedded in class 1 
integrons on plasmids, facilitating horizontal transfer (6, 7). Over the past two decades, 
blaVIM-1 has become the most prevalent VIM variant globally, accounting for roughly 
75% of reported VIM-producing Enterobacterales cases worldwide (8). Its dissemination 
has been particularly pronounced in Europe, where VIM-producing Enterobacterales 
have caused numerous nosocomial outbreaks and are now considered endemic in 
some healthcare settings, as supported by large-scale genomic surveillance studies from 
France and Poland and broader European epidemiological analyses (8–12).

Transmission events involving carbapenemase-carrying isolates pose a serious 
infection control challenge, especially when resistance genes spread via plasmids. 
Unlike clonal outbreaks, in which a single bacterial strain transmits, plasmid-mediated 
dissemination can involve genetically diverse bacterial species of the same or even 
different genera sharing a resistance-carrying plasmid.

Multiple studies have documented plasmid-mediated dissemination of blaVIM-1 
across genetically diverse Enterobacterales, highlighting the limitations of clonal 
outbreak definitions. In hospital settings, multiclonal and multispecies dissemina­
tion events have been reported in Europe, including IncHI2-mediated spread of 
blaVIM-1 across diverse E. cloacae complex lineages in Spain and multispecies dissem­
ination driven by broad-host-range IncA plasmids in Italy (13, 14). Large-scale sur­
veillance studies further support this pattern, with investigations from France and 
Poland demonstrating widespread circulation of carbapenemase-producing Enterobac­
terales across multiple species and sequence types, consistent with plasmid-mediated 
transmission rather than single-clone expansion (10, 11). Beyond hospital settings, 
blaVIM-1-carrying Enterobacter spp. have also been detected in environmental reser­
voirs such as wastewater, highlighting the potential for extra-clinical persistence and 
circulation of these resistance determinants, with possible implications for reintroduction 
into clinical settings (15). Outside Europe, related blaVIM-1- and mcr-9-carrying IncHI2 
plasmids have additionally been identified in the food chain, including in E. hormaechei 
isolated from raw meat in Egypt, demonstrating the global distribution of such resistance 
plasmids (16).

These examples highlight the plasmid-mediated dimension of carbapenemase 
dissemination. When blaVIM-1 resides on broad-host-range plasmids (such as IncHI2, 
IncA), dissemination events may be difficult to detect, as they can manifest as resistant 
isolates belonging to disparate species or sequence types that nevertheless share a 
common resistance element (13, 14). Such scenarios can easily be missed if surveillance 
focuses only on clonal relatedness. Comprehensive molecular surveillance is therefore 
critical to detect these insidious, plasmid-driven transmission events before they become 
unmanageable.

An increase in the number of blaVIM-1-positive Enterobacter spp. isolates submitted 
to the Swiss National Reference Center for Emerging Antibiotic Resistance was observed 
from 2022 to 2024, raising suspicion of a potential outbreak in the country. In this study, 
we aimed to explore the epidemiology using molecular surveillance tools, including 
short- and long-read sequencing to determine the connections of a potential plasmid-
mediated dissemination of blaVIM-1.

MATERIALS AND METHODS

Sample collection

Enterobacter spp. isolates carrying blaVIM-1, mainly from urine samples and rectal swabs, 
from 39 patients were submitted from several Swiss hospitals to NARA between January 
2022 and October 2024. Duplicate isolates were obtained from 12 patients. Isolates 
carrying blaVIM-1 belonging to different species received by NARA during this period 
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(n = 13) were also analyzed. From October 2024 to June 2025, no new cases were 
documented.

Biochemical/immunochromatographic analysis

Production of carbapenemases was assessed using the Rapidec Carba NP test (17). 
Positive isolates were tested using the NG-Test Carba 5 (NG Biotech, Guipry, France), 
assessing the production of either NDM-, VIM-, IMP-, OXA-48-, or KPC-like enzymes.

Conjugation experiments

Conjugation assays were performed using sodium azide-resistant E. coli J53 as the 
recipient strain. Three donor strains were used: N1137 (OXA plasmid control), NARACH­
VIM20, and NARACHVIM36. Briefly, donor and recipient strains were grown overnight in 
Luria Bertani (LB) broth and then mixed in a 1:3 ratio (donor:recipient) before spotting 
onto a 0.22 µm filter placed on LB agar. Plates were incubated at 25°C for 6 h. Growth was 
collected and resuspended in 0.85% NaCl and inoculated onto agar plates containing 
either 100 mg/L sodium azide and 8 mg/L ceftazidime, or ceftazidime only. Following 24 
h of incubation at 37°C, successful transconjugants were confirmed by PCR amplification 
of the blaVIM-1 gene. Conjugation frequencies were calculated by dividing the number 
of transconjugants by the number of donors. PCR confirmation of blaVIM-1 presence 
was performed using gene-specific primers VIM-F: 5′-TTATGCCGCACCCACGCCTA-3′ and 
VIM-R 5′-CTGCTACTCGGCGACTGAGC-3′.

Short read sequencing

DNA was extracted using the Maxwell RSC Blood DNA Kit (Promega). Short-read 
sequencing was performed on all isolates using Qiaseq FX library preparation (Qia­
gen) and PE150 sequencing on an Illumina NextSeq1000 platform to achieve a mean 
read depth in excess of 30×. Data were analyzed using the IMMense pipeline (18) 
(gitlab.uzh.ch/appliedmicrobiologyresearch/immense).

Long-read sequencing

Oxford Nanopore Technology (ONT) sequencing was further performed on 12 selec­
ted isolates. To prepare the long-read libraries, the SQK-RBK114.24 barcoding kit was 
used. Pooled libraries were run on a R10.4.1 flow cell (FLO-MIN114, Oxford Nanopore 
Technologies) and sequenced with a GridION over 72 h; basecalling and de-multiplexing 
were implemented in MinKnow software version 24.06.15. The quality of the reads 
was evaluated using Nanoplot v1.43.0 (19) and is summarized in Table S1. Adapter 
trimming was performed using Porechop v0.2.4 (https://github.com/rrwick/Porechop). 
Read counts ranged from 12,561 to 133,534, with total yields between 99.2 and 590.2 
Mb. Read N50 values ranged from 5.1 to 14.3 kb, and mean read quality scores from 
Q16.8 to Q17.5. Between 89.5 and 91.5% of reads were above Q15, and 27.6 to 44.3% 
were above Q20.

Hybrid assemblies

Hybrid assembly of the Illumina and ONT reads was performed using both Unicycler 
v0.5.0 (20) and, in parallel, Flye v2.9.4 (21), Medaka v2.0.0 (https://github.com/nanopor­
etech/medaka), and Polypolish v0.6.0 (22). Comparing the completeness and size of 
assembled plasmids along with coverage statistics, we selected the Flye–Medaka–Pol­
ypolish assemblies for downstream analyses, with the exception of sample NARACH­
VIM07, for which a complete plasmid assembly could only be obtained using Unicycler 
hybrid assembly.

Genome and plasmid typing

Species determination was performed using TYGS (23) (tygs.dsmz.de). MLST and core 
genome MLST (cgMLST) were performed using Ridom Seqsphere+ v10.0.1 with an ad 
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hoc Enterobacter cloacae complex core genome schema defined in Ridom Seqsphere+ 
v4.1.6 using 43 reference genomes and based on 638 loci with a 10-allele cluster cutoff. 
Single nucleotide polymorphism (SNP) phylogenies were generated in CLC Genomics 
Workbench v25.0 (Qiagen) using parameters that differed from the defaults as follows: 
variant calling with 10× minimum coverage, 10 minimum count and 70% minimum 
frequency, and neighbor-joining SNP tree used 10× minimum coverage, 10% minimum 
coverage, 0 prune distance, and inclusion of multi-nucleotide variants (MNVs). Plasmid 
coverage data were also obtained from this mapping procedure.

Plasmid classification

Incompatibility groups were classified with PlasmidFinder (24). We analyzed the plasmid 
hybrid assemblies with pling v2.0.1 (25), which compares plasmid structures based on 
gene or block order. First, pling represents each plasmid as a series of signed blocks 
derived from sequence alignments. It then calculates containment values (how much 
of one plasmid is contained within another, with lower values representing higher 
containment), and we retained only pairs with containment ≤0.5 for further comparison. 
For these plasmid pairs, pling estimates the minimum number of rearrangements or 
insertion/deletion (indel) events using the Double Cut and Join with Indels (DCJ-Indel) 
model required to transform one plasmid structure into the other. Finally, we constructed 
a plasmid network in which edges were annotated with both the containment and the 
DCJ-Indel distance, providing a combined measure of structural similarity.

Antimicrobial resistance gene identification

Genes involved in antimicrobial resistance were identified using AMRFinderPlus v3.11.26 
(26, 27) with database version 2023-11-15.1 within Ridom SeqSphere+.

RESULTS

Surveillance signal

An increase in blaVIM-1-carrying Enterobacter spp. isolates (Table S2) submitted to NARA 
was observed during 2022–2024, raising the possibility of a clonal dissemination. 
Those isolates exhibited resistance to almost all beta-lactams, including broad-spectrum 
cephalosporins, aztreonam, and carbapenems, and were resistant to aminoglycosides 
and fluoroquinolones.

Genomic typing

Genome assemblies were used to identify the bacteria as E. hormaechei (n = 37), 
Enterobacter kobei (n = 1), and Enterobacter ludwigii (n = 1). MLST showed 13 different 
sequence types within the data set, with the most common being E. hormaechei ST133 
(n = 14), ST90 (n = 9), and ST114 (n = 3) (Fig. 1). These STs do not show clear temporal 
clustering patterns or geographical patterns within Switzerland (data not shown).

The higher-resolution cgMLST typing showed several clusters, the largest being of 
13 genomes in ST133 differing by a maximum of two alleles, which represents up to 90 

FIG 1 Epidemiological curve showing isolation dates of n = 39 Enterobacter spp., colored by ST. Only one isolate per patient is shown. In the few cases where the 

isolation date was not available, dates of reception at NARA were used as a substitute.
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SNPs. The genome of NARACHVIM53 is 15 alleles distant, which represents a distance of 
over 1,000 SNPs across the genome. Two clusters were identified within ST90 (comprising 
four and two isolates, respectively, separated by 24 alleles, with another genome 12 
alleles distant) and one cluster in ST175 (two isolates) (Fig. 2). A further 12 genomes 
belong to 10 STs and are unrelated to each other, including E. kobei ST32 and E. ludwigii 
ST1693.

Where replicate samples from patients were sequenced, they all clustered with a 
maximum of one allele difference in the cgMLST analysis (data not shown).

Searches for genomes related to the clusters within the PubMLST database 
(pubmlst.org) identified an ST133 isolate from Spain (369; date unknown), 11 alleles 
from the cluster; an ST90 isolate from Australia (1012; 2018), 10 alleles from the 
larger ST90 cluster; and one ST175 genome from China (1272; 2015), six alleles from 
the cluster.

Antimicrobial resistance determinants

In addition to the blaVIM-1 gene, the isolates carried a range of further antimicrobial 
resistance determinants (Table S2). Duplicate patient samples showed largely the same 

FIG 2 Minimum spanning tree of Enterobacter spp. based on 638-locus cgMLST. Isolates are colored by ST, and allele distances are shown on the edges. Clusters 

are shown with grey shadowing and were defined at the 10-allele threshold. Study isolates are shown, as well as three closely related isolates from databases 

(gray circles).
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profiles, but with some loss and gain of determinants (Table S2). Genomic virulence 
factors are presented in the Supplementary Information.

Plasmids carrying the blaVIM-1 gene

Hybrid assemblies of 12 selected isolates showed that in the majority of isolates, the 
blaVIM-1 gene was located on an IncHI2 plasmid ranging in size from 249 kb (pNARACH­
VIM11, within ST175) to 343 kb (pNARACHVIM36, within ST90). In all these plasmids, 
the blaVIM-1 gene was found as a gene cassette located at the first position of a class 1 
integron, which also carried catB2, sul1, qnrA1, and aminoglycoside transferases (Fig. 3). 
Most of these plasmids also carried the mcr-9 gene, associated with colistin resistance, 
which was not located adjacent to the qseC and qseB genes, possibly indicating a lack 
of expression (28). Several of the plasmids carry the tet(A) gene, encoding resistance to 
tetracycline, which is associated with an IS6 family IS element (Fig. 3). Toxin-antitoxin 
systems can also be found on the plasmids, including those with homology to hok-sok 
and relE-relB. Among the nine complete hybrid-assembled IncHI2 plasmids, diversity in 
the plasmid gene content was apparent (Fig. 3).

Three E. hormaechei isolates—NARACHVIM07, NARACHVIM08, and NARACHVIM61—
belonging to ST45, ST206, and ST90, respectively, did not carry IncHI2 plasmids and were 
also investigated using hybrid genome methods. In these isolates, blaVIM-1 was located 
on distinct circular plasmids: an IncN plasmid of approximately 68 kb in NARACHVIM07, 
an IncA plasmid of approximately 176 kb in NARACHVIM08, and an IncM1 plasmid 
of approximately 82 kb in NARACHVIM61. Comparisons of these against their closest 
related published plasmids show a potential gain of the blaVIM-1-containing region in 
pNARACHVIM61, but existing arrays of AMR genes in the other plasmid types (Fig. S1).

IncHI2 plasmid conjugation

To demonstrate the self-conjugation of the IncHI2 plasmids, two isolates NARACHVIM20 
and NARACHVIM36 were conjugated with susceptible E. coli J53 hosts. A very low-fre­
quency plasmid conjugation of 3.5 × 10−10 was observed, and transconjugants were 
confirmed by antimicrobial sensitivity testing (Fig. S2) and PCR amplification of blaVIM-1. 
Some differences were observed in the resistance profiles conferred by the two plasmids 
in terms of resistance to tetracycline, chloramphenicol, and trimethoprim-sulfamethoxa­
zole.

FIG 3 Comparison of IncHI2 plasmids showing insertions, deletions, and rearrangements. Annotation of pNARACHVIM12 shows ARGs in red, genes related 

to conjugation/transfer in green, integron integrases in dark blue, and transposases/phage genes in pale pink. pNARACHVIM12 is from ST90; pNARACHVIM52, 

pNARACHVIM20, pNARACHVIM15, and pNARACHVIM31 are from ST133; pNARACHVIM11 is from ST175; pNARACHVIM48 is from ST45; pNARACHVIM36 is from 

ST90; and pNARACHVIM56 is from ST114. Gene names of ARGs are shown. The figure was generated using Clinker v0.0.31 (29) (github.com/gamcil/clinker) and 

Genbank annotation files adapted from IMMense output.
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Comparisons of IncHI2 plasmids

A first step in IncHI2 plasmid comparisons was to use a network-based method to 
group the hybrid-assembled plasmids (Fig. S3). Three clusters were apparent, reflecting 
groups of closely related plasmids. Within the largest cluster, which consists of plasmids 
from isolates belonging to ST90, ST133, and ST175, high similarity (containment 0.00–
0.02) and minimal rearrangement were observed (DCJ-Indel ≤ 6), whereas between-clus­
ter edges show higher measures of diversity (containment 0.13–0.22) and structural 
variation (DCJ-Indel 33-49). Pling analysis of the IncN, IncA, and IncM1 plasmids also 
showed that these do not cluster with each other or with the IncHI2 plasmids (data not 
shown).

A plasmid phylogeny was generated to investigate nucleotide identities between the 
highly similar IncHI2 plasmids (Fig. 4A). The reference plasmid selected was pNARACH­
VIM12, an early (October 2022) and full-length 304 kb representative of the largest 
cluster. Coverage of the reference plasmid based on mapped Illumina data were also 
calculated as a metric of gene loss. Of the 39 isolates, 36 mapped to the reference with 
>80% coverage and >99.9% nucleotide identity (max 300 SNPs across the shared plasmid 
regions), and within these, there are also clades of plasmids with very few SNPs. What 
varies, in addition to nucleotide substitutions within these clades, is gene content, with 
plasmid coverage in the larger cluster as low as 88.7% (pNARACHVIM46 compared to the 
reference pNARACHVIM12) and 83% in the smaller cluster of five closely related plasmids 
(pNARACHVIM37 compared to the reference pNARACHVIM36; data not shown).

The transfer of the IncHI2 plasmids between Enterobacter spp. STs, Enterobacter spp., 
and even to species other than Enterobacter is suggested from the phylogeny. Highly 
identical IncHI2 plasmids from the larger cluster are found in E. hormaechei ST45, ST50, 
ST90, ST104, ST133, ST148, and ST1373, and E. ludwigii ST1693, as well as in contempora­
neous isolates of Citrobacter farmeri (NARACHVIM65) and E. coli (NARACHVIM21 and 
NARACHVIM46) (Fig. 4A). Plasmids in the smaller cluster were found in isolates of E. 
hormaechei ST90 and ST190, and a slightly more distantly related plasmid was also found 
in a possibly new species of Pseudocitrobacter spp. (NARACHVIM62).

Previously described IncHI2 plasmids are also closely related (Fig. 4A), in particular 
pSTN0717-64 (DRR199787) from E. hormaechei isolated in Japan in 2018 and 
pRIVM_C019181 (CP071016) from E. hormaechei isolated in the Netherlands in 2018. 
Regions of the plasmid lost over the course of the study period include qnrA1, mph(A), 
dfrA14, tet(A), blaCTX-M-9, and mcr-9 (Fig. 4B).

Plasmid gene variation also occurred within-host, with gene loss being observed in 
repeat patient samples (Fig. S4). Regions absent in the second isolate but present in the 
first correlate with loss of ARGs (Table S2). These changes can also occur over very short 
timespans (20 days between isolates NARACHVIM06 and NARACHVIM11; 68 days 
between isolates NARACHVIM09 and NARACHVIM15). In other cases, the plasmid content 
remained stable over up to 78 days (NARACHVIM22 to NARACHVIM29).

DISCUSSION

We describe a multiclonal dissemination of blaVIM-1-carrying Enterobacterales in 
Switzerland, partly driven by multi-ARG-carrying IncHI2 plasmid transmission between 
STs and species. No further cases were detected after October 2024, suggesting that this 
spread has subsided, perhaps reflecting increased awareness and hospital hygiene 
measures. The precise sources and transmission events remain unclear, both with respect 
to international strains and plasmids and within Switzerland.

Closely related plasmids were also identified in three further species, indicating 
possible interspecies as well as intraspecies plasmid transmission. In most isolates, IncHI2 
plasmids were found to carry the blaVIM-1 gene and a host of additional ARGs, including 
mcr-9. Two variants of an IncHI2 plasmid were identified in the vast majority of the ECC 
isolates, with long-read sequencing being key in this aspect of the investigation. 
Additionally, three isolates (NARACHVIM07, NARACHVIM08, and NARACHVIM61) carried 
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blaVIM-1 on distinct IncN, IncA, and IncM1 plasmids unrelated to the predominant IncHI2 
lineage. This highlights the background diversity of blaVIM-1 genetic contexts in co-
circulating isolates. Despite differences in plasmid backbone structure, the structure of 
the blaVIM-1-containing resistance cassette was largely conserved across plasmid types, 
suggesting either a common cassette arrangement or a possible mobilization of this 
cassette between otherwise unrelated plasmid backbones.

FIG 4 Variation of blaVIM-1-carrying IncHI2 plasmids. (A) Phylogenetic tree of highly related blaVIM-1-carrying plasmids. 

Sequence data from the study were compared also to reference plasmids from the literature. Reads from all isolates were 

mapped against the hybrid assembly of the plasmid from isolate pNARACHVIM12 (bold), and those with over 70% coverage 

are displayed. The % coverage of the plasmid is given, as are the isolate species and Enterobacter MLST. Figure generated in 

Phandango (30). (B) Comparison of plasmid content across Enterobacter STs. Plasmids from the study are ordered by % identity 

and colored by sequence type. Variation in plasmid content between isolates can be seen. Figure generated in Proksee (31) 

based on the reference plasmid pNARACHVIM12 and Illumina assemblies. ARGs for this figure were identified using CARD (32).
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The findings of the predominant IncHI2 lineage can be placed in the context 
of previous reports of IncHI2 plasmids carrying carbapenemase genes and mcr-9 in 
Europe, including in Enterobacter cloacae complex isolates from the Netherlands (33), in 
Enterobacter hormaechei from non-European settings (16), and in other Enterobacterales 
such as Klebsiella pneumoniae (34). In Switzerland, IncHI2 plasmids carrying blaVIM-1 and 
mcr-9 have been described in other Enterobacterales species, notably Klebsiella grimontii 
(35), but not in Enterobacter spp. to date. Our findings therefore provide a detailed 
characterization of IncHI2-mediated blaVIM-1 dissemination in Enterobacter spp. within a 
national Swiss surveillance context.

IncHI2 conjugative plasmids are strongly linked to mcr-9 and beta-lactamase genes. 
Of the previously published related plasmids, all carry a battery of ARGs including mcr-9 
genes, along with blaNDM-1 in pK710429 (China) (34), blaSHV-12 in 5089PV (Italy) (36), 
and blaCTX-M-9 in pSTN0717-64 (Japan, accession AP022511). The blaVIM-1 gene is found 
along with mcr-9 on pRIVM_C019181 (the Netherlands) (33). The speed at which such 
plasmids can undergo nucleotide substitutions and rearrangements is not known. The 
observation of plasmids with very few SNPs and only minor rearrangements over the 
study period suggests recent common ancestry of these plasmid variants within the 
investigated data set. Loss of ARGs over time, both across isolates collected during 
the study period and within individual hosts, suggests that not all resistance determi­
nants were under sustained selective pressure and reinforces the impression of plasmid 
plasticity, even over short timescales. Indeed, given this plasmid plasticity, it is possible 
that the same plasmid backbone might also have lost the blaVIM-1 gene in the absence 
of selective pressure, but any such isolates would not have been included in this study as 
the presence of the blaVIM-1 gene was a prerequisite for inclusion.

This study shows the relevance of plasmid analysis for understanding transmis­
sion dynamics and underscores the importance of genomic surveillance in the con­
text of carbapenemase-carrying and multidrug-resistant isolates. It raises awareness 
of scenarios in which plasmid-mediated dissemination may not be apparent from 
chromosomal typing alone. For detailed plasmid analysis, both short- and long-read 
sequencing is required and can thus offer extremely high levels of resolution, at 
chromosome, plasmid, and ARG scales.

ACKNOWLEDGMENTS

We thank the NARA Network members: R. Lienhard, L. Von Allmen, C. Schilt, A. Scher­
ler (ADMED Microbiologie); K. Lucke, M. Reichmuth (Analytica Med. Laboratorien AG, 
Zürich); V. Slutter (ANAMED SA, Lausanne); P. A. Gras (Bactolab AG, Lausanne, Aarau); S. 
Pranghofer, K. Graff (Bioanalytica AG, Luzern); G. Greub, D. S. Blanc (CHUV, Lausanne); 
A. Vitale, B. Lemaire, M. Fatoux (Clinique de La Source CLS, Lausanne); L. Rumebe, 
N. Liassine, G. Jost, M. Rosselin (Dianalabs, Genève); I. Revaz (Dr. Luc Salamin SA); M. 
Imperiali, L. Pozzi, D. Balzari, G. Vaninetti, C. Cirillo (Dr. Risch Ticino SA, Pregassona); N. 
Wohlwend (Dr. Risch, Buchs); K. Burren, A. Westers, A. Roditscheff (Dr. Risch, Liebefeld); 
A. Jayol, C. Guyon (eHnv, Yverdon-les-Bains); V. Gaia, E. Pianezzi, L. Mueller (EOC-Bellin­
zona); D. Hyden, C. Castel (Groupement Hospitalier de l'ouest Lémanique SA (GHOL), 
Nyon); V. Deggim-Messmer, D. Bandeira, C. Fournier (HFR hôpital fribourgeois, Fribourg); 
A. Barukcic (Hirslanden Klinik, Aarau); L. Bertaiola Monnera, C. Nusbaumer (Hôpital 
du Jura, Delémont, Hôpital du Jura, Porrentruy); G. Renzi, A. Cherkaoui, D. Andrey, A. 
Nguyen (HUG Hôpitaux Universitaires, Genève); S. Emonet, M. Eyer, R. Maret, A.V. Belo, 
D. Mabillard, M. Moraz (Institut Central des Hôpitaux (ICH), Sion); C. Vogne (Institut de 
Chimie Clinique, Lausanne); G. Eich, B. Preiswerk (Institut für Labormedizin, Bakteriolo­
gie, Stadtspital, Zürich); E. Hitz, M. Oberle, Y. Born (Kantonsspital Aarau AG); N. Dubey 
(Kantonsspital Baselland, Liestal); C. Guler (Kantonsspital Graubünden, Chur); K. Herzog 
(Kantonsspital, Frauenfeld, Kantonsspital, Münsterlingen); U. Schibli, C. Fricker, B. Suter 
(Kantonsspital, Olten); M. Schoenenberger, U. Karrer, A. Schmid, S. Graf (Kantonsspital, 
Winterthur); J. Kessler (Kessler SA, Martigny); T. Schmid (Labor Team W AG, Goldach); 
C. Seger (Labordiagnostic St. Gallen West AG, St. Gallen); C. Andreutti, M. Dessauges 

Full-Length Text Antimicrobial Agents and Chemotherapy

June 2026  Volume 70  Issue 6 10.1128/aac.01827-25 9

https://doi.org/10.1128/aac.01827-25


(LabPoint AG, Avenches); F. Imeri, H. Hinrikson (lg1 Laborgemeinschaft 1, Zürich); I. 
Mitrovic (Luzerner Kantonsspital, Luzern); M. Vogel (mcl, Niederwangen); E. Gruner, V. 
Bruderer (Medica Medizinische Laboratorien, Zürich); P. Staehli, B. Schnell (Medics Labor 
AG, Bern); C. Zehnder (Medisyn SA Ticino, Bioggio); V. di Lorenzo, C. Payen, D. Thomas, 
L. Comte, F. Pigny (Medisyn SA, Lausanne); M. Brandenberger, M. Remy (Medisyn SA, 
Luzern); M. Moussalli (MGD, Les Acacias); C.-O. Marti (Promed Laboratoire médical SA, 
Marly); S. Trachsel (Proxilab analyses médicales SA, Yverdon-les-Bains); I. Steffen (Rothen 
Medizinische Laboratorien AG, Basel); B. von Arb (Schweizer Paraplegiker Zentrum, 
Nottwil); A. Imhof, D. Eisele (Spital Region Oberaargau AG (SRO), Langenthal); M. Wehrli, 
B. Elmer (Spitäler, Schaffhausen); L. Basilico, G. Togni, M. Jacqua (Unilabs Coppet); B. 
Mathis (Unilabs, Breganzona); P. Minkova, M. Kuegler (Unilabs, Dübendorf ); S. Droz, M. V. 
Elzi, C. Casanova, L. Scheckenbach (Universität Bern Klinische Mikrobiologie (IFIK), Bern); 
S. Brugger (Universitätsspital Zürich); C. Lang, P. M. Keller, A. Blaich, S. Schmid (Universi­
tätsspital, Basel); A. Egli, S. Mancini (Universitätsspital, Zürich); O. Dubuis, C. Castelberg, 
K. Narr, S. Ellenberger (Viollier AG, Allschwil); S. Seiffert (Zentrum für Labormedizin, St. 
Gallen).

Many thanks to the NGS team at the IMM and Srinithi Purushothaman for excel­
lent technical support with sequencing. This work made use of infrastructure services 
provided by the Science IT team of the University of Zurich (www.s3it.uzh.ch).

The NARA is financed via support from the Federal Office of Public Health. A.E. 
receives non-restricted research funding by the University of Zurich and a grant from the 
Swiss National Science Foundation (Grant Nr. 10001529). S.D.B. received a Swiss National 
Science Foundation Starting Grant 211422 and CRPP Precision Medicine for Bacterial 
Infections.

Conceptualization: A.E., L.P. Methodology: L.P., J.F., M.G., A.E., H.M.B.S.-S. Software: 
M.G., H.M.B.S.-S., T.R. Resources: C.B., L.B., S.D.B., R.C., G.G., E.G., P.M.K., S.T.-S., W.Z., N.A.R.A. 
Network. Investigation: H.M.B.S.S., M.G., J.F., T.R. Formal analysis: H.M.B.S.-S., M.G., J.F., T.R. 
Data Curation: H.M.B.S.-S., T.R. Writing - Original Draft: H.M.B.S.-S., M.G., L.P., A.E. Writing 
- Review & Editing: H.M.B.S.-S., M.G., J.F., C.B., L.B., S.D.B., R.C., G.G., E.G., P.M.K., O.N., T.R., 
S.T.-S., W.Z., P.N., L.P., A.E. Visualization: M.G., H.M.B.S.-S. Supervision: A.E., L.P., H.M.B.S.-S. 
Project administration: O.N., A.E., H.M.B.S.-S., P.N., L.P. Funding acquisition: L.P., P.N., A.E., 
S.D.B.

AUTHOR AFFILIATIONS

1Institute of Medical Microbiology, University of Zurich, Zurich, Switzerland
2Swiss Institute of Bioinformatics, Lausanne, Switzerland
3Swiss National Reference Center for Emerging Antibiotic Resistance (NARA) Network, 
University of Fribourg, Fribourg, Switzerland
4Medical and Molecular Microbiology Unit, Faculty of Science and Medicine, University of 
Fribourg, Fribourg, Switzerland
5Viollier, Infection Diagnostics, Allschwil, Switzerland
6Medical Microbiology, Laboratory Medicine, Cantonal Hospital Lucerne, Lucerne, 
Switzerland
7Department of Infectious Diseases and Hospital Epidemiology, University Hospital 
Zurich, University of Zurich, Zurich, Switzerland
8Central Laboratory, Cantonal Hospital Graubünden, Chur, Switzerland
9Institute of Microbiology, University of Lausanne & University Hospital Center, Lausanne, 
Switzerland
10Medica Medizinische Laboratorien AG, Zurich, Switzerland
11Laboratory Medicine, Clinical Bacteriology/Mycology, University Hospital Basel, Basel, 
Switzerland
12Division of Infectious Diseases, University Hospital Basel and University of Basel, Basel, 
Switzerland

Full-Length Text Antimicrobial Agents and Chemotherapy

June 2026  Volume 70  Issue 6 10.1128/aac.01827-2510

https://doi.org/10.1128/aac.01827-25


AUTHOR ORCIDs

Helena M. B. Seth-Smith  http://orcid.org/0000-0002-6082-5114
Mariella Greutmann  http://orcid.org/0009-0008-3700-9638
Christiane Beckmann  http://orcid.org/0000-0001-9030-083X
Silvio D. Brugger  http://orcid.org/0000-0001-9492-9088
Gilbert Greub  http://orcid.org/0000-0001-9529-3317
Peter M. Keller  http://orcid.org/0000-0002-2890-5384
Oliver Nolte  http://orcid.org/0000-0002-1761-0812
Tim Roloff  http://orcid.org/0000-0003-3435-4723
Sarah Tschudin-Sutter  https://orcid.org/0000-0003-4875-5368
Walter Zingg  https://orcid.org/0009-0003-7438-1213
Patrice Nordmann  https://orcid.org/0000-0002-1343-1622
Laurent Poirel  http://orcid.org/0000-0001-5160-5286

FUNDING

Funder Grant(s) Author(s)

Swiss National Science Foundation 10001529 Adrian Egli

Swiss National Science Foundation 211422 Silvio D. Brugger

Universität Zürich non-restricted research funding Adrian Egli

DATA AVAILABILITY

All read data were submitted to the European Nucleotide Archive (ENA) under project 
number PRJEB98563 (Table S2).

ETHICS APPROVAL

All strains were collected for epidemiological purposes and sent to the Swiss National 
Reference Center for Early Detection and Surveillance of New Antibiotic Resistances 
(NARA). This is mandatory by law for all carbapenemase-producing Enterobacterales 
in Switzerland. The molecular investigation and publication of research results on 
outbreaks are managed via the Swiss Pathogen Surveillance Platform. This workflow 
has been approved by all Swiss ethical committees (Reference 2019-01291).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental figures (AAC01827-25-s0001.docx). Fig. S1 to S5.
Table S1 (AAC01827-25-s0002.xlsx). ONT sequencing QC per isolate.
Table S2 (AAC01827-25-s0003.xlsx). Features of isolates and submitted sequencing 
data.
Supplementary Information (AAC01827-25-s0004.docx). Virulence factors.

REFERENCES

1. Paauw A, Caspers MPM, Schuren FHJ, Leverstein-van Hall MA, Delétoile 
A, Montijn RC, Verhoef J, Fluit AC. 2008. Genomic diversity within the 
Enterobacter cloacae complex. PLoS One 3:e3018. https://doi.org/10.137
1/journal.pone.0003018

2. Streit JM, Jones RN, Sader HS, Fritsche TR. 2004. Assessment of pathogen 
occurrences and resistance profiles among infected patients in the 
intensive care unit: report from the SENTRY Antimicrobial Surveillance 
Program (North America, 2001). Int J Antimicrob Agents 24:111–118. htt
ps://doi.org/10.1016/j.ijantimicag.2003.12.019

3. Sanders WE, Sanders CC. 1997. Enterobacter spp.: pathogens poised to 
flourish at the turn of the century. Clin Microbiol Rev 10:220–241. https:/
/doi.org/10.1128/CMR.10.2.220

4. Walsh TR, Toleman MA, Poirel L, Nordmann P. 2005. Metallo-beta-
lactamases: the quiet before the storm? Clin Microbiol Rev 18:306–325. h
ttps://doi.org/10.1128/CMR.18.2.306-325.2005

5. Lauretti L, Riccio ML, Mazzariol A, Cornaglia G, Amicosante G, Fontana R, 
Rossolini GM. 1999. Cloning and characterization of blaVIM, a new 
integron-borne metallo-beta-lactamase gene from a Pseudomonas 

Full-Length Text Antimicrobial Agents and Chemotherapy

June 2026  Volume 70  Issue 6 10.1128/aac.01827-2511

http://orcid.org/0000-0002-6082-5114
http://orcid.org/0009-0008-3700-9638
http://orcid.org/0000-0001-9030-083X
http://orcid.org/0000-0001-9492-9088
http://orcid.org/0000-0001-9529-3317
http://orcid.org/0000-0002-2890-5384
http://orcid.org/0000-0002-1761-0812
http://orcid.org/0000-0003-3435-4723
https://orcid.org/0000-0003-4875-5368
https://orcid.org/0009-0003-7438-1213
https://orcid.org/0000-0002-1343-1622
http://orcid.org/0000-0001-5160-5286
http://dx.doi.org/10.13039/501100001711
http://dx.doi.org/10.13039/501100001711
http://dx.doi.org/10.13039/501100006447
https://www.ebi.ac.uk/ena/browser/view/PRJEB98563
https://doi.org/10.1128/aac.01827-25
https://doi.org/10.1371/journal.pone.0003018
https://doi.org/10.1016/j.ijantimicag.2003.12.019
https://doi.org/10.1128/CMR.10.2.220
https://doi.org/10.1128/CMR.18.2.306-325.2005
https://doi.org/10.1128/aac.01827-25


aeruginosa clinical isolate. Antimicrob Agents Chemother 43:1584–1590. 
https://doi.org/10.1128/AAC.43.7.1584

6. Mazel D. 2006. Integrons: agents of bacterial evolution. Nat Rev 
Microbiol 4:608–620. https://doi.org/10.1038/nrmicro1462

7. Palzkill T. 2013. Metallo-β-lactamase structure and function. Ann N Y 
Acad Sci 1277:91–104. https://doi.org/10.1111/j.1749-6632.2012.06796.x

8. Matsumura Y, Peirano G, Devinney R, Bradford PA, Motyl MR, Adams MD, 
Chen L, Kreiswirth B, Pitout JDD. 2017. Genomic epidemiology of global 
VIM-producing Enterobacteriaceae. J Antimicrob Chemother 72:2249–
2258. https://doi.org/10.1093/jac/dkx148

9. Heller I, Grif K, Orth D. 2012. Emergence of VIM-1-carbapenemase-
producing Enterobacter cloacae in Tyrol, Austria. J Med Microbiol 61:567–
571. https://doi.org/10.1099/jmm.0.038646-0

10. Emeraud C, Petit C, Gauthier L, Bonnin RA, Naas T, Dortet L. 2022. 
Emergence of VIM-producing Enterobacter cloacae complex in France 
between 2015 and 2018. J Antimicrob Chemother 77:944–951. https://d
oi.org/10.1093/jac/dkab471

11. Izdebski R, Biedrzycka M, Urbanowicz P, Żabicka D, Gniadkowski M. 
2023. Genome-based epidemiologic analysis of VIM/IMP carbapene­
mase-producing Enterobacter spp., Poland. Emerg Infect Dis 29:1618–
1626. https://doi.org/10.3201/eid2908.230199

12. Dortet L, Poirel L, Nordmann P. 2014. Worldwide dissemination of the 
NDM-type carbapenemases in Gram-negative bacteria Biomed Res Int 
1:2314–6133. https://doi.org/10.1155/2014/249856

13. Villa J, Viedma E, Brañas P, Orellana MA, Otero JR, Chaves F. 2014. 
Multiclonal spread of VIM-1-producing Enterobacter cloacae isolates 
associated with In624 and In488 integrons located in an IncHI2 plasmid. 
Int J Antimicrob Agents 43:451–455. https://doi.org/10.1016/j.ijantimica
g.2014.02.006

14. Arcari G, Di Lella FM, Bibbolino G, Mengoni F, Beccaccioli M, Antonelli G, 
Faino L, Carattoli A. 2020. A multispecies cluster of VIM-1 carbapene­
mase-producing enterobacterales linked by a novel, highly conjugative, 
and broad-host-range IncA plasmid forebodes the reemergence of 
VIM-1. Antimicrob Agents Chemother 64:e02435-19. https://doi.org/10.1
128/AAC.02435-19

15. Sukkar I, Valcek A, Dolejska M. 2024. VIM-1-producing Enterobacter 
asburiae with mobile colistin resistance genes from wastewaters. BMC 
Genomics 25:870. https://doi.org/10.1186/s12864-024-10780-7

16. Sadek M, Nariya H, Shimamoto T, Kayama S, Yu L, Hisatsune J, Sugai M, 
Nordmann P, Poirel L, Shimamoto T. 2020. First genomic characteriza­
tion of blaVIM-1 and mcr-9-coharbouring Enterobacter hormaechei 
isolated from food of animal origin. Pathogens 9:687. https://doi.org/10.
3390/pathogens9090687

17. Poirel L, Nordmann P. 2015. Rapidec carba NP test for rapid detection of 
carbapenemase producers. J Clin Microbiol 53:3003–3008. https://doi.or
g/10.1128/JCM.00977-15

18. Seth-Smith H, Roloff T, Benvenga V, Egli A. 2025. Usage of bacterial 
whole genome sequencing: outbreaks and beyond in pediatric patients. 
Pediatr Infect Dis J 44:e53–e55. https://doi.org/10.1097/INF.0000000000
004588

19. De Coster W, Rademakers R. 2023. NanoPack2: population-scale 
evaluation of long-read sequencing data. Bioinformatics 39:btad311. htt
ps://doi.org/10.1093/bioinformatics/btad311

20. Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial 
genome assemblies from short and long sequencing reads. PLoS 
Comput Biol 13:e1005595. https://doi.org/10.1371/journal.pcbi.1005595

21. Kolmogorov M, Yuan J, Lin Y, Pevzner PA. 2019. Assembly of long, error-
prone reads using repeat graphs. Nat Biotechnol 37:540–546. https://doi.
org/10.1038/s41587-019-0072-8

22. Wick RR, Holt KE. 2022. Polypolish: short-read polishing of long-read 
bacterial genome assemblies. PLoS Comput Biol 18:e1009802. https://do
i.org/10.1371/journal.pcbi.1009802

23. Meier-Kolthoff JP, Göker M. 2019. TYGS is an automated high-
throughput platform for state-of-the-art genome-based taxonomy. Nat 
Commun 10:2182. https://doi.org/10.1038/s41467-019-10210-3

24. Carattoli A, Zankari E, García-Fernández A, Voldby Larsen M, Lund O, Villa 
L, Møller Aarestrup F, Hasman H. 2014. In silico detection and typing of 
plasmids using PlasmidFinder and plasmid multilocus sequence typing. 
Antimicrob Agents Chemother 58:3895–3903. https://doi.org/10.1128/A
AC.02412-14

25. Frolova D, Lima L, Roberts LW, Bohnenkämper L, Wittler R, Stoye J, Iqbal 
Z. 2024. Applying rearrangement distances to enable plasmid 
epidemiology with pling. Microb Genom 10:001300. https://doi.org/10.1
099/mgen.0.001300

26. Feldgarden M, Brover V, Haft DH, Prasad AB, Slotta DJ, Tolstoy I, Tyson 
GH, Zhao S, Hsu C-H, McDermott PF, Tadesse DA, Morales C, Simmons M, 
Tillman G, Wasilenko J, Folster JP, Klimke W. 2019. Validating the 
AMRFinder tool and resistance gene database by using antimicrobial 
resistance genotype-phenotype correlations in a collection of isolates. 
Antimicrob Agents Chemother 63:e00483-19. https://doi.org/10.1128/A
AC.00483-19

27. Feldgarden M, Brover V, Gonzalez-Escalona N, Frye JG, Haendiges J, Haft 
DH, Hoffmann M, Pettengill JB, Prasad AB, Tillman GE, Tyson GH, Klimke 
W. 2021. AMRFinderPlus and the Reference Gene Catalog facilitate 
examination of the genomic links among antimicrobial resistance, stress 
response, and virulence. Sci Rep 11:12728. https://doi.org/10.1038/s415
98-021-91456-0

28. Kieffer N, Royer G, Decousser J-W, Bourrel A-S, Palmieri M, Ortiz De La 
Rosa J-M, Jacquier H, Denamur E, Nordmann P, Poirel L. 2019. Mcr-9, an 
inducible gene encoding an acquired phosphoethanolamine transferase 
in Escherichia coli, and its origin. Antimicrob Agents Chemother 
63:e00965-19. https://doi.org/10.1128/AAC.00965-19

29. Gilchrist CLM, Chooi YH. 2021. Clinker & clustermap.js: automatic 
generation of gene cluster comparison figures. Bioinformatics 37:2473–
2475. https://doi.org/10.1093/bioinformatics/btab007

30. Hadfield J, Croucher NJ, Goater RJ, Abudahab K, Aanensen DM, Harris SR. 
2018. Phandango: an interactive viewer for bacterial population 
genomics. Bioinformatics. https://doi.org/10.1093/bioinformatics/btx61
0

31. Grant JR, Enns E, Marinier E, Mandal A, Herman EK, Chen C-Y, Graham M, 
Van Domselaar G, Stothard P. 2023. Proksee: in-depth characterization 
and visualization of bacterial genomes. Nucleic Acids Res 51:W484–
W492. https://doi.org/10.1093/nar/gkad326

32. Alcock BP, Huynh W, Chalil R, Smith KW, Raphenya AR, Wlodarski MA, 
Edalatmand A, Petkau A, Syed SA, Tsang KK, et al. 2023. CARD 2023: 
expanded curation, support for machine learning, and resistome 
prediction at the Comprehensive Antibiotic Resistance Database. 
Nucleic Acids Res 51:D690–D699. https://doi.org/10.1093/nar/gkac920

33. Hendrickx APA, Debast S, Pérez-Vázquez M, Schoffelen AF, Notermans 
DW, Landman F, Wielders CCH, Cañada Garcia JE, Flipse J, de Haan A, 
Witteveen S, van Santen-Verheuvel M, de Greeff SC, KuijperE, Schouls 
LM, Dutch CPE surveillance Study Group. 2021. A genetic cluster of MDR 
Enterobacter cloacae complex ST78 harbouring a plasmid containing bla 
VIM-1 and mcr-9 in the Netherlands. JAC Antimicrob Resist 3:dlab046. ht
tps://doi.org/10.1093/jacamr/dlab046

34. Liu Z, Hang X, Xiao X, Chu W, Li X, Liu Y, Li X, Zhou Q, Li J. 2021. Co-
occurrence of blaNDM–1 and mcr-9 in a Conjugative IncHI2/HI2A 
Plasmid From a Bloodstream Infection-Causing Carbapenem-Resistant 
Klebsiella pneumoniae. Front Microbiol 12:756201. https://doi.org/10.33
89/fmicb.2021.756201

35. Campos-Madueno EI, Moser AI, Risch M, Bodmer T, Endimiani A. 2021. 
Exploring the Global Spread of Klebsiella grimontii Isolates Possessing 
blaVIM-1 and mcr-9. Antimicrob Agents Chemother 65:e0072421. https:/
/doi.org/10.1128/AAC.00724-21

36. Gaiarsa S, Merla C, Corbella M, Mariani B, Zatelli M, Sciabica I, Castelli M, 
Piazza A, Zecca M, Sassera D, Cambieri P. 2022. Isolation of a Colistin-
Susceptible MDR Pantoea calida Harboring the mcr-9 Gene Suggests the 
Silent Spread of the Resistance Factor. Microb Drug Resist 28:408–412. ht
tps://doi.org/10.1089/mdr.2021.0267

Full-Length Text Antimicrobial Agents and Chemotherapy

June 2026  Volume 70  Issue 6 10.1128/aac.01827-2512

https://doi.org/10.1128/AAC.43.7.1584
https://doi.org/10.1038/nrmicro1462
https://doi.org/10.1111/j.1749-6632.2012.06796.x
https://doi.org/10.1093/jac/dkx148
https://doi.org/10.1099/jmm.0.038646-0
https://doi.org/10.1093/jac/dkab471
https://doi.org/10.3201/eid2908.230199
https://doi.org/10.1155/2014/249856
https://doi.org/10.1016/j.ijantimicag.2014.02.006
https://doi.org/10.1128/AAC.02435-19
https://doi.org/10.1186/s12864-024-10780-7
https://doi.org/10.3390/pathogens9090687
https://doi.org/10.1128/JCM.00977-15
https://doi.org/10.1097/INF.0000000000004588
https://doi.org/10.1093/bioinformatics/btad311
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1371/journal.pcbi.1009802
https://doi.org/10.1038/s41467-019-10210-3
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1099/mgen.0.001300
https://doi.org/10.1128/AAC.00483-19
https://doi.org/10.1038/s41598-021-91456-0
https://doi.org/10.1128/AAC.00965-19
https://doi.org/10.1093/bioinformatics/btab007
https://doi.org/10.1093/bioinformatics/btx610
https://doi.org/10.1093/nar/gkad326
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1093/jacamr/dlab046
https://doi.org/10.3389/fmicb.2021.756201
https://doi.org/10.1128/AAC.00724-21
https://doi.org/10.1089/mdr.2021.0267
https://doi.org/10.1128/aac.01827-25

	Investigation of VIM-1-producing Enterobacter spp. across Switzerland: clonal dissemination and plasmid transmission
	MATERIALS AND METHODS
	Sample collection
	Biochemical/immunochromatographic analysis
	Conjugation experiments
	Short read sequencing
	Long-read sequencing
	Hybrid assemblies
	Genome and plasmid typing
	Plasmid classification
	Antimicrobial resistance gene identification

	RESULTS
	Surveillance signal
	Genomic typing
	Antimicrobial resistance determinants
	Plasmids carrying the blaVIM-1 gene
	IncHI2 plasmid conjugation
	Comparisons of IncHI2 plasmids

	DISCUSSION


