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In-depth characterization
of Klebsiella pneumoniae
carbapenemase (KPC)-encoding
plasmids points at transposon-
related transmission of
resistance genes
Vincent F. van Almsick1,2*, Annika Sobkowiak1,2, Natalie Scherff1,
Franziska Schuler3, Johannes Benedict Oehm4,
Christian Böing1, Alexander Mellmann1† and Vera Schwierzeck1†

1Institute of Hygiene, University Hospital Münster, Münster, Germany, 2Department of Cardiology I –
Coronary and Peripheral Vascular Disease, Heart Failure, University Hospital Münster,
Münster, Germany, 3Institute of Medical Microbiology, University Hospital Münster, Münster, Germany,
4Institute of Medical Informatics, University of Münster, Münster, Germany
Antimicrobial resistance (AMR) is a growing threat in healthcare systems,

particularly in the management of infections in critically ill patients. This study

highlights how to identify clusters and putative sharing of mobile genetic

elements, such as transposons, in the hospital setting using long-read whole

genome sequencing (lrWGS). The approach described here can be employed to

investigate the transmission dynamics of KPC-3-positive Klebsiella pneumoniae

at multiple levels, from the entire isolate down to individual plasmids and

transposons. Here, a blaKPC-3 harboring transposon cluster was identified by

using a Mash-based distance calculation for plasmids. This approach was used to

investigate a local accumulation of KPC-3-positive Klebsiella pneumoniae on

surgical and infectious disease wards of a tertiary care center in Germany over a

time of six months. In total, seven patients were affected. Core genome multi-

locus sequence typing analysis (cgMLST) identified two distinct genetic clusters:

a sequence type (ST) 307 cluster (n = 5) and a ST101 cluster (n = 2). All isolates

carried a blaKPC-3 carbapenemase. Further Mash distance-based plasmid analysis

was not consistent with plasmid transfer due to genetic heterogeneity, but

identified a transposon cluster across all isolates. Infection control evaluation

of patient movements within their hospital admission supports a possible clonal

transmission. Subsequent infection control measures, including point prevalence

screening and enhanced contact precautions, successfully contained further

transmissions. The study illustrates the value of in-depth plasmid analysis in

understanding the transmission dynamics and epidemiology of AMR, particularly

in hospital environments.
KEYWORDS

antimicrobial resistance, KPC-3, long-read whole genome sequencing, Klebsiella
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Introduction

Antimicrobial resistance (AMR) has emerged as a significant

challenge in healthcare settings. This issue is especially pronounced

in the management of infections among critically ill or

immunocompromised patients (van Duin and Doi, 2017;

Antimicrobial Resistance Collaborators, G, 2022). While extensive

research has been conducted on AMR genes, the role of mobile

genetic elements (MGE) like AMR plasmids or transposons and

their horizontal transfer, particularly in nosocomial settings and

outbreak investigations, has not been widely studied (Gilchrist et al.,

2015; Rose et al., 2023). Recent advancements in long-read whole

genome sequencing (lrWGS) technologies now allow diagnostic

laboratories to incorporate comprehensive analyses of mobile

genetic elements into outbreak management and routine

molecular surveillance (Gilchrist et al., 2015; van Almsick et al.,

2022; Agustinho et al., 2024). Klebsiella pneumoniae, a commensal

Gram-negative bacterium, has become a prevalent pathogen in

healthcare environments (Martin and Bachman, 2018; Agustinho

et al., 2024). For many years, one common treatment option for

extended-spectrum beta-lactamase producing K. pneumoniae was

carbapenems. Recently, the number of Klebsiella pneumoniae

carbapenemase (KPC)-positive K. pneumoniae isolates has been

increasing worldwide since the first identification of KPC in 1996 in

the USA (Yigit et al., 2001). This is posing serious challenges to

treatment options and complicating therapeutic approaches. In

Germany, however, there is a relatively low overall incidence of

KPC, while the predominant carbapenemase detected is blaOXA-48.

KPC enzymes have the ability to hydrolyze all beta-lactam

antibiotics, and the co-existence of other AMR genes worsens the

scenario, classifying these organisms as multidrug-resistant (MDRO)

and limiting treatment options even further. KPC genes are

frequently associated with MGEs (Yang et al., 2021), which

facilitate horizontal gene transfer (HGT) among bacterial

populations and strains, significantly contributing to the spread of

resistance (Munoz-Price et al., 2010; Rojas et al., 2017). Several KPC-

3 outbreaks have been previously reported in regions and hospitals

(Stillwell et al., 2015; Perdigao et al., 2019; Soria-Segarra et al., 2020).

This report investigates a local transmission event of a KPC-3

gene associated with a transposon in K. pneumoniae within a

tertiary hospital, emphasizing the implications of plasmid and

mobile genetic element analysis for effective outbreak

management and molecular surveillance.
Abbreviations: AMR, Antimicrobial resistance; MDRO, Multidrug-resistant

organism; (lr)WGS, (long-read) whole genome sequencing; K. pneumoniae,

Klebsiella pneumoniae; IQR, Interquartile range; EUCAST, European

Committee on Antimicrobial Susceptibility Testing; ST, Sequence Type;

cgMLST, Core genome multi-locus sequence typing; NCBI, National Center

for Biotechnology Information; Mash, MinHash distance (used to estimate

genetic similarity); BLASTn, Basic Local Alignment Search Tool-Nucleotides;

IncF, Incompatibility group F (type of plasmid); bla, Betalactamase encoding

gene; (k)bp, (kilo)base pairs.
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Methods

Microbiological methods

The seven collected isolates were cultivated and identified

according to standardized microbiology methods described here

(Sobkowiak et al., 2024). All screening samples were collected as

part of the routine hospital surveillance of multi-drug-resistant

bacteria (MDRB) according to national recommendations.

Screening specimens were cultivated on chromID ESBL Agar

(bioMérieux, Marcy-l’Étoile, France) and incubated at 36°C ± 1°C

for 18 to 24 h. Clinical specimens were cultivated on Columbia

Blood agar with 5% sheep blood (BD, Heidelberg, Germany; aerobic

incubation at 35°C ± 2°C ambient air for up to 3 days) and

MacConkey selective agar for Gram-negative bacteria

(MacConkey II Agar, BD, Heidelberg, Germany; aerobic

incubation at ambient air 35°C ± 2°C for up to 2 days), if

applicable. Environmental sampling was performed using

polywipes (mwe, Corsham, Wiltshire, UK) on contact surfaces

and incubating them in Tryptic Soy Broth containing lecithin

tween (LT) (Merck Millipore, Eppelheim, Germany) for 24 h at

37°C. The broth was streaked out onto Columbia blood agar

(Thermo Scientific, Schwerte, Germany).

For all isolates, species identification was performed by matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry

(MALDI-TOF/MS) (MALDI-TOFMS, Biotyper® Sirius one, Bruker,

Bremen, Germany) with scores above 2.0. Antimicrobial

susceptibility testing was performed using a Vitek2® automated

system (bioMérieux, Marcy l’Étoile, France) applying EUCAST

clinical breakpoints 2024. Carbapenem resistance was validated

using E-Test (bioMérieux) and standard PCR methods

(eazyplex®SuperBug CRE, amplex, Gars-Bahnhof, Germany)

confirmed the presence of a blaKPC-3 carbapenemase gene.
DNA extraction and long-read whole
genome sequencing

Genomic DNA of all isolates was extracted using the

ZymoBIOMICS 96 MagBead DNA Kit (Zymo Research, Irvine,

CA, USA). Subsequent sequencing was performed on a PacBio®

Sequel IIe system using the SMRTbell® Express Template Prep Kit

2.0 (Pacific Biosciences Inc., Menlo Park, CA, USA) as described

before (Effelsberg et al., 2021). Sequencing data was assembled de

novo using the SMRT® Link software suite 11 (Pacific Biosciences

Inc.) with default parameters.

All bioinformatic analyses were performed using SeqSphere+

software version v10 (Ridom GmbH, Münster, Germany) with NCBI

AMRFinderPlus v3.11.26 (Feldgarden et al., 2019) and the long-read

data plasmid transmission analysis module (Scherff et al., 2024).

For backwards compatibility, the multilocus sequence typing

(MLST) sequence types (STs) were also extracted from the WGS

data. Phylogenetic trees were constructed based on cgMLST using a

neighbor-joining approach. Here the standardized cgMLST scheme

for Klebsiella pneumoniae was used. For plasmid reconstruction and
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subsequent typing, different modules from the MOB-suite v3.1.8

software (Robertson and Nash, 2018) implemented in SeqSphere+

were used. Circular contigs shorter than 500 kb were automatically

regarded as plasmids; contigs of fragmented plasmids were

reconstructed using the MOB-recon module. Based on plasmid

sequences, we constructed a Mash database with a k-mer size of 21

nucleotides and a sketch size of 10,000. For distance calculation, we

additionally included a size correction, where for each 1% size

difference of the plasmids, the corrected Mash distance was lowered

by 0.0003 to compensate for insertions or deletions of larger

repetitive sequence fragments. For plasmids with a size difference

of more than 40%, the uncorrected value was kept to account for

possible multimer formations. Plasmids with a (corrected) Mash

distance of ≤ 0.001 were regarded as highly similar, suggesting a

potential transmission.

Plasmids were further characterized on the proksee (Grant

et al., 2023) platform with a BLAST (Camacho et al., 2009)

comparison. Subsequent annotation was performed using

Bakta (Schwengers et al., 2021) and Dfast (Tanizawa et al.,

2018) and manually curated. SnapGeneViewer (v. 7.2.0)

(http : / /www.snapgene.com/) was used to visualize the

transposon. The SNP analysis was performed by alignments

utilizing MEGA v11.0.9 (Tamura et al., 2021).

All isolates are submitted under the NCBI bioproject accession

number PRJNA1186135.

Plasmids were compared to publicly available sequence data

using BLASTn against the NCBI database and a Mash comparison

against PLSDB (Schmartz et al., 2022), a database containing

plasmid sequences only.
Epidemiological evaluation of potential
transmission events

Potential transmission events were evaluated based on patients′
medical records as well as nursing and medical staff interviews by

trained infection prevention and control staff. A hospital contact

suggesting a nosocomial transmission was defined as a contact on

room or ward level if the patient was admitted to the same room or

ward for at least one overlapping calendar day within the hospital

stay. Identification of a KPC harboring Klebsiella pneumoniae >48h

after admission to the hospital was defined as nosocomial.
Results

Characteristics of transmission event

We identified two clusters of KPC-3-positive K. pneumoniae on

two surgical wards (ward 1 and ward 2) and on one infectious disease

ward (ward 3) at a 1450-bed tertiary care center inMünster, Germany,

over a six-month period (March to August 2024; see Figure 1A). All

isolates displayed resistance to carbapenems, quinolones,

acylaminopenicillins, and third-generation cephalosporins. Seven
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patients were affected with a median age of 48 years (IQR 38-57),

including six males and one female. One patient was transferred from

Ukraine to receive treatment for war-related injuries; all the other

patients have received their general care in our region.
Molecular data analysis

Molecular analysis using lrWGS assigned the isolates to two

different sequence types (ST) 307 (n=5) and ST101 (n=2), which

formed two clearly distinct clonal clusters that differed in ≥ 1907

cgMLST targets. Within the two clusters, cgMLST revealed a

maximum distance of three alleles between isolates, suggesting a

high degree of genetic similarity (Figure 1B). Epidemiological

investigations supported the possibility of clonal transmission for

isolates of the ST307 cluster on ward 1 until July, as the four patients

shared hospital rooms or wards during their most recent hospital

admission (Table 1). One further probable transmission of that

cluster occurred in late August on the infectious disease ward after

one colonized patient was transferred to that ward. One patient was

tested positive for KPC-3-positive K. pneumoniae while occupying a

room formerly inhabited by two colonized patients. Here,

insufficient cleaning of surfaces in the patients’ room could have

been a contributing factor for transmission. The patients from the

ST101 cluster both shared a hospital room on ward 2 but had no

epidemiological link with patients of the ST307 cluster on ward 1.

No previous contact between patients within the hospital was

identified based on the analysis of electronic patient records

looking back to January 2022.

Next, we aimed to determine whether the two clusters (ST307

and ST101) shared the same plasmids. lrWGS confirmed that in all

cases, blaKPC-3 was localized on an IncF plasmid (see Figure 1C).

Mash distance was used to estimate the genetic similarity of plasmids

(Scherff et al., 2024). KPC-3-positive plasmids in the ST307 cluster

show high similarity (from 0 to 0.0001) in the Mash distances,

offering further evidence for the putative clonality of the isolates.

The KPC-3-positive plasmids in the ST101 cluster in comparison did

not show that high degree of similarity (Mash distance 0.0402) but

still remained with the IncF type. Plasmid comparison using Mash

distance and BLASTn against the NCBI database failed to identify

any plasmids with comparable levels of similarity beyond the clonal

ST307 clusters (KPC-3-positive plasmid cluster best hit: accession

number ON081620.1 with query coverage of 78% and 100% percent

identity). In the ST101 cluster, we found a similar KPC-3 positive

plasmid (acc. no. MT809698.1 with a query coverage of 100% and

99.95% percent identity). Similar results were found in the PLSDB.

Comparable plasmids in the PLSDB with a Mash distance threshold

of 0.005 were only found for p_A37134, i.e., NZ_MZ606382.1 and

NZ_MZ606380.1. For all other blaKPC-3 harboring plasmids, the

first hits were found with a threshold of 0.01, indicating structural

differences and a low degree of similarity (Supplementary Table 2). A

comparison of blaKPC-3-harboring plasmids from both clusters using

Mash distance did not suggest plasmid transmission between the two

clusters due to significant genetic differences of the plasmids. The
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minimal Mash distance detected was 0.0613 and 0.0681, calculated

from both KPC-3 positive plasmids from the ST101 cluster to the

ST307 KPC-3 positive plasmid cluster. However, we did identify a

nearly identical region in all blaKPC-3-positive plasmids that includes

the blaKPC-3 gene. This observation is consistent with the possible

transmission by conjugation of small mobile genetic elements at an

unknown time. In a comparison with the transposon-database

TnCentral (Ross et al., 2021), which is based on a BLAST

comparison, we found a similar transposon (Tn4401a-KT378596,

9907 kb) with a query cover of 100% and >99% identity (i.e. one or

two single nucleotide polymorphisms, see Figure 2). All our isolates

have the SNP T9783G in comparison to the reference. SNP analysis

of the potential transposon shared among the isolates, confirmed the

genetic similarities of this region in all isolates.
Infection control measures

Point prevalence screening on ward 1 did not identify any

unknown carriers of KPC-3 positive K. pneumoniae isolates.
Frontiers in Cellular and Infection Microbiology 04
Enhanced contact precautions were implemented for all patients

identified as blaKPC-3 carriers as per local guideline for all patients

with carbapenemase-producing Gram-negative bacteria.

Environmental sampling of high-touch surfaces and medical

devices was carried out on the affected wards. In total, 25

environmental samples were taken. 9 samples from high-touch

surfaces of patient rooms, including the patients’ bathrooms. 2

samples were taken from frequently used medical devices on the

ward (ultrasound and vital sign monitor). The remaining 14

samples were taken from surfaces on the ward, including work

surfaces exclusively frequented by healthcare workers, such as the

area dedicated to the preparation of IV medication. Samples gave no

indication of the presence of K. pneumoniae on surfaces. Extensive

disinfection measures were performed in all patient rooms as well as

in the medication preparation area and storage rooms of the

affected wards. In addition, the medical staff received intensified

training in hygiene practices from hygiene specialists. Until the day

of writing, no further new nosocomial cases of blaKPC-3 carriers

were identified on the affected wards following the last case in

August 2024.
FIGURE 1

Overview of transmission clusters and underlying plasmid characterization. First, epidemiological information concerning the isolates is illustrated.
The epiCurve represents the time the isolates were identified and the ward where the patients were treated (A). Next, genetic analysis of all isolates
is shown. cgMLST phylogeny (B) and respective plasmids of all isolates (C) are visualized in the lower panel. Here the color is given according to the
associated ST clusters (light red: ST307 cluster, light blue: ST101 cluster). AMR, antimicrobial resistance; kbp, kilobase pairs; p, plasmid; ST,
sequence type.
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Discussion and conclusions

In this report, we documented two independent clusters of

KPC-3 positive K. pneumoniae on two surgical wards and one
Frontiers in Cellular and Infection Microbiology 05
infectious disease ward of a tertiary care hospital, affecting seven

patients over a six-month period. lrWGS-based analysis could

clearly discriminate two distinct cgMLST clusters, which were

further verified by both in-depth plasmid analyses that revealed
TABLE 1 Characteristics of isolates and epidemiological information.

Isolate Isolation date Material ST Nosocomial

Contact tracing

Room contact Ward contact

A35499 03-20-2024 screening swab 307 yes Index
A37611
(4 days)

A36814 07-05-2024 screening swab 307 yes A36711
(1.67 days)

A36711 07-08-2024 Blood culture
(central line)

307 yes see above

A36813 07-12-2024 Screening swab 307 yes A36711
(2 days)

former room of
A36814/A36813

A37134 08-14-2024 Screening swab 101 yes A37224
(7h)

A37224 08-19-2024 Screening swab 101 yes see above

A37359 08-23-2024 Intraoperative swab
(pararectal abscess)

307 yes A36711
(6 days)
ST307 cluster, light red; ST101 cluster, light blue.
FIGURE 2

Transposon comparison. The transposon Tn4401a-KT37859 is shown on top of the figure. Colors of the associated harboring plasmid represent the
ST clusters (light red: ST307 cluster, light blue: ST101 cluster). The transposons were compared by a BLASTn approach and SNP analysis. All
transposons in cluster ST307 are 100% identical with 100% coverage; therefore, only one example, Tn_A35499, is shown. Tn, Transposon; T,
Thymine; bp, base pairs.
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high sequence similarity in the plasmid backbones in the ST307

cluster, and epidemiological contact tracing. In our setting, a

hospital with a low incidence of carbapenemase-producing

MDRO, WGS is helpful to distinguish whether cases are mere

“coincidence” or have to be regarded as possible transmission. Once

cases have been identified as possible transmission, WGS data can

be helpful to illustrate transmission pathways as part of staff

education and to justify the implementation of infection control

measures such as screening and contact precautions. While classical

surveillance data usually only document resistance patterns,

molecular surveillance by WGS helps to investigate evolutionary

pathways and regional distribution of resistance genes.

K. pneumoniae, and especially ST307, is known to cause

outbreaks in healthcare facilities, which increased in the European

Union since the Russian invasion of Ukraine (Sandfort et al., 2022;

Stein et al., 2023); a contributing cause may be the increased

number of foreign patients in various European healthcare centers

for specific and complex medical treatments due to war injuries

(Zwittink et al., 2022; Ljungquist et al., 2023).

Plasmid analysis revealed that the blaKPC-3 gene was located on

an IncF plasmid in all cases. Despite the shared presence of blaKPC-3,

plasmid comparison between ST307 and ST101 clusters showed

significant genetic differences, suggesting that plasmid transmission

between these clusters was unlikely. The absence of similar plasmids

compared to the ST307 KPC-3 positive plasmids in the NCBI

database and the PLSDB indicates that the plasmids involved in

this investigation are rare or less commonly encountered and may

represent a recently emerged variant. The presence of an identical

region across all plasmids, including the blaKPC-3 gene, suggests the

role of mobile genetic elements, in this case of transposons, in

horizontal gene transfer (Sheppard et al., 2016). While the

horizontal gene transfer cannot be definitively proven based on

the available data, it remains a plausible explanation for the spread

of the blaKPC-3 gene within the hospital environment. The

association of blaKPC-3 with this mobile genetic element might

offer an explanation why the incidence of blaKPC-3 is rising

(Budia-Silva et al., 2024). This emphasizes the importance of

establishing a continuous surveillance and characterization of

AMR plasmid content in clinical isolates.

lrWGS has become a key technology to identify plasmids and

mobile genetic elements carrying AMR across different MDROs.

This study is a single case report only but the study demonstrates

the value of modern sequencing technology during MDRO

surveillance. lrWGS with plasmid analyses can provide further

information, rule out plasmid transmissions, and improve our

understanding of the transmission of AMR in hospitals. Mobile

genetic elements have a significant impact on the spread of AMR in

hospital settings (Evans et al., 2020). Yet, due to the shortfalls of

short-read sequencing technology, our knowledge of the

transmission of plasmids and mobile genetic elements in the

context of hospitals is limited. Transmission(s) via mobile genetic

elements are a plausible explanation for the spread of the blaKPC-3
gene; however, further research on causality, specific transmission

pathways, and underlying mechanisms is necessary.
Frontiers in Cellular and Infection Microbiology 06
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://www.ncbi.nlm.nih.

gov/, PRJNA1186135.
Ethics statement

Ethical approval was not required for the study involving

humans in accordance with the local legislation and institutional

requirements. Written informed consent to participate in this study

was not required from the participants or the participants’ legal

guardians/next of kin in accordance with the national legislation

and the institutional requirements.
Author contributions

VA: Conceptualization, Formal analysis, Funding acquisition,

Investigation, Methodology, Project administration, Validation,

Visualization, Writing – original draft, Writing – review & editing.

AS: Formal analysis, Investigation, Visualization, Writing – original

draft, Writing – review & editing. NS: Data curation, Software,

Writing – original draft, Writing – review & editing. FS: Investigation,

Resources, Writing – original draft, Writing – review & editing. JO:

Software, Writing – original draft, Writing – review & editing. CB:

Formal analysis, Validation,Writing – original draft,Writing – review&

editing. AM: Conceptualization, Data curation, Investigation,

Methodology, Resources, Software, Supervision, Writing – original

draft, Writing – review & editing. VS: Conceptualization, Data

curation, Formal analysis, Investigation, Methodology, Project

administration, Resources, Supervision, Writing – original draft,

Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

researchand/orpublicationof this article.VAwas supportedby agrant

(SEED 019/23) from the Interdisciplinary Center of Clinical Research

(IZKF), University of Münster. AM was supported by the German

Federal Ministry of Education and Research (BMBF) Network of

University Medicine 2.0: “NUM 2.0”, Grant No. 01KX2121, Project:

Collateral Effects of Pandemics - CollPan. The funders of the study

played no role in study design, data collection, data analysis, data

interpretation, or writing of the report.
Acknowledgments

We thank the laboratory team of the Institute of

Medical Microbiology at Münster University Hospital and the
frontiersin.org

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3389/fcimb.2025.1542828
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


van Almsick et al. 10.3389/fcimb.2025.1542828
sequencing team of the Institute of Hygiene for excellent

technical assistance.
Conflict of interest

NS is a part-time employee of Ridom GmbH.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Frontiers in Cellular and Infection Microbiology 07
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.1542828/

full#supplementary-material
References
Agustinho, D. P., Fu, Y., Menon, V. K., Metcalf, G. A., Treangen, T. J., and Sedlazeck,
F. J. (2024). Unveiling microbial diversity: harnessing long-read sequencing technology.
Nat. Methods 21, 954–966. doi: 10.1038/s41592-024-02262-1

Antimicrobial Resistance Collaborators, G (2022). Global burden of bacterial
antimicrobial resistance in 2019: a systematic analysis. Lancet 399 (10325),
629–655.

Budia-Silva, M., Kostyanev, T., Ayala-Montano, S., Acosta Bravo-Ferrer, J., Garcia-
Castillo, M., Canton, R., et al. (2024). International and regional spread of carbapenem-
resistant Klebsiella pneumoniae in Europe. Nat. Commun. 15 (1), 5092. doi: 10.1038/
s41467-024-49349-z

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al.
(2009). BLAST+: architecture and applications. BMC Bioinf. 10, 421. doi: 10.1186/
1471-2105-10-421

Effelsberg, N., Kobusch, I., Linnemann, S., Hofmann, F., Schollenbruch, H.,
Mellmann, A., et al. (2021). Prevalence and zoonotic transmission of colistin-
resistant and carbapenemase-producing Enterobacterales on German pig farms. One
Health 13, 100354. doi: 10.1016/j.onehlt.2021.100354

Evans, D. R., Griffith, M. P., Sundermann, A. J., Shutt, K. A., Saul, M. I., Mustapha,
M. M., et al. (2020). Systematic detection of horizontal gene transfer across genera
among multidrug-resistant bacteria in a single hospital. Elife 9. doi: 10.7554/
eLife.53886.sa2

Feldgarden, M., Brover, V., Haft, D. H., Prasad, A. B., Slotta, D. J., Tolstoy, I., et al.
(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 (11). doi: 10.1128/AAC.00483-19

Gilchrist, C. A., Turner, S. D., Riley, M. F., Petri, W. A. Jr., and Hewlett, E. L. (2015).
Whole-genome sequencing in outbreak analysis. Clin. Microbiol. Rev. 28, 541–563.
doi: 10.1128/CMR.00075-13

Grant, J. R., Enns, E., Marinier, E., Mandal, A., Herman, E. K., Chen, C. Y., et al.
(2023). Proksee: in-depth characterization and visualization of bacterial genomes.
Nucleic Acids Res. 51 (W1), W484–W492. doi: 10.1093/nar/gkad326

Ljungquist, O., Nazarchuk, O., Kahlmeter, G., Andrews, V., Koithan, T.,
Wasserstrom, L., et al. (2023). Highly multidrug-resistant Gram-negative bacterial
infections in war victims in Ukraine, 2022. Lancet Infect. Dis. 23 (7), 784–786.
doi: 10.1016/S1473-3099(23)00291-8

Martin, R. M., and Bachman, M. A. (2018). Colonization, infection, and the accessory
genome of klebsiella pneumoniae. Front. Cell Infect. Microbiol. 8, 4. doi: 10.3389/
fcimb.2018.00004

Munoz-Price, L. S., Hayden, M. K., Lolans, K., Won, S., Calvert, K., Lin, M., et al.
(2010). Successful control of an outbreak of Klebsiella pneumoniae carbapenemase-
producing K. pneumoniae at a long-term acute care hospital. Infect. Control Hosp
Epidemiol. 31 (4), 341–347. doi: 10.1086/651097

Perdigao, J., Modesto, A., Pereira, A. L., Neto, O., Matos, V., Godinho, A., et al.
(2019). Whole-genome sequencing resolves a polyclonal outbreak by extended-
spectrum beta-lactam and carbapenem-resistant Klebsiella pneumoniae in a
Portuguese tertiary-care hospital. Microb. Genom. 7 (6).

Robertson, J., and Nash, J. H. E. (2018). MOB-suite: software tools for clustering,
reconstruction and typing of plasmids from draft assemblies. Microb. Genom 4 (8).
doi: 10.1099/mgen.0.000206
Rojas, L. J., Weinstock, G. M., De La Cadena, E., Diaz, L., Rios, R., Hanson, B. M.,
et al. (2017). An Analysis of the Epidemic of Klebsiella pneumoniae Carbapenemase-
Producing K. pneumoniae: Convergence of Two Evolutionary Mechanisms Creates the
"Perfect Storm. J. Infect. Dis. 217 (1), 82–92.

Rose, R., Feehan, A., Lain, B. N., Ashcraft, D., Nolan, D. J., Velez-Climent, L., et al.
(2023). Whole-genome sequencing of carbapenem-resistant Enterobacterales isolates
in southeast Louisiana reveals persistent genetic clusters spanning multiple locations. J.
Infect. Public Health 16 (12), 1911–1917. doi: 10.1016/j.jiph.2023.10.013

Ross, K., Varani, A. M., Snesrud, E., Huang, H., Alvarenga, D. O., Zhang, J., et al.
(2021). TnCentral: a prokaryotic transposable element database and web portal for
transposon analysis. mBio 12 (5), e0206021. doi: 10.1128/mBio.02060-21

Sandfort, M., Hans, J. B., Fischer, M. A., Reichert, F., Cremanns, M., Eisfeld, J., et al.
(2022). Increase in NDM-1 and NDM-1/OXA-48-producing Klebsiella pneumoniae in
Germany associated with the war in Ukraine, 2022. Euro Surveill 27 (50). doi: 10.2807/
1560-7917.ES.2022.27.50.2200926

Scherff, N., Rothgänger, J., Weniger, T., Mellmann, A., and Harmse, D. (2024). Real-
time plasmid transmission detection pipeline. Microbiol. Spectr. 2024, e0210024.
doi: 10.1128/spectrum.02100-24

Schmartz, G. P., Hartung, A., Hirsch, P., Kern, F., Fehlmann, T., Muller, R., et al.
(2022). PLSDB: advancing a comprehensive database of bacterial plasmids. Nucleic
Acids Res. 50 (D1), D273–D278. doi: 10.1093/nar/gkab1111

Schwengers, O., Jelonek, L., Dieckmann, M. A., Beyvers, S., Blom, J., and Goesmann,
A. (2021). Bakta: rapid and standardized annotation of bacterial genomes via
alignment-free sequence identification. Microb. Genom 7 (11). doi: 10.1101/
2021.09.02.458689

Sheppard, A. E., Stoesser, N., Wilson, D. J., Sebra, R., Kasarskis, A., Anson, L. W.,
et al. (2016). Nested Russian doll-like genetic mobility drives rapid dissemination of the
carbapenem resistance gene blaKPC. Antimicrob. Agents Chemother. 60, 3767–3778.
doi: 10.1128/AAC.00464-16

Sobkowiak, A., Scherff, N., Schuler, F., Bletz, S., Mellmann, A., Schwierzeck, V., et al.
(2024). Plasmid-encoded gene duplications of extended-spectrum beta-lactamases in
clinical bacterial isolates. Front. Cell Infect. Microbiol. 14, 1343858. doi: 10.3389/
fcimb.2024.1343858

Soria-Segarra, C., Gonzalez-Bustos, P., Lopez-Cerero, L., Fernandez-Cuenca, F.,
Rojo-Martin, M. D., Fernandez-Sierra, M. A., et al. (2020). Tracking KPC-3-
producing ST-258 Klebsiella pneumoniae outbreak in a third-level hospital in
Granada (Andalusia, Spain) by risk factors and molecular characteristics. Mol. Biol.
Rep. 47, 1089–1097. doi: 10.1007/s11033-019-05203-w

Stein, C., Zechel, M., Spott, M., Pletz, M.W., and Kipp, F. (2023). Multidrug-resistant
isolates from Ukrainian patients in a German health facility: a genomic surveillance
study focusing on antimicrobial resistance and bacterial relatedness. Infection.
doi: 10.1007/s15010-023-02061-4

Stillwell, T., Green, M., Barbadora, K., Ferrelli, J. G., Roberts, T. L., Weissman, S. J.,
et al. (2015). Outbreak of KPC-3 producing carbapenem-resistant klebsiella
pneumoniae in a US pediatric hospital. J. Pediatr. Infect. Dis. Soc. 4, 330–338.
doi: 10.1093/jpids/piu080

Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: molecular evolutionary
genetics analysis version 11. Mol. Biol. Evol. 38 (7), 3022–3027. doi: 10.1093/molbev/
msab120
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcimb.2025.1542828/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2025.1542828/full#supplementary-material
https://doi.org/10.1038/s41592-024-02262-1
https://doi.org/10.1038/s41467-024-49349-z
https://doi.org/10.1038/s41467-024-49349-z
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1016/j.onehlt.2021.100354
https://doi.org/10.7554/eLife.53886.sa2
https://doi.org/10.7554/eLife.53886.sa2
https://doi.org/10.1128/AAC.00483-19
https://doi.org/10.1128/CMR.00075-13
https://doi.org/10.1093/nar/gkad326
https://doi.org/10.1016/S1473-3099(23)00291-8
https://doi.org/10.3389/fcimb.2018.00004
https://doi.org/10.3389/fcimb.2018.00004
https://doi.org/10.1086/651097
https://doi.org/10.1099/mgen.0.000206
https://doi.org/10.1016/j.jiph.2023.10.013
https://doi.org/10.1128/mBio.02060-21
https://doi.org/10.2807/1560-7917.ES.2022.27.50.2200926
https://doi.org/10.2807/1560-7917.ES.2022.27.50.2200926
https://doi.org/10.1128/spectrum.02100-24
https://doi.org/10.1093/nar/gkab1111
https://doi.org/10.1101/2021.09.02.458689
https://doi.org/10.1101/2021.09.02.458689
https://doi.org/10.1128/AAC.00464-16
https://doi.org/10.3389/fcimb.2024.1343858
https://doi.org/10.3389/fcimb.2024.1343858
https://doi.org/10.1007/s11033-019-05203-w
https://doi.org/10.1007/s15010-023-02061-4
https://doi.org/10.1093/jpids/piu080
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.3389/fcimb.2025.1542828
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


van Almsick et al. 10.3389/fcimb.2025.1542828
Tanizawa, Y., Fujisawa, T., and Nakamura, Y. (2018). DFAST: a flexible prokaryotic
genome annotation pipeline for faster genome publication. Bioinformatics 34 (6),
1037–1039. doi: 10.1093/bioinformatics/btx713

van Almsick, V., Schuler, F., Mellmann, A., and Schwierzeck, V. (2022). The Use of
Long-Read Sequencing Technologies in Infection Control: Horizontal Transfer of a
blaCTX-M-27 Containing lncFII Plasmid in a Patient Screening Sample.
Microorganisms 10, 491. doi: 10.3390/microorganisms10030491

van Duin, D., and Doi, Y. (2017). The global epidemiology of carbapenemase-
producing Enterobacteriaceae. Virulence 8 (4), 460–469. doi: 10.1080/21505594.
2016.1222343
Frontiers in Cellular and Infection Microbiology 08
Yang, X., Dong, N., Chan, E. W., Zhang, R., and Chen, S. (2021). Carbapenem
resistance-encoding and virulence-encoding conjugative plasmids in klebsiella
pneumoniae. Trends Microbiol. 29, 65–83. doi: 10.1016/j.tim.2020.04.012
Yigit, H., Queenan, A. M., Anderson, G. J., Domenech-Sanchez, A., Biddle, J. W.,

Steward, C. D., et al. (2001). Novel carbapenem-hydrolyzing beta-lactamase, KPC-1,
from a carbapenem-resistant strain of Klebsiella pneumoniae. Antimicrob. Agents
Chemother. 45, 1151–1161. doi: 10.1128/AAC.45.4.1151-1161.2001
Zwittink, R. D., Wielders, C. C., Notermans, D. W., Verkaik, N. J., Schoffelen, A. F.,

Witteveen, S., et al. (2022). Multidrug-resistant organisms in patients from Ukraine in
the Netherlands, March to August 2022. Euro Surveill 27 (50). doi: 10.2807/1560-
7917.ES.2022.27.50.2200896
frontiersin.org

https://doi.org/10.1093/bioinformatics/btx713
https://doi.org/10.3390/microorganisms10030491
https://doi.org/10.1080/21505594.2016.1222343
https://doi.org/10.1080/21505594.2016.1222343
https://doi.org/10.1016/j.tim.2020.04.012
https://doi.org/10.1128/AAC.45.4.1151-1161.2001
https://doi.org/10.2807/1560-7917.ES.2022.27.50.2200896
https://doi.org/10.2807/1560-7917.ES.2022.27.50.2200896
https://doi.org/10.3389/fcimb.2025.1542828
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	In-depth characterization of Klebsiella pneumoniae carbapenemase (KPC)-encoding plasmids points at transposon-related transmission of resistance genes
	Introduction
	Methods
	Microbiological methods
	DNA extraction and long-read whole genome sequencing
	Epidemiological evaluation of potential transmission events

	Results
	Characteristics of transmission event
	Molecular data analysis
	Infection control measures

	Discussion and conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


