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NDM-5-producing
multidrug-resistant Escherichia
coli detected in retail beef and
pork in Hungary, 2021
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Background: Carbapenem-resistant Enterobacterales pose a significant public
health threat, particularly when detected in food-producing animals and retail
meat. Although carbapenems are not used in European Union animal production,
sporadic cases of carbapenemase-producing Escherichia coli have emerged
across multiple European countries since 2019. The detection of human-
associated carbapenemase genes in meat raises concerns about potential
transmission to humans through the food chain.

Methods: In this study, we characterize three multidrug-resistant (MDR) E. coli
isolates harboring blaypu.s recovered from retail beef and pork in Hungary in
2021. E. coli isolates were subjected to phenotypic antimicrobial susceptibility
testing using broth microdilution, conjugation experiments, and genotypic
characterization through whole-genome sequencing using Illumina and Oxford
Nanopore platforms. Hybrid assemblies enabled comprehensive comparative
genomic and plasmid analyses.

Results: All three isolates belonged to the human-associated uropathogenic
clone ST405 (O102:H6) and were clonally related with a maximum of two
single nucleotide polymorphisms. They exhibited identical genomic profiles
conferring resistance to carbapenems, cephalosporins, fluoroquinolones,
tetracycline, and azithromycin. Comparative genomic analysis revealed
close genetic relationships with human clinical isolates from Australia
and the United Kingdom, suggesting international dissemination. The
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blaypm.s gene was located on conjugative IncFll-IncFIB hybrid plasmids
(approximately 132 kb) closely related to clinical plasmids from human isolates
in the United States, differing only by the absence of a blactym.15-I1SEcpl

transposition unit.

Conclusion: The detection of human-associated blaypyw.5-carrying E. coli ST405
in retail meat represents a serious food safety concern, highlighting potential
transmission routes to humans and emphasizing the need for enhanced
surveillance and epidemiological investigations.
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blaNDM-5,

carbapenemase-producing Enterobacterales,

Escherichia coli ST405,

horizontal gene transfer, IncFll-IncFIB plasmid, multidrug resistance, one health
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1 Introduction

Carbapenems are last-resort antibiotics for treating serious
infections caused by multidrug-resistant (MDR) Gram-negative
the emergence of carbapenemase-producing

(CPE)
health concern due to severely limited therapeutic options

bacteria, and

Enterobacterales constitutes a major global public
and increased morbidity and mortality (Bonomo et al., 2018).
Although carbapenems are not approved for use in food-
producing animals in the European Union (EU), CPE have
increasingly been detected in livestock and retail meat,
indicating that non-human reservoirs may contribute to the
dissemination of carbapenem resistance within a One Health
framework (Carfora et al, 2022; Hendriksen et al., 2023).
Harmonized European surveillance has documented an escalating
occurrence of CPE in food-producing animals and meat,
with sporadic detections in 2020-2021 (European Food Safety
Authority (EFSA) and European Centre for Disease Prevention
and Control, 2023) progressing to more frequent reports from
multiple Member States, including Italy, Germany, Spain, Czechia,
and Hungary, by 2022-2023 (European Food Safety Authority
and European Centre for Disease Prevention and Control, 2025).
these has been the

most gene in food-

In monitoring programs,

blaoy 181

frequently detected carbapenemase
producing animals, followed by blaypy.s»
blayy, (ECDC, 2023;

European Centre for Disease Prevention

blagy 4> and
European Food Safety Authority and
2025),

underscoring the growing diversity of carbapenemase determinants

and Control,

in the animal sector. Among these enzymes, New Delhi metallo-
B-lactamase NDM-5 has emerged as a particularly prevalent
variant, with a marked increase in Escherichia coli isolates
across the EU/EU/European Economic Area (EEA) from 2012
to 2022, and sequence type (ST) 405 identified as one of the
major epidemic clones associated with this carbapenemase
(European Centre for Disease Prevention and Control, 2023;
Linkevicius et al., 2023; Xia et al., 2024).

E.

pathogenic lineage linked to uropathogenic and other invasive

coli ST405 is a clinically significant extraintestinal

infections, frequently associated with high patient mortality and
MDR phenotypes (Chowdhury et al, 2019; Hans et al.,, 2023;
Mujahid et al, 2024). This high-risk clone has been reported
worldwide and is increasingly connected to carbapenem resistance,
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often co-harboring blaypy.s and extended-spectrum B-lactamase
genes such as blacpy s on conjugative plasmids, a combination
that exacerbates treatment challenges and facilitates persistence in
both community and healthcare settings (Mujahid et al., 2024).
Recent genomic studies of MDR E. coli isolated from human
urinary tract infections have highlighted the prominent role of
ST405 and related high-risk lineages in the global dissemination
of carbapenem resistance and ESBL determinants, reinforcing
concerns about their potential spread beyond clinical environments
(Mujahid et al., 2024; Sivarajan et al., 2025). This ST has also
been associated with enhanced virulence traits and severe clinical
outcomes, representing a concerning convergence of antimicrobial
resistance and pathogenic potential (Chowdhury et al, 2019;
Peri et al.,, 2020; Mujahid et al., 2024). The detection of human-
associated CPE clones such as ST405 in the food chain therefore
raises important questions regarding transmission dynamics,
contamination sources, and the extent to which animal and food
reservoirs contribute to the circulation of these high-risk lineages
(Sivarajan et al., 2025).

The dissemination of carbapenem resistance is primarily
driven by horizontal gene transfer mediated by mobile genetic
elements, particularly conjugative plasmids. IncF plasmids,
including IncFII and IncFIB replicon types, represent some
of the most prevalent vectors for blaypy.s and blacryx s
dissemination in E. coli worldwide (Zhang et al, 2021;
Turton et al., 2022; Mujahid et al, 2024; Xia et al., 2024),
promoting the spread of carbapenem and extended-spectrum
B-lactam resistance across diverse ecological niches. These
plasmids typically display mosaic backbones with conserved
core regions and variable accessory modules. This architecture
facilitates the accumulation, recombination, and co-selection of
multiple resistance determinants through insertion sequence-
mediated events (Chowdhury et al, 2019; Zhang et al.,, 2021;
Turton et al.,, 2022). Their efficient conjugative transfer enables
the movement of blaypy;.s-bearing plasmids between different E.
coli lineages and hosts, including between humans and animals, and
shared plasmid backbones have been documented among isolates
from clinical, animal, and environmental sources. Consequently,
the detection of CPE in food-producing animals and retail
meat, combined with evidence of plasmid-mediated exchange
between human and animal isolates, raises critical One Health
concerns regarding the potential for bidirectional transmission
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along the human-animal-food interface (Chakraborty et al., 2021;
Zhang et al., 2021; Sivarajan et al., 2025).

Epidemiological linkages between human and animal CPE
isolates have been increasingly suggested (Carfora et al., 2022;
Fu et al, 2024), with evidence pointing to possible bidirectional
transmission events that complicate attribution of sources.
Harmonized antimicrobial resistance monitoring in the EU
primarily targets commensal indicator E. coli, yet the identification
of human-associated high-risk clones in retail meat suggests
potential contamination from human reservoirs, as illustrated by
investigations in Italy where blagy s 45-harboring E. coli isolates in
meat were traced back to human sources (Carfora et al., 2022). At
the same time, comprehensive source-tracing studies that connect
CPE detected in retail meat to specific animal, environmental, or
human reservoirs remain limited, leaving substantial knowledge
gaps regarding the directionality and drivers of transmission.
The European Centre for Disease Prevention and Control
(ECDC) has also reported a deteriorating epidemiological
situation for CPE in the EU/EEA, including increasing detection
of high-risk E. coli lineages carrying carbapenemase genes
such as blaypyis, blagpe, and blagy, 4g-like variants, which
pose risks for both hospital- and community-associated
transmission (European Centre for Disease Prevention ~ and
Control, 2025). Addressing these gaps requires integrated genomic
and epidemiological investigations that jointly analyze isolates from
human, animal, food, and environmental compartments.

In this study, three clonally-related multidrug-resistant E. coli
ST405 isolates carrying blaypy.s and blacry s on conjugative
IncFII-IncFIB hybrid plasmids were recovered from retail beef
and pork in Hungary in 2021. Using whole-genome sequencing
(WGS), comparative genomics, and conjugation experiments,
this work provides a comprehensive genomic, epidemiological,
and phenotypic characterization of these isolates, examines
their genetic relationship to international human clinical E. coli
ST405 strains, and evaluates the horizontal transferability of their
resistance plasmids. By situating these findings within a One
Health framework, the study aims to improve understanding
of the role of retail meat in the dissemination of NDM-
5-producing high-risk E. coli lineages and to elucidate the
potential public health implications of their presence in the food
chain.

2 Materials and methods

2.1 Bacterial isolates and antimicrobial
susceptibility testing

The 3 E. coli isolates were collected through specific monitoring
of ESBL-/AmpC-/CP-producing E. coli in 2021 using methodology
recommended by the European Union Reference Laboratory
for Antimicrobial Resistance (EURL-AR) for Feed, Food and
Animal Health (Hendriksen et al., 2023). As part of the EURL-
AR confirmatory testing exercise, the isolates recovered from
retail beef and pork were characterized by broth microdilution
method for determination of Minimum Inhibitory Concentration
(MIC) using EUVSEC2 and EUVSEC3 Sensititre™ panels
(Thermo Fisher Scientific, MA, United States) following the
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manufacturer’s instructions. The MIC values were interpreted
according to EUCAST epidemiological cut-off values (http://
eucast.org/) or EFSA-defined surveillance Epidemiological cut-off
values (ECOFFs) (European Food Safety Authority et al., 2021).

2.2 Whole genome sequencing

For short-read Illumina WGS, total DNA was extracted using
the DNeasy Blood and Tissue Kit (Cat. No. 69504, Qiagen,
Germany) and quantified using the Qubit 4 Fluorometer (Cat.
No. Q33238, Invitrogen) according to manufacturer’s instructions.
Sequencing libraries were constructed using the Nextera XT
Library Prep Kit (Cat. No. FC-131-1096, Illumina, San Diego, CA,
United States), loaded on a NextSeq 500/550 Mid Output v2.5 Kit
(300 cycles) flowcell, and pair-end sequenced on a NextSeq 500
Mlumina platform.

For long-read Oxford Nanopore Technologies (ONT)
sequencing, total DNA was extracted using the Quick-DNA HMW
Magbead Kit (Cat. No. D6060, Zymo Research) following the
manufacturer’s protocol with minor modifications. Due to technical
difficulties during total DNA extraction and sequencing, plasmid
DNA from isolate M2021_10043982_E was alternatively extracted
using the QIAGEN Plasmid Midi kit (Cat. No. 12181, QIAGEN,
Germany) as described in Ivanova et al. (2024) (Ivanova et al., 2024).
Therefore, a complete closed genome assembly could not be
obtained for this isolate, though chromosomal characterization
was performed using Illumina short-read data. DNA concentration
was measured using the Qubit 4 Fluorometer and stored at 4 °C
until library preparation. One pg high-quality DNA was used for
library preparation with the Ligation gDNA Native Barcoding Kit
24 V14 (SQK-NBD114.24, Oxford Nanopore Technologies, Oxford)
following the manufacturer’s instructions with modifications
mainly involving increased incubation times and loaded onto
a R10.4 flow cell. The flow cell was sequenced on the GridION
platform for 72 h and basecalling was performed live in MinKNOW
with super-accurate (SUP) basecalling and sequencing reads
with Phred score < 9 and length < 200 bp were filtered out by
MinKNOW.

2.3 Data analysis

Ilumina raw sequencing reads were quality-checked using
FastQC v0.11.9 (Andrews, 2010) and trimmed using bbduk2
(part of the suite bbtools v36.49) (Bushnell et al., 2017). The
quality of the long Oxford Nanopore (ONT) reads were evaluated
with NanoPlot v1.33.0 (De Coster and Rademakers, 2023) and
trimmed to a minimum read length of 5 kbp (--min_length 5000)
by Filtlong v0.2.0 (https://github.com/rrwick/Filtlong) (details in
Supplementary Figure S1). High-quality long ONT reads were de
novo assembled using Flye v2.9 (Kolmogorov et al, 2019) and
an estimated genome size of 5 Mbp, and subsequently corrected
with one of the trimmed Illumina short reads with Polypolish
v0.5.0 (Wick and Holt, 2022) using default settings. Full annotation
was performed using Bakta v1.11.4 (Schwengers et al, 2021),
and Insertion Sequences (IS) were predicted using ISFinder
2006). of
contigs, N50, GC content, were generated using Quast v5.2.0
(Gurevich et al., 2013) (Supplementary Table S1).

(Siguier, Assembly statistics, including number
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(AMR) identified
using ABRicate v1.0.1 (https://github.com/tseemann/abricate)
and the ResFinder v4.7.2 database (version 2024-03-22)
(Bortolaia et al, 2020) and the associated
searched

Antimicrobial resistance genes were

chromosomal
(https://
bitbucket.org/genomicepidemiology/pointfinder/src/master/) and
the PointFinder database (version 2024-03-08) (Zankari et al., 2017).
Virulence factors were detected using the Virulence Factor Database
(VFDB) (Liu et al, 2022) and Ecoli_vf in ABRicate. Seven-
gene Multilocus Sequence Typing (MLST) was determined using

mutations  were using  PointFinder.py

mlst (https://github.com/tseemann/mlst). Serotype determination
was conducted using SerotypeFinder (Joensen et al, 2015).
Plasmid replicon characterization and typing were performed by
PlasmidFinder in ABRicate and pMLST (Carattoli et al., 2014),
respectively. A minimum identity and coverage threshold of 90%
was applied for all gene searches.

2.4 Comparative genomic and
phylogenetic analysis

The clonal relatedness of the three Hungarian E. coli isolates was
assessed by single nucleotide polymorphism (SNP)-based analysis
using CSI Phylogeny (Kaas et al., 2014) with default parameters on
the trimmed Illumina fastq reads. Core-genome MLST (cgMLST)
scheme and hierarchical clustering of cgMLST (HierCC) within
Enterobase (https://enterobase.warwick.ac.uk/) were further used
to validate the results. To compare the three Hungarian ST405
genomes with globally available sequences, Enterobase was queried
for the most similar genomes based on the same HierCC group
(HC2). SNP-based analysis between the Hungarian E. coli isolates
and the most similar E. coli genomes in Enterobase was then
conducted using CSI Phylogeny with default parameters on the
trimmed Illumina fastq reads as described above. High-quality
SNPs in core regions shared by all genomes were aligned and the
resulting core-SNP alignment used to infer a maximumd-likelihood
(ML) phylogeny with IQ-TREE2 v2.1.3 (Minh et al., 2020) with
the GTR + G nucleotide substitution model and 1000 ultrafast
bootstrap replicates (--ufboot 1000). The tree was visualised and
annotated in iTOL (Letunic and Bork, 2019).

The blaypys-harbouring IncFII-IncFIB plasmid sequences
of the 3 E. coli isolates were subjected to BLAST search in
the National Center for Biotechnology Information (NCBI)
core nucleotide database (accessed September 2023). Sequences
with varying coverage values to the queries were selected to
perform comparative genomic analysis using BLAST Ring Image
Generator (BRIG) (Alikhan et al., 2011). Pygenomeviz was utilized
for linear comparison of the MDR regions of the plasmids (https://
moshi4.github.io/pyGenomeViz/).

2.5 Conjugation experiments

Conjugation experiments were performed as previously
described (Element et al., 2023). Donor E. coli M2021_10044802_
2_E and recipient rifampicin resistant E. coli K12 20R764 strains
were grown overnight in Luria broth (LB) supplemented with
meropenem (8 mg/L) and rifampicin (50 mg/L), respectively. The
donor and recipient strains were initially mixed at a 1:10 ratio
and then diluted 1:5 in LB for static incubation at 37 °C for 20 h.
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Putative transconjugants (TCs) were selected on MacConkey agar
supplemented with 2 mg/L meropenem and 50 mg/L rifampicin
and colonies were sequenced by Illumina. DNA extraction, library
preparation and bioinformatic analysis of the TCs were performed
as described for the donor strains. Additionally, broth microdilution
assays were carried out to determine the antimicrobial susceptibility
profile of the recipient and the TCs as described above. Phenotypic
and genomic data of the TCs were compared to those of the donor
and recipient isolates.

3 Results

The three isolates exhibited identical antibiotic resistance
profiles, demonstrating concordant resistance phenotypes and
genetic determinants to the following antimicrobials and genes:
ampicillin (blapy;;), cephalosporins (ceftazidime, cefotaxime,
cefoxitin and cefepime) (blacrx.p5)> carbapenems (meropenem,
ertapenem and imipenem) (blaypy.s), as well as sulfamethoxazole
(sull), trimethoprim (dfrA12), ciprofloxacin and nalidixic acid
(gepA4 and point mutations in gyrA, parC, and parE genes),
tetracycline (tet(B), and azithromycin (full mph(A) operon)
(Table 1; Supplementary Table S2). All isolates belonged to
ST405 and serotype O102:H6. The ST405-0102:H6 combination
identified in the three Hungarian isolates is consistent with
global epidemiological patterns of carbapenem-resistant E. coli,
as 0102:H6 is among the top five most frequent serotypes (4.8%)
blaypy-producing E. coli worldwide, and ST405 represents an
internationally disseminated high-risk clone associated with
multidrug resistance (Xia et al., 2024).

The three isolates harbored an extensive repertoire of virulence
factors characteristic of extraintestinal pathogenic E. coli (ExPEC),
including multiple iron acquisition systems (yersiniabactin ybt,
enterobactin ent/fep and heme uptake chuA-chu$ clusters), three
fimbrial adhesin types (type 1 fimbriae fim genes, P fimbriae pap
genes and the ecp operon for E. coli common pilus), capsule
biosynthesis genes (kps cluster), Type III secretion system (T3SS)
effectors, curli fiber components (csg operon), and additional
surface-associated proteins (Supplementary Table S3). Comparative
profiling revealed a highly conserved core virulome, with 72 of
76 VFDB virulence genes (94.7%) shared by all three isolates.
The four variable genes were confined to the T3SS effector
repertoire, with espX1 absent only from M2021_10044824_1_E,
espY3 absent only from M2021_10044802_2_E and espX4 and
espY4 uniquely detected in M2021_10043982_E. The iron acquisition
arsenal was particularly comprehensive, comprising 32 genes across
the yersiniabactin (11 genes), enterobactin (13 genes), and heme
uptake (8 genes) systems, and was complemented by diverse fimbrial
adhesins together with intimin-like adhesin fdeC and outer membrane
protein A (ompA), underscoring the multifactorial adherence and
nutrient acquisition potential of these ST405 strains. Supplementary
analysis using an alternative virulence gene database (Ecoli-vf) from
ABRicate additionally identified eaeX, an invasiveness-associated
gene previously reported as a distinctive marker of ST405 among
carbapenem-resistant E. coli, in all three isolates.

Comparative genomic analysis confirmed that the 3 E. coli ST405
isolates were clonally related, despite being recovered from the
meat of different animal species. Single nucleotide polymorphism
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FIGURE 1

Maximume-likelihood phylogenetic tree showing single-nucleotide polymorphisms (SNPs) difference between the three Hungarian E. coli isolates and
other closely related E. coli ST405 isolates, identified in Enterobase. The three Hungarian isolates had between 0 and 2 SNPs difference to 2 E. coli
isolates recovered from environmental sources in the United Kingdom and a human isolate from Australia (Sherry et al.,, 2019). These isolates had also
identical plasmid and AMR gene content as the three Hungarian strains. Isolate E. coli KY1497 ST405 isolated from human urine in Japan, also
harboring the IncFIB-IncFIl plasmid, was used as an outgroup and to root the tree. The difference between E. coli KY1497 and the other isolates in the
phylogeny is 2,118-2,153 SNPs. Due to the small number of core SNPs among the isolates (0—2 SNPs), except for isolate E. coli KY1497, most internal
branches lack meaningful bootstrap support, therefore, they are not shown.

£3

33

(O]
Escherichia coli str. KY 1497 BB 2015
Escherichia coli M2021_10043982_E 2021
Escherichia coli M2021_10044824_1_E 2021
Escherichia coli SRR15116343 2012-2016
Escherichia coli SRR21986767 2022
Escherichia coli SRR22016559 2022
Escherichia coli M2021_10044802_2_E 2021

(SNP)-based analysis revealed a maximum of two SNPs within
their shared genomic regions. This similarity was further confirmed
using the core-genome MLST (cgMLST) scheme and hierarchical
clustering of cgMLST (HierCC) within Enterobase, with all strains
belonging to the same HC2-172694 group. Upon comparing the
three Hungarian ST405 genomes with the most similar ones
available in Enterobase, a close genetic relationship (HC2-172694)
was observed with three genomes sharing the same ST and
AMR profiles (including blaypy;.5), one from a human clinical
sample in Australia (sample accession number SAMN20033204)
(Sherry et al., 2019) and two of unknown origin from the United
Kingdom (SAMN31390547, SAMN31419961) (unpublished data).
Maximum likelihood phylogeny generated from the core-SNP
alignment of the strains from Hungary, the United Kingdom and
Australia differed by only 0-2 SNPs, even though they originated
from different sources (Figure 1).

Hybrid assembly of the isolates yielded complete closed genomes
comprising a single circular chromosome (~5.23 Mb, 50.5% GC)
for strains M2021_10044802_2_E and M2021_10044824_1_E, and
three plasmids for strains M2021_10044802_2 E and M2021_
10043982_E, and two plasmids for strain M2021_10044824_
1_E (lacking IncX4 replicon gene) (Table 2). The blaypy.s-
harboring plasmids (p10044824_1, p10044802_1, and p10043982_
1; average size 132,009 bp, 50.74% GC) were identified as highly
similar hybrid IncFII-IncFIB conjugative plasmids (FIB-32:FII-36
by pMLST) carrying an identical multidrug resistance (MDR)
backbone, which included blaypys, blacrxais blatey.ip AfrA12,
complete mph(A) operon, qepA4, sull, tet(B), and aadA2, along
with complete tra and trb conjugal transfer gene clusters (Table 2;
Figure 2A). The remaining plasmids consisted of a smaller plasmid
of incompatibility group IncX4 (~33 kb) and a phage-like p0111
plasmid (~96 kb), both devoid of AMR determinants (Table 2).

Comparative genomic analysis of p10044824_1 against six
representative IncFIB-IncFII plasmids from the United States

(unnamedl, pJJ1887-5), Japan (pKY1497_1, pFUJ80154-1),

Frontiers in Bioinformatics

Germany (pS253-NDM5) and New Zealand (pCO_Ec04457-3)
revealed a mosaic structure with conserved backbone regions
and variable accessory modules, illustrating the diversity of
resistance gene cargo on globally disseminated IncF plasmids
(Figure 2A; Supplementary Table S4). Detailed structural analysis of
p10044824_1 identified two discrete accessory resistance modules: a
24 kbp multidrug resistance (MDR) module and a 14 kbp resistance
island (Figures 2B,C). The 24 kbp MDR module comprised four
functional units: (i) a class 1 integron (intl1) carrying qepA4, dfrA12,
aadA2, and sull gene cassettes; (ii) a blaypy, 5 region associated with
a truncated ISAbal25 element harboring an additional promoter
sequence; (iii) a complete mph(A) module flanked by IS26 and
IS6100 and containing mph(A), mrx, and mph(A)R; and (iv) a
truncated Tn3 transposon (Tn2) carrying blargy, ;g (Figure 2B). The
14 kbp accessory module contained tet(B) and blacyx.., s genes,
the latter associated with an ISEcp! insertion sequence providing
an additional promoter for blacx..,s expression (Figure 2C).
Chromosomal copies of blacpy..,5 and tet(B) were additionally
detected on the chromosome in M2021_10044802_2_E and
M2021_10044824_1_E, indicating gene duplication events (Table 2).

Conjugation experiments using M2021_10044802_2_E as
donor successfully transferred both IncFII-IncFIB (p10044802_
1) and IncX4 (p10044802_2) plasmids to the rifampicin-resistant
K12 20R764. TCs exhibited antimicrobial
resistance profiles concordant with the genetic content of

recipient E. coli

p10044802_1, including resistance to azithromycin, [-lactams

(carbapenems, extended-spectrum cephalosporins, ampicillin,
temocillin), ciprofloxacin (gepA-mediated), trimethoprim, and
tetracycline (Table 1). Notably, despite carrying sull, TCs remained
phenotypically susceptible to sulfamethoxazole (MIC <8 mg/L),
and imipenem and meropenem MIC values were reduced in
TCs compared to the donor strain (2 vs. 8-16 mg/L), suggesting
host-dependent modulation of carbapenem resistance expression
or additional chromosomal factors contributing to the donor’s

higher-level resistance phenotype (Table 1).
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TABLE 2 Plasmid content and AMR gene/mutations distribution in the hybrid assemblies of the three blaypy.s-producing E. coli ST405 isolates from

retail meat.

Isolate ID

Plasmid replicon genes (% identity to
the plasmidfinder db)

M2021_10044802_2_E
(beef)

IncFIB (99%)
IncFII (96%)
IncX4 (97%) pO111 (99%)

I

M2021_10044824_1_E
(pork)?

IncFIB (99.22%)
IncFII (96.18%) p0111 (98.64%)

M2021_10043982_E
(beef)

IncFIB (99.22%)
IncFII (96.18%)
IncX4 (98.88%) p0111 (98.64%)

Plasmids (replicon genes, size, GC

p10044802_1 (IncFIB, IncFII,

p10044824_1 (IncFIB, IncFII,

p10043982_1 (IncFIB, IncFII,

blargyap dfrA12, mph(A), gepA4, sull,

tet(B), aadA2)
Chromosome (blacry .5, tet(B))

blargyp, dfrA12, mph(A), gepA4, sull,

content) 131,952 bp, GC% 50.74) 132,041 bp, GC% 50.74) 132,035 bp, GC% 50.74)
p10044802_2 (IncX4, 32,904 bp) Phage-like p10044824_2 (p0111, p10043982_2 (IncX4, 32,930 bp)
Phage-like p10044802_3 (p0111, 96,673 bp) Phage-like p10043982_3 (pO111,
96,750 bp) 96,129 bp)
AMR genes p10044802_1 (blacry v 15> blaxp s p10044824_1 (blacyx y1s> Plaxpuss p10043982_1 (blacry a5 blaxpyss

blagyp dfrA12, mph(A), gepA4, sull,

tet(B), aadA2)
Chromosome (blacry 5. tet(B))

tet(B), aadA2)
Chromosome (—)

“In this isolate, IncX4 replicon gene was only detected in the Illumina trimmed raw reads, but not in the Nanopore trimmed raw reads or the final assemblies.

4 Discussion

The related  blaypys-producing
E. coli ST405 isolates in retail beef and pork in Hungary

detection of clonally

represents a significant One Health concern, particularly given
the close genetic relationship (HC2-172694) observed with
ST405 isolates from human clinical specimens in Australia
and the United Kingdom sharing identical AMR profiles.
This finding demonstrates international dissemination of this
carbapenem-resistant clone across multiple continents and
strongly suggests human contamination of the food chain
2023;
Linkevicius et al., 2023). This is consistent with findings from Italy

(European Centre for Disease Prevention and Control,
where blagy 5_45-harboring E. coli in meat were traced back to human
sources (Carfora et al., 2022), and similar to recent reports from
Czechia, Spain, and other European countries (Hans et al., 2023)
where carbapenemase-producing Enterobacterales have been
detected in food-producing animals and their derived meat. ST405
is recognized as a globally distributed high-risk clone and a well-
established human uropathogenic sequence type increasingly
associated with multidrug resistance, blaypy;; carbapenemase
production, and enhanced virulence (Chowdhury et al.,, 2019;
Xia et al, 2024; Wang et al., 2025). A comprehensive global
genomic analysis of 1,774 blaypy-producing E. coli from 43
countries confirmed ST405 as one of the major epidemic clones,
with 74.1% carrying blaypys, predominantly on IncFII and
IncFIB plasmids (Xia et al., 2024).

The European Centre for Disease Prevention and Control
(ECDC) has documented a deteriorating epidemiological situation
in the
EU/EEA, with increasing detection of high-risk lineages of E.

regarding carbapenemase-producing Enterobacterales

coli carrying carbapenemase genes, including ST167, ST361,
ST405, ST410, and ST648 carrying blaypy.s,» posing risks for
community transmission (European Centre for Disease Prevention
and Control, 2025). Hungary reported two blayp),s-producing
E. coli cases in 2020 (European Centre for Disease Prevention
and Control, 2023), and the current detection in retail meat
from 2021 underscores the continued circulation of these strains.
The three Hungarian ST405 O102:H6 isolates also harbored an
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extensive repertoire of 72-76 virulence-associated genes from
the VFDB database, including complete operons for multiple
iron acquisition systems (the yersiniabactin (ybt), enterobactin
(ent/fep) and heme uptake chuA-chuS loci), diverse fimbrial
adhesins (type 1 fimbriae fim genes, P fimbriae pap genes, and
the ecp operon for E. coli common pilus), and Type III secretion
system T3SS) effectors, among others. This enhanced virulence
potential is consistent with recent comparative genomic studies
demonstrating that ST405 clones harbor significantly more
virulence genes than other carbapenem-resistant E. coli clones
(Wang et al, 2025) and exhibit enhanced virulence in animal
models (Peri et al., 2020; Wang et al., 2025). Additionally, all three
isolates carried eaeX, an invasiveness-associated gene reported in
79.2% of ST405 isolates but absent from other carbapenem-resistant
E. coli clones (Chowdhury et al, 2019), confirming the genetic
signature typical of this high-risk sequence type.

While ST405 is primarily a human-adapted uropathogenic
clone (Chowdhury et al.,, 2019), the blaypy.5-harbouring IncFII-
IncFIB conjugative plasmids (FIB-32:FII-36) identified in this
study demonstrate the capacity for horizontal gene transfer driving
antimicrobial resistance dissemination across host species and
geographical boundaries, with potential spread through trade and
food chain pathways (Fu et al., 2024). Our conjugation experiments
confirmed successful transfer of these plasmids to recipient E. coli
K12, with TCs exhibiting resistance phenotypes concordant with
the plasmid-encoded multidrug resistance backbone comprising
blaxpass blacrxaas blarpsass dfrA12, mph(A), qepA4, sull,
tet(B), and aadA2. This co-occurrence of carbapenemase genes
with determinants conferring resistance to other critically
important antibiotics, including extended-spectrum p-lactamases,
plasmid-mediated quinolone resistance, and macrolide resistance,
substantially increases the risk for co-selection, maintenance, and
dissemination in both human and animal reservoirs (Sun et al., 2016;
Bortolaia etal., 2021; Xia et al., 2024), drastically limiting therapeutic
options for life-threatening infections.

The genetic context of blaypys [AISAbal25-blaypy.s-bleyp -
trpT-dsb-1S26] is highly conserved and has been previously
reported in both IncF-type and IncX3 plasmids globally
(Chakraborty et al., 2021; Turton et al., 2022), with IncFII (65.6%)
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FIGURE 2
(A) BLAST atlas diagram of plasmid p10044824_1 of E. coli strain M2021_10044824_1_E with other IncFIB-IncFll plasmid complete sequences

retrieved from NCBI. From inner to outer ring: E. coli strain AR_452 plasmid unnamed1 (unpublished), E. coli KY1497 plasmid pKY1497_1

(Takayama et al., 2020), E. coli FUJ80154 plasmid pFUJ80154-1 (unpublished), E. coli strain Survcare253 plasmid pS253-NDM5 (Nordmann et al., 2021),
E. coli 311887 plasmid pJJ1887-5 (Johnson et al., 2016) and E. coli strain ARL09/232 plasmid pCO_Eco4457-3 (Olivera and Rakonjac, 2020). The AMR
genes for both modules are shown in red. Metadata of the isolates and their IncFIB-IncFll plasmids are given in Supplementary Table S4. (B) Linear
organization of the 24 kb blaypu.5 accessory module in p10044824_1. A 288 bp remnant of ISAba125 located upstream of the blaypy.s gene carry an
additional promoter for blaypw.s. (C) Linear organization of the 14 kb accessory module in p10044824_1. ISEcp1 carries an additional promoter for
blacry-m-15 9ene. The IncFIB-IncFll plasmids in the three Hungarian E. coli isolates were identical, therefore, only plasmid p10044824_1 of E. coli strain
M2021_10044824_1_E is shown in (A). Similarly, the two MDR regions presented in (B) and (C) are identical among the three isolates, thus the regions
in strain M2021_10044824_1_E only are presented.
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and IncFIB (65.2%) representing the most prevalent plasmid
replicons in blaypy-carrying E. coli worldwide (Xia et al., 2024).
Comparative analysis with representative IncFIB-IncFII plasmids
from the United States, Japan, Germany, and New Zealand
revealed a mosaic structure with conserved backbone regions
and variable accessory modules carrying diverse resistance gene
cargo. The modular organization identified in our structural
analysis, comprising discrete resistance islands with class 1
integrons, IS-mediated insertions (particularly through 1S26), and
recombinant regions, demonstrates the capacity of IncF plasmids to
accumulate and recombine resistance determinants through mobile
genetic element-mediated events, underscoring their plasticity and
evolutionary potential (Xia et al., 2024). These findings indicate
the capacity of such plasmids to disseminate across the livestock
production chain from breeding facilities to slaughterhouses and
retail markets, posing ongoing risks for carbapenemase spread in
food systems (Fu et al., 2024).

Ideally, findings of CPEs in food-producing animals should
be followed up and investigated thoroughly with high sensitivity
and specificity isolation protocols, including carbapenem-
selective enrichment methods currently being developed in the
EFSA project: Data Generation on Carbapenemase-producing
Enterobacterales (CPEs) in the food chain in the EU/EFTA
“Carba-R-ales” (Espinosa Gongora et al, 2024). Investigations
of the source of introduction, persistence and transmission
in farm and food-processing environments are critical for
developing strategies to prevent CPEs spread to humans through
the food chain and improve food safety (Irrgang et al., 2020;
Carfora et al., 2022). While epidemiological investigations were
not undertaken in Hungary and no source-tracing information
was available, the most plausible origin of the blaypy.s-carrying
E. coli ST405 clone in retail meat is human contamination, as
ST405 is a recognised human uropathogenic ST with documented
fecal carriage and environmental contamination potential
(Chowdhury et al., 2019; Wang et al., 2025).

5 Conclusion

The emerging resistance to carbapenems in the primary
production of animals in several European countries, including
recent findings of the blaypy.s-carrying E. coli in Hungary, Italy,
Czechia, Spain and other European countries, demands immediate
attention from risk managers, politicians and policymakers. The
detection of three clonally related blaypy,.s-producing E. coli ST405
isolates (serotype O102:H6) in retail beef and pork in Hungary,
combined with their close genetic relationship to human clinical
isolates from Australia and the United Kingdom sharing the same
AMR profiles, underscores the international dissemination of this
high-risk clone and demonstrates the potential for bidirectional
transmission between human and food chain reservoirs, with the
human-adapted nature of ST405 suggesting contamination from
human sources into the food chain. The demonstrated horizontal
transferability of IncFII-IncFIB hybrid plasmids, coupled with the
co-carriage of resistance determinants against critically important
antibiotics (including qepA4, blacrx.ais), further amplifies the
public health risk by enabling resistance dissemination across
bacterial populations in both human and animal reservoirs.
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The extensive repertoire of virulence factors detected in these
isolates, including multiple iron acquisition systems and Type
III secretion system effectors characteristic of extraintestinal
pathogenic E. coli, compounds the clinical risk beyond antimicrobial
resistance alone. Collectively, these findings pose a significant threat
comparable to the widespread resistance to fluoroquinolones and
cephalosporins, potentially rendering carbapenems, antibiotics of
last resort, ineffective for treating severe infections caused by
MDR bacteria.

Moreover, continuous CPE monitoring, comprehensive strain
characterization through whole-genome sequencing, and rigorous
follow-up epidemiological investigations are critical to elucidate
their origin, transmission routes, and persistence factors along
the food chain. Specifically, source-tracing studies linking retail
meat contamination to farm environments and food-processing
facilities are essential. These efforts must be complemented by
enhanced carbapenem-selective enrichment protocols currently
under development in EFSAs “Carba-R-ales” project to improve
detection sensitivity.

The convergence of genomic, epidemiological, and phenotypic
evidence presented in this study underscores the urgent need
for integrated One Health surveillance frameworks that span
human clinical settings, livestock production systems, and
retail food chains. Only through sustained global collaboration,
harmonized surveillance strategies, stringent antimicrobial
stewardship, and evidence-based interventions can we effectively
mitigate the impact of carbapenemase-producing Enterobacterales
and preserve the efficacy of last-resort antibiotics for future

generations.
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