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The spread of carbapenemase-producing Enterobacterales (CPE) is a global concern. 
While the majority of the CPE outbreaks are due to clonal spread, recent findings 
highlight the transmission of carbapenemase gene-carrying plasmids across various 
bacterial species, exacerbated by extensive antibiotic use in hospitals. This study 
aimed to identify plasmid-mediated horizontal transfer of carbapenemase genes 
among Enterobacterales isolated from patient samples and hospital environment 
samples in three healthcare organizations in Finland. Using a hybrid assembly of 
short and long reads, we could complete the genome assembly and compare 
the plasmids harboring the blaKPC-3 and blaOXA-48-like genes. Our findings reveal 
indications of interspecies and intraspecies plasmid-mediated gene transfer of 
blaKPC-3 and blaOXA-48-like, emphasizing the role of horizontal gene transfer (HGT) in 
outbreaks. The study underscores the need for comprehensive infection control 
and surveillance beyond specific species to prevent the spread of antimicrobial 
resistance genes. These results suggest that expanding outbreak investigations 
to an interspecies level could be beneficial.
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Introduction

Carbapenems are considered last-line drugs for the treatment of infections caused by 
multidrug-resistant Enterobacterales (Van Duin and Doi, 2017). The continuous rise in 
carbapenem resistance, resulting from the acquisition of carbapenemase genes, is a global 
concern. Infections caused by carbapenemase-producing Enterobacterales (CPE) are 
commonly associated with healthcare settings, where the hospital environment often serves 
as a reservoir for the spread of these bacteria. In outbreak investigations, the primary focus 
has usually been on tracking the clonal spread of a single pathogen. However, it is essential to 
consider that carbapenem resistance genes are predominantly located in mobile genetic 
elements (MGEs), such as integrons, insertion sequences, transposons, and plasmids (Kopotsa 
et al., 2019). It has been estimated that up to half of the CPE transmissions could occur through 
plasmid-mediated mechanisms (Marimuthu et al., 2022). The ability of plasmids to harbor 
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multiple antibiotic resistance genes (ARGs) and facilitate their transfer 
between the same and different bacterial species makes them highly 
significant in the molecular epidemiology of CPE (Kopotsa et al., 
2019). Horizontal gene transfer (HGT) of plasmids via conjugation 
occurs through physical contact between bacteria. This process 
involves plasmids carrying mobility (MOB) genes for DNA processing 
and a mating pair formation (MPF) complex, a type 4 secretion system 
(T4SS), to form the mating channel (Smillie et al., 2010; Coluzzi et al., 
2022). Plasmids can be classified as conjugative (self-transmissible), 
mobilizable (relying on another element’s MPF genes), or 
non-mobilizable. Conjugation begins with a relaxase enzyme nicking 
the plasmid DNA at the origin of transfer (oriT), thereby initiating 
rolling-circle replication in the donor cell (Coluzzi et al., 2022). The 
resulting single-stranded DNA is then transferred to the recipient cell 
via the T4SS, where it is circularized and replicated to restore its 
double-stranded form.

While the majority of the Klebsiella pneumoniae carbapenemase 
(KPC)-producing Klebsiella pneumoniae outbreaks reported to date 
are due to clonal spread (Marí-Almirall et al., 2021; Pournaras et al., 
2009; van Beek et  al., 2019), recent findings suggest an emerging 
concern regarding the transmission of KPC gene-carrying plasmids 
(Adler et al., 2016), facilitating their dissemination across different 
bacterial species and genera (Schweizer et  al., 2019). Plasmid-
mediated horizontal transfer of resistance genes, often exacerbated by 
the extensive use of antibiotics in hospitals, may play a significant role 
in the regional and supra-regional spread of carbapenem resistance in 
healthcare settings (Li et al., 2018; Marí-Almirall et al., 2021; Schweizer 
et al., 2019).

To date, the number of CPE cases has been relatively low in 
Finland, ranging from 50 to 120 cases annually (Finnish Institute for 
Health and Welfair, 2023). From 2017 to 2022, on average, one-third 
of the annual CPE strains were associated with possible local 
transmission, indicating that they were genetically closely related. The 
most common types of carbapenemases detected were blaKPC, blaNDM, 
and blaOXA-48-like.

This study aimed to identify the interspecies and intraspecies 
plasmid-mediated horizontal transfer of carbapenemase genes 
among Enterobacterales isolated from patient samples and hospital 
environment samples in three healthcare organizations in Finland. 
The location of the blaKPC-3 and blaOXA-48-like genes was investigated in 
the bacterial genome and plasmid components for mobility 
prediction. Knowing the transmission routes of the gene will provide 
valuable information for tackling CPE outbreaks and 
epidemiological surveillance.

Materials and methods

According to the Communicable Diseases Act (1227/2016) and 
the national guidelines for controlling multidrug-resistant microbes 
(Kolho et al., 2020), all Finnish clinical microbiology laboratories are 
required to notify the National Infectious Diseases Register of any 
human isolates of Enterobacter cloacae, Escherichia coli, and 
K. pneumoniae that exhibit reduced susceptibility to carbapenems. 
These bacterial strains must also be submitted to the national CPE 
strain collection at the Finnish Institute for Health and Welfare (THL) 
(Räisänen et  al., 2020). In addition, other CPE species and 
environmental isolates obtained as a part of the outbreak investigations 

are sent for further characterization to THL. Species identification and 
antimicrobial susceptibility tests were performed in clinical 
microbiology laboratories, along with confirmation of carbapenemase 
genes for isolates with reduced susceptibility, as previously described 
(Räisänen et  al., 2020). For short-read whole genome sequencing 
(WGS), 1 ng of purified DNA was used, and the library was prepared 
using the Nextera XT DNA Sample Preparation Kit (Illumina, SD, 
USA). The paired-end short reads (2× 150-bp) were sequenced using 
the Illumina MiSeq instrument (Illumina, SD, USA). The short-read 
sequences were processed and analyzed using Trimmomatic (version 
0.33), fastQC (version 0.11.6), SRST2 (version 0.2.0), and SeqSphere+ 
(Ridom GmbH, Münster, Germany), as previously described 
(van Beek et al., 2019).

When selecting CPE strains for this study, patient, time, and 
hospital environment were noted and grouped accordingly (Table 1). 
KP_4 and EC_1 strains were obtained from the same patient on the 
same collection date, both carrying the blaOXA-48-like gene (group 1). The 
other eight strains were obtained within a close timeframe in the same 
or close location to each other, all carrying the blaKPC-3 gene (groups 
2A and 2B). Locations A and C were related to an outbreak caused by 
K. pneumoniae ST512 (van Beek et  al., 2019) and two other 
K. pneumoniae strains (KP_1 & KP_2). Citrobacter freundii strain 
(CF_1) from a cluster C. freundii ST116 (Räisänen et al., 2021) was 
obtained from the same patient as the KP_2 strain (group 2B). The 
environmental strains of Klebsiella oxytoca (KO_1), Citrobacter braakii 
(CB_1), and Enterobacter agglomerans (EA_1) were obtained from the 
same hospital ward.

Whole genome sequencing with Oxford 
Nanopore

The long-read WGS was performed using the MinION Mk1B 
device by the R9.4.1 flow cells (FLO-MIN106) (Oxford Nanopore 
Technologies, UK). The bacterial isolates were cultured from frozen 
stocks (−70°C) on Mueller-Hinton II agar plates (containing 2 g of 
beef extract, 17.5 g of acid hydrolysate of casein, 1.5 g of starch, and 
17 g of agar) overnight at 37°C.

The library was prepared using the Rapid Barcoding Kit 96 (SQK-
RBK110.96) (Oxford Nanopore Technologies, UK) according to the 
manufacturer’s protocol, except the eluate was incubated in the rotator 
mixer (1,200 rpm) for 10 min at 56°C. The total run time was 72 h.

Basecalling was performed using the Guppy basecaller (v6.3.8) in 
super high-accuracy mode in real time. The data were processed using 
the MinKNOW (v22.10.7) software with the following utility 
programs: Bream (v7.3.2) and Configuration (v5.3.7).

Data analysis

For the data analysis, a FullForcePlasmidAssembler (FFPA) 
pipeline was used,1 which includes Trimmomatic (v0.39), QCAT 
(v1.1.0), UniCycler (v0.4.7), and NanoPlot (v1.30.1). The FFPA uses 

1 https://github.com/MBHallgren/FullForcePlasmidAssembler#readme/ 
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Trimmomatic and QCAT for trimming long and short reads. 
UniCycler (using eight threads) was used to maintain the hybrid 
assembly of short and long reads (Wick et al., 2017) using the de novo 
assembler SPAdes (v3.13.1) for the short reads (Bankevich et  al., 
2012), followed by alignment of the long reads to the graph. The 
quality and statistics of the MinION run were confirmed using 
NanoPlot (De Coster et al., 2018).

A software platform, Geneious Prime (v2022.2)2, was used to 
annotate and assemble the contigs found from the hybrid assembly 
FASTA data. The target genes (blaKPC-3 and blaOXA-48-like) were annotated 
against the contigs. The accession numbers of the genes were obtained 
from the ResFinder (v.4.1) (Bortolaia et al., 2020) (blaKPC-3: HM769262 
and blaOXA-48-like: AY236073), and the corresponding gene sequences 
were obtained from the National Center for Biotechnology 
Information (NCBI) GenBank3. The genes were annotated against the 
contigs, and the target contigs were aligned using the MAFFT 
alignment -tool (v7.490) (Katoh and Standley, 2013). A distance 
matrix and a heatmap, as well as a similarity dendrogram, were built 
from the aligned contigs. The similarity dendrogram was built using 
Geneious Tree Builder with the Jukes–Cantor distance model and the 
neighbor-joining building method. Each target contig was compared 
to the NCBI4 database using the BLAST Megablast online tool.

The draft assembly of the plasmids was analyzed and characterized 
by the software tool MOB-suite using default parameters (Robertson 
and Nash, 2018). The MOB-suite includes a set of modular tools for 
reconstruction and typing. In the analysis, we used MOB-typer for 
conjugative transferability predictions. For predicting putative 
conjugative transferability, the MOB-typer identifies different DNA 

2 https://www.geneious.com

3 https://www.ncbi.nlm.nih.gov/nucleotide/ accessed 2023-8-18

4 https://blast.ncbi.nlm.nih.gov/Blast.cgi/ accessed 2023-8-18

markers needed for the transfer, including an origin of transfer (oriT), 
a DNA relaxase, a type IV coupling protein (T4CP), and the type IV 
secretion system (T4SS) (Robertson and Nash, 2018). Plasmids 
possessing both a relaxase and a mate-pair formation marker were 
categorized as “conjugative,” plasmids that had either relaxase or oriT, 
but lacked the mate-pair formation marker, were classified as 
“mobilizable,” and plasmids that lacked both relaxase and oriT were 
considered “non-mobilizable.” Each plasmid replicon (rep) type was 
confirmed additionally using PlasmidFinder, with >95% identity and 
>85% coverage5 (Camacho et al., 2009; Carattoli et al., 2014).

Ethical statement

The isolates were part of the CPE surveillance or outbreak 
investigations based on the Communicable Disease Act (1227/2016); 
therefore, patients were not contacted, and ethical permission was 
not needed.

Results

The blaOXA-48-like gene was detected in two strains (group 1), and the 
blaKPC-3 gene was detected in eight strains (groups 2A and 2B) 
(Table 1). In Geneious Prime, hybrid assembly data were divided into 
3–14 contigs, and the size of the contigs where the target gene (blaKPC-3 
or blaOXA-48-like) was found varied between 59,633 bp and 117,396 bp 
(Table  2). Each of the contigs with the carbapenemase gene was 

5 http://cge.cbs.dtu.dk/services/PlasmidFinder/ accessed 2025-5-7

TABLE 1 Characteristics of the study strains.

ID Group Species Sequence 
type

Carbapenemase 
gene

Collection 
date

Sources Healthcare 
organization

KP_4 1 K. pneumoniae ST15 blaOXA-48-like 04/2022 Human1 B

EC_1 1 E. coli ST1170 blaOXA-48-like 04/2022 Human1 B

KP_1 2A K. pneumoniae ST512 blaKPC-3 10/2019 Hospital environment 

(toilet)

A

KP_3 2A K. pneumoniae ST307 blaKPC-3 03/2020 Human A

CF_2 2A C. freundii ST125 blaKPC-3 08/2020 Hospital environment 

(floor drain)

C

KO_1 2A K. oxytoca ST21 blaKPC-3 08/2019 Hospital environment 

(toilet)*

C

CB_1 2A C. braakii NT blaKPC-3 10/2019 Hospital environment 

(toilet)*

C

EA_1 2A E. agglomerans NT blaKPC-3 12/2019 Hospital environment 

(floor drain)*

C

KP_2 2B K. pneumoniae ST512 blaKPC-3 01/2020 Human2 A

CF_1 2B C. freundii ST116 blaKPC-3 01/2020 Human2 A

NT, non-typable; KP, Klebsiella pneumoniae; CF, Citrobacter freundii; KO, Klebsiella oxytoca; CB, Citrobacter braakii; EA, Enterobacter agglomerans; EC, Escherichia coli.
1Isolated from the same patient.
2Isolated from the same patient.
*Isolated from the same hospital ward.
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determined as a plasmid sequence with the grade (E-value 0) varying 
from 72.3 to 100%.

MOB-typer analysis revealed that 6 out of 10 (KP_3, KP_4, CF_1, 
CF_2, EA_1, and EC_1) plasmids were putatively conjugative and the 
remaining were putatively non-mobilizable (KP_1, KP_2, KO_1, and 
CB_1) (Table  3). The blaOXA-48-like gene was located in putatively 
conjugative plasmids in both strains of group 1. In groups 2A and 2B, 
only the plasmids of the strains KP_3, CF_1, CF_2, and EA_1 
containing the gene blaKPC-3 were classified as conjugative.

The similarity dendrogram and distance matrix were generated by 
aligning the plasmid sequences that harbor the target genes (blaKPC-3 
or blaOXA-48-like). Analysis of the similarities unveiled the clustering of 
plasmids into three distinct clades (Figure 1). The plasmids of EC_1 
and KP_4 belonged to group 1 and created its own clade. The plasmids 
of KP_1, KP_2, KP_3, CF_1, KO_1, CB_1, and EA_1 belonging to 
group 2A and the plasmids belonging to group 2B were all found in 
the same clade. One plasmid from group 2A, namely CF_2, was found 
in its own clade apart from the rest of the plasmids.

The distance matrix and the heat map include the sequences of the 
contigs containing the target genes (blaKPC-3 or blaOXA-48-like) (Table 4). In 
this matrix, a higher value indicates a greater similarity in plasmid 
sequences. The total range of sequence similarity varied from 11 to 
100%. In the distance matrix, the similarity between the plasmids in 
group 1 (with KP_4 and EC_1) was 100%. Among the largest clade—
containing group  2A excluding CF_2 and group  2—the similarity 
ranged from 17 to 97%. In group 2A, the greatest similarity was observed 
between the putatively conjugative plasmids of KP_3 and EA_1, with a 
similarity of 97%. However, the putatively conjugative plasmid from 
CF_2 did not demonstrate significant similarities with the plasmids of 
any other strains. The plasmids of CF_1 and KP_2 from group  2B 
showed 81% similarity, although only CF_1 was characterized as 
putatively conjugative. Finally, among groups 2A and 2B, the putatively 
conjugative plasmid of CF_1 demonstrated a relatively close similarity 
(87%) with the putatively conjugative plasmids of KP_3 and EA_1.

Discussion

With the hybrid assembly, we could overcome the challenge stated 
in the article by Zou et al. (2022), where short-read sequencing often 

resulted in fragmented genomes, thereby complicating the 
classification of chromosomal and plasmid sequences. By using the 
hybrid assembly, we were able to create a comprehensive assembly of 
the plasmids and map the target genes (blaKPC-3 or blaOXA-48-like). Based 
on the MOB-typer  analysis, 6 out of 10 strains carried putatively 
conjugative plasmids (Table 3). By comparing the similarities between 
the plasmid sequences, we could predict the mobility between the 
strains and predict if interspecies and intraspecies plasmid-mediated 
HGT has occurred.

The strains KP_4 and EC_1 from group 1, isolated from the same 
patient, carried the blaOXA48-like gene on identical, putatively conjugative 
plasmids classified as IncL/M type (Tables 2, 3). These plasmids, found 
in the same clade and with 100% similarity, strongly suggest 
interspecies plasmid-mediated HGT (Figure 1). This finding aligns 
with previous research by Hamprecht et  al. (2019), which 
demonstrated that blaOXA48 dissemination primarily occurs via 
plasmid-mediated HGT rather than clonal expansion. In addition, 
MOB-typer and PlasmidFinder analyses confirmed the IncL/M and 
IncL rep types, respectively, which was consistent with the study by 
Poirel et al. (2012), further supporting the notion of a common origin 
for blaOXA48-like-carrying plasmids. These plasmids exhibit low fitness 
burden and high stability, enhancing HGT potential (Hamprecht 
et al., 2019).

In group 2A, only strains KP_3, CF_2, and EA_1 harbored 
putatively conjugative plasmids according to the MOB-typer. The 
plasmid sequences of KP_3 and EA_1 exhibited a high similarity 
(97%) (Tables 3, 4), and this high similarity strongly suggests 
plasmid-mediated HGT (Orlek et al., 2017; Schweizer et al., 2019). 
The presence of these strains in environmental and human samples 
supports the hypothesis that environmental contamination in 
hospitals contributes to the transmission of the blaKPC-3 gene 
among bacteria, as previously suggested by van Beek et al. (2019). 
In addition, the similarity in plasmid sequences and mobility 
between different species implies that interspecies plasmid-
mediated gene transfer of the blaKPC-3 gene likely occurred between 
environmental and human isolates. Marí-Almirall et al. (2021) 
proposed a similar gene transmission dynamic for the blaKPC-2 gene 
in their investigation of the first hospital outbreak caused by 
KPC-producing Enterobacterales in Catalonia, reporting 
intraspecies and interspecies transmission associated with 

TABLE 2 Result of the BLAST search for the target contigs containing the target gene (blaKPC-3 or blaOXA-48-like).

ID Carbapenemase genes Number of 
contigs

Length of the 
target contigs 

(bp)

Grade % 
(E-value 0)

Type of element

KP_1 blaKPC-3 6 117,396 72.5 Plasmid

KP_2 blaKPC-3 6 117,058 72.5 plasmid

KP_3 blaKPC-3 5 114,528 85.6 Plasmid

KP_4 blaOXA-48-like 4 63,589 100 Plasmid

CF_1 blaKPC-3 4 112,552 72.3 Plasmid

CF_2 blaKPC-3 13 109,450 86.4 Plasmid

KO_1 blaKPC-3 14 59,633 95.6 Plasmid

CB_1 blaKPC-3 13 66,259 91 Plasmid

EA_1 blaKPC-3 3 116,907 81.9 Plasmid

EC_1 blaOXA-48-like 5 63,589 100 Plasmid
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plasmid-mediated gene transfer. They observed the plasmid 
overcoming genetic rearrangements in non-K. pneumoniae 
isolates, which could explain the minor differences observed in 
plasmid sequences in our study.

The suspected plasmid-mediated HGT between the environmental 
strains KO_1, CB_1, and EA_1 from the same hospital ward is difficult 
to confirm, as only the plasmid found in EA_1 was classified as 
putatively conjugative. In addition, the plasmid sequence of KO_1 
exhibited low similarity with CB_1 (17%) and EA_1 (29%). The 
similarity between CB_1 and EA_1 was higher at 53%. Thus, 
confirming any conclusions would require more investigation.

Group 2B strains, isolated from the same patient within a short 
interval, suggested potential interspecies HGT (Evans et  al., 2020). 
However, the plasmid of strain CF_1 was classified as conjugative; 
however, that of strain KP_2 was classified as non-mobilizable (Table 3), 
and moreover, the similarity of the plasmids was 81% (Table 4). It is 
possible that plasmid-mediated HGT occurred between CF_1 and 
KP_2, but the plasmid may have evolved and lost its autonomous 
conjugative ability (Coluzzi et al., 2022). Although the plasmid size of 
KP_2 was larger than that of CF_1 (Table 2), the observed differences 
may not be due to a simple deletion; instead, recombination events 
could have occurred, leading to the loss of genes required for 

TABLE 3 Predicted mobility and rep type(s) of the plasmids containing the target gene (blaKPC-3 or blaOXA-48-like).

ID Group Predicted mobility Rep type(s) (MOB-suite) Rep type(s) (PlasmidFinder)

KP_4 1 Conjugative IncL/M IncL

EC_1 1 Conjugative IncL/M IncL

KP_1 2A Non-mobilizable IncFIB, IncFII, and rep_cluster_2183 IncFIB(pQil)

KP_3 2A Conjugative IncFIB, IncFII, and rep_cluster_2183 IncFIB(pQil) and IncFII(K)

CF_2 2A Conjugative IncFIC and IncFII IncFII(SARC14)

KO_1 2A Non-mobilizable IncFIB, IncFII, and rep_cluster_2183 IncFII(K)

CB_1 2A Non-mobilizable IncFIB, IncFII, and rep_cluster_2183 IncFII(K)

EA_1 2A Conjugative IncFIB, IncFII, and rep_cluster_2183 IncFII(K)

KP_2 2B Non-mobilizable IncFIB, IncFII, and rep_cluster_2183 IncFIB(pQil)

CF_1 2B Conjugative IncFIB, IncFII, and rep_cluster_2183 IncFIB(pQil)

The last two columns are results from MOB-suite and PlasmidFinder, respectively.

FIGURE 1

A dendrogram representing similarity of the contigs with carbapenemase gene (blaKPC-3 or blaOXA-48-like). The blue square marks the strains from group 1, 
red marks the strains from group 2A, and yellow marks the strains from group 2B.
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TABLE 4 Distance matrix and the heat map of the sequences of the contigs containing the target genes (blaKPC-3 or blaOXA-48-like).

Group 1 2A 2B

Isolate EC_1 KP_4 CB_1 CF_2 EA_1 KP_3 KP_1 KO_1 KP_2 CF_1

1
EC_1 x 100 13 22 20 20 21 25 21 20

KP_4 100 x 13 22 20 20 21 25 21 20

2A

CB_1 13 13 x 11 53 54 49 17 47 52

CF_2 22 22 11 x 25 24 29 28 29 24

EA_1 20 20 53 25 x 97 89 29 86 87

KP_3 20 20 54 24 97 x 88 29 85 87

KP_1 21 21 50 30 89 88 x 38 93 84

KO_1 25 25 17 28 29 29 38 x 41 29

2B
KP_2 21 21 47 29 86 85 93 41 x 81

CF_1 20 20 52 24 87 87 84 29 81 x

□ , 0–19%; 

, 20–39%;

, 40–59%;

, 60–79;

, 80–100%.

Conjugative plasmid sequences are in bold.

conjugation. Confirming this would require further investigation into 
the plasmid sequences. Among groups 2A and 2B, all plasmids belonged 
to groups IncFIB and IncFII. In addition, all except CF_2 also had rep_
cluster_2183. Only KP_3, CF_2, EA_1, and CF_1 were classified as 
containing a putatively conjugative plasmid with the target gene. The 
plasmid sequence of the strain CF_1 shared great similarity (>80%) with 
the plasmid sequences of the strains KP_3, KP_2, and EA_1. The strains 
CF_1 and KP_3, obtained from human samples collected 2 months 
apart at healthcare organization A, strongly suggest the occurrence of 
interspecies plasmid-mediated HGT among patients within the same 
healthcare organization. This finding confirms the discovery by Li et al. 
(2018) that isolates originating from a single hospital have the ability to 
spread among various species of Enterobacteriaceae, indicating a wide 
dissemination of the plasmids within the hospital. The connection 
observed between strains CF_1 and EA_1 further supports the 
previously mentioned pattern of interspecies plasmid-mediated HGT 
between environmental and human samples. No specific bacterial 
species was found to be more prone to plasmid-mediated HGT.

The plasmids of the strains KP_2 and KP_1, which are related to the 
same cluster (van Beek et al., 2019), created their own subgroup with 93% 
similarity as expected, as they were identified to be involved in the clonal 
spread based on the cgMLST analysis (by using Illumina data only) and 
shared a common epidemiological link. Predicted mobility analysis 
demonstrated their non-mobilizable status, further validating clonal 
spread and likely ruling out plasmid-mediated HGT between the strains.

In this study, we  showed a strong indication of interspecies 
plasmid-mediated gene transfer of antibiotic resistance genes blaKPC-3 
and blaOXA-48-like. This study highlights the prevalence of HGT in 
outbreaks and that infection control and surveillance should not only 
concern a specific species. In such outbreaks, extensive detection and 
surveillance should be designated as a prevention of the spread of the 
AMR genes. The plasmid-mediated blaKPC-2 gene transfer in 
multispecies outbreaks has been reported worldwide, for example, in 

Germany (Schweizer et al., 2019) and China (Li et al., 2018). Based on 
our results, expanding the outbreak investigation to the interspecies 
level in Finland should be considered in the future.

Our study has several limitations. The prediction of plasmid-
mediated HGT was based solely on observing the putative mobility and 
similarity of the plasmids. Performing a phylogenetic analysis of plasmids 
is challenging because they often lack conserved core genes, and 
sequence dissimilarity does not necessarily indicate a distant common 
origin (Orlek et al., 2017). Plasmids that are phylogenetically distant may 
share genetic content due to the insertion of similar mobile elements 
(Redondo-Salvo et al., 2020), while closely related plasmids can exhibit 
significant sequence differences after recombination with other genetic 
structures (Redondo-Salvo et al., 2020; Schweizer et al., 2019). Therefore, 
plasmid similarity might not be the best indicator of HGT. The use of 
MOB-typer for mobility analysis should be approached with caution and 
validated with another method in addition. Approximately half of the 
plasmids were identified as non-mobilizable, meaning that they lack 
relaxase and oriT, which are essential for the conjugation process. There 
is a possibility that these strains carry novel oriT systems in their 
plasmids that are not recognized. This could be explained by recent 
findings by Ares-Arroyo et al. (2024), which suggest that many oriTs are 
currently unrecognized. In addition, studies have found that plasmids 
with incomplete conjugation systems, lacking some essential genes, can 
utilize other mobile genetic elements (MGEs) such as bacteriophages or 
other plasmids to facilitate mobility (Ares-Arroyo et al., 2024; Coluzzi 
et al., 2022). To better understand this phenomenon, further investigation 
into other MGEs in the bacterium’s genome is required.

To confirm both mobility and HGT in future studies, it would 
be  advisable to perform plasmid dissemination tests, including 
conjugation assays between isolates, and investigation of the MGEs. 
In addition, our sample size was relatively small, limiting the ability to 
make definitive conclusions. Further data are required to strengthen 
our findings.
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Conclusion

In this study, by using the hybrid assembly of short and long 
reads, we could successfully distinguish the bacterial genome into 
contigs to separate plasmid and chromosomal sequences, investigate 
whether the carbapenem resistance gene is in the plasmid or not, 
and predict whether the gene spreads horizontally between the 
strains. To the best of our knowledge, this is the first report where 
the plasmid-mediated spread of the AMR gene in Finland is 
investigated by using the hybrid assembly. Understanding the 
transmission route of the gene could yield valuable insights for 
addressing CPE outbreaks, as it has been assessed that 50% of them 
are disseminated via plasmids (Marimuthu et  al., 2022). The 
threshold for indications of HGT is difficult to determine with such 
small sampling. To more precisely determine the exact threshold 
and other indications of the plasmid-mediated HGT, more research 
is required.
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