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Pseudomonas aeruginosa is a notable opportunistic pathogen in the ESKAPE group due to its
multidrug resistance (MDR) and its ability to cause severe healthcare-associated infections.
Horizontal gene transfer (HGT) facilitates the dissemination of antibiotic resistance genes
(ARGs) through mobile genetic elements (MGEs). A comprehensive genomic analysis of
ARGs associated with these elements is essential to understand multidrug resistance in P.
aeruginosa. Here, we analyzed 10,412 publicly available P. aeruginosa genome assemblies
defined by the Genome Taxonomy Database (GTDB, release 226) species cluster, which
provides standardized prokaryotic genome taxonomy. We identified plasmids, prophages,
integrative and conjugative elements (ICEs), and integrative and mobilizable elements
(IMEs) carrying ARGs. A group of highly prevalent ARG families was identified in P. aerug-
inosa, comprising mexD, fosA, catB7, blaPAO, and aph(3')-1Ib, each of which was detected in
over 96% of the genome assemblies. In contrast, 313 ARG families were found in fewer than
20% of the genomes. Many ARGs were located on plasmids, with certain pairs co-occurring
frequently, such as aph(3”)-Ib and aph(6)-Id, CmlA9 and aad A6, or aac(6')-Ib3 and aph(3')-XV,
which were associated with specific plasmids. Some of these plasmids closely resembled
plasmids from E. coli and K. pneumoniae. Moreover, other MGEs displayed distinct ARG
cargo enrichment: mexD on IMEs, aph(3')-I1Ib on prophages, and sul1, fosA, and catB7 on
ICEs. Our study provides a high-resolution map of the P. aeruginosa MGE resistome and
highlights the potential roles of MGEs in disseminating different resistance genes. Our
results emphasize the significance of ICE- and plasmid-associated ARG dissemination, par-
ticularly sull, which may be linked to class 1 integrons. They also suggest that interspecies
plasmid exchange may contribute to the evolution of MDR in P. aeruginosa.

Keywords: Pseudomonas aeruginosa; antibiotic resistance genes; mobile genetic elements;
plasmids; integrative and conjugative elements; horizontal gene transfer

1. Introduction

Pseudomonas aeruginosa is a major opportunistic pathogen and a prominent member of
the ESKAPE group, which also includes Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, and Enterobacter species [1]. These pathogens are rec-
ognized for their ability to evade the effects of many conventional antibiotics and represent
some of the most critical threats in healthcare-associated infections [2]. P. aeruginosa is
particularly associated with severe respiratory infections, including ventilator-associated
pneumonia and chronic lung colonization in patients with cystic fibrosis, and continues to
contribute substantially to global morbidity and mortality from respiratory diseases [3].
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Clinical management of P. aeruginosa infections relies on a limited set of antibiotics,
including carbapenems, cephalosporins, aminoglycosides, and fluoroquinolones [4,5].
However, the increasing prevalence of antibiotic resistance has greatly constrained these
therapeutic options [6]. Resistance to these antibiotics is mediated by a variety of well-
characterized mechanisms. (3-Lactam resistance is commonly driven by chromosomal
AmpC B-lactamase (blaPAO) and acquired 3-lactamases, such as extended-spectrum f3-
lactamases and carbapenemases, which reduce the efficacy of cephalosporins and car-
bapenems [7]. Aminoglycoside resistance is often caused by aminoglycoside-modifying
enzymes, including acetyltransferases, phosphotransferases, nucleotidyltransferases, and
165 rRNA methyltransferases, which impair drug binding to the ribosome [7]. Additionally,
multidrug efflux systems, particularly Mex family pumps (e.g., MexAB-OprM), contribute
to resistance against multiple antibiotic classes [8]. Overexpression of the MexCD-Opr]
efflux system has also been associated with decreased susceptibility to a broad range of
antimicrobial agents [8,9]. The emergence and dissemination of antibiotic resistance genes
(ARGs) are largely driven by horizontal gene transfer (HGT), in which mobile genetic
elements (MGEs) play a central mediating role [10,11]. MGEs encompass plasmids, in-
tegrative and conjugative elements (ICEs), integrative and mobilizable elements (IMEs),
and prophages, all of which contribute to the acquisition and spread of resistance across
bacterial populations [12,13].

Historically, plasmids have been the primary focus of research due to their high
mobility and frequent carriage of multiple resistance genes [14-19]. Recent studies have
expanded this view by highlighting the role of ICEs and IMEs as additional reservoirs
and vehicles of resistance genes in P. aeruginosa [20]. Nevertheless, current understand-
ing remains limited in several key aspects. Many studies are based on small datasets of
experimentally isolated strains or combine multiple species, which can obscure species-
specific trends [11,21]. Comprehensive analyses based on large publicly available genome
datasets remain rare, leaving much of the global diversity of resistance genes uncharacter-
ized [22,23]. Furthermore, most previous studies do not distinguish between ARGs located
on MGEs and those in the chromosomal background, which is essential for understanding
the potential for horizontal dissemination [11,24].

To address these gaps, we performed a systematic, large-scale analysis of ARGs carried
by diverse MGEs in P. aeruginosa, including plasmids, prophages, ICEs, and IMEs. Our
study included 10,412 publicly available genome assemblies classified as P. aeruginosa
according to the Genome Taxonomy Database (GTDB) release 226, including both complete
and draft assemblies.

2. Result
2.1. Distribution of ARGs in P. aeruginosa

We systematically analyzed 10,412 publicly available P. aeruginosa genome assemblies
(Supplementary Table S1) classified according to GTDB release 226; a total of 672,074 genes
were predicted as ARGs by RGI, and 83,706 genes were predicted as ARGs by ResFinder.
Of the ARGs predicted by both RGI and ResFinder, we identified 81,416 genes from
10,401 genomes across 320 ARG families for downstream analyses. Here, each gene was
counted in every genome it appeared in, so the same ARG in different genomes was counted
multiple times. Among these genes, blaPAO was the most abundant ARG family, followed
by fosA, aph(3')-1Ib, catB7 and mexD (Figure 1, Supplementary Figure S1A and Table S2).
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Figure 1. Distribution of ARG abundance across sequence types (STs) and genomic locations in P.
aeruginosa. STs are shown on the x-axis and ordered by the number of genomes assigned to each ST,
from highest to lowest abundance. Genomes without assigned STs were excluded from this analysis.
Only the 30 most abundant STs and 30 most abundant ARG families are shown.

We then assessed the prevalence of these ARGs across P. aeruginosa genomes. mexD,
fosA, catB7, blaPAO, and aph(3')-1Ib were present in over 96% of the genomes (Supplemen-
tary Figure S1B and Table 53), indicating that these ARG families are highly prevalent and
widely distributed in P. aeruginosa. In contrast, members of the sul and blaOXA-50 families
were found in 27.82% and 23.74% of genomes, respectively (Figure S1B). Moreover, 313 ARG
families were detected in fewer than 20% of the genomes (Supplementary Table S3), includ-
ing blaOXA-494, blaOXA-488, blaOXA-486, blaOXA-396, blaOXA-395, aph(6)-Id, aph(3")-1b,
suggesting that many less prevalent ARGs may be variably distributed and could include
horizontally transferable ARG families.

Using multilocus sequence typing (MLST), 9743 of the 10,412 genomes (93.6%) were
assigned to known sequence types (STs). Then, we examined the distribution of ARG
families across STs and genomic contexts. The five most prevalent ARG families blaPAO,
fosA, aph(3')-1Ib, catB7, and mexD were mainly located on chromosomes across most STs
(Figure 1 and Supplementary Table S4). However, these ARGs were also found in some
MGEs, such as ICEs, IMEs, and prophages. For instance, aph(3')-1Ib was found in prophage
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regions of ST155 genomes (Figure 1). The sull gene was primarily detected on plasmids
across multiple STs, though several STs harbored sul1 on ICEs as well (Figure 1). In contrast,
mexD was detected on IMEs in nearly all STs, in addition to its predominant chromosomal
localization (Figure 1). Less prevalent ARG families were mainly found on chromosomes
and plasmids, with only rare occurrences in other genomic regions.

Based on NCBI isolation source metadata, 4658 genomes were classified as clinical iso-
lates, 1406 as environmental isolates, and 42 as animal isolates, whereas 4295 genomes could
not be assigned to a specific category. Overall, clinical isolates showed a similar pattern
to environmental isolates (Figure 2). In contrast, animal isolates harbored a more limited
diversity of ARGs, which may be associated with their smaller sample size. In addition,
mexD homologs were detected in diverse genomic contexts, including plasmids, ICEs, IMEs,
and prophage regions in clinical isolates (Figure 2 and Supplementary Table S4), although
mexD is typically considered a chromosomally encoded efflux pump gene in P. aeruginosa.
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Figure 2. Distribution of ARG abundance across clinical, environmental, and animal isolates and
genomic locations. Only the 50 most abundant ARG families are shown.

2.2. Plasmid-Borne ARGs in P. aeruginosa

Across the P. aeruginosa genomes, we identified 5810 ARGs belonging to 224 ARG fami-
lies located on plasmids (Supplementary Table S6). We ranked plasmid-borne ARG families
by total gene count, the number of genomes carrying them, and the number of plasmids on
which they occurred. The ARG families that are nearly ubiquitous in P. aeruginosa genomes,
such as blaPAO, aph(3')-1Ib, catB7, and fosA, were not detected on plasmids in our dataset
(Figures 2 and 3), supporting their predominant chromosomal localization. In contrast, the
frequently detected plasmid-borne ARG families were associated with several clinically rel-
evant antibiotic classes. Plasmid-borne 3-lactamase genes included carbapenemase genes,
such as blaVIM-2, blaNDM-1, and blaKPC-2, which can confer resistance to carbapenems
and other (3-lactam antibiotics [25]. Aminoglycoside resistance genes included ant, aac, aph,
aad, include ant(2")-Ia (resistant to gentamicin and tobramycin) and aac(6')-Ib (resistant to
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of class 1 integrons, which can be embedded in chromosomes or horizontally transferred
via plasmids [11,27].
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Figure 3. Distribution and abundance of plasmid-borne ARGs in P. aeruginosa. The green bars indicate
the total number of ARGs in each ARG family located on plasmids. The orange bars show the number
of genomes carrying at least one corresponding ARG. The purple bars represent the number of
plasmid units carrying at least one corresponding ARG.

The sull gene family was the most abundant and widely distributed on plasmids
(Figure 3), followed by aac(6')-1b3, aph(3")-Ib, aph(6)-1d, ant(2")-1a, blaVIM-2, aadA6, CmlA9,
aadA1, and blaOXA-10, each occurring in at least 137 genomes, corresponding to >1.32% of
P. aeruginosa genomes. Specifically, plasmid-borne sull was present in 8% of total genomes
and 12.13% of genomes that had plasmids (Figure 3 and Supplementary Table S6). Given
that sull was detected in 27.82% of genomes overall, these results suggest that a substantial
subset of sull-positive genomes carried plasmid-associated sull.

We annotated plasmids according to their known backbone replicon. Of the 5810
ARGs detected on plasmids, 784 were located on plasmids that had replicon annotation
(Figure 4A and Supplementary Table S7). The most frequent gene was blaKPC-2, with
103 copies located on IncU plasmids, suggesting that IncU plasmids are important carriers
of blaKPC-2-associated (3-lactam resistance in P. aeruginosa. Additionally, 30 copies of
blaKPC-2 were found on rep_cluster_573 plasmids (clustered by MOB-suite), and 12 copies
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on plasmids with IncP-IncU replicons (Figure 4A). Among IncP plasmids, there were
21 sull, 14 aac(6')-1b3, 12 aph(6)-1d, and 10 aph(3")-Ib genes, suggesting that IncP plasmids
are recurrent carriers of aminoglycoside resistance genes. Finally, many plasmid types
clustered by MOB-suite carried sull (Figure 4A), showing that the sull gene family was not
restricted to a single plasmid backbone.
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Figure 4. Co-occurrence of plasmid-borne ARGs and plasmid backbones in P. aeruginosa. (A) Number
of ARGs from each ARG family located on plasmid backbones, represented by replicon types.
(B) Co-occurrence network of plasmid-borne ARGs, where nodes represent ARG families and edges
represent co-location on the same plasmid; edge weight corresponds to the number of plasmids
where each ARG pair is co-located. (C) Distribution of edge weights from panel B, showing the top
30 most frequent co-occurring ARG pairs.

2.3. Plasmid-Borne ARG Co-Occurrence Network in P. aeruginosa

Although most plasmids lack backbone replicon annotation, patterns of multidrug
resistance dissemination can be explored through the co-occurrence of ARGs on the same
plasmid. To this end, we constructed a co-occurrence network in which nodes represent
ARGs, and edges represent their presence on individual plasmids with edge weights
indicating the number of ARG pairs co-located on a plasmid (Supplementary Table S8).
The gene families were mainly distributed among aminoglycoside, carbapenem, and
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cephalosporin associated genes, accounting for 25.89%, 20.54%, and 13.36% of all gene
families, respectively.

Most aminoglycoside resistance genes were connected near the center of the network,
indicating that they frequently co-occur with other ARGs on plasmids in P. geruginosa.
Specifically, aph(3")-Ib co-located with aph(6)-Id on the same plasmid 233 times, and aac(6')-
Ib3 co-located with aph(3')-XV 57 times. In contrast, most carbapenem resistance genes
were located at the periphery of the network, suggesting that they co-occur less frequently
with two or more other ARG families on the same plasmid. Additionally, aadA1 co-occurred
frequently with blaOXA-10 (82 times) and tet(A) with blaVEB-1 (66 times). CmlA9 and
aadA6 also co-occurred 61 times. Notably, sull was located at the center of the network with
165 connected edges (Figure 4B), likely due to it frequently co-occurring with a wide range
of other resistance genes on the same plasmids (Figure 4B,C). Plasmids carrying sull tend
to harbor multiple ARGs, which is consistent with previous findings [11,27,28].

To further investigate whether certain ARGs were associated with specific plasmids,
we constructed bipartite networks linking plasmid types and ARG families (Figure 5A
and Supplementary Table S9). Since most plasmids lack replicon or backbone annotation,
we selected the nearest neighbor in the database based on Mash distance as a proxy. We
found that previously co-located aph(3”)-Ib and aph(6)-Id were associated with plasmids
that resembled pER24y-8ksm (AB905284) (Figure 5A,B). The co-located CmlA9 and aad A6
were associated with plasmids that resembled pP18_h (CP010723) (Figure 5A,B). The co-
located aac(6’)-Ib3 and aph(3')-XV pair was associated with plasmids resembling pINCan01
(IN596279) (Figure 5A,B). These ARGs frequently co-occurred on similar plasmids, which
may reflect shared plasmids contributing to their co-dissemination. Additionally, sull
was present together with many ARG families on multiple plasmid types identified in the
MOB-suite database (Figure 5B).

@ ARcs

@ Plasmios

Number of associated ARGs

Figure 5. Bipartite network of plasmid-borne ARGs and plasmids in P. aeruginosa. (A) Association
between plasmid types and ARG families. Nodes representing ARGs correspond to ARG families,
and nodes representing plasmids correspond to representative plasmids in the MOB-suite database
that are the nearest neighbors of reconstructed plasmids in our dataset based on Mash distance. Edge
thickness indicates the number of plasmid—-ARG pairs. (B) Distribution of edge weights from panel
A, showing the top 30 most frequent ARG-plasmid associations.
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2.4. Prophage-, ICE-, and IME-Borne ARGs in P. aeruginosa

In addition to plasmids, studies have shown that ICEs and IMEs can also mediate
HGT via conjugation, either autonomously or with the assistance of other conjugative
elements [29-31]. Although these elements are integrated into the chromosome, the ARGs
they carry do not represent chromosomally stabilized, vertically inherited resistance genes;
rather, they are prone to frequent horizontal transfer along with the MGEs [11,29,30].

To this end, we quantified ARGs located on ICEs and IMEs and found that the most
frequently detected ARG families on ICEs were catB7 (detected in 93 ICEs), followed by
fosA (detected in 66 ICEs) and sull (detected in 53 ICEs) (Figure 6A), with fosA being the
most common gene of fosfomycin resistance. Additionally, five other ARG families (CmlA9,
aadA7, blaOXA-56, cmx, and blaNDM-1) were present in over 10 ICEs (Figure 6A and
Supplementary Table 510). Most ICE-associated ARGs were located on elements assigned
to the MOBH relaxase type, and a similar pattern was observed for IME-associated ARGs.
Three ARG families on IMEs were present in more than 50 instances: mexD, catB7, and fosA,
with mexD being the most prevalent, detected in 517 IMEs (Figure 6B).
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Figure 6. Distribution of ARG families on ICEs, IMEs, and prophages in P. aeruginosa. (A) Number of
ICEs harboring each ARG family. (B) Number of IMEs harboring each ARG family. (C) Number of
prophages harboring each ARG family.

Prophages have also been recognized as mediators of ARG dissemination [32,33]. In P.
aeruginosa prophages, we identified nine ARG families, typically carrying only a single ARG
per prophage. Eight of these ARGs were found in fewer than 10 prophages (Figure 6C),
corresponding to less than 0.1% of the analyzed genomes. aph(3’)-IIb was present in 174
prophages (Figure 6C), accounting for approximately 1.67% of genomes. This gene confers
resistance to aminoglycosides such as gentamicin and tobramycin. No ARGs were detected
on phage satellites in our dataset.
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In summary, prophages, ICEs, and IMEs all contribute to the carriage and potential
dissemination of ARGs in P. aeruginosa, with element-specific enrichment: mexD on IMEs,
aph(3')-1Ib on prophages, and sull, fosA, and catB7 on ICEs.

3. Discussion

In this study, we identified ARGs located on both the chromosomal background and
MGE:s of P. aeruginosa, with a particular focus on ARGs carried by MGEs, because MGEs
can serve as vectors for HGT. Using comparative genomics and network construction
approaches, we observed that MGE-associated ARGs showed element-specific distribution
patterns, meaning that particular types of ARGs tend to be associated with specific types of
MGEs. For example, mexD is often found on IMEs, aph(3')-I1Ib on prophages, and sull, fosA,
and catB7 on ICEs. Notably, ARG pairs frequently co-occurred on plasmids that lacked
known backbone replicon annotations, such as aph(3”)-Ib and aph(6)-Id, CmlA9 and aadA6,
or aac(6')-1b3 and aph(3')-XV.

Previous studies have reported that strong associations between specific ARGs or
antibiotic classes and a specific plasmid taxonomic unit are rarely observed [11,28,34].
This may be due to multi-species analyses, which can mask associations present within
individual species. Another important possibility is that plasmid databases are far from
comprehensive, with most annotations focusing on clinically relevant or well-studied
plasmid types. Consequently, unannotated plasmids or plasmid fragments may have
been underexplored. This second explanation is supported by our finding that plasmids
annotated with a replicon in this study represent only a small fraction of the predicted
plasmid sequences (Figure 4A). Furthermore, although our dataset includes draft genomes
and some plasmids may be fragmented, the use of MOB-suite together with reference-based
comparison likely reduced false-positive plasmid assignments, making our interpretation
relatively conservative. Based on this, future studies could focus on plasmids that have not
yet been fully sequenced or assembled, which may provide further insights into plasmid-
specific ARGs across additional species.

When constructing the bipartite network, plasmids from P. aeruginosa genomes were
mapped to reference plasmids in the database based on the smallest Mash distance. Inter-
estingly, many plasmids had closest matches in MOB-suite to reference plasmids originally
isolated from or annotated with Escherichia coli as the host, and some matched reference
plasmids annotated with Klebsiella pneumoniae as the host in NCBI (Figure S2). One expla-
nation for this pattern is the presence of broad-host-range plasmids [35], such as IncP, IncQ,
and IncN types. Another possibility is that transposon- or integron-containing plasmids
are prevalent in hospital, wastewater, or environmental samples where P. aeruginosa, K.
pneumoniae, and E. coli may coexist, potentially facilitating plasmid exchange [36,37]. Alter-
natively, these host annotations may reflect the overrepresentation of K. pneumoniae and E.
coli plasmids in reference databases rather than true host specificity [11,28,34].

Another interesting observation was the identification of mexD associated with MGEs,
including plasmids, ICEs, IMEs, and prophage regions (Figures 2 and 6B). In P. aeruginosa,
mexD is a chromosomally encoded component of the MexCD-Opr] RND efflux system [9,38].
It is generally considered part of the intrinsic resistance repertoire rather than a horizontally
acquired ARG [38]. The presence of mexD-related sequences on MGEs raises two non-
mutually exclusive possibilities: (i) mobilization of efflux pump-associated genes or gene
fragments and (ii) annotation ambiguity due to the high conservation of RND transporter
family members across bacterial species. Manual inspection of the raw annotations revealed
that RGI classified sequences as mexD, whereas ResFinder classified them as tmexD2-like
genes with approximately 81% sequence identity and 98% coverage. The tmexCD-topr]-type
efflux systems have recently been described as plasmid-borne genes that contribute to
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tigecycline resistance in Enterobacterales and are phylogenetically related to chromosomal
MexCD-Opzt] efflux pumps [39]. However, due to the absence of experimental validation
and the potential for conserved domain-driven annotation discrepancies, it is unclear
whether these sequences represent true tmexD2-like variants in P. aeruginosa or divergent
chromosomal mexD homologs located within predicted MGE regions [40—43]. Further
phylogenetic and synteny-based analyses are required to determine if these MGE-associated
sequences reflect the horizontal transfer of RND efflux components or are annotation
artifacts caused by the evolutionary conservation of efflux pump gene families.

Finally, we detected an abundance of sull on the chromosome, ICEs, and plasmids
(Figures 1, 3 and 6A). This finding is consistent with the widespread distribution of su/1 in P.
aeruginosa genomes [11,27,28,44]. ICEs are conjugative and chromosomally integrated [29],
and because the systematic genomic profiling of ICEs has only recently become widespread,
some previously reported chromosomal su/1 genes may have been located within integrated
ICEs or ICE-like regions. The sull gene is best known as part of class 1 integrons, which are
DNA elements capable of capturing and expressing gene cassettes, but class 1 integrons are
not self-mobilizing and their mobility depends on association with mobile elements such
as transposons, plasmids, or ICEs [27,44,45]. Many class 1 integrons reside on plasmids,
leveraging plasmid replication and transfer abilities [44,45], while others integrate into
ICEs on the chromosome, enabling conjugative transfer [29,46]. In our dataset, the presence
of sull, as an integron-associated marker, suggests that integron-associated regions may
occur on plasmids and ICEs in P. aeruginosa. These class 1 integrons often carry multiple
ARGs [44,45], explaining the co-occurrence patterns observed in our analysis. Moreover,
insertion sequences (IS elements) frequently co-occur with integrons [27,47]; our study
did not assess integrons or IS elements using dedicated detection tools, representing a
limitation that future research could address.

We also note that our observations of ARG distribution across different MGEs reflect
associations rather than direct evidence that MGEs preferentially acquire specific ARGs.
Other limitations of this study include the large fraction of plasmids that could not be
annotated to a known backbone replicon, which is currently an unavoidable challenge in
plasmid research. We expect that more comprehensive database annotations will facilitate
systematic plasmid studies in specific species. Additionally, because long-read sequencing
has only become widely adopted over the past decade, many previously submitted genomes
are incomplete, presenting challenges for plasmid sequence completeness. As more long-
read assemblies yield complete bacterial genomes, future large-scale analyses will benefit
from higher-quality datasets.

4. Method

We parsed the Genome Taxonomy Database (GTDB; https://gtdb.ecogenomic.org,
accessed on 8 April 2025) [48] release 226 to identify genomes belonging to P. aeruginosa.
GTDB applies independent quality control using CheckM [49], retaining only assem-
blies with completeness > 50%, contamination < 5%, and a quality score (completeness—
5 x contamination) > 50. To maximize genomic coverage, we did not apply additional
filtering. All currently available genomes within the GTDB species cluster represented by
RS_GCF_001457615.1 were downloaded from the NCBI GenBank and RefSeq FTP site (https:
/ /ftp.ncbinlm.nih.gov, accessed on 13 April 2026), excluding any assemblies that had been
deprecated or removed. These genome assemblies originated from diverse sources, includ-
ing clinical, environmental, and animal isolates, according to the NCBI metadata provided
in GTDB. Sample isolation types were manually classified based on the NCBI isolation
source metadata. Sequence types (STs) were assigned using mlst v2.33.1 with the paerugi-
nosa scheme (https://github.com/tseemann/mlst, accessed on 12 June 2026) [50], which is
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based on the seven housekeeping genes: acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE. Bac-
terial genes were predicted using pyrodigal-gv v0.3.2 integrated in geNomad v1.11.0 with
database v1.9 and default parameters [51]. Prophages were identified using geNomad. Plas-
mids were reconstructed using MOB-suite v3.1.9 (mob_recon) [52]. MOB-suite reconstructs
plasmid sequences from genome assemblies by identifying plasmid-associated markers
and clustering contigs based on sequence similarity and mobilization-related features. It
also classifies plasmids into MOB families using a reference relaxase database, providing
both sequence reconstruction and functional annotation. ICEs and IMEs were identified via
ICEfinder-opt (https:/ / github.com/guogenglin/icefinder-opt, accessed on 16 April 2026),
which is an optimized and enhanced local version of ICEfinder2 [53]. ICEfinder-opt first
scans bacterial genomes for integrase genes and conserved attachment sites (attL/attR),
then checks the surrounding regions for conjugation-related genes and accessory modules.
Elements that carry all conjugation genes are classified as ICEs, while those with only
mobilization genes are classified as IMEs. ICE/IME candidates lacking att site or tRNA
annotations were excluded. This was done to avoid misidentifying plasmids as ICEs/IMEs,
given that they share many genes, whereas many chromosomally integrated ICEs are
associated with aft site sequences and are often located at or near tRNA genes. Phage
satellites were identified by SatelliteFinder v0.9.1 [54]. SatelliteFinder uses a combination of
homology searches and gene neighborhood analysis to identify satellite-specific genes (e.g.,
capsid or integrase-like genes) and verifies their association with known helper phages
based on co-occurrence and conserved genomic composition.

ARGs were identified using Resistance Gene Identifier (RGI) v6.0.5 with the in-
clude_nudge option and default parameters, CARD version 4.0.1 [55], as well as ResFinder
v4.0 with default parameters [56]. RGI uses a curated reference database of ARG protein
families and applies sequence alignment to match query sequences to known resistance
genes. ResFinder performs nucleotide-level alignment of input sequences against a curated
ARG reference set, identifying both acquired and chromosomal resistance genes. For genes
predicted by both RGI and ResFinder, if a gene matched multiple ARG families, we retained
the annotation with the highest bitscore (for RGI) or identity score (for ResFinder).

For the co-localization network of plasmid-borne ARGs, we first considered each
primary cluster reconstructed by MOB-suite per genome as a single plasmid. ARG families
assigned to the same primary cluster within a genome were treated as co-located on the
same plasmid. The weight between two ARG families was the number of times they
co-occurred on plasmids across all P. aeruginosa genomes. For the plasmid—ARG bipartite
network, we first mapped the identified plasmids to the nearest neighbor in the database
via the Mash distance calculated by MOB-suite. This was because the primary clusters
are identified independently and were not comparable between genomes. In this case,
the nearest neighbors were used as reference-based proxy annotations. This approach
also reduced complexity by grouping highly similar plasmids from different genomes into
the same representative node. Finally, we used the number of ARGs that the plasmids
contained as the weight of the network for each ARG family. The networks were visualized
using Gephi v0.10.1 and Gephi-lite v1.0.2 (https:/ /gephi.org/, accessed on 7 May 2026)
with force-directed layout. The force-directed parameters were 0.0005 for attraction, 2.5
for repulsion, 0.0001 for gravity, 0.6 for inertia, and 200 for maximum movement. For the
bipartite network, edge thickness was the number of associated plasmid—-ARG family pairs.
Singletons were not included in the figures.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ijms27135938/s1.
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