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Research on megaplasmids that contribute to the spread of antimicrobial resistance (AMR) in Pseudomonas
aeruginosa strains has grown in recent years due to the now widely used technologies allowing long-read
sequencing. Here, we systematically analyzed distinct and consistent genetic characteristics of megaplasmids
found in P. aeruginosa. Our data provide information on their phylogenetic distribution and hypotheses tracing
the potential evolutionary paths of megaplasmids. Most of the megaplasmids we found belong to the IncP-2-type,
with conserved and syntenic genetic backbones carrying modules of genes associated with chemotaxis apparatus,
tellurite resistance and plasmid replication, segregation, and transmission. Extensively variable regions harbor
abundant AMR genes, especially those encoding f-lactamases such as VIM-2, IMP-45, and KPC variants, which
are high-risk elements in nosocomial infection. IncP-2 megaplasmids act as effective vehicles transmitting AMR
genes to diverse regions. One evolutionary model of the origin of megaplasmids claims that chromids can
develop from megaplasmids. These chromids have been characterized as an intermediate between a mega-
plasmid and a chromosome, also containing core genes that can be found on the chromosome but not on the
megaplasmid. Using in silico prediction, we identified the “PABCH45 unnamed replicon” as a putative chromid in
P. aeruginosa, which shows a much higher similarity and closer phylogenetic relationship to chromosomes than to
megaplasmids while also encoding plasmid-like partition genes. We propose that such a chromid could facilitate
genome expansion, allowing for more rapid adaptations to novel ecological niches or selective conditions, in
comparison to megaplasmids.

long-read sequencing, however, a dramatic increase in the number of
widespread Pseudomonas megaplasmid sequences that encode key traits

1. Introduction

Pseudomonas aeruginosa is a major cause of nosocomial infections
leading to high morbidity and mortality in cystic fibrosis patients or
immunocompromised individuals. Eradication of P. aeruginosa is diffi-
cult due to its intrinsic and acquired drug resistance mechanisms [1].
Historically, studies showed a tendency to focus on resistance genes on
various genomic islands and chromosomes but established a hypothesis
that plasmids make a minor contribution to antimicrobial resistance
(AMR) in P. aeruginosa strains [2]. With the extensive availability of

of their host microorganisms has been observed recently [3]. The
megaplasmids associated with P. aeruginosa (—300 to 500 kb) available
in current literature are mostly classified as the incompatibility group
P-2 (IncP-2) type, carrying cassette-borne carbapenemase genes in class
1 In/Tn with the conserved regions being involved in plasmid replica-
tion, maintenance, and conjugation [4-7].

According to George C et al. [8], bacterial replicons could be divided
into chromosome and extrachromosomal replicon (second chromosome,

* Corresponding authors at: Department of Infectious Diseases, Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, Hangzhou, China.
E-mail addresses: yvys119@zju.edu.cn (Y. Yu), xiaotinghua@zju.edu.cn (X. Hua).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.csbj.2024.04.002

Received 8 October 2023; Received in revised form 1 April 2024; Accepted 1 April 2024

Available online 2 April 2024

2001-0370/© 2024 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:yvys119@zju.edu.cn
mailto:xiaotinghua@zju.edu.cn
www.sciencedirect.com/science/journal/20010370
https://www.elsevier.com/locate/csbj
https://doi.org/10.1016/j.csbj.2024.04.002
https://doi.org/10.1016/j.csbj.2024.04.002
https://doi.org/10.1016/j.csbj.2024.04.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2024.04.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

N. Wang et al.

chromid, megaplasmid, and plasmid). “Chromosome” refers to the pri-
mary replicon, the largest replicon with most of the core genes. “Second
chromosome” is supposed to be split from an ancestral chromosome.
“Megaplasmid and plasmid” are replicons carrying no core genes and the
distinction between the two is mainly based on size. “Chromid”, first
described in 2010, is a novel concept of an in-between-element between
a chromosome and a plasmid and acts as an independent type of replicon
[9]. To some extent, chromid is a DNA chimera, a heterozygous mole-
cule formed by the insertion of core genes from the chromosome into the
megaplasmid. It is hypothesized that the long-term association of the
megaplasmid with the coexistent chromosome eventually leads to a
transfer of core genes under continued positive selection, resulting in a
more stabilized “chromid” [3]. Such a genetic element allows more
rapid evolutionary processes to adapt to novel niches, increasing fitness
in the core biological networks of the genus [8]. Chromids possess
several typical properties [10]. First, chromids have genomic charac-
teristics that are more similar to those of chromosomes. Second, chro-
mids carry several core genes that are essential for cell viability. Third,
chromids have replication and maintenance machineries that more
closely resemble those of plasmids.

In this study, we used all complete P. aeruginosa putative mega-
plasmid sequences that were available online and performed in-depth
bioinformatic analyses comparing sequence content and structure.
This information allowed us to examine their phylogenetic distribution
to confirm the potential evolutionary relationship of these replicons.
This study also attempts to predict the putative chromids of P. aeruginosa
in silico for the first time.

2. Materials and methods
2.1. Analysis of bacterial genomes and identification of megaplasmids

All available 483 complete genome sequences of P. aeruginosa were
obtained through the National Center for Biotechnology Information
(NCBI) genome database on 15 November 2022. A lower cutoff of 300
kb was used to distinguish putative megaplasmid sequences of
P. aeruginosa, according to the recommended literature [3].
Seventy-four complete genome sequences over 300 kb marked as
“plasmid” were retrieved as potential megaplasmid sequences, and 45
corresponding chromosome sequences were available in the database
(Table S1 and S2). The primary features of the hosts were retrieved
manually from the Biosamples of the genomes uploaded to the NCBI.
The countries labeled on the figure were the putative geographical
sources. If the information of the country was lacking in the Biosample,
we used the submitter’s country in GenBank as the substitutive
geographical source. The annotated “plasmid” sequences could be spe-
cifically divided into megaplasmids, putative chromids and secondary
chromosomes based on the classification of a previous review [8].
Briefly, the extrachromosomal replicon with essential core genes was
subdivided into a secondary chromosome if it resulted from a split of the
chromosome into two. If not, it was defined as a putative chromid. The
other secondary replicons carrying no core genes were defined as
megaplasmids. Here, the term “extrachromosomal replicons” is used as a
general term to refer to these 74 “plasmid” sequences in the following
sections. The nucleotide sequences were reannotated via Prokka v1.14.6
[11]. ABRicate (https://github.com/tseemann/abricate) with the
default database NCBI [12] and mlst v2.19.0 (https://github.com/tsee
mann/mlst) were used to identify resistance genes and multilocus
sequence typing (MLST), respectively. The Average Nucleotide Identity
(ANI) calculator was used to calculate the ANI value of prokaryotic
genome sequences by the OrthoANIu algorithm [13]. The major use of
ANI value in prokaryotic taxonomy is the demarcation of species, for
which a cutoff of around 95-96% is often applied [14].
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2.2. Phylogenetic distribution and genetic comparison of
extrachromosomal replicons

The identification of core genes was established using the Panaroo
v1.3.0 [15], and then a maximum-likelihood unrooted phylogenetic tree
was constructed using IQ-TREE [16] and visualized using iTOL v6.1.1
[17]. The circular genome comparison of plasmids was performed using
the BLAST Ring Image Generator BRIG v.0.95 [18]. Homology searches
of plasmids were performed by BLASTN [19].

2.3. GC content and relative synonymous codon usage (RSCU) analysis

Potential chromids were identified on the basis of chromosome-like
genetic features (GC content and RSCU), which were calculated by
CodonW (http://codonw.sourceforge.net/). The RSCU values are close
to 1.0 if all synonymous codons are used equally [20]. As the values for
UGG (tryptophan) and AUG (methionine) are always 1.0, both were
excluded as well as the three termination codons. Fifty-nine of the 64
possible codons were assessed through principal component analysis
(PCA) calculated by GraphPad Prism v9.3.1. The distribution of the GC
contents of every gene was visualized by ggplot2 package in R.

2.4. Identification and analysis of orthogroups

The inference of orthologous genes of the available 45 complete
chromosome sequences and their corresponding 45 extrachromosomal
replicons was performed by OrthoFinder [21,22], which inferred
orthogroups, orthologues, the complete set of gene trees for all
orthogroups and the rooted species tree. OrthoFinder was run with
default settings [23]. In detail, GFF files of proteomes containing the
amino acid sequences of genomes were uploaded and then all-vs-all
BLAST comparisons of protein sequences with an e-value threshold of
1073 were used to deduce putative phylogenetic relationships between
pairs of genomes by reciprocal best similarity pairs. Then MAFFT [24]
was used as the default multiple sequence alignment method and a
maximum likelihood tree was inferred by FastTree [25]. Dendroscope
v3.8.5 [26] was used to visualize the tree and the midpoint rooting
method was used to root the tree. Each gene tree file obtained from
OrthoFinder contained a phylogenetic tree based on the differences of a
group of homologous genes that represent the evolutionary history of
genes. We analyzed the proportion of homologous genes derived from
megaplasmids in a gene tree in which a gene from an extrachromosomal
replicon was located. All the gene trees containing the genes of that
extrachromosomal replicon were taken into calculation and all the 45
extrachromosomal replicons were analyzed individually. The distribu-
tion of the total proportions was calculated by Perl scripts and visualized
by ggplot2 package in R.

3. Results

3.1. Comparative genomic analyses and phylogenetic distribution of
extrachromosomal replicons of P. aeruginosa

3.1.1. Comparative genomic analyses of extrachromosomal replicons of
P. aeruginosa

Of the 74 complete extrachromosomal replicon sequences of
P. aeruginosa (>300 kb) available through the NCBI genome database,
we identified that the average and median genome sizes were ~444.2 kb
and ~436.3 kb, with the PABCH45 unnamed replicon (923.2 kb) and the
DN1 unnamedl replicon (317.3 kb) being the maximum and minimum
sizes, respectively. The earliest collection date of the strains was 1996,
but most of the complete sequences were submitted after 2010 with the
widespread use of long-read sequencing technologies. According to the
analysis of Panaroo, a set of core genes (n = 113) was detected in 69 of
the 74 replicons, with the exception of the replicons H15 unnamed, DN1
unnamedl, PA83 unnamedl, PABCH45 unnamed and 2021CK-01281
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unnamed]l. To further confirm whether the hosts of these 5 extrachro-
mosomal replicons were P. aeruginosa, we used the Average Nucleotide
Identity (ANI) calculator to calculate the ANI value of these prokaryotic
genome sequences. We compared the chromosome sequences of these 5
extrachromosomal replicons to the chromosome of PAO1, the repre-
sentative strain of P. aeruginosa. It demonstrated that the OrthoANIu
values of these 5 comparisons were all over 98%, indicating that these 5
strains (H15, DN1, PA83, PABCH45 and 2021CK-01281) belonged to
P. aeruginosa.

To further investigate the genetic structure of these complete repli-
con sequences, we first conducted a comparative analysis of the 69
megaplasmids sharing core genes (Fig. 1). The plasmid pOZ176
(accession no. KC543497) was used as a reference, as it had been clas-
sified as a member of the IncP-2 group by phenotypic incompatibility
methods and the key features of the IncP-2 megaplasmids could be
demonstrated when it was utilized as a reference. [27]. Since 51 of 69
replicons have been demonstrated to be IncP-2-type megaplasmids in
previous studies (the references are shown in Table S1), an alignment of
RepA protein encoded by repP-2A (pOZ176_183 gene, bp 109483 to
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120876) of pOZ176 with the remaining 17 replicons indicated that all
RepA proteins shared 99.51-100% amino acid sequence identity to that
of p0OZ176 (Fig. S1. A). The only exception was the plasmid
pSE5369-VIM, which lacks the core genetic backbone containing the
IncP-2-specific determinants (e.g., repA, parAB, ter and che operons)
(Fig. S1. B). Thus, it can be concluded that 68 of 69 replicons belong to
IncP-2-type megaplasmids, while the nature of the plasmid
pSE5369-VIM has yet to be determined. The genetic comparison of the
68 IncP-2 megaplasmids demonstrated highly similar key traits,
including genes encoding the replication and partition system (repA and
parAB), a tellurite resistance operon (terZABCDEF) ubiquitously present
in IncP-2-type plasmids, and pil operons involved in pilus assembly and
twitching motility similar to the Pil-Chp system and chemotaxis operons
(CheBARZWY). While the regions interpreted to be likely Integrative and
Conjugative Elements (ICEs) in pOZ176 that contained the conjugative
transfer modules (trbK, traG, and trbBCDEJLFGI) were absent in most of
the megaplasmids [28], other conjugal transfer operons traGBV, dnaG,
and type IV pilus/type II secretion system genes were found, which
facilitated successful self-transmission in conjugation experiments[6,

Country
M Poland
China
USA
Thailand
H Portugal
[ France
M United Kingdom

Canada (Reference)

v repA

Fig. 1. Genetic comparison of 69 megaplasmids of P. aeruginosa. The comparison was generated using the BLAST Ring Image Generator (BRIG) v.0.95 and BLASTN.
The GC content and GC skew were calculated by BRIG in the default parameter. The sequence of pOZ176 is taken as the reference and the locations of the main
features of pOZ176 are annotated on the outermost circle. The solid regions demonstrate sequences similar to that of pOZ176, whereas the gaps represent regions
lacking sequence similarity. The innermost circle indicates the scale, and the second and third circles represent the GC content and the GC skew, respectively. Each
plasmid is colored and grouped based on the country it is isolated from and the information of the plasmids from the inner to the outer is illustrated in Table S1

(No.1-No.69).
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29]. Apart from the conserved backbones, we observed that the acces-
sory regions of megaplasmids varied based on resistance genes and
related mobile genetic elements acquired during evolution.

We then performed homology searches of the remaining 5 replicons,
which might represent “megaplasmids”. The plasmids H15 unnamed
and DN1 unnamedl showed similarity to an IncP-9-type plasmid
PKF715A (accession No. AP015030) sourced from Pseudomonas putida
with 98.91% and 98.92% nucleotide identities, respectively. Compared
with pKF715A, these two plasmids retained the regions encoding par-
titioning proteins and chemotaxis apparatus but lost the conjugative
operon (trwB, trwC and type IV secretion system cluster), since the
catabolic plasmid transferring from its environmental host to the clinical
P. aeruginosa tended to delete the conjugative elements that might
impose a large fitness cost on the new host. In addition, genetic modules
related to the degradation of aromatic hydrocarbons, including the
biphenyl and salicylate metabolism gene clusters (bph-sal element) and
the benzoate catabolic gene (bza), were also lost (Fig. S2A) [30]. Most
bacterial catabolic plasmids, such as IncP-9 plasmids carried by
P. putida, are large (> 50 kb) and carry various genes that enable their
host cells to utilize natural compounds and degrade aromatic hydro-
carbons [31]. P. putida was mostly isolated from polluted environments
due to its metabolic capacity and ability to acquire mobile genetic ele-
ments to adapt to specific environmental niches [30]. The megaplasmids
might transfer from nonpathogenic P. putida to clinically common
P. aeruginosa with a concurrent loss of the metabolic capacity to
biodegrade toxic organics. Besides catabolic megaplasmids, the
multidrug-resistant (MDR) megaplasmid pSY153-MDR carrying
blapyp-45 was also discovered in P. putida isolated from the urine of a
cerebral infarction patient in China. This MDR megaplasmid was closely
related to the other plasmids carried by P. aeruginosa isolated from

Tree scale: 0.01 ————
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China, supporting that between-species transmission of megaplasmids
has occurred locally [32]. The plasmid PA83 unnamedl was homolo-
gous to pMRCP2 of Pseudomonas alcaligenes (GenBank accession No.
AP025274), exhibiting 93.81% nucleotide identity with intact replica-
tion, segregation and conjugation modules (Fig. S2B). The RepA protein
of plasmid pA83 unnamed1 was highly similar to that of p35734-C [33]
of the Enterobacter cloacae complex (accession No. CP010360), which
belongs to the IncA/C group with 99.64% amino acid sequence identity.

3.1.2. Phylogenetic distribution of 69 megaplasmids based on the nucleotide
composition of core genes

Based on the genetic composition of core genes, we constructed a
phylogenetic tree of the 69 megaplasmids (Fig. 2). The megaplasmids
were divided into two major groups. The majority of megaplasmids were
found in strains isolated from China with a distribution in both
P. aeruginosa clades. A cluster of the megaplasmids harboring blay.2
genes was observed in one group, all of which were IncP-2-type strains
isolated from strains prevalent in Polish nosocomial P. aeruginosa pop-
ulations [6]. Most of the megaplasmids were found in P. aeruginosa
strains isolated in different sources of patients in hospitals, such as the
respiratory tract, digestive tract, skin wounds and infected areas. Only
the megaplasmid pPA166-2-MDR with an array of AMR genes, which is
closely related to the other megaplasmids isolated in China, was carried
by P. aeruginosa strain PA166-2 isolated from the cloaca swab of a
chicken in a poultry farm [34]. The strain belonged to ST313, which
usually colonizes the intestines of healthy individuals but is rarely
detected from the poultry environment. The available MLST of the
associated strains was dispersed, with the most common type ST244 in
five isolates, followed by ST463 and ST253.

To explore the role of plasmids in the transmission of drug-resistant
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Fig. 2. Phylogenetic tree and the AMR gene content of 69 megaplasmids. The phylogenetic tree was constructed based on a set of core genes (n = 113). The core
genome phylogeny was estimated from the alignments of 113 core genes. IQ-TREE was used for the calculation of the optimal base replacement model with the
best-fit model GTR+F+I1+G4 and the construction of the phylogenetic tree. The midpoint rooting method in iTOL v6.1.1 was used to distinguish the groups. The
bootstrap values are indicated as the size of the blue dots on the spilt with the range of 80-100. The primary features of their hosts are indicated in various colored
strips. The AMR genes are classified and colored based on the drug class they confer resistance to. The fields represent genes encoding different classes of f-lactamases
are additionally distinguished in different shapes. The number of AMR genes in each megaplasmid is illustrated by a bar chart on the right.
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genes, we grouped the AMR gene profiles in the clustering of the
phylogenetic tree (Fig. 2). The AMR gene content of megaplasmids
isolated from P. aeruginosa is extensive, with the dominant genes
encoding aminoglycosidases and p-lactamases. We identified resistance
genes of the classes A, B and D p-lactamases, in particular metallo-
B-lactamases (MBLs), which had been reported as the epidemic territo-
rial spread [5,6]. All the blapyp.45 genes identified in the megaplasmids
were located in the class 1 integron In786 (aacA4-blajyp-45-gcu35--
blapxa-1-catB3). Additionally, widespread evolutionary recruitment of
resistance genes via ISCR modules was observed, e.g., ISCRI-armA,
ISCR1-qnrVC6, ISCR1-blapgg.1 and ISCR27n3-blappy;.1- Variants of the
blaary genes blaapy.2 and blaapy.s were also embedded in ISCR units
adjacent to Tn1403-derived integrons [35] (Fig. S3). Another common

Computational and Structural Biotechnology Journal 23 (2024) 1418-1428

type of MBLs gene was blayyy.2, primarily found in In461 with a cassette
array of aadB-blayyy.2-aadA6 in the pPUVs megaplasmids [6]. All the
blagpc genes, including blagpc.o, blagpc.3 and blakpc 33, were isolated in
China. The majority of the variants of blaxpc were transmitted as part of
a conserved genetic platform IS6100-ISKpn27-blaxpc-AISKpn6-korC-klcA
in Tn6296, while pPNDTH10366-KPC contained two copies of the blakpc.2
genes as the result of the inversion and duplication of the 1S26-blakp.
c-2-IS26 unit [36] (Fig. S4). Nevertheless, two of the megaplasmids,
plasmid unnamedl of PABCHO09 and plasmid 1 of RW109 (the largest
industrial P. aeruginosa strain in the dataset) [37], lacked any AMR genes
and grouped together in a subgroup (Fig. 2).

A chromosome

® extrachromosomal replicon

70
T 2021CK-01281 iinnaiiéd 1
|
Araxahk ‘AAAAAAAAA AL TAKTEK VY VY & AKX
= A AAA A A AAA AA AAA )
65 !
PABCH45 un d
PN
(8]
o
60 .
L d LA J
1® ® ® 0 r) e *® ¢
00 .o o 0% ° ® . o _o eg0000
e S I B I B S B S B B B e | TT T T T T T T T T T T T T T T TTT
DRI 2D W8 5 OO g KD D O L DD Y, IR 2,07, 10 22 6 WV i 20 WO D D
QRGNS 2 0 oS N o ORI DN a0 WO 0 DXL L
gt»m?@ A °;\«‘\9/§QN§:§,\@ ;& POCS «*j;ev q\;a@;égege?«w«kxkkssg:%\@o
& = Strain
GV
replicon
@ chromosome
PC scores @ oxtrachromosomal
replicon
4
o0
o ® o
2-
.*. [ ]
[ ‘,
° % o N
° PABCH45 unnamed
N
g . /
° °
°
2]
/ .
2021CK-01281 unnamed1 [ °
¢ L ]
-4 b
ol 0
e °
°
6 : ; . T . I : . :
-15 -10 -5 0 5 10
PC1
(B)

Fig. 3. The comparison of GC content and RSCU of each extrachromosomal replicon with the corresponding 45 chromosomes. (A). The difference in GC content and
the distributions are presented for chromosomes (solid triangle) and extrachromosomal replicons (solid circle). The putative chromids and corresponding chro-
mosomes are highlighted in blue and pink, respectively. (B). Principal components plot of RSCU for chromosomes (red dot) and extrachromosomal replicons (purple
dot). The proportion of variance of Principal components 1 and 2 are 84.47% and 5.92%, respectively. The GC content and RSCU value of each replicon are listed

in Table S2.
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3.2. Prediction of putative chromids

3.2.1. Genomic signatures of the replicons PABCH45 unnamed and
2021CK-01281 unnamed1

Homology searches in the NCBI database did not identify any
plasmid that was similar to the ~0.92-Mb replicon of “PABCH45 un-
named” or the ~0.59-Mb replicon of “2021CK-01281 unnamed1”. We
analyzed the genomic features of the two replicons, including their GC
content (percentage of the genome consisting of guanine-cytosine) and
their relative synonymous codon usage (RSCU, the ratio of the observed
frequency of a specific codon to the expected value). The analysis of
these genomic features of extrachromosomal replicons helps distinguish
the replicon types (megaplasmid and/or putative chromid). The ana-
lyses were based on the available 45 complete chromosome sequences
and their corresponding extrachromosomal replicons, including unty-
ped “PABCH45 unnamed” and “2021CK-01281 unnamed1” replicons as
well as 43 of the megaplasmids mentioned above (Table S2).

Our analysis revealed that all 43 megaplasmids had a lower GC
content than that of the chromosomes averaging 58% and 67%,
respectively. In contrast, the “PABCH45 unnamed” and the “2021CK-
01281 unnamedl” replicons had a much similar GC content when
compared to the chromosomes found in the same strains, differing by
0.8% and 0.1%, respectively (Fig. 3A). Not only did the extent of dif-
ferences in GC content differ between “PABCH45 unnamed” and
“2021CK-01281 unnamed1” and the megaplasmids, but the deviation of
the RSCU values from that of the host chromosomes also appeared to be
clearly different. The RSCU values for “PABCH45 unnamed” and
“2021CK-01281 unnamed1” were very similar to those of the chromo-
somes but clearly distinct from those of the 43 megaplasmids (Fig. 3B). It
indicated that these genetic differences between the chromosomes and
the two replicons (“PABCH45 unnamed” and “2021CK-01281
unnamedl”) were much less than the differences between the
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chromosomes and the megaplasmids.

Additionally, we calculated the GC contents of every individual gene
of 45 replicons, each of which contains a chromosome and its corre-
sponding extrachromosomal replicon. It showed that the difference in
the total GC contents of all replicons was not significant, mainly ranging
from 0.65-0.7 (Fig. 4A), and neither did the GC contents of every core
gene (Fig. 4B). It might be that the conserved core genes derived from
chromosomes were in the majority of the core genes of all the included
replicons, which made it difficult to distinguish the GC contents of
extrachromosomal replicons, especially the GC contents of putative
chromids. We further calculated the individual non-core genes of all the
74 extrachromosomal replicons, and it demonstrated that the GC con-
tents of” PABCH45 unnamed” and “2021CK-01281 unnamedl” were
significantly higher than those of the other megaplasmids (0.65-0.7 vs
0.55-0.6), indicating that the genomic signatures of the replicons
“PABCH45 unnamed” and “2021CK-01281 unnamed1” were deviated
from the megaplasmids (Fig. 4C). However, when we calculated the
RSCU for every core gene and non-core gene of the replicons mentioned
above, neither the RSCU values for every core gene of extrachromosomal
replicons were distinguished from those of chromosomes, nor the RSCU
values for non-core genes.

3.2.2. Identification and analysis of orthogroups

We performed an analysis of the homologues contained within the 45
genomes from the complete chromosome of P. aeruginosa strains and the
extrachromosomal replicon sequences. The overlaps of homologues
identified within genomes are shown in Fig. S5. Within the heatmap,
three regions can be observed (Regions A, B and C) according to the
pairwise relationships within replicons. A comparison of Region A and
Region B illustrated that the homologous genes in the chromosome were
much more numerous than those in the extrachromosomal replicons
since genes in chromosomes were transmitted relatively stably by
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vertical inheritance. The pairwise comparisons between chromosomes
and extrachromosomal replicons showed that the grids corresponding to
the “PABCH45 unnamed” and “2021CK-01281 unnamed1” replicons
were displayed darker than others, illustrating partially higher similar-
ity of genes between these two replicons and the chromosomes. More-
over, the phylogenetic tree based on orthogroups assigns the “PABCH45
unnamed” and “2021CK-01281 unnamed1” replicons within the chro-
mosomal replicons separated from the group represented by the mega-
plasmids (Fig. 5).

To evaluate the phylogenetic relationships within individual genes of
the 45 chromosome genomes and corresponding 45 extrachromosomal
replicons, we analyzed the proportion of homologous genes derived
from megaplasmids in a gene tree in which a gene from an extrachro-
mosomal replicon was located. The higher the ratio, the more related the
extrachromosomal replicon gene was to the megaplasmids. Conversely,
the smaller ratio indicated that the proportion of homologous genes
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derived from chromosomes increased accordingly, suggesting that the
genes of this extrachromosomal replicon were more related to chro-
mosome genes and had a closer evolutionary relationship with chro-
mosomes. The result demonstrated that the genes in “2021CK-
02381_unnamedl” and “PABCH45_unanmed” (shown in the orange
rectangles in Fig. 6) were more homologous with the genes of chromo-
somes. In contrast, other replicons verified as megaplasmids before
showed opposite results as predicted. It was further proven that
“2021CK-02381 unnamedl” and “PABCH45 unnamed” were potential
putative chromids.

3.2.3. Phylogenetic analysis of the partitioning protein ParA

We further analyzed a phylogenetic tree of the protein that is
essential for plasmid partition, ParA. The sequences encoded by the
megaplasmids and the replicons “PABCH45 unnamed” and “2021CK-
01281 unnamed1” would provide clues as to whether the two replicons
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might be designated as potential chromids of P. aeruginosa. The phy-
logeny of partitioning systems showed that all megaplasmids had closely
related partitioning proteins, with the “PABCH45 unnamed” encoded
ParA protein homologous to that of the megaplasmids. However, the
“2021CK-01281 unnamed1” partitioning protein grouped separately
(Fig. S6). Additionally, synteny analysis of “2021CK-01281 unnamed1”
revealed high consistency with the chromosomes of PAO1, the repre-
sentative strain of P. aeruginosa (Fig. S7).

4. Discussion

Megaplasmids, as the name suggests, are very large plasmids that
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were first described by Rosenberg in the early 1980 s [38]. Thresholds
for minimum megaplasmid sizes have not yet been established, as
genome size itself varies greatly across phyla. DiCenzo et al. suggested a
lower cutoff of 350 kb for megaplasmids, as this was 10% of the median
bacterial genome size [8], while J. Hall et al. noted that fixed thresholds
tend to bias megaplasmids toward species with large genomes. The latter
group considered it more appropriate to set the threshold of mega-
plasmid based on 5% of the total genome size of that species, referring to
megaplasmid as a relatively large plasmid to the genome it comes from
[3]. In our work, we used a lower cutoff of 300 kb to define putative
megaplasmids of P. aeruginosa, correlating to 5% of the genome size of
this species and corresponding to the majority of the megaplasmid size
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reported in P. aeruginosa isolates. However, distinguishing mega-
plasmids based solely on size is arbitrary since the distribution of
plasmid sizes can vary widely. A more functional, possibly
sequence-based definition of “megaplasmids” could be considered in the
future.

IncP-2-type megaplasmids, a large group of Pseudomonas mega-
plasmids carrying AMR genes, were defined by experimental in-
compatibility in the 1970 s [39]. Currently, the prediction of a novel
class of plasmids based on the alignment of amino acid sequences of the
RepA proteins is possible due to the development of long-read
sequencing technology and comparison possibilities due to the
massive expansion of the plasmid databases. According to our compre-
hensive analysis of 74 complete extrachromosomal replicon sequences
of P. aeruginosa, 68 replicons were verified as IncP-2 group mega-
plasmids, including 17 replicons first confirmed in our report. Our
genomic analysis confirmed the conserved and syntenic core backbone
of the IncP-2 megaplasmid family, which carries genes encoding
chemotaxis apparatus, a type IV pilus, and plasmid replication, segre-
gation, and transmission. However, the majority of members possess
extensively variable regions with abundant AMR genes, especially those
encoding f-lactamases in nosocomial isolates. Urbanowicz et al. [6]
reported the IncP-2 megaplasmids as AMR/MDR platforms carrying
cassette-borne blaypyo genes in In461 disseminating in nosocomial
P. aeruginosa populations in Poland. Zhang et al. [5] reported outbreaks
of IMP-45-producing P. aeruginosa in China, which was attributed to the
worldwide spread of IncP-2 megaplasmids. It should be noted that
IncP-2 megaplasmids harboring blagpc.o genes, the carbapenem resis-
tance genes mainly carried by type I plasmids with the core genetic
platform ISKpn27-blakpc.2-1SKpn6 [36], are frequently identified across
China. KPC-producing P. aeruginosa strains are the predominant
carbapenem-resistant P. aeruginosa (CRPA) strains in China, and IncP-2
megaplasmids may serve as mediators facilitating the dissemination of
such resistance genes. These current observations may illustrate the
geographical and nosocomial distribution of the IncP-2 megaplasmids
from P. aeruginosa. However, since the available complete genomic data
is still insufficient, the majority of the available long-read sequenced
genomes were isolated from China and Poland mainly due to the su-
pervision of the epidemic territorial dissemination of the
carbapenemase-encoding megaplasmids in the P. aeruginosa population.
With the development of the long-read sequencing technology, a more
detailed profile of the distribution of IncP-2 megaplasmids might be
built up.

While nosocomial isolates are the most common sources, one meg-
aplasmid (pPA166-2-MDR) with multiple AMR genes from chickens was
obtained, which is closely related to the other megaplasmids isolated in
clinical settings. This suggests that the poultry could have been
contaminated by human activities and the IncP-2 megaplasmid of
P. aeruginosa harboring various resistance genes has spread between
humans and animals. Additionally, the high stability, low fitness cost,
and efficient transferability as well as the conserved ancestral backbone
of IncP-2 megaplasmids make them effective vehicles of AMR gene
circulation in diverse hosts [4,5,29]. However, the IncP-2 plasmids are
generally underrepresented in veterinary isolates because of the low
frequency of the detection of MDR plasmids in the poultry or veterinary
industry as well as the less available long-read sequencing data.

Aside from megaplasmids, the term “chromid” was introduced to
describe replicons with properties of both chromosomes and plasmids
[9]. Evolution results in the optimization of the genetic material that
also shapes the nucleotide composition of the chromids, resulting in the
similarity of the genomic structures between bacterial chromosomes and
associated chromids. From a practical perspective, chromids are typi-
cally uploaded to plasmid databases as a type of large plasmid and are
not defined as such [40]. This is also because it is less clear when a
sequence is a plasmid, a megaplasmid or a chromid. The in silico dif-
ferentiation of putative chromids and megaplasmids is mainly based on
two characteristics: first, the chromids also contain genes coding for
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proteins that are essential for cell viability; second, their nucleotide
composition, such as the GC content and synonymous codon usage,
more closely resembles that of the chromosomes [9].

GC content can not only indicate genes recently acquired through
horizontal transfer but also vary widely within each replicon in a
genome, with the degree of variation being reflective of the replicon
forms [8,41]. Previously, cutoff values of not more than 1% or 2% GC
difference of a putative chromid compared to the bacterial chromosome
were proposed [8,10]. The comparatively lower GC content of nones-
sential self-replicating genetic elements, such as plasmids, is the result of
the selection of functional and ecological requirements, concurrent with
energy optimization, as GTP and CTP nucleotides have higher energy
expenditure [42]. Putative chromids with higher GC content might thus
be identified, as the identical selection pressure is acting on them and
chromosomes. The RSCU value is a frequently used indicator to measure
codon usage bias (CUB) [43,44]. CUB is ubiquitous in genomes and
varies frequently across species [45]. Henry I et al. stated that codon
usage bias could help in estimating gene expression levels [46], which
was also supported by Tessa E.F.Quax et al.[47]. The RSCU of the pu-
tative chromid is much closer to that of the chromosome compared to
the plasmid, indicating a longer evolutionary coexistence in the same
cellular environment and a closer genetic relationship between the
chromosome and the co-residing chromid. In our study, the GC content
and RSCU values of the “PABCH45 unnamed” and “2021CK-01281
unnamed1” replicons were distinctly more similar to the chromosomes
than plasmids, indicating that we putatively identified two chromids in
P. aeruginosa strains. However, according to Haruo Suzuki et al.[48],
although PCA has often been used to identify major trends of variation in
RSCU among genes, it also has known biases which were reported to be
affected by a bias associated with the rarity of cysteine in the protein.

In addition to the GC content and RSCU values, the existence of
orthologous gene pairs within the chromosome and the correlating
extrachromosomal replicon provides further evidence that the elements
are indeed chromids [10]. Orthologs are genes that originate from a
common ancestor through a speciation event, resulting in similar genes
in different species, which also allows for functional and evolutionary
assessments of the replicons to each other. In our study, the phylogenetic
analysis suggested that the “PABCH45 unnamed” and “2021CK-01281
unnamed1” replicons are much closer to the chromosomes than the
megaplasmids. In addition, a large number of orthogroups were found in
the putative chromids that have their corresponding counterparts in the
chromosomes; for example, “PABCH45 unnamed” shares 4815
orthogroups with chromosomes PA121617 and SE5369 (Fig. S8). More
precisely, the genes flow from the chromosome to the extrachromosomal
replicons resulting in homologous genes in chromids encoding core
functional features. The conserved set of core essential genes service the
fundamental processes such as protein synthesis and information
transfer, including not only known housekeeping genes essential for
growth under all conditions but also genes whose function and essen-
tiality are poorly understood [9]. However, the definition of the core
genes is currently difficult to determine and there are no genes that are
universally chromid-encoded. Qing-Hua Zou et al. [49] defined core
genes as the common orthologs in all compared genomes and Nicola
Segata et al. [50] referred core genes to one or more gene families highly
conserved at the nucleotide sequence level of a related genome group.

Previous phylogenetic analysis of the chromid partitioning proteins
ParAB in Alphaproteobacteria demonstrated that all chromids within a
genus possess closely related plasmid-like replication and partition
genes [9]. In our study, the putative chromid “PABCH45 unnamed” has
a plasmid-like ParA protein, whereas the ParA protein of the other
replicon “2021CK-01281 unnamed1” is distinctly separate, outside of
the group of plasmid partitioning systems. It may even possibly be
appropriate to characterize such a “2021CK-01281 unnamed1” replicon
as a second chromosome rather than as a chromid, since further synteny
analysis of the replicon indicates significant genomic synteny with the
chromosome of PAO1, inferring the formation of this replicon
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originating from a separation event of an ancestral chromosome. How-
ever, second chromosomes are rare in bacterial genomic datasets, and it
may be problematic to distinguish a second chromosome from chromids
in large data analyses|8].

Putative chromids have thus far been found in several genera asso-
ciated with eukaryotic organisms in symbiotic or pathogenic relation-
ships [8]. One of the most fascinating and widely accepted evolutionary
hypotheses is that the transfer of megaplasmids into the host by hori-
zontal gene transfer (HGT) allows the exploitation of new ecological
niches, which in turn drives the continuous coevolution of the chro-
mosome and the coresident megaplasmid. This often results in the
transfer of core genes from the chromosome to the megaplasmid as well
as the loss of horizontal transmission of the megaplasmid, which facil-
itates the formation of a chromid [3,8]. Under these circumstances, the
coordinated regulation of genetic elements would allow for better
adaptation to novel ecological niches compared to unstable and more
dynamic megaplasmids. Other evolutionary advantages of chromids are
that they allow genome expansion due to stability (as they are retained
in the host) and faster bacterial division, as each replicon of the genome
can replicate independently and in parallel [51,52]. Putative chromids
were identified mainly based on bioinformatic tools in previous studies;
however, to verify the validity of the conclusion that one replicon is
indeed a chromid, it is essential to perform in vitro experiments e.g., the
target-oriented replicon curing technique or mutational analysis [10],
which would also allow us to gain more knowledge of this genomic
module.

5. Conclusion

In our work, we systematically analyzed the distinct and consistent
genetic characteristics of megaplasmids found in P. aeruginosa. We
provide their phylogenetic distribution and predict - for the first time - a
putative chromid using a combination of in silico approaches while also
presenting potential evolutionary paths of megaplasmids in
P. aeruginosa.
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