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Abstract: The Pseudomonas aeruginosa genome can change to adapt to different ecological niches. We
compared four genomes from a Mexican hospital and 59 genomes from GenBank from different
niches, such as urine, sputum, and environmental. The ST analysis showed that high-risk STs (ST235,
ST773, and ST27) were present in the genomes of the three niches from GenBank, and the STs of
Mexican genomes (ST167, ST2731, and ST549) differed from the GenBank genomes. Phylogenetic
analysis showed that the genomes were clustering according to their ST and not their niche. When
analyzing the genomic content, we observed that environmental genomes had genes involved in
adapting to the environment not found in the clinics and that their mechanisms of resistance were
mutations in antibiotic resistance-related genes. In contrast, clinical genomes from GenBank had
resistance genes, in mobile/mobilizable genetic elements in the chromosome, except for the Mexican
genomes that carried them mostly in plasmids. This was related to the presence of CRISPR-Cas and
anti-CRISPR; however, Mexican strains only had plasmids and CRISPR-Cas. blaOXA-488 (a variant of
blaOXA50) with higher activity against carbapenems was more prevalent in sputum genomes. The
virulome analysis showed that exoS was most prevalent in the genomes of urinary samples and exoU
and pldA in sputum samples. This study provides evidence regarding the genetic variability among P.
aeruginosa isolated from different niches.

Keywords: Pseudomonas aeruginosa; antimicrobial resistance; ecological niches; comparative genomic

1. Introduction

Pseudomonas aeruginosa is a ubiquitous Gram-negative bacterium that can survive in
different environments such as soil, food, and hospitals [1,2]. This opportunistic pathogen
is the leading cause of nosocomial infections such as ventilator-associated pneumonia,
catheter-associated urinary tract infections, bloodstream infections, and surgical site infec-
tions [3].

P. aeruginosa infections are difficult to treat because this bacterium has developed
resistance to many antibiotics. As a result, it has been included as one of three bacterial
species on the list of “priority pathogens” urgently requiring the development of new
antibiotics by the World Health Organization [4]. Many factors are responsible for the
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multidrug resistance (MDR) of P. aeruginosa, such as low outer-membrane permeability,
production of beta-lactamases, chromosomal DNA mutations, and acquisition of resistance
genes through mobile genetic elements [5,6].

The pathophysiology of the infections caused by P. aeruginosa involves several mech-
anisms, including adhesion, invasion, evasion of the immune response, and antibiotic
resistance, making these infections difficult to treat [7]. Furthermore, the persistence of
P. aeruginosa in infections is also related to its MDR as well as its virulence. The latter is
exhibited as a result of the production of a wide variety of virulence factors, including,
lipopolysaccharide, flagella, type IV pili, elastase (LasA, LasB), various exotoxins (ExoY,
ExoS, ExoT, ExoU), alkaline protease, phospholipases, small molecules (phenazines, rham-
nolipids and cyanide) and siderophores (pyoverdine and pyochelin), which are regulated
by cell-to-cell signaling systems [8]. Some studies have reported that the genes associated
with virulence are highly conserved among P. aeruginosa strains; however, variations in the
presence of exoU and exoS genes (cytotoxins secreted by the type III secretion system) have
been reported in some strains because these are acquired by horizontal transfer [9,10].

The genome size of P. aeruginosa ranges from 5.5 to 7 Mbp, which is relatively large
compared to other bacterial genera [11]. Additionally, P. aeruginosa exhibits a mosaic
structure composed of conserved genes in all strains, regardless of their origin (clinical
or environmental), and variable accessory genes between strains, which are involved in
adaptation to different ecological niches. Other authors have suggested that the content
of the accessory genome determines environmental adaptability [11–13]. However, most
studies have focused on strains isolated from eye and cystic fibrosis infections [14,15]. The
authors report that these studies were conducted because P. aeruginosa plays an important
role in cystic fibrosis infections, whereby, these types of strains have been extensively
sequenced [14,15].

Mathee et al. compared the genomes of two strains of P. aeruginosa isolated from cystic
fibrosis patients and three reference strains, establishing evidence that P. aeruginosa modifies
its genomic composition to allow expansion and adaptability to different niches [14].
Another study comparing the genomes of P. aeruginosa strains isolated from ocular infection
with reference strains suggested that the acquisition of resistance and virulence genes
(exoU) through horizontal gene transfer (HGT) could play an important role in adaptation
and pathogenesis in humans [16]. In 2018, Subedi, proposed that genomic diversity not
only exists between strains isolated from different anatomical sites (eye and cystic fibrosis)
but also between strains isolated from different geographical locations [15]. On the other
hand, Dettman and Kassen (2020) studied strains from four unique ecological niches
(environment, animal and human infections, and infections from patients with cystic
fibrosis). They proposed that strains recovered from any ecological niche can adapt and
develop to cause an infection in patients with cystic fibrosis [17].

In this study, we compare genomes of four strains isolated from urine and sputum
samples from a hospital in Mexico with genomes from the GenBank database of three
sources of isolation (urinary tract, sputum, and environmental) to identify resistance genes,
mobile genetic elements, and virulence genes and to explore relationships among them
despite their unique niches.

2. Results
2.1. General Features of the Genomes

The results of the de novo assemblies of strains PE21, PE52, PE63, and PE83 from
the Mexican Hospital are shown in Supplementary Table S1. We found an average G+C
content of 65.9% and genome sizes ranging from 6,235,658 to 7,388,095 bp (Supplementary
Table S1). In contrast, the average genome sizes of urinary, sputum, and environmental
strains (from different countries) from the GenBank database were 6,831,303 bp, 7,013,391
bp, and 6,627,270 bp, respectively (Table S2). Furthermore, it is important to highlight that
the genome size of the PE21 strain is larger than the genomes in GenBank.
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2.2. Multilocus Sequence Typing (MLST)

The strains isolated from a Mexican hospital had the following STs: PE21 and PE83
belonged to ST167, while PE52 and PE63 belonged to ST2731 and ST549, respectively
(Table S2). Therefore, we investigated the clonal relationship between these STs and high-
risk STs, and none of these were high-risk.

We observed different ST distributions between clinical (urinary and sputum) and
environmental genomes. High-risk ST235 and ST773 (3 and 3 genomes, respectively)
were found in urine-derived genomes. In sputum-derived genomes, we found ST235 and
ST357(4 and 3, respectively). On the other hand, ST27 (high-risk clone) and ST316 were
found in environmental genomes (3 genomes each). It is important to highlight that ST235
and ST773 were exclusively found in clinical genomes, while ST27 was found only in
environmental genomes (Figure S1). Lastly, one environmental genome (L10) belonged to
ST253, which is the same ST as the reference strain and highly virulent PA14.

2.3. Genomic Comparison of Strains Recovered from Mexican Hospital

Pangenome analysis with Roary of PE21 isolated from sputum and PE52, PE63, and
PE83 isolated from urine identified a total of 7793 genes, of which 5327 genes belong to the
core, 0 to the soft core, 2466 to shell genes, and 0 to cloud genes, based on the classification
given by Collins and Higgs, 2012 [18]. We also identified the number of shared and unique
genes among the genomes of the strains using a Venn diagram (Figure 1). The results
showed that strain PE83 shared 1068 genes with strain PE21, while strain PE63 shared
141 genes with the reference strain PAO1. In contrast, PE21, PE52, and PE83 shared one,
four, and zero genes, respectively, with the strain PAO1 (Figure 1).
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Figure 1. Genomic comparison of P. aeruginosa strains. The pan-genome analysis by Roary predicted
the number of genes. The figure was created using Calculate and Draw Custom Venn Diagrams. The
Venn diagram shows the number of unique and shared genes among the genomes of five strains:
PAO1, PE21, PE52, PE52, PE63, and PE83 from the Mexican hospital.

On the other hand, the PE52 strain carried the most significant number of unique genes
(609 genes), including some genes that shape the conjugation machinery (traG, viB11, virB4,
virB10, mobA), resistance to quaternary ammonium compounds genes (sugE), nickel and
cobalt resistance genes (cnrA), bleomycin resistance genes (ble), toxin and antitoxin genes
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(colM, parD1, yhaV), genes required for vibriobactin utilization (viuB), ATP-dependent DNA
helicase gene (pcrA), and a large number of hypothetical proteins (n = 491 (80.6%)).

2.4. Analysis of the Pan-Genome of the Strains from the Mexican Hospital and of the GenBank

The pangenome analysis identified a total of 20,911 pan-genes, of which 4246 were
core genes (genes present in 99–100% of the genomes), 898 were soft core genes (genes
present in 95–99% of the genomes), 1709 were shell genes (genes present in 15–95% of the
genomes), and 14,058 were cloud genes (genes present in 0–15% of the genomes) (Figure 2).
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Figure 2. Graphical representation of the pangenome analysis of the 65 strains. The phylogenetic
tree was constructed based on the accessory genomes of the sixty-five strains. Strain names were
colored according to the isolation source. Yellow: urinary genomes; orange: sputum genomes; green:
environmental genomes; red: Mexican genomes; reference genomes are in black.

The dendrogram based on the accessory genome shows the clustering of the genomes
belonging to the same ST but from different niches (Figures 2 and S2). Two exceptions
were found: one genome belonging to ST111 (F5677) was clustered in a clade with different
ST, and the genomes with ST234 (97 and AJD2) were not clustered in the same clade
(Figures 2 and S2). This was also found in the phylogenetic trees based on the core genome,
SNPs, and MLST (Figures S3–S5).

The genome of PPF-1 (ST unknown) was clustered with ST316 genomes (Figures S3–S5),
and we found that the ST of PPF-1 varied only in one allele compared to ST316 (aroE_13
and aroE_8, respectively).

It is important to highlight that our analysis revealed that the genomes of environmen-
tal strains (HS9, DN1, JB2, JT86, N17-1, and SJTD-1) had genes in the soft core that some
clinical strains do not have. These genes could be related to the survival of P. aeruginosa in
the environment, such as genes of p-hydroxybenzoic acid efflux pump, methyl-accepting
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chemotaxis protein (pctB), serine/threonine protein kinase (rdoA), nitrite reductase, alka-
nesulfonate monooxygenase, multidrug/solvent efflux pump outer membrane protein
(mepC), lactose transport system permease protein (lacF), glycogen synthase.

2.5. Antibiotic Resistance Genes

We screened the genomes of the strains to detect antibiotic-resistance genes. The genes
blaOXA-50 and blaPAO, which confer beta-lactam resistance, fosA to fosfomycin, and aph(3’)-lib
to aminoglycoside, were identified in all genomes studied, including the reference strains
PAO1, PA14 (Figure 3). However, the catB7 gene that confers resistance to chloramphenicol
was found in all genomes except for the genomes B-I-1 and 60,503 (Figure 3).
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Figure 3. Presence and absence of resistance genes in urinary, sputum, and environmental genomes.
Representation of resistance genes present and absent in the 65 genomes from urinary, sputum, and
environmental. P. aeruginosa PAO1 and PA14 were used for comparison. ResFinder detected a total
of 47 genes. The heatmap was constructed with the Bioconductor package in Rstudio. MH means
Mexican Hospital.

Because blaOXA-50 was present in all genomes, an analysis of the variants of this family
was carried out. We found that the most common variants in the urinary and environmental
strains were blaOXA-50 and blaOXA-494, respectively, and blaOXA-488 was the most common in
sputum genomes (Figure S6).

On the other hand, we found genes encoding antibiotic resistance only in urinary
genomes, such as blaSPM-1, blaCARB-2, and blaCTX-M-30, which confer beta-lactam resistance,
and arr2 and arr7, which confer rifampicin resistance. Additionally, we found variants
of aadA2 and rmt (rmtB4, rmtB4, rmtB4, rmtD1) that confer aminoglycoside resistance
(Figure 3). Furthermore, we identified unique genes in sputum genomes, such as blaKPC-2,
blaGES, blaPME, and blaPER, which confers beta-lactam resistance, catB3, which confer chlo-
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ramphenicol resistance; arr3 (rifampicin resistance); msrE (erythromycin resistance); qnrVC6,
qnrS2 (quinolone resistance); aac(2’)-lia (aminoglycoside resistance); and tet(A) (efflux pump
conferring resistance to tetracyclines) (Figure 3).

qnrVC1, tet(G), cmlA, and variants of the blaIMP and blaOXA genes were found to be
more prevalent in urinary genomes compared to sputum genomes. In contrast, ant2, aadA1,
crpP, dfrB, dfrA, floR, cmx, and variants of the blaNDM and blaVEB were predominant in
sputum genomes. crpP was the only acquired resistance gene found in environmental
genomes (Figure 3).

All resistance genes found in the genomes of strains isolated from the Mexican hospital
are shown in supplementary Table S2. However, it is important to note that PE21 and PE83
were the only genomes carrying the catA1 gene (chloramphenicol resistance) (Figure 3).

2.6. Gene Mutations Associated with Drug Resistance

Chromosomal antibiotic resistance mutations were searched in 81 genes. The analysis
showed nine genes with antibiotic resistance-related mutations. All genomes showed
polymorphisms in the ampC gene. Seven urinary genomes, three from sputum, and five
from environmental showed mutations in the ampD gene. In addition, one urinary genome
had a mutation in the ampR regulator gene, which is involved in the overproduction of the
chromosomal AmpC β-lactamase (Figure 4).

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 21 
 

Mutations in DNA gyrase and topoisomerase IV genes (gyrA, gyrB, parC, and parE) 
associated with reduced susceptibility to quinolones were found only in urinary and 
sputum genomes (Figure 4). 

The analysis of mutations in the four efflux pumps’ regulators showed only 
mutations with unknown effects on antibiotic resistance. Finally, mutations in the parS 
gene were found in only one urinary and three sputum genomes (Figure 4). 

In the genomes of strains PE21, PE52, and PE83 were identified antibiotic resistance-
related mutations in the oprD and gyrA genes. In addition, PE52 showed resistance-related 
mutations in the gyrB gene and PE21 and PE83 genomes in the parC gene (Figure 4). 

 
Figure 4. Mutational resistance of the 65 urinary, sputum, and environmental genomes. Graphical 
representation of mutations associated with antibiotic resistance (navy color), mutations with an 
unknown effect on antibiotic resistance (blue light), and mutations in oprD associated with 
susceptibility to meropenem (green) and wild-type genes (gray). P. aeruginosa PAO1 and PA14 were 
used as reference genomes. The heatmap was constructed with the Bioconductor package in 
Rstudio. MH means Mexican Hospital. 

2.7. Mobilome 
The accessory genome comprises mobile genetic elements that are associated with 

bacterial environmental adaptation. We analyzed all genomes for the presence of insertion 
sequences (IS), simple transposons (Tn), composite transposons (CTn), integrative 
conjugative elements (ICEs), integrative mobilizable elements (IMEs), and plasmids. We 
found that urinary genomes had a higher number of IS, IMEs, and plasmids (216, 11, and 
5), while sputum genomes had a higher number of Tn, CTn, and ICEs (13, 49, and 56, 
respectively). The environmental genomes showed fewer mobile genetic elements (Figure 
5). 

The genes blaIMP, blaDIM, blaOXA, blaGES, and blaVIM were associated with classical and 
partial class 1 integrons, while genes blaKPC and blaNDM, blaSPM were associated with 

Figure 4. Mutational resistance of the 65 urinary, sputum, and environmental genomes. Graphical
representation of mutations associated with antibiotic resistance (navy color), mutations with an
unknown effect on antibiotic resistance (blue light), and mutations in oprD associated with suscepti-
bility to meropenem (green) and wild-type genes (gray). P. aeruginosa PAO1 and PA14 were used as
reference genomes. The heatmap was constructed with the Bioconductor package in Rstudio. MH
means Mexican Hospital.
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The oprD gene and regulators that reduce OprD expression had mutations and prema-
ture stop codons in eleven urinary genomes, fifteen from sputum, and two environmental
genomes. In addition, six genomes from sputum, seven from urine, and twelve from envi-
ronmental samples had a loop L7-short that causes increased susceptibility to meropenem
(Figure 4).

Mutations in DNA gyrase and topoisomerase IV genes (gyrA, gyrB, parC, and parE)
associated with reduced susceptibility to quinolones were found only in urinary and
sputum genomes (Figure 4).

The analysis of mutations in the four efflux pumps’ regulators showed only mutations
with unknown effects on antibiotic resistance. Finally, mutations in the parS gene were
found in only one urinary and three sputum genomes (Figure 4).

In the genomes of strains PE21, PE52, and PE83 were identified antibiotic resistance-
related mutations in the oprD and gyrA genes. In addition, PE52 showed resistance-related
mutations in the gyrB gene and PE21 and PE83 genomes in the parC gene (Figure 4).

2.7. Mobilome

The accessory genome comprises mobile genetic elements that are associated with
bacterial environmental adaptation. We analyzed all genomes for the presence of insertion
sequences (IS), simple transposons (Tn), composite transposons (CTn), integrative conjuga-
tive elements (ICEs), integrative mobilizable elements (IMEs), and plasmids. We found that
urinary genomes had a higher number of IS, IMEs, and plasmids (216, 11, and 5), while
sputum genomes had a higher number of Tn, CTn, and ICEs (13, 49, and 56, respectively).
The environmental genomes showed fewer mobile genetic elements (Figure 5).

Antibiotics 2023, 12, x FOR PEER REVIEW 8 of 21 
 

two genomes from sputum (R31 and SE5416) (Figure S7). The transposons and integrons 

carrying blaOXA-101, blaCTX-M-30, and blaTEM-1b were found in a plasmid from a urinary genome 

(PB353), and blaDIM-1 was found in a plasmid from sputum (60503) (Figure S7). On the con-

trary, transposons or integrons carrying blaGES-15, blaSPM-1, blaGES-1, blaPME-1, blaOXA-1, blaOXA-50, 

blaNDM-1, blaCARB-2, blaOXA-35, blaIMP-1, blaVIM-4, blaOXA-56, and blaIMP-13 were found in integrative 

conjugative elements (ICEs) with a complete type 4 secretion system (T4SS) in urinary and 

sputum genomes (Figure S8). Lastly, the catB7 gene was found in ICEs with T4SS from 

urinary and sputum genomes, while crpP was carried by ICEs in all genomes. In the Mex-

ican hospital genomes, the blaIMP gene was carried on plasmids. 

 

Figure 5. Mobile Genetic Elements (MGEs) are distributed in the 65 genomes of urinary (A), sputum 

(B), and environmental (C) strains. Each pie graphic represents the distribution of mobile genetic 

elements in each group of strains, and the numbers within the pie graphic represent the number of 

MGEs found. Tn (transposons), CTn (composite transposons), IS (insertion sequence), IMEs (inte-

grative mobilizable elements), ICEs (integrative conjugative elements), and plasmids. 

2.8. Correlation between the Presence of Plasmids, Relaxases MOB, CRISPR-Cas, and Anti-

CRISPR Systems 

MOBP and MOBH were found in clinical (urine and sputum) and environmental 

strain genomes. On the other hand, MOBQ was only found in the clinical genomes and 

MOBC in one urinary genome (Figure S9). In the Mexican hospital genomes, we found 

MOBH2 in all genomes, MOBP11 in PE21, PE52, and PE83 genomes, and MOBP14 in PE63 

(Figure S9). 

CRISPR-Cas systems were found in 18 urinary, nine sputum, and eight environmen-

tal genomes, including genomes from the Mexican Hospital. CRISPR-Cas systems and 

plasmids were present in seven genomes (PE21, PE52, PE63, PE83, IMP-13, 60503, and 

SE5416) (Figure S9). On the other hand, anti-CRISPR, CRISPR-Cas systems, and plasmids 

were identified in only three genomes (one from urinary and two from sputum) (Figure 

S9). 

The search for CRISPR-Cas systems in plasmids revealed their presence in the plas-

mid pPYO_TB (from the IMP-13 urinary genome) and the plasmid unnamed1 (from the 

DN1 environmental genome) (Figure S9). However, no such systems were found in the 

genomes of PE21, PE52, PE63, and PE83. 

2.9. Virulence Genes 

Figure 5. Mobile Genetic Elements (MGEs) are distributed in the 65 genomes of urinary (A), sputum
(B), and environmental (C) strains. Each pie graphic represents the distribution of mobile genetic
elements in each group of strains, and the numbers within the pie graphic represent the number
of MGEs found. Tn (transposons), CTn (composite transposons), IS (insertion sequence), IMEs
(integrative mobilizable elements), ICEs (integrative conjugative elements), and plasmids.

The genes blaIMP, blaDIM, blaOXA, blaGES, and blaVIM were associated with classical
and partial class 1 integrons, while genes blaKPC and blaNDM, blaSPM were associated with
transposons. Furthermore, transposons carrying the blaKPC-2 were found in two plasmids
from two genomes from sputum (R31 and SE5416) (Figure S7). The transposons and
integrons carrying blaOXA-101, blaCTX-M-30, and blaTEM-1b were found in a plasmid from
a urinary genome (PB353), and blaDIM-1 was found in a plasmid from sputum (60503)
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(Figure S7). On the contrary, transposons or integrons carrying blaGES-15, blaSPM-1, blaGES-1,
blaPME-1, blaOXA-1, blaOXA-50, blaNDM-1, blaCARB-2, blaOXA-35, blaIMP-1, blaVIM-4, blaOXA-56, and
blaIMP-13 were found in integrative conjugative elements (ICEs) with a complete type 4
secretion system (T4SS) in urinary and sputum genomes (Figure S8). Lastly, the catB7 gene
was found in ICEs with T4SS from urinary and sputum genomes, while crpP was carried
by ICEs in all genomes. In the Mexican hospital genomes, the blaIMP gene was carried
on plasmids.

2.8. Correlation between the Presence of Plasmids, Relaxases MOB, CRISPR-Cas, and
Anti-CRISPR Systems

MOBP and MOBH were found in clinical (urine and sputum) and environmental strain
genomes. On the other hand, MOBQ was only found in the clinical genomes and MOBC in
one urinary genome (Figure S9). In the Mexican hospital genomes, we found MOBH2 in all
genomes, MOBP11 in PE21, PE52, and PE83 genomes, and MOBP14 in PE63 (Figure S9).

CRISPR-Cas systems were found in 18 urinary, nine sputum, and eight environmental
genomes, including genomes from the Mexican Hospital. CRISPR-Cas systems and plas-
mids were present in seven genomes (PE21, PE52, PE63, PE83, IMP-13, 60503, and SE5416)
(Figure S9). On the other hand, anti-CRISPR, CRISPR-Cas systems, and plasmids were
identified in only three genomes (one from urinary and two from sputum) (Figure S9).

The search for CRISPR-Cas systems in plasmids revealed their presence in the plasmid
pPYO_TB (from the IMP-13 urinary genome) and the plasmid unnamed1 (from the DN1
environmental genome) (Figure S9). However, no such systems were found in the genomes
of PE21, PE52, PE63, and PE83.

2.9. Virulence Genes

We analyzed 116 virulence genes associated with alginate biosynthesis and regulation,
rhamnolipid biosynthesis, iron uptake, quorum sensing, proteases, and toxins using the
Virulence Factor Database (VFDB). However, we included only thirteen virulence factors
associated with urinary tract and lung infections in the heatmap. In addition, we used the
virulence genes of the PAO1 strain as a reference, and the exoU gene of the PA14 strain was
taken as a reference.

The genes for effector proteins of the type 3 secretion system analyzed were exoS,
exoT, exoU, and exoY. Our results showed that the exoS gene was more prevalent in urinary
genomes, whereas exoU was found mainly in sputum genomes, and exoY was predominant
in both urinary and environmental genomes. Finally, the exoT gene was present in all
genomes. The exoS y exoU genes are almost always mutually exclusive; however, in this
study, both were present in sputum and an environmental genome (R31 and JT86). The
pvdE gene (involved in pyoverdine synthesis), the exotoxin A gene (toxA), the elastase
A gene (lasA), and the elastase B gene (lasB) were found in all genomes. The aprA gene,
encoding an alkaline protease, was present in all genomes except PE52 and JB2 (urinary
and environmental, respectively). The phospholipase genes plcB and plcH were found in
all genomes, and the plcN gene was absent in only one urinary strain. On the contrary, the
pldA gene was more frequently observed in sputum (Figure 6).
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3. Discussion

P. aeruginosa is a versatile opportunistic pathogen capable of adapting to different
ecological niches due to its variable arsenal of virulence factors and antibiotic resistance
determinants [19], but also to the acquisition of genes by horizontal transfer. In fact, Kung
and collaborators suggest that the content of the accessory genome determines environ-
mental adaptability [12]. In this study, we compared the genomes of strains from a Mexican
hospital with GenBank genomes of urine, sputum, and environmental isolates from dif-
ferent cities. First, we wanted to know the distribution of STs among the different niches.
The ST is determined by combining the allelic variation of 7 P. aeruginosa housekeeping
genes (acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE) [20]. The high-risk clones are known
to cause outbreaks of nosocomial infections worldwide, which are associated with poor
clinical outcomes. This is due to their high levels of antibiotic resistance, pathogenicity,
and virulence, as well as their enhanced ability to colonize and persist in a host [21]. In
our analysis, we observed a high occurrence of high-risk ST235 and ST773 [22] in urinary
and sputum strains, consistent with other studies in clinical strains recovered from various
types of infections, including urinary and respiratory tract [23–25].

On the other hand, the high-risk ST27 [22] in this study was only found in environmen-
tal strains, which has also been reported in other studies and the MLST database [26–28],
and in strains from humans and animals with lower frequencies [26,29,30].

The strains isolated from the Mexican hospital had different STs than strains from
GenBank (ST167, ST2731, and ST549). eBURST analysis showed that ST2731 and ST549
of strains PE52 and PE63, respectively, did not have a relationship with the international
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high-risk clones. On the other hand, ST167 (strains PE21 and PE83) is derived from group 0,
where high-risk ST111 is also found; however, they are not within the same clonal complex
because they only shared two alleles [31].

To know the worldwide dissemination of the ST167, we consulted the MLST database,
founding four strains, of which two were clinical strains from Mexico (Accession numbers:
GCF_000795625.1and GCF_000794515.1) carrying blaIMP-15 and blaIMP-62; one strain from
the United States (Accession number: GCF_000480475.1) and one strain from a country
no reported (Accession number: GCA_021693455.1) (Table S3). Based on the criteria
for defining a high-risk clone, ST167 could be considered as a “local high-risk clone”,
because while it has not been reported causing infections worldwide, it is associated with
nosocomial infections in Mexico [32].

The pangenome represents the total number of genes in a study group [33] and based
on the persistence of genes in the genome, it was divided into four classes: (1) core genome,
(2) soft-core genome, (3) shell genome, and (4) cloud genome [18,34]. The pangenome of
the sixty-five genomes analyzed consists of 20,911 genes. In other studies that included
17, 23, and 18 genomes, the pangenome size was smaller (9344, 9786, and 12,775 genes,
respectively) [15,35,36], while the analysis of the pangenome with a size of 54,272 genes
used 1311 genomes [37].

These differences may be influenced by the number of genomes analyzed in each
study because the pangenome increases with the number and diversity of strains added
to the analysis [15]. On the other hand, the core genome comprises genes involved in
bacterial survival, and its size decreases concurrently with the addition of genomes to
the analysis [33]. In our study, the core genome size comprised 4246 genes; in contrast,
other studies have reported larger core genomes 5233 [35], 4910 [15], and 5109 [38] genes
in strains isolated from different sources. Other factors that could influence this are the
diverse nature of the strains and the different annotation tools used [15].

The soft-core, shell, and cloud genomes showed 898, 1709, and 14,058 genes, respec-
tively, which was different compared with other studies that included strains isolated from
various infection sites [39,40].

The accessory genome is composed of genes acquired through horizontal transfer
due to exposure of the bacterium to its host, environment, or other bacteria, providing
adaptative advantages to the bacterium [41]. Therefore, we constructed a dendrogram
based on the accessory genome and did not observe any correlation with the isolation site;
these genomes were clustered based on their ST. However, since the tree’s construction was
based on the presence or absence of accessory genome genes, it could indicate that strains
grouped in the same clade also carry similar acquired genes in their accessory genome. To
corroborate this, we constructed phylogenetic trees based on the core genome, SNPs, and
MLST, where we could observe that strains clustered again concerning their ST; this was
also reported in another study [42].

Comparing the genome of the strains from the Mexican Hospital revealed that each
strain had strain-specific genes, with strain PE52 holding the largest number of these genes.
These strain-specific genes are typically involved in niche adaptation [43]. On the other
hand, previous studies have reported that strains PE21 and PE83 exhibit similar phenotypic
profiles of resistance and genotypic characteristics [44]. In the genome comparison, we
observed that they also shared many genes.

We analyzed antimicrobial resistance and virulence genes because the accessory
genome is often composed of these genes [45]. We found that the genes blaOXA-50 and
blaPAO (beta-lactam resistance), fosA (fosfomycin resistance), and aph(3’)-lib (aminoglyco-
side resistance) were present on the chromosome of all strains studied, including reference
strains PAO1 and PA14; in other studies, these genes have also been identified in all strains
included [15,46], suggesting that they are conserved genes in P. aeruginosa.

On the other hand, the catB7 gene (responsible for chloramphenicol resistance) was
absent in only two genomes. This gene has been found exclusively in the chromosome of P.
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aeruginosa strains but not in other bacteria [15,47]; however, in other studies, the absence of
this gene has already been reported in some strains of P. aeruginosa [36,48].

OXA-50 is an intrinsic class D oxacillinase of P. aeruginosa that has a narrow-spectrum
hydrolysis profile against antibiotics such as ampicillin, benzylpenicillin, cephaloridine,
cephalothin, nitrocefin, piperacillin, and imipenem [49]. The OXA-50 family consists
of 43 variants according to the Beta-lactamase Database (until August 1 2022) [50]. In
this study, we searched for the distribution of these variants among the three genomes
groups; blaOXA-50 and blaOXA-494 were the most prevalent in the genomes of urinary and
environmental strains, respectively. However, blaOXA-488 was the most frequently found
in the genomes of sputum strains. Compared to OXA-50, OXA-488 is three times more
efficient against benzylpenicillin and twice more efficient hydrolyzing imipenem [51]. This
could be due to the continuous selection pressure caused by the indiscriminate use of beta-
lactams, which has led to the emergence of OXA-50 variants with an improved hydrolysis
spectrum against imipenem.

P. aeruginosa is also capable of acquiring antibiotic-resistance genes. In this study,
we did not observe any correlation between the presence of these acquired resistance
genes and the site of isolation of the clinical strains. However, some clinical genomes
exhibited antibiotic-resistance genes that are commonly found in genera other than Pseu-
domonas [52–54]. This may be due to the fact that urinary tract and pulmonary infections
are often polymicrobial [55,56], and the close contact and interaction with other species
may have facilitated genetic exchange between bacteria coexisting in the same niche. These
results support the findings of Freschi and collaborators [37], who showed that horizontal
gene transfer events are involved in the acquisition of antibiotic resistance genes. Although
this study provides knowledge about the behavior and dynamics of P. aeruginosa in different
niches, a more significant number of genomes from other niches could be included for a
better understanding.

It is important to highlight that blaIMP was more predominant in strains isolated from
urine, especially in strains isolated from the Mexican Hospital. This notable difference
could be related to selection pressure within the hospital and the consequent selection of
carbapenem-resistant strains carrying this resistance gene. In fact, this hospital reported
blaIMP as the most prevalent carbapenem-resistance gene [44]. In addition, bacteria in the
same niche could be influencing the acquisition of this resistance gene.

On the other hand, crpP was found in both clinical and environmental genomes.
However, it was the only acquired resistance gene identified in environmental strains,
which is consistent with another study [57]. In addition, this gene was previously associated
with resistance to the antibiotic ciprofloxacin [58]. However, a recent study has concluded
that CrpP is not responsible for ciprofloxacin resistance in E. coli [59].

Interestingly, some antibiotic-resistance genes were associated with mobile/mobilizable
genetic elements. Such as blaIMP, blaDIM, blaOXA, blaGES, blaVIM genes that were associated
with classical and partial class 1 integrons, consistent with other studies [42,60,61]; while
blaKPC and blaNDM, blaSPM were associated with insertion sequences and transposons,
similar to reported by other authors [62–64]. Commonly, transposons and integrons are
localized within plasmids and integrative conjugative elements [65], which coincides with
our findings. Notably, the crpP gene was initially identified on a plasmid [58]; however,
in this and another study, it was localized in ICEs [66]. Similarly, catB7 was identified in
ICEs, which could be related to the loss of this gene in some genomes. The identification
of antibiotic-resistance genes carried by mobile/mobilizable genetic elements suggests an
increased possibility of horizontal gene transfer within or between different isolates, species,
and environments [67]. On the other hand, the low number of MGEs in the genomes of
environmental strains compared to the genomes of clinical strains, could be related to the
fact that they did not have horizontally acquired resistance genes since these are regularly
carried by MGEs.

The number of plasmids in P. aeruginosa found in this study is lower than in other
bacteria, such as Enterobacteriales [68]. However, the urinary strains carried more plasmids,
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highlighting the strains from the Mexican hospital. This result suggests that plasmid-
mediated resistance could be the main mechanism of resistance in this hospital.

CRISPR-Cas systems have been found to play an important role in shaping the ac-
cessory genome [69] because they restrict horizontal gene transfer and bacteriophage
infection [70]. To know whether CRISPR-Cas systems would be play a role in plasmid
acquisition, we correlated their presence and absence with the presence of plasmids. Al-
though most genomes presented CRISPR-Cas systems but not plasmids, some genomes
carried both, which may be due to the presence of anti-CRISPR-Cas proteins whose function
is to inhibit the activity of these systems [71] or because the spacers could be targeted to
other mobile genetic elements. However, we did not analyze CRISPR spacer sequences. In
contrast, the Mexican strains had plasmids and CRISPR-Cas systems but did not present
anti-CRISPR.

On the other hand, CRISPR-Cas systems have been associated with small genome
sizes and reduced abundance of ICEs [72]. In contrast, the genomes of environmental
strains had fewer CRISPR-Cas systems, a smaller genome size, and a reduced number of
ICEs in comparison with the genomes of sputum and urinary strains.

Additionally, two plasmids carried CRISPR-Cas, which seemed interesting to us, so
we searched for the type of system it had, finding that it was system type IV. This type of
CRISPR-Cas has only been found in plasmids and other mobile genetic elements, and it has
been hypothesized that its main function is to eliminate competing plasmids [73,74]. The
above has been studied in archaeal and bacterial plasmids (including the Gammaproteobacte-
ria), finding that many spacers of type IV CRISPR-Cas systems carried by plasmids matched
sequences from other plasmids [74]. In plasmids of Klebsiella pneumoniae, something similar
was found [75]; however, this remains unclear in P. aeruginosa.

It is important to note that some genomes only had orphan CRISPR arrays (lacking
Cas), which are usually considered vestigial. However, it has been found that some CRISPR
of this type in E. coli could be functional [76]; in P. aeruginosa, this remains unclear.

P. aeruginosa can also acquire resistance through chromosomal mutations. In this study,
we found antibiotic resistance-related mutations in ampD, ampR, oprD, gyrA, gyrB, parC,
parE, and parS genes. OprD is an outer membrane protein involved in the diffusion of small
peptides, basic amino acids, and carbapenems into the cell [77]. However, alterations in the
structure/expression or loss of OprD cause decreases in susceptibility to carbapenems [78].
Analysis of oprD revealed that carbapenem resistance-related mutations were mostly found
in the genomes of urine and sputum strains, as reported in other studies with clinical
strains [44,79]. In contrast, deletions in the oprD sequence can generate Loop L7-short,
which is associated with meropenem susceptibility phenotype [79,80]; interestingly, this
oprD genotype was mostly found in the genomes of environmental strains.

The resistance to fluoroquinolones may be due to mutations in quinolone resistance
determinant regions (QRDRs) in DNA gyrase (gyrA and gyrB) and topoisomerase IV
(parC and parE) subunits [81], which were observed in the genomes of urine and sputum
strains but not in the genomes of environmental strains. The absence of these mutations
in environmental strains could suggest that they were not exposed to selection pressure
since, although the environment may suffer antibiotic contamination because of human
activity [82], they are not exposed to the same strong selection pressure for antibiotics as
the hospital bacteria.

The production of the cephalosporinase AmpC is an intrinsic mechanism of resistance
to beta-lactam antibiotics in P. aeruginosa. However, it can be potentiated by mutations in
ampR (transcription factor) and ampD (cytosolic amidase) that cause ampC derepression [78].
We observed that mutations in AmpD, which lead to AmpC derepression, were most
prevalent in genomes of urinary strains (n = 7), followed by environmental (n = 5), and
to a lesser extent in genomes of sputum strains (n = 3). In contrast, only one genome
from a urinary strain carried a mutation in the ampR gene leading to AmpC derepression.
On the other hand, ampC polymorphisms caused by mutations increase its hydrolytic
activity towards cephalosporins [83]. AmpC polymorphisms were observed in almost all
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studied genomes except for two (one sputum strain and one environmental strain). To
date, 533 Pseudomonas derived cephalosporinase (PDC) variants have been described
(until December 2022) [50]. However, this study did not focus on searching for variants,
and we do not know if their distribution could be related to the isolation sites of the
studied genomes.

Some mutations in ParS (the sensor kinase of the dual-component ParR/S system)
are related to colistin resistance and were observed only in clinical strains, being more
prevalent in sputum strain genomes (n = 3). It is important to mention that our study has
some limitations, such as the fact that we do not know the phenotypic profile of antibiotic
resistance and cannot relate it to its resistance genotype.

It is important to note that environmental strains only carried intrinsic resistome genes,
and some mutations in these genes were identified, which may indicate that mutations in
resistance-related genes are the main mechanisms in environmental strains and not the
acquisition of genes through horizontal transfer.

P. aeruginosa uses a type 3 secretion system to release effector toxins (ExoS, ExoT, ExoU,
and ExoY) directly into host cells, which aid colonization and immune evasion. In this
study, variation in the presence and absence of virulence genes was most evident in these
effector proteins. exoS encodes a cytotoxin with GTPase activating protein (GAP) activity
and adenosine diphosphate ribosyl transferase (ADPRT) activity [84] and is mostly found
in the genomes of urinary tract strains.

On the other hand, ExoU is a cytotoxin with phospholipase A2 activity that causes lysis
and necroptosis in epithelial cells, macrophages, and neutrophils [85]. ExoU production has
been shown to contribute to the developing of severe pneumonia in a mouse model [86] and
poor outcomes in patients with ventilator-associated pneumonia [87]. exoU was primarily
found in strains isolated from sputum; however, in other studies, it has also been found in
eye isolates [15,88]. Similarly, it has been suggested that because the exoU gene is absent
in PAO1 and is carried by genomic islands, it may have been acquired through horizontal
transfer [10] to provide adaptive advantages in its ecological niche.

For reasons that are not entirely clear, exoU and exoS are mutually exclusive. However,
strains carrying both cytotoxins have been found in this and other studies [89,90]. One
possible explanation suggested is that they provide enhanced fitness in distinct ecological
niches [91].

ExoY is an adenylyl cyclase whose action disrupts the actin cytoskeleton, inhibits bac-
terial uptake by host cells, and increases endothelial permeability; however, the significance
of ExoY in infections remains unclear [92]. The exoY gene was mostly observed in genomes
of both urinary and environmental strains. However, other studies have also observed it in
strains isolated from the eye and cystic fibrosis [15]. ExoT is the most prevalent effector in
genomes of clinical and environmental strains of P. aeruginosa [19,93]. This study found it
in 100% of the genomes analyzed.

On the other hand, the prevalence of plcN, plcH, lasB, and toxA genes was 100%
(except for plcN) in the three isolation sources, contrary to what was observed by Hassuna
et al. (2020) in isolates from respiratory tract infections [90]. On the other hand, plcB
and plcH were detected in 98.7% (153/155) and 96.1% (149/155) of strains recovered
from nosocomial infections and community-acquired infections [94], indicating that they
are highly conserved in the P. aeruginosa genome. The reason for the differences in the
distribution of these genes in different studies remains unclear. Finally, pldA was mostly
found in the genomes of sputum strains. In another study, it was also mostly found in
isolates responsible for an acute lung infection and, to a lesser extent, in urinary tract
infection isolates [95]. In addition, it has been suggested to play a role in chronic lung
infection in rats [96].

It is important to note that although virulence genes were more prevalent in clinical
strains, they were also present in lower amounts in genomes of environmental strains, as
has been observed by another author [97]. This would reinforce the understanding that
environmental strains can also cause infections [17] and be a potential risk factor for human
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health [98] and highlights the prevalence of virulence genes that could vary about the
isolation site.

4. Materials and Methods
4.1. Bacterial Genomes

Four strains of P. aeruginosa multidrug-resistant and carbapenem resistant recovered
from a Mexican Hospital, were included in this study: strains PE52 (Accession number:
JARDUU000000000), PE63 (Accession number: JARDUW000000000), and PE83 (Accession
number: JARDUX000000000) were isolated from urine, and strain PE21 (Accession number:
JARDUV000000000) was isolated from sputum. The phenotype of sensibility and some
molecular resistance mechanisms were previously described [44]. Genomic DNA was
extracted using the Wizard® Genomic DNA Purification Kit (Promega Corporation. Ma,
USA), and whole genome sequencing was made by Illumina Miseq 2 × 150 bp, with
5 million paired end reads in the ‘SNPSaurus Genomics to Genotype” https://www.
snpsaurus.com/ (accessed on 1 September 2019). The quality of the paired-end reads it was
measured by FastQC version 3.9.0 [99]. SPAdes version 3.9.0 [100] was used to generate the
de novo assemblies, and the quality was analyzed with QUAST (Quality Assessment Tool
for Genome Assemblies) [101]. Finally, the genome sequences were annotated with Prokka
version 1.12 [102].

In addition, 59 complete genomes from the GenBank database were downloaded in
order of appearance available until June 2021, and the sources of isolation were obtained
from the submitters’ information in GenBank. For the comparison, we included 19 genomes
from strains isolated from urinary samples, 20 from sputum samples (non-cystic fibrosis
patients), and 20 isolated from the environment. In addition, the genomes of the reference
strain P. aeruginosa PAO1 (Accession number: NC_002516.2) and PA14 (Accession number:
CP000438.1) were included.

4.2. MLST (Multilocus Sequence Typing)

The sequence type (ST) of 65 genomes was identified using the MLST tool from the
Center for Genomic Epidemiology https://cge.food.dtu.dk/services/MLST/ (accessed
on 1 February 2020) [103], which utilizes the MLST allele sequence and profile data from
PubMLST.org. The ST is determined by combining the allelic variation of 7 P. aeruginosa
housekeeping genes (acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE). The clonal complex of
sequence types (ST) was determined with PHYLOViZ [104] using goeBURST (a refinement
of the eBURST algorithm) to generate a complete minimal spanning tree (MST).

4.3. Genome Comparison of Strains Isolated from the Mexican Hospital

The genomes of strains PE21 isolated from sputum, PE52, PE63, and PE83 isolated
from urine, and the reference strain PAO1, were included in this analysis. Roary version
3.12.0 [105] was used to identify genes shared between strains and unique genes. The
Roary file “gene_presence_absence.csv” was used to generate the Venn diagram, and
the Venn diagram was performed with the online tool “calculate and draw custom Venn
diagrams” [106].

4.4. Comparative Analysis of Strains from Three Isolation Sources

Sixty-five strain genomes were included in the pangenome analysis. Roary version
3.12.0 [105] was used to perform pangenome analysis, which uses the GFF3 files gen-
erated by Prokka to identify the core genome, soft core, shell genes, and cloud genes.
Roary_plots.py script was used to visualize the pangenome. The phylogenetic tree based
on single nucleotide polymorphisms (SNPs) was built using Parsnp v1.2 [107] with the
“-c” flag enabled, including the previous 65 strain genomes and PA7 as the outliner strain.
iTOOL v6.5 [108] was used to visualize the ‘newick’ files generated by Roary and parsnp.
Seven concatenated sequences of the STs were obtained for the MLST database. MEGA
version 11.0.10 was used to construct the MLST dendrogram using the UPGMA method.

https://www.snpsaurus.com/
https://www.snpsaurus.com/
https://cge.food.dtu.dk/services/MLST/
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4.5. Resistome Analysis

ResFinder version 4.1 was used to detect antibiotic resistance genes using default
parameters. Mutations associated with antibiotic resistance leading to amino acid changes
were identified using cluster OMEGA [109]. Amino acid changes were searched manually
using P. aeruginosa PAO1 genes as a reference. Heatmaps and graphs were constructed
using the Bioconductor and ggplot2 packages, respectively [110,111] from RStudio version
1.4.1106 [112].

4.6. Virulence Analysis

Virulence-associated genes were identified using the Virulence Factor of Pathogenic
Bacteria database (VFDB) [113]. The P. aeruginosa PA14 strain was used as a reference
because it is exoU positive, which is considered highly virulent.

4.7. Mobile Genetic Elements (MGEs)

Integrative Conjugative Elements (ICE) and Integrative and Mobilizable Elements
(IMEs) were identified with the Web tool for ICE/IME detection of bacterial genomes:
ICEfinder) [114]. Furthermore, mobile genetic elements such as simple transposons (Tn),
composite transposons (CTn), and insertion sequences (IS) were analyzed with Mobile Ele-
ment Finder version 1.0.3 [115]. Placnetw [116] was used to determine plasmid sequences,
and MOBscan [117] was used to search the relaxase MOB families in the genomes. In
addition, the online tool CrisprCasFinder [118] was used to identify “clustered regularly
interspaced short palindromic repeats” and CRISPR-associated proteins (CRISPR-cas) on
both chromosomes and plasmids of all genomes. Finally, AcrFinder was used to search
anti-CRISPR systems [119].

5. Conclusions

In the present work, we compare the genomes of strains isolated from urine, lungs,
and environment. When performing the phylogenetic analysis of genomes from a Mexican
hospital and from the GenBank from different niches, we observed that the genomes were
clustering according to their ST and not the niche. The high-risk STs (ST235, ST773, and
ST27) were present in genomes from the three niches except for the Mexican genomes, and
these last three (ST167, ST2731, and ST549) differed from the GenBank genomes. However,
the analysis of the genomic content showed that environmental genomes had genes in-
volved in adaptation to the environment that were not present in clinical genomes besides,
these genomes had mutations in antibiotic resistance-related genes as the main resistance
mechanism. In contrast, clinical genomes had resistance genes reported in Pseudomonas and
Enterobacteria, and these genes were in mobile/mobilizable genetic elements in the chromo-
some, except for the Mexican genomes, which carried them mostly in plasmids. This was
in concordance with the presence of CRISPR-Cas and anti-CRISPR, except in the Mexican
genomes that only had plasmids and CRISPR-Cas. On the other hand, when analyzing
the blaOXA-50 variants, we found blaOXA-488, which has higher activity against carbapenems,
was more prevalent in sputum genomes. The virulome analysis showed exoS was most
prevalent in the urinary genomes and exoU and pldA in sputum. This study evidences the
variability of genetic content among P. aeruginosa isolates from different niches.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12050866/s1, Table S1: General features of the drafts
of four P. aeruginosa strains from the Mexican Hospital. Table S2: General features of P. aeruginosa
genomes included in this study. Table S3: Strains with ST167 reported in the MLST database. Figure S1:
Dendrogram generated from the core genome. Figure S2: Phylogenetic tree based on presence and
absence of accessory genome from 65 strains. Figure S3: Phylogenetic tree generated based on SNPs.
Figure S4: ST of the genomes of urinary, sputum and environmental strains. Figure S5: blaOXA-50
family variants of strain genomes of urinary, sputum and environmental. Figure S6: Presence and
absence of MOB relaxases, chromosomal CRISPR-Cas systems, plasmid CRISPR-Cas systems and
anti-CRISPR systems. Figure S7: Mobile Genetic Elements carrying beta-lactams resistance genes
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found in plasmids. Figure S8: Mobile Genetic Elements carrying beta-lactams resistance genes found
in Integrative Conjugative Elements with type 4 secretion systems complete. Figure S9: Presence and
absence of MOB relaxases, chromosomal CRISPR-Cas systems, plasmid CRISPR-Cas systems, and
anti-CRISPR systems.

Author Contributions: Conceptualization, P.L.-Z., J.G.-M. and Y.S.; methodology, J.G.-M., A.L.-G.,
G.J.-F. and M.C.-L.; software, E.B.-L. and M.A.C.; investigation, J.G.-M., P.L.-Z. and R.d.C.R.-G.;
resources, P.L.-Z. and R.d.C.R.-G.; writing—original draft preparation, J.G.-M., P.L.-Z. and R.d.C.R.-
G.; writing—review and editing, P.L.-Z., R.d.C.R.-G., G.C.-C. and E.B.-L.; supervision, P.L.-Z. and
R.d.C.R.-G.; project administration, P.L.-Z. and R.d.C.R.-G.; funding acquisition, P.L.-Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by 100031833/VIEP2019, VIEP (2497/16).

Institutional Review Board Statement: The protocol to perform this study was approved by the
Ethical Committee of Hospital Regional del ISSSTE, Puebla, under number 188-2018.

Informed Consent Statement: P. aeruginosa strains PE21, PE52, PE63 and PE83 were recovered from
routine culture and informed patient consent was not required.

Data Availability Statement: The genomes of PE21, PE52, PE63 and PE83 have been deposited in
NCBI’s GenBank under accession numbers JARDUV000000000, JARDUU000000000, JARDUW000000000,
JARDUX000000000.

Acknowledgments: J.G.-M. received doctoral fellowships from CONACyT México with CVU number
613250. The authors thank Amanda Carbajal from the University of California, Santa Cruz for help in
revision of the English manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zarei, O.; Shokoohizadeh, L.; Hossainpour, H.; Alikhani, M.Y. Molecular analysis of Pseudomonas aeruginosa isolated from clinical,

environmental and cockroach sources by ERIC-PCR. BMC Res. Notes 2018, 11, 668. [CrossRef] [PubMed]
2. Pang, Z.; Raudonis, R.; Glick, B.R.; Lin, T.J.; Cheng, Z. Antibiotic resistance in Pseudomonas aeruginosa: Mechanisms and alternative

therapeutic strategies. Biotechnol. Adv. 2019, 37, 177–192. [CrossRef]
3. Wilson, M.G.; Pandey, S. Pseudomonas aeruginosa; StatPearls Publishing: Treasure Island, FL, USA, 2022.
4. Tacconelli, E.; Carrara, E.; Savoldi, A.; Harbarth, S.; Mendelson, M.; Monnet, D.L.; Pulcini, C.; Kahlmeter, G.; Kluytmans, J.;

Carmeli, Y.; et al. Discovery, research, and development of new antibiotics: The WHO priority list of antibiotic-resistant bacteria
and tuberculosis. Lancet Infect. Dis. 2018, 18, 318–327. [CrossRef]

5. Breidenstein, E.B.M.; de la Fuente-Núñez, C.; Hancock, R.E.W. Pseudomonas aeruginosa: All roads lead to resistance. Trends
Microbiol. 2011, 19, 419–426. [CrossRef] [PubMed]

6. Botelho, J.; Grosso, F.; Peixe, L. Antibiotic resistance in Pseudomonas aeruginosa—Mechanisms, epidemiology and evolution. Drug
Resist. Updat. 2019, 44, 100640. [CrossRef] [PubMed]

7. Liao, C.; Huang, X.; Wang, Q.; Yao, D.; Lu, W. Virulence Factors of Pseudomonas aeruginosa and Antivirulence Strategies to Combat
Its Drug Resistance. Front. Cell. Infect. Microbiol. 2022, 12, 926758. [CrossRef]

8. Shehabi, A.A.; Kamal, A.M. Pseudomonas aeruginosa a common opportunistic pathogen in Jordan: A review article. Int. Arab. J.
Antimicrob. Agents 2019, 9, 1–8. [CrossRef]

9. Wolfgang, M.C.; Kulasekara, B.R.; Liang, X.; Boyd, D.; Wu, K.; Yang, Q.; Miyada, C.G.; Lory, S. Conservation of genome content
and virulence determinants among clinical and environmental isolates of Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 2003,
100, 8484–8489. [CrossRef]

10. Sawa, T.; Shimizu, M.; Moriyama, K.; Wiener-Kronish, J.P. Association between Pseudomonas aeruginosa Type III Secretion,
Antibiotic Resistance, and Clinical Outcome: A Review. Crit. Care 2014, 18, 668. [CrossRef]

11. Sawa, T.; Momiyama, K.; Mihara, T.; Kainuma, A.; Kinoshita, M.; Moriyama, K. Molecular epidemiology of clinically high-risk
Pseudomonas aeruginosa strains: Practical overview. Microbiol. Immunol. 2020, 64, 331–344. [CrossRef]

12. Kung, V.L.; Ozer, E.A.; Hauser, A.R. The Accessory Genome of Pseudomonas aeruginosa. Microbiol. Mol. Biol. Rev. 2010, 74, 621–641.
[CrossRef]

13. Silby, M.W.; Winstanley, C.; Godfrey, S.A.C.; Levy, S.B.; Jackson, R.W. Pseudomonas genomes: Diverse and adaptable. FEMS
Microbiol. Rev. 2011, 35, 652–680. [CrossRef] [PubMed]

14. Mathee, K.; Narasimhan, G.; Valdes, C.; Qiu, X.; Matewish, J.M.; Koehrsen, M.; Rokas, A.; Yandava, C.N.; Engels, R.; Zeng, E.; et al.
Dynamics of Pseudomonas aeruginosa genome evolution. Proc. Natl. Acad. Sci. USA 2007, 105, 3100–3105. [CrossRef] [PubMed]

15. Subedi, D.; Vijay, A.K.; Kohli, G.S.; Rice, S.A.; Willcox, M. Comparative genomics of clinical strains of Pseudomonas aeruginosa
strains isolated from different geographic sites. Sci. Rep. 2018, 8, 15668. [CrossRef]

https://doi.org/10.1186/s13104-018-3765-z
https://www.ncbi.nlm.nih.gov/pubmed/30219108
https://doi.org/10.1016/j.biotechadv.2018.11.013
https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.1016/j.tim.2011.04.005
https://www.ncbi.nlm.nih.gov/pubmed/21664819
https://doi.org/10.1016/j.drup.2019.07.002
https://www.ncbi.nlm.nih.gov/pubmed/31492517
https://doi.org/10.3389/fcimb.2022.926758
https://doi.org/10.3823/827
https://doi.org/10.1073/pnas.0832438100
https://doi.org/10.1186/s13054-014-0668-9
https://doi.org/10.1111/1348-0421.12776
https://doi.org/10.1128/MMBR.00027-10
https://doi.org/10.1111/j.1574-6976.2011.00269.x
https://www.ncbi.nlm.nih.gov/pubmed/21361996
https://doi.org/10.1073/pnas.0711982105
https://www.ncbi.nlm.nih.gov/pubmed/18287045
https://doi.org/10.1038/s41598-018-34020-7


Antibiotics 2023, 12, 866 17 of 21

16. Subedi, D.; Kohli, G.S.; Vijay, A.K.; Willcox, M.; Rice, S.A. Accessory genome of the multi-drug resistant ocular isolate of
Pseudomonas aeruginosa PA34. PLoS ONE 2019, 14, e0215038. [CrossRef] [PubMed]

17. Dettman, J.R.; Kassen, R. Evolutionary genomics of niche-specific adaptation to the cystic fibrosis lung in Pseudomonas aeruginosa.
Mol. Biol. Evol. 2021, 38, 663–675. [CrossRef] [PubMed]

18. Collins, R.E.; Higgs, P.G. Testing the infinitely many genes model for the evolution of the bacterial core genome and pangenome.
Mol. Biol. Evol. 2012, 29, 3413–3425. [CrossRef] [PubMed]

19. Jurado-Martín, I.; Sainz-Mejías, M.; McClean, S. Pseudomonas aeruginosa: An audacious pathogen with an adaptable arsenal of
virulence factors. Int. J. Mol. Sci. 2021, 22, 3128. [CrossRef]

20. Curran, B.; Jonas, D.; Grundmann, H.; Pitt, T.; Dowson, C.G. Development of a multilocus sequence typing scheme for the
opportunistic pathogen Pseudomonas aeruginosa. J. Clin. Microbiol. 2004, 42, 5644–5649. [CrossRef]

21. Oliver, A.; Mulet, X.; López-Causapé, C.; Juan, C. The increasing threat of Pseudomonas aeruginosa high-risk clones. Drug Resist.
Updat. 2015, 21–22, 41–59. [CrossRef]

22. del Barrio-Tofiño, E.; López-Causapé, C.; Oliver, A. Pseudomonas aeruginosa epidemic high-risk clones and their association with
horizontally-acquired β-lactamases: 2020 update. Int. J. Antimicrob. Agents 2020, 56, 106196. [CrossRef] [PubMed]

23. Guzvinec, M.; Izdebski, R.; Butic, I.; Jelic, M.; Abram, M.; Koscak, I.; Baraniak, A.; Hryniewicz, W.; Gniadkowski, M.; Andrasevic,
A.T. Sequence types 235, 111, and 132 Predominate among multidrug-resistant Pseudomonas aeruginosa clinical isolates in croatia.
Antimicrob. Agents Chemother. 2014, 58, 6277–6283. [CrossRef] [PubMed]

24. Wright, L.L.; Turton, J.F.; Livermore, D.M.; Hopkins, K.L.; Woodford, N. Dominance of international “high-risk clones” among
metallo-β-lactamase-producing Pseudomonas aeruginosa in the UK. J. Antimicrob. Chemother. 2015, 70, 103–110. [CrossRef]
[PubMed]

25. Hong, J.S.; Song, W.; Park, M.J.; Jeong, S.; Lee, N.; Jeong, S.H. Molecular Characterization of the First Emerged NDM-1-Producing
Pseudomonas aeruginosa Isolates in South Korea. Microbial. Drug Resist. 2021, 27, 1063–1070. [CrossRef] [PubMed]

26. Kidd, T.J.; Ritchie, S.R.; Ramsay, K.A.; Grimwood, K.; Bell, S.C.; Rainey, P.B. Pseudomonas aeruginosa Exhibits Frequent Recombina-
tion, but Only a Limited Association between Genotype and Ecological Setting. PLoS ONE 2012, 7, e44199. [CrossRef]

27. Moloney, E.M.; Deasy, E.C.; Swan, J.S.; Brennan, G.I.; O’Donnell, M.J.; Coleman, D.C. Whole-genome sequencing identifies highly
related Pseudomonas aeruginosa strains in multiple washbasin U-bends at several locations in one hospital: Evidence for trafficking
of potential pathogens via wastewater pipes. J. Hosp. Infect. 2020, 104, 484–491. [CrossRef]

28. Pseudomonas aeruginosa|PubMLST. Available online: https://pubmlst.org/organisms/pseudomonas-aeruginosa (accessed on 5
March 2023).

29. Haenni, M.; Hocquet, D.; Ponsin, C.; Cholley, P.; Guyeux, C.; Madec, J.Y.; Bertrand, X. Population structure and antimicrobial
susceptibility of Pseudomonas aeruginosa from animal infections in France. BMC Vet. Res. 2015, 11, 9. [CrossRef]

30. Ruiz-Roldán, L.; Bellés, A.; Bueno, J.; Azcona-Gutiérrez, J.M.; Rojo-Bezares, B.; Torres, C.; Castillo, F.J.; Sáenz, Y.; Seral, C.
Pseudomonas aeruginosa Isolates from Spanish Children: Occurrence in Faecal Samples, Antimicrobial Resistance, Virulence, and
Molecular Typing. Biomed Res. Int. 2018, 2018, 8060178. [CrossRef] [PubMed]

31. Seidl, K.; Leimer, N.; Palheiros Marques, M.; Furrer, A.; Holzmann-Bürgel, A.; Senn, G.; Zbinden, R.; Zinkernagel, A.S. Clonality
and antimicrobial susceptibility of methicillin-resistant Staphylococcus aureus at the University Hospital Zurich, Switzerland
between 2012 and 2014. Ann. Clin. Microbiol. Antimicrob. 2015, 14, 14. [CrossRef] [PubMed]

32. Baquero, F.; Tedim, A.P.; Coque, T.M. Antibiotic resistance shaping multi-level population biology of bacteria. Front. Microbiol.
2013, 4, 15. [CrossRef] [PubMed]

33. Costa, S.S.; Guimarães, L.C.; Silva, A.; Soares, S.C.; Baraúna, R.A. First Steps in the Analysis of Prokaryotic Pan-Genomes.
Bioinform. Biol. Insights 2020, 14, 1177932220938064. [CrossRef] [PubMed]

34. Gautreau, G.; Bazin, A.; Gachet, M.; Planel, R.; Burlot, L.; Dubois, M.; Perrin, A.; Médigue, C.; Calteau, A.; Cruveiller, S.;
et al. PPanGGOLiN: Depicting microbial diversity via a partitioned pangenome graph. PLoS Comput. Biol. 2020, 16, e1007732.
[CrossRef] [PubMed]

35. Valot, B.; Guyeux, C.; Rolland, J.Y.; Mazouzi, K.; Bertrand, X.; Hocquet, D. What it takes to be a Pseudomonas aeruginosa? The core
genome of the opportunistic pathogen updated. PLoS ONE 2015, 10, e0126468. [CrossRef] [PubMed]

36. Kandasamy, K.; Thirumalmuthu, K.; Prajna, N.V.; Lalitha, P.; Mohankumar, V.; Devarajan, B. Comparative genomics of ocular
Pseudomonas aeruginosa strains from keratitis patients with different clinical outcomes. Genomics 2020, 112, 4769–4776. [CrossRef]
[PubMed]

37. Freschi, L.; Vincent, A.T.; Jeukens, J.; Emond-Rheault, J.G.; Kukavica-Ibrulj, I.; Dupont, M.J.; Charette, S.J.; Boyle, B.; Levesque,
R.C. The Pseudomonas aeruginosa Pan-Genome Provides New Insights on Its Population Structure, Horizontal Gene Transfer, and
Pathogenicity. Genome Biol. Evol. 2019, 11, 109–120. [CrossRef]

38. Poulsen, B.E.; Yang, R.; Clatworthy, A.E.; White, T.; Osmulski, S.J.; Li, L.; Penaranda, C.; Lander, E.S.; Shoresh, N.; Hung, D.T.
Defining the core essential genome of Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 2019, 116, 10072–10080. [CrossRef]

39. Bianconi, I.; Jeukens, J.; Freschi, L.; Alcalá-Franco, B.; Facchini, M.; Boyle, B.; Molinaro, A.; Kukavica-Ibrulj, I.; Tümmler, B.;
Levesque, R.C.; et al. Comparative genomics and biological characterization of sequential Pseudomonas aeruginosa isolates from
persistent airways infection. BMC Genom. 2015, 16, 1105. [CrossRef]

https://doi.org/10.1371/journal.pone.0215038
https://www.ncbi.nlm.nih.gov/pubmed/30986237
https://doi.org/10.1093/molbev/msaa226
https://www.ncbi.nlm.nih.gov/pubmed/32898270
https://doi.org/10.1093/molbev/mss163
https://www.ncbi.nlm.nih.gov/pubmed/22752048
https://doi.org/10.3390/ijms22063128
https://doi.org/10.1128/JCM.42.12.5644-5649.2004
https://doi.org/10.1016/j.drup.2015.08.002
https://doi.org/10.1016/j.ijantimicag.2020.106196
https://www.ncbi.nlm.nih.gov/pubmed/33045347
https://doi.org/10.1128/AAC.03116-14
https://www.ncbi.nlm.nih.gov/pubmed/25070098
https://doi.org/10.1093/jac/dku339
https://www.ncbi.nlm.nih.gov/pubmed/25182064
https://doi.org/10.1089/mdr.2020.0374
https://www.ncbi.nlm.nih.gov/pubmed/33332204
https://doi.org/10.1371/journal.pone.0044199
https://doi.org/10.1016/j.jhin.2019.11.005
https://pubmlst.org/organisms/pseudomonas-aeruginosa
https://doi.org/10.1186/s12917-015-0324-x
https://doi.org/10.1155/2018/8060178
https://www.ncbi.nlm.nih.gov/pubmed/29992165
https://doi.org/10.1186/s12941-015-0075-3
https://www.ncbi.nlm.nih.gov/pubmed/25858549
https://doi.org/10.3389/fmicb.2013.00015
https://www.ncbi.nlm.nih.gov/pubmed/23508522
https://doi.org/10.1177/1177932220938064
https://www.ncbi.nlm.nih.gov/pubmed/32843837
https://doi.org/10.1371/journal.pcbi.1007732
https://www.ncbi.nlm.nih.gov/pubmed/32191703
https://doi.org/10.1371/journal.pone.0126468
https://www.ncbi.nlm.nih.gov/pubmed/25961859
https://doi.org/10.1016/j.ygeno.2020.08.032
https://www.ncbi.nlm.nih.gov/pubmed/32882326
https://doi.org/10.1093/gbe/evy259
https://doi.org/10.1073/pnas.1900570116
https://doi.org/10.1186/s12864-015-2276-8


Antibiotics 2023, 12, 866 18 of 21

40. Muthukumarasamy, U.; Preusse, M.; Kordes, A.; Koska, M.; Schniederjans, M.; Khaledi, A.; Häussler, S. Single-nucleotide
polymorphism-based genetic diversity analysis of clinical Pseudomonas aeruginosa isolates. Genome Biol. Evol. 2020, 12, 396–406.
[CrossRef]

41. Jackson, R.W.; Vinatzer, B.; Arnold, D.L.; Dorus, S.; Murillo, J. The influence of the accessory genome on bacterial pathogen
evolution. Mob. Genet. Elem. 2011, 1, 55–65. [CrossRef]

42. Janice, J.; Agyepong, N.; Owusu-Ofori, A.; Govinden, U.; Essack, S.Y.; Samuelsen, Ø.; Sundsfjord, A.; Pedersen, T. Carbapenem
resistance determinants acquired through novel chromosomal integrations in extensively drug-resistant pseudomonas aeruginosa.
Antimicrob. Agents Chemother. 2021, 65, e00289-21. [CrossRef]

43. Guimarães, L.C.; Benevides De Jesus, L.; Vinícius, M.; Viana, C.; Silva, A.; Thiago, R.; Ramos, J.; De, S.; Soares, C.; Azevedo, V.
Inside the Pan-genome-Methods and Software Overview. Curr. Genom. 2015, 16, 245–252. [CrossRef] [PubMed]

44. López-García, A.; del Carmen Rocha-Gracia, R.; Bello-López, E.; Juárez-Zelocualtecalt, C.; Sáenz, Y.; Castañeda-Lucio, M.;
López-Pliego, L.; Cristina González-Vázquez, M.; Torres, C.; Ayala-Nuñez, T.; et al. Characterization of antimicrobial resistance
mechanisms in carbapenem-resistant Pseudomonas aeruginosa carrying IMP variants recovered from a Mexican hospital. Infect.
Drug Resist. 2018, 11, 1523–1536. [CrossRef] [PubMed]

45. Yoon, E.J.; Jeong, S.H. Mobile carbapenemase genes in Pseudomonas aeruginosa. Front. Microbiol. 2021, 12, 614058. [CrossRef]
46. Khan, M.; Stapleton, F.; Summers, S.; Rice, S.A.; Willcox, M.D.P. Antibiotic resistance characteristics of Pseudomonas aeruginosa

isolated from keratitis in Australia and India. Antibiotics 2020, 9, 600. [CrossRef] [PubMed]
47. Irum, S.; Naz, K.; Ullah, N.; Mustafa, Z.; Ali, A.; Arslan, M.; Khalid, K.; Andleeb, S. Antimicrobial resistance and genomic

characterization of six new sequence types in multidrug-resistant Pseudomonas aeruginosa clinical isolates from pakistan. Antibiotics
2021, 10, 1386. [CrossRef]

48. Diorio-Toth, L.; Irum, S.; Potter, R.F.; Wallace, M.A.; Arslan, M.; Munir, T.; Andleeb, S.; Burnham, C.-A.D.; Dantas, G. Genomic
Surveillance of Clinical Pseudomonas aeruginosa Isolates Reveals an Additive Effect of Carbapenemase Production on Carbapenem
Resistance. Microbiol. Spectr. 2022, 10, e00766-22. [CrossRef]

49. Girlich, D.; Naas, T.; Nordmann, P. Biochemical characterization of the naturally occurring oxacillinase OXA-50 of Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 2004, 48, 2043–2048. [CrossRef]

50. Naas, T.; Oueslati, S.; Bonnin, R.A.; Dabos, M.L.; Zavala, A.; Dortet, L.; Retailleau, P.; Iorga, B.I. Beta-lactamase database
(BLDB)–structure and function. J. Enzyme Inhib. Med. Chem. 2017, 32, 917–919. [CrossRef]

51. Streling, A.P.; Cayô, R.; Nodari, C.S.; Almeida, L.G.P.; Bronze, F.; Siqueira, A.V.; Matos, A.P.; Oliveira, V.; Vasconcelos, A.T.R.;
Marcondes, M.F.M.; et al. Kinetics Analysis of β-Lactams Hydrolysis by OXA-50 Variants of Pseudomonas aeruginosa. Microb. Drug
Resist. 2022, 28, 849–852. [CrossRef]

52. Cantón, R.; González-Alba, J.M.; Galán, J.C. CTX-M enzymes: Origin and diffusion. Front. Microbiol. 2012, 3, 110. [CrossRef]
53. Bathoorn, E.; Tsioutis, C.; da Silva Voorham, J.M.; Scoulica, E.V.; Ioannidou, E.; Zhou, K.; Rossen, J.W.; Gikas, A.; Friedrich, A.W.;

Grundmann, H. Emergence of pan-resistance in KPC-2 carbapenemase-producing Klebsiella pneumoniae in Crete, Greece: A close
call. J. Antimicrob. Chemother. 2016, 71, 1207–1212. [CrossRef] [PubMed]

54. Falco, A.; Ramos, Y.; Franco, E.; Guzmán, A.; Takiff, H. A cluster of KPC-2 and VIM-2-producing Klebsiella pneumoniae ST833
isolates from the pediatric service of a Venezuelan Hospital. BMC Infect. Dis. 2016, 16, 595. [CrossRef] [PubMed]

55. Bisht, K.; Baishya, J.; Wakeman, C.A. Pseudomonas aeruginosa polymicrobial interactions during lung infection. Curr. Opin.
Microbiol. 2020, 53, 1–8. [CrossRef] [PubMed]

56. Gaston, J.R.; Johnson, A.O.; Bair, K.L.; White, A.N.; Armbruster, C.E. Polymicrobial interactions in the urinary tract: Is the enemy
of my enemy my friend? Infect. Immun. 2021, 89, e00652-20. [CrossRef]

57. Ramsay, K.A.; Wardell, S.J.T.; Patrick, W.M.; Brockway, B.; Reid, D.W.; Winstanley, C.; Bell, S.C.; Lamont, I.L. Genomic and
phenotypic comparison of environmental and patient-derived isolates of Pseudomonas aeruginosa suggest that antimicrobial
resistance is rare within the environment. J. Med. Microbiol. 2019, 68, 1591–1595. [CrossRef] [PubMed]

58. Chávez-Jacobo, V.M.; Hernández-Ramírez, K.C.; Romo-Rodríguez, P.; Viridiana Pérez-Gallardo, R.; Campos-García, J.; Félix
Gutiérrez-Corona, J.; Pablo García-Merinos, J.; Meza-Carmen, V.; Silva-Sánchez, J.; Ramírez-Díaz, M.I. CrpP Is a Novel
Ciprofloxacin-Modifying Enzyme Encoded by the Pseudomonas aeruginosa pUM505 Plasmid. Antimicrob. Agents Chemother.
2018, 62, e02629-17. [CrossRef]

59. Zubyk, H.L.; Wright, G.D. Crpp is not a fluoroquinolone-inactivating enzyme. Antimicrob. Agents Chemother. 2021, 65, e00773-21.
[CrossRef]

60. Sánchez-Martinez, G.; Garza-Ramos, U.J.; Reyna-Flores, F.L.; Gaytán-Martínez, J.; Lorenzo-Bautista, I.G.; Silva-Sanchez, J. In169,
A New Class 1 Integron that Encoded blaIMP-18 in a Multidrug-Resistant Pseudomonas aeruginosa Isolate from Mexico. Arch. Med.
Res. 2010, 41, 235–239. [CrossRef]

61. Touati, M.; Diene, S.M.; Dekhil, M.; Djahoudi, A.; Racherache, A.; Rolain, J.M. Dissemination of a class I integron carrying VIM-2
carbapenemase in Pseudomonas aeruginosa clinical isolates from a hospital intensive care unit in annaba Algeria. Antimicrob. Agents
Chemother. 2013, 57, 2426–2427. [CrossRef]

62. el Salabi, A.; Toleman, M.A.; Weeks, J.; Bruderer, T.; Frei, R.; Walsh, T.R. First report of the metallo-β-lactamase SPM-1 in Europe.
Antimicrob. Agents Chemother. 2010, 54, 582. [CrossRef]

63. Ramírez, D.G.; Nicola, F.; Zarate, S.; Relloso, S.; Smayevsky, J.; Arduino, S. Emergence of Pseudomonas aeruginosa with KPC-type
carbapenemase in a teaching hospital: An 8-year study. J. Med. Microbiol. 2013, 62, 1565–1570. [CrossRef]

https://doi.org/10.1093/gbe/evaa059
https://doi.org/10.4161/mge.1.1.16432
https://doi.org/10.1128/AAC.00289-21
https://doi.org/10.2174/1389202916666150423002311
https://www.ncbi.nlm.nih.gov/pubmed/27006628
https://doi.org/10.2147/IDR.S173455
https://www.ncbi.nlm.nih.gov/pubmed/30288063
https://doi.org/10.3389/fmicb.2021.614058
https://doi.org/10.3390/antibiotics9090600
https://www.ncbi.nlm.nih.gov/pubmed/32937932
https://doi.org/10.3390/antibiotics10111386
https://doi.org/10.1128/spectrum.00766-22
https://doi.org/10.1128/AAC.48.6.2043-2048.2004
https://doi.org/10.1080/14756366.2017.1344235
https://doi.org/10.1089/mdr.2021.0405
https://doi.org/10.3389/fmicb.2012.00110
https://doi.org/10.1093/jac/dkv467
https://www.ncbi.nlm.nih.gov/pubmed/26817488
https://doi.org/10.1186/s12879-016-1927-y
https://www.ncbi.nlm.nih.gov/pubmed/27770796
https://doi.org/10.1016/j.mib.2020.01.014
https://www.ncbi.nlm.nih.gov/pubmed/32062024
https://doi.org/10.1128/IAI.00652-20
https://doi.org/10.1099/jmm.0.001085
https://www.ncbi.nlm.nih.gov/pubmed/31553303
https://doi.org/10.1128/AAC.02629-17
https://doi.org/10.1128/AAC.00773-21
https://doi.org/10.1016/j.arcmed.2010.05.006
https://doi.org/10.1128/AAC.00032-13
https://doi.org/10.1128/AAC.00719-09
https://doi.org/10.1099/jmm.0.059923-0


Antibiotics 2023, 12, 866 19 of 21

64. Tohya, M.; Tada, T.; Watanabe, S.; Kuwahara-Arai, K.; Zin, K.N.; Zaw, N.N.; Aung, M.Y.; Mya, S.; Zan, K.N.; Kirikae, T.;
et al. Emergence of carbapenem-resistant Pseudomonas asiatica producing NDM-1 and VIM-2 Metallo-Lactamases in Myanmar.
Antimicrob. Agents Chemother. 2019, 63, e00475-19. [CrossRef] [PubMed]

65. Partridge, S.R.; Kwong, S.M.; Firth, N.; Jensen, S.O. Mobile genetic elements associated with antimicrobial resistance. Clin.
Microbiol. Rev. 2018, 31, e00088-17. [CrossRef] [PubMed]

66. López, M.; Rojo-Bezares, B.; Chichón, G.; Sáenz, Y. Resistance to Fluoroquinolones in Pseudomonas aeruginosa from Human,
Animal, Food and Environmental Origin: The Role of CrpP and Mobilizable ICEs. Antibiotics 2022, 11, 1271. [CrossRef] [PubMed]

67. Ramsamy, Y.; Mlisana, K.P.; Amoako, D.G.; Abia, A.L.K.; Ismail, A.; Allam, M.; Mbanga, J.; Singh, R.; Essack, S.Y. Mobile genetic
elements-mediated Enterobacterales-associated carbapenemase antibiotic resistance genes propagation between the environment
and humans: A One Health South African study. Sci. Total Environ. 2022, 806, 150641. [CrossRef]

68. Shintani, M.; Sanchez, Z.K.; Kimbara, K. Genomics of microbial plasmids: Classification and identification based on replication
and transfer systems and host taxonomy. Front. Microbiol. 2015, 6, 242. [CrossRef] [PubMed]

69. van Belkum, A.; Soriaga, L.B.; LaFave, M.C.; Akella, S.; Veyrieras, J.B.; Barbu, E.M.; Shortridge, D.; Blanc, B.; Hannum, G.;
Zambardi, G.; et al. Phylogenetic distribution of CRISPR-Cas systems in antibiotic- resistant Pseudomonas aeruginosa. MBio 2015, 6,
e01796-15. [CrossRef]

70. Shehreen, S.; Chyou, T.Y.; Fineran, P.C.; Brown, C.M. Genome-wide correlation analysis suggests different roles of CRISPR-Cas
systems in the acquisition of antibiotic resistance genes in diverse species. Phil. Trans. R. Soc. B 2019, 374, 20180384. [CrossRef]

71. Bondy-Denomy, J.; Garcia, B.; Strum, S.; Du, M.; Rollins, M.F.; Hidalgo-Reyes, Y.; Wiedenheft, B.; Maxwell, K.L.; Davidson, A.R.
Multiple mechanisms for CRISPR-Cas inhibition by anti-CRISPR proteins. Nature 2015, 526, 136–139. [CrossRef]

72. Wheatley, R.M.; MacLean, R.C. CRISPR-Cas systems restrict horizontal gene transfer in Pseudomonas aeruginosa. ISME J. 2021, 15,
1420–1433. [CrossRef]

73. Pinilla-Redondo, R.; Mayo-Muñoz, D.; Russel, J.; Garrett, R.A.; Randau, L.; Sørensen, S.J.; Shah, S.A. Type IV CRISPR-Cas systems
are highly diverse and involved in competition between plasmids. Nucleic Acids Res. 2020, 48, 2000–2012. [CrossRef] [PubMed]

74. Pinilla-Redondo, R.; Russel, J.; Mayo-Muñoz, D.; Shah, S.A.; Garrett, R.A.; Nesme, J.; Madsen, J.S.; Fineran, P.C.; Sørensen, S.J.
CRISPR-Cas systems are widespread accessory elements across bacterial and archaeal plasmids. Nucleic Acids Res. 2022, 50,
4315–4328. [CrossRef] [PubMed]

75. Kamruzzaman, M.; Iredell, J.R. CRISPR-Cas System in Antibiotic Resistance Plasmids in Klebsiella pneumoniae. Front. Microbiol.
2020, 10, 2934. [CrossRef]

76. Almendros, C.; Guzmán, N.M.; García-Martínez, J.; Mojica, F.J.M. Anti-cas spacers in orphan CRISPR4 arrays prevent uptake of
active CRISPR-Cas I-F systems. Nat. Microbiol. 2016, 1, 16081. [CrossRef] [PubMed]

77. Li, H.; Luo, Y.F.; Williams, B.J.; Blackwell, T.S.; Xie, C.M. Structure and function of OprD protein in Pseudomonas aeruginosa: From
antibiotic resistance to novel therapies. Int. J. Med. Microbiol. 2012, 302, 63–68. [CrossRef]

78. Lister, P.D.; Wolter, D.J.; Hanson, N.D. Antibacterial-resistant Pseudomonas aeruginosa: Clinical impact and complex regulation of
chromosomally encoded resistance mechanisms. Clin. Microbiol. Rev. 2009, 22, 582–610. [CrossRef] [PubMed]

79. González-Vázquez, M.C.; Rocha-Gracia, R.d.C.; Carabarín-Lima, A.; Bello-López, E.; Huerta-Romano, F.; Martínez-Laguna, Y.;
Lozano-Zarain, P. Location of OprD porin in Pseudomonas aeruginosa clinical isolates. APMIS 2021, 129, 213–224. [CrossRef]

80. Epp, S.F.; Köhler, T.; Plésiat, P.; Michéa-Hamzehpour, M.; Frey, J.; Pechère, J.C. C-terminal region of Pseudomonas aeruginosa outer
membrane porin OprD modulates susceptibility to meropenem. Antimicrob. Agents Chemother 2001, 45, 1780–1787. [CrossRef]

81. López-Causapé, C.; Sommer, L.M.; Cabot, G.; Rubio, R.; Ocampo-Sosa, A.A.; Johansen, H.K.; Figuerola, J.; Cantón, R.; Kidd, T.J.;
Molin, S.; et al. Evolution of the Pseudomonas aeruginosa mutational resistome in an international Cystic Fibrosis clone. Sci. Rep.
2017, 7, 5555. [CrossRef]

82. Martinez, J.L. The role of natural environments in the evolution of resistance traits in pathogenic bacteria. Proc. Biol. Sci. 2009,
276, 2521–2530. [CrossRef]

83. Berrazeg, M.; Jeannot, K.; Ntsogo Enguéné, V.Y.; Broutin, I.; Loeffert, S.; Fournier, D.; Plésiat, P. Mutations in β-lactamase AmpC
increase resistance of Pseudomonas aeruginosa isolates to antipseudomonal cephalosporins. Antimicrob. Agents Chemother. 2015, 59,
6248–6255. [CrossRef] [PubMed]

84. Jouault, A.; Saliba, A.M.; Touqui, L. Modulation of the immune response by the Pseudomonas aeruginosa type-III secretion system.
Front. Cell. Infect. Microbiol. 2022, 12, 1806. [CrossRef] [PubMed]

85. Foulkes, D.M.; McLean, K.; Haneef, A.S.; Fernig, D.G.; Winstanley, C.; Berry, N.; Kaye, S.B. Pseudomonas aeruginosa toxin ExoU as
a therapeutic target in the treatment of bacterial infections. Microorganisms 2019, 7, 707. [CrossRef]

86. Diaz, M.H.; Shaver, C.M.; King, J.D.; Musunuri, S.; Kazzaz, J.A.; Hauser, A.R. Pseudomonas aeruginosa induces localized
immunosuppression during pneumonia. Infect. Immun. 2008, 76, 4414–4421. [CrossRef]

87. Hauser, A.R.; Cobb, E.; Bodí, M.; Mariscal, D.; Vallés, J.; Engel, J.N.; Rello, J. Type III protein secretion is associated with poor
clinical outcomes in patients with ventilator-associated pneumonia caused by Pseudomonas aeruginosa. Crit. Care Med. 2002, 30,
521–528. [CrossRef] [PubMed]

88. Stewart, R.M.K.; Wiehlmann, L.; Ashelford, K.E.; Preston, S.J.; Frimmersdorf, E.; Campbell, B.J.; Neal, T.J.; Hall, N.; Tuft, S.; Kaye,
S.B.; et al. Genetic characterization indicates that a specific subpopulation of Pseudomonas aeruginosa is associated with keratitis
infections. J. Clin. Microbiol. 2011, 49, 993–1003. [CrossRef]

https://doi.org/10.1128/AAC.00475-19
https://www.ncbi.nlm.nih.gov/pubmed/31138570
https://doi.org/10.1128/CMR.00088-17
https://www.ncbi.nlm.nih.gov/pubmed/30068738
https://doi.org/10.3390/antibiotics11091271
https://www.ncbi.nlm.nih.gov/pubmed/36140050
https://doi.org/10.1016/j.scitotenv.2021.150641
https://doi.org/10.3389/fmicb.2015.00242
https://www.ncbi.nlm.nih.gov/pubmed/25873913
https://doi.org/10.1128/mBio.01796-15
https://doi.org/10.1098/rstb.2018.0384
https://doi.org/10.1038/nature15254
https://doi.org/10.1038/s41396-020-00860-3
https://doi.org/10.1093/nar/gkz1197
https://www.ncbi.nlm.nih.gov/pubmed/31879772
https://doi.org/10.1093/nar/gkab859
https://www.ncbi.nlm.nih.gov/pubmed/34606604
https://doi.org/10.3389/fmicb.2019.02934
https://doi.org/10.1038/nmicrobiol.2016.81
https://www.ncbi.nlm.nih.gov/pubmed/27573106
https://doi.org/10.1016/j.ijmm.2011.10.001
https://doi.org/10.1128/CMR.00040-09
https://www.ncbi.nlm.nih.gov/pubmed/19822890
https://doi.org/10.1111/apm.13118
https://doi.org/10.1128/AAC.45.6.1780-1787.2001
https://doi.org/10.1038/s41598-017-05621-5
https://doi.org/10.1098/rspb.2009.0320
https://doi.org/10.1128/AAC.00825-15
https://www.ncbi.nlm.nih.gov/pubmed/26248364
https://doi.org/10.3389/fcimb.2022.1064010
https://www.ncbi.nlm.nih.gov/pubmed/36519135
https://doi.org/10.3390/microorganisms7120707
https://doi.org/10.1128/IAI.00012-08
https://doi.org/10.1097/00003246-200203000-00005
https://www.ncbi.nlm.nih.gov/pubmed/11990909
https://doi.org/10.1128/JCM.02036-10


Antibiotics 2023, 12, 866 20 of 21

89. Yousefi-Avarvand, A.; Khashei, R.; Sedigh Ebrahim-Saraie, H.; Emami, A.; Zomorodian, K.; Motamedifar, M. The Frequency of
Exotoxin A and Exoenzymes S and U Genes Among Clinical Isolates of Pseudomonas aeruginosa in Shiraz, Iran. Int. J. Mol. Cell
Med. 2015, 4, 167–173.

90. Hassuna, N.A.; Mandour, S.A.; Mohamed, E.S. Virulence constitution of multi-drug-resistant Pseudomonas aeruginosa in upper
Egypt. Infect. Drug Resist. 2020, 13, 587–595. [CrossRef]

91. Horna, G.; Amaro, C.; Palacios, A.; Guerra, H.; Ruiz, J. High frequency of the exoU+/exoS+ genotype associated with multidrug-
resistant “high-risk clones” of Pseudomonas aeruginosa clinical isolates from Peruvian hospitals. Sci. Rep. 2019, 9, 10874. [CrossRef]

92. Hauser, A.R. The type III secretion system of Pseudomonas aeruginosa: Infection by injection. Nat. Rev. Microbiol. 2009, 7, 654–665.
[CrossRef]

93. Feltman, H.; Schulert, G.; Khan, S.; Jain, M.; Peterson, L.; Hauser, A.R. Prevalence of type III secretion genes in clinical and
environmental isolates of Pseudomonas aeruginosa. Microbiology 2001, 147, 2659–2669. [CrossRef] [PubMed]

94. Elmouaden, C.; Laglaoui, A.; Ennanei, L.; Bakkali, M.; Abid, M. Virulence genes and antibiotic resistance of Pseudomonas aeruginosa
isolated from patients in the Northwestern of Morocco. J. Infect. Dev. Ctries 2019, 13, 892–898. [CrossRef] [PubMed]

95. Boulant, T.; Boudehen, Y.M.; Filloux, A.; Plesiat, P.; Naas, T.; Dortet, L. Higher Prevalence of PldA, a Pseudomonas aeruginosa
Trans-Kingdom H2-Type VI Secretion System Effector, in Clinical Isolates Responsible for Acute Infections and in Multidrug
Resistant Strains. Front. Microbiol. 2018, 9, 2578. [CrossRef] [PubMed]

96. Wilderman, P.J.; Vasil, A.I.; Johnson, Z.; Vasil, M.L. Genetic and biochemical analyses of a eukaryotic-like phospholipase D of
Pseudomonas aeruginosa suggest horizontal acquisition and a role for persistence in a chronic pulmonary infection model. Mol.
Microbiol. 2001, 39, 291–304. [CrossRef] [PubMed]

97. Alva, P.P.; Raj, J.M.; Karunasagar, I.; Premanath, R. Environmental and clinical Pseudomonas aeruginosa isolates with pooled
presence of exo S, exo U, exo T and exo Y genes. J. Pure Appl. Microbiol. 2018, 12, 1119–1124. [CrossRef]

98. Radó, J.; Kaszab, E.; Petrovics, T.; Pászti, J.; Kriszt, B.; Szoboszlay, S. Characterization of environmental Pseudomonas aeruginosa
using multilocus sequence typing scheme. J. Med. Microbiol. 2017, 66, 1457–1466. [CrossRef]

99. Andrews, S. FastQC—A Quality Control Tool for High Throughput Sequence Data [Online]. Available online: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 28 February 2021).

100. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski,
A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 2012, 19,
455–477. [CrossRef]

101. Gurevich, A.; Saveliev, V.; Vyahhi, N.; Tesler, G. QUAST: Quality assessment tool for genome assemblies. Bioinformatics 2013, 29,
1072–1075. [CrossRef]

102. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]
103. Larsen, M.v.; Cosentino, S.; Rasmussen, S.; Friis, C.; Hasman, H.; Marvig, R.L.; Jelsbak, L.; Sicheritz-Pontén, T.; Ussery, D.W.;

Aarestrup, F.M.; et al. Multilocus sequence typing of total-genome-sequenced bacteria. J. Clin. Microbiol. 2012, 50, 1355–1361.
[CrossRef]

104. Francisco, A.P.; Vaz, C.; Monteiro, P.T.; Melo-Cristino, J.; Ramirez, M.; Carriço, J.A. SOFTWARE Open Access PHYLOViZ:
Phylogenetic inference and data visualization for sequence based typing methods. BMC Bioinform. 2012, 13, 87. [CrossRef]
[PubMed]

105. Page, A.J.; Cummins, C.A.; Hunt, M.; Wong, V.K.; Reuter, S.; Holden, M.T.G.; Fookes, M.; Falush, D.; Keane, J.A.; Parkhill, J.
Roary: Rapid large-scale prokaryote pan genome analysis. Bioinformatics 2015, 31, 3691–3693. [CrossRef] [PubMed]

106. Draw Venn Diagram. Available online: http://bioinformatics.psb.ugent.be/webtools/Venn/ (accessed on 5 March 2023).
107. Treangen, T.J.; Ondov, B.D.; Koren, S.; Phillippy, A.M. The harvest suite for rapid core-genome alignment and visualization of

thousands of intraspecific microbial genomes. Genome Biol. 2014, 15, 87. [CrossRef] [PubMed]
108. Letunic, I.; Bork, P. Interactive tree of life (iTOL) v5: An online tool for phylogenetic tree display and annotation. Nucleic Acids

Res. 2021, 49, W293–W296. [CrossRef] [PubMed]
109. Madeira, F.; Park, Y.M.; Lee, J.; Buso, N.; Gur, T.; Madhusoodanan, N.; Basutkar, P.; Tivey, A.R.N.; Potter, S.C.; Finn, R.D.; et al.

The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic Acids Res. 2019, 47, W636–W641. [CrossRef]
110. Gentleman, R.C.; Carey, V.J.; Bates, D.M.; Bolstad, B.; Dettling, M.; Dudoit, S.; Ellis, B.; Gautier, L.; Ge, Y.; Gentry, J.; et al.

Bioconductor: Open software development for computational biology and bioinformatics. Genome Biol. 2004, 5, R80. [CrossRef]
111. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer-Verlag: New York, NY, USA, 2016; ISBN 978-3-319-24277-4.
112. RStudio Team RStudio: Integrated Development for R. Available online: http://www.rstudio.com/ (accessed on 21 February

2023).
113. Chen, L.; Yang, J.; Yu, J.; Yao, Z.; Sun, L.; Shen, Y.; Jin, Q. VFDB: A reference database for bacterial virulence factors. Nucleic Acids

Res. 2005, 33, D325–D328. [CrossRef]
114. Liu, M.; Li, X.; Xie, Y.; Bi, D.; Sun, J.; Li, J.; Tai, C.; Deng, Z.; Ou, H.Y. ICEberg 2.0: An updated database of bacterial integrative

and conjugative elements. Nucleic Acids Res. 2019, 47, D660–D665. [CrossRef]
115. Johansson, M.H.K.; Bortolaia, V.; Tansirichaiya, S.; Aarestrup, F.M.; Roberts, A.P.; Petersen, T.N. Detection of mobile genetic

elements associated with antibiotic resistance in Salmonella enterica using a newly developed web tool: MobileElementFinder. J.
Antimicrob. Chemother. 2021, 76, 101–109. [CrossRef]

https://doi.org/10.2147/IDR.S233694
https://doi.org/10.1038/s41598-019-47303-4
https://doi.org/10.1038/nrmicro2199
https://doi.org/10.1099/00221287-147-10-2659
https://www.ncbi.nlm.nih.gov/pubmed/11577145
https://doi.org/10.3855/jidc.10675
https://www.ncbi.nlm.nih.gov/pubmed/32084019
https://doi.org/10.3389/fmicb.2018.02578
https://www.ncbi.nlm.nih.gov/pubmed/30420847
https://doi.org/10.1046/j.1365-2958.2001.02282.x
https://www.ncbi.nlm.nih.gov/pubmed/11136451
https://doi.org/10.22207/JPAM.12.3.10
https://doi.org/10.1099/jmm.0.000589
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1128/JCM.06094-11
https://doi.org/10.1186/1471-2105-13-87
https://www.ncbi.nlm.nih.gov/pubmed/22568821
https://doi.org/10.1093/bioinformatics/btv421
https://www.ncbi.nlm.nih.gov/pubmed/26198102
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://doi.org/10.1186/s13059-014-0524-x
https://www.ncbi.nlm.nih.gov/pubmed/25410596
https://doi.org/10.1093/nar/gkab301
https://www.ncbi.nlm.nih.gov/pubmed/33885785
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1186/gb-2004-5-10-r80
http://www.rstudio.com/
https://doi.org/10.1093/nar/gki008
https://doi.org/10.1093/nar/gky1123
https://doi.org/10.1093/jac/dkaa390


Antibiotics 2023, 12, 866 21 of 21

116. Vielva, L.; de Toro, M.; Lanza, V.F.; de La Cruz, F. PLACNETw: A web-based tool for plasmid reconstruction from bacterial
genomes. Bioinformatics 2017, 33, 3796–3798. [CrossRef]

117. Garcillán-Barcia, M.P.; Redondo-Salvo, S.; Vielva, L.; de la Cruz, F. MOBscan: Automated Annotation of MOB Relaxases. Methods
Mol. Biol. 2020, 2075, 295–308. [PubMed]

118. Couvin, D.; Bernheim, A.; Toffano-Nioche, C.; Touchon, M.; Michalik, J.; Néron, B.; Rocha, E.P.C.; Vergnaud, G.; Gautheret, D.;
Pourcel, C. CRISPRCasFinder, an update of CRISRFinder, includes a portable version, enhanced performance and integrates
search for Cas proteins. Nucleic Acids Res. 2018, 46, W246–W251. [CrossRef] [PubMed]

119. Yi, H.; Huang, L.; Yang, B.; Gomez, J.; Zhang, H.; Yin, Y. AcrFinder: Genome mining anti-CRISPR operons in prokaryotes and
their viruses. Nucleic Acids Res. 2020, 48, W358–W365. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/bioinformatics/btx462
https://www.ncbi.nlm.nih.gov/pubmed/31584171
https://doi.org/10.1093/nar/gky425
https://www.ncbi.nlm.nih.gov/pubmed/29790974
https://doi.org/10.1093/nar/gkaa351
https://www.ncbi.nlm.nih.gov/pubmed/32402073

	Introduction 
	Results 
	General Features of the Genomes 
	Multilocus Sequence Typing (MLST) 
	Genomic Comparison of Strains Recovered from Mexican Hospital 
	Analysis of the Pan-Genome of the Strains from the Mexican Hospital and of the GenBank 
	Antibiotic Resistance Genes 
	Gene Mutations Associated with Drug Resistance 
	Mobilome 
	Correlation between the Presence of Plasmids, Relaxases MOB, CRISPR-Cas, and Anti-CRISPR Systems 
	Virulence Genes 

	Discussion 
	Materials and Methods 
	Bacterial Genomes 
	MLST (Multilocus Sequence Typing) 
	Genome Comparison of Strains Isolated from the Mexican Hospital 
	Comparative Analysis of Strains from Three Isolation Sources 
	Resistome Analysis 
	Virulence Analysis 
	Mobile Genetic Elements (MGEs) 

	Conclusions 
	References



