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Abstract: Pseudomonas aeruginosa is a widespread environmental bacterium and an opportunistic
pathogen that represents a health hazard due to its production of virulence factors and its high
antibiotic resistance. The genome of most of the strains belonging to this bacterial species is highly
conserved, and genes coding for virulence-associated traits are part of the species core-genome.
Recently, the existence of phylogroups has been documented based on the analysis of whole genome
sequences of hundreds of isolates. These clades contain both clinical and environmental strains,
which show no particular geographical distribution. The major phylogroups (clades 1 and 2) are
characterized by the nearly mutually exclusive production of the virulence effectors secreted by
the type three secretion system (T3SS) ExoS and ExoU, respectively. Clade 3 is the most genetically
diverse and shares with clade 5, which is closely related to clades 1 and 2, the production of the
pore-forming exolysin A, and the lack of T3SS, among other characteristics. Here we analyze the 4955
P. aeruginosa genomes deposited in the Pseudomonas Genome Database and present some hypotheses
on the origins of four of the five phylogroups of this bacterial species.

Keywords: Pseudomonas aeruginosa phylogroups; type 3 secretion system; exoS; exol; exolysin A;
pyocyanin; Pseudomonas Genome Database

1. Introduction

Pseudomonas aeruginosa is a widespread environmental bacterium [1] that has even been
claimed to be ubiquitous [2] and represents a critical health hazard due to its production of
virulence factors [3-5] and high intrinsic and acquired antibiotic resistance [6,7].

The genomic constitution of this bacterial species is characterized by the high degree
of genome conservation among clinical and environmental isolates that have different
geographical origins and times of isolation, as well as the conservation among all isolates—
both environmental and clinical-of the virulence-associated traits [8,9]; thus, all strains are
potentially pathogenic. These highly conserved virulence factors comprise proteases such
as elastase LasB, toxins such as pyocyanin (PYO), and the biosurfactant rhamnolipids (RL),
among others, that are coordinately expressed by the complex regulatory circuit called
quorum sensing (QS) [10] and the type III secretion system (T3SS), which translocates
effector proteins into the host cells [11]. Furthermore, it has been reported by the genome
analysis of P. aeruginosa isolates from different habitats that the genetic repertoire of clones
maintains a habitat-independent gradient of virulence [12].
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In 2010, the existence of a group of P. aeruginosa strains represented by the clinical
isolate PA7, that are genetically diverse, lack the T3SS, and produce a cytotoxic pore-forming
exolysin (ExIA) was reported [13]. In 2015, the analysis of the whole genome sequence of
389 strains [14] revealed that this bacterial species was constituted by three phylogroups:
Clade 1 contained most of the studied strains (309), including the PAOL1 type strain, as
well as the C clone which is the most frequently isolated P. aeruginosa lineage [15]; clade 2,
which is closely related to the first group, and was comprised by 68 strains including its
type strain PA14; 12 strains were found to belong to the genetically diverse clade 3 with
PA7 as the type strain.

The most apparent distinct characteristic of strains belonging to clades 1 and 2 is that
most of the strains that belong to the first phylogroup produce the T35S effector ExoS, while
most of those belonging to clade 2 produce the T3SS effector ExoU [16,17]. Only around
1% of the strains belonging to either of these groups, although mostly belonging to clade 1,
produce both ExoS and ExoU effectors [16].

In 2019, two articles addressed the phylogenetic characterization of P. aeruginosa
populations, including clinical and environmental isolates [16,17]. In both cases, the
authors detected a fourth phylogenetic group that lacks the T3SS and produces the ExIA
exolysin. This phylogroup, called group 5 by Freschi et al. [17], is more closely related to
clades 1 and 2 than clade 3. Clade 5 shares different characteristics with clade 3 besides
its lack of T3SS and the production of ExIA, such as the inability to produce RL with two
rhamnose moieties (di-RL)-because strains of both clades lack rhlC, which encodes the
rhamnosyl transferase that converts mono-RL to di-RL [18]-and the inability to produce the
phenazine-1-carboxamide (PCN)-because they lack the gene encoding the PhzH enzyme
that produce it, using phenazine-1-carboxylic acid (PCA) as substrate, which is also the
substrate for the synthesis of PYO by a diverging route [19].

The aim of this work is the bioinformatic analysis of the chromosomal regions encoding
the distinct characteristics of each of the phylogenetic groups reported by
Olzer et al. in 2019 [16] and Freschi et al. in 2019 [17], using representative strains to
define marker sequences, that were then used to classify the 4955 P. aeruginosa genomes
deposited in the Pseudomonas Genome Database (PsGenDatab, www.pseudomonas.com;
accessed on 15 May 2021), which includes both clinical and environmental isolates [20].
We used two valuable resources as a starting point for our analysis: on one hand, the
huge amount of information organized and curated in PsGenDatab, and on the other, the
whole genome analysis of hundreds of strains already reported [16,17] that defined the P.
aeruginosa pangenome [17], and which allowed us to track specific genetic markers related
to pathogenicity that were defined in these works. The results obtained by this focused
analysis enabled us to propose hypotheses on the origins of four of the five P. aeruginosa
phylogroups. In addition, we tried to follow a similar strategy to detect strains belonging
to the group defined by Freschi et al. in 2019 [17] as group 4, which was identified by
whole sequence analysis, however the focused strategy presented here did not result in the
identification of genetic markers that could be used in tracking clade 4 among the genomes
deposited in PsGenDatab.

2. Materials and Methods
2.1. Analysis of Genome Sequences

The PsGenDatab (www.pseudomonas.com; accessed on 15 May 2021) was used to
obtain genome sequences used in this work. The sequences for the genes exoS and exoT
of PAO1, as well as the PA14_14300 gene from PA14, were retrieved from PsGenDatab.
A set of primers were designed with SnapGene viewer version 6.0.2 (GSL Biotech LLC,
San Diego, CA, USA; available at snapgene.com) to amplify the exoS gene. Given the
highly similarity between exoS and exoT, global nucleotide alignments were carried out
with Clustal Omega [21] at the EMBL-EBI web server to identify the gene regions shared
between both genes and exclude them during the primer design process. The search of exoS
among the genomes deposited in the PsGenDatab (Table S1) was done by virtual PCR with
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SerialCloner version 2.6.1 (Serial Basics; available at http:/ /perezf.free.fr /SerialBasics/
Serial_Cloner.html). The oligonucleotides used for these virtual PCR reactions are: Rv-exoS
GTATCCAAGGCGAGCAACCTG and Fw-exoS CGGGAGATCGAGAGCGAGAAAAA
with an expected amplification size of 1893 bases. The expected amplification sequence was
subsequently used for a Blast search in the PsGenDatab using the default search parameters
and including only complete genomes. A total of 3487 non-redundant strains belonging to
the clade 1 were identified, considering a sequence length of 1893 bp and an identity equal
or higher than 98%.

To identify the strains belonging to clade 2, the absence of the exoS gene together with
the presence of gene PA14_14300 in the vicinity of spcS was considered. As previously
described, a Blast search was performed in the PsGenDatab with default parameters. A total
of 1394 non-redundant strains with an identity equal or higher than 97% were identified.
P. aeruginosa strains PAO1, PA14, PA7 y PA-W1 were used as references for clades 1, 2, 3,
and 5, respectively.

2.2. Determination of Average Nucleotide Identity (ANI) Index among P. aeruginosa Genomes

The computation of the Average Nucleotide Identities (ANI) was performed for some
strains belonging to clades 1, 2, 3, and 5. For clade 1, the selected strains were PAO1
(GCF_000006765.1), LESB65 (GCF_000583955.1), WH-SGI-V-07678 (GCF_001453545.1), and
PAK (GCA_000568855.2). The representatives for clade 2 were PA14 (GCF_000014625.1),
AZPAE15016 (GCF_000792965.1), ID4365 (GCA_000647615.1), VET-35 (GCF_003630095.1),
and PA_W32 (GCA_003833565.1). In the case of clade 3, the included strains were PA7
(GCA_000017205.1), ATCC9027 (GCA_001374975.1), LMG5031 (GCA_003837245.1), and
CLJ1 (GCA_003032395.1). For clade 5, we analyzed PA-W1 (GCA_003833685.1), CF_PA39
(GCA_000568235.2), ENV-567 (GCA_003633495.1), and 014-2A (GCA_003835685.1). The
ANI values were calculated using fastANI v1.33 [22].

2.3. Construction of Phylogenetic Trees

To construct the phylogenetic tree, we used the genome sequences of P. aeruginosa
members from clades 1 (shown in blue) and 2 (shown in purple), and candidates of strains
belonging to clade 4 (shown in green), as well as PA7 used as outgroup that
were retrieved from the NCBI. The analyzed strains correspond to 1975020911BSL_PA3
(GCA_004375175.1), AUS4085 (GCA_003840655.1), B136-33 (GCA_000359505.1), Cotonul
(GCF_003836245.1), CPHL6749 (GCF_003836645.1), CPHL8203 (GCF_003837525.1),
CPHL9433 (GCF_003698765.1), F69A _isolate_IST27N (GCA_003698655.1),
ID4365 (GCA_000647615.1), LESB58 (GCF_000026645.1), LMG2107 (GCF_003836355.1),
M10 (GCF_000647655.1), Mi159 (GCF_003836315.1), Mi162_2 (GCF_003698835.1), PA_D25
(GCA_001721845.1), PA102  (GCA_003332585.1), PA14  (GCF_000014625.1),
PA7 (GCF_000017205.1), PAC13B (GCF_004373995.1), PAC15B (GCA_004373515.1), PAC9A
(GCF_004373985.1), PAK  (GCA_000408865.1), PAO1  (GCF_000006765.1),
PA-W24 (GCF_003834125.1), PA-W32 (GCF_003833565.1), PA-W34 (GCF_003841525.1),
PA-W36 (GCA_003833545.1), PA-W4 (GCF_003833785.1), PA-W45 (GCF_003833425.1),
PA-W8 (GCF_003841755.1), PMM38 (GCF_003836135.1), RP1 (GCA_001500235.1), strain
19660 (GCA_000481765.1), Tu61 (GCA_003836685.1), TuD199 (GCF_003836175.1), W5Aug16
(GCF_003836445.1), WH-SGI-V-07166 (GCA_001449485.1), and WH-SGI-V-07252
(GCA_001452885.1). The genomes were aligned to identify locally collinear blocks (LCB)
using Mauve [23] with the progressive Mauve algorithm [24]. Subsequently, the LCBs
shared by all genomes with a minimum length of 500 bases were extracted and con-
catenated, resulting in an alignment of 6,103,417characters. Phylogenetic reconstruction
was performed with FastTree2 [25] using the GTR model of nucleotide substitution and
1000 bootstraps.
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3. Results and Discussion
3.1. Analysis of the Genomes of Strains Belonging to Clades 1 and 2

To obtain information regarding the chromosomal differences of strains belonging to
clades 1 and 2, we analyzed the chromosomal regions that surround the exoS (PA3841) and
exoU (PA14_51530) genes of the type strains PAO1 and PA14, respectively, since these are
the most conspicuous markers of these two phylogroups, and since it has been proposed
that these lineages are genetically isolated [16].

We found that PA14 shows a deletion of the exoS gene present in the PAO1 chromosome
(corresponding to PA3841) but retains spcS (PA14_14330), which encodes the chaperone
required to secrete ExoS. In addition, PA14 contains three genes adjacent to spcS that are
not present in the PAO1 chromosome: PA14_14320 (encoding a hypothetical protein),
PA14_14310, and PA14_14300. The last two genes seem to constitute an operon (Figure 1)
and encode a transcriptional regulator and a zinc-binding oxidoreductase, respectively
(www.pseudomonas.com; accessed on 15 May 2021). We did not detect any sign of a
transposase or of an insertion sequence that might represent a vestige of the chromosomal
rearrangement involved in the deletion of exoS in the PA14 chromosome.

The PA14 exolU and spcU genes form part of the 10.7 kb pathogenicity island PAPI-
2 [26], and in the corresponding position, strain PAO1 contains a 8.9 kb genomic island that
harbors, among others, the gene encoding pyocin S5 (pyoS5) [26] (Figure 1). The presence
of T3SS effectors in mobile genetic elements might be a common phenomenon since it has
been reported that in the plant pathogenic bacterium Pseudomonas syringae, an integrative
conjugative element (ICE) containing loci encoding multiple type III effectors can conjugate
between different strains and modify their interaction with plants [27].

It is interesting that the clade 2 specific ExoU production is encoded in a mobile genetic
element since it could be expected that this would lead to genomic instability that could
hardly result in the perpetuation of the second-largest P. aeruginosa phylogroup. A plausible
explanation for the stable maintenance of ExoU production in clade 2 strains is that the
production of this exotoxin encoded in the PAPI-2 pathogenicity island is an important
virulence trait [28] that is under positive selection. In this respect, it has been reported that
ExoU is the most toxic of the T35S effectors [29]. Another requisite for the fixation of clade
2 genomic constitution is that recombination between this phylogroup and clade 1 is low,
as has been reported previously [16].

Strain PA14 contains another pathogenicity island, PAPI-1, that is larger than PAPI-2
and is not present in strain PAO1 [26,28]. However, this pathogenicity island is a mobile
genetic element [30] that is present in strains belonging to both clades 1 and 2, and thus is
not phylogenetically relevant.

We decided not to use exoll and other genes encoded in the PAPI-2 pathogenicity
island to screen for strains belonging to clade 2 among the 4955 P. aeruginosa genomes in
the PsGenDatab to avoid the use of a gene encoded in a transposable element. Instead,
we decided to use PA14_14300, one of the genes near spcS in the PA14 chromosome that
is absent in PAO1 (Figure 1). To validate whether PA14_14300 was a good marker for
strains belonging to clade 2, we determined the presence of this gene among 183 strains
that contain exol and lack exoS—-which were reported to belong to this phylogroup—-using a
whole genome phylogenomic approach [16], and found the gene in all of them.
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Figure 1. Analysis of PAO1 and PA14 genome regions where exoS and exolU are encoded
(A) Representation of the PAO1 and PA14 chromosomal regions where exoS is encoded in the
former strain; homologous genes are shown in orange; PA14_14300, PA14_14310, and PA14_14320
genes that are present only PA14 chromosome are shown in green, and the deletion of exoS in PA14
is shown by a dotted line. (B) Representation of the PAO1 and PA14 chromosomal regions where
exol is encoded in the latter strain; homologous genes are shown in orange, genes corresponding

to PAPI-2 pathogenicity island are shown in green, and genes corresponding to the 8.9 kb PAO1
genomic island are shown in blue.
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To track the strains belonging to clades 1 and 2 in the 4955 P. aeruginosa genomes in
the PsGenDatab, we carried out virtual PCR for exoS and a BLAST search for PA14_14300
nucleotide sequences and found that 3487 genomes (70.4%) contained exoS and thus pre-
sumably belong to clade 1 (see Supplementary Material Table S1), while 1394 genomes
(28.1%) lacked exoS and contained PA14_14300, and thus seem to belong to clade 2 (see
Supplementary Material Table S2). This proportion of strains belonging to each of these
two clades is similar to that reported in the articles analyzing the genome sequences of
hundreds of P. aeruginosa strains [16,17].

The number of genomes in the database that we detected using this approach as
belonging to clades 1 and 2 is lower than the total number of deposited genomes, (4883 vs.
4955). This is due in part to the small number of genomes that belong to clades 3 and 5 that
lack both exoS and PA14_14300 (see below), and probably also to some inconsistencies of
the PsGenDatab which contains draft genomes and some duplicated entries. In addition,
it is important to consider that there is a small proportion of strains that might be rare
recombinants of the two clades.

To determine the presence of recombinants between clades 1 and 2, we searched for
strains that contained both exoS and exoU and found 49 strains (Table 1)-around 1% of the
analyzed strains—which is similar to the proportion that has been reported previously [16].
Among these 49 strains, eight contain the PA14_14300 gene (although three of them contain
only a fragment)-suggesting that they belong to clade 2 and inherited the exoS gene by
recombination with a strain from clade 1-while the 41 strains that lack PA14_14300 gene
presumably belong to clade 1. However, since the strains containing both exoS and exoU
are clearly the product of recombination between members of clades 1 and 2, the use of a
single genetic marker to assign a phylogroup is questionable, and a global approach should
be performed to classify them. To exemplify this phenomenon, we determined the ANI
value of the eight strains that contain the PA14_14300 gene among the strains that contain
both exoS and exoU and found that four of them are more closely related to strains of clade 1
than of clade 2 (see Supplementary Material Table S3). That most of the strains containing
exoS and exol belong to clade 1 is consistent with the analysis reported previously [16].

Table 1. Strains encoding both ExoS and ExoU in their genome that are deposited in the PsGenDatab.

STRAIN P?I}:},SI}ZS)S 0 PA14-14300 Source of Isolation Place of Isolation ﬁfﬁ:ﬁ:::

WH-SGI-V-07678 + — Hospital United States GCF_001453545.1

AZPAE14698 ¥ - Respiratory fract Israel GCF_000794705.1
infection

AZPAE15028 + - Respiratory fract France GCF_000792265.1
infection

AZPAE15028 + — Unknown United States GCF_007021965.1

PA99 + — Urine United States GCF_000611995.2

AUS122 + — River, environmental Australia GCF_003976545.1

T4242 + — Sputum Thailand GCF_003975125.1

MRSN1739 + — Blood United States GCF_003969695.1
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Table 1. Cont.

STRAIN PI(\I}:},EEZS; 0 PA14-14300 Source of Isolation Place of Isolation '?\?f;i:::l

ENV-208 + + Residual water, Estonia GCF_003633235.1
environmental
VET-77 + — Dog ear secretion Estonia GCF_003631375.1
VET-39-D2 + - Dog ear secretion Estonia GCF_003631365.1
VET-44 + — Ear secretion Estonia GCF_003631355.1
PABLO031 + — Blood United States GCF_003411975.1
L25 + — Hospital effluent Brazil GCF_003402335.1
M12 + — Hospital effluent Brazil GCF_003402275.1
WCHPA075056 + — Clinical isolate China GCF_002976215.1
WCHPA075063 + - Clinical isolate China GCF_002976195.1
CCF_716 + — Clinical isolate N/A GCF_001910215.1
WH-SGI-V-07638 + — Hospital United States GCF_001453435.1
AZPAE12423 + - Cystic Fibrosis Clevel;:ﬁéfnited GCF_000797355.1
AZPAE12418 + - Cystic Fibrosis Clevelg:‘atsUnited GCF_000797245.1
AZPAE12416 + - Cystic Fibrosis Clevelg;‘iégnited GCF_000797185.1
AZPAE14899 + - Urinary tract infection Chennai, India GCF_000791065.1
ATCC 25324 I“;ggﬂzte + Gf‘s‘s, lsr};;ei‘:ﬁa ‘i‘ir' Unknown GCF_000297295.1
6093 + - Cystic Fibrosis, Quebec, Canada ~ GCF_004371325.1
sputum
MRSN16344 + — Wound United States GCF_003969715.1
AUS476 + — Cystic Fibrosis Australia GCF_003840865.1
CN573=PSE143 + — Pleural liquid Georgia GCF_003836905.1
A1(A2448) + — Urine Thailand GCF_003835445.1
HUM-257 + - Bronchus-alveolar Estonia GCF_003631435.1
wash
M28A1 + — Cow manure Colombia GCF_002117025.1
BK5 + — Eye, keratitis Madurai, India GCF_002242915.1
isolate 406 + + Unknown EMBL GCF_900147325.1
isolate 405 + + Unknown EMBL GCF_900147315.1
1046_PAER + — Clinical isolate United States GCF_001060185.1
AZPAE14960 + + Respiratory tract Spain GCF_000791765.1
infection

1163 + — Blood Brazil GCF_009857765.1
PA126 + — Eye, keratitis Australia GCF_009727515.1
AZPAE15052 + — Respiratory tract Argentina GCF_000791465.1
AZPAE14930 Fragment + Urinary tract infection Germany GCF_000793865.1
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Table 1. Cont.

STRAIN PI(\I}:},EEZS;J- 0 PA14-14300 Source of Isolation Place of Isolation ?\?3151:::
HM293 Fragment - Bladder cancer United Kingdom GCF_003835395.1
VET-35 Fragment + Dog ear secretion Estonia GCF_003630095.1

S700_C14_RS Fragment - Res}i’ri&aetc‘;irg’;rad Italy GCF_002135765.1

PABLO081 Fragment — Blood United States GCF_003411045.1

PABLO075 Fragment + Blood United States GCF_003410855.1

PABL086 Fragment - Blood United States GCF_003410925.1

5708_C14_RS Fragment - Respiratory tract Ttaly GCF_002136415.1

PABL074 Fragment - Blood United States GCF_003411025.1

PA176 Fragment — Eye Australia GCF_009727405.1

The presence of the PAPI-2 pathogenicity island among the 49 exoll, exoS recombinant
strains was determined by a BLAST search using as query the sequence of PA14_51550, the
gene encoding a transposase that flanks exoll. We found that all these 49 strains contain the
PAPI-2 pathogenicity island, but three strains—the blood isolate 1163 from Brazil, PA126
strain isolated from an eye infection patient in Australia, and strain AZPAE 15052 isolated
from the respiratory tract of a patient in Argentina (Table 1)-contain additional genes
encoding transposases within this pathogenicity island (www.pseudomonas.com; accessed
on 15 May 2021).

This analysis of the genomic regions surrounding the exoS and exolU genes among
the PAO1 and PA14 type strains, and the correlation of these arrangements among the
genomes of around 5000 strains that have been deposited in the PsGenDatab, allowed
us to formulate the following hypotheses for the origin of the two major P. aeruginosa
phylogroups: the clade 2 ancestor strain (belonging to clade 1) suffered a deletion of
exoS and the concomitant acquisition of three genes that do not seem be involved in
pathogenicity or fitness (PA14_14320, PA14_14310, and PA14_14300). In addition, this strain
acquired by horizontal gene transfer (HGT) a 10 kb pathogenicity island encoding exolU
and spcU, which is present in a different chromosomal region [26].

A central part of this hypothesis is that when clade 2 diverged from clade 1, the
resulting lineages presented a very low frequency of recombination so the clone giving
rise to this new phylogroup could become fixed. This low frequency of recombination
between clades 1 and 2 is the basis for the delimitation of these lineages, as has already been
reported [16] and agrees with the results reported here analyzing PsGenDatab genome
sequences. However, it is important to stress the low genetic variability of these P. aeruginosa
phylogroups [8], which is evidenced by the high conservation of their genomic sequences
not only in coding sequences but also in intergenic regions; clade 1 presents an ANI value of
more than 99% between strains, and of more than 98% with clade 2, Table 2 [16]. This DNA
sequence conservation seems to be the product of a gene conversion mechanism, which
operates on both clades 1 and 2, although the frequency of interclade recombination is lower
than that of intraclade genetic exchange, giving rise to two closely related phylogroups.
The existence of the mechanism of gene conversion can be appreciated considering that
the four strains belonging to clade 1, presented as examples in Table 2, have an ANI value
of more than 99%, and a different geographical origin (Australia, United States, and the
United Kingdom) and time of isolation (that can be of decades apart).
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Table 2. Average nucleotide identity (ANI) of some genomes belonging to phylogroups 1 (blue),
2 (pink), 3 (red), and 5 (green) *.

STRAINS 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
(1) PAO1 100
(2) LESB65 99.35 100
(3) PAK 99.20  99.15 100
(4) WH-SGI-V-07678 99.29  99.15 99.07 100
(5) PA14 98.73  98.63 98.62 98.66 100
6) 1D4365 98.71 98.62 98.54 98.59 98.96 100
(6)
(7)PA_ e o e ,
fio. 98.68 98.50 98.59 98.55 98.95 98.83 100
(8) AZPA E15016 98.69 98.56 98.58 98.57 99.95 98.93 98.85 100
(9) PA7 93.93  93.91 93.86 93.88 93.90 94.01 93.84 93.88 100
(1O;$T7CC 93.80 93.73 93.67 93.69 93.75 93.85 93.81 93.74 98.95 100
(11) CLJ1 93.81  93.76 93.64 93.71 93.72 93.65 93.83 93.71 98.74 99.21 100
(12) LMG 5031 93.80 93.73 93.72 93.71 93.75 93.80 93.84 93.72 98.88 99.24 99.11 100
(13) PA-W1 97.46  97.44 97.35 97.40 97.28 97.35 97.34 97.24 93.80 93.70 93.74 93.71 100
(1§)A§§ - 97.50 97.47 97.36 97.44 97.29 97.34 97.30 97.26 93.84 93.75 93.77 93.71 99.50 100
(15) 014-2A 97.44  97.43 97.35 97.34 97.27 97.30 97.27 97.21 93.79 93.72 93.67 93.74 99.96 99.49 100

(16) EN'V-567

97.45 97.38 97.34 97.37 97.26 97.31 97.28 97.16 93.80 93.67 93.69 93.69 99.49 99.49 99.44 100

* The strains analyzed were numbered, and the corresponding number is used at the top of the table. Genome
sequences were obtained from PsGenDatab.

The molecular mechanism involved in the lower frequency of interclonal recombi-
nation is not clear and could be multifactorial but does not seem to be related to the role
of ExoS and ExoU in pathogenicity or fitness, since strains exhibiting both markers are
readily isolated (Table 1). One factor that could reduce recombination between clade 1 and
2 would be that the genetic exchange between strains belonging to each phylogroup in
biofilms is reduced. A large part of the P. aeruginosa biofilm matrix is extracellular DNA
(e-DNA) produced by explosive cell lysis [31] caused by pyocins R and F [32], and it has
been reported that this bacterial species is capable of natural transformation in biofilms [33],
and that HGT occurs in these structures [34]. Thus, if the frequency of mixed biofilms
containing strains of both clades is low, the frequency of recombination will be reduced.
This possibility remains to be experimentally validated.

Another possibility to explain the lower frequency of interclonal recombination is that
very efficient restriction systems exist in these phylogroups in such a way that strains that
belong to one clade efficiently restrict the DNA of the other clade, and vice versa.

3.2. Analysis of the Genomes of Strains Belonging to Clade 3

Strains belonging to clade 3 are genetically diverse (Table 2) and thus have been
considered an outlier group [13,16,17]. The most conspicuous characteristic of all strains
belonging to this diverse clade is that they present the pore-forming exolysin A (ExIA)-
which is an important virulence factor of this phylogroup—-and the concomitant deletion of
genes encoding the T35S [35] and the effectors secreted by this system like ExoS and ExoU.
It is important to highlight that the production of ExIA and the presence of the T35S are
mutually exclusive and that no P. aeruginosa isolate has been found to have genes encoding
for both virulence-associated traits. Therefore, one possibility to explain the origin of clade
3 would be that a P. aeruginosa strain inherited by HGT-the exIBA operon that encodes
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for ExIB the outer membrane translocator of ExIA and the exolysin A itself [36]-and that
to survive or to maintain its virulence, the deletion of the T3SS was selected. The exIBA
operon is present in several Pseudomonas species, like Pseudomonas fluorescens, Pseudomonas
putida and Pseudomonas chlororaphis [36], and one of these could be the source of the operon
encoding exolysin A. In addition, it has been reported that members of clade 3 contain
a deletion of rhlC-encoding the enzyme involved in the production of di-RL [18]-and of
phzH—-encoding the enzyme that transforms PCA, the PYO precursor, to PCN [19].

The analysis of the PA7 genome (Figure 2) showed that the 36 genes encoding proteins
involved in the T3SS were deleted, as was reported previously [13,35]. This deletion
generated a 56 bp sequence, annotated in the PA7 genome as the intergenic region between
PA1689 and bgIX (Figure 2), which shows no homology to the PAO1 chromosomal region
flanking the 36 genes involved in T3SS synthesis. We used this 56 bp sequence to search the
PsGenDatab and found 36 strains among the 4955 P. aeruginosa genomes (see Supplementary
Material Table S4) that contain it (Figure 2). All of them contained the exIBA operon in the
same chromosomal position as strain PA7.
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PA1134
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Figure 2. Analysis of PA7 genome regions where the genes involved in T3SS, rhIC, and phzH are
encoded in the PAO1 strain. (A) Representation of the PAO1 and PA7 chromosomal regions, where
genes involved in the T3SS are encoded in the former strain; the five operons encoding genes involved
in the T3SS in the PAO1 chromosome are shown in different colors, and the lack of the 36 genes
encoded in these operons in strain PA7 chromosome is shown with a dotted line; the square at the
bottom of the figure represents the 56 bp sequence that is present in the 36 strains belonging to
clade 3 detected in the PsGenDatab. (B) Representation of the PAO1 and PA7 chromosomal regions
where 1hiC is encoded in the former strain; the homologous genes are shown in orange, and the genes
that are absent in the PA7 chromosome are shown with a dotted line; the square shown at the bottom
of the figure corresponds to the 93 bp sequence that is present in the 36 strains belonging to clade 3
detected in the PsGenDatab. (C) Representation of the PAO1 and PA7 chromosomal regions where
phzH is encoded in the former strain; homologous genes are shown in orange and genes that are
absent in the PA7 chromosome are shown with dotted lines.
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The analysis of the PA7 genome sequence corresponding to the rhIC locus showed that
this strain contains a deletion of the entire gene-the fosA gene flanking rh/C on one side,
and three genes (corresponding to PA1131, PA1132, and PA1133 in PAO1) flanking it on
the other side (Figure 2). We determined that a 93 bp sequence with no homology to PAO1
was present in the PA7 chromosome in the region where rhIC and its flanking genes were
deleted. Using this 93 bp sequence (annotated as the intergenic region between PA1128 and
PA1134, Figure 2), we detected the same 36 exIBA positive strains that were detected using
the 56 bp sequence, that is, the scar of the deletion of genes encoding proteins involved in
T3SS (Table S4).

A similar approach was performed with the sequence that is present in the PA7
chromosome delimiting the boundaries of the deletion of phzH and one flanking gene
(corresponding to the PA0050 PAO1 gene) (Figure 2), and the same 36 strains were detected
(Table S4). These 36 include several strains that have been reported previously as belonging
to the PA7 phylogroup [35].

These results suggest that the genetically diverse clade 3 originated when the exIBA
operon was inherited by HGT by a P. aeruginosa strain [36], and that deletion of genes
encoding for the T3SS, RhlC, and PhzH was concomitantly selected.

The high degree of genetic divergence of clade 3 strains compared with the conserva-
tion of the other clades (an ANI value slightly higher than 93%, Table 2) [16,17] suggests
that they have been in recombination isolation from the most abundant clades 1 and 2 for a
long period; presumably, since they first originated.

It has been reported that the global transcriptional regulator of P. aeruginosa PAO1
and PA14 genes involved in virulence-Vfr (an ortholog of the Escherichia coli catabolite
repressor protein-CRP) coupled to cyclic AMP (cAMP)-regulates the expression of the
exIBA operon [37,38]. In addition, it has been shown that the QS-dependent expression of
different virulence traits like RL, PYO, and elastase LasB is conserved in the ATCC 9027
strain belonging to clade 3 [39,40]. The conservation in clade 3 strains of the regulons
involved in virulence shows that they present a similar pathogenic strategy to strains
belonging to clades 1 and 2, even though they have been genetically isolated. In this respect,
it is important to highlight that clade 3 strains are members of the P. aeruginosa species,
even though their genetic divergence is high when compared to the sequence conservation
of other phylogroups. However, even though they have a slightly lower ANI than that
accepted for members of a bacterial species [41], the conservation of their chromosome
synteny (www.pseudomonas.com; accessed on 15 May 2021), pathogenic mechanisms, and
other aspects of their biology show that they indeed belong to this species.

3.3. Analysis of the Genomes of Strains Belonging to Clade 5

Reboud et al. reported in 2016 [35] that there were two groups of exIBA-containing P.
aeruginosa strains, and that each group had a distinct type of deletion of genes encoding the
T3SS. In 2019, Freschi et al. [17] reported the existence of clade 5, which was closely related
to clades 1 and 2 but shared several genomic characteristics with clade 3-including the lack
of genes involved in T3SS, and of the rhIC and phzH genes. It is possible that phylogroup
5 is derived from clade 2 since there is a vestige of the PA14_14300 gene (46 bp) that is
present in the chromosomal region where PA14_14300, PA14_14310, and PA14_14320 are
encoded in strain PA14 (strains presenting this PA14_14300 fragment are shown at the end
of Table S2 and are marked in red).

To analyze the genomic context of these reported deletions, we used the leg-wound
isolate PA-W1 strain that was previously reported to belong to clade 5 [17]. We found that
the exIBA operon was present in the same genomic context as in strains belonging to clade
3, linked to the phh ABC operon (www.pseudomonas.com; accessed on 15 May 2021), but
the deletions affecting genes encoding proteins of the T3SS, rhIC, and phzH were completely
different (Figure 3).
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Figure 3. Analysis of PA-W1 genome regions where the genes involved in T3SS, rhlIC, and phzH
are encoded in the PAO1 strain. (A) Representation of the PAO1 and PA-W1 chromosomal regions
where genes involved in the T3SS are encoded in the former strain; (B) representation of the PAO1
and PA-W1 chromosomal regions where rhIC is encoded in the former strain; (C) representation of
the PAO1 and PA-W1 chromosomal regions where phzH is encoded in the former strain. Color codes
used are the same as in Figure 2.

To search for strains belonging to clade 5 among the 4955 genomes deposited in
PsGenDatab, we used either the 42 bp sequence that was created when 33 of the 36 T3SS
genes were deleted (Figure 3), or the 30 bp sequence that was formed when part of the
rhlC and the gene corresponding to the PAO1 PA1131 gene were deleted (Figure 3). In both
cases, 20 exIBA positive strains were detected (see Supplementary Information Table S5).
These 20 strains belonging to clade 5 share a high degree of nucleotide conservation with
strains of clades 1 and 2 (with an ANI value of more than 97, Table 2), which is consistent
with previous reports [16,17].

The most plausible explanation for the origin of strains belonging to clade 5 (Figure 4)
is that a strain belonging to clade 2 inherited the exIBA operon from a strain of clade 3 by
homologous genetic recombination with sequences flanking the exolysin A coding genes,
since the exIBA operon is encoded in the same genomic context in both clades. However,
when the exIBA operon was inherited, deletions of genes encoding the T3SS and of the
rhiC and phzH genes were selected (Figure 3). These deletions were independent events to
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those giving rise to clade 3, and their independent selection shows that a strong selective
pressure for the loss of these genes was exerted for these clades to persist.

~ selection of deletion 1

Clade 3

. B
AP

+
}“
S
’\* \# selection of deletion 2

Group 5 ancestor Clade 5
[clade 2)

Figure 4. Schematic representation of the proposed hypothesis for the origin of strains belonging
to clades 3 and 5. We propose that the exIBA operon was transferred by HGT from a non-related
bacteria to the P. aeruginosa ancestor of clade 3, and that the inheritance of these genes encoding for
the production of exolysin A was incompatible with the production of the T3SS, so the deletion of the
five operons encoding this virulence factor was selected; concomitantly in order to compensate for
the lack of T35S the deletion of +hIC and of phz were selected. In turn, phylogroup 5 was originated
by the HGT from a P. aeruginosa clade 3 strain of the exIBA operon to a P. aeruginosa strain possibly
belonging to clade 2, and the deletion of genes encoding for the T3SS, rhIC, and phzH were selected in
independent events. This image was created by biorender.com.

As mentioned, the production of exolysin A appears to be incompatible with the
presence of the T3SS because no P. aeruginosa strains have been isolated that produce both
systems that cause a cytotoxic effect (Figure 4). The fact that strains belonging to clade 5
present an independent deletion event of genes encoding T3SS reinforces this conclusion.

We propose that the deletion of rhIC and phzH in strains belonging to clades 3 and 5
are secondary events to the inheritance of ex/BA and the concomitant loss of genes encoding
the T3SS, since this secretion system is one of the most important P. aeruginosa virulence
factors [11], and so the exolysin A production might not be able to fully compensate the
attenuation of strains having a deletion of the T3SS genes. Furthermore, the existence of
unrelated deletions in the same genes in phylogroups 3 and 5 strongly suggest that the
rearrangement of the pathogenicity-related traits is the most plausible response for the
expression of virulence in the context of exolysin A production.

Another important virulence factor, besides T3SS, is the oxidizing toxin PYO. The
deletion of phzH is expected to cause increased production of this phenazine by redirecting
the carbon flow to its synthesis [19]. In the case of the deletion of rhIC, it has been reported
that PAO1 mutants lacking this gene overproduce PYO [18] by a not yet understood
molecular mechanism. Thus, the deletion of phzH and rhiC is expected to cause an increment
in PYO production that could compensate for the lack of a functional T3SS in strains
belonging to clades 3 and 5.

It has recently been reported that P. aeruginosa strains that produce exolysin A synthe-
size higher levels of PYO and higher biofilm mass [42], an observation that is consistent
with the proposed hypothesis.
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3.4. Searching for Clade 4

The existence of clade 4 was proposed by Freschi et al. in 2019 when they analyzed
1311 high-quality P. aeruginosa genomes [17]. The phylogeny reported in their article gives
solid evidence for the existence of five groups, and they reported matrices of the presence of
several pathogenicity-related markers that were used in our analysis. Besides the previously
analyzed phylogroups, they defined clade 4, which is closely related to clades 1, 2 and 5,
and is characterized by the absence of mexF, cat, oprA, triC, PDC-8, and purR, and by the
presence of exoS, PDC-1, arnA, fosA, pmrC, and pmrF. Ozer et al. in 2019 [16] did not detect
this phylogroup among the genomes of the 739 strains they analyzed, presumably because
they used a smaller number of genomes.

To search for a genomic marker of phylogroup 4 that would enable us to search for
members of this clade among the 4955 genomes deposited in the PsGenDatab, we analyzed
the genome of strain AUS485, which is a member of this group [17], but we could not detect
any marker that could be used for the focused analysis that we performed in this work.

To identify members of clade 4 among the 4955 P. aeruginosa genomes deposited in
PsGenDatab, we searched for genomes with the mentioned genetic markers reported for
clade 4 [17]. To determine whether these strains grouped with strain AUS485 and thus
could be considered as members of clade 4, we made a phylogenetic tree with known
members of phylogroups 1 and 2 and used PA7 as an outgroup (Figure 5). We found
that strain AUS485 did branch outside clades 1 and 2 as expected, but the strains that we
detected as candidates for being members of clade 4 formed part of clade 2. Thus, using the
approach of tracking some genetic markers that were previously identified by the analysis
of whole genome sequences [16,17], we could not detect any member of clade 4 besides
AUS485, and we are unable to make any hypothesis on the origin of phylogroup 4.
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Figure 5. Phylogenetic tree of the whole genome sequence of strains belonging to clade 1,
clade 2, and of the putative members of clade 4. To construct the phylogenetic tree, we retrieved
from the NCBI the genome sequences of P. aeruginosa members from clades 1 (shown in blue) and 2
(shown in purple), and candidates of strains belonging to clade 4 (shown in green), as well as PA7
used as outgroup. The accession numbers of the genomes of all strains used are provided in the
materials and methods section.
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4. Concluding Remarks

The ability of P. aeruginosa to establish pathogenic interactions is a central part of its
lifestyle [1,3]. Thus, genes involved in pathogenicity form part of its core genome [8,9,17],
and three of the 10 genes that explain the genetic variation of strains belonging to clades 1
and 2 are involved in its pathogenicity [43].

The identification of four or five phylogroups within P. aeruginosa species by the analy-
sis of hundreds of genomes [16,17] is an important achievement, which could considerably
impact the treatment of infections caused by this bacterium, since research areas such as
epidemiology, antibiotic resistance, molecular mechanisms involved in pathogenicity, and
the evolution of this bacterial species are impacted [44]. However, efforts to find correla-
tions between strains belonging to any particular clade as being preferentially clinical or
environmental, or showing a particular geographical distribution, have been unsuccess-
ful [16,17]. The only reported endemicity of P. aeruginosa strains has been a subclade of
phylogroup 2 strains that were isolated in Cuatro Ciénegas, an oasis in the Chihuahuan
desert in Mexico, during a drought crisis [45]. In addition, it was reported that there is a
statistically significant predominance of strains isolated from cystic fibrosis (CF) patients
among strains belonging to clade 1, and that strains belonging to clade 2 were more likely
to produce eye infections [16].

Clades 3 and 5 are characterized by the production of ExIA and their lack of T3SS,
and they represent a very small fraction of strains that have been analyzed in previous
reports [16,17], and of the 4955 genomes that have been deposited in the PsGenDatab,
according to the results presented here (36 and 20 strains, respectively). These results could
be interpreted as if these clades lacked importance, but the low frequency of the isolates
belonging to phylogroups 3 and 5 might arise as a bias in the sampling of sequenced
genomes, as is suggested by the high frequency of exolysin A producing P. aeruginosa
strains (six out nine) among isolates from healthy farm animals [42]. It is thus important to
screen different clinical and environmental settings to have a more complete picture of the
incidence of strains belonging to these phylogroups.

Our approach of screening for genomic markers that are characteristic of each P.
aeruginosa clade, which could only be made using the solid phylogenies of this bacterium
species that were previously reported [16,17], was successful in distinguishing members of
clades 1, 2, 3, and 5 among the 4955 genomes deposited in the PsGenDatab and enabled
us to propose hypotheses on the origins of these phylogroups. We propose that clade 2
diverged from clade 1 by the deletion of ex0S, the acquisition of three genes in the same
chromosomal region (PA14_14320, PA14_14310, and PA14_14300), and the inheritance of
the PAPI-2 genomic island which encodes ExoU and SpcU, among other genes (Figure 1).
The fixation of the clone giving rise to clade 2 seems to be due to the low recombination
frequency between these two clades, caused by an unknown mechanism [16]. However,
the genome conservation between these two phylogroups is remarkably high, measured by
the ANI index of some strains (Table 2), or using 541 strains of group 1 and 186 strains of
group 2 [16]. In both instances, ANIs of more than 98% were found between these clades,
and between members of clade 2, only slightly lower than the more than 99% ANI presented
among the strains belonging to clade 1 (Table 2).

In the case of clade 3, we identified 36 strains belonging to this phylogroup in the
PsGenDatab using either the 53 bp PA7 sequence that is present instead of the 36 PAO1
genes encoding the T3SS, or the 93 bp sequence that is in the place of the r#IC and sur-
rounding genes in the PAO1 genome. All the 36 strains identified encode the exIBA operon
linked to the phhABC operon that in PAO1 corresponds to the PA0872, PA0871, and PA0872
genes, and also contain a deletion of the phzH gene (Figure 2). It is likely the ancestor of
clade 3 strains inherited the ex/BA operon by HGT, and that the presence of this exolysin is
incompatible with the T3SS, so deletion of the genes encoding this secretion system was
selected. We propose that to increase the production of PYO, the deletion of rhIC and phzH
were also selected (Figure 4), since PAO1 mutants in these genes hyperproduce PYO [18,19].
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The case of strains belonging to clade 5 represents an independent event of formation
of a P. aeruginosa phylogroup that has a similar pathogenic strategy as clade 3 strains that is
based on the production of exolysin A, and that lacks RhlC and PhzH. The ANI value of
more than 97% presented by phylogroup 5 compared to clades 1 and 2 (Table 2) is clearly
within the P. aeruginosa species, but it is expected that the molecular mechanisms involved
in their pathogenic interactions are common with the distantly related clade 3. There have
been no reports studying this phenomenon, which might represent a case of convergent
molecular evolution.

The analysis presented in this work opens an interesting field of research on the
epidemiology and evolution of the bacterial opportunistic pathogen P. aeruginosa that iden-
tified some genetic markers characteristic of four previously described phylogroups that
were identified by the analysis of whole-genome sequences. Several questions arise from
the focused analysis that we have presented, such as which is the molecular mechanism
involved in the reduced recombination between members of clades 1 and 2, understanding
the particularities of the clades 3 and 5 pathogenicity strategies, or whether there is a high
prevalence of these exolysin A producing phylogroups associated with a particular niche
or type of infection, among others. These fundamental questions can be experimentally
validated to contribute to the understanding of the biology of this fascinating bacterium
and to the medical problems that it causes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d14050345/s1: Table S1: List of strains that contain exoS in the
PsGenDatab; Table S2: List of strains that lack exoS and contain PA14_14300, that are deposited in
the PsGenDatab; Table S3. ANI value of the 8 strains that contain exoS and exolU, and PA14_14300
compared with clade 1 and clade 2 strains. Table S4: List of strains that contain ex/BA and contain
deletions of T3SS encoding genes, rhIC and phzH as described in Figure 2, that are deposited in the
PsGenDatab; Table S5: List of strains that contain exIBA and deletions of T3SS encoding genes, hIC
and phzH as described Figure 3, that are deposited in the PsGenDatab.

Author Contributions: Conceptualization, G.S.-C., S.E.Q.-M., L.S.-G., S.G.-R. and G.Y.P-S.; method-
ology, S.E.Q.-M., S.G.-R. and G.Y.P-S,; software, G.Y.P-S.; investigation G.5.-C., S.E.Q.-M., S.G.-R. and
G.Y.P-S,; resources, G.S.-C.; data curation, S.E.Q.-M.; writing—original draft preparation, G.S.-C.;
writing—review and editing, L.S.-G., S.E.Q.-M., S.G.-R. and G.Y.P-S; funding acquisition, G.S5.-C. All
authors have read and agreed to the published version of the manuscript.

Funding: G.S.-C. laboratory is supported in part by grant IN201222 from Programa de Apoyo a
Proyectos de Investigacion e Innovacién Tecnoldgica, (Direccion General de Asuntos del Personal
Académico-UNAM).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: S.E.Q.-M. is a doctorate student from Programa de Posgrado en Ciencias
Bioquimicas, UNAM, and she received a CONACYT fellowship (CVU 1044595).

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

1. Moradali, M.E; Ghods, S.; Rehm, B.H.A. Pseudomonas aeruginosa lifestyle: A paradigm for adaptation, survival and persistence.
Front. Cell Infect. Microbiol. 2017, 7, 39. [CrossRef] [PubMed]

2. Crone, S.; Vives-Florez, M.; Kvich, L.; Saunders, A.M.; Malone, M.; Nicolaisen, M.H.; Martinez-Garcia, E.; Rojas-Acosta, C.;
Gomez-Puerto, M.C.; Calum, H.; et al. The environmental occurrence of Pseudomonas aeruginosa. APMIS 2020, 128, 220-231.

[CrossRef] [PubMed]

3.  Diggle, S.P.,; Whiteley, M. Microbe Profile: Pseudomonas aeruginosa: Opportunistic pathogen and lab rat. Microbiol.-SGM 2020, 166,

30-33. [CrossRef]

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


https://www.mdpi.com/article/10.3390/d14050345/s1
https://www.mdpi.com/article/10.3390/d14050345/s1
http://doi.org/10.3389/fcimb.2017.00039
http://www.ncbi.nlm.nih.gov/pubmed/28261568
http://doi.org/10.1111/apm.13010
http://www.ncbi.nlm.nih.gov/pubmed/31709616
http://doi.org/10.1099/mic.0.000860
http://doi.org/10.3390/ijms22063128

Diversity 2022, 14, 345 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gellatly, S.L.; Hancock, R.E.W. Pseudomonas aeruginosa: New insights into pathogenesis and host defenses. Pathog. Dis. 2013, 67,
159-173. [CrossRef] [PubMed]

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] [PubMed]

Shrivastava, S.R.; Shrivastava, P.S.; Ramasamy, J. Responding to the challenge of antibiotic resistance: World Health Organization.
J. Res. Med. Sci. 2018, 23, 21. [CrossRef]

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]

Grosso-Becerra, M.V,; Santos-Medellin, C.; Gonzalez-Valdez, A.; Méndez, ].L.; Delgado, G.; Morales-Espinosa, R.; Servin-Gonzalez, L.,
Alcaraz, L.-D.; Soberén-Chavez, G. Pseudomonas aeruginosa clinical and environmental isolates constitute a single population with
high phenotypic diversity. BMC Genom. 2014, 15, 318. [CrossRef]

Williams, P.; Camara, M. Quorum sensing and environmental adaptation in Pseudomonas aeruginosa: A tale of regulatory networks
and multifunctional signal molecules. Curr. Opin. Microbiol. 2009, 12, 182-191. [CrossRef]

Berube, B.J.; Murphy, K.R.; Torhan, M.C.; Bowlin, N.O.; Williams, J.D.; Bowlin, T.L.; Moir, D.T.; Hauser, A.R. Impact of type III
secretion effectors and of phenoxyacetamide inhibitors of type III secretion on abscess formation in a mouse model of Pseudomonas
aeruginosa infection. Antimicrob. Agents Chemother. 2017, 61, €01202-e01217. [CrossRef] [PubMed]

Hilker, R.; Munder, A.; Klockgether, J.; Losada, PM.; Chouvarine, P.; Cramer, N.; Davenport, C.F; Dethlefsen, S.; Fischer, S.;
Peng, H.; et al. Interclonal gradient of virulence in the Pseudomonas aeruginosa pangenome from disease and environment. Environ.
Microbiol. 2015, 17, 29-46. [CrossRef] [PubMed]

Roy, PH.; Tetu, S.G.; Larouche, A.; Elbourne, L.; Tremblay, S.; Ren, Q.; Dodson, R.; Harkins, D.; Shay, R.; Watkins, K.; et al.
Complete genome sequence of the multiresistant taxonomic outlier Pseudomonas aeruginosa PA7. PLoS ONE 2010, 5, e8842.
[CrossRef] [PubMed]

Freschi, L.; Jeukens, J.; Kukavica-Ibrulj, I.; Boyle, B.; Dupont, M.].; Laroche, J.; Larose, S.; Maaroufi, H.; Fothergill, J.L.; Moore, M.; et al.
Clinical utilization of genomics data produced by the international Pseudomonas aeruginosa consortium. Front. Microbiol. 2015, 6, 1036.
[CrossRef]

Roémling, U.; Wingender, J.; Miiller, H.; Timmler, B. A major Pseudomonas aeruginosa clone common to patients and aquatic
habitats. Appl. Environ. Microbiol. 1994, 60, 1734-1738. [CrossRef]

Ozer, E.A.; Nnah, E.; Didelot, X.; Whitaker, R.J.; Hauser, A.R. The population structure of Pseudomonas aeruginosa is characterized
by genetic isolation of exoU+ and exoS+ lineages. Genome Biol. Evol. 2019, 11, 1780-1796. [CrossRef]

Freschi, L.; Vincent, A.T.; Jeukens, ].; Emond-Rheault, ].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]

Rahim, R.; Ochsner, U.; Olvera, C.; Graninger, M.; Messner, P.; Lam, ].S.; Soberén-Chavez, G. Cloning and functional characteriza-
tion of the Pseudomonas aeruginosa rhlC gene that encodes rhamnosyltransferase 2, an enzyme responsible for di-rthamnolipid
biosynthesis. Mol. Microbiol. 2001, 40, 708-718. [CrossRef]

Mavrodi, D.V.; Bonsall, R.E; Delaney, S.M.; Soule, M.].; Phillips, G.; Thomashow, L.S. Functional analysis of genes for biosynthesis
of pyocyanin and phenazine-1-carboxamide from Pseudomonas aeruginosa PAO1. J. Bacteriol. 2001, 183, 6454-6465. [CrossRef]
Winsor, G.L.; Griffiths, E.J.; Lo, R.; Dhillon, B.K.; Shay, J.A.; Brinkman, ES. Enhanced annotations and features for comparing
thousands of Pseudomonas genomes in the Pseudomonas genome database. Nucleic Acids Res. 2016, 44, D646-D653. [CrossRef]
Madeira, F; Park, YM.; Lee, ].; 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] [PubMed]
Jain, C.; Rodriguez-R, L.M.; Phillippy, A.M.; Konstantinidis, K.T.; Aluru, S. High throughput ANI analysis of 90K prokaryotic
genomes reveals clear species boundaries. Nat. Commun. 2018, 9, 5114. [CrossRef] [PubMed]

Darling, A.C.; Mau, B.; Blattner, ER.; Perna, N.T. Mauve: Multiple alignment of conserved genomic sequence with rearrangements.
Genome Res. 2004, 14, 1394-1403. [CrossRef] [PubMed]

Darling, A.E.; Mau, B.; Perna, N.T. ProgressiveMauve: Multiple genome alignment with gene gain, loss and rearrangement. PLoS
ONE 2010, 5, e11147. [CrossRef] [PubMed]

Price, M.N.; Dehal, PS.; Arkin, A.P. FastTree 2- approximately maximum-likelihood trees for large alignments. PLoS ONE 2010, 5, €9490.
[CrossRef] [PubMed]

He, ].; Baldini, R.L.; Déziel, E.; Saucier, M.; Zhang, Q.; Liberati, N.T.; Lee, D.; Urbach, J.; Goodman, H.M.; Rahme, L.G. The broad
host range pathogen Pseudomonas aeruginosa strain PA14 carries two pathogenicity islands harboring plant and animal virulence
genes. Proc. Natl. Acad. Sci. USA 2004, 101, 2530-2535. [CrossRef] [PubMed]

Baltrus, D.A.; Feng, Q.; Kvitko, B.H. Genome context influences evolutionary flexibility of nearly identical type III effectors in
two phytopathogenic Pseudomonads. Front. Microbiol. 2022, 13, 826365. [CrossRef]

Harrison, EM.; Carter, M.E.; Luck, S.; Ou, H.Y.; He, X,; Deng, Z.; O’Callaghan, C.; Kadioglu, A.; Rajakumar, K. Pathogenicity
islands PAPI-1 and PAPI-2 contribute individually and synergistically to the virulence of Pseudomonas aeruginosa strain PA14.
Infect. Immun. 2010, 78, 1437-1446. [CrossRef]


http://doi.org/10.1111/2049-632X.12033
http://www.ncbi.nlm.nih.gov/pubmed/23620179
http://doi.org/10.1016/j.biotechadv.2018.11.013
http://www.ncbi.nlm.nih.gov/pubmed/30500353
http://doi.org/10.4103/1735-1995.228593
http://doi.org/10.1073/pnas.0832438100
http://doi.org/10.1186/1471-2164-15-318
http://doi.org/10.1016/j.mib.2009.01.005
http://doi.org/10.1128/AAC.01202-17
http://www.ncbi.nlm.nih.gov/pubmed/28807906
http://doi.org/10.1111/1462-2920.12606
http://www.ncbi.nlm.nih.gov/pubmed/25156090
http://doi.org/10.1371/journal.pone.0008842
http://www.ncbi.nlm.nih.gov/pubmed/20107499
http://doi.org/10.3389/fmicb.2015.01036
http://doi.org/10.1128/aem.60.6.1734-1738.1994
http://doi.org/10.1093/gbe/evz119
http://doi.org/10.1093/gbe/evy259
http://doi.org/10.1046/j.1365-2958.2001.02420.x
http://doi.org/10.1128/JB.183.21.6454-6465.2001
http://doi.org/10.1093/nar/gkv1227
http://doi.org/10.1093/nar/gkz268
http://www.ncbi.nlm.nih.gov/pubmed/30976793
http://doi.org/10.1038/s41467-018-07641-9
http://www.ncbi.nlm.nih.gov/pubmed/30504855
http://doi.org/10.1101/gr.2289704
http://www.ncbi.nlm.nih.gov/pubmed/15231754
http://doi.org/10.1371/journal.pone.0011147
http://www.ncbi.nlm.nih.gov/pubmed/20593022
http://doi.org/10.1371/journal.pone.0009490
http://www.ncbi.nlm.nih.gov/pubmed/20224823
http://doi.org/10.1073/pnas.0304622101
http://www.ncbi.nlm.nih.gov/pubmed/14983043
http://doi.org/10.3389/fmicb.2022.826365
http://doi.org/10.1128/IAI.00621-09

Diversity 2022, 14, 345 18 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Foulkes, D.M.; McLean, K.; Haneef, A.S.; Ferning, 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]

Qiu, X.; Gurkar, A.U,; Lory, S. Interstrain transfer of the large pathogenicity island (PAPI-1) of Pseudomonas aeruginosa. Proc. Natl.
Acad. Sci. USA 2006, 103, 19830-19835. [CrossRef]

Turnbull, L.; Toyofuku, M.; Hynen, A.L.; Kurosawa, M.; Pessi, G.; Petty, N.K.; Osvath, S.R.; Carcamo-Oyarce, G.; Gloag, E.S.;
Shimoni, R.; et al. Explosive cell lysis as a mechanism for the biogenesis of bacterial membrane vesicles and biofilms. Nat.
Commun. 2016, 7, 11220. [CrossRef] [PubMed]

Michel-Briand, Y.; Baysse, C. The pyocins of Pseudomonas aeruginosa. Biochimie 2002, 84, 499-510. [CrossRef]

Nolan, L.M.; Turnbull, L.; Katrib, M.; Osvath, S.R.; Losa, D.; Lazenby, J.J.; Whitchurch, C.B. Pseudomonas aeruginosa is capable of
natural transformation in biofilms. Microbiol.-SGM 2020, 166, 995-1003. [CrossRef] [PubMed]

Abe, K.; Nomura, N.; Suzuki, S. Biofilms: Hot spots of horizontal gene transfer (HGT) in aquatic environments, with a focus on a
new HGT mechanism. FEMS Microbiol. Ecol. 2020, 96, fiaa031. [CrossRef] [PubMed]

Reboud, E.; Elsen, S.; Bouillot, S.; Golovkine, G.; Basso, P; Jeannot, K.; Attrée, I.; Huber, P. Phenotype and toxicity of the recently
discovered exIA-positive Pseudomonas aeruginosa strains collected worldwide. Environ. Microbiol. 2016, 18, 3425-3439. [CrossRef]
[PubMed]

Trouillon, J.; Sentausa, E.; Ragno, M.; Robert-Genthon, M.; Lory, S.; Attrée, I; Elsen, S. Species-specific recruitment of transcription
factors dictates toxin expression. Nucleic Acids Res. 2020, 48, 2388-2400. [CrossRef]

Berry, A.; Han, K.; Trouillon, J.; Robert-Genthon, M.; Ragno, M.; Lory, S.; Attrée, I; Elsen, S. cAMP and Vfr control exolysin
expression and cytotoxicity of Pseudomonas aeruginosa taxonomic outliers. J. Bacteriol. 2018, 200, €00135-18. [CrossRef]
Garcia-Reyes, S.; Moustafa, D.A.; Attrée, I.; Goldberg, ].B.; Quiroz-Morales, S.E.; Soberén-Chavez, G. Vfr or CyaB promote the
expression of the pore-forming toxin ex/BA operon in Pseudomonas aeruginosa ATCC 9027 without increasing its virulence in mice.
Microbiol.-SGM 2021, 167, 001083. [CrossRef]

Garcia-Reyes, S.; Soto-Aceves, M.P.; Cocotl-Yafiez, M.; Gonzélez-Valdez, A.; Servin-Gonzalez, L.; Soberén-Chavez, G. The outlier
Pseudomonas aeruginosa strain ATCC 9027 harbors a defective LasR quorum-sensing transcriptional regulator. FEMS Microbiol.
Lett. 2020, 367, fnaal22. [CrossRef]

Garcia-Reyes, S.; Cocotl-Yafiez, M.; Soto-Aceves, M.P.; Gonzalez-Valdez, A.; Servin-Gonzalez, L.; Soberén-Chavez, G. The
PgsR-independent quorum-sensing response of Pseudomonas aeruginosa ATCC 9027 outlier-strain reveals new insights on the
PqsE effect on RhIR activity. Mol. Microbiol. 2021, 116, 1113-1123. [CrossRef]

Richter, M.; Rossell6-M6ra, R. Shifting the genomic gold standard for the prokaryotic species definition. Proc. Natl. Acad. Sci.
USA 2009, 106, 19126-19131. [CrossRef] [PubMed]

Ruiz-Roldan, L.; Rojo-Bezares, B.; de Toro, M.; Lépez, M.; Toledano, P.; Lozano, C.; Chichén, G.; Alvarez-Erviti, L.; Torres, C.;
Séenz, Y. Antimicrobial resistance and virulence of Pseudomonas spp. among healthy animals: Concern about exolysin ExIA
detection. Sci. Rep. 2020, 10, 11667. [CrossRef] [PubMed]

Martinez-Carranza, E.; Garcia-Reyes, S.; Gonzélez-Valdez, A.; Soberén-Chavez, G. Tracking the genome of four Pseudomonas
aeruginosa isolates that have a defective Las quorum-sensing system but are still virulent. Access Microbiol. 2020, 2, acmi000132.
[CrossRef] [PubMed]

Fonseca, E.L.; Vicente, A.C.P. Commentary: Clinical utilization of genomics data produced by the international Pseudomonas
aeruginosa consortium. Front. Microbiol. 2016, 7, 770. [CrossRef] [PubMed]

Garcia-Ulloa, M.; Ponce-Soto, G.Y.; Gonzalez-Valdez, A.; Gonzalez-Pedrajo, B.; Diaz-Guerrero, M.; Souza, V.; Soberén-Chavez, G.
Two Pseudomonas aeruginosa phylogroups belonging to the PA14 clade are indigenous to the Churince system in Cuatro Ciénegas
Coahuila, México. Environ. Microbiol. 2019, 21, 2964-2976. [CrossRef] [PubMed]


http://doi.org/10.3390/microorganisms7120707
http://doi.org/10.1073/pnas.0606810104
http://doi.org/10.1038/ncomms11220
http://www.ncbi.nlm.nih.gov/pubmed/27075392
http://doi.org/10.1016/S0300-9084(02)01422-0
http://doi.org/10.1099/mic.0.000956
http://www.ncbi.nlm.nih.gov/pubmed/32749953
http://doi.org/10.1093/femsec/fiaa031
http://www.ncbi.nlm.nih.gov/pubmed/32109282
http://doi.org/10.1111/1462-2920.13262
http://www.ncbi.nlm.nih.gov/pubmed/26914644
http://doi.org/10.1093/nar/gkz1232
http://doi.org/10.1128/JB.00135-18
http://doi.org/10.1099/mic.0.001083
http://doi.org/10.1093/femsle/fnaa122
http://doi.org/10.1111/mmi.14797
http://doi.org/10.1073/pnas.0906412106
http://www.ncbi.nlm.nih.gov/pubmed/19855009
http://doi.org/10.1038/s41598-020-68575-1
http://www.ncbi.nlm.nih.gov/pubmed/32669597
http://doi.org/10.1099/acmi.0.000132
http://www.ncbi.nlm.nih.gov/pubmed/32974595
http://doi.org/10.3389/fmicb.2016.00770
http://www.ncbi.nlm.nih.gov/pubmed/27242778
http://doi.org/10.1111/1462-2920.14692
http://www.ncbi.nlm.nih.gov/pubmed/31112340

	Introduction 
	Materials and Methods 
	Analysis of Genome Sequences 
	Determination of Average Nucleotide Identity (ANI) Index among P. aeruginosa Genomes 
	Construction of Phylogenetic Trees 

	Results and Discussion 
	Analysis of the Genomes of Strains Belonging to Clades 1 and 2 
	Analysis of the Genomes of Strains Belonging to Clade 3 
	Analysis of the Genomes of Strains Belonging to Clade 5 
	Searching for Clade 4 

	Concluding Remarks 
	References

