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Phylogenomic and comparative genomic studies robustly
demarcate two distinct clades of Pseudomonas aeruginosa
strains: proposal to transfer the strains from an outlier clade to a
novel species Pseudomonas paraeruginosa sp. nov.

Bashudev Rudra't, Louise Duncan?t, Ajit J. Shah®, Haroun N. Shah® and Radhey S. Gupta'*

Abstract

The strains of Pseudomonas aeruginosa exhibit considerable differences in their genotypic and pathogenic properties. To clarify
their evolutionary/taxonomic relationships, comprehensive phylogenomic and comparative genomic studies were conducted
on the genome sequences of 212 P. aeruginosa strains covering their genetic diversity. In a phylogenomic tree based on 118
conserved proteins, the analysed strains formed two distinct clades. One of these clades, Clade-1, encompassing >70% of the
strains including the type strain DSM 500717, represents the species P, aeruginosa sensu stricto. Clade-2, referred to in earlier
work as the outlier group, with NCTC 13628" as its type strain, constitutes a novel species level lineage. The average nucleotide
identity, average amino acid identity and digital DNA-DNA hybridization values between the strains from Clade-1 and Clade-2
are in the range of 93.4-93.7, 95.1-95.3 and 52-53%, respectively. The 165 rRNA gene of P aeruginosa DSM 500717 also shows
98.3% similarity to that of NCTC 13628". These values are lower than the suggested cut-off values for species distinction, indi-
cating that the Clade-2 strains (NCTC 13628") constitute a new species. We also report the identification of 12 conserved sig-
nature indels in different proteins and 24 conserved signature proteins that are exclusively found in either Clade-1 or Clade-2,
providing a reliable means for distinguishing these clades. Additionally, in contrast to swimming motility, twitching motility is
only present in Clade-1 strains. Based on earlier work, the strains from these two clades also differ in their pathogenic mecha-
nisms (presence/absence of Type Ill secretion system), production of biosurfactants, phenazines and siderophores, and several
other genomic characteristics. Based on the evidence from different studies, we propose that the Clade-2 strains constitute a
novel species for which the name Pseudomonas paraeruginosa is proposed. The type strain is NCTC 13628" (=PA7"=ATCC 90277).
The description of Pseudomonas aeruginosa is also emended to include information for different molecular markers specific
for this species.

DATA SUMMARY

All supporting data have been provided within the article or through supplementary data files, Figshare - 10.6084/
m9.figshare.20277480 [1]. The GenBank accession number for the 16S rRNA gene sequence of strain NCTC 13628 is ON359917
and the accession number for its genome sequence is GCA_900706985 [1].

Author affiliations: 'Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton L8N 3Z5, Canada; ?School of Cancer and
Pharmaceutical Sciences, King's College London, London SE1 9NH, UK; *Department of Natural Sciences, Middlesex University, London NW4 4BT, UK.
*Correspondence: Radhey S. Gupta, gupta@mcmaster.ca

Keywords: classical clade; conserved signature indels (CSls); conserved signature proteins (CSPs); outlier clade; Pseudomonas aeruginosa;
Pseudomonas paraeruginosa; systematics; T3SS system.

Abbreviations: AAl, average amino acid identity; ANI, average nucleotide identity; CSI, conserved signature indel; CSP, conserved signature protein;
dDDH, digital DNA-DNA hybridization; LB, Luria-Bertani; MFS, major facilitator superfamily; ML, maximum-Llikelihood.

The GenBank accession number for the 165 rRNA gene sequence of strain NCTC 136287 is ON359917 and the accession number for its genome
sequence is GCA_900706985. The accession numbers for the 16S rRNA gene sequence and the genome sequence for the type strain DSM 500717 of
Pseudomonas aeruginosa are NR_026078 and GCA_001045685, respectively.

1These authors contributed equally to this work

One supplementary table and 15 supplementary figures are available with the online version of this article.

005542 © 2022 The Authors

This is an open-access article distributed under the terms of the Creative Commons Attribution NonCommercial License. This article was made open access via a Publish and Read
T2 agreement between the Microbiology Society and the corresponding author's institution.

1


http://ijs.microbiologyresearch.org/content/journal/ijsem/
http://doi.org/10.1601/nm.2553
https://creativecommons.org/licenses/by-nc/4.0/legalcode
http://doi.org/10.1601/nm.2553
http://doi.org/10.1601/nm.2553
http://doi.org/10.1601/nm.2553
http://doi.org/10.1601/nm.2553
http://doi.org/10.1601/nm.2552
http://doi.org/10.1601/nm.2553

Rudra et al., Int. J. Syst. Evol. Microbiol. 2022;72:005542

INTRODUCTION

Pseudomonas aeruginosa is a Gram-negative bacterium inhabiting a wide range of niches from plants to animals [2, 3]. This
bacterium, originally described in 1872 as ‘Bacterium aeruginosuny’ by Schroter et al. [4], constitutes one of the earliest known
micro-organisms, which in 1894 was reclassified by Migula [5, 6] as Pseudomonas aeruginosa. P. aeruginosa is an opportunistic
human pathogen capable of causing a wide array of life-threatening acute and chronic diseases including nosocomial infections
(ventilator-associated pneumonia), cystic fibrosis and various sepsis syndromes [7, 8]. This bacterium is intrinsically resistant to
many drugs, which makes it difficult to treat with available antibiotics [9].

The strains of P. aeruginosa with variable genotypic and phenotypic properties are increasing rapidly worldwide [10, 11] and
whole genome sequences are now available for large numbers of these strains in public databases [12, 13]. In the NCBI Genome
sequence database [13], as of 20 March 2021, genome sequences of 6593 P. aeruginosa strains were available. Several studies based
on genomic and biochemical properties of P. aeruginosa strains indicate that these strains form multiple clades in phylogenetic
analysis [14-22]. Among these clades, one major clade which includes the type strain of P aeruginosa DSM 50071 (represented
in several studies by the strain PAO1) is commonly referred to as the ‘classical’ clade [20, 21, 23, 24]. Besides this main clade,
another clade of P, aeruginosa observed in most studies includes strains NCTC 13628, ATCC 9027, PA7 and CR1, and it is often
referred to as the ‘outlier’ clade or group [20, 21, 25, 26]. Although the virulence pattern and pathogenicity of P. aeruginosa is
multifactorial [14, 27, 28], several studies indicate that the strains from these two clades differ in terms of how they exert their
cytolytic activity on human cells [14, 28].

The degree of pathogenicity of the majority of strains from the classical clade depends on the presence of type III secretion system
(T3SS), which enables the injection of four main effector proteins (ExoS, ExoT, ExoY and ExoU) and several virulence factors
(viz. proteases, exotoxin A, pili, flagella, quorum-sensing proteins) directly into the host cell cytoplasm [29-33]. In contrast, the
strains from the outlier clade not only lack the entire T3SS-encoding locus but also genes encoding type III secreted exoenzymes
[24, 28]. In addition, Basso et al. [16] have identified a novel virulence mechanism using exolysin toxins A and B (viz. Ex]A and
ExIB), which is present in strains from the outlier clade that lack the T3SS. Although differences in the pathogenic properties and
some genomic characteristics between the studied strains from these two clades have been indicated in several studies [18-21],
due to difficulties in reliably distinguishing between the members of these two clades, currently there is no distinction made
between different strains of P. aeruginosa. Hence, it is of great interest to reliably establish the existence of two distinct lineages
of P. aeruginosa strains and develop robust means for clearly demarcating and distinguishing members of these two lineages
from each other.

We report here detailed phylogenomic and comparative genomic analyses on P. aeruginosa strains to clearly elucidate their
evolutionary relationship and our work on identifying novel molecular markers that can reliably demarcate/distinguish the
strains from its two main clades. Using genome sequences for 212 strains of P. aeruginosa covering their genetic diversity, we
have reconstructed a robust phylogenetic tree using concatenated genome sequences of 118 conserved proteins. In this tree, the
analysed P. aeruginosa strains formed two distinct clades referred to as Clade-1 and Clade-2. Clade-1 harbours the type strain DSM
500717, and the well-studied strain PAO1, and it corresponds to the classical clade, which represents P. aeruginosa sensu stricto.
Clade-2, which comprises the outlier clade, harbours the well-studied strains ATCC 9027, PA7 and NCTC 13628 [20, 21, 25, 34].
Comparisons of the average nucleotide identity (ANI), average amino acid identity (AAI) and digital DNA-DNA hybridization
(dDDH) values, as well as the 16S rRNA gene sequence similarity, for the reference strains from Clade-1 and Clade-2 show
that these values for the two clades are lower than the suggested cut-off values for species boundaries. Some differences are also
observed in the morphological characteristics of the reference strains from the two clades. Lastly, and most importantly, our
comparative analyses of protein sequences from the genomes of these strains have identified multiple highly specific molecular
signatures consisting of conserved signature indels (CSIs) in proteins and conserved signature proteins (CSPs), which are exclusive
characteristics of the members of either Clade-1 or Clade-2. These molecular markers provide a novel and reliable means for
the demarcation of the strains from these two clades and distinguishing them from each other and other bacteria. Based on the
compelling evidence presented here, we propose that the P. aeruginosa strains from Clade-2 should be recognized as a novel
species for which the name Pseudomonas paraeruginosa sp. nov. is proposed.

METHODS
Phylogenomic analysis of the P. aeruginosa strains

Genome sequences were available for >6500 P, aeruginosa strains in the NCBI database (www.ncbi.nlm.nih.gov/genome/; accessed
on 20 March 2021) [13]. Based on earlier studies on these genomes [15, 20, 22, 35], we downloaded genome sequences for 212
P. aeruginosa strains covering their phylogenetic/genetic diversity. The downloaded genomes included all 39 strains that the
Genome Taxonomy Database (GTDB) [35] server places into a separate group called ‘Pseudomonas aeruginosa_A; as well as >100
strains from the main P. aeruginosa clade, containing all other sequenced strains [35]. The ‘Pseudomonas aeruginosa_A’ strains
encompass all strains referred to as the outlier strains by Sood et al. [20]. In addition, Ozer et al. [22] based on their analysis of 739
P. aeruginosa strains from diverse sources have grouped these strains into three lineages A, B and C. The downloaded genomes
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include several genomes representatives of each of these three lineages [22]. Besides these, genomes of several Pseudomonas
species (P, citronellolis, P. delhiensis, P. knackmussii, P. humi, P. jinjuensis, P. multiresinivorans, P. nitroreducens and P. panipatensis)
belonging to the ‘Aeruginosa clade’ [36, 37] were included to serve as an outgroup. Initial phylogenetic analysis indicated that
about two-thirds of the downloaded/analysed strains were identical and hence they were removed from the dataset and further
analysis was carried out on 57 strains covering the genetic diversity of available strains. Based on these genome sequences, a
rooted phylogenetic tree was reconstructed based on concatenated sequences of 118 conserved proteins. The proteins used for tree
reconstruction represent the phyloeco set for the class Gammaproteobacteria [38]. The tree was reconstructed using an internally
developed pipeline described in our earlier work [36, 39, 40]. Briefly, using the profile hidden Markov models [41] of different
proteins from the phyloeco set, the members of these protein families were identified in the input genomes using HMMer 3.1
[42]. Based on these results, only those protein families where the proteins shared a minimum of 50% in sequence identity and
sequence length, and where the protein was found in at least 80% of the input genomes, were retained for phylogenetic analysis.
Multiple sequence alignments of these protein families were generated using the Clustal Omega algorithm [43], and TrimAl [44]
was used to remove poorly aligned regions before their concatenation into a single file. The final concatenated sequence alignment
used for phylogenetic analysis contained a total of 39224 aligned positions. A maximum-likelihood (ML) tree based on this was
reconstructed using the Whelan and Goldman model [45] of protein sequence evolution in FastTree 2 [46]. Optimization of the
robustness of the trees was completed by conducting SH tests [47] in RAXML 8 [48] and the tree was drawn using MEGA X [49].

Genome sequences for the type and some well-studied strains from the two clades were used to calculate the pairwise average
amino acid identity (AAI) and pairwise average nucleotide identity (ANI) between different strains. The AAI values were calcu-
lated using the AAI calculator available online (http://enve-omics.ce.gatech.edu/aai/) [50, 51], whereas OrthoANI values were
determined using the EzBioCloud.net webserver [52, 53]. The digital DNA-DNA hybridization values (IDDH) values for the
same genomes were determined using the Genome to Genome Distance Calculator, available at https://ggdc.dsmz.de/home.
php [54]. The 16S rRNA gene sequences for the type and some other strains of P. aeruginosa strains were retrieved from siLva
ribosomal RNA database and the NCBI database. Pairwise similarity between the 16S rRNA gene sequences was determined
using the ‘Align two sequences option” from the BLASTN program [55].

Identification of CSls specific for P. aeruginosa clades

Identification of CSIs was carried out by similar procedures as described in our earlier work [36, 56, 57]. A local database was
created for the downloaded P. aeruginosa genomes and genomes for >500 other bacteria that included various Pseudomonadaceae
species. Local BLASTp searches [55] were carried out on this database using different protein sequences from the genomes of P.
aeruginosa DSM 50071. Based on these BLASTp searches, sequences for 6-8 strains each from Clade-1 and Clade-2, and 8-10
other species, were retrieved for each protein [56]. Multiple sequence alignments of different proteins were created using ClustalX
[58] and these alignments were visually inspected for inserts or deletions of fixed lengths which were flanked on both sides by
minimally 4-5 conserved amino acids (aa) in the neighbouring 40-50 aa, and which were specific for either the Clade-1 or
Clade-2 P. aeruginosa strains. Query sequences encompassing the potential indels and flanking regions (60-100 aa long) were
collected and more detailed BLASTp searches were performed on them against the entire local database to determine the group
specificities of the observed indels. Signature files for all CSIs of interest were formatted using the S1G_CREATE and SIG_STYLE
programs from the GLEANS software package described in our earlier workne [57, 59].

Identification of CSPs specific for the two clades

Identification of CSPs was carried out as described in earlier work [60, 61]. To identify CSPs specific for either Clade-1 or Clade-2
strains, local BLASTp searches were carried out on different proteins from the genomes of P. aeruginosa NCTC 13628 and DSM
50071". Results of BLASTp searches were examined to identify those proteins where all significant hits (i.e. E value <10-3 was used
as the cutoff) were limited to either the Clade-1 or Clade-2 P. aeruginosa strains. Additional BLASTp searches on the sequences of
these proteins were carried out against the NCBI nr database to confirm that the identified proteins are specific for the indicated
clades.

Bacterial strains and morphological, biochemical and physiological tests

P aeruginosa strains PAO1 and DSM 500717, which are representative strains for Clade-1, were purchased from the German
Culture Collection of Microorganisms (DSMZ). Strains NCTC 13628" and NCTC 12924, representatives for Clade-2, were
purchased from the National Collection of Type Cultures, Public Health England. Colony morphotype was assessed on Luria—
Bertani (LB) agar and compared with the morphology descriptions by Phillips [62]. Pyocyanin and pyoverdine pigment produc-
tion was visually observed on Kings A and B agar (Sigma-Aldrich), respectively. Fluorescent pyoverdine production was also
confirmed under UV light. Swimming assays performed on tryptone swim plates (1% tryptone (w/v), 0.5% NaCl (w/v), 0.3%
agarose (w/v)) dried overnight as described by Rashid and Kornberg [63]. Twitching assays were performed on LB agar with
1% granulated agar (w/v). Plates were incubated at 37 °C for 24 h and the halo diameter was measured. Twitching diameter was
confirmed by removing the agar and staining the halo with 1% crystal violet on the surface of the plate.
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Elastase activity was assessed on cells grown in LB broth by the elastase Congo-red assay described by Pearson et al. [64]. Gelatin
hydrolysis assay was carried out as described by Cruz and Torres [65]. Casein hydrolytic activity was measured by plating
100 ul of 1x10° c.f.u. ml™ of cells on LB agar plated with 1% (v/v) skimmed milk and measuring the zones of clearance after 24h
incubation at 37 °C. Biolog GEN III MicroPlates were used to assess single carbon source use and chemical tolerance profiles.
Susceptibilities of the strains to antibiotics were tested by using the Kirby-Bauer disc diffusion assay by measuring the zone of
inhibition in presence of antibiotics.

RESULTS
Phylogenetic analysis and comparative studies on P. aeruginosa strains

P aeruginosa strains in earlier phylogenetic studies have been reported to form several clades [20, 22, 35, 66]. With the aim of
reliably delineating the branching pattern of P. aeruginosa strains, a phylogenomic tree was reconstructed for 212 P. aeruginosa
strains covering the genetic diversity of available strains. Of these strains >150 corresponded to the two clades referred to as
Pseudomonas aeruginosa and ‘Pseudomonas aeruginosa_A’ clades in the GTDB database [35], and >50 strains covering the four
lineages A, B and C1 and C2, described by Ozer et al. based on their analysis of 739 P. aeruginosa strains [22]. A maximum-
likelihood phylogenetic tree for these strains was initially reconstructed based on concatenated sequences of 118 conserved
proteins comprising the phyloeco set for the class Gammaproteobacteria [38]. The resulting tree, which is presented in Fig. S1
(available in the online version of this article) [1], shows the grouping of strains into two main clades. In this tree, the strains from
the P aeruginosa main clade and the ‘P. aeruginosa_A clade from the GTDB are marked by (1) and (2), whereas the numbers (A),
(B) and (C1) and (C2) after the strain numbers denote the strains from these specific lineages from the work of Ozer et al. [22].
However, the initial analysis of genome sequences in our dataset indicated that the protein sequences for many of these strains
were identical, and hence these genomes were omitted from further analysis. A phylogenetic tree based on a smaller subset of 57
P. aeruginosa strains covering their genetic diversity is presented in Fig. 1. The analysed P. aeruginosa strains in this tree formed
two distinct clades. The first clade containing >70% of the analysed strains including strain DSM 500717 is labelled as Clade-1 (or
classical clade). This clade encompasses all strains identified as P. aeruginosa (sensu stricto) in the GTDB taxonomy [35], as well
as all examined strains from lineages (A), (B) and (C1) of Ozer et al. [22]. On the other hand, Clade-2 consists solely of different
P aeruginosa strains that are assigned to the group ‘P. aeruginosa_A’ in the GTDB taxonomy [35], or in the lineage C2 by Ozer et
al. [22]. Clade-2 includes the well-studied strains ATCC 9027, PA7 and NCTC 136287 [20, 21, 25, 34]. We have designated strain
NCTC 13628" (=ATCC 9027=PA7) as the type strain of this clade. Phylogenetic distinctness of the strains from these two clades
is also supported by earlier studies [16, 17, 20, 21, 28, 67]. We also reconstructed a phylogenetic tree based on 16S rRNA gene
sequences for selected P. aeruginosa strains. However, in contrast to the phylogenetic trees based on concatenated sequences for
core proteins, the strains from these two clades are not resolved in the tree based on 16S rRNA gene sequences (Fig. S2).

In view of the grouping of P. aeruginosa strains into two distinct clades, further studies were carried out on genome sequences
of selected strains from these clades to determine similarities/differences based on whole genome sequence-based criteria.
The ANI, AAT and dDDH values provide three genome-sequence based criteria with established threshold values for bacteria
species delineation [52, 54, 68-70]. The results for pairwise ANI, AAI and dDDH similarities between the reference and some
other well-studied strains from Clade-1 and Clade-2 are summarized in Table 1. As can be seen from this table, the intragroup
OrthoANI and AAI values for the strains from these two clades are >98.8%, while the intergroup OrthoANI and AAI values
for these two clades are in the range of 93.4-93.7%and 95.0-95.3%, respectively. Previously, Sood et al. [20] reported an ANI
matrix for multiple strains from Clade-1 (classical strains) and Clade-2 (outlier clade). Their results also showed that the ANI
values within the clades were in the range of 98-99%, whereas interclade ANI values were around 94% [20]. In addition to the
information presented in Table 1, we have also constructed a pairwise AAI comparison matrix for several other strains from
Clade-1 and -2. Based on the results presented in Table 1, Fig. S3 and by Sood et al. [20], the ANI and AAI values between the
Clade -1 and Clade -2 strains are consistently lower than the threshold values of <95.0% (ANI) and <95.5% (AAI) for species
boundaries [52, 68, 69]. Similarly, while the intragroup dDDH similarity between the strains from these two clades is very high
(>89.7%), the interclade dDDH values for all studied strains were in the range of 52-53%, which is again much lower than the
threshold value of 70% for species demarcation [54]. We have also determined sequence similarity between the 16S rRNA gene
sequences from the reference strains and some other strains (Table 1). As can be seen from Table 1, the 16S rRNA gene from the
type strain of P. aeruginosa DSM 500717 exhibited <98.3% sequence similarity to the reference strain NCTC 136287 of Clade-2.
However, the sequence similarity of another strain PAO1 from Clade-1 to the strains from Clade-2 was high, indicating that the
16S rRNA similarity does not provide a reliable means for distinguishing the strains from these clades, which is in accordance
with the tree reconstructed based on 16S rRNA gene sequences (Fig. S2).

We have also examined reference strains from Clade-1 and Clade-2 for differences in morphological, biochemical and physi-
ological characteristics (Table 2). The strains from the two clades are very similar in terms of colony morphology, pigmentation
and enzyme production. They also do not show any consistent differences in their ability to utilize different carbon sources or
other properties such as chemical tolerance or antibiotic resistance profile (Table S1). However, one important difference seen
between the strains from these two clades is in their motility pattern. While members of both clades exhibited swimming motility,
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Fig. 1. A bootstrapped maximum likelihood tree for 57 genome-sequenced P aeruginosa strains covering the genetic diversity of available strains,
based on concatenated sequences for 118 conserved proteins. A more detailed tree for 212 P. aeruginosa strains is presented in Fig. S1. The two main
clades of P aeruginosa strains observed in this tree are marked. Clade-1, which contains the type strain DSM 500717, corresponds to P aeruginosa
sensu stricto. Clade-2 labelled as the P aeruginosa outlier group, represents a new species level lineage. These two clades have also been referred to
in earlier work as the ‘classical’ and ‘outlier’ groups.
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Table 1. Comparison of P aeruginosa strains from Clade-1 and Clade-2 based on average nucleotide identity (ANI), average amino acid identity (AAI),
digital DNA-DNA hybridization (dDDH) and 16S rRNA gene sequence similarity

Clade-1 Clade-2
(P. aeruginosa sensu stricto) (P. aeruginosa outlier group)
Properties Strain no. DSM 50071T PAO1 Strain B PA7 CR1 NCTC 13628T
DSM 50071" 100
Clade-1 PAO1 99.40 100
OrthoANT values (%)* Strain B 98.82 98.81 100
PA7 93.70 93.60 93.62 100
Clade-2 CR1 93.49 93.44 93.41 99.10 100
NCTC 13628" 93.50 93.40 93.49 98.98 99.48 100
DSM 50071" 100
Clade-1 PAO1 99.20 100
AAT values (%)* Strain B 99.14 99.16 100
PA7 95.20 95.30 95.10 100
Clade-2 CR1 95.13 95.09 95.08 99.36 100
NCTC 13628" 95.10 95.20 95.03 98.80 99.47 100
DSM 500717 100
Clade-1 PAO1 94.90 100
dDDH values (%)* Strain B 89.90 89.70 100
PA7 53.10 52.60 52.90 100
Clade-2 CR1 52.40 52.00 52.00 92.20 100%
NCTC 13628" 52.50 52.00 52.30 91.40 95.90 100
DSM 500717 100
Clade-1 PAO1 98.50 100
168 rRNA gene seq e Strain B 99.47 98.14 100
similarity (%) PA7 98.20 99.73 98.19 100
Clade-2 CR1 98.31 99.79 97.87 99.99 100
NCTC 13628" 98.17 99.66 97.82 99.80 99.93 100

*The accession numbers of genome sequence used for these comparisons are as follows: DSM 500717, GCA_001045685; PAO1, GCA_000006765; strain B, GCA_900148065; PA7,
GCA_000017205; CR1, GCA_003025345.2; NCTC 13628", GCA_900706985.

1The accession numbers of 16S rRNA gene sequences used for these studies are: DSM 500717, NR_026078; PAO1, DQ777865; strain B, MW190086; PA7, CP000744; CR1, KC522362; NCTC
136287, ON359917.

twitching motility, which plays an important role in bacterial pathogenesis [71], was only seen for the Clade-1 strains and not
observed in the strains from Clade-2.

Identification of molecular markers distinguishing the two P. aeruginosa clades

To further investigate the differences between the strains from Clade-1 and Clade-2, we performed detailed comparative studies
on protein sequences from their genomes to identify reliable molecular markers that are specific for the members of these two
clades. Based on genome sequences, one important class of molecular markers which have proven very useful for evolutionary
and taxonomic studies consists of conserved signature indels (inserts or deletions) referred to as CSIs in gene/protein sequences,
which are specifically shared by the members of a given clade [57, 59, 72, 73]. Due to the exclusive presence of these molecular
signatures in the members of a given clade, these synapomorphic characteristics provide reliable means for the demarcation of
prokaryotic taxa in molecular terms [39, 74]. We have recently used CSIs to reclassify >20 Pseudomonas species into two novel
genera (viz. Halopseudomonas and Atopomonas) and some other genera [36]. Another important category of molecular marker
consists of CSPs, which are uniquely found in a specific group of organisms [61, 75-77]. Hence, detailed studies were conducted
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Table 2. Selected morphological and biochemical properties for representative Clade-1 and Clade-2 strains

Strains: 1, P. aeruginosa PAQ1; 2, P. aeruginosa DSM 50071T; 3, P. aeruginosa NCTC 13628"; 4, P. aeruginosa NCTC 12924, +, Positive; -, negative; ND, no
data.

Clade-1 Clade-2
(P. aeruginosa sensu stricto) (P. aeruginosa outlier group)

Characteristics 1 2 3 4
Isolation source Wound Hospital in Japan Outer ear infection ND
Motility:

Swimming + + + +

Twitching + + — _
Colony morphology Type 1 typical Type 1 typical Type 1 typical Type 1 typical
Pigments:

Pyoverdine + + + +

Pyocyanin + + + +
Protease and enzyme production:

Elastase + + + +

Gelatinase + + + +

Casein hydrolysis + + + +

Arginine dihydrolase + + + +
Carbon utilization sources:

Trehalose - + — _

Turanose - + -

Lactose - + - -

D-Arabitol + + + +

D-Glucose-6-PO4 - + + _

Gelatin + + + _

Glycyl-L-proline + + + +

Pectin - + - -

Mucic acid - + + _

p-Lactic acid methyl ester - + - -

p-Malic acid - + + _
Chemical tolerance:

Sodium bromate + + + +

8% NaCl + + + -

Information for antibiotic resistance profiles of the strains is presented in Table S1.

on genome sequences of P. aeruginosa strains to identify CSIs and CSPs that are distinctive characteristics of their two clades.
These studies have identified multiple CSIs that are exclusively shared by either the members of Clade-1 or Clade-2.

In Fig. 2, we show partial sequence information for two CSIs that are specifically shared by different strains from Clade-1. In the
example shown in Fig. 2a two amino acid (aa) insertion (highlighted in pink) is present in a conserved region of the fimbrial
biogenesis outer membrane usher protein that is commonly shared by all strains from clade one but is not found in strains from
Clade-2 and other Pseudomonas species. Likewise, in Fig. 2b in the partial sequence alignment of the Type II secretion system F
family protein, a one aa deletion is present which is specific for the Clade-1 strains. In Fig. 2A and B (and also in Fig. 3), sequence
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Fig. 2. Partial sequence alignments of (a) fimbrial biogenesis outer membrane usher protein containing a two aa insertion (boxed), and (b) Type |l
secretion system F family protein containing a one aa deletion (highlighted), which are commonly and exclusively shared by different strains which are
a part of the P. aeruginosa sensu stricto clade (Clade-1) but not found in any of the strains from Clade-2 or the outgroup species. More detailed sequence
information for these two CSls and five other CSls specific for Clade-1 is provided in Figs S4-S10 and some of their characteristics are summarized
in Table 3. The dashes (-) in this and other sequence alignments indicate identity with the amino acids on the top line. Accession numbers for different
sequences are indicated in the second column and the numbers on the top of the sequence indicate the position of this sequence fragment within the

indicated protein.
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Fig. 3. Partial sequence alignments of (a) dimethylglycine demethylation protein (DgcB) containing a five aa insertion (boxed), and (b) chaperone protein
FocC containing a one aa deletion (highlighted), which are commonly and exclusively shared by different P aeruginosa strains from Clade-2, but not
found in strains from Clade-1 or outgroup species. More detailed sequence information for these two CSls and three other CSls specific for the Clade-2
strains is provided in Figs S11-S15 and some of their characteristics are summarized in Table 3. The dashes (-) in these sequence alignments indicate
identity with the amino acids on the top line.
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Table 3. Conserved signature indels (CSls) specific for P aeruginosa strains from Clade-1 and Clade-2

Protein name Accession no: Figure no. Indel size Indel location Specificity
(a2)

Fimbrial biogenesis outer membrane usher protein WP_003123214.1 Fig. 2a; 2aalns 239-271 Clade-1

Fig. S4 (P aeruginosa sensu stricto)
Type II secretion system F family protein WP_023132666.1 Fig. 2b;Fig. S5 1 aa Del 30-74
Major facilitator superfamily (MES) transporter protein WP_003106206.1 Fig. S6 1aalns 155-212
LysR family transcriptional regulator WP_048520948.1 Fig. §7 1 aaIns 251-293
Fe(3+)-pyochelin receptor FptA protein ‘WP_003118950 .1 Fig. S8 1aalIns 493-518
MEFS family transporter ‘WP_017002609 Fig. $9 1 aa Del 216-257
Putative oxidoreductase EOQ77226 Fig. 510 2aa Del 109-149
Dimethylglycine demethylation protein DgcB VTL98846.1 Fig. 3a; 5aalns 191-230 Clade-2

Fig. S11 (P. aeruginosa outlier group)
Molecular chaperon ‘WP_034079403.1 Fig. 3b; 1 aa Del 127-160

Fig. S12
Adenylate cyclase WP_053817914.1 Fig. 13 7 aa Del 163-191
TolC family protein WP_053816642.1 Fig. S14 1aa Del 251-283
Type one fimbrial protein WP_079384945 .1 Fig. 15 1aalIns 96-144

information is presented for only a limited number of representative P. aeruginosa strains. However, more detailed information
for the presence/absence of these CSIs in different P. aeruginosa that are a part of our study is presented in Figs S4 and S5. As
both these CSIs are absent in all Clade-2 strains and other Pseudomonas species, they represent genetic changes which were likely
introduced in a common ancestor of the Clade-1 strains. In addition to these two CSIs, our analyses have identified five CSIs in
other proteins, which are also exclusively shared by the strains from Clade-1. Detailed sequence information for these five CSIs
is presented in Figs S6-S10 and some of their characteristics are summarized in Table 3. Besides the CSIs that are specific for the
Clade-1 strains, our analyses have also identified five CSIs that are only found in the strains from Clade-2. Fig. 3 shows partial
sequence information for two CSIs those are specific for the Clade-2 strains. In the first of these CSIs (Fig. 3a), a five aa insertion
is present in the dimethylglycine demethylation protein (DgcB), which is specifically present in all strains from Clade-2, but not
found in any of the strains from Clade-1. Similarly, in the CSI shown in Fig. 3b one aa deletion is present in the chaperon protein
FocC, which is exclusively shared by the Clade-2 strains. More detailed sequence information for these two CSIs and three CSIs
in other proteins, which are also specific for the Clade-2 strains, is presented in Figs S11-S15 and some of their characteristics are
summarized in Table 3. Because of the clade specificity and highly specific nature of the genetic changes that are responsible for
these molecular markers, the identified CSIs provide novel and reliable means for the demarcation of these clades in molecular
terms and distinguishing them from each and all other bacteria.

In addition to these CSIs, our comparative genomic studies have also identified multiple CSPs that are exclusively found in the
members of these two clades. In contrast to the CSIs, where the homologues of the proteins containing the identified CSIs are
present in different strains, the homologues of the identified CSPs are only found in a given clade/group of organisms [61, 75-77].
Our analyses have identified nine CSPs for which all significant BLASTp hits are limited to the Clade-1 strains, and 15 CSPs for
whom homologues showing significantly sequence similarity are only found in Clade-2 strains. In Table 4, we have summarized
information regarding the accession numbers and some other characteristics of the identified CSPs for the Clade-1 and Clade-2
strains. Most of the identified CSPs represent proteins whose functions are not known (annotated as hypothetical proteins).
However, two of the CSPs specific for Clade-1 are related to type III secretion system (viz. Acrl family type III secretion system
gatekeeper subunit Pcrl and Type III secretion system needle filament protein PscF), which is only found in Clade-1 strains.
The identified CSIs and CSPs, due to their specificity and exclusive presence in P. aeruginosa strains from either Clade-1 or
Clade-2, again provide strong evidence for the genetic distinctness of these two clades and provide novel and reliable means for
distinguishing/identifying them from each other.

DISCUSSION

Results presented here provide compelling evidence that the existing P. aeruginosa strains form two phylogenetic distinct clades
differing from each other in numerous regards. In addition to their distinct branching in a phylogenomic tree based on core
genomic proteins, the grouping of these strains into clades similar to those observed here, has been demonstrated in several
earlier studies [16, 17, 20, 21, 28, 35, 67]. Of the two observed clades, Clade-1, which encompasses >99% of the sequenced strains
including the type strain DSM 50071" (based on GTDB grouping/classification) [35], corresponds to the species P. aeruginosa
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Table 4. Some characteristics of the conserved signature proteins (CSPs) that are uniquely found in the Clade-1 and Clade-2 strains*

Protein name Accession no. Length (aa) Specificity

Hypothetical protein WP_003091936.1 39 Clade-1
(P. aeruginosa sensu stricto)

Hypothetical protein WP_003093484.1 99

Hypothetical protein WP_003083536.1 131

Hypothetical protein WP_003082890.1 120

Acrl family type III secretion system WP_003087693.1 92

gatekeeper subunit Pcrl

Type III secretion system needle filament WP_003087729.1 85

protein PscF

Alpha/beta hydrolase WP_003082501.1 211

TauD/TfdA family dioxygenase WP_003082503.1 319

phytanoyl-CoA dioxygenase family protein WP_003082507.1 292

Hypothetical protein WP_033996971.1 542 Clade-2
(P. aeruginosa outlier group)

Hypothetical protein WP_034080176.1 105

DUF3277 family protein WP_034080180.1 143

Hypothetical protein WP_034080540.1 370

Hypothetical protein WP_034080541.1 269

NUDIX hydrolase WP_034080754.1 191

Hypothetical protein WP_034080756.1 222

Hypothetical protein WP_034081197.1 107

Hypothetical protein WP_034081220.1 217

Hypothetical protein WP_043099652.1 251

Hypothetical protein WP_043101353.1 92

Hypothetical protein ‘WP_043103086.1 305

Esterase-like activity of phytase family WP_052151135.1 318

protein

Glycosyltransferase family 39 protein WP_053814840.1 559

Fatty acid desaturase family protein WP_053816651.1 339

*For the proteins listed in this table, homologues showing significant sequence similarity are only limited to the members of the indicated clades.

sensu stricto, whereas the strains from Clade-2, which is referred to in earlier work as the outlier group [20, 21, 25, 26], or as
‘Pseudomonas aeruginosa_A in the GTDB classification [35], constitutes a novel species level lineage. Results presented here for
OrthoANI, AAI and dDDH similarity values, which are established genome sequence-based criteria for species demarcation, show
that these values between the members of Clade-1 and Clade-2 are lower than the accepted cut-off values for species boundaries,
thus indicating that the strains from Clade-2 constitute a novel species. Although the 16S rRNA sequence similarity values vary
for different strains from these two clades and often fails to distinguish among closely related species [37, 78, 79], the type strain
DSM 50071" of P. aeruginosa also shows <98.3% sequence similarity to the reference (type strain) NCTC 13628" from Clade-2,
supporting the inference that the Clade-2 constitutes a novel species.

In addition to the distinctness of these two clades based on phylogenetic and whole-genome sequence-based criteria, the present
work has identified multiple molecular markers consisting of CSIs and CSPs that are uniquely shared characteristics of either the
members of Clade-1 or Clade-2. These molecular markers provide strong independent evidence that the species/strains from
these two clades are distinct from each other. The identified CSIs and CSPs, which are specific for these two clades, provide very
useful and reliable means for the circumscription of these two clades in molecular terms and for distinguishing the members of
this clade from each other and all other bacteria based upon the presence or absence of the identified molecular characteristics.
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Based on earlier work, these molecular markers possess high degree of predictive ability to be found in other members of these
clades [36, 80, 81]. Thus, based on BLASTp searches with the sequences of these molecular markers, the strains belonging to
Clade-1 and Clade-2 can be readily identified and distinguished from each other. Furthermore, based on earlier work on CSIs
and CSPs, these molecular markers are predicted to play functionally important roles in the organisms for which these are specific
[82, 83]. It is of interest in this regard that some of the identified CSIs and CSPs are present in proteins that are related to the Type
III secretion system (Tables 3 and 4). Thus, functional studies on the identified CSIs and CSPs could provide useful information
regarding novel genetic, biochemical or pathogenic properties of these two groups of species/strains, of which the P. aeruginosa
sensu stricto (Clade-1) represents an important pathogen [7, 8, 84].

Besides the differences in phylogenetic, genomic and molecular characteristics differentiating the Clade-1 or Clade-2 strains, the
strains from these two clades also differ from each other in their pathogenic mechanisms [15, 20, 25], in their ability to produce
biosurfactants, phenazines and siderophores (mainly limited to strains from clade 2) [23, 34], presence or absence of gene clusters
required for survival in stress conditions [20], and the differences in major protein—protein interaction hubs between strains
from these two groups [18, 20, 26]. Additionally, the results presented here show that in contrast to the swimming motility,
which is found in strains from both Clade-1 and Clade-2, the twitching motility is only present in Clade-1 strains. Results from
different lines of evidence discussed and presented here, make a strong case that the strains from Clade-2, which is distinct from
the P. aeruginosa sensu stricto clade (Clade-1), constitute a novel species for which we are proposing the name Pseudomonas
paraeruginosa with the strain NCTC 13628, as its type strain.

DESCRIPTION OF PSEUDOMONAS PARAERUGINOSA SP. NOV.

Pseudomonas paraeruginosa (par.ae.ru.gi.nosa. Gr. pref. para, beside, alongside, near, like; L. fem. adj. aeruginosa, copper-rust
coloured, specific epithet of a Pseudomonas species. N.L. fem. adj. paraeruginosa, next to or near aeruginosa).

Gram-reaction-negative, aerobic, rod-shaped bacteria. Exhibit swimming motility but lack twitching motility. Growth occurs in
medium containing 0-6.5% (w/v) NaCl at 15-42 °C, whereas no growth occurs at 4 or 45°C. Produce the pigments pyocyanin
and pyoverdine and are positive in casein hydrolysis, arginine dihydrolase, elastase and gelatinase tests. Strains differ in their
ability but can utilize p-glucose-6-PO,, gelatin, p-arabitol, glycyl-L-proline, mucic acid and p-malic acid as a carbon source.
Strains lack type III secretion system (T3SS) but contain exolysin (exIBA). Generally, less virulent than the P. aeruginosa strains.
Currently sensitive to tobramycin, piperacillin and meropenem, but show intermediate resistance to several other antibiotics
(ceftazidime, aztreonam, ciprofloxacin, levofloxacin, ticarcillin and cefepime). Several strains produce siderophores, phenazines,
biofilm-inhibiting pyocyanin and a biosurfactant (mono-rhamnolipids). Contain fused phzAI with phzBI genes. The strains from
this species form a monophyletic clade distinct from P. aeruginosa strains in phylogenetic trees based on concatenated sequences
for large datasets of conserved proteins. Can also be differentiated from P. aeruginosa strains based on ANI, AAI and dDDH
analyses. The strains of this species can be reliably distinguished from P. aeruginosa strains and other Pseudomonas species based
upon the presence of five CSIs (Table 3), which are uniquely shared by the strains from this species. The proteins containing these
CSIs are: dimethylglycine demethylation protein DgcB, Chaperone protein FocC, Adenylate cyclase, TolC family protein and
Type 1 fimbrial protein. Additionally, homologues of 15 CSPs described in Table 4 are also uniquely found in the strains of this
species and provide reliable means for their identification.

The accession numbers for the 16S rRNA gene sequence and genome sequence for the type strain NCTC 13628 of Pseudomonas
paraeruginosa are ON359917 and GCA_900706985, respectively.

The type strain is NCTC 13628" (=PA7"=ATCC 9027").

EMENDED DESCRIPTION OF THE SPECIES PSEUDOMONAS AERUGINOSA (SCHROETER 1872)
MIGULA 1900 (APPROVED LISTS 1980)

The description of this species is modified from that given by Doudoroft andPalleroni in Bergey’s Manual of Determinative Bacteri-
ology [85], and also by Palleroni[86], and Diggle and Whiteley [87]]. The cells are rod-shaped, about 1-5 pm long and 0.5-1.0 yum
wide. Gram-stain-negative. Generally, strictly aerobic, chemoorganotrophs using respiratory metabolism with molecular oxygen
as the electron acceptor. Exhibits both swimming and twitching mobility. Growth occurs in medium containing 0-6.5% (w/v)
NaCl at 15-42°C, whereas no growth occurs at 4 or 45°C. Strains of this species generally possess a type III secretion system
(T3SS), which enables the injection of four main P. aeruginosa effectors (ExoS, ExoT, ExoY and ExoU) directly into the host
cell cytoplasm. Opportunistic pathogen, associated with diseases such as cystic fibrosis, ventilator-associated pneumonia and
various sepsis syndromes. The type strain of this species can utilize different carbon sources including D-trehalose, D-turanose,
D-lactose, p-glucose-6-PO,, pectin, gelatin, p-arabitol, glycyl-L-Proline, mucic acid and p-malic acid. Shows positive results for
casein hydrolysis, arginine dihydrolase, elastase and gelatinase assays. Strains are sensitive to tobramycin and meropenem but
show intrinsic resistance to many antibiotics through multiple mechanisms, viz., reduced membrane permeability, drug efflux
systems and production of antibiotic-inactivating enzymes. Strains of this species form a monophyletic clade in phylogenetic
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trees based on concatenated sequences for several large datasets of proteins. P. aeruginosa strains can also be differentiated from
P, paraeruginosa based on ANI, AAT and dDDH analyses. In addition, these strains can be reliably distinguished from all other
strains/species by the presence of seven CSIs described in Table 3, found in the following proteins: Fimbrial biogenesis outer
membrane usher protein, Type II secretion system F family protein, major facilitator superfamily (MFS) transporter protein, LysR
family transcriptional regulator, Fe(3+)-pyochelin receptor FptA protein, another CSI in an MFS family transporter protein, and
a CSIin putative oxidoreductase. Additionally, homologs of nine CSPs described in Table 4 are also uniquely found in the strains
of species and provide reliable means for their identification.

The accession numbers for the 16S rRNA gene sequence and genome sequence for the type strain DSM 500717 of Pseudomonas
aeruginosa are NR_026078 and GCA_001045685, respectively.

The type strain is DSM 50071" (=ATCC 10145"=ATCC 10145 U"=CCEB 481"=CCUG 28447"=CCUG 29297'=CCUG 551"=CFBP
2466"=CIP 100.720"=DSM 50071"=IBCS 277"=IFO 12689"=]JCM 5962"=LMG 1242"=NBRC 12689"=NCCB 76039"=NCIB
8295"=NCIMB 8295"=NCTC 10332"=NRRL B-771"=RH 815"=VKM B-588").
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