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Abstract
Background Pseudomonas aeruginosa is a pathogen capable of causing a wide range of severe
opportunistic infections. Its genome contains numerous virulence genes encoding secretion systems of
different types, structures responsible for adhesion and motility, toxins, proteases, siderophores, and
others. The aim of this study is to analyse virulence, population structure, and distribution of highly
divergent genes among 81 P. aeruginosa strains available in whole genome sequence databases. Results
For this purpose, 260 virulence genes were searched in 81 different P. aeruginosa whole genomes that
were available in databases. We identi�ed most of the virulence genes as core and softcore genes. The
most of the highly divergent sequences encoding pyoverdines, �agella and pilA were acknowledged as
accessory, because of the differences in sequence among different alleles of those genes. Phylogenetic
tree revealed the existence of three genetic groups of P. aeruginosa. Strains of the �rst clade were
characterised as ExoS positive, whiles genomes of the second clade were ExoU positive. The member of
third clade, PA7 strain was the only strain deprived of all T3SS genes. The analysis of pyoverdine locus
facilitated �nding a new pyoverdine type similar to pyoverdine type III. This newly described variant was
present in 7 different strains. It contained a gene that was probably created by the fusion of pilD and pilI
genes. In order to determine the coexistence of genes encoding exoenzymes, �agella and pyoverdines,
Pearson correlation coe�cients were calculated. There were signi�cant correlations between genes
encoding ExoS/ExoU-type strains and genes encoding type-A/type-B �agella. The correlation also
occurred between Conclusion This study facilitates describing genetic differences of various P.
aeruginosa strains based on Pseudomonas aeruginosa whole genome information from online
databases. We conclude that most P. aeruginosa virulence genes are present in more than 95% of
available genomes of the species. There are correlations of occurrence of different P. aeruginosa
accessory virulence genes.

Introduction
Pseudomonas aeruginosa is a gram-negative, rod-shaped, opportunistic pathogen capable of causing
many life-threatening or chronic infections. It is one of the main etiological factors of nosocomial
infections, especially for immunocompromised patients, with extended burns, aids, and cystic �brosis.

Possession of �ve different secretion systems by P. aeruginosa has been described up to date (T1SS,
T2SS, T3SS, T5SS, T6SS). Different secretion systems have different effector proteins. T1SS is
responsible for the secretion of alkaline protease aprA, lasA, lasB, and exotoxin toxA are secreted by
T2SS. T3SS is a major virulence determinant of P. aeruginosa. Exoenzymes exoS, exoU, exoT. exoY are
secreted by this system. The presence of exoS and exoU is mutually exclusive among P. aeruginosa
isolates exoS and exoT sequences are highly similar, sequence identity between those genes is 76% [1].
Interestingly, there are signi�cant differences between strains harbouring different exotoxins. Based on
recent phylogenetical analyses published by Stewart et al [2], whether the P. aeruginosa is exoS or exoU
positive or both negative, it belongs to different genetic clade.
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Other important P. aeruginosa virulence factors include structures responsible for adhesion (pili, �agella),
motility (�agella), slime production (alginate), siderophores biosynthesis (pyoverdine) or quorum sensing
mechanism [3-8].

Some of the P. aeruginosa virulence genes can be categorized into various types with different amino
acid sequences [9-12]. Genes encoding pyoverdine, �agella, pilA �mbrial protein and lipopolysccharide
(LPS) can be highlighted as the ones with divergent sequences. The highest known sequence diversity in
P. aeruginosa is observed for pilA gene. The pairwise differences between pilA variants are up to 71.3%
[13]. The long chain of polysaccharide (O-antigen) is a component of bacterial LPS. Region encoding B-
band of P. aeruginosa O-antigen is also highly divergent between different strains. Eleven conservative
sets of genes were recognised in this region [11]. Each group of genes is highly divergent from one
another. Pyoverdine is a major P. aeruginosa siderophore. Based on the differences in sequence of fvpA,
pvdE, pvdD, pvdJ and pvdI genes in the pyoverdine locus, three different pyoverdine types were identi�ed.
According to the different gene set, bacteria produce structurally distinct pyoverdines [12]. Sequence
diversity is exhibited in sequences of �agella encoding genes as well. Flagella of type A or B are produced
by different P. aeruginosa isolates. The production of each type of �agella is facilitated by the possession
of different gene set in �agellin biosynthesis locus. Amino acid sequences of different chains building
�agella are identical between types in 63-65% [14].

Over the last decade, rapid development of new sequencing methods increased effectiveness of
sequencing while reducing the cost. These recent advantages help researchers to sequence hundreds of
thousands of full genomes of different organisms. This development has a great impact on
microbiology. Whole genome sequences have been utilised to highlight genetic variations within species
or to assess the size of the pan, core genome of different microorganisms. Core genes are described as
the genes that are present in all strains of one microorganism. Those sequences are usually responsible
for encoding essential factors for bacteria. Term ‘accessory genes’ refers to the genes that can be found
in a subset of strains of a species. Those genes are accountable for interspecies variability. They
contribute to individual features of different strains, for example: the ability to colonise different host
organisms [15]. Together with the increasing number of whole sequenced genomes, it is now possible to
precisely assess the size of the core and accessory genome. In recent studies, core genome of P.
aeruginosa was assessed based on over a dozen complete genomes [16-18]. Genomic data was also
used recently to analyse bacterialvirulence, antimicrobial resistance, metabolism and population structure
[19, 20].

In this work, 81 P. aeruginosa whole genomes of different strains from environmental and clinical sources
were used. We analysed the virulence and population structure of those strains. In this analysis, we
rede�ned core, softcore, and accessory virulence genome of P. aeruginosa. Distribution of different
variants of highly divergent genes (HDGs) encoding �agella and pyoverdines in downloaded genomes
was also investigated. We decided to examine if there is correlation of occurrence of different accessory
genes encoding exoenzymes, �agella and pyoverdines.
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Results
Sequences of �ve genes including algC, pilA, pscP, vgrg1b were not detected with gene �nding software.
Among all investigated genes, 109 were acknowledged as core genes, 101 as softcore genes, and 50 as
accessory genes (Supplementary table S1).

In a group of genes associated with T3SS, 40 of them are softcore genes and 4 are accessory genes.
Genes encoding exoenzymes exoU, exoS, exoY, exsE, and pscP were accessory. ExoU was found in 23,
exoS in 57, exoY in 70 and exsE in 75 genomes out of 81. Effector proteins of T3SS, exoS and exoU are
mutually exclusive in examined genomes. The conducted phylogenetic analysis of P. aeruginosa strains
showed the existence of two large genetic clads. Strains of the �rst clade were characterised as ExoS-
positive, whiles genomes of the second clade were ExoU-positive. We have not found any genome
containing both exoS and exoU genes. Dendrogram is shown in �gure 1. PA7 was the only strain deprived
of all T3SS genes. Strain PA7 is genetically distant from other P. aeruginosa groups and is was not
included in the tree.

Figure 1. Evolutionary relationship of various Pseudomonas aeruginosa strains based on �ve
housekeeping genes. The tree was constructed using the neighbour-joining (NJ) method with 1,000
bootstraps. The presence of genes encoding exoU, exoS, pyoverdine and �agellar types of different
strains is shown to the right of the tree.

In a group of genes encoding Type IV pili 16 sequences were present in all genomes, and 5 were identi�ed
as soft-core genes. Sequence of pilA gene and sequences in locus �mT-pilE were identi�ed as accessory.
Gene pilA was searched manually as its sequence was not recognised by gene �nding software. We
detected 76 genomes containing different variants of pilA gene. All variants had similar conservative
sites and were located in locus characteristic of this gene. PilA sequences were highly divergent.
Sequence similarity network (SSN) has been constructed. Our SSN divided all pilA sequences into nine
different groups. Separation of the groups is demonstrated in �gure 2.

Figure 2. Sequence similarity network of various pilA genes of investigated P. aeruginosa strains.
Sequences in each group have at least 80% sequence identity over 80% query coverage. Based on applied
conditions pilA genes were divided into nine different groups.

Among genes associated with alginate production, only mucA is identi�ed as accessory. The genes
encoding effector toxins of the T2SS are core and softcore. ToxA and plcH sequences are found in 80
genomes, whereas lasA and lasB in all the analysed genomes. Alkaline protease aprA - effector protein of
T1SS is found in 80 strains. Rhamnolipids encoding genes rhlA and rhlB are core sequences. Genes
encoding T6SS are quali�ed as core and softcore genes except the sequence of fha1 gene which is
accessory and is found in 76 genomes. All sequences encoding phenazines except phzH are quali�ed as
core genes. In the most strains, more than one copy of each gene encoding phenazines has been
detected. Distribution of all genes in core, softcore and accessory genome is illustrated in �gure 4.
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P. aerugiosa have �agella of type A or type B, depending on the set of genes that strain possesses [10].
Among all the genes involved in �agella biosynthesis, 34 of 49 are found in core and softcore genome.
Genetic variants of genes �gK, �gL, �iC, �iD, �el/�ag, �iS, �iS’ and �iT encoding A-type �agella are present
in 50-51 (61,7%-63%) analysed genomes. Variants of those genes encoding B-type �agella are found in
30 (37%) of strains.

Different genes involved in pyoverdine biosynthesis were core, softcore, and accessory. All accessory
genes were found in pyoverdine divergent locus. In this locus, three known sets of genes can be found.
Alleles of these different sets are mutually exclusive. First set, known as type I is present in 27 of 81
analysed genomes. Alleles of pyoverdine type II are the most abundant. Genes of these type are found in
37 of 81 strains. Pyoverdine type III is found in 16 strains. The analysis of pyoverdine divergent locus in
analysed genomes revealed the existence of previously unknown set of genes similar to the genes of
pyoverdine type III. We refer to this set of genes as type IIIb. This type contains pvdE, fpvA and
siderophore-interacting protein (sip) gene alleles of pyoverdine type III. However, type IIIb is devoid of pvdI,
pvdJ or pvdD genes. Instead there is a long coding sequence which is a 5’ side highly similar to pvdI of
type III, and at 3’ side almost identical as pvdD gene of type III. We referred to this sequence as pvdID.
There is no similarity between pvdID sequence and pvdJ gene. Figure 3 demonstrates the locus structure
of pyoverdine type IIIa and IIIb. Type IIIb occurred in strains isolated in Brazil.

As we have analysed the distribution of HDGs between different P. aeruginosa strains, we have also
decided to determine the correlation of occurrence of different accessory genes encoding exoenzymes,
�agella and pyoverdines. Symmetric similarity matrix was formed after all r-values were calculated
(additional �les 2 and 3). There were signi�cant correlations between genes encoding: (1) exoenzymes
exoS/exoU and type-A/type-B �agella [r = -0.32/0.32, p <0.01], (2) type-II pyoverdine and �agella type-
A/type-B [r = 0,37/-037; p < 0.01]. There were also signi�cant correlations between occurrence of exoS and
exoU genes and between occurrence of genes encoding different �agella types. However those
correlations here were obvious as those genes are mutually exclusive. It is possible for both exoU and
exoS strains to possess different types of �agella or pyoverdine. The only exception are genes of
pyoverdine type III. There is no exoU positive genome with this type of pyoverdine.

Figure 3. Structure of pyoverdine type IIIb in comparison with type IIIa.

Figure 4. Distribution of genes associated with different virulence factors in core, softcore, and accessory
genome of P. aeruginosa.

Discussion
The purpose of this research was to characterise virulence of 81 P. aeruginosa strains isolated worldwide,
based on their genomic data. We regrouped virulence genes according to whether they are a part of core,
softcore or accessory genome and analyse the distribution of HDGs between different strains that were
isolated worldwide. This research facilitated demonstrating possible genetic differences and similarities
in virulence between various P. aeruginosa strains.
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P. aeruginosa has multiple virulence factors including toxins, proteases, pyoverdines, pili, �agella,
secretion systems, or quorum sensing mechanism. In a group of T3SS encoding genes, no core gene was
found. Lack of T3SS core genes is caused by the fact that one of the strains PA7 is deprived of T3SS.
PA7 also does not have effector exoenzymes exoS, exoU, exoY and exoT of this system. According to this
research and recently published articles, PA7 strain is genetically distant to other P. aeruginosa strains.
There are known cases of isolation of other exoS and exoU negative PA7-like strains related to PA7 [2, 62,
63]. Research published by Stewart et al. 2014, demonstrates the existence of three genetic clades within
P. aeruginosa species [2]. The �rst group was characterised as exoS positive, second as exoU positive.
The third group was devoid of both exoU and exoS genes. In this group, PA7 strain and other PA7-like
strains were found.

The phylogenetic analysis conducted in the research has similar structure to that published by Stewart et.
al. [2]. Similarly, exoS and exoU positive strains are separated into two clades, and PA7 is the third branch
of the tree. According to Kulasekara et al. 2006, both exoS and exoU genes together with whole T3SS
apparatus were acquired by horizontal gene transfer from other microorganisms [64]. It explains the
existence of the third PA7 group. In this clade, there are P. aeruginosa strains that have never acquired
T3SS system with effector proteins. More frequent isolation of T3SS positive strains can be explained by
potential evolutionary bene�ts caused by this system, and in result there is a genetic advantage of T3SS
positive strains over T3SS negative strains.

Genes encoding pyoverdines, �agella and LPS and pilA have divergent sequences between different
strains [9, 11, 12]. The pairwise differences between pilA variants are up to 71,3% [13].

PilA gene cannot be determined as core gene using standard cut-off values as this gene has highly
divergent sequences between different genomes [10]. Although pilA sequence is not core or softcore, its
function is still probably very important as different variants of this gene were found in 76 genomes. The
presence of pilA in genomes was con�rmed using manual search of genomes, as sequence of this gene
were not detected by gene �nding software.

Large number of genes encoding pyoverdines were acknowledged as accessory genes, because their
sequence similarities between alleles of those genes exhibited more than cut-off values used for
separating gene families. However, we did not �nd any genome lacking different gene sets of
pyoverdines. Different variants of fpvA, pvdE, pvdY genes were found in all investigated genomes, and all
found variants were located in the pyoverdine locus. Based on these results, disregarding that pyoverdine
genes are accessory, it is seen that pyoverdine production and pyoverdine receptors are crucial for P.
aeruginosa and therefore those accessory genes have core functions.

Similarly to exoS and exoU genes it is suggested that different types of pyoverdine genes were acquired
by horizontal gene transfer. History of horizontal gene transfer is suggested by unusual codon usage and
oligonucleotide usage in pyoverdine region [12]. Nevertheless, exoS and exoU distribution in various
genomes is consistent with genetic clades of phylogenetic tree representing evolutionary relationships of
P. aeruginosa strains. This is not observed for pyoverdine types. It is possible to �nd both pyoverdine
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types of type I and II in exoU and ExoS clade. To explain these differences, we suggest that sets of genes
encoding pyoverdines were transferred to P. aeruginosa strains of different genetic clades or they were
transferred between different P. aeruginosa strains. Another question arises there. Why genes of different
pyoverdine variants are mutually exclusive. We suppose that the possible bene�ts for strains harbouring
two pyoverdines gene sets may be insu�cient in comparison to the disadvantages, e.g. additional energy
and resource consumption. In our study, we did not observe genomes with mixtures of alleles of different
types, but the existence of strains with type I and type II pvd genes was described previously [12]. Those
isolates may stand as strains that after acquisition of two types of pvd genes, recombined them and as a
result the mixture strain containing type I and type II pvd genes was created. Throughout the analysis of
pyoverdine locus in 7 strains, we found new undescribed coding sequence. This gene at 5’ side is nearly
identical with a part of pvdD(3) gene of pyoverdine type III, and at 3’ site is similar to pvdI(3). This gene is
presumably a fusion gene that was created after deletion of the locus between pvdD and pvdI genes. This
gene has been found in 7 investigated genomes.

Genes encoding different �agella types A and B are distributed between ExoU and ExoS clades. Similarly
to pyoverdine genes, in this case horizontal gene transfer is also presumably responsible for distribution
of different sets of genes between ExoU and ExoS clades. We also noticed that there is signi�cant
correlation between ExoS/ExoU clades and type of �agella. Most of strains of ExoU clade had also of
type-A �agella. This correlation is di�cult to explain as there is no direct linkage of function between
those genes. However both exoenzymes and �agella are acknowledged as virulence factors, and
therefore we can suppose that there is some kind of bene�cial effect for exoU strains to also harbour
�agella of type II gene sets. There was also a signi�cant correlation between occurrence of genes
encoding pyoverdines of type II with different �agella type. In this situation bene�cial effect could also
explain this correlation. Similarly to pyoverdines, most �agella encoding genes were acknowledged as
accessory. However it is seen that most of those genes have core functions, because through the
analysis, we did not �nd a genome deprived of �agellar gene set.

Conclusion
We analysed 81 whole genome sequences of P. aeruginosa strain available in NCBI Reference Sequence
Database. This study facilitates describing genetic differences between various P. aeruginosa strains. We
conclude that the most P. aeruginosa virulence genes are present in more than 95% of available genomes
of the species. There is signi�cant correlation in distribution of different variants of �agella and
pyoverdine sets of genes with ExoU and ExoS clades. The analysis of pyoverdine locus facilitated �nding
a new pyoverdine type similar to pyoverdine type III. This newly described variant was present in 7
different strains. It contained a gene that was probably created by the fusion of pilD and pilI genes.

Methods

Bacterial isolates and their source of genomic data
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We used 81 whole genome sequences of P. aeruginosa. The nucleotide sequenceswere downloaded from
NCBI Reference Sequence Database ( https://www.ncbi.nlm.nih.gov/refseq/)[24]. A description of the
isolates is shown in table 1. The subject sequences originated from clinical and environmental sources.
Genomes of chosen isolates had different sizes ranging from 6.04 to 7.5 Mb.

Table 1. Description of the whole genome sequences of Pseudomonas aeruginosa.

Virulence genes
P. aeruginosa reference virulence geneswere downloaded from Virulence Factors of Pathogenic Bacteria
database ( https://www.mgc.ac.cn/VFs/) and UniProt Knowledgebase (
https://www.uniprot.org/uniprot/) [52, 53]. In the research, we used 260 genes associated with virulence,
encoding various secretion systems, type IV pili, �agella, alginate, lipopolysaccharide (LPS), proteins
responsible for pigmentation, proteases, toxins, and components of quorum sensing mechanism
(Additional �le 1).

Analysis of core and accessory virulence genes
In the �rst stage of our analysis, the genes were recognised in the genomes with bioinformatical tool
Prodigal [54]. We evaluated the capacity of Prodigal to correctly predict the presence of reference
virulence genes in reference genomes PAO1 and UCBPA-14. Sequences of correctly predicted genes were
used as a database in Diamond Blast [55]. HDG and genes that were not identi�ed by Prodigal were
searched manually in the annotated genomes available on RefSeq database and Pseudomonas Genome
Database website [24, 56]. To identify gene homologues, we performed reference genes against all genes
similarity search using Diamond Blast [55]. The genes have been clustered with the removal of
similarities <80% sequence identity and <80% query and subject coverage. Sequences were recognised as
core genes when homologues of reference genes were detected in all genomes. Soft core genes were
identi�ed as genes present in 95% of genomes. Below this value, all genes were quali�ed as accessory
genes.

Variants of highly divergent genes in different genomes
The presence of different variants of HDG encoding pilA, �agella, and pyoverdines between different
genomes was veri�ed. The variants of those HDGs were searched in annotated genomes available in
RefSeq database and Pseudomonas Genome Database using inbuilt BLAST software and known
reference gene sequences from UniProt database [53, 56]. Coding sequences that were found exhibiting
at least 30% sequence identity, 30% query coverage with the refence genes were identi�ed as possible
variants of HDG. In the next step, genomic location of each identi�ed possible variant was determined.
When the location of the sequence was the same as for reference gene, we referred to the sequence as a

https://www.ncbi.nlm.nih.gov/refseq/
https://www.ncbi.nlm.nih.gov/refseq/
https://www.mgc.ac.cn/VFs/
https://www.mgc.ac.cn/VFs/
https://www.uniprot.org/uniprot/
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genetic variant of HDG. The presence and location of the genes in speci�c locus were determined with the
use of simple bioinformatic tools Blast and NCBI's Genome Workbench graphical viewer [57, 58].

Phylogenetic analysis
Sequences of several core genes aroE, carA, gyrB, rpoB, rpoD were extracted from the genomes from
Pseudomonas Genome Database [56]. Those core genes were used in phylogenetic analyses of different
P. aeruginosa strains [59]. Genes were concatenated with SequenceMatrix software v.1.8 and compared
with each other with the use of bioinformatic tool MEGA v.7.0.26 [60, 61]. The phylogenetic tree was
constructed using the neighbour-joining (NJ) method with 1,000 bootstraps.

Cooccurrence of different virulence genes in different genomes.
Correlation in distribution of accessory virulence genes in analysed genomes was additionally
investigated. We focused on occurrence of non-divergent genes exoS and exoU with different variants of
�agella and different sets of pyoverdine locus genes in analysed genomes.

Abbreviations
HDG(s): Highly divergent gene(s), LPS: Lipopolysaccharide, NJ: Neighbour-joining, PVD: Pyoverdine, SSN:
Sequence similarity network, T1SS: Type I secretion system, T2SS: Type II secretion system, T3SS: Type
III secretion system, T5SS: Type V secretion system, T6SS: Type VI secretion system
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Strain name Origin Genome size
(Mb)

GC content
(%)

Refseq accession
number

Reference

PAO1 Clinical 6.26 66.8% NC_002516.2 Stover et al. (2000)

FA-HZ1 Environmental 6.87 66.2% NZ_CP017353.1 Ali et al. (2017)

W45909 Clinical 6.78 66.2% NZ_CP008871.2 Yan et al. (unpublished)

NHmuc Unknown 6.21 66.6% NZ_CP013479.1 Irvine et al. (unpublished)

SCVJan Animal 6.21 66.6% NZ_CP013478.1 Irvine et al. (unpublished)

SCVFeb Animal 6.21 66.6% NZ_CP013477.1 Irvine et al. (unpublished)

8380 Clinical 6.61 66.2% NZ_AP014839.1 Ichise et al. (2015)

NCTC 10332 Unknown 6.32 66.5% NZ_LN831024.1 Unknown

DHS01 Clinical 7.06 65.8% NZ_CP013993.1 Valot et al. (2014)

PA1 Clinical 6.50 66.4% NC_022808.2 Lu et al. (2015)

H27930 Clinical 6.57 66.2% NZ_CP008860.2 Yan et al. (unpublished)

T52373 Clinical 6.32 66.5% NZ_CP008867.1 Yan et al. (unpublished)

F22031 Clinical 6.60 66.2% NZ_CP007399.1 Yan and Xavier (unpublished)

DK2 Clinical 6.40 66.3% NC_018080.1 Rau et al. (2012)

PA154197 Unknown 6.44 66.4% NZ_CP014866.1 Cao et al. (unpublished)

PA121617 Clinical 6.43 66.4% NZ_CP016214.1 Liu et al. (2018)

ATCC 27853 Clinical 6.82 66.1% NZ_CP015117.1 Feng et al. (2016)

F9670 Clinical 6.79 66.1% NZ_CP008873.1 Yan and Xavier (unpublished)

H5708 Clinical 6.33 66.5% NZ_CP008859.2 Yan and Xavier (unpublished)

T38079 Clinical 6.79 66.1% NZ_CP008866.2 Yan and Xavier (unpublished)

S86968 Clinical 6.93 66.0% NZ_CP008865.2 Yan et. al. (unpublished)

F63912 Clinical 6.62 66.2% NZ_CP008858.2 Yan and Xavier (unpublished)

W36662 Clinical 6.79 66.2% NZ_CP008870.2 Yan et. al. (unpublished)

T63266 Clinical 6.46 66.3% NZ_CP008868.1 Yan and Xavier (unpublished)

12-4-4(59) Clinical 6.43 66.3% NZ_CP013696.1 Karna et al. (2016)

RP73 Clinical 6.34 66.5% NC_021577.1 Jeukens et al. (2013)

PA1088 Clinical 6.72 66.1% NZ_CP015001.1 Nascimento et al. (2016)

PA7790 Clinical 7.02 66.0% NZ_CP014999.1 Nascimento et al. (2016)

PA8281 Clinical 6.93 66.0% NZ_CP015002.1 Nascimento et al. (2016)

PA11803 Clinical 7.01 66.0% NZ_CP015003.1 Nascimento et al. (2016)

USMARC-
41639

Animal 6.36 66.4% NZ_CP013989.1 Harhay et al. (unpublished)

19BR Clinical 6.74 66.1% NZ_AFXJ01000001.1 Boyle et al. (201(2)

213BR Clinical 6.72 66.1% NZ_AFXK01000001.1 Boyle et al. (201(2)

PA_D21 Clinical 6.64 66.2% NZ_CP012582.1 Wang et al. (2017)

PA_D5 Clinical 6.69 66.2% NZ_CP012579.1 Wang et al. (2017)

PA_D25 Clinical 6.68 66.2% NZ_CP012584.1 Wang et al. (2017)

PA_D22 Clinical 6.68 66.2% NZ_CP012583.1 Wang et al. (2017)

PA_D16 Clinical 6.68 66.2% NZ_CP012581.1 Wang et al. (2017)

PA_D9 Clinical 6.65 66.2% NZ_CP012580.1 Wang et al. (2017)

PA_D2 Clinical 6.64 66.2% NZ_CP012578.1 Wang et al. (2017)

PA_D1 Clinical 6.64 66.2% NZ_CP012585.1 Wang et al. (2017)

VA-134 Clinical 6.40 66.4% NZ_CP013245.1 Miller et al. (2016)

W60856 Clinical 6.90 66.2% NZ_CP008864.2 Yan et al. (unpublished)

VRFPA04 Clinical 6.81 66.5% NZ_CP008739.1 N et al. (2016)

X78812 Clinical 6.37 66.4% NZ_CP008872.2 Yan and Xavier (unpublished)

https://www.ncbi.nlm.nih.gov/nucleotide/NC_002516.2?report=genbank&log$=nucltop&blast_rank=1&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP017353.1?report=genbank&log$=nucltop&blast_rank=1506&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008871.2?report=genbank&log$=nucltop&blast_rank=1453&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP013479.1?report=genbank&log$=nucltop&blast_rank=1495&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP013478.1?report=genbank&log$=nucltop&blast_rank=1496&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP013477.1?report=genbank&log$=nucltop&blast_rank=1494&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_AP014839.1?report=genbank&log$=nucltop&blast_rank=1515&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_LN831024.1?report=genbank&log$=nucltop&blast_rank=1476&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP013993.1?report=genbank&log$=nucltop&blast_rank=1517&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_022808.2?report=genbank&log$=nucltop&blast_rank=1519&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008860.2?report=genbank&log$=nucltop&blast_rank=1447&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008867.1?report=genbank&log$=nucltop&blast_rank=1528&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP007399.1?report=genbank&log$=nucltop&blast_rank=1486&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_018080.1?report=genbank&log$=nucltop&blast_rank=1435&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP014866.1?report=genbank&log$=nucltop&blast_rank=1487&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP016214.1?report=genbank&log$=nucltop&blast_rank=1489&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP015117.1?report=genbank&log$=nucltop&blast_rank=1417&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008873.1?report=genbank&log$=nucltop&blast_rank=1516&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008859.2?report=genbank&log$=nucltop&blast_rank=1450&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008866.2?report=genbank&log$=nucltop&blast_rank=1456&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008865.2?report=genbank&log$=nucltop&blast_rank=1446&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008858.2?report=genbank&log$=nucltop&blast_rank=1474&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008870.2?report=genbank&log$=nucltop&blast_rank=1448&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008868.1?report=genbank&log$=nucltop&blast_rank=1527&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP013696.1?report=genbank&log$=nucltop&blast_rank=1531&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_021577.1?report=genbank&log$=nucltop&blast_rank=1398&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP015001.1?report=genbank&log$=nucltop&blast_rank=1510&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP014999.1?report=genbank&log$=nucltop&blast_rank=1504&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP015002.1?report=genbank&log$=nucltop&blast_rank=1511&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP015003.1?report=genbank&log$=nucltop&blast_rank=1512&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP013989.1?report=genbank&log$=nucltop&blast_rank=1524&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_AFXJ01000001.1?report=genbank&log$=nucltop&blast_rank=1384&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_AFXK01000001.1?report=genbank&log$=nucltop&blast_rank=1383&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP012582.1?report=genbank&log$=nucltop&blast_rank=1429&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP012579.1?report=genbank&log$=nucltop&blast_rank=1430&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP012584.1?report=genbank&log$=nucltop&blast_rank=1428&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP012583.1?report=genbank&log$=nucltop&blast_rank=1434&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP012581.1?report=genbank&log$=nucltop&blast_rank=1431&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP012580.1?report=genbank&log$=nucltop&blast_rank=1427&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP012578.1?report=genbank&log$=nucltop&blast_rank=1426&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP012585.1?report=genbank&log$=nucltop&blast_rank=1432&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP013245.1?report=genbank&log$=nucltop&blast_rank=1518&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008864.2?report=genbank&log$=nucltop&blast_rank=1454&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008739.1?report=genbank&log$=nucltop&blast_rank=1392&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008872.2?report=genbank&log$=nucltop&blast_rank=1451&RID=867N4YYV014
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W16407 Clinical 6.81 65.9% NZ_CP008869.2 Yan et al. (unpublished)

PA96 Clinical 6.44 66.3% NZ_CP007224.1 Deraspe et al. (2014)

YL84 Environmental 6.43 66.4% NZ_CP007147.1 Chan et al. (2014)

N17-1 Environmental 6.37 66.4% NZ_CP014948.1 Sangare et al. (2014)

IOMTU 133 Clinical 6.90 66.0% NZ_AP017302.1 Tada et al. (unpublished)

H47921 Clinical 6.84 66.1% NZ_CP008861.1 Yan and Xavier (unpublished)

F23197 Clinical 6.54 66.2% NZ_CP008856.2 Yan et al. (unpublished)

Carb01 63 Clinical 7.50 65.6% NZ_CP011317.1 Kraak and van der Zee
(unpublished)

FRD1 Clinical 6.71 66.1% NZ_CP010555.1 Silo-Suh et al. (2015)

C7447m Clinical 6.26 66.4% NC_022360.1 Yin et al. (2013a)

BAMC 07-48 Clinical 7.02 66.0% NZ_CP015377.1 Sanjar et al. (2016)

PAER4_119 Unknown 6.50 66.4% NZ_CP013113.1 Walter (unpublished)

F30658 Clinical 7.27 65.8% NZ_CP008857.1 Yan and Xavier (unpublished)

MTB-1 Environmental 6.58 66.2% NC_023019.1 Ohtsubo et al. (2014)

PACS2 Clinical 6.49 66.3% NZ_AAQW01000001.1 Smith et al. (unpublished)

B10W Environmental 6.72 66.2% NZ_CP017969.1 Zhong et al. (2017)

PcyII-10 Clinical 6.29 66.5% NZ_LT673656.1 Vergnaud et al. (2018)

F9676 Environmental 6.37 66.5% NZ_CP012066.1 Shi et al. (2015)

LESlike1 Clinical 6.51 66.4% NZ_CP006984.1 Jeukens et al. (2014)

LESB65 Clinical 6.53 66.4% NZ_CP006983.1 Jeukens et al. (2014)

LES431 Clinical 6.55 66.3% NC_023066.1 Jeukens et al. (2014)

LESB58 Clinical 6.60 66.3% NC_011770.1 Winstanley et al. (2009)

M18 Environmental 6.33 66.5% NC_017548.1 Wu et al. (2011)

SCV20265 Clinical 6.73 66.3% NC_023149.1 Eckweiler et al. (2014)

S0490 Clinical 7.10 66.0% NZ_CP011369.1 Kraak and Van der Zee 
(unpublished)

DN1 Environmental 6.64 66.3% NZ_CP017099.1 Ma (unpublished)

NCGM1900 Clinical 6.81 66.0% NZ_AP014622.1 Tada et al. (unpublished)

NCGM1984 Clinical 6.85 66.0% NZ_AP014646.1 Tada et al. (2016)

B136-33 Clinical 6.42 66.4% NC_020912.1 Lo et al. (unpublished)

NCGM2.S1 Clinical 6.76 66.1% NC_017549.1 Miyoshi-Akiyama et al. (2011)

M37351 Clinical 6.90 66.0% NZ_CP008863.1 Yan and Xavier (unpublished)

M1608 Clinical 6.48 66.0% NZ_CP008862.2 Yan and Xavier (unpublished)

UCBPP-PA14 Clinical 6.54 66.3% NC_008463.1 Lee et al. (2006)

NCGM257 Clinical 7.09 65.9% NZ_AP014651.1 Akiyama et al. (unpublished)

PA7 Clinical 6.59 66.4% NC_009656.1 Roy et al. (2010)

 
 

 

Supplemental File Legend
Additional �le 1: List of the P. aeruginosa virulence genes used in the study.

https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008869.2?report=genbank&log$=nucltop&blast_rank=1449&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP007224.1?report=genbank&log$=nucltop&blast_rank=1369&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP007147.1?report=genbank&log$=nucltop&blast_rank=1323&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP014948.1?report=genbank&log$=nucltop&blast_rank=1507&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_AP017302.1?report=genbank&log$=nucltop&blast_rank=1514&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008861.1?report=genbank&log$=nucltop&blast_rank=1529&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008856.2?report=genbank&log$=nucltop&blast_rank=1455&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP011317.1?report=genbank&log$=nucltop&blast_rank=1367&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP010555.1?report=genbank&log$=nucltop&blast_rank=1368&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_022360.1?report=genbank&log$=nucltop&blast_rank=1416&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP015377.1?report=genbank&log$=nucltop&blast_rank=1371&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP013113.1?report=genbank&log$=nucltop&blast_rank=1493&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008857.1?report=genbank&log$=nucltop&blast_rank=1525&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_023019.1?report=genbank&log$=nucltop&blast_rank=1365&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_AAQW01000001.1?report=genbank&log$=nucltop&blast_rank=1386&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP017969.1?report=genbank&log$=nucltop&blast_rank=1501&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_LT673656.1?report=genbank&log$=nucltop&blast_rank=1488&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP012066.1?report=genbank&log$=nucltop&blast_rank=1532&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP006984.1?report=genbank&log$=nucltop&blast_rank=1391&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP006983.1?report=genbank&log$=nucltop&blast_rank=1372&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_023066.1?report=genbank&log$=nucltop&blast_rank=1411&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_011770.1?report=genbank&log$=nucltop&blast_rank=1534&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_017548.1?report=genbank&log$=nucltop&blast_rank=1464&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_023149.1?report=genbank&log$=nucltop&blast_rank=1410&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP011369.1?report=genbank&log$=nucltop&blast_rank=1366&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP017099.1?report=genbank&log$=nucltop&blast_rank=1433&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_AP014622.1?report=genbank&log$=nucltop&blast_rank=1388&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_AP014646.1?report=genbank&log$=nucltop&blast_rank=1387&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_020912.1?report=genbank&log$=nucltop&blast_rank=1389&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_017549.1?report=genbank&log$=nucltop&blast_rank=1463&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008863.1?report=genbank&log$=nucltop&blast_rank=1526&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_CP008862.2?report=genbank&log$=nucltop&blast_rank=1452&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_008463.1?report=genbank&log$=nucltop&blast_rank=1522&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NZ_AP014651.1?report=genbank&log$=nucltop&blast_rank=1513&RID=867N4YYV014
https://www.ncbi.nlm.nih.gov/nucleotide/NC_009656.1?report=genbank&log$=nucltop&blast_rank=1521&RID=867N4YYV014
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Additional �le 2: Symmetric similarity matrix with calculated r and p values.

Additional �le 3: Correlogram display of correlation matix for exoS, exoU, genes and pyoverdine and
�agella gene sets in analysed genomes.

Figures
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Figure 1

Evolutionary relationship of various Pseudomonas aeruginosa strains based on �ve housekeeping genes.
The tree was constructed using the neighbour-joining (NJ) method with 1,000 bootstraps. The presence
of genes encoding exoU, exoS, pyoverdine and �agellar types of different strains is shown to the right of
the tree.

Figure 2

Sequence similarity network of various pilA genes of investigated P. aeruginosa strains. Sequences in
each group have at least 80% sequence identity over 80% query coverage. Based on applied conditions
pilA genes were divided into nine different groups.
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Figure 3

Structure of pyoverdine type IIIb in comparison with type IIIa.

Figure 4

Distribution of genes associated with different virulence factors in core, softcore, and accessory genome
of P. aeruginosa.
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Additional�le3.tif

Additional�le1.docx

Virulenceanalysiswithtablesand�gures.docx

Additional�le2.xlsx

https://assets.researchsquare.com/files/rs-1224/v1/Additional%20file%203.tif
https://assets.researchsquare.com/files/rs-1224/v1/Additional%20file%201.docx
https://assets.researchsquare.com/files/rs-1224/v1/Virulence%20analysis%20(with%20tables%20and%20figures).docx
https://assets.researchsquare.com/files/rs-1224/v1/Additional%20file%202.xlsx

