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Synopsis
As a third-generation sequencing (TGS) method, single-molecule real-time (SMRT) technology provides long read
length, and it is well suited for resequencing projects and de novo assembly. In the present study, Pseudomonas
aeruginosa PA1 was characterized and resequenced using SMRT technology. PA1 was also subjected to genomic,
comparative and pan-genomic analyses. The multidrug resistant strain PA1 possesses a 6,498,072 bp genome and
a sequence type of ST-782. The genome of PA1 was also visualized, and the results revealed the details of general
genome annotations, virulence factors, regulatory proteins (RPs), secretion system proteins, type II toxin–antitoxin
(T–A) pairs and genomic islands. Whole genome comparison analysis suggested that PA1 exhibits similarity to other
P. aeruginosa strains but differs in terms of horizontal gene transfer (HGT) regions, such as prophages and genomic
islands. Phylogenetic analyses based on 16S rRNA sequences demonstrated that PA1 is closely related to PAO1, and
P. aeruginosa strains can be divided into two main groups. The pan-genome of P. aeruginosa consists of a core genome
of approximately 4,000 genes and an accessory genome of at least 6,600 genes. The present study presented a
detailed, visualized and comparative analysis of the PA1 genome, to enhance our understanding of this notorious
pathogen.
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INTRODUCTION

Pseudomonas aeruginosa is a glucose non-fermentative Gram-
negative bacillus that can adapt to various ecological niches, such
as soil, marshes, coastal marine habitats, and plant and animal
tissues [1,2]. As an opportunistic pathogen, P. aeruginosa causes
a wide range of syndromes in humans; in some instances, its
infection is fatal and thus considered an increasingly notorious
pathogen in nosocomial infection [3]. P. aeruginosa is signific-
antly associated with respiratory tract infections, burn infections
and urinary-tract infections in catheterized patients [4]. It is also
the dominant pathogen in cystic fibrosis (CF) lung disease, with
single lineage persisting throughout the whole life of a patient
[5]. In infections among patients with CF, endocarditis and peri-
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odontitis, P. aeruginosa can form biofilms. P. aeruginosa can
resist numerous antibiotics because of intrinsic drug resistance.
The prevention and treatment of P. aeruginosa are very difficult
because of biofilm formation and drug resistance [6,7].

Whole genome sequencing is commonly applied to analyse
and understand the genotype and phenotype of an organism.
Twenty-seven complete genome sequences of P. aeruginosa have
become available in GenBank [8] since November 20, 2015, when
our study was in progress. The completion of hundreds of gen-
ome scaffolds or contigs of P. aeruginosa is also underway. Some
databases have been established, such as Pseudomonas Genome
DB [9] (http://www.pseudomonas.com/), and they are very use-
ful for analysis of P. aeruginosa. In the past less than two dec-
ades, the genomic, evolutionary and diversity studies of several
P. aeruginosa strains have been performed [2,5,9–13]. However,
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many P. aeruginosa genome sequences and their corresponding
annotations are still text files without a detailed and visualized
genomic analysis. Similar to the genomes of other bacterial spe-
cies, P. aeruginosa genomes share significant similarity, although
they have been isolated from different niches or clinical origins
[14,15]. Therefore, these similar genomes can form a genomic
pool known as a pan-genome [16,17], and thus provide insights
into virulence, drug resistance and biofilm formation related to
the pathogenicity of P. aeruginosa.

P. aeruginosa strain PA1 was originally isolated from a patient
with respiratory tract infection at the Second Affiliated Hospital
of the Third Military Medical University; this strain belongs to
serogroup 9 of P. aeruginosa international antigenic typing sys-
tem [18,19]. In 2012, P. aeruginosa PA1 was sequenced by Solexa
(Illumina). Unfortunately, more than 100 gaps have been gener-
ated when sequencing reads were assembled using the genome
sequence of P. aeruginosa PAO1 as a reference. The final gen-
ome sequence of PA1 is 6,528,877 bp long [20]; nevertheless,
we found that this genomic sequence of PA1 is not precise and
thus should be resequenced. In the light of the third-generation
sequencing (TGS) technologies represented by Pac-Bio single-
molecule real-time (SMRT) sequencing that can provide long
read lengths and high throughput to enhance de novo assembly,
the PA1 genome was resequenced using SMRT technology in
2015. The present study presented a detailed and visualized ge-
nomic analysis of P. aeruginosa PA1 genome. The present study
also performed a comparative, phylogenetic and pan-genomic
analysis of P. aeruginosa genomes to provide a useful basis for
future studies of this notorious pathogen.

MATERIALS AND METHODS

Bacterial growth and Gram staining
P. aeruginosa PA1 was isolated and stored in our laboratory
[18,19]. The bacteria were grown in LB broth or plated on to
a LB medium containing 1.5% (w/v) agar. Afterwards, 100 μl
of log-phase PA1 liquid cultures were added to 100 ml of LB
medium, and the mixture was incubated at 37 ◦C with shaking
at 220 rpm for 30 h. Then, 150 μl of liquid cultures were ob-
tained at an interval of 1 h to examine the corresponding A600 by
using a SmartSpecTM3000 spectrophotometer (Bio–Rad Labor-
atories) and to provide data for growth curve. Gram staining was
performed as previously described [21].

TEM
The log-phase PA1 liquid cultures (approximately 108 CFU/ml)
were placed on copper grids to undergo adsorption for 10 min,
negatively stained with 2% phosphotungstic acid (PTA, pH 4.5)
for 15 s and air-dried. Bacterial samples were observed using a
TECNAI 10 electron microscope (Philips) at a voltage of 80 kV
and a magnification of 65,000. Images were acquired digitally
with a camera (Gatan Model 785) inside the microscope.

Minimal inhibitory concentration assay
Minimal inhibitory concentration (MIC) assay was performed at
the Second Affiliated Hospital of the Third Military Medical Uni-
versity (Chongqing, China) by using a VITEK-2 Compact system
with Advanced Expert System (bioMerieux) in accordance with
the manufacturer’s instructions. Twenty-nine antibiotics were
evaluated, and MIC interpretive standards for P. aeruginosa were
based on Performance Standards for Antimicrobial Susceptibility
Testing (M100-S25, January 2015) (http://clsi.org/).

DNA extraction and SMRT resequencing
The PA1 genomic DNA was extracted and purified from
the stationary phase cultures grown in LB broth by using a
TIANamp bacteria DNA kit (TIANGEN BIOTECH). Ap-
proximately 10 μg purified PA1 genomic DNA was then
subjected to SMRT sequencing at the Institute of Medicinal
Plant Development (IMPLAD, Beijing, China) by using PacBio
RS (Pacific Biosciences) [22]. SMRTbell template libraries with
DNA fragments of 5 kb were prepared. PA1 genomic DNA
was fragmented using Covaris microTUBE (ThermoFisher
Scientific) and then purified by AMPure PB Beads (http://
www.pacb.com/products-and-services/consumables/pacbio-rs-
ii-consumables/sample-and-template-preparation-kits/). Seque-
ncing was then performed using four SMRT cells and zero-mode
waveguide (ZMW) [23] signals were obtained. De novo
assembly was performed by using RS_HGAP_Assembly v. 2.0
[24], and single contig with an average sequence coverage of
396.2-fold was revealed.

Sequence analysis and genome annotation
DNAStar [25] and DNAMAN (http://www.lynnon.com/) were
used to analyse the general features of the PA1 gen-
ome sequence. The PA1 genome, including genes, pro-
teins, rRNAs and tRNAs, was annotated through the NCBI
Prokaryotic Genome Automatic Annotation Pipeline (PGAAP)
(http://www.ncbi.nlm.nih.gov/genome/annotation_prok/) [26].
Antibiotic resistance genes were predicted by the ResFinder-
2.1 Server (https://cge.cbs.dtu.dk/services/ResFinder/) [27]. Pro-
phages were predicted by PHAST (http://phast.wishartlab.com/)
[28]. Restriction–modification (R–M) systems were predicted in
REBASE (http://rebase.neb.com/rebase/rebase.html) [29]. PA1
was subjected to multilocus sequence typing by using MLST 1.8
online server (https://cge.cbs.dtu.dk/services/MLST-1.8/) [30].
MLST configuration was selected as “P. aeruginosa”, and type of
the reads was selected as “Assembled Genomes/Contigs”. The
complete genome sequence of P. aeruginosa PA1 with “.fasta”
format was considered as input data. PathogenFinder 1.1 (ht-
tps://cge.cbs.dtu.dk/services/PathogenFinder/) [31] was used to
analyse the complete genome sequence of P. aeruginosa PA1. The
phylum was chosen as “γ -proteobacteria”, and the Sequencing
Platform was selected as “Assembled Genomes/Contigs”. The
complete genome sequence of P. aeruginosa PA1 with “.fasta”
format was also used as input data.
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Visualized analysis of the PA1 genome
The old and new genome sequences of PA1 were subjec-
ted to pairwise nucleotide sequence comparison in Easy-
Fig (http://mjsull.github.io/Easyfig/) [32]. The PA1 gen-
ome was then circularly presented by using Basic Local
Alignment Search Tool (BLAST) Ring Image Gener-
ator (BRIG) (http://brig.sourceforge.net/) [33] and CGView
(http://stothard.afns.ualberta.ca/cgview_server/) [34]. BRIG and
CGView results were combined to present the genome map.
The virulence factors and secretion system proteins of PA1
were manually selected from the GenBank file of PA1 and
visualized with BRIG. Regulatory proteins (RPs) were pre-
dicted by Predicted Prokaryotic Regulatory Proteins server
(http://www.p2rp.org/) [35] and visualized using BRIG. Type II
toxin–antitoxin (T–A) systems were predicted using TAfinder
(http://202.120.12.133/TAfinder/index.php) [36] and visualized
using BRIG. Genomic islands were analysed by IslandViewer
(http://www.pathogenomics.sfu.ca/islandviewer/) [37].

Comparative genomic analysis
The 27 complete P. aeruginosa genome sequences
were compared through BlastN by using blast 2.2.29 +
(ftp://ftp.ncbi.nlm.nih.gov/blast/) [38] and visualized by BRIG
with 80% identity cut-off. The PA1 genome was used as refer-
ence. The 16S rRNA sequences of Pseudomonas sp. and four
common bacterial strains were downloaded from Pseudomonas
Genome Database (http://www.pseudomonas.com/) [39] and
GenBank [8]. 16S rRNA sequences were subjected to multiple
sequence alignments by using ClustalW [40] with default para-
meters, and phylogenetic trees were constructed and displayed
by MEGA 6.06 (http://www.megasoftware.net/) [41] with the
neighbour-joining method [42]. The topology is displayed. A
Venn diagram was drawn by using EDGAR software platform
(https://edgar.computational.bio.uni-giessen.de/cgi-bin/edgar_
login.cgi?cookie_test = 1) [43]. Pan-genome ana-
lysis was performed using EDGAR and Panseq (ht-
tps://lfz.corefacility.ca/panseq/page/index.html) [44], with
default parameters, and the results of EDGAR and Panseq were
combined to present the pan-genome of P. aeruginosa.

RESULTS

Typical biological features of P. aeruginosa PA1
Pyocyanin (PCN) is a blue redox-active phenazine and secondary
metabolite that contributes to the persistence of P. aeruginosa in-
fections [45]. P. aeruginosa PA1 can produce apparent PCN after
this strain is cultured in LB broth at 37 ◦C for over 10 h. A growth
curve with a straight line between log phase and stationary phase
is then obtained (Figure 1A). Gram staining showed that PA1
is a Gram-negative rod-shaped bacterium with a heterogeneous
length (Figure 1B). TEM revealed that PA1 secretes abundant ex-
tracellular matrix and some vesicles around the cellular surface,
and most PA1 consists of one wave-like flagellum with a length of

approximately 5 μm (Figure 1C), although a few strains contain
two or three flagella.

P. aeruginosa PA1 is a multidrug-resistant
bacterium
Although P. aeruginosa species exhibits intrinsic drug resistance
[46], the drug-resistant patterns of different strains remain dis-
tinct. P. aeruginosa PA1 was resistant or intermediate-resistant to
most of the antibiotics tested (24 out of 29; Figure 1D), includ-
ing 16 kinds of antibiotics that belong to β-lactams and 8 kinds
of antibiotics that belong to nitrofurans, amphenicols, tetracyc-
lines, sulfonamides, quinolones and aminoglycosides. However,
only four antibiotic resistance genes were predicted in the PA1
genome (Supplementary Table S1). PA1 was sensitive to only
five of the tested antibiotics, including polymyxin B and E that
belong to polypeptides, amikacin and tobramycin that belong to
aminoglycosides, and meropenem that belongs to β-lactams. P.
aeruginosa PA1 is very difficult to prevent and treat because of
multidrug resistance.

Resequencing of the PA1 genome by SMRT method
The old genome sequence of P. aeruginosa PA1 (GenBank
accession Number CP004054.1), containing 6,528,877 bp with
66.34% G + C content, was determined using Illumina Solexa
with short reads (approximately 100 bp in length) and a mean
coverage of 161× [20]. We found some point mutations of the
old genome sequence as revealed by the results of PCR sequen-
cing of the corresponding genome regions. This result indicated
that the old sequence of PA1 lacks fidelity. However, the im-
proved 6,498,072 bp complete genome sequence of PA1 (Gen-
Bank accession Number CP004054.2), resequenced by using
SMRT technology [47,48], is accurate, which was validated by
PCR sequencing. Compared with the new genome sequence of
PA1, the old sequence contains many errors, such as nucleotide
sequence mutations, inverted regions and contig arrangement er-
rors (Figure 2A).

Visualized analysis of P. aeruginosa PA1 genome
General features of the PA1 genome
The de novo assembly of the PA1 genome revealed single con-
tig with a 396-fold sequence coverage, and the completed PA1
genome yields a G + C content of 66.35%. The general features
of the PA1 genome are listed in Supplementary Table S2. Of the
5,902 predicted proteins, 78.43% exhibit putative functions. The
circular genome map is shown in Figure 2(B). The PA1 genome
carries four putative prophages and encodes one type I DNA
methyltransferase (MTase) and two type II DNA MTases (Fig-
ure 2B). Multilocus sequence typing analysis [30] revealed that
the sequence type of P. aeruginosa PA1 is ST-782, with a MLST
profile as “paeruginosa”. The detailed matches are listed in Sup-
plementary Table S3. No gaps were found within the tested gene
locus. Using PathogenFinder [31], we predicted that the probab-
ility of P. aeruginosa PA1 as a human pathogen is 88.5%. The
detailed results are listed in Supplementary Table S4. A total of
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Figure 1 Growth, morphology and MIC properties of P. aeruginosa PA1
(A) Growth curve of P. aeruginosa PA1 growing in LB. The corresponding colour variation of bacterial liquid in different
growing phases was shown in the test tube, and PCN production was indicated. (B) Gram staining of P. aeruginosa PA1. (C)
TEM morphology of P. aeruginosa PA1. (D) MIC test of P. aeruginosa PA1. Twenty-nine antibiotics were tested, R: Resistant;
I: Intermediate-resistant; S: Sensitive.

406 pathogenic families were matched with the complete genome
sequence of P. aeruginosa PA1.

Virulence factors
The virulence factors of P. aeruginosa play an important role
in the pathogenesis of P. aeruginosa-induced infections, such
as keratitis, burn wound infections and respiratory tract infec-
tions. These factors include secretory virulence factors, such as
protease, elastase, phospholipase, PCN, exotoxin A, exoenzyme
S, haemolysins and siderophores or cell-associated factors, such
as lipopolysaccharide (LPS), alginate, flagellum, pilus and non-
pilus adhesins [49]. P. aeruginosa PA1 encodes 36 adhesins, 36
proteases and 27 other virulence-associated factors, such as al-
ginate, LPS, flagellum, pyocin, exotoxin, exoenzyme S and hae-
molysin (Figure 3). These virulence factors are evenly distributed
in the PA1 genome. No elastase, phospholipase or siderophore
was predicted in the PA1 genome. By comparison, the stand-
ard P. aeruginosa strain PAO1 genome encodes one elastase, six
phospholipases and one siderophore. This may indicate distinct
virulence characteristics of these two strains.

Regulatory proteins
RPs, such as transcription factors (TFs), two-component systems
(TCS) and other DNA-binding proteins (ODP), are involved in

the control of diverse cellular systems. RPs trigger bacterial ad-
aptive responses to changes in environmental conditions [35].
As a versatile opportunistic pathogen, P. aeruginosa PA1 con-
tains a set of RPs (Figure 4). The TCS of PA1 contains 63
histidine kinases, 71 response regulators and 5 phosphotrans-
fer proteins (Figures 4A and 4B), which contribute to dominant
phosphorylation-dependent signal transduction pathways of PA1.
The TFs of PA1 comprise 175 transcriptional regulators, 175 one-
component systems, 45 response regulators and 26 sigma factors
(Figures 4C and 4D). PA1 also encodes 38 ODP, including Bhl,
DnaA, Fis, Hns and 16 unclassified ODP (Figures 4E and 4F).
The details of PA1 RPs are also listed in Supplementary material
‘Excel S1’. The number of PA1 RPs is different from other P.
aeruginosa strains, e.g. PA1 has 139 TCS-related ORFs whereas
PAO1 has 118 ones [2].

Secretion systems
Gram-negative bacteria consist of secretion systems from type I
to type VIII, and secreted proteins, such as degradative enzymes
or virulence factors, are the main tools that bacteria use to interact
with their environment. With functional roles, secreted proteins
provide potential therapeutic and commercial benefits [50]. P.
aeruginosa PA1 encodes one type I, 28 type II, 8 type III, 6
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Figure 2 Resequencing and circular presentation of the P. aeruginosa PA1 genome
(A) Pairwise nucleotide sequence comparison of the old and new genome sequences of PA1 (resequenced by SMRT
technology). (B) Circular presentation of the PA1 genome. The names of 219 annotated genes (also shown in the
GenBank file of PA1 genome) were indicated in blue in the outermost region. The outermost ring depicts the genes on
the plus strand, followed by rings depicting the genes on the minus strand, tRNAs, rRNAs, predicted prophages, putative
MTases, the GC content (black) and GC skew (purple/green).

type IV and 36 type VI secretion system proteins (Figure 5).
Compared with PA1, PAO1 encodes only three type VI secretion
system proteins and has no type I or type IV secretion system
proteins. The distribution map of secretion proteins in the PA1
genome indicates that secretion proteins with the same type usu-
ally gather in a small genomic region (Figure 5A). One type I

secretion protein (TolC) was found in the PA1 genome (Fig-
ure 5B), and TolC is an outer membrane protein involved in the
export of chemically diverse molecules, including large protein
toxins, such as α-haemolysin and small toxic compounds, such
as antibiotics; thus, TolC is accounted for the virulence and mul-
tidrug resistance of pathogenic bacteria [51].
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Figure 3 Virulence factors of P. aeruginosa PA1
(A) Distribution of pilus and non-pilus adhesins in the PA1 genome. (B) Distribution of proteases in the PA1 genome. (C)
Distribution of other virulence-associated factors in the PA1 genome. (D) Counts of the virulence factors encoded by PA1.

Type II toxin–antitoxin systems
T–A systems, as one of the simplest classes of genes involved
in the programmed death of bacteria, are small genetic modules
abundant in bacterial genomes [52]. T–A systems can be categor-
ized into five types on the basis of the nature and mode of action
of the antitoxin component (from type I to type V) [53]. Type II
T–A systems are highly represented because of their ability to
move by horizontal gene transfer (HGT). In type II T–A system,
antitoxin and toxin are proteins, and they become neutralized by
forming a T–A complex. The PA1 genome was predicted to have
19 type II T–A pairs (Figure 5C) on the basis of sequence align-
ment and conserved domain searches against the diverse T–A
families. We predicted the type II T–A pairs of other three P. aer-
uginosa strains, PAO1, PA7 and PA14. The results suggested that
the numbers of the type II T–A pairs of these three strains are 14,
18 and 17 respectively. The details of the predicted type II T–A
proteins in the PA1 genome are listed in Supplementary Table
S5. Among these pairs, a T–A pair is coded in a prophage region
from 1,442 kb to 1,488 kb (Figure 2B). This T–A pair comprises
an antitoxin (PA1S_06865) containing a RHH-like domain and a
toxin (PA1S_06870) consisting of a COG2929-like domain. The
T–A pair has been identified and characterized as a HicAB T–A
System in P. aeruginosa by our group [54].

Genomic islands
Many bacterial genomes contain genomic islands that are mostly
acquired and exchanged through lateral gene transfer [55]. Gen-
omic islands typically differ in their G + C content and encode

various accessory activities involved in unique functions, such
as symbiotic and pathogenesis functions [56]. The PA1 genome
was predicted to have 19 genomic islands spanning 138 genes
(Figure 5D). The details of the contents of the predicted genomic
islands of PA1 are shown in Supplementary material ‘Excel S2’.
The average length of a PA1 genomic island is 8.9 kb, which
is relatively large and thought to have horizontal origins. The
largest genomic island of PA1 is 29.8 kb (from 4,778.5 kb to
4,808.3 kb, named as PA1_GI14) in length and is composed of
23 genes. The PA1_GI14 genomic island encodes proteins of
a type I R–M system and an integrase and three transposases
(Figure 2B). This R–M system is probably acquired by HGT.
The genomic island PA1_GI2 (from 1,448.8 kb to 1,452.9 kb) is
completely contained in a prophage region, and genomic island
PA1_GI6 (from 2,563.5 kb to 2,568.6 kb) encodes four type II
secretion system proteins. Compared with other genomic islands
in P. aeruginosa strains described previously in literature [56–
60], PA1_GI8 shares 99% identity with LESGI-4. A section of
PA1_GI11, PA1_GI12, PA1_GI14 and PA1_GI15 shows over
90% identity with PAPI-2, PAPI-1, PAGI-8 and LESGI-1 respect-
ively. Nevertheless, the details of PA1 genomic islands should be
further investigated.

Comparative genomic analysis of P. aeruginosa
Whole genome comparison analysis
With the extensive improvement of next-generation sequencing
(NGS) and TGS technologies over the last 10 years, publicly
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Figure 4 RPs of P. aeruginosa PA1
(A) Distribution of TCS in the PA1 genome. (B) Numbers and details of TCS proteins encoded by PA1. (C) Distribution
of TFs in the PA1 genome. (D) Numbers and details of TFs encoded by PA1. (E) Distribution of ODP in the PA1 genome.
(F) Numbers and details of ODP encoded by PA1.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

7

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


G. Li and others

Figure 5 Secretion systems, type II T–A loci and genomic islands of P. aeruginosa PA1
(A) Distribution map of secretion proteins in the PA1 genome. (B) Counts of the secretion system proteins encoded in the
PA1 genome. (C) Distribution of type II T–A loci in the PA1 genome. (D) Genomic islands in the PA1 genome.

available complete bacteria genomic data have increased signi-
ficantly [61]. Visualized genome comparison is necessary to help
determine genotypic differences between closely related bacteria.
As of November 20, 2015, 27 complete genome sequences of P.
aeruginosa, including PA1, have been released from GenBank,
and the detailed lists of the 27 complete P. aeruginosa genomes

are shown in Supplementary Material ‘Excel S3’. The BRIG
comparison [33] of these genomes showed that the genomic se-
quences of P. aeruginosa are highly similar, with the overwhelm-
ing majority of compared genomic regions revealing identity of
over 80% against the PA1 genome (Figure 6). However, several
relatively large genomic regions (over 30 kb in length) remain
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Figure 6 BLAST comparison of the complete genome of P. aeruginosa PA1 against 26 other P. aeruginosa strains through
BRIG
Identity labels of the 27 P. aeruginosa strains are shown in the same order as the rings from the innermost layer to the
outermost layer. Identities of the corresponding comparison fragments are shown in the outermost region of this figure.
Large low-identity genomic regions (over 30 kb in length) are indicated by numbers 1 to 5.

blank (with an identity less than 80%), as indicated by numbers
1 to 5 in Figure 6. The lengths of the regions numbered 1 to 5 are
38.7, 41.8, 39.6, 102.0 and 63.7 kb respectively. The five regions
are contained in prophages (Figure 2B) or genomic islands (Fig-
ure 5D). This finding suggested that they are probably acquired
by HGT during bacterial evolution.

Phylogenetic analysis
The sequences of 16S rRNA are commonly used to estab-
lish phylogenetic relationships of bacteria because of their
conservative nature and universal distribution [62,63]. A phylo-
genetic tree was drawn on the basis of 16S rRNA sequences.
In P. aeruginosa species, the 16S rRNA sequences of different

strains slightly differ. This slight difference indicated discrimin-
able evolution processes. The 153 P. aeruginosa strains, isolated
from different areas around the earth, can be divided into two
subgroups (Figure 7). Thus, a distinguishable evolutionary rela-
tionship likely exists among them. PA1 is closely related to P.
aeruginosa PAO1, A9 and NK 2.1B-1. Topology is illustrated in
Figure 7 to present the evolutionary relationships among these
strains. The original phylogenetic tree is shown with relative ge-
netic distance in Supplementary Figure S1.

Pan-genome analysis
The pan-genome of a bacterial species consists of a core gen-
ome common to all members of the species and an accessory
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Figure 7 Phylogenetic relationships of P. aeruginosa based on 16S rRNA sequences
Neighbour-joining method was used to construct a phylogenetic tree. Phylogenetic relationships of 153 P. aeruginosa
strains (only topology was displayed). Two subgroups are shown in red and blue branches respectively. The 27 compared
P. aeruginosa strains in Figure 6 are indicated in green and bold font.

genome present in at least one member but not in all members of
the genus [64]. In the current genomic era, pan-genome analysis
helps discover new genes in some species after the genomes of
several strains are sequenced; pan-genome analysis also provides
evidence supporting minimal genome theory [65]. The Venn dia-
gram illustrates that PA1 shares 4,805 core genes with four other
typical P. aeruginosa strains, including PAO1, PA7, LESB58 and
UCBPP-PA14 (Figure 8A). A total of 2,603 accessory genes are

predicted; of these accessory genes, 1,751 are unique, that is,
they belong to only one of the five strains. A pan-genomic ana-
lysis was performed on the basis of the 27 complete genomes of
P. aeruginosa. The result demonstrated that the pan-genome of
P. aeruginosa comprises approximately 4,000 core genes and at
least 6,600 accessory genes (Figure 8B). Most of the genes of
PA1 within the prophage regions (Figure 2B) and the genomic
islands (Figure 5D) are accessory genes of P. aeruginosa.
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Figure 8 Size of the pan-genome and core genome of P. aeruginosa, with the PA1 genome used as a reference
(A) Venn diagram of five P. aeruginosa strains. (B) Pan-genome and core genome of the 27 P. aeruginosa strains with
completed genomes.

DISCUSSION

The NGS technologies, such as 454 GS FLX + (Roche) and
Solexa (Illumina), usually produce assembly errors in bacterial
genome sequences because of a short read length. For example,
sequencing with 454 GS FLX + (Roche) can only reach a length
of 700 bp. Time-consuming and low throughput are shortages
of 454 GS FLX + [66–68]. By contrast, the TGS technologies,
such as Pac-Bio SMRT sequencing, can yield long read lengths
to enhance de novo assembly and enable the direct detection
of haplotypes and even whole chromosome phasing [47,48].
Furthermore, SMRT sequencing provides several advantages,
including high throughput, fast turnaround time, high consensus
accuracy and small amounts of DNA sample [61,69]. Therefore,

this technology is very suitable for resequencing projects on
bacteria. The new genome sequence of P. aeruginosa PA1,
resequenced by SMRT technology, is very precise, as confirmed
by PCR sequencing. However, the old PA1 genomic sequence,
determined using Solexa, contains many errors (Figure 2A). In
this sense, the resequencing of the PA1 genome is very necessary
and useful to clean the wrong data from outdated techniques or
poorly curated datasets.

In the increasingly high-throughput genome sequencing era,
a large collection of sequence data have become available in
several databases. However, these data mostly display DNA
sequences and annotations in a way not easy to read and without
an intuitive and visualized genomic analysis. In the present
study, several software and online analysis systems were utilized
to visualize general genome annotations, the virulence factors,
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RPs (TFs, TCS and ODP), secretion system proteins, type II
T–A pairs and genomic islands of P. aeruginosa PA1. Thus,
the present study provided a clear presentation of PA1 genomic
characteristics useful for further studies.

Elastase, phospholipase or siderophore was not predicted in
the PA1 genome (Figure 3). However, this finding does not in-
dicate that PA1 does not encode these virulence factors because
current genome annotating methods are unable to precisely pre-
dict the functions of all proteins. In the PA1 genome, 1,273 pro-
teins were predicted with unknown functions (Supplementary
Table S2). Nevertheless, some proteins previously described as
“hypothetical” will be predicted with putative functions as nu-
merous proteins with determined functions have been submitted
to public databases. The PA1 genome was predicted to encode 19
T–A pairs (Figure 5C), and one T–A pair is located in an intact
prophage region (Figure 2B). The toxin (PA1S_06870) contains
a COG2929-like domain, and the antitoxin (PA1S_06865) com-
prises a RHH-like domain. This T–A system probably contributes
to the stability of the prophage.

HGT occurs among bacterial strains; as a result, bacterial vir-
ulence changes and genome sequences vary [70]. The main se-
quence differences of P. aeruginosa strains are found in genomic
regions contained in mobile genetic elements (MGEs), such as
prophages (Figure 2B) and genomic islands (Figure 5D). This
finding suggested that they are probably acquired through HGT
during bacterial evolution. These distinct regions also indicate the
genome plasticity and population structure diversity of P. aeru-
ginosa strains [57,71,72]. The 153 P. aeruginosa strains could be
divided into two subgroups on the basis of the phylogeny ana-
lysis of the 16S rRNA sequences (Figure 7). By contrast, whole
genome phylogeny analysis with core genome SNPs revealed
presumably three groups of P. aeruginosa strains [71,73,74].
The third group is represented by PA7. The grouping difference
was probably attributed to different genomic sequences used for
phylogeny analysis. The core genome of P. aeruginosa comprises
approximately 4,000 genes (Figure 8B); by comparison, the core
genome of Pseudomonas putida comprises approximately 3,386
genes [75]. This difference can be explained by their genome
sizes because the average length of P. aeruginosa genome is
close to 6.6 Mbp, but the average length of P. putida genome is
less than 6.1 Mbp.

As a major nosocomial pathogen, P. aeruginosa is responsible
for community-acquired infections and is generally associated
with contaminated water and solutions. As a versatile opportun-
istic pathogen, P. aeruginosa is intrinsically multidrug-resistant
and thus can acquire additional resistances to naturally active an-
timicrobial agents, such as some β-lactams, aminoglycosides and
quinolones. P. aeruginosa strains isolated from different niches
or clinical origins exhibit variable drug resistance spectra. P.
aeruginosa PA1 is resistant or intermediate-resistant to 24 anti-
biotics among the 29 tested antibiotics that include 8 antibiotic
categories (Figure 1D). However, the antibiotic resistance mech-
anisms of P. aeruginosa have yet to be fully elucidated [76,77].
Two β-lactam resistance genes, one fosfomycin resistance gene
and one amphenicol resistance gene were predicted in the PA1
genome (Supplementary Table S1). In addition, 12 multidrug

transporter-related genes were predicted in the PA1 genome, and
these genes likely contributed to the multidrug resistance of this
bacterium. Novel drug-resistance mechanisms of P. aeruginosa
should be explored to help control this notorious opportunistic
pathogen.

Taken together, the present study describes SMRT resequen-
cing and detailed, visualized, comparative, phylogenetic and pan-
genomic analyses of P. aeruginosa PA1 strain. We found that the
6,498,072 bp complete genome sequence of PA1, resequenced by
using SMRT technology, is relatively accurate, thus cleaning the
old and wrong data from outdated sequencing techniques. PA1
exhibits similarity to other P. aeruginosa strains but differs in
terms of HGT regions, such as prophages and genomic islands.
PA1 is closely related to PAO1, and P. aeruginosa strains can
be divided into two main groups. The pan-genome of P. aeru-
ginosa consists of a core genome of approximately 4,000 genes
and an accessory genome of at least 6,600 genes. The present
study provides a useful basis for future studies of this notorious
pathogen.

AUTHOR CONTRIBUTION

The author(s) have made the following declarations about their con-
tributions: Shuguang Lu, Fuquan Hu and Gang Li conceived and de-
signed the experiments; Gang Li, Shuguang Lu, Shuai Le, Mengyu
Shen, Ming Li, Xia Zhao, Yinling Tan and Wei Shen performed the
experiments; Gang Li, Fuquan Hu, Xiancai Rao, Yuhui Yang, Shu
Li and Jing Wang analysed the data; Mengyu Shen, Jing Wang, Xia
Zhao and Hongbin Zhu contributed reagents, materials and ana-
lysis tools; Gang Li and Shuguang Lu wrote the paper. All authors
reviewed the manuscript.

ACKNOWLEDGEMENTS

We thank Yali Gong (Institute of Burn Research, Southwest Hos-
pital, the Third Military Medical University, Chongqing, China) for
her assistance in MIC data analysis.

FUNDING

This work was supported by the National Natural Science Founda-
tion of China [grant numbers 31400163 (to S.Lu) and 31570173
(to F.H.)].

REFERENCES

1 Hardalo, C. and Edberg, S.C. (1997) Pseudomonas aeruginosa:
assessment of risk from drinking water. Crit. Rev. Microbiol. 23,
47–75 CrossRef

2 Stover, C.K., Pham, X.Q., Erwin, A.L., Mizoguchi, S.D., Warrener, P.,
Hickey, M.J., Brinkman, F.S., Hufnagle, W.O., Kowalik, D.J., Lagrou,
M. et al. (2000) Complete genome sequence of Pseudomonas
aeruginosa PAO1, an opportunistic pathogen. Nature 406,
959–964 CrossRef

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

12 c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

http://dx.doi.org/10.3109/10408419709115130
http://dx.doi.org/10.1038/35023079
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Genomic analyses of multidrug resistant Pseudomonas aeruginosa PA1

3 Liu, Q., Li, X., Li, W., Du, X., He, J.Q., Tao, C. and Feng, Y. (2015)
Influence of carbapenem resistance on mortality of patients with
Pseudomonas aeruginosa infection: a meta-analysis. Sci. Rep. 5,
11715 CrossRef

4 Jarvis, W.R. and Martone, W.J. (1992) Predominant pathogens in
hospital infections. J. Antimicrob. Chemother. 29 Suppl A, 19–24
CrossRef

5 Tummler, B., Wiehlmann, L., Klockgether, J. and Cramer, N. (2014)
Advances in understanding Pseudomonas. F1000Prime Rep 6, 9
CrossRef

6 Hall-Stoodley, L., Stoodley, P., Kathju, S., Hoiby, N., Moser, C.,
Costerton, J.W., Moter, A. and Bjarnsholt, T. (2012) Towards
diagnostic guidelines for biofilm-associated infections. FEMS
Immunol. Med. Microbiol. 65, 127–145 CrossRef

7 Costerton, J.W., Stewart, P.S. and Greenberg, E.P. (1999) Bacterial
biofilms: a common cause of persistent infections. Science 284,
1318–1322 CrossRef

8 Benson, D.A., Clark, K., Karsch-Mizrachi, I., Lipman, D.J., Ostell, J.
and Sayers, E.W. (2015) GenBank. Nucleic Acids Res 43,
Database issue, D30–D35 CrossRef

9 Winsor, G.L., Griffiths, E.J., Lo, R., Dhillon, B.K., Shay, J.A. and
Brinkman, F.S. (2016) Enhanced annotations and features for
comparing thousands of Pseudomonas genomes in the
Pseudomonas genome database. Nucleic Acids Res 44,
D646–D653, D1 CrossRef

10 Wu, D.Q., Ye, J., Ou, H.Y., Wei, X., Huang, X., He, Y.W. and Xu, Y.
(2011) Genomic analysis and temperature-dependent
transcriptome profiles of the rhizosphere originating strain
Pseudomonas aeruginosa M18. BMC Genomics 12, 438
CrossRef

11 Lee, D.G., Urbach, J.M., Wu, G., Liberati, N.T., Feinbaum, R.L.,
Miyata, S., Diggins, L.T., He, J.X., Saucier, M., Deziel, E. et al.
(2006) Genomic analysis reveals that Pseudomonas aeruginosa
virulence is combinatorial. Genome Biol 7, R90 CrossRef

12 Roy, P.H., Tetu, S.G., Larouche, A., Elbourne, L., Tremblay, S., Ren,
Q., Dodson, R., Harkins, D., Shay, R., Watkins, K. et al. (2010)
Complete genome sequence of the multiresistant taxonomic
outlier Pseudomonas aeruginosa PA7. Plos One 5, e8842
CrossRef

13 Mathee, K., Narasimhan, G., Valdes, C., Qiu, X., Matewish, J.M.,
Koehrsen, M., Rokas, A., Yandava, C.N., Engels, R., Zeng, E. et al.
(2008) Dynamics of Pseudomonas aeruginosa genome evolution.
Proc. Natl. Acad. Sci. U.S.A. 105, 3100–3105 CrossRef

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

15 Wiehlmann, L., Wagner, G., Cramer, N., Siebert, B., Gudowius, P.,
Morales, G., Kohler, T., van Delden, C., Weinel, C., Slickers, P. et al.
(2007) Population structure of Pseudomonas aeruginosa. Proc.
Natl. Acad. Sci. U.S.A. 104, 8101–8106 CrossRef

16 O’Callaghan, A., Bottacini, F., Motherway, M.O. and van Sinderen,
D. (2015) Pangenome analysis of Bifidobacterium longum and
site-directed mutagenesis through by-pass of
restriction-modification systems. BMC Genomics 16, 832
CrossRef

17 Tettelin, H., Masignani, V., Cieslewicz, M.J., Donati, C., Medini, D.,
Ward, N.L., Angiuoli, S.V., Crabtree, J., Jones, A.L., Durkin, A.S.
et al. (2005) Genome analysis of multiple pathogenic isolates of
Streptococcus agalactiae: implications for the microbial
“pan-genome”. Proc. Natl. Acad. Sci. U.S.A. 102, 13950–13955
CrossRef

18 Lu, S., Le, S., Li, G., Shen, M., Tan, Y., Zhao, X., Wang, J., Shen,
W., Guo, K., Yang, Y. et al. (2015) Complete genome sequence of
Pseudomonas aeruginosa PA1, isolated from a patient with a
respiratory tract infection. Genome Announc 3, e01453–15

19 Lu, S., Le, S., Tan, Y., Zhu, J., Li, M., Rao, X., Zou, L., Li, S., Wang,
J., Jin, X. et al. (2013) Genomic and proteomic analyses of the
terminally redundant genome of the Pseudomonas aeruginosa
phage PaP1: establishment of genus PaP1-like phages. PLoS One
8, e62933 CrossRef

20 Le, S., Yao, X., Lu, S., Tan, Y., Rao, X., Li, M., Jin, X., Wang, J.,
Zhao, Y., Wu, N.C. et al. (2014) Chromosomal DNA deletion
confers phage resistance to Pseudomonas aeruginosa. Sci. Rep.
4, 4738 CrossRef

21 Claus, D. (1992) A standardized Gram staining procedure. World J.
Microbiol. Biotechnol. 8, 451–452 CrossRef

22 O’Loughlin, J.L., Eucker, T.P., Chavez, J.D., Samuelson, D.R.,
Neal-McKinney, J., Gourley, C.R., Bruce, J.E. and Konkel, M.E.
(2015) Analysis of the Campylobacter jejuni genome by SMRT DNA
sequencing identifies restriction-modification motifs. PLoS One 10,
e0118533 CrossRef

23 Levene, M.J., Korlach, J., Turner, S.W., Foquet, M., Craighead, H.G.
and Webb, W.W. (2003) Zero-mode waveguides for single-molecule
analysis at high concentrations. Science 299, 682–686
CrossRef

24 Zurfluh, K., Power, K.A., Klumpp, J., Wang, J., Fanning, S. and
Stephan, R. (2015) A novel Tn3-like composite transposon
harboring blaVIM-1 in Klebsiella pneumoniae sppneumoniae
isolated from river water. Microb. Drug Resist. 21, 43–49
CrossRef

25 Rosseel, T., Scheuch, M., Hoper, D., De Regge, N., Caij, A.B.,
Vandenbussche, F. and Van Borm, S. (2012) DNase SISPA-next
generation sequencing confirms Schmallenberg virus in Belgian
field samples and identifies genetic variation in Europe. PLoS One
7, e41967 CrossRef

26 Angiuoli, S.V., Gussman, A., Klimke, W., Cochrane, G., Field, D.,
Garrity, G., Kodira, C.D., Kyrpides, N., Madupu, R., Markowitz, V.
et al. (2008) Toward an online repository of Standard Operating
Procedures (SOPs) for (meta)genomic annotation. OMICS 12,
137–141 CrossRef

27 Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M.,
Rasmussen, S., Lund, O., Aarestrup, F.M. and Larsen, M.V. (2012)
Identification of acquired antimicrobial resistance genes. J.
Antimicrob. Chemother. 67, 2640–2644 CrossRef

28 Zhou, Y., Liang, Y., Lynch, K.H., Dennis, J.J. and Wishart, D.S.
(2011) PHAST: a fast phage search tool. Nucleic Acids Res 39,
W347–W352 CrossRef

29 Roberts, R.J., Vincze, T., Posfai, J. and Macelis, D. (2015)
REBASE-a database for DNA restriction and modification: enzymes,
genes and genomes. Nucleic Acids Res 43, D298–D299
CrossRef

30 Larsen, M.V., Cosentino, S., Rasmussen, S., Friis, C., Hasman, H.,
Marvig, R.L., Jelsbak, L., Sicheritz-Ponten, T., Ussery, D.W.,
Aarestrup, F.M. et al. (2012) Multilocus sequence typing of
total-genome-sequenced bacteria. J. Clin. Microbiol. 50,
1355–1361 CrossRef

31 Cosentino, S., Larsen, M.V., Aarestrup, F.M. and Lund, O. (2013)
PathogenFinder – Distinguishing friend from foe using bacterial
whole genome sequence data. Plos One 8, e77302 CrossRef

32 Sullivan, M.J., Petty, N.K. and Beatson, S.A. (2011) Easyfig: a
genome comparison visualizer. Bioinformatics 27, 1009–1010
CrossRef

33 Alikhan, N.F., Petty, N.K., Ben Zakour, N.L. and Beatson, S.A.
(2011) BLAST Ring Image Generator (BRIG): simple prokaryote
genome comparisons. BMC Genomics 12, 402 CrossRef

34 Grant, J.R. and Stothard, P. (2008) The CGView Server: a
comparative genomics tool for circular genomes. Nucleic Acids
Res 36, W181–W184 CrossRef

35 Barakat, M., Ortet, P. and Whitworth, D.E. (2013) P2RP: a
web-based framework for the identification and analysis of
regulatory proteins in prokaryotic genomes. BMC Genomics 14,
269 CrossRef

36 Shao, Y., Harrison, E.M., Bi, D., Tai, C., He, X., Ou, H.Y., Rajakumar,
K. and Deng, Z. (2011) TADB: a web-based resource for type 2
toxin-antitoxin loci in bacteria and archaea. Nucleic Acids Res 39,
D606–D611 CrossRef

37 Dhillon, B.K., Laird, M.R., Shay, J.A., Winsor, G.L., Lo, R., Nizam,
F., Pereira, S.K., Waglechner, N., McArthur, A.G., Langille, M.G.
et al. (2015) IslandViewer 3: more flexible, interactive genomic
island discovery, visualization and analysis. Nucleic Acids Res 43,
W104–W108 CrossRef

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

13

http://dx.doi.org/10.1038/srep11715
http://dx.doi.org/10.1093/jac/29.suppl_A.19
http://dx.doi.org/10.12703/P6-9
http://dx.doi.org/10.1111/j.1574-695X.2012.00968.x
http://dx.doi.org/10.1126/science.284.5418.1318
http://dx.doi.org/10.1093/nar/gku1216
http://dx.doi.org/10.1093/nar/gkv1227
http://dx.doi.org/10.1186/1471-2164-12-438
http://dx.doi.org/10.1186/gb-2006-7-10-r90
http://dx.doi.org/10.1371/journal.pone.0008842
http://dx.doi.org/10.1073/pnas.0711982105
http://dx.doi.org/10.1186/s12917-015-0324-x
http://dx.doi.org/10.1073/pnas.0609213104
http://dx.doi.org/10.1186/s12864-015-1968-4
http://dx.doi.org/10.1073/pnas.0506758102
http://dx.doi.org/10.1371/journal.pone.0062933
http://dx.doi.org/10.1038/srep04738
http://dx.doi.org/10.1007/BF01198764
http://dx.doi.org/10.1371/journal.pone.0118533
http://dx.doi.org/10.1126/science.1079700
http://dx.doi.org/10.1089/mdr.2014.0055
http://dx.doi.org/10.1371/journal.pone.0041967
http://dx.doi.org/10.1089/omi.2008.0017
http://dx.doi.org/10.1093/jac/dks261
http://dx.doi.org/10.1093/nar/gkr485
http://dx.doi.org/10.1093/nar/gku1046
http://dx.doi.org/10.1128/JCM.06094-11
http://dx.doi.org/10.1371/journal.pone.0077302
http://dx.doi.org/10.1093/bioinformatics/btr039
http://dx.doi.org/10.1186/1471-2164-12-402
http://dx.doi.org/10.1093/nar/gkn179
http://dx.doi.org/10.1186/1471-2164-14-269
http://dx.doi.org/10.1093/nar/gkq908
http://dx.doi.org/10.1093/nar/gkv401
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


G. Li and others

38 Boratyn, G.M., Camacho, C., Cooper, P.S., Coulouris, G., Fong, A.,
Ma, N., Madden, T.L., Matten, W.T., McGinnis, S.D., Merezhuk, Y.
et al. (2013) BLAST: a more efficient report with usability
improvements. Nucleic Acids Res 41, W29–W33 CrossRef

39 Winsor, G.L., Griffiths, E.J., Lo, R., Dhillon, B.K., Shay, J.A. and
Brinkman, F.S. (2016) Enhanced annotations and features for
comparing thousands of Pseudomonas genomes in the
Pseudomonas genome database. Nucleic Acids Res 44,
D646–D653 CrossRef

40 Hung, C.L., Lin, Y.S., Lin, C.Y., Chung, Y.C. and Chung, Y.F. (2015)
CUDA ClustalW: an efficient parallel algorithm for progressive
multiple sequence alignment on Multi-GPUs. Comp. Biol. Chem.
58, 62–68 CrossRef

41 Tamura, K., Stecher, G., Peterson, D., Filipski, A. and Kumar, S.
(2013) MEGA6: Molecular Evolutionary Genetics Analysis Version
6.0. Mol. Biol. Evol. 30, 2725–2729 CrossRef

42 Som, A. and Fuellen, G. (2009) The effect of heterotachy
inmultigene analysis using the neighbor joining method. Mol.
Phylogenet. Evol. 52, 846–851 CrossRef

43 Aras, K., Good, W., Tate, J., Burton, B., Brooks, D., Coll-Font, J.,
Doessel, O., Schulze, W., Potyagaylo, D., Wang, L.W. et al. (2015)
Experimental data and geometric analysis repository – EDGAR. J.
Electrocardiol. 48, 975–981 CrossRef

44 Laing, C., Buchanan, C., Taboada, E.N., Zhang, Y.X., Kropinski, A.,
Villegas, A., Thomas, J.E. and Gannon, V.P.J. (2010) Pan-genome
sequence analysis using Panseq: an online tool for the rapid
analysis of core and accessory genomic regions. BMC
Bioinformatics 11, 461 CrossRef

45 Hempenstall, A., Grant, G.D., Anoopkumar-Dukie, S. and Johnson,
P.J. (2015) Pyocyanin inhibits both nitric oxide-dependent and
-independent relaxation in porcine coronary arteries. Clin. Exp.
Pharmacol. Physiol. 42, 186–191 CrossRef

46 Bonomo, R.A. and Szabo, D. (2006) Mechanisms of multidrug
resistance in Acinetobacter species and Pseudomonas
aeruginosa. Clin. Infect. Dis. 43 Suppl 2, S49–S56 CrossRef

47 Genest, P.A., Baugh, L., Taipale, A., Zhao, W.Q., Jan, S., van
Luenen, H.G.A.M., Korlach, J., Clark, T., Luong, K., Boitano, M.
et al. (2015) Defining the sequence requirements for the
positioning of base J in DNA using SMRT sequencing. Nucleic
Acids Res 43, 2102–2115 CrossRef

48 McFarland, K.N., Liu, J., Landrian, I., Godiska, R., Shanker, S., Yu,
F., Farmerie, W.G. and Ashizawa, T. (2015) SMRT sequencing of
long tandem nucleotide repeats in SCA10 reveals unique insight of
repeat expansion structure. Plos One 10, e0135906 CrossRef

49 Veesenmeyer, J.L., Hauser, A.R., Lisboa, T. and Rello, J. (2009)
Pseudomonas aeruginosa virulence and therapy: evolving
translational strategies. Crit. Care Med. 37, 1777–1786
CrossRef

50 Desvaux, M., Hebraud, M., Talon, R. and Henderson, I.R. (2009)
Secretion and subcellular localizations of bacterial proteins: a
semantic awareness issue. Trends Microbiol 17, 139–145
CrossRef

51 Sharff, A., Fanutti, C., Shi, J., Calladine, C. and Luisi, B. (2001)
The role of the TolC family in protein transport and multidrug efflux.
From stereochemical certainty to mechanistic hypothesis. Eur. J.
Biochem. 268, 5011–5026

52 Lobato-Marquez, D., Moreno-Cordoba, I., Figueroa, V., Diaz-Orejas,
R. and Garcia-del Portillo, F. (2015) Distinct type I and type II
toxin-antitoxin modules control Salmonella lifestyle inside
eukaryotic cells. Sci. Rep. 5, 9374 CrossRef

53 Mruk, I. and Kobayashi, I. (2014) To be or not to be: regulation of
restriction-modification systems and other toxin-antitoxin systems.
Nucleic Acids Res 42, 70–86 CrossRef

54 Li, G., Shen, M., Lu, S., Le, S., Tan, Y., Wang, J., Zhao, X., Shen,
W., Guo, K., Yang, Y. et al. (2016) Identification and
characterization of the HicAB toxin-antitoxin system in the
opportunistic pathogen Pseudomonas aeruginosa. Toxins (Basel)
8, 113 CrossRef

55 Zhang, X., Peng, C., Zhang, G. and Gao, F. (2015) Comparative
analysis of essential genes in prokaryotic genomic islands. Sci.
Rep. 5, 12561 CrossRef

56 He, J., Baldini, R.L., Deziel, E., Saucier, M., Zhang, Q., Liberati,
N.T., Lee, D., Urbach, J., Goodman, H.M. and Rahme, L.G. (2004)
The broad host range pathogen Pseudomonas aeruginosa strain
PA14 carries two pathogenicity islands harboring plant and animal
virulence genes. Proc. Natl. Acad. Sci. U.S.A. 101, 2530–2535
CrossRef

57 Klockgether, J., Cramer, N., Wiehlmann, L., Davenport, C.F. and
Tummler, B. (2011) Pseudomonas aeruginosa genomic structure
and diversity. Front. Microbiol. 2, 150 CrossRef

58 Winstanley, C., Langille, M.G., Fothergill, J.L., Kukavica-Ibrulj, I.,
Paradis-Bleau, C., Sanschagrin, F., Thomson, N.R., Winsor, G.L.,
Quail, M.A., Lennard, N. et al. (2009) Newly introduced genomic
prophage islands are critical determinants of in vivo
competitiveness in the Liverpool epidemic strain of Pseudomonas
aeruginosa. Genome Res. 19, 12–23 CrossRef

59 Battle, S.E., Rello, J. and Hauser, A.R. (2009) Genomic islands of
Pseudomonas aeruginosa. Fems Microbiol. Lett. 290, 70–78
CrossRef

60 Klockgether, J., Wurdemann, D., Reva, O., Wiehlmann, L. and
Tummler, B. (2007) Diversity of the abundant pKLC102/PAGI-2
family of genomic islands in Pseudomonas aeruginosa. J.
Bacteriol. 189, 2443–2459 CrossRef

61 Loman, N.J. and Pallen, M.J. (2015) Twenty years of bacterial
genome sequencing. Nature Rev. Microbiol. 13, 787–794
CrossRef

62 Lane, D.J., Pace, B., Olsen, G.J., Stahl, D.A., Sogin, M.L. and Pace,
N.R. (1985) Rapid determination of 16S ribosomal RNA
sequences for phylogenetic analyses. Proc. Natl. Acad. Sci. U.S.A.
82, 6955–6959 CrossRef

63 Yamakawa, H., Hayashi, M., Tanaka, K. and Kuwano, K. (2015)
Empyema due to Gemella morbillorum is diagnosed by 16S
ribosomal RNA gene sequencing and a phylogenetic tree analysis:
a case report and literature review. Intern. Med. 54, 2231–2234
CrossRef

64 Medini, D., Donati, C., Tettelin, H., Masignani, V. and Rappuoli, R.
(2005) The microbial pan-genome. Curr. Opin. Genet. Dev. 15,
589–594 CrossRef

65 Choe, D., Cho, S., Kim, S.C. and Cho, B.K. (2015) Minimal
genome: worthwhile or worthless efforts toward being smaller?
Biotechnol. J. 11, 199–211 CrossRef

66 Rothberg, J.M. and Leamon, J.H. (2008) The development and
impact of 454 sequencing. Nat. Biotechnol. 26, 1117–1124
CrossRef

67 Gilles, A., Meglecz, E., Pech, N., Ferreira, S., Malausa, T. and
Martin, J.F. (2011) Accuracy and quality assessment of 454 GS-FLX
Titanium pyrosequencing. BMC Genomics 12, 245 CrossRef

68 Indugu, N., Bittinger, K., Kumar, S., Vecchiarelli, B. and Pitta, D.
(2016) A comparison of rumen microbial profiles in dairy cows as
retrieved by 454 Roche and Ion Torrent (PGM) sequencing
platforms. Peer J 4, e1599 CrossRef

69 Schadt, E.E., Turner, S. and Kasarskis, A. (2010) A window into
third-generation sequencing. Hum. Mol. Genet. 19, R227–R240
CrossRef

70 Soucy, S.M., Huang, J.L. and Gogarten, J.P. (2015) Horizontal gene
transfer: building the web of life. Nat. Rev. Genet. 16, 472–482
CrossRef

71 Stewart, L., Ford, A., Sangal, V., Jeukens, J., Boyle, B.,
Kukavica-Ibrulj, I., Caim, S., Crossman, L., Hoskisson, P.A.,
Levesque, R. et al. (2014) Draft genomes of 12 host-adapted and
environmental isolates of Pseudomonas aeruginosa and their
positions in the core genome phylogeny. Pathog. Dis. 71, 20–25
CrossRef

72 Pohl, S., Klockgether, J., Eckweiler, D., Khaledi, A., Schniederjans,
M., Chouvarine, P., Tummler, B. and Haussler, S. (2014) The
extensive set of accessory Pseudomonas aeruginosa genomic
components. Fems Microbiol. Lett. 356, 235–241 CrossRef

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

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

14 c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

http://dx.doi.org/10.1093/nar/gkt282
http://dx.doi.org/10.1093/nar/gkv1227
http://dx.doi.org/10.1016/j.compbiolchem.2015.05.004
http://dx.doi.org/10.1093/molbev/mst197
http://dx.doi.org/10.1016/j.ympev.2009.05.025
http://dx.doi.org/10.1016/j.jelectrocard.2015.08.008
http://dx.doi.org/10.1186/1471-2105-11-461
http://dx.doi.org/10.1111/1440-1681.12340
http://dx.doi.org/10.1086/504477
http://dx.doi.org/10.1093/nar/gkv095
http://dx.doi.org/10.1371/journal.pone.0135906
http://dx.doi.org/10.1097/CCM.0b013e31819ff137
http://dx.doi.org/10.1016/j.tim.2009.01.004
http://dx.doi.org/10.1038/srep09374
http://dx.doi.org/10.1093/nar/gkt711
http://dx.doi.org/10.3390/toxins8040113
http://dx.doi.org/10.1038/srep12561
http://dx.doi.org/10.1073/pnas.0304622101
http://dx.doi.org/10.3389/fmicb.2011.00150
http://dx.doi.org/10.1101/gr.086082.108
http://dx.doi.org/10.1111/j.1574-6968.2008.01406.x
http://dx.doi.org/10.1128/JB.01688-06
http://dx.doi.org/10.1038/nrmicro3565
http://dx.doi.org/10.1073/pnas.82.20.6955
http://dx.doi.org/10.2169/internalmedicine.54.4950
http://dx.doi.org/10.1016/j.gde.2005.09.006
http://dx.doi.org/10.1002/biot.201400838
http://dx.doi.org/10.1038/nbt1485
http://dx.doi.org/10.1186/1471-2164-12-245
http://dx.doi.org/10.7717/peerj.1599
http://dx.doi.org/10.1093/hmg/ddq416
http://dx.doi.org/10.1038/nrg3962
http://dx.doi.org/10.1111/2049-632X.12107
http://dx.doi.org/10.1111/1574-6968.12445
http://dx.doi.org/10.3389/fmicb.2015.01036
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Genomic analyses of multidrug resistant Pseudomonas aeruginosa PA1

74 van Belkum, A., Soriaga, L.B., LaFave, M.C., Akella, S., Veyrieras,
J.B., Barbu, E.M., Shortridge, D., Blanc, B., Hannum, G., Zambardi,
G. et al. (2015) Phylogenetic distribution of CRISPR–Cas systems
in antibiotic-resistant Pseudomonas aeruginosa. MBio 6,
e01796–e01815 CrossRef

75 Udaondo, Z., Molina, L., Segura, A., Duque, E. and Ramos, J.L.
(2015) Analysis of the core genome and pangenome of
Pseudomonas putida. Environ. Microbiol. 18, 3268–3283
CrossRef

76 Shen, J.L., Zhu, D.M. and Wang, M.G. (2008)
Mechanisms of pandrug-resistance of Pseudomonas
aeruginosa. Zhonghua Yi Xue Za Zhi 88, 1859–
1862

77 Shen, J.L. and Fang, Y.P. (2015) Detection of drug-
resistance mechanism of Pseudomonas aeruginosa
developing from a sensitive strain to a persister during
carbapenem treatment. Genet. Mol. Res. 14, 6723–6732
CrossRef

Received 29 July 2016/17 October 2016; accepted 20 October 2016

Accepted Manuscript online 20 October 2016, doi 10.1042/BSR20160282

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

15

http://dx.doi.org/10.1128/mBio.01796-15
http://dx.doi.org/10.1111/1462-2920.13015
http://dx.doi.org/10.4238/2015.June.18.16
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

