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Abstract

The reduction in cost and increase in throughput of whole genome sequenc-

ing (WGS) technologies, and the advent of benchtop WGS instruments such

as the Illumina MiSeq, means that WGS is no longer restricted to large

genome centres and consortia. The number of microbial genomes in public

repositories is ever increasing due to the availability of WGS technologies to

research groups, with individual genera having their own dedicated genome

databases. Pseudomonas aeruginosa is an opportunistic pathogen and a

major cause of healthcare associated infection in immunocompromised in-

dividuals and cystic fibrosis (CF) patients. The first complete genome se-

quence of a P. aeruginosa strain was that of the most commonly studied

laboratory strain P. aeruginosa PAO1, sequenced in 2000. It was found in

a study, published in 2010, that there were di↵erences between the chro-

mosomal sequences of two isolates of P. aeruginosa PAO1 originating from

two di↵erent public strain collections, as well as di↵erences compared to

the reference sequence. It was therefore proposed that P. aeruginosa PAO1

exists as variable “sublines” in strain collections, whose di↵erences included

a 2.2 Mb chromosomal inversion and a prophage insertion compared to

the reference sequence, as well as single nucleotide polymorphisms (SNPs)

and short insertions and deletions (INDELs) which are unique to individual

sublines. Since the current genomic reference sequence is based on one of

these variable sublines, this study aims to deduce the sequence of the orig-

inal P. aeruginosa Strain 1 (PAO) from which all the PAO1 sublines are
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derived, using sequence information from several laboratory sublines and

from P. aeruginosa strains PAO2 and PAO3, which were directly derived

from the PAO progenitor strain. This could be used as a more universal

reference which is representative of a range of PAO1 sublines, to which they

are all more closely related.

Although most genetic studies of P. aeruginosa are carried out in PAO1,

this strain is in no way the archetype for this diverse species. As whole

genomes of other P. aeruginosa strains became available, comparative ge-

nomics revealed that PAO1 shared only 80% of its genome with other

strains. P. aeruginosa is a highly ubiquitous organism which is able to

adapt to a variety of environmental niches, as well as to human and animal

hosts. This is thought to be related to the large genome size and genetic

complexity of the organism, with 10% of its genes devoted to regulatory

functions. Mutations in quorum sensing (QS) genes have been reported in

multiple studies of host adapted P. aeruginosa isolates. QS is the mecha-

nism by which a bacterium adapts from the lifestyle of an individual cell to a

multicellular community via the regulation of specific target genes, and has

been shown to regulate key virulence factors. A study of 49 clinical isolates,

collected from various wound sites from distinct inpatients and outpatients

at the Queen’s Medical Centre in Nottingham within a few days of one

another, revealed that this set of isolates displayed a diverse range of QS

phenotypes. Two of these isolates were identified as producing high lev-

els of N -acylhomoserine lactone (AHL) QS signal molecules (QSSMs) and

low levels of alkyl quinolone (AQ) QSSMs, which had not previously been

found in clinical isolates of P. aeruginosa, at the time of the study. WGS

of these 49 clinical isolates was carried out in this study, where the aim

was to; (1) determine the genomic diversity of these isolates, and relate this

to previously sequenced P. aeruginosa strains, and (2) analyse the key QS

genotypes of these isolates, and attempt to relate these to the phenotypes
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observed, in particular for the two isolates which were AHL-proficient and

AQ-deficient.
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1.1 Whole genome sequencing

1.1.1 Ten years of whole genome sequencing

Since the landmark sequencing of the whole genome of Haemophilus in-

fluenza in 1995 (Fleischmann et al., 1995) and the completion of the Hu-

man Genome Project in 2004 (International Human Genome Sequencing

Consortium, 2004), both of which were completed using Sanger sequencing

(Sanger et al., 1977) and required a large amount of time and resources,

whole genome sequencing (WGS) has developed significantly. The devel-

opment and commercialisation of the so-called next generation sequencing

(NGS) technologies has meant that it is possible to sequence whole genomes

faster and at a reduced cost when compared with traditional Sanger sequenc-

ing technology. The main improvements of these technologies compared to

Sanger sequencing are the preparation of NGS libraries in a cell free system

rather than relying on bacterial cloning of DNA fragments, the increase

in the numbers of sequencing reactions run in parallel from hundreds to

millions, and the direct detection of sequencing output using the optical de-

tection of incorporated nucleotides, with base calling occurring in parallel

within the sequencing platforms (Grada and Weinbrecht, 2013).

Between 2005 and 2010 there were three major NGS technologies which

dominated the market; the Roche 454 pyrosequencing method, the Illu-

mina sequencing platform and the Sequencing by Oligo Ligation Detection

(SOLiD) technology by Applied Biosystems (now Life Technologies). Al-

though the Illumina and the SOLiD sequencers generated a larger number

of reads than the 454 sequencers, the reads produced were very short in

comparison, namely only 35 bp in length (van Dijk et al., 2014). The Il-

lumina and Roche 454 technologies underwent significant improvements in

read length and throughput over time, and eventually the focus turned to

more portable NGS instruments.
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Between 2010 and 2011, three benchtop high throughput sequencing

instruments were released; the 454 GS Junior form Roche, the Personal

Genome Machine (PGM) from Ion Torrent and the MiSeq from Illumina.

The 454 GS Junior is a lower throughput of the previous high throughput

454 GS FLX machine, which still uses the pyrosequencing approach (Ron-

aghi et al., 1996) of its predecessor but with lower set up and running costs.

The Ion Torrent PGM di↵ers in its use of semiconductor technology to de-

tect hydrogen ions released during base incorporation by DNA polymerase,

rather than the optical detection of fluorescence upon base incorporation

like previous instruments (Rothberg et al., 2011). The Illumina MiSeq is

based on the existing Illumina sequencing by synthesis chemistry (Bentley

et al., 2008), however it uses a smaller flow cell than its larger predecessor

(the Illumina HiSeq), which means it has faster microfluidics and a reduced

imaging time.

The PacBio RS, released commercially in 2011, uses a single molecule

real time (SMRT) sequencing approach, where a single DNA template is

used and fluorescently labelled bases are incorporated by DNA polymerase

as the template is read (Eid et al., 2009). This technology is also able to

detect modified nucleotides and so can be used for methylation studies as

well as WGS (Flusberg et al., 2010). The current instrument, the PacBio

RS II, is able to generate significantly longer reads than previous WGS

instruments. The long reads generated by the PacBio instrument have

been reported to have a high error rate, however correcting errors using

short reads from either the Illumina MiSeq or the PacBio itself has been

shown to yield high quality bacterial genomes (Bashir et al., 2012; Liao

et al., 2015).

The first nanopore sequencer, the MinION, was released to early access

customers in 2014 by Oxford Nanopore technologies. The device contains

membrane-embedded pores, which are placed over an electrical detection
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grid. As single DNA molecules pass through the pores, alterations in ionic

current are measured. These changes in ionic current di↵er per nucleotide,

and so the sequence of DNA molecules can be inferred (Clarke et al., 2009).

The idea of nanopores was first proposed by Kasianowicz et al. (1996),

however numerous challenges needed to be overcome before the technology

could be used to reliably read nucleotide sequences. The MinION is the

smallest WGS instrument to date; quoted as being “roughly the size and

shape of a packet of chewing gum”, and is powered via a USB 3.0 connection

(Hayden, 2014). Initial sequencing runs on the MinION yielded mean read

lengths of ⇠6 kb (Quick et al., 2014).

WGS data in this thesis were generated using the Illumina MiSeq, and so

the Illumina sequencing technology and associated biases will be discussed

in further detail.

1.1.2 Illumina sequencing

Illumina WGS platforms use a similar method to Sanger chain termination

process, with the primary di↵erence being the use of fluorescently labelled

terminator nucleotides which allow the reversal of the chain termination

process. Template DNA is fragmented, which is followed by the ligation of

specific universal adapters in the library preparation step prior to sequenc-

ing. These DNA fragments are hybridised to a glass surface, called a flow

cell, on which amplification and sequencing take place. Bridge amplification,

which consists of a surface PCR using universal primers, generates localised

clusters of identical DNA fragments in the flow cell. The first stage of se-

quencing is the addition of a primer which hybridises to the ligated adapters

on each fragment. It is after this that the sequencing chemistry takes place.

Fluorescently labelled nucleotide terminators complementary to the base of

the DNA fragment are incorporated using DNA polymerase, with a single

nucleotide being incorporated to all fragments on the flow cell. The in-
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corporated base in each cluster is identified by imaging, which is followed

by the cleavage of the dye and the terminating groups of all fragments to

prepare for the next cycle of nucleotide incorporation and imaging (Bentley

et al., 2008). These stages are repeated over a number of cycles, where the

exact number of cycles used determines the read length. The images of

the individual clusters, which correspond to a single read, at each cycle are

converted into base calls using the Illumina base calling algorithm.

Illumina sequencing chemistry is prone to errors, such as phasing, where

DNA polymerase fails to incorporate a base in a given fragment in a given

cycle and pre phasing, where multiple bases are synthesised in a single cycle.

As well as this, the signal intensity of clusters is known to decay as cycles

progress, which leads to an increase in base calling errors towards the end

of reads (Fuller et al., 2009). The Illumina base calling algorithm is able to

correct phasing and pre phasing, as well as assigning a base quality score,

in the form of a Phred score (Ewing and Green, 1998), to each base call in

a read (Ledergerber and Dessimoz, 2011). The Phred score is therefore an

indicator of base calling accuracy at a given base in a read (Table 1.1).

Table 1.1: The relationship between Illumina base quality score and base call
accuracy. Table produced using data from Illumina; http://www.illumina.com.

Quality score
Probability of

incorrect base call
Inferred base
call accuracy

10 1 in 10 90%
20 1 in 100 99%
30 1 in 1000 99.9%

1.1.3 Optical mapping

Optical restriction mapping was first reported by Schwartz et al. (1993)

and was commercialised by OpGen, whose Argus optical mapping system

became adopted by research institutes in 2011. An overview of the tech-

nique is shown in Figure 1.1. Upon extraction, DNA is fragmented and

single molecules are flowed through microfludic channels on a positively
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charged glass surface, where they are stretched and immobilised. DNA is

then digested with restriction enzymes, and since it is immobilised, the frag-

ment order is maintained. The digested fragments are then stained with a

fluorescent dye, and then imaged. The length of each digested fragment is

proportional to its fluorescence intensity, which means that single molecules

can be overlapped to generate a chromosomal optical map (Mendelowitz and

Pop, 2014). Optical mapping is often combined with short read WGS to

generate more contiguous genome assemblies (Latreille et al., 2007; Riley

et al., 2011; Tsai et al., 2013; Reid et al., 2014; Howe and Wood, 2015) and

has been used to detect large scale chromosomal rearrangements in bacteria

(Raeside et al., 2014; Sabirova et al., 2014).

1.2 Bacterial Genomics

Traditionally, whole genome shotgun of bacterial genomes was carried out to

generate reference sequences for species which were commonly studied in the

laboratory (Blattner et al., 1997; Cole et al., 1998; Kunst et al., 1997; Stover

et al., 2000; Parkhill et al., 2001). With the advent of high throughput se-

quencing, it became more common to sequence multiple strains of the same

bacterial species and compare their genomes (Kos et al., 2012). As through-

put of WGS technologies increased, thereby reducing running costs, WGS

was used to track hospital (Koser et al., 2012; Snitkin et al., 2012), com-

munity (Harris et al., 2010; Gardy et al., 2011) and global (Mutreja et al.,

2011) outbreaks of bacterial pathogens, as well as to resequence the genomes

of laboratory strains and mutants (Klockgether et al., 2010; McEvoy et al.,

2013).

WGS was initially restricted to microbes which could be grown in pure

culture, however the development of culture-independent methods, as well

as the steady increase in throughput of WGS technologies, has led to the

possibility of sequencing microbial communities directly from environmen-
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DNA extraction and fragmentation 
(~500 kb fragments)

Single DNA molecules flowed through microfluidic 
channels and immobilised on charged glass surface

Single DNA molecules flowed through microfluidic channels, 
stretched and immobilised on charged glass surface

DNA digestion with restriction enzymes

Staining with fluorescent dye. Fragment length is proportional
to fluorescence intensity

Single molecule map generated for each DNA fragment

Whole chromosome map produced by overlapping single molecule maps

Consensus chromosmal optical map

DNA extraction and fragmentation
(~500kb fragments)

D

Sta nal 

Sing

al map

Whol maps

Figure 1.1: Overview of optical restriction mapping. Argus MapCard
images from Opgen Ltd (http://www.opgen.com)
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tal samples; known as metagenomics (Tringe and Rubin, 2005). It is not yet

possible to generate complete genomes of all individual strains in a microbial

community, with metagenome assemblies usually consisting of multiple con-

tiguous sequences, or “contigs”. There are, however, multiple methods to

“bin” these contigs into species level groups to generate draft metagenome

sequences (Wang et al., 2012; Albertsen et al., 2013; Alneberg et al., 2014;

Nielsen et al., 2014). Metagenomics has been applied to the study of the

microbial communities of wounds (Scales and Hu↵nagle, 2013), the human

gut, both healthy and during disease, (Qin et al., 2010, 2014) and permafrost

(Mackelprang et al., 2011), among others. However, a recent study showed

that contaminants from laboratory reagents can skew results of metage-

nomics studies of low biomass samples, and highlighted the importance of

sequencing negative controls (Salter et al., 2014).

1.2.1 Bacterial comparative genomics

There are currently two commonly used strategies employed to analyse

whole genome sequencing datasets generated by the “next generation” meth-

ods. The first of these, read alignment, relies on the availability of a com-

plete reference sequence closely related to the bacterium which has been

sequenced. There is a plethora of read alignment software to choose from

for this type of analysis (Li and Homer, 2010). The choice of read aligner

used in a study is dependent on multiple factors, including the nature of the

genome being studied (for example, if it is repeat-rich), the computational

resources available, the WGS technology used and the research questions

which need to be answered. For the most part, read alignment is used to

identify single nucleotide polymorphisms (SNPs) and short insertions/dele-

tions (INDELs) in the isolate whose genome has been sequenced, compared

to the reference sequence.

The second common strategy for analysis of WGS data is de novo
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1.2. Bacterial Genomics 9

genome assembly, which is often employed where no reference sequence is

available. De novo genome assembly involves the merging and ordering of

reads, which are sampled from a set of larger sequences, namely the genomic

DNA of the organism being sequenced, in order to reconstruct the genomic

sequence. Prior to long read technologies such as PacBio SMRT sequencing,

short read technologies were used to generate de novo assemblies. Usually,

a genome assembly consists of a set of contigs which can be ordered and

oriented into “sca↵olds”, where contigs are known to be joined by distance

information but the sequence of the contig cannot be extended, for example

due to the presence of large repetitive regions such as ribosomal operons. As

with read alignment, there is an extensive set of genome assembly software

available (Earl et al., 2011). The PacBio RS II has been reported to gener-

ate reads of up to 10-15 kb in length (Biosciences, 2014), and improvements

to and methods to correct the error rate associated with previous versions

of the technology mean that complete bacterial genomes can be sequenced

using this long read technology (Liao et al., 2015). However, the PacBio

RS II has a high cost per base compared to platforms such as the Illumina

MiSeq (Quail et al., 2012), and so is not routinely used to sequence bacte-

rial genomes. Once a bacterial genome has been assembled, annotation of

genes, rRNAs and tRNAs, as well as functional domains and other genetic

features is carried out for use in downstream genomic analyses.

1.2.2 WGS in diagnostic microbiology

In theory, WGS of microbial pathogens in hospitals would enable physi-

cians to treat patients with the appropriate antibiotics given the reper-

toire of resistance genes carried by the causative agent of an infection.

The Oxford Nanopore MinION, the smallest sequencer to date, has been

used to detect antibiotic resistance genes in isolates of meticillin resistant

Staphylococcus aureus (MRSA) (Judge et al., 2015). However, although
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antibiotic resistance genes were identified in this study, the data generated

was not accurate enough, due to the high error rate of MinION reads, to

detect point mutations associated with antibiotic resistance in genes in the

chromosome of the organism. In order for WGS technologies to be adopted

by the NHS for routine use, they must be a↵ordable and generate accurate

results rapidly; in addition to the requirement for automated sample prepa-

ration (Peacock, 2014). Although there is currently no WGS instrument

which fits these requirements, the MinION is thought to display the most

potential, given ongoing improvements in accuracy and yield (Judge et al.,

2015).

1.2.3 WGS of laboratory strains

Sabirova et al. (2014) carried out WGS and optical mapping study of twelve

S. aureus laboratory strains whose whole genomes had previously been se-

quenced, and are commonly used as reference sequences. It was found that

one of the lab strains, S. aureus FPR3757, contained a 13.3 kb genomic dele-

tion compared to the reference sequence for this strain, which corresponded

to an integrative conjugative element (ICE). Optical mapping of clones of

Escherichia coli from a long term evolution experiment revealed a total of

110 rearrangement events had occurred after 25 years, which equated to

40,000 generations (Raeside et al., 2014). Most rearrangements were found

to involve recombination between insertion sequence (IS) elements and re-

peated sequences such as rRNA-encoding operons. Large deletions were the

most common type of rearrangement in this study with 30% of involving the

deletion of prophage DNA in the chromosome. Just under half of the chro-

mosomal inversions in the E. coli populations were found to include more

than a quarter of the chromosome. It has previously been found that the

commonly used laboratory strain of E. coli, K12, has accumulated mutations

over the years (Hobman et al., 2007), and this observation has also been
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found to extend to Pseudomonas aeruginosa. WGS of two P. aeruginosa

PAO1 laboratory strains, available from public culture collections, not only

revealed the presence of SNPs, INDELs and a 2.2 Mb inversion compared

to the reference sequence, based on a PAO1 laboratory isolate from the

University of Washington (PAO1-UW), but also di↵erences between the

two laboratory strains whose genomes were sequenced (Klockgether et al.,

2010).

1.3 Pseudomonas aeruginosa

P. aeruginosa is a Gram-negative rod shaped bacterium, which was first

isolated in pure culture in 1882 by Carle Gessard and is distinguished by its

characteristic blue/green colouration in culture as a result of the production

of the phenazine compound pyocyanin (Gessard, 1984). P. aeruginosa is

a ubiquitous organism which has been isolated from a diverse range of en-

vironments, such as soil, water, humans, plants and animals (Green et al.,

1974; Kiss et al., 1985; Winstanley et al., 2009; Wise, 2012; Haenni et al.,

2015). The first complete genome sequence of P. aeruginosa was that of

PAO1, which was found to have a large genome size and genetic complex-

ity (Stover et al., 2000). These features are thought to reflect evolutionary

adaptations which allow the bacterium to survive in a wide range of ecolog-

ical niches.

P. aeruginosa is a common cause of bacteraemia in hospitals; in 2013

Pseudomonas was the eighth most frequently reported genus in both mo-

nomicrobial and polymicrobial bacteraemic episodes (PHE, 2014). In hospi-

tals, P. aeruginosa has been isolated from water sources such as sinks and

taps, catheters, respirators and ventilators (Je↵eries et al., 2012; Hooton

et al., 2010; Cobben et al., 1996; Crouch Brewer et al., 1996). P. aeruginosa

also occurs in community reservoirs such as swimming pools, bathroom wa-

ter, hot tubs and contact lens solution (Barben et al., 2005; Crnich et al.,
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2003; Fleiszig et al., 1992). P. aeruginosa is not usually part of the normal

microbial flora in humans; in healthy individuals it colonises the oropharynx

of up to 6% of individuals and the faeces of 3-24% of individuals. However,

in hospitals up to 50% of patients are colonised with the organism, and so it

appears that reservoirs in the hospital have the potential to act as sources

of P. aeruginosa infection in susceptible individuals. This has been seen in

the recent outbreak of P. aeruginosa in a neonatal ward in Belfast, where

the source of infection was determined to be contaminated wash basin taps

(RQIA, 2012).

P. aeruginosa is an opportunistic pathogen which primarily causes infec-

tion in immunocompromised patients, such as patients undergoing chemother-

apy, acquired immune deficiency syndrome (AIDS) patients and patients

with Cystic Fibrosis (CF), as well as patients with burn wounds (Davies,

2002; Shepp et al., 1994; Ohmagari et al., 2005; Lipovy et al., 2010).

P. aeruginosa is intrinsically resistant to antibiotics, and this, in combina-

tion with the immunocompromised status of patients, makes these infections

particularly di�cult to treat.

1.4 P. aeruginosa virulence factors

P. aeruginosa produces a number of extracellular virulence factors after

colonisation, which can lead to tissue damage, invasion of the bloodstream

and propagation of the bacteria (Van Delden and Iglewski, 1998). These

include pyocyanin, rhamnolipids, exotoxins secreted by the Type III se-

cretion system, elastases, proteases, siderophores and hydrogen cyanide.

P. aeruginosa also has a number of cell-associated virulence factors, such as

lipopolysaccharides (LPS), type IV pili, flagella and adhesins. P. aeruginosa

is able to attach to solid surfaces and form organised biofilm communities,

which is important for establishing chronic infections, and for persistence

of the infection in otherwise hostile environments (Costerton et al., 1999).
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Further information relating to some virulence factors of P. aeruginosa and

their properties are given in Table 1.2, and virulence factors which are rele-

vant to the work in this thesis are described in further detail in the remainder

of this section.

Table 1.2: P. aeruginosa virulence factors and their properties

Virulence factor Properties References
Alginate Thought to increase resistance of bac-

terial cells to host immune system and
antibiotics.

(Pedersen et al., 1992)

Alkaline protease Encoded by aprA. Prevents the activa-
tion of complement, part of the innate
immune response of the host.

(Laarman et al., 2012)

Exotoxin A Inactivates elongation factor 2 in host
cells, an essential factor for protein
synthesis. Secreted by Type III secre-
tion system.

(Pavlovskis et al.,
1978)

Exotoxin U Involved in the initiation of a host
inflammatory response by activat-
ing production of the chemokine
interleukin-8, resulting in increased
epithelial permeability of thecryz1984
bacterium, facilitating its spread. Se-
creted by Type III secretion system.

(Cuzick et al., 2006)

Exoenzyme S Enables bacteria to evade host immune
system by acting as an antiphagocytic
factor. Secreted by Type III secretion
system.

(Frithz-Lindsten et al.,
1997)

Exoenzyme T Inactivates host cell proteins involved
in maintaining the actin cytoskeleton.
Secreted by Type III secretion system.

(Sundin et al., 2004)

Exoenzyme Y Involved in the breakdown of the mi-
crotubule of host cells, leading to tis-
sue damage. Also thought to chroni-
cally impair tissue integrity following
damage. Secreted by Type III secre-
tion system.

(Stevens et al., 2014)

HasAp Protein with high a�nity binding for
heme (hemophore). Allows for sur-
vival of P. aeruginosa in low iron con-
ditions, i.e. at the early stages of in-
fection.

(Alontaga et al., 2009)

Hydrogen cyanide (HCN) The molecule which gives
P. aeruginosa cultures their dis-
tinct almond-like smell, HCN inhibits
aerobic respiration in host cells.

(Gallagher and Manoil,
2001)

LasB elastase Degrades and inactivates host tissues
and immune system components; in-
cluding collagen, fibrin, elastin and im-
munoglobulin.

(Rust et al., 1996)

LasA protease Endopeptidase which can lyse
Staphylococcus aureus cells by cleaving
peptide bonds in the peptidoglycan of
the cells. Degrades elastin by cleav-
ing peptide bonds between glycine
residues.

(Kessler et al., 1993)

Lipopolysaccharide (LPS) Maintains cell wall structure of bacte-
rial cell, as well an mediating interac-
tions with the neighbouring environ-
ment via the LPS O antigen.

(Cryz et al., 1984)

Phosopholipase C Hemolysin, damages host tissue (Berka and Vasil, 1982)
Protease IV Serine protease shown to degrade fib-

rinogen, plasmin, plamsinogen and ca-
pable of degrading corneal epithelium.

(Engel et al., 1998a,b)

Continued on next page
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Table 1.2 – Continued from previous page
Virulence factor Properties References
Pyocyanin Siderophore (iron chelator), which in-

duces the formation of reactive oxygen
species (ROS) in the host

(Mahajan-Miklos
et al., 1999)

Pyoverdine Siderophore (iron chelator), which in-
duces the formation of ROS in the
host, as well as regulating the produc-
tion of exotoxin A and proteases in the
bacterial cell.

(Becerra et al., 2001;
Lamont et al., 2002)

Rhamnolipids A biosurfactant which is required for
bacterial cells to infiltrate the respira-
tory epithelium during initial stages of
an infection.

(Zulianello et al., 2006)

Type IV pili Surface adhesin, involved in attach-
ment, biofilm formation and twitching
motility. In recent studies have been
shown to promote the induction of
virulence factors when cells encounter
surfaces, such as host tissues.

(Persat et al., 2015)

1.4.1 Lipopolysaccharide

Lipopolysaccharide (LPS) molecules are found in the outer membrane of

P. aeruginosa, where they not only maintain the structure of the outer

membrane, but also mediate interactions with the neighbouring environ-

ment. The LPS molecule can be divided into three parts; the hydrophobic

lipid A region, which takes the place of phospholipids in the outer cell

membrane, the central oligosaccharide region, and the O antigen (O-Ag), a

repeating polysaccharide which is exposed on the outer surface of the bac-

terial cell. LPS can occur in smooth or rough forms; where the O-Ag is

attached to the core polysaccharide, which is in turn attached to lipid A in

the smooth form, with the rough form lacking the O-Ag of the smooth form

(Pier, 2007). The O-Ag has been shown to be essential for virulence (Cryz

et al., 1984; Tang et al., 1996; Augustin et al., 2007), and is responsible for

serogroup specificity in P. aeruginosa (Lam et al., 2011). LPS induces an

inflammatory response in host cells, enhancing host defence against bacte-

rial infection. However, LPS can cause excessive stimulation of the immune

system, which can lead to sepsis and, in some cases, death (Van Amersfoort

et al., 2003).

Most strains of P. aeruginosa produce two di↵erent forms of O-Ag, the
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A band O-Ag, which is formed from a homopolymer of D-rhamnose, and

the B band O-Ag, a heteropolymer with repeats units of between three and

five individual sugars (Rocchetta et al., 1999). It is the composition of the

O-Ag units which a↵ects the serotype of P. aeruginosa (Knirel et al., 2006).

In P. aeruginosa PAO1, which is serotype O5, the A band O-Ag is encoded

by the gene products of PA5447 (wbpZ ) to PA5454 (rmd) and the B band

O-Ag is encoded by the gene products of PA3141 (wbpM ) to PA3160 (wzz )

(Rocchetta et al., 1999).

1.5 Quorum Sensing

In nature, bacteria are able to form multicellecular communities, allowing

them to exploit nutrient resources which are otherwise restricted to individ-

ual cells, and adapt to and modify their environment (Shapiro, 1998). The

mechanism by which a bacterium adapts from the lifestyle of an individual

cell to a multicellular community, via the regulation of specific target genes,

is termed quorum sensing (QS) (Fuqua et al., 1994). This involves the pro-

duction of di↵usible, low molecular weight QS signal molecules (QSSMs)

by specific synthase proteins, which in turn activate specific target genes

(Camara et al., 2002).

QSSMs can di↵use into and out of bacterial cells. The regulation of

target genes by QS is dependent on the density of the bacterial population;

as the cell density increases so does the level of extracellular QSSMs. Once a

target threshold has been reached the QSSMs bind to their cognate receptor

protein, usually a transcriptional regulator. The QSSM-receptor complex

is then able to regulate the transcription of QS controlled genes, which

vary between bacterial species (Williams et al., 2007). An example of a

basic receptor/synthase QS system in Gram negative bacteria is outlined in

Figure 1.2.

QS is thought to regulate over 300 genes in P. aeruginosa, which consti-
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IR

IR

R

Figure 1.2: Example of a basic QS system in Gram negative bacte-
ria. The inducer synthase protein (I) synthesises an inducer molecule (hexagon),
which binds to the receptor protein (R). This bound complex regulates the tran-
scription of QS-controlled genes. This all occurs once bacterial density and in-
ducer molecule have reached a certain threshold. Genes are represented as open
arrows, the receptor protein by a square, the synthase by a circle and the signal
molecule by a filled grey hexagon.
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Figure 1.3: Overview of the major QS systems in P. aeruginosa. 3-
oxo-C12�HSL is produced via LasI, and binds to LasR. This receptor/signal com-
plex positively regulates the transcription of pqsR, pqsABCDE, pqsH and rhlRI.
C4-HSL is produced via RhlI, and binds to RhlR, which negatively regulates the
transcription of pqsR and pqsABCDE. The PqsABCDE proteins synthesise HHQ
from anthranilate (produced by PhnAB). HHQ is converted to PQS by PqsH. Ei-
ther HHQ or PQS can bind to PqsR and positively regulate the transcription of
pqsABCDE and the rhl QS system. Enzymes are represented by circles and tran-
scriptional regulators by cubes. Arrows represent positive regulation, and blunt
lines negative regulation. Adapted from Figure 5 in (Heeb et al., 2011), with
permission from the lead author.
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tutes around 6% of the genome (Whiteley et al., 1999; Schuster et al., 2003;

Wagner et al., 2003), and has been shown to be a contributing factor to vir-

ulence in this species (Rumbaugh et al., 1999; Hentzer et al., 2003; Kohler

et al., 2010). The major QS systems of P. aeruginosa are the las and rhl

QS systems, whose QSSMs are N -acylhomoserine lactones (AHLs), and the

pqs QS system, whose QSSMs are alkyl quinolones (AQs). The las and rhl

QS systems have been shown to activate transcription of virulence genes,

including those which encode LasB elastase, LasA protease, protease IV,

alkaline protease, exotoxin A, pyocyanin and siderophores(Gambello and

Iglewski, 1991; Toder et al., 1991; Gambello et al., 1993; Schuster et al.,

2003; Schuster and Greenberg, 2007; Conibear et al., 2012). These three

systems are hierarchical, where the las system positively regulates both the

rhl and pqs systems (Pesci et al., 1997; Wade et al., 2005). In addition, the

rhl system negatively regulates the pqs system (Wade et al., 2005) by in-

ducing the expression of an alternative pqsA mRNA isoform with a reduced

translation e�ciency (Brouwer et al., 2014) and the pqs system positively

regulates the rhl system (McKnight et al., 2000). An outline of these QS

systems of P. aeruginosa is shown in Figure 1.3. However despite this, a

functional pqs QS system has been shown in the absence of a functional las

QS system. In one study a lasR mutant was shown to produce PQS in the

late stationary phase (Diggle et al., 2003), and other studies the expression

of pqsR (also known as mvfR) and pqsH (Xiao et al., 2006) and the rhl

QS system (Dekimpe and Deziel, 2009) was shown to be delayed but not

abolished during the growth of a lasR mutant. This indicates the presence

of additional positive regulator(s) of the pqs QS system; which a couple of

recent studies have proposed (Liang et al., 2009; Tipton et al., 2015).

The signal molecule N -3-oxo-dodecanoyl-L-homoserine lactone (3-oxo-

C12-HSL) is produced by the QSSM synthase LasI, which is encoded by the

lasI gene (Gould et al., 2004). 3-oxo-C12-HSL binds to the transcriptional
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regulator LasR, which is encoded by the lasR gene (Gambello and Iglewski,

1991; Bottomley et al., 2007). LasR has been found to be involved in the

production of virulence factors such as elastase and pyoverdin (Passador

et al., 1993; Stintzi et al., 1998). The LasR/3-oxo-C12-HSL complex binds

to the promoters of rhlIR, pqsABCDE, pqsR and pqsH, where it positively

regulates the transcription of these genes (Latifi et al., 1996; Wade et al.,

2005), as well as upregulating its own production by binding to the lasI

promoter (Seed et al., 1995).

The AHL synthase RhlI, encoded by the rhlI gene, produces the QSSM

N -butanoyl-L-homoserine lactone (C4-HSL) (Pearson et al., 1995; Winson

et al., 1995; Raychaudhuri et al., 2005). The C4-HSL molecule binds to the

N-terminal domain of the transcriptional regulator RhlR, encoded by the

rhlR gene (Lamb et al., 2003). RhlR has been found to increase the produc-

tion of rhamnolipid biosurfactants in P. aeruginosa (Ochsner and Reiser,

1995). The RhlR/C4-HSL complex binds to the promoters of pqsABCDE

and pqsR, where it represses the transcription of these genes (Wade et al.,

2005), as well as upregulating its own production by binding to the rhlI

promoter, in a similar fashion to the las QS system.

The AQ QSSM of the pqs QS system of P. aeruginosa is 2-heptyl-

4-quinolone (HHQ), which was widely accepted to be produced by the

products of genes pqsABCD of the pqsABCDE operon (Gallagher et al.,

2002), and subsequently converted to 2-heptyl-3-hydroxy-4(1H )-quinolone

(the Pseudomonas quinolone signal; PQS) by PqsH (Schertzer et al., 2010).

The role of pqsE was unknown until a recent study revealed its role as a

thioesterase in HHQ synthesis, and that PqsE deletion mutants from pre-

vious studies were still able to synthesise HHQ as the thioesterase role of

PqsE is taken over to some degree by the broad specificity thioesterase

TesB, among others (Drees and Fetzner, 2015). Both PQS and HHQ are

able to bind to PqsR to form a signal molecule/regulator complex (Xiao
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et al., 2006), which acts to positively regulate the expression of pqsA in

an autoregulatory feedback loop (Wade et al., 2005), as well as rhlR (McK-

night et al., 2000). The pqs QS system regulates the production of virulence

factors such as pyocyanin, elastase and rhamnolipids (Pesci et al., 1999).

A number of functions outside of QS have been described for the molecule

PQS in P. aeruginosa. PQS has been shown to have the ability to chelate

iron (Bredenbruch et al., 2006), and is thought to act as an iron trap at the

cell surface in P. aeruginosa, potentially facilitating siderophore-mediated

iron transport (Diggle et al., 2007). The role of PQS in the promotion

of autolysis has also been described (D’Argenio et al., 2002), with PQS

thought to act as an endogenous stress factor in P. aeruginosa, increasing

the susceptibility of the cell to oxidative stress and antibiotics (Haussler and

Becker, 2008). Autolysis of bacterial cells leads to the release of intracellular

contents such as nutrients, which can be used by surviving cells. PQS has

been shown to interact with LPS in the outer membrane of P. aeruginosa to

induce the formation of membrane vesicles (Mashburn-Warren et al., 2008),

which transport hydrophobic molecules, including PQS itself (Mashburn

and Whiteley, 2005), between cells.

These three QS systems of P. aeruginosa have been shown to be influ-

enced by a number of external regulators, a few of which are summarised

in Table 1.3. Although the QS system of P. aeruginosa is the most well

characterised, studies in other Pseudomonas species indicate that the com-

plexity of QS regulation in P. aeruginosa extends to other members of the

genus (Zhang and Pierson, 2001; Steidle et al., 2002; Yan et al., 2009).

Although traditionally bacterial infections are treated with antibiotics

that inhibit bacterial growth, bacteria are able to develop resistance to an-

timicrobials relatively quickly, which is currently a major healthcare threat

(McKenna, 2013). Antimicrobial resistance is a problem in CF patients,

who are subject to chronic respiratory infections, often led by P. aeruginosa,
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Regulator Mode of regulation Function References

GacA
Overexpression of GacA
positively regulates las
and rhl QS systems

Part of GacA/S
two component system

which influences production
of pyocyanin, cyanide

and lipase

(Reimmann et al., 1997)

RelA
Positively regulates

las and rhl QS

Has an e↵ect on
elastase and

pyocyanin production,
although primary

role is in
stress response to

amino acid starvation

(van Delden et al., 2001)
(Erickson et al., 2004)

RsaL
Binds to lasI promoter,
inhibiting transcription

Reduces pyocyanin and
hydrogen cyanide production

(Rampioni et al., 2006)
(Rampioni et al., 2007)

RsmA
Negative regulator of las

and rhl QS

Small RNA which
a↵ects protease, elastase
and pyocyanin levels

(Pessi et al., 2001)

QscR

Homologue of lasR,
although doesn’t have a

cognate synthase (“orphan”).
Initially thought to

negatively regulate lasI
expression, however

later found to
have its own regulon

A↵ects pyocyanin
production

(Chugani et al., 2001)
(Lequette et al., 2006)

Vfr
Positively regulates
lasR expression

Influences protease,
exotoxin A
production
and motility

(West et al., 1994),
(Albus et al., 1997),
(Beatson et al., 2002)

VsqR

Truncated orphan
LasR homologue.
Positively regulates

lasI expression

A↵ects protease and
pyocyanin production

(Juhas et al., 2004)
(Juhas et al., 2005)

Table 1.3: Additional regulators of P. aeruginosa QS
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which are not cleared despite intensive treatment with antimicrobials (Con-

way et al., 2003). In the CF lung, the persistence of chronic P. aeruginosa

infection has been shown to be due to alginate producing strains (termed

mucoid) which form biofilms in the lung (Ohman and Chakrabarty, 1982;

Singh et al., 2000). Biofilms are also a contributing factor to severity of

wound infections (Watters et al., 2013). A biofilm is an organised commu-

nity of bacterial cells, which excrete an extracellular polysaccharide (EPS)

matrix, allowing them to attach to solid surfaces. The EPS also forms a

closed environment for bacterial cells, by keeping in nutrients and protect-

ing cells from changes in the environment (Sutherland, 2001) as well as

antibiotics (Stewart and Costerton, 2001).

A number of studies have shown that QS, and virulence factors under

the control of QS, play an important role in the formation of biofilms. The

biofilm matrix genes of P. aeruginosa have been shown to be under the

control of QS (Sakuragi and Kolter, 2007), and virulence factors such as

rhamnolipids, flagella and type IV pili have been shown to have an impact

on biofilms and their formation (O’Toole and Kolter, 1998; Davey et al.,

2003). A number of studies have focused on the search for inhibitors of QS

and biofilm formation, as a potential novel therapeutic for P. aeruginosa

infection, in an era where antibiotic resistance is a major cause for con-

cern (Hentzer et al., 2002; Brackman et al., 2011; O’Loughlin et al., 2013;

Christiaen et al., 2014).

1.6 Antibiotic resistance in P. aeruginosa

P. aeruginosa is intrinsically resistant to a broad spectrum of antibiotics

due to the low permeability of the outer membrane (Angus et al., 1982). In

addition to this, a number of e✏ux pumps are encoded in the chromosome

to transport antibiotics out of the cell. In general, the multidrug e✏ux

systems of P. aeruginosa consist of three major components, an energy de-
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Table 1.4: Multidrug e✏ux pumps of P. aeruginosa. Table adapted from
(Poole, 2001). Substrate abbreviations: AG, aminoglycosides, BL, �-lactams,
FQ, fluoroquinolones, CM, chloramphenicol, TC, tetracycline, NV, novobiocin,
TP, trimethorpim, SM, sulphonamides, ML, macrolides, ER, erythromycin, EB,
ethidium bromide, AC, acriflavine, CV, crystal violet, SDS, sodium dodecyl sul-
phate, AH, aromatic hydrocarbons, HL, homoserine lactones, CL, cerulenin, TL,
thiolactomycin, IR, irgasan, TS, triclosan.

E✏ux pump Regulatory
gene(s)

Substrates Accession
number(s)

mexAB-oprM mexR BL,FQ,CM,TC,NV,TP,
SM,ML,EB,AC,CV,SDS,
AH,HL,CL,TL,IR,TS

L11616,
L23839

mexCD-oprJ nfxB BL,FQ,CM,TC,NV,TP,
ML,CV,EB,AC,SDS,AH,
CL,TS

U57969

mexEF-oprN mexT,
(mexS)

FQ,CM,TP,AH,TS AJ007825,
X99514

mexXY-oprM mexZ
(ampR)

FQ,AG,TC,ER AB015853,
AF147719

pendent e✏ux pump of the Resistance-Nodulation-Division (RND) family

in the inner membrane, an outer membrane porin (often called outer mem-

brane factor, OMF) and a periplasmic membrane fusion protein (MFP),

which joins the two together (Poole, 2001). This is an e�cient system of

resistance, given that molecules in the cytoplasm, cytoplasmic membrane,

or the periplasm can be exported. E✏ux pumps, coupled with the reduced

influx of drugs by the outer membrane permeability barrier, provide high

levels of antibiotic resistance (Nikaido, 1998).

Four antibiotic e✏ux systems have been described in P. aeruginosa;

mexAB-oprM, mexCD-oprJ, mexEF-oprN and mexXY-oprM. These pumps

export a number of dyes, detergents, inhibitors, organic solvents and ho-

moserine lactones, in addition to antibiotics (Poole, 2001). The regulatory

genes and substrates of each e✏ux pump are outlined in Table 1.4.

As well as reducing the influx and increasing the e✏ux of molecules,

P. aeruginosa is also able to inactivate antibiotics by modifying their struc-

ture. This is achieved using enzymes such as beta lactamase, which is

encoded by the inducible ampC gene (Lodge et al., 1990). Wild type
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P. aeruginosa produce beta lactamase at a low basal level, which is induced

to higher levels by the presence of �-lactams (Giwercman et al., 1991; Bagge

et al., 2004). Expression of ampC is also controlled by the regulatory gene

ampR, which represses transcription of ampC in wild type cells (Kong et al.,

2005). The repression of ampC by ampR can be disabled by the binding

of cell wall degradation products, whose production is increased by the ac-

tion of beta lactam antibiotics, to the AmpR protein, which leads to the

transcription of ampC.

Chloramphenicol (Cm) is an inhibitor of protein synthesis, and acts by

binding to the 50s ribosomal subunit and preventing peptide chain elonga-

tion (Wisseman et al., 1954). The e✏ux pumps of P. aeruginosa (Table

1.4) confer resistance to Cm, and the expression of the MexEF-OprN e✏ux

pump has been shown to be induced by the presence of Cm (Fetar et al.,

2011). Chloramphenicol acetyltransferase (CAT), encoded by the constitu-

tively expressed cat gene, inactivates Cm by acetylation of the 3-hydroxyl

group of the molecule (Shaw, 1967). However, whether or not CAT is a

major determinant of chloramphenicol resistance in P. aeruginosa remains

unclear (White et al., 1999; Wang and Liu, 2004).

1.6.1 Regulation of the MexEF-OprN e✏ux pump

The global regulator mexT has been shown to enhance expression of the

MexEF-OprN e✏ux pump, which is inactive in wild type cells, and decrease

expression of the carbapenem-permeable porin OprD (Kohler et al., 1999).

The overexpression of this e✏ux pump and the repression of the porin leads

to what is described as an nfxC mutant phenotype, whereby cells display

resistance to imipenem and chloramphencol, and hyper susceptibility to

�-lactams and aminoglycosides (Fukuda et al., 1990).

Maseda et al (2000) compared the nucleotide sequences of themexT gene

in di↵erent PAO1 laboratory strains and their derivative nfxC mutants, and
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found the sequence of mexT to be identical in the wild type and the mutant

in a number of the strains studied. Therefore it was proposed that one or

more mutations in a suppressor, termed mexS, lead to the nfxC mutant

phenotype in some wild type PAO1 laboratory strains.

Transposon mutagenesis of the clinical isolate P. aeruginosa K2153 re-

vealed that disruption of the gene PA2491 increased the production of

MexEF-OprN and decreased production of OprD, while levels of MexT

remained constant (Sobel et al., 2005). The mutant also displayed resis-

tance to chloramphenicol, quinolones and imipenem, much like previously

described nfxC mutants (Fukuda et al., 1990). All spontaneous multidrug

resistant mutants of this clinical isolate which displayed the nfxC phenotype

carried mutations in PA2491, which was associated with increased expres-

sion of mexEF-oprN and reduced OprD production. Gene PA2491 was

therefore put forward as a possible mexS candidate.

nfxC mutants of three wild type P. aeruginosa laboratory strains and

three clinical isolates, all with mutations in mexS and with a wild type

version of themexT gene, were transformed with a plasmid carrying the wild

type mexS gene (Uwate et al., 2013). In all three laboratory strains this led

to an increase in the production of MexEF-OprN, which is unexpected given

the previously hypothesised role of mexS as a negative regulator of mexT

(Sobel et al., 2005). In two of the three clinical isolates, the transformation

of the wild type mexS gene led to an increased amount of MexEF-OprN,

however one of the isolates displayed reduction in the amount of the e✏ux

pump, much like the laboratory strains studied. Therefore it was concluded

that there are two routes of MexT-mediated regulation of the expression of

mexEF-oprN ; a MexS mediated pathway and a MexS bypassed pathway.

MexS did, however, appear to be regulating the production of MexAB-

OprM and virulence factors in all six of the strains studied.
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1.7 P. aeruginosa genomics

As of August 2015, 13 complete genome sequences of P. aeruginosa isolates

are available at the Pseudomonas Genome Database (Winsor et al., 2011).

The first P. aeruginosa genome to be sequenced was that of the most com-

monly used laboratory strain PAO1 by Stover et al. (2000). Other isolates

such as PA14 and LESB58 are also often used in laboratory studies into this

opportunistic pathogen (He et al., 2004; Winstanley et al., 2009). As more

and more whole genome sequences become available, it is becoming more

and more evident that P. aeruginosa has a large genome size compared to

other bacteria, reportedly between 5.2 and 7 Mb (Wiehlmann et al., 2007),

and the P. aeruginosa genome has been found to have a mosaic structure,

consisting of regions conserved between most genome sequences, interrupted

by regions which are unique to particular strains, the core and the accessory

genome, respectively (Klockgether et al., 2011).

The core genome is defined as regions of the genome which are highly

conserved in all members of a species and contains conserved genes, usually

with housekeeping functions, whereas the accessory genome refers to regions

which are missing in some members of the species. The pangenome is the

sum of the core genome and the accessory genome. Some accessory ele-

ments are unique to particular isolates; these strain-specific segments have

been termed regions of genome plasticity (RGP) (Mathee et al., 2008), and

many of these are mobile genetic elements (MGEs) acquired by horizontal

gene transfer (HGT). As more P. aeruginosa genomes are sequenced, the

core genome is redefined and reduces in size, and is expected to reach an

eventual plateau (Valot et al., 2015), while it is expected that the size of

the P. aeruginosa accessory genome, and therefore also the pangenome, will

continue to increase (Pohl et al., 2014).
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1.7.1 Mobile Genetic Elements

MGEs make up a large proportion of the accessory genome of P. aeruginosa,

and appear to be acquired by horizontal gene transfer (HGT) (Mathee et al.,

2008). In prokaryotes, HGT in the acquisition of genes by a bacterial cell by

either transduction, DNA transfer via a bacteriophage, conjugation, DNA

transfer via cell to cell contact, and potentially also transformation, the

transfer of naked DNA, although there are very few reports of this in na-

ture (Hupkova et al., 1994; Domingues et al., 2012). Details of MGEs com-

monly found in P. aeruginosa and relevant to this thesis are provided in

the remainder of this section.

Integrative conjugative elements

Integrative conjugative elements (ICEs), also known as conjugative trans-

posons, are elements found in both Gram positive and Gram negative bacte-

ria which encode the genes required to control their excision from the host

bacterial chromosome, their cell to cell transfer by conjugation and their

integration into the chromosome of the host (Burrus et al., 2002). Once

integrated, ICEs are able to replicate as part of the host chromosome. Ex-

cision of ICEs from the chromosome is induced by specific environmental

conditions for di↵erent ICEs, upon which ICEs circularise, undergo rolling

circle replication and are transferred to new host cells by their self-encoded

conjugation machinery. The ICE in the recipient cell becomes integrated

in the recipient cell chromosome, and the ICE remaining in the host cell

becomes reintegrated into the chromosome of the host cell (Wozniak and

Waldor, 2010). A number of Pseudomonas pathogenicity islands (PaPIs)

are thought to have evolved from ICEs, some of which have lost their mobil-

ity genes, rendering them unable to be excised from the chromosome (Kung

et al., 2010).
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Transposable elements

Transposable elements are DNA sequences which can move from one lo-

cation to another in the chromosome (known as translocation), as well as

between bacterial cells via conjugation or transduction (Fedoro↵, 2012).

These were first discovered in maize by McClintock (1950). The simplest

transposons are insertion sequences (IS), which usually consist of one or

two open reading frames which encode a transposase. The majority of ISs

have short terminal inverted repeats, which are recognised and cleaved by

the transposase in order to facilitate translocation (Mahillon and Chandler,

1998). Larger tansposons found in P. aeruginosa encode functions other

than those needed for translocation, such as resistance to antibiotics and

heavy metals (Iyobe et al., 1981; Sinclair and Holloway, 1982; Stokes et al.,

2007).

Bacteriophages

Two major types of bacterial viruses, bacteriophages or simply phages, are

lytic and temperate. Temperate phages undergo one of two types of life

cycles upon infecting the bacterial host cell: the lytic cycle or the lysogenic

cycle (Figure 1.4). In the lysogenic replication cycle, the bacteriophage can

become integrated into the bacterial chromosome by recombination, and

replicates with the bacterial chromosome as long as the phage-encoded re-

pressor protein, which prevents the synthesis of phage proteins required for

the lytic cycle, is expressed. Integrated bacteriophages in bacterial chromo-

somes are known as prophages. If the repressor protein becomes inactivated,

or its synthesis is stopped, the phage genome is excised from the bacterial

chromosome by a phage-encoded enzyme and the lytic cycle begins, usually

culminating in the lysis of the host bacterial cell. This, however, is a rare

occurrence in temperate phage, typically occurring in 1 in 10,000 cell di-

visions. Some temperate phages are able to replicate autonomously in the
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bacterial cell without integrating into the bacterial chromosome, existing

in the cell as plasmids. Lytic phage only replicate via the lytic cycle. It

is because of the phage-encoded repressor protein that host bacterial cells

are immune to infection by bacteriophage which are already incorporated in

their chromosome, as the phage repressor protein prevents the expression of

any incoming genes of the same phage, as well as the genes of the integrated

prophage (Madigan and Martinko, 2006).

Injection of phage genetic 
material into bacterial cell

Attachment of  phage to 
bacterial cell

LYSOGENIC

CYCLE

LYTIC

CYCLE

LYTIC

CYCLE

Phage DNA intregrates 
into bacterial chromosome

Lysogenic bacteria 
divide as normal

Occasionally, prophage excises 
from bacterial chromosome, 

initiating a lytic cycle

Phage DNA replicatesCoat proteins sysnthesized,
virus particles assembled

Bacterial cell lysis, 
virus particles released

Phage DNA exists separately 
from bacterial chromosome

Figure 1.4: Overview of the most common bacteriophage replication
cycles and mechanisms.

Upon completion of the whole genome sequence of P. aeruginosa PAO1,

two regions of the chromosome (PA0616-PA0648 and PA0715-PA0728) were

predicted to be probable prophage regions (Stover et al., 2000). The first

region, PA0616-PA0648, has been determined to encode narrow-spectrum

bacteriocins; compounds which inhibit the growth of closely related bac-

terial species (Baba and Schneewind, 1998). There genes were specifically

found to encode R- and F-type pyocins, whose structure resemble bacterio-

phage tails (Waite and Curtis, 2009). The latter region, PA0715-PA0728,

encodes the filamentous Pf1-like phage Pf4, which is thought to be involved

in the development of biofilms (Webb et al., 2003). Prophages have been

shown to increase the competitiveness of strain LESB58 (Winstanley et al.,

2009), an isolate which was shown to spread in a childrens CF unit in Liver-
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pool (Cheng et al., 1996). Prophages of LESB58 are also thought to regulate

P. aeruginosa population density during chronic lung infection by retaining

lytic activity (James et al., 2015).

1.7.2 Large genomic rearrangements

Large genomic rearrangements such as large inversions and deletions have

been previously reported in P. aeruginosa clinical strains, and are thought

to contribute to a method of rapid adaptation to changing environments

by P. aeruginosa (Kresse et al., 2003; Smith et al., 2006; Rau et al., 2012).

This fits with the generally accepted idea that bacteria undergo reductive

evolution, where non-essential functions are lost over time (Andersson and

Kurland, 1998). However, given that P. aeruginosa isolates are found in a

variety of di↵erent environments, and have been found to acquire genetic

elements as well as lose them, therefore displaying a high level of genomic

diversity (Mathee et al., 2008), it is unlikely that the genomic reduction

seen in host adapted isolates is the norm. In a study on the e↵ect of bacte-

riophage infection on P. aeruginosa it was suggested that clones with large

deletions occur naturally in populations at a very low frequency rather than

spontaneously arising as a response to a change in conditions (Le et al.,

2014). In this study phage infection was found to select for phage-resistant

mutants, which had a large deletion containing a gene required for phage

adsorption.

1.7.3 Genomic studies of P. aeruginosa

There have been a multitude of genomics studies carrying out WGS of a

group of related P. aeruginosa isolates, with many focusing on mechanisms

by which P. aeruginosa adapts to the CF lung. Jeukens et al. (2014) carried

out a genomic analysis of a number of Liverpool epidemic strain (LES)-

like isolates from the UK and Canada. Isolates from the two countries
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could not be distinguished both phylogenetically and phenotypically in this

study. Isolates were found to have distinct mutations in regulatory genes,

and therefore it was concluded that this may be the cause of phenotypic

diversity in LES-like isolates, which could be a mechanism for adaptation

to the CF lung environment. A deletion of LES prophage was noted in

one strain. Prophages in LESB58 have previously been shown to increase

the competitiveness of the strain in chronic lung infections (Winstanley

et al., 2009), however it may be that accessory genome regions such as

prophages are not essential as a lung infection evolves, given that prophage

deletions have been seen in other studies of CF isolates (Fothergill et al.,

2010; Workentine and Surette, 2011). A study of 360 LES isolates from

nine chronically infected patients revealed the coexistence of LES lineages

in seven of the nine patients, although whether the patients were infected

with multiple lineages or whether this was a result of multiple transmissions

was unclear. Homologous recombination was observed between divergent

lineages, which could be a mechanism of host adaptation by P. aeruginosa

during chronic infection (Williams et al., 2015).

Darch et al. (2015) looked at the genomes of multiple P. aeruginosa

clones from a single sputum sample from a CF patient. A large number of

homoplasic SNPs were found to be involved in adaptive evolution in this

dataset, and it was found that these occurred as a result of recombination.

In fact, in this dataset genetic variation was more likely to have occurred as

a result of recombination than by spontaneous mutation. The results of this

study suggested that recombination is an important factor for generating

genetic diversity in the CF lung, at least in the short term. This fit previous

observations by Rau et al. (2012) that homologous recombination plays an

important role during early adaptation of P. aeruginosa to the CF lung;

although in this study it was found to lead to the deletion of genomic content

rather than SNPs.
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Stewart et al. (2014) carried out WGS of a diverse set of 12 P. aeruginosa

isolates, which included CF lung isolates which had adapted to the host,

as well as four environmental isolates, and phylogenetic analysis found that

these isolates formed three distinct and diverse phylogenetic groups. Prior

to the (Stewart et al., 2014) study, much of the focus of WGS studies of

P. aeruginosa had been on CF isolates, and since P. aeruginosa is a highly

ubiquitous organism this study highlighted the need to study the genomes of

strains from other environments, in order to get a full idea of P. aeruginosa

genomic diversity.

1.8 General experimental aims

It has been proposed that P. aeruginosa PAO1 exists as genetically variable

sublines in strain collections and laboratories, and the current reference

sequence is thought to correspond to a distinct subline with its own genetic

peculiarities.

Chapter 2 aims to fully characterise the chromosomal di↵erences between

a set of commonly studied laboratory sublines of P. aeruginosa PAO1, as

well as two strains, PAO2 and PAO3, which were directly derived from the

original P. aeruginosa Strain 1 (PAO). The extent to which these vary from

the PAO1 reference sequence will be examined. The final aim of this chapter

is to deduce the sequence of P. aeruginosa PAO, from which all the PAO1

sublines are derived, using sequence information from these laboratory sub-

lines and strains PAO2 and PAO3. This could be used as a more universal

reference sequence which is representative of a range of PAO1 sublines, to

which they are all more closely related.

Although PAO1 is the most commonly studied strain in laboratories, it cor-

responds to a single wound isolate within a diverse species which is able to
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adapt to and survive in a range of ecological niches, including human hosts.

Previous WGS studies of P. aeruginosa have focused on isolates from CF

infections, however given that P. aeruginosa is able to adapt to a variety

of environmental niches, the characteristics of isolates from di↵erent types

of infection, and therefore di↵erent environments, may not be identical.

Therefore the need to study a variety of di↵erent strains of P. aeruginosa

from a range of environments is evident.

Chapter 3 aims to determine the genomic diversity of a set of 49 clinical

isolates from distinct patients and wound types, in relation to previously

sequenced P. aeruginosa strains. The key QS genotypes of these isolates

will be analysed in order to determine any correlations with the diverse

QS phenotypes previously observed; in particular for the two isolates which

were previously found to be AHL-proficient and AQ-deficient.
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2.1 Introduction

The most commonly used strain in the study of Pseudomonas aeruginosa is

P. aeruginosa Strain 1c (Holloway, 1969), also referred to as strain PAO1.

PAO1 is a spontaneous chloramphenicol (Cm) resistant mutant, a pheno-

type attributed to locus chl-2, of the prototroph P. aeruginosa Strain 1

(PAO) which was isolated by Bruce Holloway from an infected wound in

Melbourne in 1954 (Holloway, 1955; Clarke and Richmond, 1975). Since

then, P. aeruginosa PAO1 was propagated and distributed to laboratories

and strain collections around the world, while the original stocks of strains

P. aeruginosa PAO and PAO1 slowly became overlooked and unused to the

point that they may no longer exist today (Figure 2.1).

Holloway and Jennings (1958) first discovered the fertility factor FP2 in

P. aeruginosa PAT (then referred to as Strain L), which was comparable

to the F factor of E. coli. Loutit and Marinus (1968) mapped the first ten

genes on the chromosome of P. aeruginosa PAO using interrupted mating.

A genetic map of the P. aeruginosa PAO chromosome was generated in 1979

(Holloway et al., 1979), and with the discovery and use of additional fertil-

ity factors, the chromosome was determined to be circular in 1981 (Royle

et al., 1981). An initial physical map of the P. aeruginosa PAO1-DSMZ

1707 (PAO1-DSM) subline was constructed in 1989 using pulsed field gel

electrophoresis (PFGE) (Romling et al., 1989), and was later combined with

information from the genetic map (Ratnaningsih et al., 1990). The complete

genome of the PAO1 subline from the University of Washington (PAO1-

UW) was sequenced in 2000 (Stover et al., 2000) and is currently available

at the Pseudomonas Genome Database (Winsor et al., 2011), where peer-

reviewed annotations are continually updated. P. aeruginosa PAO1-UW

was found to contain a 2.2 Mb inversion with respect to the physical map

of PAO1-DSM (Stover et al., 2000).

Since the sequencing of P. aeruginosa PAO1-UW (Stover et al., 2000)
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the whole genomes of a number of additional isolates of P. aeruginosa have

been sequenced (Genbank Genomes: P. aeruginosa), due to the decreas-

ing cost and increasing availability of high throughput genome sequencing.

P. aeruginosa has been found to consist of a conserved core genome inter-

rupted by strain-specific regions of genome plasticity (RGP) which make up

the variable accessory genome (Mathee et al., 2008).

Whole genome sequencing and PFGE of PAO1 sublines MPAO1, used

for the construction of a transposon mutant library (Jacobs et al., 2003),

and PAO1-DSM, upon which the physical map is based, revealed chromoso-

mal di↵erences between these two PAO1 sublines and the genome sequence

of PAO1-UW (Klockgether et al., 2010). PAO1-DSM was found not to have

the 2.2 Mb inversion found in PAO1-UW. Additionally, both MPAO1 and

PAO1-DSM were found to contain a previously unreported 12 kb prophage-

like sequence, designated RGP42, as well as a number of single nucleotide

polymorphisms (SNPs) and small insertions and deletions (INDELs) com-

pared to the PAO1-UW genome sequence (Klockgether et al., 2010).

Luong et al. (2014) reported that PAO1 sublines from various labora-

tories display a specific phenotype, termed the P2 phenotype, whose char-

acteristics include altered pyocyanin production, high swarming motility,

low resistance to Cm and increased killing of Caenorhabditis elegans. The

P2 phenotype was also observed in several mutants from the P. aeruginosa

MPAO1 transposon mutant library. Cloning of the wild type gene back into

one of these mutants had no e↵ect on the P2 phenotype, indicating the an-

cestral strain of the MPAO1 transposon mutant library also displayed this

phenotype. The P2 phenotype was thought to be caused by variations in

the mexT and mexF genes of these PAO1 sublines.

In order to further characterise the genetic diversity of commonly pub-

lished PAO1 sublines from various laboratories, whole genome sequencing

and optical mapping of a range of these was carried out. Comparison of the
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results obtained with the published sequence of PAO1-UW (Stover et al.,

2000) revealed genetic diversity in the form of SNPs and short INDELs as

well as large chromosomal deletions and insertions. This level of genetic

variation has been shown previously in P. aeruginosa clinical strains and

is thought to be a means by which P. aeruginosa can expand its environ-

mental niches (Mathee et al., 2008), but this is the first report of large scale

genetic variation in sublines of the same strain from di↵erent laboratories.

Unlike P. aeruginosa PAO1, strains PAO2 and PAO3 have not been

as highly distributed and propagated in laboratories over the years. These

strains are therefore thought to be less variable and more similar to the

original P. aeruginosa PAO isolate from which they are derived, as serine

(PAO2, ser-3 ) and tryptophan (PAO3, trp-54 ) auxotrophs (Figure 2.1),

generated by mild manganous chloride mutagenesis (Holloway, 1955). The

chromosomes of these strains were therefore analysed as well as the PAO1

sublines, and this data used to deduce the chromosomal sequence of the

ancestral P. aeruginosa PAO. This could be utilised as a more universal

reference sequence for researchers working with P. aeruginosa PAO1, to

which all the sublines are more closely related.
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2.2 Materials and Methods

2.2.1 Bacterial strains, plasmids and growth condi-

tions

Strains and plasmids used in this study are listed in Table 2.1. Unless

otherwise stated, for all strains and sublines, a 1 µl loopful of glycerol stock

was streaked on an LB agar purity plate, which was grown overnight at

37 �C. Batch cultures were made from a pool of colonies on the plate, as

opposed to from a single colony, if the plate was not comtaminated with

other bacterial species. This was carried out in order to characterise the

global genome of the stock instead of that of an individual clone. A 1 µl

loopful of bacterial cells were cultured at 37 �C in 10 ml of liquid lysogeny

broth (LB) in a shaking incubator at 200 rpm, to allow for su�cient aeration

of the bacterial cells during growth. Glycerol stocks were stored at -80 �C,

and kept on dry ice when removed from the freezer for use.
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Table 2.1: Bacterial strains and plasmids used in this study

Strain Description Source

PAO1-ATCC P. aeruginosa PAO1
(Schroeter) Migula, ATCC
15692. First mentioned in
(Holloway, 1969)

ATCC Strain Collection
(http://http://www.atcc.org), pur-
chased September 2014

PAO1-M University of Manchester labo-
ratory subline

University of Manchester, via A.
McBain

PAO1-L Lausanne laboratory subline University of Lausanne, via D. Haas

PAO1-N University of Nottingham lab-
oratory subline

via P. Gilbert, obtained before 1992

PAO1-DSM PAO1-DSMZ 1707 subline,
used to construct physical map
(Romling et al., 1989)

German Collection of Microorganisms
and Cell Cultures (DSMZ)

MPAO1 PAO1 subline used to con-
struct transposon library (Ja-
cobs et al., 2003)

University of Rochester Medical Cen-
tre, NY, via B. Iglewski

PAO1-W PAO1 subline from University
of Warsaw

M. Bagdasarian, via V. Shingler

PAO1-E University of Tartu laboratory
subline

Pseudomonas Genetic Stock Centre
(http://www.pseudomonas.med.ecu.edu)
via M. Kivisaar, purchased 2004

PAO2 ser-3 auxotroph of PAO B. Holloway, via D. Haas

PAO3 trp-54 auxotroph of PAO B. Holloway, via D. Haas

PAO2-AUX PAO2 restored to prototroph P. Papakyriacou, 2014

PAO3-AUX PAO3 restored to prototroph P. Papakyriacou, 2014

P. aeruginosa Not-
tingham K13

Nottingham clinical isolate Zoie Aiken, Clinical Microbiology,
Queen’s Medical Centre

pME6032 Cloning and expression vector
derived from pVS1, containing
the Ptac promoter (TetR)

(Heeb et al., 2000)

pGEM-T Easy
Vector II

Multi-copy cloning vector
linearised with EcoRV with
a thymine overhang, within
lacZ (AmpR)

Promega, UK

E. coli JM109 High e�ciency competent cells Promega, UK

E. coli S17-1 �pir TpR SmR recA thi pro hsdR17
(rK�mK+) RP4-2 [Tc::Mu
Km::Tn7] �pir

(de Lorenzo et al., 1993)

2.2.2 M9 minimal medium for Pseudmonas

M9 minimal medium consisted of a 250 ml basal salt solution (monobasic

potassium phosphate; 4.4 x10�2 M, dibasic sodium phosphate dihydrate; 8.4

x10�2 M, sodium chloride; 1.7 x10�2 M) and 250 ml Agar Oxoid L11 No1;
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42 Chapter 2. Determination of the ancestral genomic sequence of PAO

2.2 % (Thermo Fisher Scientific Inc., Loughborough, UK), supplemented

with 1.9 x10�2 M) ammonium chloride, 10�4 M calcium chloride, 10�3 M

magnesium sulphate and 10�2 M glucose. Minimal medium was prepared

using dH2O and autoclaved at 121 �C for 20 minutes at a pressure of 15

pounds per square inch (p.s.i.). Unless otherwise stated, reagents for the

minimal medium were purchased from Sigma Aldrich (Dorset, UK).

2.2.3 Genomic DNA extraction

Genomic DNA was isolated from bacterial cultures using the GenElute

Bacterial Genomic DNA Kit according to the manufacturer’s instructions

(Sigma Aldrich, Dorset, UK), unless otherwise described. The DNA concen-

tration and the ratios of absorbance at 260/280 nm and 260/230 nm were

measured to assess the purity of each sample using the NanoDrop 1000

Spectrophotometer (Thermo Fisher Scientific Inc.) and DNA concentration

was further verified using the Qubit 2.0 fluorometer (Invitrogen, Life Tech-

nologies, Paisley, UK). Chromosomal DNA quality was assessed by running

agarose gel electrophoresis on a 0.8% (w/v) agarose gel in 1x Tris-Acetate-

EDTA bu↵er (TAE). DNA was visualised on the gel using SYBR-gafe DNA

gel stain following manufacturers instructions (Thermo Fisher, UK).

2.2.4 Whole genome sequencing

Whole genome sequencing and optical mapping were carried out for all

PAO1 sublines, and strains PAO2 and PAO3. Paired end sequencing li-

braries were prepared using the Illumina Nextera kit according to the man-

ufacturer’s protocols (Illumina, San Diego, CA) 1 and whole genome se-

quencing was performed on the Illumina MiSeq platform.

1Library preparation of all but one Illumina MiSeq library was carried out by Huey
Jia Cheng, University of Malaya, Kuala Lumpur.
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2.2.5 Modification of the PAO1-UW reference genome

sequence

The PAO1-UW reference genome (Genbank Accession Number: NC 002516)

was modified using scripts inversion.pl and insertion.pl (Sections 5.3 and 5.2

in Appendix), to include the 2.2 Mb inversion between ribosomal operons

rrnA and rrnB (between genome positions 727,255 and 4,788,573) and the

RGP42 insertion after tRNA-Met (PA4673.1, genome position 5,242,102),

once both of these features had been confirmed by optical mapping (Section

2.2.11) in all studied strains. (Genbank accessions for reference sequences

can be found in Table 5.1). Genome annotations were transferred from

the PAO1-UW reference sequence and the RGP42 sequence to the modified

sequence using the Rapid Annotation Transfer Tool (Otto et al., 2011).

2.2.6 Analysis of Sequence Read Archive data

The Illumina reads for PAO1-DSM and MPAO1, as published by Klock-

gether et al. (2010), were downloaded from the Sequence Read Archive

(SRA). Both datasets consisted of 35 bp single end Illumina reads.

Reads from both datasets were combined and mapped to the PAO1-

UW reference genome (Genbank Accession Number: NC 002516) with the

ELAND read aligner, using parameters as described in (Klockgether et al.,

2010). The resulting alignment file was used to separate the Illumina reads

for each subline into two groups; reads which map to the PAO1-UW ref-

erence sequence, and reads which do not map to the reference. These two

groups of reads were then mapped separately to the RGP42 sequence (Gen-

bank Accession Number: GQ141978), the PAO1-UW reference sequence,

and the modified PAO1-UW reference sequence, using Smalt version 0.7.0.1

(Ponstingl, 2012) with a kmer of 12 and a step size of 2.

Hardeep Naghra PhD Thesis



44 Chapter 2. Determination of the ancestral genomic sequence of PAO

2.2.7 Read mapping, realignment and variant calling

Whole genome sequence datasets were subjected to adapter trimming using

Trimmomatic version 0.30 (Bolger et al., 2014), as well as hard trimming

at the 5’ end using the script fastq trim 5.pl (Section 5.4 in Appendix).

Trimmed reads were aligned to the modified PAO1-UW sequence using

Smalt version 0.7.0.1 (Ponstingl, 2012) with a kmer of 12 and a step size

of 2. The alignment files were sorted, and PCR duplicates removed us-

ing Samtools (Li et al., 2009). Details of the percentage of reads mapped,

and the reference genome coverage for each dataset can be found in Table

2.3. INDEL realignment was carried out with the Genome Analysis Toolkit,

(McKenna et al., 2010), and SNPs and INDELs determined using Samtools

mpileup, using varying base quality thresholds (parameter -Q). SNPs were

filtered to exclude those with low coverage (<5x) and those which were not

supported by at least two reads on each strand using scripts filter vcf.pl and

filter vcf dp4.pl (Sections 5.5 and 5.6 in Appendix). SNPdat (Doran and

Creevey, 2013) was used to characterise SNPs in genes, and the resulting

amino acid changes. Regions with zero read coverage were detected us-

ing the genomeCoverageBed functionality of bedtools with the -bga option

(version 2.17.0, Quinlan and Hall, 2010).

2.2.8 De novo assembly

De novo assembly was carried out using Velvet version 1.2.07 (Zerbino and

Birney, 2008) with a kmer of 121 with no sca↵olding, and the expected

coverage flag set to auto.

2.2.9 Nucleotide BLAST

Nucleotide BLAST searches of novel sequences were carried out at the

NCBI BLAST server (Johnson et al., 2008) against the nucleotide sequence

database (nt). Distance trees of BLAST results were calculated at the NCBI

Hardeep Naghra PhD Thesis



2.2. Materials and Methods 45

web server, using the Fast Minimum Evolution tree method (Desper and

Gascuel, 2004).

2.2.10 Phage genome annotation

Initial phage genome annotation was carried out using the PHAST web-

server (Zhou et al., 2011). Gene product annotations were assigned based

on inspection of NCBI BLASTn results and Pfam (http://pfam.xfam.org/)

results of each predicted coding region. Gene models were modified accord-

ing to these results where appropriate. Additional coding sequences were

assigned using Artemis open reading frame (ORF) finder and subsequent

inspection of NCBI blastn and Pfam results.

2.2.11 Optical Mapping

High molecular weight (HMW) DNA was isolated from a single colony using

the HMW DNA Isolation Kit (Opgen, Inc., Gaithersburg, MD) according to

the manufacturer’s instructions. The quality of HMW DNA was assessed

using QCard (Opgen, Inc., Gaithersburg, MD) and the concentration of

the HMW DNA was adjusted using dilution bu↵er. DNA molecules were

stretched and linearised on a charged glass surface using a channel forming

device (CFD). The restriction endonuclease BamHI was added into a Map-

Card and incubated in a MapCard Processor to allow digestion of the DNA

molecules on the glass surface. The fragmented DNA was stained with DNA

intercalating fluorescent dye and the DNA molecules were imaged under a

high resolution microscope. DNA molecules were assembled into a whole

genome map using the OpGen Genome Builder software.2 Optical maps

were aligned to PAO1-UW (GenBank accession no.: NC 002516) using the

OpGen MapSolver software and manually inspected to locate regions of dif-

2Optical map preparation and the building of the whole genome map was carried out
by Corrinne Lee, University of Malaya, Kuala Lumpur.
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ference larger than 2 kb, since fragments shorter than 1 kb or two adjacent

fragments that are both smaller than 1 kb cannot e�ciently be detected by

optical mapping, and are therefore underrepresented in the dataset.

2.2.12 Polymerase Chain Reaction

Polymerase chain reactions (PCRs) were performed using GoTaq poly-

merase (Promega, Wisconsin, USA). The PCR mix was made up according

to the manufacturers instructions.

Primers were designed using the Primer3 version 0.4.0 web interface

(http://bioinfo.ut.ee/primer3-0.4.0/) and were synthesised by Sigma Aldrich

(Dorset, UK). Primer sequences and cycling conditions used can be found

in Section 2.2.13, Table 2.2.

PCR purification was performed using the QIAquick PCR purification

kit (QIAGEN, Hilden, Germany) following the supplier’s instructions. PCR

products were visualised on a 1% w/v agarose gel, as described in Sec-

tion2.2.3.

2.2.13 Primers and Cycling Conditions

Primer sequences and cycling conditions used in this thesis are shown in

Table 2.2.
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48 Chapter 2. Determination of the ancestral genomic sequence of PAO

2.2.14 Random amplified polymorphic DNA analysis

For each strain or subline analysed, multiple colonies were sampled from

each LB agar purity plate for the RAPD analysis. DNA extraction was car-

ried out using Chelex-100 Resin (BioRad 143-2832, Hertfordshire, UK). A

5% solution of Chelex-100 in molecular grade water (Sigma Aldrich W4502,

Dorset, UK) was used for the extraction, as described in (de Lamballerie

et al., 1992). A 1 µl loopful of the multiple colonies was suspended in 100 µl

of 5% Chelex solution. After mixing with a vortex and pulse centrifugation,

the suspension was incubated at 56 �C for 15 minutes. Following further

mixing with a vortex and pulse centrifugation, the suspension was then in-

cubated for a further 8 minutes at 99 �C, and then centrifuged at 13,000

rpm in a microcentrifuge (Heraeus Pico Biofuge) for two minutes. The

supernatant was extracted and used for PCR.

PCR amplification was carried out using primers D10514 and 272 for

P. aeruginosa (Vogel et al., 1999; Mahenthiralingam et al., 1996), and

Ready-To-Go RAPD Analysis Beads (GE Healthcare 27-9500-01, Bucking-

hamshire, UK). 0.25 µl of primer (100mM), 22.75 µl of molecular grade

water (Sigma Aldrich W4502, Dorset, UK) and 2 µl of DNA were added to

each Ready-To-Go RAPD bead.

Forty-five PCR cycles were run as previously described for P. aeruginosa

(Vogel et al., 1999). Agarose gel electrophoresis was carried out using a 1.5%

agarose gel in 1x Tris-Borate EDTA (TBE) bu↵er. The gel was stained with

ethidium bromide and visualised using a UV transilluminator.

2.2.15 Auxotroph Phenotype Determination and Com-

plementation of Prototroph Phenotype

The laboratory work in this section was carried out under my supervision

by Pantelitsa Papakyriacou as part of her MSc Research Project at the

University of Nottingham.
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2.2. Materials and Methods 49

Strains PAO1-L, PAO2 and PAO3 were grown overnight on M9 minimal

medium agar and on M9 minimal medium agar supplemented with serine

or tryptophan at concentrations of 3 mM and 9 mM in order to confirm the

auxotrophies of PAO2 and PAO3.

Primer sequences, which incorporate restriction enzyme recognition se-

quences, as well as cycling conditions for each primer set, are listed in Table

2.2. Ligations were carried out using T4 DNA Ligase (Promega, UK) as

per manufacturer’s instructions.

PA0316 was cloned into the shuttle expression vector pME6032 (Heeb

et al., 2000) in two steps. TA cloning was carried out into E. coli S17

using the pGEM-T Easy Vector System II (Promega, UK) according to

manufacturers instructions with the following adjustment; SOC medium

was replaced with lysogeny broth (LB). Positive clones were verified using

Sanger sequencing. PA0316 from the TA cloning vector was subcloned into

pME6032. Wild type PA0651 from PAO1-L was cloned directly into the

pME6032 shuttle vector (Heeb et al., 2000). Competent cells were trans-

formed by electroporation, as previously described (Green et al., 2012).

Transformation into P. aeruginosa was carried out using standard molec-

ular biology methods (Sambrook and Russell, 2001). Transformed cells were

subsequently grown on M9 minimal media agar to test for restoration of the

prototroph phenotype.

2.2.16 Bacteriophage plaque assay

PAO1-L and PAO1-M cultures were grown as described in Section 2.2.1.

One of the PAO1-M cultures was centrifuged at 6000 rpm for 10 minutes

in a Beckman Coulter Allegra 64R centrifuge. The supernatant of the cen-

trifuged PAO1-M culture was filter sterilised using a 0.2 µm pore filter.

Five rounds of 1 in 10 serial dilution were carried out on the PAO1-M su-

pernatant.
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50 Chapter 2. Determination of the ancestral genomic sequence of PAO

The bacteriophage plaque assay was carried out using the filter sterilised

PAO1-M supernatant at varying dilutions, with cells from PAO1-L, to test

for lytic phage activity, and PAO1-M, the negative control. 3 ml of 0.7%

(w/v) soft top agar was seeded with 10 µl of supernatant and 30 µl of

bacterial cells and grown over a layer of 1.5% (w/v) LB agar.

Phage were picked from the plaques using a toothpick. These were then

subjected to a colony PCR using primers specific to the phage sequence

(Table 2.2). PCR purification was carried out using the GENECLEAN

Turbo Kit (MP Biomedicals, Santa Ana, USA) according to manufacturer’s

instructions, followed by Sanger sequencing of the PCR product.

2.2.17 GC Skew Analysis

The cumulative GC skew across the chromosome of PAO1-UW and the

modified PAO1-UW sequence were calculated using GenSkew

(http://genskew.csb.univie.ac.at/) with a window size of 500.

2.3 Results

2.3.1 Data from the Sequence Read Archive (SRA)

for sublines MPAO1 and PAO1-DSM

The quality of the Illumina data for sublines PAO1-DSM and MPAO1, ob-

tained from (Klockgether et al., 2010), was inspected using FastQC version

0.10.0 (Babraham Institute, unpublished) with varying kmer sizes3 A kmer

corresponds to all possible subsequences of length k present in a sequence.

The per base sequence quality plots, which show the average Phred quality

score of each base across the length of all Illumina reads, for the two sublines

are shown in Figure 2.2.

3Raw fastq files for PAO1-DSM and MPAO1 from the (Klockgether et al., 2010) study
were provided by the authors.

Hardeep Naghra PhD Thesis



2.3. Results 51

Figure 2.2: Average quality (Phred) score across the length of the
single end SRA Illumina reads for PAO1-DSM and MPAO1. Quality
scores are given as Illumina Q score, where Q10 is equal to 90% base call accuracy
Q20 is equal to 99% base call accuracy, and Q30 is equal to 99.9% base call
accuracy. Quality plots were generated using FastQC version 0.10.0 (Babraham
Institute, unpublished)

There is a considerable drop in quality around halfway along the 35 bp

reads in these two Illumina sequencing runs; after base 25 the average base

quality drops below Q20 (99% accuracy). The overall percentage of bases

with a quality score greater than or equal to Q20 was 76% for PAO1-DSM

and 68.9% for MPAO1. Given the short read length, quality trimming

would result in very short reads of  35 bp. In order to have uniform read

lengths and overall data quality for all datasets, the decision was taken to

resequence the MPAO1 and PAO1-DSM sublines.

2.3.2 Quality control of whole genome sequencing reads

Read quality of Nextera reads was assessed using FastQC. The plots for read

quality and sequence content for the forward and reverse reads of MPAO1

are shown in Figure 2.3. From the quality score plots, it is evident that the

reverse reads have a greater variation in quality score towards the 3’ end of

the reads compared to the forward reads. This is reflected in the sequence

content plot (Figure 2.4) for the reverse read, by a change in sequence

composition at the 3’ end of reverse reads, which is not seen to the same

extent in the forward reads.
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52 Chapter 2. Determination of the ancestral genomic sequence of PAO

By default, FastQC displays overrepresented kmers of length 5 in the

input dataset, the results for which are shown in Figure 2.5. From this

graph, it is clear that there are several overrepresented 5mers (all possible

subsequences of length 5 present in a sequence) at the 5’ end of all forward

and reverse reads. The sequences of these 5mers correspond to the sequences

of the Nextera primers used. There also appears to be an enrichment of

poly-A sequences at the 3’ end of both forward and reverse reads and an

enrichment of poly-T sequences in the reverse read only. To investigate this

further, the FastQC analysis was repeated with a kmer value of 10 (Figure

2.6). In the forward reads, there is an increase in the enrichment of 10mers

which correspond to the Nextera adapter sequence. This is likely to be

due to a combination of long read length and short fragment size. Similar

FastQC results were obtained for all sequenced strains and sublines.

In light of these findings, adapter trimming was carried out on all datasets,

as well as a hard trim at the 5’ end of reads, in order to remove primer se-

quences.

2.3.3 Read mapping

The read mapping statistics for each strain and subline are shown in Ta-

ble 2.3. In general, >99% of reads for each strain/subline mapped to the

reference sequence, apart from strain PAO2, where only 90.06% of reads

mapped. Unmapped reads from PAO2 were found to correspond to reads

from a novel prophage sequence, found in PAO1-M (section 2.3.11).

Strains PAO1-M, PAO2 and PAO3 were initially sequenced at the Uni-

versity of Nottingham, prior to being sequenced at the University of Malaya,

along with the other PAO1 sublines shown in Table 2.1. De novo assemblies

were carried out using WGS data for each isolate, from both universities.

The PAO1-M insertion sequence was used as a query in a BLAST search of

all thirteen de novo assemblies, and according to the results of this BLAST
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Figure 2.3: FastQC quality plots for raw reads of subline MPAO1. A:
Quality scores across all bases, forward reads. B: Quality scores across all bases,
reverse reads.
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54 Chapter 2. Determination of the ancestral genomic sequence of PAO

Figure 2.4: FastQC percentage sequence content plots for raw reads
of subline MPAO1. A: Sequence content across all bases, forward reads. B:
Sequence content across all bases, reverse reads.
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Figure 2.5: FastQC percentage kmer content plots for raw reads of
subline MPAO1, where kmer=5. Graphs show relative enrichment of 5mers
over the read position in A: forward reads and B: reverse reads.
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Figure 2.6: FastQC percentage kmer content plots for raw reads of sub-
line MPAO1, where kmer=10. Graphs show relative enrichment of 10mers
over the read position in A: forward reads and B: reverse reads.
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2.3. Results 57

Table 2.3: Read mapping statistics for each strain/subline.

Strain/subline
or strain

Percentage reads
mapped

Percentage
genome coverage

PAO1-ATCC 99.93 99.97
PAO1-M 99.38 99.99
PAO1-L 99.95 99.99
PAO1-N 99.93 99.13
PAO1-DSM 99.87 100
MPAO1 99.97 99.98
PAO1-W 99.96 99.98
PAO1-E 99.77 99.12
PAO2 90.06 100
PAO3 99.87 100

search the PAO1-M insertion sequence was present in PAO1-M sequenced

at both universities, and in PAO2 sequenced at the University if Malaya,

but not in PAO2 sequenced at the University of Nottingham. This indicates

that the PAO2 sample squenced at the University of Malaya became con-

taminated with the PAO1-M phage at some point during DNA extraction

or sample preparation. The PAO1-M insertion was not found in the optical

map of PAO2, and was only found in the optical map of PAO1-M.

Sequencing reads of all strains/sublines covered >99% of the modified

reference sequence, with all strains/sublines showing complete coverage of

the RGP42 region (Klockgether et al., 2010). Optical mapping results were

in agreement with the whole genome sequencing results, indicating the pres-

ence of the RGP42 in all strains and sublines (Figure 2.7).

Bedtools was used to detect areas of the modified PAO1-UW genome

where no sequencing reads mapped. These regions were inspected visually

using Artemis to determine if they corresponded to putative deletions in

each sequenced strain and subline. The determined putative deletions are

shown in Table 2.4.
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58 Chapter 2. Determination of the ancestral genomic sequence of PAO

Figure 2.7: Optical mapping confirms the presence of the RGP42 in-
sertion sequence in all studied strains and sublines. The RGP42 sequence
is highlighted in red. Optical maps for all studied strains and sublines, as well as
in silico optical maps for PAO1-UW and the modified version of PAO1-UW were
compared using the OpGen MapSolver software.
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2.3.4 Initial variant calling reveals a high proportion

of SNPs occur in the RGP42 insertion sequence

Initial variant calling was carried out using mpileup base quality thresholds

of Q10, Q15 and Q20, where the variant caller skips all bases in reads

with a base call error probability greater than or equal to 0.1, 0.03 or 0.01,

respectively (Ewing and Green, 1998). SNPs were filtered as described in

Section 2.2.7. A large proportion of SNPs for each strain/subline at each

base quality threshold were found to be located within RGP42 (Figure 2.8).

Figure 2.8: A large proportion of total SNPs for each strain and sub-
line are located within RGP42. Number of SNPs within RGP42 (shown
in pink) and in the remainder of the genome, or outside RGP42, (shown in
blue) for each strain/subline at base quality thresholds Q10, Q15 and Q20.
AT=PAO1-ATCC, DS=PAO1-DSM, ES=PAO1-E, LA=PAO1-L, MA=PAO1-
M, MP=MPAO1, NO=PAO1-N, P2=PAO2, P3=PAO3, WA=PAO1-W.

It is evident that a similar number of SNPs are found within the RGP42

island between strains/sublines at base quality thresholds Q10 and Q15,

but that there is a decrease in the number of SNPs in RGP42 at Q20

(Figure 2.8). The number of SNPs in the remainder of the genome (outside

RGP42) in each strain/subline follows the same pattern, with less SNPs

outside of RGP42 at base quality threshold Q20 compared to Q10 and Q15.

Hardeep Naghra PhD Thesis



2.3. Results 61

However, SNPs within RGP42 outnumber those outside of RGP42 for all

strains/sublines and base quality thresholds.

The RGP42 island was first described by Klockgether et al. (2010), and

contains a prophage-like region that shares synteny and sequence identity

with the region between PA0727 and PA0717 in the PAO1-UW chromosome.

This region in PAO1-UW corresponds to the genomic island RGP5 (Figure

2.9).

Figure 2.9: Gene map of the 12 kb RGP42 insertion and flanking re-
gion in the PAO1-UW chromosome (adapted from (Klockgether et al.,
2010)). Homologs of open reading frames (ORFs) PA0717-PA0727 in the PAO1-
UW region, RGP5, are marked with a criss cross pattern. ORFs outside of the
RGP42 insertion are shown in white. Genes encoding phage proteins are coloured
in grey (integrase, int; coat proteins, coaAB. ORFs encoding serine/threonine
phosphotransferases, which are missing in PAO1-UW, are shown in black.

It was observed that each sequenced strain/subline had a similar number

of SNPs in RGP42 at base quality thresholds Q10 and Q15 (Figure 2.8).

These SNPs were found to be located between the second and twelfth open

reading frame (ORF) of RGP42, which strikingly corresponds to the region

which is homologous to RGP5. For each base quality threshold, SNPs were

located in the same position in each strain/subline (Figure 2.10).
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In the original study carried out by (Klockgether et al., 2010), the

RGP42 region was assembled using reads which did not map to the PAO1-

UW genome sequence. This assembly was then extended using reads which

did map to the PAO1-UW genome sequence. In order to investigate if

the high SNP density in RGP42 was an artefact of the genome assembly

method, the reads from the original dataset of (Klockgether et al., 2010),

which were publicly available at the Sequence Read Archive (SRA), were

mapped to both the PAO1-UW genome sequence and the RGP42 sequence,

as described in Section 2.2.6.

After aligning the reads of the original dataset to the PAO1-UW se-

quence, the dataset was divided into reads which mapped to the reference

sequence and reads which did not map. These two subsets of data were

then mapped separately to the RGP42 sequence (Figure 2.11).

Reads which did not map to PAO1-UW were found to map across the

entire length of the RGP42 sequence, although at a lower read coverage

between ORFs 2 and 12. Reads which mapped to the PAO1-UW reference

sequence were found to map to the RGP42 sequence with greater cover-

age than reads which did not map to the reference between the second and

twelfth ORF of RGP42. This region is homologous to RGP5, and is where

SNPs were found in the sequenced strains and sublines. These reads were

found to map to the RGP5 region of PAO1-UW (Figure 2.12A), specifi-

cally at the region between genes PA0717 and PA0727 (Figure 2.12B). This

indicates that the SNPs in the sequenced strains and sublines are likely

to correspond to the actual sequence of RGP42, and the reference base at

the SNP positions is likely to correspond to the sequence within the RGP5

duplication.

Alignment and comparison of the RGP42 and RGP5 sequences revealed

that the reference bases of RGP42 at SNP positions were identical to the

corresponding base in the alignment in RGP5. SNPs which were called in
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64 Chapter 2. Determination of the ancestral genomic sequence of PAO

Figure 2.11: Mapping of MPAO1 and PAO1-DSM reads from (Klock-
gether et al., 2010) dataset to the RGP42 sequence. A: Coverage plot
of mapped reads. Coverage of reads which mapped to the PAO1-UW reference
sequence are shown in red, and coverage of reads which did not map to the PAO1-
UW reference sequence are shown in green. B: SNPs in RGP42 in all strains and
sublines sequenced in this study. C: Coding sequences in the RGP42 sequence
(cyan blue).

all sequenced strains and sublines by the variant caller, of which there were

39 SNP loci, were confirmed by PCR amplification and subsequent Sanger

sequencing of corresponding regions in PAO1-DSM and MPAO1 (Table 2.5).

In all cases the SNPs in RGP42 were confirmed by PCR, indicating that

these correspond to the correct RGP42 sequence.

There were an additional three SNP locations where variants were not

called in all strains/sublines, although manual inspection of the reads map-

ping to these regions in Artemis seemed to indicate a SNP in all strains/-

sublines at these three positions. These SNPs were confirmed to exist in

PAO1-DSM and MPAO1 by PCR and subsequent Sanger sequencing (Table

2.6). A further three SNP positions were confirmed to exist in PAO1-DSM

and MPAO1 by PCR, and were not called by the variant caller in any of

the sequenced strains or sublines (Table 2.7).
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2.3. Results 65

Figure 2.12: Mapping position of reads which mapped to both PAO1-
UW and RGP42 in the PAO1-UW sequence. A: Reads which map to
both PAO1-UW and RGP42 were found to map to a single region of the PAO1-
UW sequence. B: Zoomed in view of this region reveals that these reads map to
the RGP5 region (genes PA0717 - PA0727), which is homologous to the region
between the second and twelfth ORF of RGP42.
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66 Chapter 2. Determination of the ancestral genomic sequence of PAO

Table 2.5: PCR confirmed discrepancies in RGP42.

Position in mod-
ified PAO1-UW
sequence

Position
in RGP42
sequence
(GQ141978)

Ref. Base Corresponding
base in
RGP5

PCR con-
firmed
discrepancies

5243522 1420 A G G
5243698 1596 A A G
5243713 1611 A A G
5243779 1677 G G A
5243782 1680 T T C
5243787 1685 G G T
5244022 1920 T T C
5244025 1923 C C T
5244175 2073 G G A
5244202 2100 A A G
5244208 2106 T T C
5244265 2163 T T C
5244277 2175 A A G
5244313 2211 G G A
5244328 2226 G G A
5244403 2301 C C G
5244406 2304 G G C
5244408 2306 G G A
5244409 2307 T T C
5244454 2352 A A G
5244755 2653 T T A
5244875 2773 C C A
5244888 2786 G G A
5244899 2797 G G C
5244905 2803 A A G
5244921 2819 A A G
5245736 3634 G C T
5246959 4858 C C T
5246964 4863 G G A
5246969 4868 T T C
5247141 5040 A A G
5247159 5058 T T G
5248597 6496 C C G
5248598 6497 A A G
5248606 6505 G G A
5249103 7002 A A G
5249123 7022 T T G
5249468 7367 A A G
5249897 7796 T T G
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68 Chapter 2. Determination of the ancestral genomic sequence of PAO

PCR amplification and Sanger sequencing of the region corresponding

to the deletion in RGP42, as indicated by Bedtools (Table 2.4), was carried

out. The deletion was determined to be located at positions 5,246,891 -

5,246,893 and was found to be preceded by a SNP at position 5,246,890.

2.3.5 Analysis of variants outside of RGP42

Upon inspection of the results of variant calling using quality score cut o↵s

Q10, Q15 and Q20, it was found that a number of SNPs were missing in

the Q20 dataset compared to Q10 and Q15 datasets. This was found to

include the three SNPs in RGP42 which were not called in all datasets, but

were confirmed to be true SNPs in PAO1-DSM and MPAO1 (Table 2.6).

To avoid the risk of false negative SNP calls, SNPs called using the quality

cut o↵ Q10 were compared to SNPs called using the quality cut o↵s Q13

and Q15. A large number of SNPs were found in all three datasets, and

so were not a↵ected by the quality cut o↵ used. Manual inspection of read

alignments with Artemis supported the presence of this subset of SNPs,

which consisted of 72 SNP loci, of which 39 were found in RGP42 (Table

2.5). The data for the 33 SNP loci outside of RGP42 is shown in Table 2.8.

Twelve out of the 33 SNP loci outside of RGP42 corresponded to SNPs in

all ten sequenced strains and sublines, including PAO2 and PAO3. These

either correspond to misassemblies in the PAO1-UW reference sequence,

or to SNPs unique to PAO1-UW. In these cases is it likely that the SNPs

called in the ten strains/sublines correspond to the sequence of the ancestral

P. aeruginosa PAO. Fourteen of the SNP loci correspond to SNPs unique

to individual strains/sublines. In the case of PAO1 sublines, these SNPs are

likely to have occurred after the PAO1 strain was distributed. In the case

of strains PAO2 and PAO3, these SNPs are likely to have occurred during

the process of manganese mutagenesis. Although there are a small number

of SNPs which are unique to particular strains/sublines, a large proportion
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(11/14) occur within protein coding sequences and lead to an amino acid

change or a premature stop codon.

A further seven SNP loci corresponded to SNPs which were shared by

two or more strains/sublines, but were not conserved across all sequenced

strains and sublines. Four of these SNP loci consist of SNPs shared by

PAO1-N and PAO1-E. The remaining three SNP loci can be divided into

two loci where SNPs were shared between PAO1-DSM and PAO2, and an

additional locus where a SNP is shared between PAO1-DSM, PAO2 and

PAO3. At all three of these SNP loci, PAO1-DSM appears to consist of a

mixed population of wild type and mutant.
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2.3. Results 71

SNP calls at 23 loci were not identical at all three base quality cut o↵s

(Q10, Q13 and Q15). Three of these were in RGP42 and are shown in Table

2.6. The remaining 20 are shown in Table 2.9. Five of these 20 SNP loci

(721611-721740 in PAO-consensus, Table 2.9) were located upstream of the

ribosomal operon rrnB in the modified PAO1-UW sequence, in a region

which is >99.5% identical in all four ribosomal operons in PAO1. Due to

the repetitive nature of this region, there is a chance that these SNPs are

miscalled due to reads carrying sequence variants which are actually derived

from one of the other three ribosomal operons. Alternatively, the SNPs at

this region could be a signature of recombination at this repetitive region.

The SNPs were concatenated and an attempt was made at a phylogenetic

reconstruction, however due to the small number of di↵erences between

sublines a reliable phylogeny could not be obtained.
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Six of the 20 SNP loci were not present when cut o↵s Q13 or Q15

were applied, however from a visual inspection of the mapped reads these

appear to be SNPs common to all sequenced strains and sublines (1066972-3,

4924552-3, 5755527-8 in PAO-consensus, Table 2.9). Visual inspection of the

mapped reads for a further five of the 20 SNP loci revealed that these SNPs

occur in regions where there are a high density of single base changes in

read sequences compared to the reference (64783, 64793, 3659765, 3659770,

5595558 in PAO-consensus, Table 2.9). It is unclear if these correspond to

real SNPs or whether they are due to errors in the Illumina reads.

Three of the 20 SNP loci correspond to SNPs which were not called

when the Q10 or Q13 cut o↵ was used, but were called with the Q15 cut o↵

(2708163, 3957011, 5036302 in PAO-consensus, Table 2.9). Visual inspec-

tion of read alignment at all three of these SNPs indicates that these are all

low frequency SNPs in their respective strains/sublines. One of these cor-

responds to a mutation in lasR in PAO1-DSM, which has been previously

reported (Klockgether et al., 2010). The final SNP locus corresponds to a

SNP which was called in all strains/sublines apart from PAO3 (413850 in

PAO-consensus, Table 2.9). Visual inspection of the mapped reads show a

low read coverage at this region in PAO3, however it looks like this region

does correspond to a SNP in PAO3. These cases remain to be resolved by

PCR.

2.3.6 INDEL analysis

Short insertions and deletions (INDELs) were called using the Genome

Analysis Toolkit, following INDEL realignment, using the modified PAO1-

UW sequence as the reference. A total of 54 INDEL positions were called in

the sequenced strains/sublines, with 36 of these corresponding to INDELs

conserved between all strains/sublines (Table 2.10). Given the conservation

of these INDELs between all sequenced PAO1 sublines as well as strains

Hardeep Naghra PhD Thesis



74 Chapter 2. Determination of the ancestral genomic sequence of PAO

PAO2 and PAO3, these INDELs are likely to correspond to the sequence

of the ancestral P. aeruginosa PAO. Eight of these INDEL positions corre-

spond to single base pair deletions, of which four were also predicted by the

Bedtools analysis of regions of zero read coverage (Table 2.4).

18 of the 54 INDELs were not conserved between all sequenced strains

and sublines (Table 2.11). Two of these INDELs (4775408 and 4788571)

were conserved in all sequenced strains/sublines except PAO1-N and PAO1-

E, as they were located within the 58.6 kb deletion shared between these two

strains (described in further detail in Section 2.3.10). One INDEL (2708112)

was predicted to be an 8 bp deletion in mexT, which was conserved in all

strains and sublines apart from PAO1-L. Visual inspection of the mapped

reads at this position appears to be in agreement with this result.
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2.3. Results 75

Table 2.10: INDELs conserved across all 10 sequenced strains and
sublines. Single base pair deletions also predicted by Bedtools are marked with a
*. Functional annotations were obtained from the Pseudomonas database (Winsor
et al., 2011).
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Three INDELs were found to be conserved between PAO1-N and PAO1-

E (Table 2.11). One of these (4734852) is a predicted 1 bp deletion located

at the base upstream of the start of the 58.6 kb deletion in PAO1-N and

PAO1-E (see Section 2.3.10), and upon observation of the mapped reads,

appears to be a false positive called only in reads which span the deletion

in the two sublines. The presence of the remaining two INDELs conserved

in PAO1-N and PAO1-E (5035080 and 5054946) is indicated by the visual

inspection of mapped reads. One INDEL was found to be common to PAO1-

DSM and PAO2 (3346479), however upon inspection of mapped reads this

1 bp insertion appears to be conserved in all strains and sublines. The

remaining INDELs are unique to individual strains/sublines, of which all

but one occur within protein coding sequences.

2.3.7 PAO2 and PAO3 are auxotroph mutants of

P. aeruginosa PAO

Strains PAO2 and PAO3 are thought to correspond to the serine (ser-3) and

tryptophan (trp-54) auxotrophs, respectively, which were originally derived

from P. aeruginosa PAO, as described in (Holloway, 1955; Holloway and

Rolfe, 1964; Isaac and Holloway, 1968; Haas and Holloway, 1976). Whole

genome sequencing revealed the presence of a deletion in the gene PA0316

in PAO2, and a non synonymous SNP in gene PA0651 in PAO3. Neither

of these genetic changes were found in other chromosomal sequences, or in

any other Pseudomonas isolate in Genbank (data not shown).

Strains PAO2 and PAO3 were determined to be unable to grow on M9

minimal medium (MM), but grew successfully on rich medium. PAO2 was

able to grow on M9 MM supplemented with 3 mM and 9 mM serine (Figure

2.13A), and PAO3 was able to grow on M9 MM supplemented with 3 mM

tryptophan (Figure 2.13B). PAO3 did not grow in the presence of 9 mM

tryptophan, however neither did PAO1-L, which contains the wild type form
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of PA0651. Therefore it appears that a high concentration of tryptophan

inhibits a vital metabolic process in P. aeruginosa in MM. From these

results it can be confirmed that PAO2 is a serine auxotroph and PAO3 is a

tryptophan auxotroph.

PA0316 corresponds to the gene serA, which potentially encodes D-

3-phosphoglycerate dehydrogenase. This enzyme catalyses the conversion

of phospho-D-glycerate to 3-phosphonooxypyruvate, in a reaction which

utilises the coenzyme nicotinamide adenine dinucleotide (NAD) (Tobey and

Grant, 1986). The gene is part of the glycine, serine and threonine KEGG

matabolic pathway, and is specifically within the pathway for the biosynthe-

sis of serine (Figure 2.16) Initial whole genome sequence analysis indicated

the presence of a 54 nucleotide deletion in gene PA0316 (Table 2.4).

The serA gene was amplified by PCR from chromosomal DNA of strain

PAO2 and subline PAO1-L and sequenced using Sanger sequencing4. The

sequence of the serA gene in PAO1-L was found to be 100% identical to

the serA gene in PAO1-UW, while the serA gene in PAO2 was found to

harbour a 69 bp deletion, which encompassed the putative 54 bp deletion

indicated by whole genome sequencing. The deletion in serA in PAO2 leads

to an in frame deletion causing the loss of thirteen amino acids in the SerA

protein (Figure 2.14A).

In order to predict if the deletion in serA in PAO2 could a↵ect protein

function, the amino acid sequence of PA0316 in PAO1-UW was used a query

for a BLAST search against the Protein Data Bank (http://www.rcsb.org,

(Rose et al., 2015)). Of the number of hits with percentage identity higher

than 55%, the structure of the active form of D-3-phosphoglycerate dehydro-

genase was selected (PDB identifier: 1YBA). The sequence of this protein

from E. coli shared 61% sequence identity with the protein sequence of

PA0316 from PAO1-UW. The alignment of these sequences can be seen in

4PCR of serA in PAO2 and PAO1-L was carried out by Pantelitsa Papakyriacou,
University of Nottingham as part of her MSc research project
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Figure 2.13: Confirmation of auxotroph phenotype of strains PAO2
and PAO3. A: Comparison of growth of PAO1-L and PAO2 on minimal media
(MM) and minimal media supplemented with 3 mM serine (MM + 3mM Ser)
and 9mM serine (MM + 9mM Ser). B: Comparison of growth of PAO1-L and
PAO3 on MM and minimal media supplemented with 3 mM tryptophan (MM +
3mM Trp) and 9mM tryptophan (MM + 9mM Trp).
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Figure 2.14A.

The residues corresponding to the PAO2 deletion in D-3-phosphoglycerate

dehydrogenase in E. coli were mapped to the three dimensional protein

structure, the result for which can be seen in Figure 2.14B. The PAO2 dele-

tion residues map to part of a beta sheet, an alpha helix and a loop in the

Rossmann fold of the protein. It’s likely that deletion of this part of the

Rossmann fold would disrupt the structure of the protein.

PA0651 corresponds to gene trpC, which encodes the protein indole-

3-glycerol-phosphate synthase. This enzyme catalyses the conversion of

1-(o-carboxyphenylamino) 1-deoxyribulose 5-phosphate (CdRP) to indole-

3-glycerol phosphate (IGP), the fifth reaction in tryptophan biosynthesis,

and involves the decarboxylation and dehydration of CdRP, which is the

enzyme substrate (Gerth et al., 2012). The gene is part of the phenylala-

nine, tyrosine and tryptophan biosynthesis KEGG matabolic pathway, and

is specifically within the pathway for the biosynthesis of tryptophan (Fig-

ure 2.17). Whole genome sequence analysis revealed the presence of a non

synonymous SNP in the trpC gene in PAO3 at position 705,310 with refer-

ence to the modified PAO1-UW sequence, which would lead to the mutation

E61K in the protein sequence. The SNP in trpC in PAO3 was confirmed by

PCR amplification of PA0651 from PAO3 and PAO1-L chromosomal DNA

and subsequent Sanger sequencing 5. The sequence of the trpC gene in

PAO1-L was found to be 100% identical to the trpC gene in PAO1-UW.

The alignment of the amino acid sequences of trpC from PAO1-UW and

PAO3 is displayed in Figure 2.15A.

In order to predict if the SNP in trpC in PAO3 could a↵ect protein func-

tion, the amino acid sequence of PAO651 from PAO1-UW was used as a

query for a BLAST search against the Protein Data Bank (http://rcsb.org,

(Rose et al., 2015)). The resulting protein structure with the highest per-

5PCR of trpC in PAO3 and PAO1-L was carried out by Pantelitsa Papakyriacou,
University of Nottingham as part of her MSc research project

Hardeep Naghra PhD Thesis



2.3. Results 81

Figure 2.14: Location of the PAO2 deletion in PA0316 in the protein
sequence and three dimensional protein structure. A: Multiple sequence
alignment of PA0316 protein sequence in PAO1-UW (wild type), PAO2 (aux-
otroph) and E. coli (PDB accession number: 1YBA). The alignment is coloured
according to percentage sequence identity. The region of the alignment corre-
sponding to the 13 amino acid deletion in PA0316 in PAO2 is marked in red.
B: Residues in the protein structure of wild type PA0316 in E. coli (1YBA) con-
tained within the PAO2 deletion. The region of the protein which is deleted in
PAO2 is shown in red, NAD is shown in blue.
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centage sequence identity to the sequence from PAO3, as well as a crystal

structure with bound ligand, was determined to be the crystal structure

of indole-3-glycerol phosphate synthase from Mycobacterium tuberculosis

(PDB identifier: 3T44). The protein from M. tuberculosis shared 40%

sequence identity with trpC from PAO1-UW. The alignment of these se-

quences can be seen in Figure 2.15A.

The residue at which there is a SNP in trpC in PAO3 was mapped onto

the three dimensional protein structure (Figure 2.15B), and was found to

be interacting with the co-crystallised product, IGP, via a hydrogen bond

in the crystallised protein from M. tuberculosis.

In order to verify that the SNP in PA0615 in PAO3 and the deletion

in PA0316 in PAO2 lead to the auxotroph phenotypes, these mutants were

transformed with the expression vector pME6032 (Heeb et al., 2000), into

which the wild type versions of each corresponding gene (from PAO1-L)

were cloned. The transformed strains were then grown on minimal media

to test for the restoration of the prototroph phenotype 6. The expression

of the wild type gene in each auxotroph mutant led to the restoration of

the prototroph phenotype, meaning that the deletion in serA in PAO2 and

the SNP in trpC in PAO3 are the causes of the serine and tryptophan

auxotrophy phenotypes, respectively (Figure 2.18).

2.3.8 Random amplified polymorphic DNA analysis

Random amplified polymorphic DNA analysis (RAPD) was carried out on

nine of the ten sequenced P. aeruginosa strains and sublines 2.12 using

two di↵erent primers, to see if the genomic changes in these strains and

sublines a↵ect the observed banding pattern. The clinical strain for which

the RAPD profile is known, P. aeruginosa Nottingham K13, was used as a

6Cloning and transformation of PA0316 and PA0651 into PAO2 and PAO3, respec-
tively, was carried out by Pantelitsa Papakyriacou, University of Nottingham as part of
her MSc research project
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Figure 2.15: Location of the PAO3 deletion in PA0651 in the protein
sequence and three dimensional protein structure. A: Multiple sequence
alignment of PA0651 protein sequence in PAO1-UW (wild type) and in PAO3
(auxotroph). The alignment is coloured according to percentage sequence identity.
The region of the alignment corresponding to the amino acid change in PA0651
(E61K) in PAO3 is marked in red. B: The interaction between glutamine 61
of indole-3-glycerol-phosphate synthase in PAO3 (which corresponds to glutamine
57 in the equivalent M. tuberculosis protein, PDB accession number: 3T44) and
the co-crystallised product, indole-3-glycerol phosphate (IGP). Glutamine 57 is
shown in pink, and IGP molecule is shown in blue. The hydrogen bond between
glutamine 57 and IGP is shown by an orange dashed line.
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Figure 2.16: Part of KEGG metabolic pathway involving gene PA0316.
Gene PA0316 is shown in red in the serine metabolism part of the glycine, serine
and threonine metaboilsm pathway (KEGG reference: pae00260)

Figure 2.17: Part of KEGG metabolic pathway involving gene PA0651.
Gene PA0651 is shown in red in the tryptophan metabolism part of the phenylala-
nine, tyrosine and tryptophan biosynthesis pathway (KEGG reference: pae00400)
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Figure 2.18: A deletion in PA0316 (serA) and a mutation in PA0651
(trpC) cause serine and tryptophan auxotrophy in strains PAO2 and
PAO3, respectively. Results of transformation of PAO2 (serA�) with plasmid
vector (pME6032) containing wild type serA from PAO1-L and PAO3 (trpC�)
with plasmid vector containing wild type trpC from PAO1-L. All strains are grown
on M9 minimal media agar. A: PAO2 transformed with vector containing wild
type serA, B: PAO2 transformed with empty vector, C: PAO3 transformed with
vector containing wild type trpC, D: PAO3 transformed with empty vector.
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Table 2.12: Strains and sublines used in RAPD analysis

Sample
Number

Sample ID

1 PAO1-N
2 PAO1-L
3 MPAO1
4 PAO1-DSM
5 PAO1-M
6 PAO1-E
7 PAO1-W
8 PAO2
9 PAO3
10 K13 (Positive control)

positive control. All nine strains/sublines show identical banding patterns

with each set of primers (Figure 2.19), but show a di↵erent banding pattern

from the control, clinical isolate P. aeruginosa Nottingham K137. This

method therefore does not discriminate the PAO1 sublines.

2.3.9 PAO1-UW contains a unique 2.2 Mb inversion

It has been previously reported by (Stover et al., 2000) that PAO1-UW

contains a 2.2 Mb inversion between the almost identical ⇠5.2 kb ribosomal

operons rrnA and rrnB compared to the physical map of PAO1, as well

as PAO1-DSM. The inversion has been visualised previously using pulsed

field gel electrophoresis in PAO1-DSM (Klockgether et al., 2010), where it

was found that this PAO1 subline does not contain the inversion found in

PAO1-UW. A large chromosomal inversion was also previously reported in

the sequence of PA14 compared to that of PAO1-UW (Lee et al., 2006).

Optical mapping was used in this study to see if the inversion was a unique

feature of PAO1-UW, or whether large inversions are a regular occurrence

in commonly used laboratory sublines of PAO1, and to determine if this

feature was likely to occur in the ancestral P. aeruginosa PAO sequence.

7Strain obtained from Zoe Aiken, Clinical Microbiology, Queen’s Medical Centre,
Nottingham
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Figure 2.19: Gel electrophoresis of RAPD fragments with
P. aeruginosa primer A: D1054 and B: 272

Hardeep Naghra PhD Thesis



88 Chapter 2. Determination of the ancestral genomic sequence of PAO

Optical mapping revealed that all ten strains and sublines, including

PAO2 and PAO3 did not contain the 2.2 Mb inversion found in the PAO1-

UW reference sequence (Figure 2.20A). The inversion between PA14 and

PAO1-UW was found to correspond to the 2.2 Mb inversion described by

Stover et al. (2000), and the PAO1 isolates in this study were found to be

more similar to PA14 than to PAO1-UW with respect to the inversion. The

inversion in PAO1-UW is asymmetrical with respect to the origin of replica-

tion, resulting in it no longer being opposite to the dif replication termina-

tion sequence (Rocha and Danchin, 2003; Mathee et al., 2008) in the chro-

mosome (Figure 2.20B), as is seen in previously sequenced P. aeruginosa

chromosome sequences (Rau et al., 2012; Winstanley et al., 2009; Lee et al.,

2006; Roy et al., 2010). This leads to a change in the GC skew of the

PAO1-UW chromosome compared to the chromosome of strains and sub-

lines without the inversion (Figure 2.21), which is expected given the change

of position of the origin of replication with respect to the replication termi-

nation point (Grigoriev, 1998).

2.3.10 PAO1-N and PAO1-E share an identical 58.6 kb

deletion

Upon examining genomic regions where there were no reads mapping in each

sequenced strain and subline, it was determined that there is a large putative

deletion in PAO1-N and PAO1-E which is not found in any of the other

PAO1 sublines in this study. According to whole genome sequencing, the

putative deletion occurs between genes PA0707 and PA0669, and contains

39 ORFs, including that of the transcriptional regulator toxR and the Cm

resistance gene cat (Figure 2.22A). toxR is part of the toxA/toxR toxin-

antitoxin system, where toxA encodes exotoxin A and toxR regulates the

expression of toxA.

This deletion was also confirmed by whole genome sequencing of the
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Figure 2.20: The 2.2 Mb inversion is a unique feature of the PAO1-
UW sequence. A: Alignment of the in silico optical map of PAO1-UW reference
sequence (Genbank Accession Number: NC 002516) with the optical maps of all
strains and sublines. Optical maps are shown in blue, and the alignment of re-
striction enzyme cut sites between optical maps are shown in black. B: Schematic
of genomic orientation in PAO1-UW and strains/sublines without the inversion.
oriV = origin of replication, dif = dif termination sequence, rrnA-D = ribosomal
operons A-D. The coordinates of the inversion are shown in grey. The marked
scale is in Mb.
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Figure 2.21: Analysis of GC skew of PAO1-UW and that of other
PAO1 sublines. GC skew plots for A: PAO1-UW and B: modified PAO1-UW
sequence are shown. The GC skew plot is shown in blue and the cumulative
GC skew plot is shown in red. The predicted origin and termination points of
replication are shown in yellow. The origin of replication for the modified PAO1-
UW sequence was predicted to occur at position 1 in the sequence. The GC skew
is calculated using the formula (G-C/G+C).
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PAO1-N derived mutant PAN067, the first P. aeruginosa construct pub-

lished at the University of Nottingham (Latifi et al., 1995). Optical mapping

confirmed a deletion in this region in both PAO1-N and PAO1-E compared

to the reference sequence (Figure 2.22B).

In order to see how conserved the deleted region is in Pseudomonas

species, a NCBI nucleotide BLAST search was carried out against the nu-

cleotide sequence database nt. The resulting distance tree of BLAST hits is

shown in Figure 2.23. All hits with sequence similarity covering >20% of the

query sequence corresponded to Pseudomonas species. All hits with >=73%

query coverage were strains of P. aeruginosa, which could be further divided

into those with 73-78% query coverage of the deleted sequence, which in-

cluded strains PA7 and PA14, and those with 92-99% query coverage, which

included the Liverpool Epidemic Strain (LES) strains and the Danish CF

isolate DK2. Hits from four other Pseudomonas species are shown in Figure

2.23, all of which share >= 80% sequence identity with the deletion region

over 29-35% of the sequence. The deleted region was checked for phage

sequences at the Phast server, which did not detect any intact, incomplete

or questionable phage sequences. Based on the BLAST and Phast results it

appears that the deletion is a unique feature of Pseudomonas species, and

the deleted region shows varying conservation across P. aeruginosa strains.

PCR was carried out using primers which were designed to span the pu-

tative deletion region, in order to determine its exact location (PAO1 DSF,

PAO1 DSR and PAO1 DWR in Table 2.2). In concordance with the whole

genome sequencing data, a PCR product was not obtained in PAO1-L, as

it would be >58 kb in size, and identical PCR products were obtained for

PAO1-N and PAO1-E (Figure 2.24A). Based on sequence analysis of the

PCR products from PAO1-N and PAO1-E it was determined that both of

these sublines contain an identical 58.6 kb deletion between genes PA0707,

which encodes the gene toxR, and PA0668.1, a 16S ribosomal RNA gene
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Figure 2.22: Whole genome sequence and optical mapping indicate
the presence of a large deletion in PAO1-E and PAO1-N. A: Mapping
of whole genome sequencing reads from PAO1-N (blue) and PAO1-E (red) to the
modified PAO1-UW reference sequence reveal a large area where no reads map,
corresponding to a putative deletion in these sublines. Coding sequences are shown
in cyan blue, and the ribosomal operon rrnA is shown in white, and are labelled
in orange. B: Comparison of optical maps of PAO1-E and PAO1-N with the
in silico optical map of the modified PAO1-UW sequence reveal a large deletion,
at the same location as that determined by whole genome sequencing. Maps of
PAO1-E and PAO1-N are shown in blue, and PAO1-UW in red. The lines between
the optical maps correspond to alignments between restriction sites. The white
region in PAO1-UW corresponds to the region which is not found in both PAO1-
N and PAO1-E, which corresponds to the deletion. The scale corresponds to the
genomic coordinates of the modified PAO1-UW sequence.
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Figure 2.23: Unrooted distance tree of BLAST hits to the 58.6 kb
sequence deleted in PAO1-N and PAO1-E. P. aeruginosa strains with 99-
100% identity over 98-100% of the query sequence are highlighted in pink. Strains
with 92-99% identity over 73-78% of the query sequence are highlighted in green.
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(Figure 2.24B).

Figure 2.24: PCR confirmation of the 58.6 kb deletion in PAO1-E
and PAO1-N. Visualisation of PCR products by gel electrophoresis, using A:
primers designed to span the deletion, reveals a product in PAO1-N and PAO1-E
but not in PAO1-L. B: Forward primer outside the deletion, reverse primer within
the deletion, reveals a product in PAO1-L but not in PAO1-N and PAO1-E. C:
Sanger sequencing of the PCR products spanning the deletion from PAO1-N and
PAO1-E confirms that both of these sublines share an identical 58.6 kb deletion
between genes PA0707-PA0669.1. A 6 bp repeat sequence present at the start and
end of the deletion is marked in green.

Inspection of the sequence at either side of the deletion revealed a 6 bp

repeat sequence (TGACTG) at the start and at the end of the deletion

(Figure 2.24). This short sequence occurs multiple times in the genome

sequence, including seven additional times within the deleted region itself.

However, the placement of this sequence before and after the deletion, with

only one copy remaining once the deletion occurred could be indicative

of a deletion caused by homologous recombination. A NCBI nucleotide

BLAST of the sequence flanking the deletion was carried out to see if the

deletion occurs in any other organism. It was found that there are no other

sequenced isolates with the same deletion, so it appears to be a unique

feature of PAO1-N and PAO1-E.
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Table 2.13: Genes within the 58.6 kb deletion in PAO1-N and PAO1-
E. Annotations are taken from the Pseudomonas Genome Database, apart from
those marked with an asterisk, where product name annotations are taken from
(Llamas et al., 2009).

Locus tag Feature
type

Name Product name

PA0668.1 rRNA 16S ribosomal RNA
PA0668.2 tRNA tRNA-Ile
PA0668.3 tRNA tRNA-Ala
PA0668.4 rRNA 23S ribosomal RNA
PA0668.5 rRNA 5S ribosomal RNA
PA0669 CDS probable DNA polymerase alpha chain
PA0670 CDS hypothetical protein
PA0671 CDS hypothetical protein
PA0672 CDS hemO heme oxygenase
PA0673 CDS hypothetical protein
PA0674 CDS vreA ECF sigma factor, transcriptional regulator
PA0675 CDS vreI ECF sigma factor, transcriptional regulator
PA0676 CDS vreR sigma factor regulator, VreR
PA0677* CDS hxcW putative pseudopilin
PA0678* CDS hxcU putative pseudopilin
PA0679* CDS probable hcx type II secretion system protein
PA0680* CDS hxcV putative pseudopilin
PA0681* CDS hxcT pseudolipin
PA0682* CDS hxcX atypical pseudolipin
PA0683* CDS probable hcx type II secretion system protein
PA0684* CDS probable hcx type II secretion system protein
PA0685* CDS probable hcx type II secretion system protein
PA0686* CDS probable hcx type II secretion system protein
PA0687* CDS probable hcx type II secretion system protein
PA0688* CDS alkaline phosphatase
PA0689 CDS hypothetical protein
PA0690* CDS pdtA putative two partner secretion system
PA0691* CDS phdA putative transposase
PA0692* CDS pdtB putative two partner secretion system
PA0693 CDS exbB2 transport protein ExbB2
PA0694 CDS exbD2 transport protein ExbD2
PA0695 CDS hypothetical protein
PA0696 CDS hypothetical protein
PA0697 CDS hypothetical protein
PA0698 CDS hypothetical protein
PA0699 CDS probable peptidyl-prolyl cis-trans isomerase,

PpiC-type
PA0700 CDS hypothetical protein
PA0701 CDS probable transcriptional regulator
PA0702 CDS hypothetical protein
PA0703 CDS probable major facilitator superfamily (MFS)

transporter
PA0704 CDS probable amidase
PA0705 CDS migA alpha-1,6-rhamnosyltransferase MigA
PA0706 CDS cat chloramphenicol acetyltransferase
PA0707 CDS toxR transcriptional regulator ToxR
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Figure 2.25: Optical mapping of PAO1-M indicates the presence of
an insertion compared to PAO1-UW. The bottom track shows the in silico
optical map of PAO1-UW (NC 002516), the middle track shows the optical map
of PAO1-M, and the top track shows the in silico optical map of the de novo
assembly contig which maps to the insertion region in PAO1-M. The insertion is
indicated by the red arrow.

2.3.11 Novel prophage sequence in PAO1-M

Optical mapping of P. aeruginosa PAO1-M revealed a 40.1 kb insertion,

which was found to be unique to this subline. Alignment of the contigs

generated from de novo assembly of PAO1-M to the optical map revealed

a contig of length 100 kb which spanned the insertion (Figure 2.25). The

sequence of this contig was compared with the genomic sequence of PAO1-

UW in order to pinpoint the location of the insertion.

The 40.1 kb insertion in PAO1-M was found to occur within gene PA3620,

which encodes the DNA mismatch repair protein MutS (Figure 2.26). The

insertion in PAO1-M occurs after the 40th nucleotide of the PA3620 coding

sequence, and results in a truncated form of PA3620 at the 5’ end of the

insertion due to the introduction of a premature stop codon. This sequence

has been designated PA3620.1 (Figure 2.26A). The sequence at the 3’ end

of the insertion is almost identical to that of the complete PA3620, with the

exception of the first few amino acids. This sequence has been designated

PA3620.2 (Figure 2.26A).

A nucleotide BLAST search search of the 40,144 bp insertion sequence
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PA3620 PA3621PA3619

PA3620.2 PA3621

Insertion

PA3619

PA3620.1

A

B

Figure 2.26: Insertion in PAO1-M occurs within PA3620, mutS.
Schematic (not to scale) of genomic region between PA3619 and PA3621 in A:
PAO1-M, B: All other PAO1 sublines. PA3620.1 is marked in red, and PA3620.2
is marked in blue. The insertion is shown in grey, and the point of insertion in
PA3620 is indicated by the dashed lines.

was carried out against the nucleotide collection database at NCBI

(http://blast.ncbi.nlm.nih.gov/). The resulting distance tree of hits is shown

in Figure 2.27, and includes all hits which shared >80% sequence identity

over >10% of the insertion (query) sequence.
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2.3. Results 99

Figure 2.28: Comparison of prophages 2 and 3 from LESB58 with the
PAO1-M insertion. Top track: LESB58 prophage 2. Middle track: PAO1-M
insertion. Lower track: LESB58 prophage 3. Blue regions between tracks indicate
sequence similarity according to nucmer.

The PAO1-M insertion shares >94% sequence identity over >66% of its

sequence with multiple LES-like sequences and two P. aeruginosa cystic

fibrosis PACS clones. The insertion sequence shares 94% sequence identity

over 51% of its sequence with P. aeruginosa MTB-1, which is an environ-

mental isolate from Japan, as well as sharing 93% sequence identity with

Bacteriophage F10, which covers 49% of the insertion sequence.

The sequence of the contig containing the PAO1-M insertion was com-

pared to the sequence of P. aeruginosa LESB58 using nucmer (Kurtz et al.,

2004) and visualised using Artemis Comparison Tool (Carver et al., 2005).

The region surrounding the insertion was found to occur in the LESB58

sequence as a single contiguous region with 99% sequence identity to the

PAO1-UW sequence. The point of the insertion mapped to the mutS gene

in LESB58.

The PAO1-M insertion was found to share sequence identity with two

regions of the LESB58 sequence, which correspond to sequences of LES

prophage 2 and prophage 3 (Figure 2.28). The PAO1-M insertion shares

89% - 94% nucleotide sequence identity with prophage 2, and 88%-96%

identity with prophage 3.

It is evident from Figure 2.28 that a larger proportion of the PAO1-
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100 Chapter 2. Determination of the ancestral genomic sequence of PAO

M insertion sequence shares sequence identity with prophage 3 than with

prophage 2; 65.39% of the PAO1-M sequence shares nucmer sequence iden-

tity hits with prophage 2, compared to 45.86% with prophage 2. This

includes a region of prophage 3 which is annotated as ”Duplication 2a”.

This is duplication which also occurs in LESB58 prophage 5, where it is

annotated as ”Duplication 2b”, and according to a nucleotide BLAST com-

parison the two sequences share 99% identity. Apart from the duplication,

and a small region of a hypothetical protein (PLES 13711 in prophage 3 and

PLES 25651 in prophage 5), the two prophages share no sequence identity.

Prophage 5 only shares sequence similarity with PAO1-M at the region cor-

responding to duplication 2b. Therefore the PAO1-M insertion sequence is

most similiar to that of LES prophage 3.

Annotation of this putative phage sequence was carried out using the

Phast server (Zhou et al., 2011), followed by manual curation of gene models.

In addition to this, open reading frames above 100 nucleotides were con-

sidered and manually annotated using NCBI BLAST and Pfam searches.

The phage sequence was predicted to contain 61 open reading frames, the

putative products of which are shown in Table 2.14.

In order to determine whether this prophage is lytic against other PAO1

sublines, serial dilutions of supernatant from PAO1-M were grown overnight

at 37 �C with bacterial cells from PAO1-L and PAO1-M (Figure 2.29). From

concentration 10�3 onwards, plaques were observed when PAO1-M super-

natant was grown with PAO1-L cells. This is indicative of a bacteriophage

in PAO1-M killing PAO1-L bacterial cells. No such plaques were seen in

the control, where PAO1-M bacteriophage were grown with PAO1-M cells.
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2.3. Results 101

Table 2.14: Putative functions of predicted genes in the PAO1-M in-
sertion sequence. The predicted gene product, and the number of genes with
this annotation in PAO1-M are shown.

Putative gene product Number
of genes
with this
annotation

Hypothetical protein 44
Clp protease 1
DNA-binding protein Roi 1
Holin 1
Integrase 1
LuxR family transcriptional regulator 1
NinG family protein 1
NinG protein 1
Phage DNA packaging protein 1
Phage portal protein 1
Phage terminase, large subunit 1
Cro family transcriptional regulator 1
Glycoside hydrolase; chitinase 1
Primosomal replication protein 1
Putative repressor protein 1
Replication protein P 1
Tail fibre protein 1
Tail length tape measure protein 1
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2.3. Results 103

Results of colony PCR of twelve of the resulting plaques at the sixth

serial dilution of supernatant, using primers specific to the PAO1-M inser-

tion (PAO1MIN FW and PAO1MIN RV, shown in Table 2.2), are shown in

Figure 2.30B. The primers used did not yield a PCR product with PAO1-L

template DNA, but did with PAO1-M template DNA (Figure 2.30A). Three

out of the twelve colony PCR products were subjected to Sanger sequenc-

ing. This confirmed that the amplified product was located in the PAO1-M

insertion sequence.

3000
2000
1500

1000

500

3000
2000
1500

1000

500

500

1000

1500

2000

3000

A B

PA
O
1-
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O
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Figure 2.30: Colony PCR of plaques reveals presence of PAO1-M
insertion sequence. A: PCR of PAO1-L and PAO1-M genomic DNA with
primers specific to the PAO1-M insertion sequence. B: Colony PCR of twelve
plaques, following the growth of PAO1-L bacterial culture with supernatant from
PAO1-M bacterial culture, with primers specific to the PAO1-M insertion se-
quence.

2.3.12 Chloramphenicol resistant phenotype of PAO1

sublines

The original PAO1 strain was a spontaneous Cm resistant mutant of P. aeruginosa

PAO, which was selected by its ability to grow on Cm at a concentration

of 250 µg/ml (Holloway, 1955). In order to test if currently used PAO1

laboratory sublines are Cm resistant, the eight PAO1 sublines and strains

PAO2 and PAO3 were grown on LB agar supplemented with 250 µg/ml and
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104 Chapter 2. Determination of the ancestral genomic sequence of PAO

Figure 2.31: Growth of PAO1 sublines and strains PAO2 and PAO3
in the presence of chloramphenicol. Each strain/subline was grown on LB
plates with 250 µg/ml and 350 µg/ml Cm. Plates were incubated for 20 hours at
37 �C. Plates which did not display growth were incubated for a further 24 hours,
after which growth was still not seen.

350 µg/ml Cm for 20 hours at 37 �C (Figure 2.31). Plates which did not

display bacterial growth were incubated for a further 24 hours, after which

growth was still not seen.

Strains PAO2 and PAO3 were not able to grow on Cm, which is expected

given that it is only PAO1 which is Cm resistant. However, surprisingly,

four of the eight PAO1 sublines were unable to grow at 250 µg/ml Cm.

Based on these findings, it appears that some laboratory sublines of PAO1

have reverted and lost the Cm resistance phenotype over time.

2.4 Discussion

The first whole genome sequence of the most commonly used strain in

the study of Pseudomonas aeruginosa, strain PAO1, from the University

of Washington (PAO1-UW) is currently widely used as a reference se-

quence in the field. PAO1 is a spontaneous Cm resistant mutant of strain
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2.4. Discussion 105

P. aeruginosa PAO, which was originally isolated from an infected wound

in Australia (Holloway, 1955, 1969). It has been previously shown that

the reference sequence di↵ers from the PAO1 subline used to generate the

physical map (PAO1-DSM) and the subline used to construct a widely used

transposon library (MPAO1) by a number of SNPs and INDELs, as well

as a 2.2 Mb chromosomal inversion and a 12 kb prophage insertion (Klock-

gether et al., 2010). In this study this was further explored by examining

the genetic diversity of a range of addtional commonly used PAO1 sublines,

using whole genome sequencing and optical mapping. We also employed

these approaches on strains PAO2 and PAO3, which are auxotroph mu-

tants for serine and tryptophan, respectively, produced from the original

P. aeruginosa PAO isolate by manganese mutagenesis (Holloway, 1955).

Using this data it was possible to determine the likely genomic features of

the ancestral P. aeruginosa PAO. This information should be taken into

account when working with P. aeruginosa PAO1.

Analysis of the kmer content of whole genome sequencing reads revealed

the over-representation of poly-A kmers at the 3’ end of sequencing reads

for all strains and sublines (Figure 2.6). This was particularly the case for

the reverse reads (Figure 2.6B). It has been previously mentioned in the

research community that this could be due to the sequencing instrument

reading through the fragment to be sequenced, into the adapter (which

explains the adapter contamination observed), and then into unknown space

(Loman, 2013). This is due to the combination of short fragment sizes and

long read lengths. Such artefacts at the 3’ end of reads could potentially be

detrimental to de novo genome assemblies, however for the purpose of read

alignment and variant calling, the read aligner would trim such artefacts

from the end of reads, as they would not map to the reference sequence.

They would therefore be unlikely to a↵ect variant calling.

The presence of the previously described RGP42 island was confirmed
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106 Chapter 2. Determination of the ancestral genomic sequence of PAO

in all strains and sublines used in this study, using data from whole genome

sequencing and optical mapping (Figure 2.7). The RGP42 sequence was

found to contain a large number of SNPs in all sequenced strains and sub-

lines with respect to the previously published sequence (Klockgether et al.,

2010), which were likely to be due to single base pair errors in the existing

RGP42 sequence (Table 2.5). These were due to the method of genome as-

sembly used, namely the extension of RGP42 contigs generated from reads

which did not map to the PAO1-UW reference sequence using reads which

map to the RGP5 region of PAO1-UW (Figure 2.12). Alignment of the

RGP42 region with the RGP5 region revealed that the single base pair er-

rors in RGP42 were identical to the corresponding base in the RGP5 region

(Table 2.5). This supports the idea that these single base errors were in-

troduced by the assembly method used. It is possible that these errors

were detected due to the improvement of read lengths and base quality of

next generation sequencing technologies (Figures 2.2 and 2.3), which led

to a higher coverage of the RGP42 island in this dataset compared to the

dataset from (Klockgether et al., 2010).

A total of 33 SNP loci were found to occur outside of the RGP42 region

(Table 2.8). The results for these SNP loci were identical when using three

di↵erent base quality thresholds at the SNP calling stage, and so these re-

sults are considered to be relatively reliable compared to results which were

not identical at all quality thresholds (shown in Table 2.9). Almost half

of these loci (12/33) corresponded to SNPs which were common to all ten

sequenced strains and sublines, including PAO2 and PAO3. This is either

due to single base pair misassemblies in the PAO1-UW reference sequence,

or to SNPs in the PAO1-UW subline. Since a sample of this subline could

not be obtained, it has not been possible to confirm which of the two pos-

sibilities is the case. However, given that these SNPs are conserved in all

PAO1 sublines sequenced, as well as in strains PAO2 and PAO3, it is clear
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that these SNPs would be conserved in the ancestral P. aeruginosa PAO. 14

of the 33 SNP loci consist of SNPs which are unique to individual sublines.

In the case of PAO1 sublines, it is likely that such SNPs occurred after

the distribution of the strains to their respective laboratories. In the case

of PAO2 and PAO3, these SNPs are likely to have occurred as a result of

manganese mutagenesis; the method used to obtain the auxotroph mutants

(Holloway, 1955).

A further 20 SNP loci corresponded to SNP results which were not

identical when di↵erent base quality thresholds were applied (Table 2.9).

Six of these SNP loci were present when the lower threshold was applied

(Q10) but not when the higher base quality thresholds (Q13, Q15) were

applied. Visual inspection of mapped reads at these regions indicate the

presence of a SNP. This shows that for this particular dataset, picking a high

base quality threshold would have eliminated some potential true SNPs. In

contrast, three of these 20 SNP loci were called when the higher base quality

cut o↵ was used, but not when the lower two quality cut o↵s were used.

Visual inspection of the reads revealed that these corresponded to three low

frequency SNPs, one of which was the lasR mutation in PAO1-DSM which

was previously reported (Klockgether et al., 2010). For this reason, it was

decided that rather than picking a single quality cut o↵ at which to call

SNPs, that results from a variety of cut o↵s would be considered in this

analysis.

INDEL calling revealed a total of 54 regions corresponding to short IN-

DELs in the ten sequenced strains and sublines. INDELs were conserved be-

tween all sequenced sublines at 36 of these regions (Table 2.10). Given that

these INDELs were conserved between all PAO1 sublines, as well as strains

PAO2 and PAO3, it is likely that these regions correspond either to INDELs

in PAO1-UW, or to misassemblies in PAO1-UW. Therefore the INDELs

called should correspond to the sequence of the ancestral P. aeruginosa
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108 Chapter 2. Determination of the ancestral genomic sequence of PAO

PAO. More than 50% (10/18) of these INDEL regions corresponded to IN-

DELs which were unique to a particular subline, of which all but three lead

to out of frame mutations within protein coding regions. A summary of

SNPs and INDELs unique to individual strains and sublines is shown in

Table 2.15.

It is evident from Table 2.15 that PAO1-DSM has the highest number of

SNPs and INDELs, all of which occur in protein coding regions. Six other

PAO1 sublines contain at least one SNP or INDEL, of which four have at

least one SNP or INDEL within a protein coding region. PAO1-E does not

contain any unique SNPs or INDELs, however it does contain a number

of SNPs and INDELs which are conserved in PAO1-N. From the data, it

appears that all PAO1 sublines studied contain at least one mutation which

was most likely gained after the distribution and propagation of the original

PAO1 strain, of which all but one contain at least one mutation in a protein

coding region. This includes PAO1-ATCC, which is a strain purchased

from the ATCC Strain Collection (http://http://www.atcc.org), where it is

labelled as PAO1 ATCC 15692; first mentioned by Bruce Holloway (1969).

PAO1-N and PAO1-E were found to contain an identical 58.6 kb deletion

between genes PA0707 and PA0668.1, which includes the Cm acetyltrans-

ferase (cat) gene (Section 2.3.10). This has been confirmed by whole genome

sequencing (Figure 2.22A), optical mapping (Figure 2.22B) and PCR (Fig-

ure 2.24). A 6 bp repeat sequence was identified at the start and at the

end of the deletion (Figure 2.24C), and although this short sequence occurs

multiple times in the genome sequence, as well as seven additional times

within the deletion, the presence of the sequence at the start of the deletion

and after the end of the deletion, so that one copy of the repeat remain after

the deletion, could be indicative of a homologous recombination event.

A nucleotide BLAST of the deleted sequence in PAO1-N and PAO1-

E revealed that it is conserved in P. aeruginosa and is not found in any

Hardeep Naghra PhD Thesis



2.4. Discussion 109

M
u
ta
ti
on

ty
p
e

G
en

o
m
ic

p
o
si
ti
o
n
in

P
A
O
-c
o
n
se
n
su

s

R
ef
er
en

ce
b
a
se

in
P
A
O
-c
o
n
se
n
su

s

M
u
ta
ti
on

in
P
A
O
-c
o
n
se
n
su

s

E
↵
ec
t
o
n
p
ro
te
in

G
en

e
ID

G
en

e
N
a
m
e

S
u
b
li
n
e(
s)

a
↵
ec
te
d

SNP 875031 C G L195V PA4147 acoR PAO1-DSM
SNP 3659765 T C I68V PA1710 exsC PAO1-DSM
SNP 3816223 C T R115W PA1561 aer PAO1-DSM
SNP 3957011 C A R216L PA1430 lasR PAO1-DSM
SNP 4108613 G A A70V PA1296 - PAO1-DSM
SNP 5036302 A C T20P PA4499 - PAO1-DSM
SNP 5041200 G C E266Q PA4502 - PAO1-DSM
SNP 5815280 G A A132T PA5155 - PAO1-DSM
SNP 2708163 C G R66P PA2492 mexT PAO1-ATCC

3 bp Ins. 2807991 G GCTC In frame ins. PA2492 mexT PAO1-ATCC
SNP 5688553 C A E458S PA5040 pilQ PAO1-ATCC

6 bp Ins. 417866 G GCCGAGC In frame ins. PA0373 ftsY PAO1-N
SNP 1505695 C T S65S PA3578 - PAO1-N

1 bp Ins. 2342111 T TT Out of frame ins. - - MPAO1
SNP 2707503 G A A286V PA2492 mexT MPAO1
SNP 5069340 G T S64R PA4525 pilA PAO1-M
SNP 587916 A G N/A - - PAO1-W

8 bp ins 2807716 T - Out of frame ins PA2492 mexT PAO1-L

Table 2.15: Mutations unique to each sequenced PAO1 subline. Ins =
insertion, Del = deletion

other species (Figure 2.23). Phast analysis did not indicate the presence

of a phage sequence in the deleted region. The regions before and after

the deletion, i.e. the sequence of PAO1-E and PAO1-N at the deletion

region, were used for a BLAST search to see if the deletion was conserved

in any other Pseudomonas isolates. This search yielded no results, and so

therefore it can be concluded that the deletion in PAO1-N and PAO1-E

is not conserved in any other sequenced Pseudomonas isolate. Since the

deleted sequence does not appear to be a phage or mobile genetic element,

and is a sequence which is conserved in P. aeruginosa it could be that

the deletion in PAO1-N and PAO1-E is an example of reductive evolution,

where selection pressure on the deleted region is relieved.

The deletion in PAO1-N and PAO1-E results in the loss of one of the

four ribosomal operons (rrnB). It has been shown previously that deletion

of ribosomal operons in Escherichia coli (Asai et al., 1999a,b) and Bacillus

subtilis (Yano et al., 2013), which contain seven and ten ribosomal RNA

(rrn) operons respectively, leads to a reduction in growth rate (both), pro-
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tein synthesis (E. coli) and motility (B. subtilis). A previous study com-

paring the number of rrn operons in Pseudomonas showed that all eight

P. aeruginosa genomes studied contained four ribosomal operons (Bodilis

et al., 2012). Therefore it could be interesting to investigate the e↵ect of

the loss of ribosomal operons in P. aeruginosa, although no significant re-

duction in growth rate or motility has been observed in PAO1-N compared

to PAO1-L (data not shown).

Given that the deletion is identical in PAO1-N and PAO1-E, and that

the two sublines share a number of SNPs and INDELs, it is highly likely that

these genetic changes occurred in a common ancestor of the two sublines.

Inspection of whole genome sequencing data of strain PAN067, the first

mutant generated from subline PAO1-N more than 20 years ago (Latifi et al.,

1995), reveals the presence of the deletion in this mutant. This suggests

that the deletion occurred in the common ancestor of PAO1-N and PAO1-

E before the two strains were distributed to the respective laboratories.

However, it is unclear where the common ancestor originated from.

Optical mapping of the chromosomes of all strains and sublines of this

study revealed that the PAO1-UW inversion between rrnA and rrnB is not

conserved in any of the strains and sublines studied (Figure 2.20). It has

previously been speculated that the 2.2 Mb inversion in PAO1-UW, with

respect to the physical map, is not unique to this subline since PAO1 stocks

from other laboratories contain the same inversion (Stover et al., 2000).

The results obtained in this study do not support this, although perhaps a

larger sampling of PAO1 sublines, particularly from North America, would

shed more light on this. Given that all PAO1 sublines studied, as well as

strains PAO2 and PAO3, do not contain the 2.2 Mb inversion, it is unlikely

that the ancestral P. aeruginosa PAO contained this feature. If there were

other PAO1 sublines with this same inversion, these would be likely to have

originated from a common ancestor which gained the inversion after the
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distribution of PAO1 strains.

Optical mapping revealed a 40.1 kb insertion in PAO1-M, in the mutS

gene, which was not found in any other strain or subline in the study (Figure

2.25). The insertion was found to occur after the 40th nucleotide of themutS

gene, which resulted in a truncated version of the gene at the 5’ flanking end

of the insertion (PA3620.1), and an almost complete copy of the mutS gene

at the 3’ flanking end of the insertion (PA3620.2) (Figure 2.26A). There

are di↵erences in the first and fifth amino acids of the protein sequence of

PA3620.2, as well as an additional four residues at the start of the protein

sequence compared to the MutS protein in PAO1-UW (Figure 2.26D). It is

not known whether PAO1-M has a functional MutS protein.

Analysis of the insertion sequence revealed it was most similar to the

sequence of Liverpool Epidemic Strain (LES) prophage 3 (Figure 2.28). Se-

quence annotation of this putative phage sequence revealed a number of

phage proteins (Table 2.14). A bacteriophage plaque assay of the super-

natant from PAO1-M with PAO1-L bacterial cells revealed that PAO1-M

contains a phage which lyses PAO1-L cells (Figure 2.29). Colony PCR of

twelve of the resulting plaques, using primers specific to the PAO1-M in-

sertion, yielded PCR products (Figure 2.30). Sanger sequencing of these

PCR products showed that these PCR products corresponded to part of

the PAO1-M insertion sequence. Therefore it can be concluded that the

PAO1-M insertion corresponds to a bacteriophage. The origin of the phage

in this laboratory subline is not known, although BLAST results indicate a

level of similarity with LES phages. The prophages of LES are thought to

be specific to this strain, and the discovery of a LES-like prophage sequence

in a non LES strain has implications for LES specific PCRs of regions of the

accessory genome. This appears to be a novel prophage sequence unique to

the PAO1-M laboratory subline.

The serine and tryptophan auxotroph phenotypes of PAO2 and PAO3,
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respectively, were confirmed by growth on minimal medium and minimal

medium supplemented with the appropriate amino acid (Figure 2.13). Al-

though the auxotroph phenotypes of PAO2 and PAO3 were confirmed, it

was found that neither PAO2 nor the prototroph PAO1-L were able to grow

with 9 mM tryptophan (Figure 2.13B). Therefore it appears that high lev-

els of tryptophan inhibit a metabolic process in P. aeruginosa. It has been

shown that tryptophan inhibits prephenate dehydratase for the biosynthesis

of phenylalanine in B. subtilis (Rebello and Jensen, 1970). A reduction in

phenylalanine production would lead to a lack of growth on minimal media,

as is seen in Figure 2.13B. However, further work would need to be carried

out to confirm this.

Whole genome sequencing indicated a deletion in the serA gene in PAO2

and a SNP in the trpC gene in PAO3, both of which were confirmed by PCR.

Wild type versions of serA and trpC were cloned into PAO2 and PAO3,

respectively, which led to the restoration of the prototroph phenotype in

both strains (Figure 2.18). Therefore the in frame deletion of 23 residues

from the NAD binding Rossman fold of serA in PAO2 leads to the serine

auxotroph phenotype, and the E61K mutation in trpC of PAO3 leads to

the tryptophan auxotroph phenotype.

The original PAO1 strain was a Cm resistant mutant of P. aeruginosa

PAO (Holloway, 1955). In order to verify if currently used PAO1 laboratory

sublines have conserved this phenotype, all sublines were grown on nutrient

medium containing Cm (Figure 2.31), revealing some PAO1 sublines to be

Cm sensitive. From Tables 2.4, 2.8, 2.9 and 2.11, it is clear that there are a

number of SNPs and INDELs in the sequenced strains and sublines which

occur in genes related to antibiotic resistance, some of which could lead to

loss of the Cm resistance phenotype (Table 2.16).
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PAO1-DSM, PAO2 and PAO3 share a mutation in the mexS gene, which

is not found in any of the other sublines sequenced. Given that all three

strains don’t seem to be Cm sensitive, that PAO2 and PAO3 are derivatives

of P. aeruginosa PAO, and all three do not contain any other mutations

in genes associated with antibiotic resistance, it is possible that the mexS

gene corresponds to the unmapped chl-2 locus which is mutated in PAO1

and leads to the Cm resistance phenotype. Mutations in the mexS gene

(PA2491), which is located immediately upstream of mexT, have previously

been shown to promote expression of the mexEF-oprN multidrug e✏ux

pump, leading to an increase in resistance to Cm, as well as quinolones and

imipenem (Sobel et al., 2005). Given this hypothesis about the chl-2 locus,

it could be postulated that PAO1-DSM is in fact a derivative of PAO rather

than PAO1. This is supported to some extent by the presence of two SNPs

which are shared between PAO1-DSM and PAO2, both of which are found

in coding regions and one of which leads to a change in the protein sequence

in a predicted serine/threonine transporter.

PAO1-N and PAO1-E not only share the loss of the cat gene as a result

of the 58.6 kb deletion, but also share a SNP which causes a premature

stop codon in the mexF gene (previously reported by (Luong et al., 2014)).

This would lead to a truncated form of the 1062 amino acid protein. The

protein MexF forms the energy dependent e✏ux pump, or RND pump,

of the MexEF-OprN e✏ux pump, which confers resistance to a range of

antibiotics including Cm (Table 1.4). The loss of this RND pump would

lead to a build up of Cm in the cell. The cat gene encodes the enzyme

Cm acetyltransferase, which prevents the Cm from binding to bacterial

ribosomes by modifying the antibiotic. The loss of the cat gene, as well as

the loss of function of MexF, would both lead to a Cm sensitive phenotype,

as is seen with PAO1-N and PAO1-E.

The global regulator mexT has been shown to enhance expression of
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the MexEF-OprN e✏ux pump, which is inactive in wild type cells, and de-

crease expression of the carbapenem-permeable porin OprD (Kohler et al.,

1999). The overexpression of this e✏ux pump and the repression of the

porin leads to what is described as an nfxC mutant phenotype, whereby

cells display resistance to imipenem and chloramphencol, and hyper suscep-

tibility to �-lactams and aminoglycosides (Fukuda et al., 1990). PAO1-L

contains an 8 bp insertion in mexT, which has been previously described in

other sublines including PAO1-UW (Maseda et al., 2000). The removal of

this insertion (an 8 bp deletion) has been shown to lead to an nfxC mutant

phenotype, due to the activation of MexT, leading to overexpression of the

multidrug e✏ux pump MexEF-OprN (Maseda et al., 2000). Therefore it

would be expected that the insertion inactivates MexT, and therefore the

e✏ux pump is not expressed, which correlates with the Cm sensitive pheno-

type displayed by PAO1-L. It can therefore also be assumed that PAO1-UW

is also Cm sensitive, given that it contains the same 8 bp insertion in the

mexT gene as PAO1-L.

There is a SNP in the mexT gene of MPAO1, and both a SNP and an

in frame insertion in the mexT gene of PAO1-ATCC. However, it appears

that these genetic changes do not a↵ect e✏ux pump expression in both of

these sublines, as both are seen to be Cm resistant. SNPs and INDEls were

not detected in known antibiotic resistance genes of PAO1-M and PAO1-W,

and both of these sublines display the Cm resistant phenotype.

Random amplified polymorphic DNA (RAPD) analysis was carried out

to see if the large scale genomic changes in PAO1 sublines, as well as small

SNPs and INDELs, a↵ect the results of an often used typing method (Fig-

ure 2.19). RAPD profiles of all sublines were identical with both sets of

primers used, and di↵ered from the clinical isolate P. aeruginosa Notting-

ham K13. This shows that RAPD is not a discriminatory method for typing

P. aeruginosa strains with large insertions and deletions. This emphasises
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the importance of developing methods such as whole genome sequencing for

use in the clinic, to carry out deeper analyses of infectious agents and to

detect events such as the acquisition of phage sequences or the gain and loss

of mobile genetic elements.

From this analysis it has been determined that the laboratory strain

P. aeruginosa PAO1 exists as highly variable sublines which contain ge-

netic di↵erences, not only compared the reference sequence of PAO1-UW,

but also compared to one another. This includes isolates in laboratory

stocks, as well as isolates which are publicly available from strain collections.

Therefore the whole genome sequencing of laboratory isolates and isolates

in strain collections should become a more routine exercise. E↵orts such as

the joint project between Public Health England and the Wellcome Trust

Sanger Institute to sequence 3000 bacterial and 500 viral genomes from the

NCTC and NCPV collections, respectively, will provide a wealth of data for

researchers working with strains in these collections, which includes three

P. aeruginosa strains (NCTC10332, NCTC9433 and NCTC10662) (WTSI,

2015). However, for researchers working with laboratory stocks of PAO1,

the need to carry out whole genome sequencing of their laboratory isolates

is becoming more apparent.

A recent study by Lee et al. (2015) described the transposon sequenc-

ing (Tn-seq) of subline MPAO1 grown in three di↵erent media, to identify

genes which were essential for the survival of the organism. The list of iden-

tified essential genes was compared with all genes identified in this study

as containing genetic di↵erences in any of the strains or sublines. Of all

the essential genes identified by Lee et al. (2015), only gene PA4685 was

identified in this study as containing a genetic change. This was a large

deletion which results in loss of almost the entire gene in a number of PAO1

sublines, including MPAO1 (Table 2.4).

This highlights the issue of using a reference sequence which does not
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correspond to the subline being studied, as the loss of a large proportion

of the gene PA4685 in this case would mean that the transposon would

not insert here. However, since it was assumed that this gene exists in the

subline being studied, the gene was seen to be essential due to a lack of

signal. In this study this finding is not detrimental, as this only accounts

for one gene out of the 352 identified as being essential in all three of the

media studied. However, it highlights the importance of sequencing strains

used in laboratory studies and comparing these to the reference sequence

before drawing conclusions in analyses. Furthermore, it appears that many

researchers are not aware of the variability between PAO1 sublines, and refer

to PAO1 as a uniform and genetically stable model strain in publications.

This study shows that the variability between laboratory sublines is very

high, and emphasises the need to take this variability into account.
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120 Chapter 3. WGS of 49 P. aeruginosa wound isolates

3.1 Introduction

P. aeruginosa is a ubiquitous organism, with strains found in a variety of

environmental niches, in addition to animal and human hosts. It is in hu-

mans and animals where P. aeruginosa is known to act as an opportunistic

pathogen, a↵ecting immunocompromised individuals, neonates, cancer pa-

tients, patients with wounds such as burns or ulcers, and su↵erers of cystic

fibrosis (CF). P. aeruginosa is currently most commonly associated with

hospital-acquired infections, where the pathogen is often acquired from an

environmental source such as a water outlet (Berrouane et al., 2000; Quick

et al., 2014; Walker and Moore, 2015).

P. aeruginosa is one of the most commonly isolated bacteria from chronic

wounds, and is often resistant to antimicrobials due to the tendency of the

organism to aggregate with other P. aeruginosa cells as well as other bac-

teria in the wound, forming biofilms. The bacterial diversity of wounds

has been described in various studies (Dowd et al., 2008; Frank et al., 2009;

Wolcott et al., 2009; Smith et al., 2010; Tuttle et al., 2011), and not only are

there multiple species present in a single wound, but also multiple strains

of the same species. This means it is often hard to decide which antimi-

crobials would be suitable for treatment, as it is often di�cult to pinpoint

the major causative agent and its antibiotic susceptibilities. Culture based

methods only identify a subset of the bacteria present, and although culture-

independent methods such as metagenomics generate a complete picture of

bacterial diversity, it is currently di�cult to make clinical decisions based on

this wealth of data. In addition to this the method of wound sampling also

a↵ects the result obtained, and varies for di↵erent types of wound (Bowler

et al., 2001).

P. aeruginosa is able to exploit a variety of nutrient sources, and is

able to adapt to changes in environmental conditions over time. This is

reflected in the large genome size of P. aeruginosa compared to other bac-
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teria, between 5.2 and 7 Mb (Wiehlmann et al., 2007), and its large number

of regulatory genes, with more than 500 identified in P. aeruginosa strain

PAO1 (Stover et al., 2000). The genome sizes of isolates of P. aeruginosa

vary highly due to di↵erences in the accessory genome (Mathee et al., 2008).

The transition from the external environment to host environment means

there are nutritional and physiochemical changes, which P. aeruginosa must

adapt to in order to survive. In addition to this, the organism needs to sur-

vive the host immune system, the presence of antibiotics and the presence

of other competing microorganisms. A number of studies have looked into

the genetic changes associated with adaptation to the CF lung (Smith et al.,

2006; Bragonzi et al., 2009; Huse et al., 2010; Cramer et al., 2011; Fothergill

et al., 2014). Smith et al. (2006) compared two clonal P. aeruginosa isolates

from two di↵erent timepoints (6 months and 96 months) from a single CF

patient and found a number of mutations in virulence factors and their reg-

ulators. This included genes involved in O-antigen biosynthesis, multidrug

e✏ux and quorum sensing, among others, and the associated phenotypes

were also observed (i.e. loss of serotype-specific antigenicity, loss of py-

overdine production and loss of secreted protease activities). Mutations in

quorum sensing genes as a result of adaptation to the CF lung have also

been reported by Fothergill et al. (2014), with the most commonly observed

adaptation being a loss of function mutation in the lasR gene (D’Argenio

et al., 2007). A study of 44 morphologically identical P. aeruginosa isolates

from a single CF patient sputum sample revealed that intra-population re-

combination plays a significant role in the short term generation of genetic

and phenotypic diversity within individual patients, in particular quorum

sensing phenotypes (Darch et al., 2015). Large deletions (Cramer et al.,

2011) and insertions/loss of MGEs such as prophage (Chung et al., 2012)

have also been reported over the course of P. aeruginosa infections in CF

patients.
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Infections are often polymicrobial, and consist of more than one P. aeruginosa

strain or isolate, with a variety of phenotypes among these cells. There-

fore certain strains may benefit from the activity of other strains, acting

as “cheats” in the population (Jiricny et al., 2010). For example, strains

which do not produce quorum sensing signal molecules (QSSMs) have been

shown to incur a fitness advantage by avoiding the metabolic cost of QSSM

production and QS behaviour such as the secretion of exoenzymes, however

are still able to benefit from QSSMs produced by other cooperator strains

in the population. The presence of “cheats” has been shown to lead to

an increased susceptibility to antibiotics, therefore it is evident that these

strains require the presence of cooperators in order to propagate (Popat

et al., 2012). Antimicrobial treatment may alter the population dynamics

of cheats and cooperating bacteria, such that killing o↵ the less virulent,

antibiotic susceptible cheats would allow more virulent strains to dominate

in the population, having a negative outcome on an infection in the long

term. Therefore understanding the types of strains present at sites of infec-

tion, as well as their virulence characteristics, would be useful to research

e↵ective treatments for the clearance of infection.

Quorum sensing (QS) is thought to influence the regulation and tim-

ing of the production of several virulence factors in P. aeruginosa, and

could potentially have a role in antibiotic resistance, swarming and biofilm

formation (Camara et al., 2002). Numerous studies have found QS di-

versity in isolates both within and between CF patients (Wilder et al.,

2009; Chung et al., 2012; Workentine et al., 2013; Darch et al., 2015),

including isolates which were found to be QS deficient (Tingpej et al.,

2007; Hansen et al., 2012). A recent study of QSSM production in clin-

ical CF isolates of P. aeruginosa from a single sputum sample showed

a positive correlation between production of signal molecules 2-heptyl-4-

quinoline (HHQ), N -butanoyl-L-homoserine lactone (C4-HSL), 2-heptyl-4-
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hydroxyquinoline N -oxide (HQNO), Pseudomonas quinolone signal (PQS)

and N -3-oxo-dodecanoyl-L-homoserine lactone (3-oxo-C12-HSL). Identical

recombining loci were found to be associated with altered production of the

QSSMs PQS and HQNO, and it was therefore hypothesised that these two

phenotypes could be intrinsically linked (Darch et al., 2015).

McKeown (2013) studied the QSSM and virulence factor production in a

cohort of forty nine P. aeruginosa wound colonising isolates from di↵erent

patients and di↵erent wound types. It can be seen in Figure 3.1 that a

diverse array of QS profiles was observed in this set of isolates, including

QS deficient isolates, as has been shown in previous studies on isolates from

CF infections. Of note was the novel finding that two of the strains were

able to produce AHL signal molecules, but not AQs, where previous studies

had only found AHL-deficient and AQ proficient strains (Wilder et al., 2009;

Chung et al., 2012; Hansen et al., 2012).

A lot is known about the phenotypic diversity of P. aeruginosa, however

with the recent drop in price of whole genome sequencing (WGS), as well as

the increasing portability of WGS instruments, such as the Illumina MiSeq

and Ion Torrent (now Life Technologies) Personal Genome Machine (PGM)

desktop sequencers and the USB stick sized MinION from Oxford Nanopore,

the study of genomic diversity of P. aeruginosa is now much more accessible

to researchers. There have been a multitude of genomics studies carrying

out WGS of a group of related P. aeruginosa isolates (Jeukens et al., 2014;

Darch et al., 2015; Williams et al., 2015), including isolates involved in

hospital outbreaks (Snyder et al., 2013; Feliziani et al., 2014; Davis et al.,

2015).

Stewart et al. (2014) carried out WGS of a diverse set of 12 P. aeruginosa

isolates, which included CF lung isolates which had adapted to the host, as

well as four environmental isolates. These isolates were compared with 43

publicly available complete genome sequences. This comparative genomics
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Table 3.1: Heat map of the relative QS molecule and protein levels
found in supernatants of the 49 wound isolates. Figure created using
data from (McKeown, 2013). Isolates were categorised as producing high (red),
medium (white) or low (blue) levels of each QSSM after 8 and 24 hours of incu-
bation, as described in (McKeown, 2013).

Isolate
C4-HSL 3-oxo-C12-HSL HQNO HHQ PQS Pyocyanin LasB elastase Protease

Isolate
8 hr 24 hr 8 hr 24 hr 8 hr 24 hr 8 hr 24 hr 8 hr 24 hr 8 hr 24 hr 8 hr 24 hr 8 hr 24 hr

1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9
10 10
11 11
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
20 20
21 21
22 22
23 23
24 24
25 25
26 26
27 27
28 28
29 29
30 30
31 31
32 32
33 33
34 34
35 35
36 36
37 37
38 38
39 39
40 40
41 41
42 42
43 43
44 44
45 45
46 46
47 47
48 48
49 49

PAO1 PAO1
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Figure 3.1: A: Unrooted core genome SNP tree of 55 P. aeruginosa isolates
shows the division of these isolates into three major subgroups; shown in blue
(group 1), pink (group 2) and green (group 3). Strains labelled with an asterisk
were sequenced in the study. Group 3 is truncated for clarity. The true distances
are shown in B. (Figure 1 in Stewart et al., 2014.)

study revealed that this set of isolates formed three major subgroups (Fig-

ure 3.1). Group 1, the largest of the three groups, contained the well known

strains PAO1, DK2, LESB58 and PAK, and the smaller group 2 contained

strain PA14. The third group consisted only of strains PA7, a multidrug

resistant isolate from Argentina and a known taxonomic outlier, and VRF-

PAO1, a blood isolate from India. The 55 isolates were found to produce

35 distinct branches in the resulting core genome phylogeny, indicating that

further survey sequencing would populate these branches.

3.2 Materials and Methods

3.2.1 Whole genome sequencing

Genomic DNA was isolated from an overnight culture using the DNeasy

Blood and Tissue Kit (QIAGEN, Hilden, Germany). Genomic DNA (500
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ng) was mechanically fragmented for 40 sec using a Covaris M220 (Co-

varis, Woburn MA, USA) with default settings. Fragmented DNA was

transferred to a PCR tube and library synthesis was performed with the

Kapa Hyperprep kit (Kapa biosystems, Wilmington MA, USA) according

to manufacturer’s instructions. TruSeq HT adapters (Illumina, SanDiego

CA, USA) were used to barcode the library, which was sequenced with 47

other Pseudomonas isolates on a single Illumina MiSeq 300 bp paired-end

run1.

3.2.2 De novo assembly

De novo assembly for each isolate was carried out using the A5-miseq

pipeline version 20140521 (Coil et al., 2015) 2. This pipeline includes quality

control of reads.

3.2.3 Phylogenetic analysis

Core genome alignments and phylogenetic trees were generated using Parsnp,

with the -c flag, and with the reference genome (-r flag) set to “!”, to pick

a random sequence from the input as the reference (PA-W10 was randomly

picked in this analysis). Contig sequences for each isolate were used as the

input. Parsnp is part of the Harvest (version 1.1) package (Treangen et al.,

2014).

3.2.4 Read mapping, realignment and variant calling

Whole genome sequencing reads were aligned to the PAO1-UW sequence

(Genbank accession: NC 002516) using Smalt version 0.7.0.1 (Ponstingl,

2012) with a kmer of 12 and a step size of 1. SNPs were determined using

1Library preparation and whole genome sequencing was carried out by Irena Kukavica,
Université Laval.

2De novo assembly was carried out using bash scripts from Jerome Laroche, Université
Laval.

Hardeep Naghra PhD Thesis



3.2. Materials and Methods 127

Samtools mpileup, using a base quality threshold of 13 (parameter -Q). Re-

gions with zero read coverage were detected using the genomeCoverageBed

functionality of bedtools with the -bga option (version 2.17.0, Quinlan and

Hall, 2010).

3.2.5 Comparison with existing genome sequences

Accession numbers of all reference sequences can be found in Table 5.1.

Assembled contigs were mapped to the PAO1-UW reference sequence using

the Blast Ring Image Generator (BRIG, Alikhan et al., 2011), which utilises

BLAST (BLAST+ version 2.2.29).

3.2.6 Gene prediction and annotation

Contig sequences for each isolate were submitted to the RAST webserver

(Aziz et al., 2008) for gene annotation.

3.2.7 Characterisation of insertion sequences

Insertion sequences were characterised by carrying out a BLAST search

against the nucleotide collection (nt) database at NCBI (Johnson et al.,

2008) and against the IS Finder database (?) using default parameters.

3.2.8 Characterisation of quorum sensing genes

For each quorum sensing gene, the nucleotide sequence from PAO1-UW

(taken from http://www.pseudomonas.com) was used as the query in a

nucleotide BLAST search (BLAST+ version 2.2.29) against the contig se-

quences of all sequenced isolates. The Perl script blast2fasta.pl (Section 5.7

in Appendix) was used to obtain the nucleotide sequence of the correspond-

ing BLAST hits from each isolate for each gene. The nucleotide sequences

were then translated to the protein sequence using the translate-fasta script
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of the AMOS (version 3.0.0) package. Protein sequences were aligned using

MUSCLE (version 3.8.31), and aligned sequences viewed with Jalview (ver-

sion 2.8.2). Functional domains and residues in protein sequences were an-

notated using the NCBI Conserved Domain Search (Marchler-Bauer et al.,

2015).

3.3 Results

3.3.1 Identification and collection of P. aeruginosa

wound isolates

Fourty nine Pseudomonas aeruginosa wound isolates were collected by Dr.

Mathew Diggle and colleagues at the Department of Clinical Microbiol-

ogy, Queen’s Medical Centre, Nottingham. The quorum sensing (QS) and

virulence phenotypes of these isolates have been previously characterised

(McKeown, 2013). The isolates were identified as P. aeruginosa and se-

lected for collection based on the following criteria: isolates were Gram

negative bacilli, oxidase positive, had the correct clonal appearance on cys-

tein lactose electrolyte deficient (CLED) media (a matted colony surface

with rough periphery), and produced green pigmentation. Isolates were

able to grow on Pseudomonas Isolation Agar (PIA), and a subset of the

isolates (PA-W26, 27, 28, 31, 34, 36, 45 and 47) were subjected to 16S ribo-

somal RNA (rRNA) PCR and sequencing, which confirmed that these were

P. aeruginosa isolates3. The isolates originated from wounds that were co-

colonised with other bacteria at the time of sample collection; therefore the

P. aeruginosa isolates may have only been present in the wounds in a tran-

sitory manner before being outcompeted and eradicated from the bacterial

infection. A limited amount of basic wound location and patient informa-

3This initial characterisation was carried out by Dr. Mathew Diggle and colleagues,
Dept of Clinical Microbiology, Queen’s Medical Centre, Nottingham
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tion was available for these strains, shown in Table 3.2. The 49 strains were

isolated from 49 di↵erent patients (data not shown).

Table 3.2: Basic clinical strain information for each isolate. Strain information
was not available for isolate PA-W49. Each isolate was sampled from a di↵erent
patient.
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PA-W1 Chronic right leg ulcer (Green exudate) 87 M OP - 20/06/2012
PA-W2 Spine pressure sore 74 M IP D8 20/06/2012
PA-W3 Left leg ulcer 91 F OP - 20/06/2012
PA-W4 Left leg ulcer 95 M OP - 20/06/2012
PA-W5 Left leg 91 F OP - 20/06/2012
PA-W6 Post-op wound 71 M OP - 20/06/2012
PA-W7 Skin 4 F OP - 20/06/2012
PA-W8 Left shin ulcer 46 M OP - 20/06/2012
PA-W9 Left leg ulcer 75 M OP - 20/06/2012
PA-W10 Left foot - burns 56 M IP B3 (Burns) 21/06/2012
PA-W11 Left leg ulcer 91 M OP - 21/06/2012
PA-W12 Toenail 83 F OP - 21/06/2012
PA-W13 Swab from wound 74 F OP - 21/06/2012
PA-W14 Right foot ulcer 56 F OP - 21/06/2012
PA-W15 Right leg skin 91 M IP D57 22/06/2012
PA-W16 Back 51 M IP Southwell 22/06/2012
PA-W17 Toe 58 M IP Papplewick 22/06/2012
PA-W18 Left heel ulcer (pre-op) 54 M IP Elizabeth Suite 22/06/2012
PA-W19 Skin, post-op 65 M OP - 22/06/2012
PA-W20 Leg ulcer 84 F OP - 22/06/2012
PA-W21 Abdomen wound swab 62 F IP A&E 23/06/2012
PA-W22 Right leg skin 85 F IP D57 25/06/2012
PA-W23 Wound post op 64 F IP E12 25/06/2012
PA-W24 Chest 69 M OP - 12/06/2012
PA-W25 Abdominal skin 49 F IP Morton 13/06/2012
PA-W26 Right leg skin 86 F OP - 13/06/2012
PA-W27 CV line 3 F IP E38 13/06/2012
PA-W28 Leg 81 F OP - 13/06/2012
PA-W29 Right foot 74 M IP Patience1 13/06/2012
PA-W30 Skin ulcer 64 M OP - 13/06/2012
PA-W31 Toe 61 M OP - 13/06/2012
PA-W32 Ankle 81 F OP - 13/06/2012
PA-W33 Groin 89 F OP - 13/06/2012
PA-W34 Right shin ulcer 81 M OP - 13/06/2012
PA-W35 Wound swab (foot) 77 M OP - 13/06/2012
PA-W36 Leg ulcer 71 M OP - 13/06/2012
PA-W37 Ulceration between toes 74 M OP - 13/06/2012
PA-W38 Right leg 82 F OP - 14/06/2012
PA-W39 Wound site not given 74 M OP - 14/06/2012
PA-W40 Toe 79 F OP - 14/06/2012
PA-W41 Left leg skin 65 F PO - 14/06/2012
PA-W42 Toe 84 M IP B49 14/06/2012
PA-W43 Left shin 31 M OP - 15/06/2012
PA-W44 Leg ulcer 70 F OP - 15/06/2012
PA-W45 Heel 91 M OP - 15/06/2012
PA-W46 Heel 86 M OP - 15/06/2012
PA-W47 Left calf, burns, failed graft 93 M IP B3 (Burns) 16/06/2012
PA-W48 Leg ulcer skin 37 M IP Southwell 16/06/2012
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3.3.2 De novo assembly and gene annotation

The raw Illumina data for each isolate was assembled into contigs using

the A5-miseq assembly pipeline. Gene prediction and annotation was car-

ried out using the RAST web server. The assembly and gene annotation

statistics are shown in Table 3.3. The assembly sizes range from 6.2 to

7.57 Mb, and the number of predicted gene sequences range from 5836 to

7040. Isolate PA-W40 was found to have the largest genome assembly size

and the largest number of annotated genes, however this was also the most

fragmented genome assembly.

3.3.3 Phylogenetic analysis

Harvest was used to analyse the core genomes of the 49 wound isolates, as

well as a few isolates from the previously determined major subgroups of

P. aeruginosa (Stewart et al., 2014). The resulting core genome phylogeny

is shown in Figure 3.2. As was previously seen by Stewart et al. (2014),

the 56 P. aeruginosa sequences form three major groups, with PA7 and

VRFPAO1 forming the distantly related group 3. Isolates PAO1, LESB58,

DK2 and PA14 fit into the same groups as the Stewart et al. (2014) anal-

ysis. PANOT106, an isolate from a six year long hospital outbreak in City

Hospital, Nottingham (Snyder et al., 2013), fits into group 1 of the core

genome phylogeny, and appears to be most closely related to PA-W19 in

terms of core genome SNPs. 48 of the 49 wound isolates fit into groups

1 and 2 of the phylogeny, whereas isolate PA-W1 appears to form its own

distantly related group based on this phylogeny. Phylogenetic analysis of a

set of 390 P. aeruginosa isolates, including these 49 isolates, shows that PA-

W1 fits into group 3 alongside PA7, VRFPAO1 and a number of additional

P. aeruginosa strains (Freschi et al., 2015). This group does, however, re-

main the least populated of the three groups, containing 12/390 strains.

16/49 isolates were found to be contained within four clades of the phyloge-
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1 6.31 36 175.32 905.05 489.65 5 0 5868
2 6.51 44 147.90 937.78 396.33 6 0 6059
3 6.76 61 110.89 775.16 212.63 10 0 6348
4 6.79 87 78.05 579.50 230.71 10 0 6347
5 7.07 47 150.48 775.41 461.44 6 0 6675
6 6.30 31 203.07 886.80 425.37 5 0 5880
7 7.24 71 102.00 662.79 255.86 9 0 6723
8 6.39 24 266.17 1754.69 670.68 3 0 5948
9 6.54 75 87.25 715.18 475.31 6 0 6105
10 6.71 47 142.70 688.58 360.94 7 0 6287
11 6.63 25 265.09 1411.33 778.21 4 0 6217
12 6.34 34 186.40 1098.17 663.09 4 0 5892
13 6.23 31 200.98 1265.79 928.78 3 0 5836
14 6.79 71 95.57 543.37 239.28 9 0 6330
15 6.45 33 195.52 909.04 426.92 5 0 6044
16 6.51 27 241.06 958.19 483.65 5 0 6092
17 6.74 55 122.57 704.36 340.38 7 0 6263
18 6.92 56 123.58 1164.70 530.59 5 0 6498
19 6.45 34 189.68 921.11 659.18 4 0 5958
20 6.70 46 145.72 743.17 351.33 6 0 6228
21 6.79 41 165.71 1574.46 409.25 5 0 6368
22 6.30 28 225.10 910.63 508.39 5 16 5868
23 6.61 51 129.69 773.87 328.32 7 0 6176
24 6.97 68 102.43 517.57 216.34 11 0 6558
25 6.79 47 144.49 865.36 421.48 6 0 6381
26 6.74 36 187.14 1111.61 467.02 5 0 6263
27 6.74 38 177.28 859.24 467.13 6 0 6259
28 6.78 43 157.72 898.49 424.71 6 0 6225
29 6.46 43 150.27 729.15 317.26 6 0 6005
30 6.81 32 212.88 994.45 455.19 5 0 6391
31 7.07 51 138.55 867.57 567.95 6 0 6662
32 6.88 73 94.26 877.82 256.58 9 0 6374
33 6.98 46 151.85 1100.26 388.15 6 0 6470
34 6.58 51 129.11 557.42 303.69 9 0 6194
35 6.44 28 229.84 1615.67 396.53 5 0 6029
36 7.04 83 84.80 755.97 271.68 9 0 6616
37 6.32 49 129.03 734.55 347.30 6 0 5896
38 6.80 52 130.75 602.83 423.06 7 0 6377
39 7.06 51 138.35 649.94 335.30 8 0 6655
40 7.57 139 54.46 514.34 170.99 14 0 7040
41 6.70 58 115.53 1467.55 298.13 5 0 6276
42 7.08 49 144.43 867.67 432.82 6 0 6677
43 6.86 51 134.48 713.18 306.34 7 0 6332
44 6.39 36 177.41 1296.60 425.20 5 0 5924
45 6.51 45 144.56 786.92 471.54 6 0 6101
46 6.40 51 125.56 910.73 382.28 6 0 5957
47 6.82 72 94.72 424.19 224.87 11 0 6392
48 7.00 83 84.31 692.25 281.29 9 0 6502
49 6.33 48 131.79 773.84 348.64 7 0 5891

Table 3.3: Assembly and gene prediction statistics for each isolate. N50 is the
length (N) where 50% of bases in the genome assembly are found within contigs
of length N or less.
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132 Chapter 3. WGS of 49 P. aeruginosa wound isolates

netic tree, indicating the presence of four clusters of highly related isolates

within the sample of 49 isolates (red brackets in Figure 3.2). No obvious

patterns were observed between these subgroups and the wound type, site

of location or patient information when compared with information in Table

3.2.

It has previously been found that the 49 isolates display a great level

of diversity in terms of their QSSM production, as can been seen in Figure

3.1 (McKeown, 2013). The QSSM production data from this study was

mapped onto the phylogenetic tree (Figure 3.3), however no correlation was

seen between phylogenetic group and QS phenotype. Although only data for

QSSM production after 24 hours is shown, for simplicity, there were also no

patterns observed between QSSM production after 8 hours and phylogenetic

grouping.
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3.3.4 Comparison with complete reference sequences

Mapping reads from each isolate to the PAO1-UW reference sequence re-

vealed that between 94.88 and 98.7% of the genome sequence was covered by

at least 5 reads from each isolate. A BLAST comparison of genome assem-

bly contigs of all isolates to the PAO1-UW genome sequence can be seen in

Figure 3.4. It can be immediately seen that there is one region which is vari-

able compared to PAO1-UW in all isolates apart from PA-W14, PA-W28

and PA-W48; namely wbp genes (genes PA3146-PA3160), which encode the

B-band O antigen (O-Ag). Two other regions which were variable in most

isolates were genes PA2221-PA2231, which contains the gene pslA, which

is involved the synthesis of Psl (Pseudomonas synthetic locus) exopolysac-

charide, which is involved in surface attachment (Byrd et al., 2010), and

a region including genes PA1381-PA1393, which contains three predicted

glycosyl transferases (PA1389 - PA1391). These three glycosyl transferases

were variable in all isolates except PA-W13, PA-W28 and PA-W48.

A large number of di↵erences were seen between these 49 isolates and

the PAO1-UW reference sequence. The remainder of this thesis chapter will

focus on di↵erences in key quorum sensing genes in this set of isolates.

3.3.5 Analysis of las quorum sensing genes

Analysis of mutations which lead to a change in protein sequence, as well

as SNPs in intergenic regions of the las quorum sensing genes in the 49

isolates revealed a high number of mutations within the lasR gene and the

upstream intergenic region, with a low number of mutations in the lasI gene

(Figure 3.5). Interestingly, none of the 49 isolates were found to contain a

non-synonymous mutation in the rsaL gene. The key mutations in the las

quorum sensing genes and the 3-oxo-C12-HSL production for each isolate

can be seen in Table 3.4. There are a number of mutations which correlate

with a reduced production of 3-oxo-C12-HSL by the isolates compared to
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136 Chapter 3. WGS of 49 P. aeruginosa wound isolates

wpg gene cluster
PA3146-PA3160

PA1381-P1393

PA2221 - PA2231

PA-W1 contigs

100% identity

70% identity

50% identity

GC skew

GC skew (-)

GC skew (+)

Figure 3.4: Whole genome comparison of the 49 sequenced isolates
with PAO1-UW. Contigs from the 49 P. aeruginosa isolates are shown in blue,
with the innermost ring corresponding to PA-W1, and the outermost ring corre-
sponding to PA-W49. GC skew is shown on the innermost ring in purple and
green. Figure generated using BRIG (Alikhan et al., 2011).
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Figure 3.5: SNPs in the las quorum sensing genes of P. aeruginosa
in the 49 sequenced isolates. Arrows correspond to genes, with the direction
of the arrow indicating the relative orientation of the gene in the chromosome.
Intergenic regions are indicated by the rectangle running across the arrows. Pro-
moters are coloured in red, with SNPs in these intergenic features shown as red
vertical lines. Mutations in annotated DNA binding residues are indicated by
blue triangles. The upward arrows correspond to sites where large insertions oc-
cur within in the lasR gene in six of the 49 isolates.

PAO1. These are caused by lasR mutations such as insertions, out of frame

deletions, and large deletions encompassing all quorum sensing genes. Mu-

tations in both lasR and lasI promoters did not appear to correlate with a

reduction in 3-oxo-C12-HSL production in this set of isolates.

3.3.6 Out of frame deletions in lasR

Isolates PA-W8, 33, 34, 46 and 47 were found to contain out of frame

deletions in the lasR gene, and in all five isolates a reduction in production

of 3-oxo-C12-HSL was observed compared to PAO1 (Table 3.4). Of note,

isolates PA-W46 and 47, and isolates PA-W33 and 34 were found to contain

identical out of frame deletions, however were not genetically identical in

terms of core genome SNPs. PA-W46 and 47 both fall into group 2 in the
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138 Chapter 3. WGS of 49 P. aeruginosa wound isolates

Table 3.4: 3-oxo-C12-HSL production and las quorum sensing system
mutations in the 49 isolates. Isolates were categorised as producing high
(red), medium (white) or low (blue) levels of each QSSM after 8 and 24 hours of
incubation, as described in (McKeown, 2013).

Isolate
3-oxo-C12-HSL Mutations
8 hr 24 hr LasR RsaL LasI Intergenic

1 E18D E195D, R197Q lasI promoter
2
3
4
5
6
7 lasR promoter P1

8
Y69 out of

frame deletion
lasR promoter P2

9 lasR promoter P1
10 P74L lasR promoter P1
11
12 A206V lasR promoter P1
13 R217W
14 A59*
15 lasI promoter
16 C188Y
17
18 Insertion sequence
19
20
21 Insertion sequence lasR promoter P1
22 A105V
23 G213E
24 lasR promoter P1
25
26 Y56C
27 Y56C lasR promoter P1
28 L185W
29
30
31 Insertion sequence

32
Deletion of entire

las system
Deletion of entire

las system
Deletion of entire

las system

33
A134 out of

frame deletion

34
A134 out of

frame deletion
lasR promoter P1

35 lasI promoter
36 Insertion sequence
37 G191D
38 A59*
39 Insertion sequence
40
41
42 Insertion sequence
43 H211Y
44
45 F87*

46
M144 out of

frame deletion
lasR promoter P1

47
M144 out of

frame deletion
lasR promoter P1

48 lasR promoter P1
49 I197K lasR promoter P1

PAO1
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3.3. Results 139

core genome phylogeny (Figure 3.2), but have greater similarity to other

isolates than each other in terms of core genome SNPs. PA-W33 and 34

are found in into two distinct phylogenetic groups and are therefore very

di↵erent from one another genetically, in terms of core genome SNPs. These

were isolates from separate patients and di↵erent wound types (Table 3.2).

3.3.7 Mutations in DNA binding residues of LasR

Isolates PA-W12, 23, 37 and 43 were found to contain non-synonymous mu-

tations which would lead to changes in DNA binding residues in the LasR

protein. These isolates displayed a reduction in 3-oxo-C12-HSL production

compared to PAO1, indicating that these mutations interfere with the func-

tion of LasR (Table 3.4). In PA-W23, 37 and 43, the production of all other

measured QSSMs was also reduced compared to PAO1 (Table 3.5).
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3.3. Results 141

3.3.8 Deletion of las quorum sensing genes

One of the isolates, PA-W32, was found to be missing the lasR, lasI and

rsaL genes, due to a 68 kb deletion which encompassed these genes (Figure

3.7). This was confirmed by mapping the contigs from the genome assembly

for isolate PA-W32 to the PAO1-UW reference sequence using Abacas (?).

Contigs 8 and 22 were found to map either side of the putative deletion, up

to and including genes PA1382 and PA1435, respectively, however no contigs

were found to map to the deleted region. This isolate did not produce 3-

oxo-C12-HSL, and produced low levels of other QSSMs compared to PAO1,

with the exception of HHQ (Table 3.6).

3.3.9 lasR insertions

In six of the isolates (PA-W18, 21, 31, 36, 39 and 42) the lasR nucleotide

sequence was found to be split across two contigs. In previous work, PCR

amplification of the lasR gene did not yield a product for these particular

isolates and PA-W32, whereas PCR products were obtained for all other iso-

lates tested (Figure 3.6). Ends of contig pairs across which the lasR gene was

split in these six isolates were used as a query in an BLAST search against

the nucleotide collection (nt) database at NCBI. These results revealed the

presence of transposase sequences before and after the split lasR genes frag-

ments in these isolates. This is indicative of a transposon insertion in the

lasR gene in isolates PA-W18, 21, 31, 36, 39 and 42. These results were

confirmed by carrying out a BLAST search against the IS Finder database.

These six isolates displayed reduced 3-oxo-C12-HSL production compared

to PAO1 (Table 3.7). All six of these isolates, apart from PA-W18 also

showed reduction in C4-HSL, LasB elastase and protease production com-

pared to PAO1 (Figure 3.1). No di↵erences were observed in the antibiotic

resistance profiles of these six isolates compared to the remaining 43 (Figure

??, Appendix).
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142 Chapter 3. WGS of 49 P. aeruginosa wound isolates

Figure 3.6: PCR of the lasR gene in a subset of the 49 isolates. P =
PAO1 positive control, W = water template-negative control, M = 1.0 kb DNA
marker. Figure 5.7B in (McKeown, 2013).
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3.3. Results 143
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144 Chapter 3. WGS of 49 P. aeruginosa wound isolates

The ends of contig pairs across which the lasR gene was split in each

isolate were used as a query in a BLAST search against the contig sequences

of the respective isolate, in order to find a putative insertion sequence within

the genome assembly for each isolate (Figure 3.8). Contigs were considered

for further characterisation if lasR insertion fragments at the ends of contig

pairs (shown in blue in Figure 3.8) had a BLAST hit with greater than 99%

sequence identity to two ends (or two di↵erent regions) of a contig in the

genome assembly.

lasR contig 1 lasR contig 2

lasR

lasR insertion fragment
Putative insertion contig
Blast percentage identity >99%

Figure 3.8: Diagram showing first step of characterisation of putative
lasR insertion sequences in six of the P. aeruginosa isolates (not to
scale). The two contigs across which the lasR gene is split in PA-W18, 21, 31,
36, 39 and 42 are shown on the top row and labelled “lasR contig 1” and “lasR
contig 2”. The lasR gene fragments on these contigs are shown in green and the
fragments of the insertion sequence on these contigs are shown in blue. A BLAST
search was carried out with these lasR contigs against the remaining contigs in
the genome assembly. Contigs with BLAST hits of >99% sequence identity to the
lasR contigs, as shown in the diagram, were deemed to correspond to the putative
lasR insertion sequence.

These putative insertion contigs, as well as the lasR insertion fragments

at the ends of contig pairs, were then used as the query sequences in BLAST

searches of both the nucleotide collection (nt) database at NCBI, and the

IS Finder database. Only those contigs where both NCBI BLAST and IS

Finder results matched those of the lasR insertion fragments were considered

to correspond to the putative insertion sequence in each isolate. The results

of the characterisation of the putative lasR insertion sequences in these six
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3.3. Results 145

isolates can be seen in Table 3.9.

In all isolates except PA-W31 and PA-W36, this resulted in a single

contig being identified as a putative insertion sequence. For isolate PA-

W31, there were no contigs which fit the BLAST criteria shown in Figure

3.8. However, BLAST results for each lasR insertion fragment contained the

other lasR insertion fragment, i.e. lasR insertion fragment 1 had a BLAST

hit to lasR insertion fragment 2, and vice versa. The overlapping sequence

was found to contain a transposase gene, and had sequence similarity to a

known P. aeruginosa insertion sequence (Table 3.9).

In the case of isolate PA-W36, there are multiple contigs which could

correspond to the insertion sequence, according to the aforementioned char-

acterisation method. All of these contigs had the same best NCBI BLAST

hit, namely to the insertion sequence RP10 in P. stutzeri, and all had the

same result with IS Finder (Table 3.9). The size of the insertion sequence is

unclear, as the possible insertion sequence contigs, where there is a BLAST

hit with 100% sequence identity between the start and end of the contig

and both lasR insertion fragments in all cases, range in size from 685 bp to

138.3 kb (Table 3.8).

Table 3.8: Sizes of the putative lasR insertion sequences in PA-W36.

Sca↵old
Sca↵old
size (bp)

Region with BLAST hit to
lasR insertion fragment 1

Region with BLAST hit to
lasR insertion fragment 2

Sca↵old 17 138,310 1-297 138,105-138,310
Sca↵old 18 127,885 1-296 127,609-127,885
Sca↵old 24 124,043 1-297 123,766-124,043
Sca↵old 37 24,007 1-278 23,712-24,007
Sca↵old 75 1,113 1-297 817-1095
Sca↵old 80 685 1-294 409-685
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3.3. Results 147

The locations of the putative insertion sequences in lasR in these six iso-

lates is shown in Figure 3.9. All insertions were found to occur either within

or bordering predicted functional domains in the LasR protein sequence, and

a loss of function of the LasR protein in these isolates is indicated by the

reduction in the production of acylhomoserine lactones (AHLs), and the

loss of elastase and protease activity (Table 3.7). It was found that isolates

PA-W31, 39 and 42 contain an insertion at the same position in lasR.

PA
-W

3
1

, P
A

-W
3

9
, P

A
-W

4
2

W
1

8
7

I5
2

PA
-W

1
8

V
1

7
5

PA
-W

2
1

V
1

9
9

PA
-W

3
6

0.1 kb

Autoinducer binding domain, PF03472 

LuxR family domain, PF00196 

Figure 3.9: Locations of putative insertions in lasR in six of the iso-
lates. The sequence of lasR is indicated by the arrow, and the filled regions
correspond to the predicted autoinducer binding domain (light blue) and the pre-
dicted LuxR family domain, which is the DNA binding domain of the protein
(light orange). The arrows indicate the location of the putative insertions within
the sequence, with the isolates in which the insertion is found shown below the
arrow, and the amino acid after/within which the insertion occurs shown above
the arrow.

3.3.10 Analysis of rhl quorum sensing genes

Analysis of non-synonymous mutations, as well as SNPs in intergenic regions

of the rhl quorum sensing system in the 49 isolates revealed mutations in

both rhlI and rhlR genes, as well as in the rhlR promoter (Figure 3.10).
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Figure 3.10: SNPs in the rhl quorum sensing genes of P. aeruginosa
in the 49 sequenced isolates. Arrows correspond to genes, with the direction
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A comparison of these mutations with the associated C4-HSL phenotype is

shown in Table 3.10.

The DNA binding domain of RhlR occurs after the 180th residue in the

protein, and so the only mutation observed in these isolates which would

likely a↵ect function is the truncation of RhlR in PA-W45, which also cor-

relates with a loss of C4-HSL production in this isolate. Isolate PA-W10

contains a R71L substitution in RhlR and displays low levels of C4-HSL

production.

There are no annotations of functional residues in RhlI and so there

are no clear loss of function mutations in this protein. There are, however

mutations which appear to correlate with a reduction in C4-HSL production,

and a number of mutations which do not. The S62G mutation in RhlI is
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Table 3.10: C4-HSL production and rhl quorum sensing system mu-
tations in the 49 isolates. Isolates were categorised as producing high (red),
medium (white) or low (blue) levels of each QSSM after 8 and 24 hours of incu-
bation, as described in (McKeown, 2013).

Isolate
C4-HSL Mutations

8 hr 24 hr RhlI RhlR Intergenic
1 R63H, Q155E rhlR promoter P1
2
3
4 S62G S97R
5
6 rhlAB minor promoter
7 A127G, S62G
8 D83E
9 D83E
10 R41K R71L
11
12
13
14 S99R
15
16
17 S62G S97R
18
19
20 S62G S97R
21
22
23
24 R41K
25
26
27
28
29
30
31
32 S62G
33
34
35
36
37
38
39
40
41
42
43
44
45 R105 truncated
46
47 R41K
48
49

PAO1

Hardeep Naghra PhD Thesis



150 Chapter 3. WGS of 49 P. aeruginosa wound isolates

conserved between four isolates (PA-W4, 7, 17 and 20) and these isolates

display a range of C4-HSL production levels. The same is true of the R42K

mutation, conserved between PA-W10, 24 and 47, however these do all

display mid-low levels of C4-HSL production. PA-W24 and 47 contain only

the R42K mutation, and both display medium levels of C4-HSL production,

whereas PA-W10 also contains the R71L RhlR mutation and displays low

levels of C4-HSL production. The mutation D83E in RhlI is conserved

between isolates PA-W8 and PA-W9. Both of these isolates display an

identical low level of C4-HSL production at 8 hours, followed by full C4-

HSL production at 24 hours; namely a delay in C4-HSL production.

3.3.11 Analysis of pqs genes

Analysis of mutations which lead to a change in protein sequence, as well

as SNPs in intergenic regions of the pqs genes in the 49 isolates revealed a

large number of mutations in all genes of the pqsABCDE operon, however

there were strikingly few mutations seen in the pqsE gene (Figures 3.11 and

3.12). A comparison of these mutations with the associated HHQ and PQS

phenotypes are shown in Table 3.11.

Of all the mutations in the pqs genes in these isolates, two were found

to occur at known dimer interface residues (Figure 3.11). These were the

D109A mutation in pqsB in PA-W1 and the C93* premature stop codon in

pqsD PA-W3. Both of these isolates display a loss of production of HHQ,

and therefore also PQS (Table 3.11). Apart from PA-W1 and PA-W3,

a number of isolates displayed a low level production of HHQ and PQS

compared to PAO1, namely isolates PA-W16, 21, 23, 33, 44, 45 and 46.

These isolates contained a number of mutations in pqs genes which did not

occur at known functional residues. Isolate PA-W48 was the only isolate to

show an increased production of HHQ and PQS compared to PAO1, and

the only mutation found in this isolate is a E267A substitution in PqsA.
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3.3. Results 155

3.3.12 Isolates PA-W1 and PA-W3 display an atypical

quorum sensing phenotype

The alkyl quinolones (AQs) HHQ and HQNO are produced and regulated

by pqs genes. These in turn are regulated by the las and rhl quorum sens-

ing systems and their AHLs 3-oxo-C12-HSL and C4-HSL. Previously, AHL-

deficient and AQ-proficient strains have been isolated from clinical samples,

and occur due to mutations in the las quorum sensing genes. However, until

now no AHL-proficient and AQ-deficient strains have been reported in the

literature. Isolates PA-W1 and PA-W3 were found to produce medium to

high levels of the AHLs 3-oxo-C12-HSL and C4-HSL, and did not produce

the AQs HHQ and HQNO, as well as PQS and pyocyanin (McKeown, 2013

and Figure 3.1). It was therefore postulated that either there are mutations

in the pqs genes in these isolates, or there is a previously undetermined

regulator causing this phenotype. This section will look at the mutations

in the quorum sensing genes of these isolates.

Analysis of pqs genes

Genes pqsABCDE and pqsR of PA-W1 and PA-W3 were compared with

the orthologous sequences in PAO1-UW. PA-W3 was found to contain two

mutations in these genes, a P200L mutation in PqsB, which was found to

be conserved in multiple other isolates, and a premature stop codon (E93*)

in PqsD, which was found to be unique to this isolate. This premature stop

codon would result in a truncated form of the PqsD protein (Figure 3.13),

with the truncated form of the protein lacking the active site. Without a

functional PqsD protein, PA-W3 would be unable to produce HHQ, and

therefore also PQS.

A number of unique non-synonymous substitutions were found in genes

pqsA, pqsB and pqsC of PA-W1 compared to PAO1-UW (Table 3.12), how-

ever no unique non-synonymous substitutions were found in genes pqsD,

Hardeep Naghra PhD Thesis



156 Chapter 3. WGS of 49 P. aeruginosa wound isolates

Figure 3.13: The premature stop codon in PqsD in PA-W3 would lead
to a truncated form of the protein lacking the active site. The structure
shown is that of chain A of the PqsD dimer of P. aeruginosa (PDB: 3H76). The
part of the protein prior to the premature stop codon in PA-W3 is shown in blue,
and the remainder of the protein is shown in grey. The residues of the catalytic
triad of the enzyme are shown as red sticks.
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3.3. Results 157

Table 3.12: Amino acid changes in PqsA, B and C of PA-W1 com-
pared to PAO1-UW, which are not conserved in any other isolate

Protein Mutations only in PA-W1

PqsA L33R, D109A, Q153H, H340R
PqsB I75V, L220M
PqsC L58V, P74L, S118G

pqsE or pqsR. The D109A mutation in PqsA would change a predicted

dimer interface residue from the negatively charged aspartic acid to a hy-

drophobic alanine residue.

PA-W1 is the taxonomic outlier of the 49 P. aeruginosa wound isolates

sequenced in this study, and has been found to fit into group 3 of the

core genome phylogeny of P. aeruginosa, in the same group as taxanomic

outliers PA7 and PAO1-VRF. PA7 has previously been described to have

a frameshift mutation in the transcriptional activator of the pqs quorum

sensing system, gene pqsR (Roy et al., 2010). pqsR mutants have previously

been shown to lead to a reduction in AQ and PQS levels (Cao et al., 2001;

Deziel et al., 2005; Kesarwani et al., 2011). However, PA-W1 was found

not to contain the frameshift mutation in pqsR of PA7 (Figure 3.14). The

nucleotide substitutions in the pqsR gene of PA-W1 compared to PAO1 are

all silent mutations.
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3.3. Results 159

Whole gene missing

Part of  gene missing

Genes missing only in PA-W1

PA-W1 contigs

100% identity

70% identity

50% identity

cupE1-cupE6

PA5031-PA5033

PA5218-PA5219

PAO1-UW

Figure 3.15: Genomic regions of PAO1-UW which are not present in PA-W1.
Contig alignments of PA-W1 to the PAO1-UW chromosome were carried out
using BRIG (Alikhan et al., 2011) and are shown in blue, with colour intensity
varying according to percentage identity with the reference. Whole genes which
are missing in PA-W1 are labelled in red and genes which are partially missing
in PA-W1 are labelled in green.

Regions missing in PA-W1

There are a number of SNPs and INDELs which are unique to PA-W1 (data

not shown), as well as a number of regions which are missing in PA-W1 com-

pared to the PAO1-UW reference sequence, and present in the remaining

48 isolates (Figure 3.15). These regions could be subject to further in-

vestigation to potentially locate a previously undetermined QS regulator

responsible for the lack of AQ production in this isolate.
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3.4 Discussion

Bacterial diversity has been shown to vary over the course of an infection

(Dowd et al., 2008; Frank et al., 2009; Wolcott et al., 2009; Smith et al.,

2010; Tuttle et al., 2011). QS, virulence factor production and antibiotic

resistance have previously been shown to vary not only within patients but

also between di↵erent patients and sites of infection (Wilder et al., 2009;

Chung et al., 2012; Workentine et al., 2013; McKeown, 2013; Darch et al.,

2015). Until recently, WGS studies of P. aeruginosa have generally focused

on groups of related P. aeruginosa isolates (Jeukens et al., 2014; Darch et al.,

2015; Williams et al., 2015), with a general bias in the field towards clinical

isolates, particularly those from CF patients. However, P. aeruginosa is a

ubiquitous organism with an ability to exploit a variety of nutrient sources

and adapt to a range of environmental niches. A study by Stewart et al.

(2014) on a set of CF lung isolates, as well as four environmental isolates,

explored the genomic diversity of P. aeruginosa and was one of the first

to correct the bias towards clinical isolates in genomics studies. This study

aimed to further the understanding of genomic diversity of P. aeruginosa

by analysing whole genomes of a set of 49 P. aeruginosa isolates which

although were present at sites of clinical infection in 49 di↵erent patients at

the same hospital, were not necessarily the cause of infection in each case.

These isolates have previously been shown to display diversity in terms of

QS and virulence phenotype, and two of the isolates were shown to produce

high levels of AHLs and low levels of AQs, which is the opposite of what

is usually found in clinical isolates. Therefore genes of the three main QS

systems were looked at in greater detail in order to establish putative links

between genotype and phenotype, providing an initial set of results upon

which further laboratory studies can be carried out.

De novo assembly of the genomes of the 49 P. aeruginosa isolates re-

vealed that the genome assembly sizes of these isolates generally fit previ-
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ously reported genome sizes of P. aeruginosa (5.2-7 Mb, Wiehlmann et al.,

2007), apart from isolates PA-W7 and PA-W40, which have genome as-

sembly sizes of 7.24 and 7.57 Mb, respectively (Table 3.3). However, the

genome assemblies of these two isolates were also more fragmented com-

pared to those of other isolates, i.e. were split into a larger number of

contigs. Therefore it is unclear whether the large genome sizes of these two

isolates reflect larger chromosome sizes, or if they are due to the limitations

of de novo assembly. It could be the case that these two isolates contain

frequent occurrences of large repetitive regions which are larger than the

insert size of the WGS library, or that there are regions of the chromosome

which were present at a lower coverage than others. These could be resolved

in the future using WGS technologies such as PacBio Single Molecule Real

Time (SMRT) sequencing (Pacific Biosciences, California, USA) or Min-

ION nanopore sequencing (Oxford Nanopore Technologies, Oxford, UK), if

required.

Construction of a core genome phylogeny of the 49 isolates revealed

that these isolates form groups similar to those determined by Stewart et al.

(2014) (Figure 3.2). 34 of the isolates were determined to be part of group 1

in the core genome phylogeny, 14 were found in group 2 and one isolate, PA-

W1, was determined to be in group 3. This set of 49 P. aeruginosa isolates

collected within a short time frame at a single hospital was found to display

as much genomic diversity as the set of isolates used by Stewart et al. (2014),

which were from various locations in the world. This is probably due to the

already known high level of bacterial diversity in wounds, as well as the

non-uniform and non biased method of sampling employed. In this study,

isolates were not selected due to a particular disease phenotype, but were

randomly sampled from a range of wound types from di↵erent patients. It

is well known that P. aeruginosa is a ubiquitous organism, and the isolates

in this study may have been present in a range of di↵erent environments
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prior to being transferred to the wound environment, which would explain

the high level of genomic diversity observed.

Upon initial construction of the core genome phylogeny, isolate PA-W1

appeared to be part of a distinct phylogenetic group than those which were

previously reported. The 49 isolates in this study have been included as

part of a larger consortium project to sequence 1000 Pseudomonas genomes.

Thus far, 390 genomes have been sequenced, including the 49 Nottingham

isolates described here. The core genome phylogeny of the 390 Pseudomonas

genomes revealed that isolate PA-W1 is part of phylogenetic group 3 (Fres-

chi et al., 2015). 16/49 isolates were found to be contained within four clades

of the phylogenetic tree (Figure 3.2). No obvious patterns were observed

between these subgroups and the wound type, site of location or patient

information when compared with information in Table 3.2. This finding is

an example of how WGS enables closely related isolates to be distinguished

from one another, which would not be possible by traditional typing meth-

ods. These findings highlights the importance of the e↵orts of the 1000

Pseudomonas genomes project towards fully understanding the genomic di-

versity of this ubiquitous organism; the greater the number isolates that

are sequenced, the greater the understanding of this highly diverse genus

will become. Given that P. aeruginosa is an important clinical pathogen,

this may lead to increased understanding of the evolution of virulence in

P. aeruginosa, which may be useful for identifying novel therapeutics.

QSSM levels for each isolate were mapped onto the core genome phy-

logeny, which did not reveal any correlations between QS phenotype and

phylogenetic grouping (Figure 3.3). Previous studies have found that mu-

tations in QS genes, such as lasR, are associated with adaptation of

P. aeruginosa to the CF lung (Smith et al., 2006; D’Argenio et al., 2007;

Fothergill et al., 2014). These are thought to be examples of P. aeruginosa

adapting to its environmental niche. In a study of P. aeruginosa isolates
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from a single CF patient sputum sample, the isolates displayed a high level

of diversity of QS phenotype, and patterns of acquisition or accrual of QS

phenotypes along the evolutionary trajectory of the phylogeny were not

observed. Mutations in quorum sensing genes were, however, found to be

associated with recombination events (Darch et al., 2015). Therefore the

bacterial population in which each of the 49 wound isolates are found would

be expected to have an e↵ect on the types of mutations observed. Given

that the isolates in this study were found in di↵erent patients and wound

types, each isolate would adapt to its own unique environment consisting

of its own unique bacterial population, and therefore the lack of correlation

between QSSM production and phylogenetic grouping is not surprising.

A limited amount of patient and basic clinical strain information was

available for each isolate (Table 3.2), however there were no links between

this information and phylogenetic groupings of the isolates (data not shown).

This is expected, as these isolates were not necessarily causing infection at

the time of sampling, and were not clonally related.

Comparison of the genomes of the 49 isolates to the PAO1-UW genome

sequence revealed that a number of isolates were missing genes involved in

LPS biosynthesis (Figure 3.4). This included genes involved in O antigen

(O-Ag) biosynthesis. In such a genetically diverse set of P. aeruginosa iso-

lates, it is expected that multiple serotypes would be observed, and therefore

a variability in LPS, and particularly O-Ag, biosynthesis genes would be ex-

pected. A previous WGS study of three P. aeruginosa isolates by Spencer

et al. (2003), one environmental and two from CF patients, also noted low

WGS read coverage of the O-Ag biosynthesis genes. Mutations in the O-Ag

biosynthesis genes in these three isolates rendered them untypable.

Analysis of non-synonymous mutations in the las quorum sensing genes

and SNPs in the intergenic regions revealed a high number of mutations

in lasR and its upstream region, relatively few mutations in lasI and no
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non-synonymous mutations in rsaL (Figure 3.5 and Table 3.4). A previous

study of lasR mutations in 66 clinical and environmental isolates found that

81% of isolates had a lasR gene sequence identical to strain PAO1 or only

with a silent mutation. It was also found that 15% of isolates had non-

synonymous changes in lasR and 5% contained ISs in lasR (Cabrol et al.,

2003). In this study, a larger proportion of isolates were found to contain

lasR mutations, with 42% of isolates containing either a non-synonymous

mutation, and 12% of isolates containing an IS in the lasR gene.

Mutations in lasI, lasR and rhlI have previously been shown to lead

to a reduction in virulence in vivo, with the most significant reduction

in lasI /rhlI double mutants. Only isolate PA-W1 was found to contain

mutations in LasI, and this isolate does not contain any non-synonymous

mutations in RhlI. From this data it appears that genes lasI, the 3-oxo-

C12-HSL synthase, and its negative regulator rsaL appear to be protected

from non-synonymous mutations. A protein BLAST search of the lasI

and rsaL genes against all genomes in the Pseudomonas Genome Database

(http://pseudomonas.com, accessed 5th August 2015) reveal that these pro-

teins are conserved with 100% identity in all P. aeruginosa isolates in which

they are found, apart from in P. aeruginosa PA7, in which LasI shares 99.5%

sequence identity. The LasI protein sequence in PA7 di↵ers from that of

PAO1 by a singe mutation, R197Q; which is one of the two mutations found

in PA-W1. This mutation occurs at the C terminal end of the protein, as

does the second LasI mutation in PA-W1. Isolate PA-W32 was found to

be missing the las genes, which were part of a 68 kb deletion in this isolate

(Figure 3.7). This isolate was unable to produce AHLs and LasB elastase.

lasR mutants have previously been reported in clinical isolates (Hamood

et al., 1996; Cabrol et al., 2003; Schaber et al., 2004; Salunkhe et al., 2005;

Ho↵man et al., 2009) and have been shown to incur a selective advantage

in certain environmental conditions compared to wild type strains (Heurlier
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et al., 2005; Sandoz et al., 2007). A variety of loss of function mutations

in LasR were observed in the 49 P. aeruginosa wound isolates. Isolate PA-

W10 was found to contain a P74L mutation in LasR, which has previously

been shown to lead to loss of multimerisation of LasR, and severely a↵ect

protein function (Kiratisin et al., 2002). PA-W10 is unable to produce both

3-oxo-C12-HSL and C4-HSL, which would be expected if the LasR protein

were unable to function. PA-W12, 23, 37 and 43 were found to contain

mutations which would lead to changes in predicted binding residues of

LasR, and each of these isolates displayed a reduction in 3-oxo-C12-HSL

production compared to PAO1 (Table 3.5). All but PA-W12 also displayed

a reduction in C4-HSL production as a result of a mutation in a predicted

DNA-binding residue.

Isolates PA-W18, 21, 31, 36, 39 and 42 were found to contain putative

transposon-mediated insertions in the lasR gene, and all six of these isolates

showed a reduction in 3-oxo-C12-HSL production, with all but PA-W18 also

displaying a reduction in C4-HSL production (Table 3.7). Isolate PA-W21

showed a reduced production of all QSSMs. In all six isolates the insertion

sequences were found to occur within predicted functional domains in the

LasR protein sequence (Figure 3.9). The LasR insertions in isolates PA-

W31, 39 and 42 appear to originate from P. aeruginosa, whereas insertions

in isolates appear to PA-W18, 21 and 36 originate from other species (Ta-

ble 3.9). This could be due to horizontal gene transfer from other organism

present in either the wound from which they were isolated, or the environ-

ment from which they were originated. The putative insertion sequence in

PA-W18 is 36.8 kb, and contains multiple copper and heavy metal resis-

tance genes. The remaining putative insertion sequences consist of one or

two transposase genes, apart from PA-W36, where a single contig corre-

sponding to a putative insertion sequence could not be determined (Table

3.8).
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The putative insertion sequences in PA-W31, 39 and 42 were found to

occur in the same location within the lasR gene, and were also identical

in sequence content (Table 3.9). These three isolates appear to be geneti-

cally related according to the core genome phylogeny, however were isolated

from three di↵erent patients. The genome assembly statistics of these three

isolates are strikingly similar, in terms of genome assembly size, number

of contigs and number of predicted genes. It is unclear whether the three

patients from whom these strains were isolated picked up this strain from

a common source, or whether a sample handling error at some point in

time means these three isolates are actually three copies of a single isolate.

These three isolates do display di↵erences in their QSSM profiles, although

generally produce medium-low levels of each QSSM, apart from PA-W39

which produces high levels of HHQ.

The finding of transposon insertions in lasR in clinical isolates of P. aeruginosa

highlights the importance of looking at de novo genome assemblies for larger

structural variants than can be detected by read mapping techniques. These

transposon insertions are, however, putative, and remain to be confirmed

by PCR.

Analysis of non-synonymous mutations in genes rhlI and rhlR revealed

a number of mutations in these genes as well as a mutation in the rhlR

promoter (Figure 3.10 and Table 3.10). Predicted DNA binding residues in

RhlR occur after the 180th residue in the protein sequence, and therefore an

out of frame deletion in PA-W45 which would lead to a truncated form of the

RhlR protein after residue R105, could a↵ect the function of the RhlR pro-

tein. PA-W45 also contains a truncated version of the LasR protein due to a

premature stop codon, however does not contain any non-synonymous mu-

tations in pqs genes. This isolate produces low levels of all QSSM molecules

tested. lasR/rhlR double mutants have previously been shown to be unable

to produce AHLs, proteases, LasB elastase and PQS (Dekimpe and Deziel,
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2009), which fits what is observed with PA-W45. There are a number of

isolates which contain mutations in RhlI and RhlR and display a reduction

in C4-HSL production. These mutations require further characterisation in

order to determine if they could directly influence phenotype.
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A number of non-synonymous mutations were observed in the pqs genes,

however, interestingly there were no non-synonymous mutations observed

in pqsE (Figures 3.11 and 3.12, and Table 3.11). This indicates that, like

lasI and rsaL, pqsE may be protected from non-synonymous mutations.

Mutations in the lasI gene were previously shown to lead to a reduction in

virulence (Zhu et al., 2004). RsaL is known to act as a global regulator of

QS by acting as a repressor of LasI (Rampioni et al., 2007). The function

of PqsE in the biosynthesis of HHQ was recently determined (Drees and

Fetzner, 2015). The lack of mutations in these genes in this set of highly

diverse P. aeruginosa isolates indicates the importance of the function of

these genes in P. aeruginosa.

BLAST comparison of the PqsE protein sequence with strains at the

Pseudomonas Genome Database revealed that the PqsE protein sequence

shared 100% sequence identity with all strains apart from PA7, P. aeruginosa

2192, P. aeruginosa NCGM1.S1 and P. aeruginosa PACS2 (Figure 3.16).

In the case of NCGM1.S1 and PACS2, it may be that the gene model may

be incorrect and needs to begin at the previous methionine in the sequence.

This would leave only PA7 and strain 2192 where the PqsE protein sequence

di↵ers from the 49 P. aeruginosa wound isolates.

A number isolates which were found to contain mutations in pqs genes

also displayed a reduction in HHQ and PQS production. Isolates PA-W1

and PA-W3 contained mutations at predicted dimer interface residues in

pqsA and pqsD respectively. These two isolates were found previously to

be AHL-proficient, AQ-deficient strains (McKeown, 2013). The mutation

in pqsD of PA-W3 was found to lead a premature stop codon at residue

E93 in the protein sequence (Figure 3.13). This premature stop codon

would lead to a truncated form of the PqsD protein, and this could be the

cause of the AQ-deficient phenotype, although this remains to be verified.

The D109A substitution at the predicted dimer interface residue of PqsA
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in isolate PA-W1 would change a negatively charged aspartic acid to a

hydrophobic alanine residue. However, this dimer interface annotation at

the NCBI Conserved Domains database (Marchler-Bauer et al., 2015) is

based on the structure of a PqsA homolog in Burkholderia xenovorans,

where the protein forms a homodimer. Functional characterisation of PqsA

in P. aeruginosa revealed that the protein is most likely to exist as a native

monomer (Coleman et al., 2008), and if this is the case then the D109A

mutation in PA-W1 is unlikely to a↵ect the function of the protein. The

previously determined frameshift mutation in pqsR in PA7 was found not

to be conserved in PA-W1 (Figure 3.14). In short, there were no obvious

di↵erences which could be the cause of the AHL-proficient, AQ-deficient

phenotype in PA-W1. There were other non-synonymous mutations in pqsA,

as well as in pqsB and pqsC which could be the cause of this phenotype,

although further experiments are required to verify this. There were also a

number of SNPs and INDELs unique to PA-W1 (data not shown), as well

as deletions in PA-W1 compared to PAO1-UW which were not conserved

in the 48 other P. aeruginosa wound isolates (Figure 3.15). There is scope

for future work to determine the genotype which causes this distinct QS

phenotype, as well as to determine if the premature stop codon in pqsD is

the cause of the AHL-proficient, AQ-deficient phenotype in PA-W3.
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General Discussion

It has been proposed that P. aeruginosa PAO1 exists as genetically variable

sublines in strain collections and laboratories, and the current reference

sequence is thought to correspond to a distinct subline with its own genetic

peculiarities. In this study the whole genomes of 8 PAO1 sublines, including

the subline from the ATCC strain collection, ATCC 15692, thought to be

the original PAO1 of Bruce Holloway, were sequenced, as well as strains

PAO2 and PAO3, which correspond to auxotroph mutants derived from

P. aeruginosa PAO in the 1950s.

Every PAO1 subline in this study has been found to contain mutations

which are not conserved in any other subline, as well as, in the case of some

sublines, prophage insertions and large chromosomal deletions. This con-

firms the previous hypothesis that PAO1 exists as highly variable sublines

which vary between laboratories and strain collections. These are likely to

correspond to mutations which have accrued in PAO1 sublines after they

were distributed among research labs and strain collections. A large propor-

tion of these mutations lead to changes in protein sequences, which have the

potential to a↵ect phenotype. This highlights the importance of using the

same laboratory subline when attempting to reproduce research from other

laboratories, as use of two distinct sublines for the same experiment may

lead to discrepancies in results. A large 58.6 kb deletion was found to be
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conserved between two PAO1 laboratory sublines, PAO1-N and PAO1-E,

which were not known to have been related, or purchased from the same

genetic stock centre. This highlights the importance of keeping a precise

record of where laboratory strains are obtained from, and also, if possible,

batch numbers of isolates.

It could be argued that researchers should abandon their current subline

in favour of a single PAO1 strain from a single strain collection. However,

results of this study also show unique mutations in a PAO1 isolate pur-

chased from the ATCC stock centre, PAO1-ATCC 15692 first mentioned by

Bruce Holloway (Holloway, 1969). It could be deduced that this strain is

the “original” PAO1 strain given the literature, however in this study the

ATCC strain has been found to contain non-synonymous mutations and

premature stop codons in genes involved in antibiotic resistance and type

IV pili formation, which are unique to this subline. The idea of abandoning

PAO1 altogether, and moving to another P. aeruginosa strain for labora-

tory studies into this opportunistic pathogen could be proposed, however

it could be the case that other P. aeruginosa strains also contain genetic

changes unique to particular laboratories. In fact, this could be the case for

any other bacterial strains, as well as cell lines, used routinely in laboratory

experiments. Therefore it seems reasonable that laboratories should carry

out WGS of their own laboratory strains, and take into account di↵erences

compared to the reference sequence for the strain.

As well as variability in laboratory sublines, the choice of reference se-

quence is also brought into question by this study. The comparison of the

genome sequences and optical maps of PAO1 sublines with the reference

sequence, PAO1-UW, revealed that the strains and sublines have more in

common with one another than with the reference sequence; namely that

PAO1-UW is an outlier. Since the original PAO1-UW isolate is not avail-

able, comparisons can only be made to the genomic sequence. Therefore
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it is unclear if this observation due to errors in the genome assembly of

PAO1-UW, carried out using whole genome shotgun methods prior to the

availability of next generation technologies, or if the isolate selected for

WGS in 2000 had accrued genetic changes over time. The exception to

this is the 2.2 Mb inversion found in PAO1-UW compared to the physical

map, which has been previously reported (Stover et al., 2000; Klockgether

et al., 2010). In this study the inversion in PAO1-UW was not found to be

conserved in any of the isolates studied. This study has revealed that the

reference sequence of PAO1-UW is not representative of the range of PAO1

sublines included in this study.

Therefore di↵erences between PAO1-UW and the ancestral P. aeruginosa

PAO have been deduced, using genetic information from PAO1 sublines, and

PAO-derived strains PAO2 and PAO3. These should be taken into consid-

eration by researchers when carrying out genetic analyses in PAO1. For the

purposes of this study, only the most reliable set of mutations in PAO1-UW,

which are not conserved in any other PAO1 subline, PAO2 or PAO3, were

taken into account for the deduction of the ancestral genomic sequence of

P. aeruginosa PAO. These consist of SNPs shared by all strains and sub-

lines in Table 2.8 and all INDELs in Table 2.10. However, there are some

caveats associated with this ancestral sequence. These genetic mutations

remain to be confirmed by PCR in all ten strains and sublines, and there-

fore at this stage are predictions. There may be additional mutations in the

PAO1-UW reference sequence which were not conserved in all ten strains

and sublines in this study, for example changes which were only conserved

in eight or nine strains and sublines. A conservative approach was taken

with determining the ancestral sequence of PAO, and so these mutations

were not included and remain to be verified. There may be mutations in

PAO1-UW which are not present in the deduced ancestral P. aeruginosa

PAO sequence which could not be determined by this study, for example
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in highly repetitive regions of the genomic sequence. New long read tech-

nologies such as the PacBio SMRT or the Oxford Nanopore MinION could

be used to resolve the sequence of these regions in laboratory strains and

sublines, in order to determine if the reference sequence contains any unique

mutations in these regions compared to other sublines of PAO1.

Although P. aeruginosa PAO1 is the most commonly studied strain

in research laboratories, it corresponds to a single isolate within a diverse

species which is able to adapt to and survive in a range of ecological niches,

including human hosts. Previous WGS studies of P. aeruginosa have fo-

cused on the host adaptation of P. aeruginosa in chronic CF infections,

however given that P. aeruginosa is able to adapt to a variety of environ-

mental niches, the characteristics of isolates from di↵erent types of infection,

and therefore di↵erent environments, may not be identical. Therefore the

need to study a variety of di↵erent strains of P. aeruginosa from a range of

environments is evident.

In this study the bias towards the analysis of genetic diversity within

P. aeruginosa from the CF lung was considered, and the genomic diversity

of a set of 49 wound isolates, which were not necessarily causing infection at

the time of sampling, was determined. It was found that these isolates were

genetically diverse, with isolates spanning all three previously determined

phylogenetic groups of P. aeruginosa. These isolates were generally found

to fall into the previously reported range of P. aeruginosa genome sizes.

Non-synonymous mutations in genes in the three major QS systems, las,

rhl and pqs, were characterised and a number were found to correlate with

observed QS phenotypes.

In this study de novo assemblies were generated and analysis of the cod-

ing sequences corresponding to QS genes revealed that six of the 49 isolates

contained insertions within the lasR gene, which are thought to correspond

to transposable elements. Although mutations in the lasR gene have been
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reported in multiple studies, and are thought to be a method of adaptation

of P. aeruginosa to the host environment, this one of few reports of transpos-

able elements disrupting the lasR gene in clinical isolates of P. aeruginosa.

This could possibly be due to most studies using a resequencing approach

focused on identifying SNPs and INDELs, compared to de novo assembly

of bacterial genomes. This is likely due to the cost of WGS, where until

recently it was more economical to sequence more bacterial genomes on a

single run of a sequencing instrument, thereby getting a low genome cover-

age per isolate, which was su�cient for a resequencing approach but not for

a de novo assembly approach. However, with the ever-reducing costs as well

as increases in yield and read lengths of WGS technologies, it is now more

a↵ordable to yield a high enough genome coverage for a de novo assembly

approach.

Carrying out WGS of a set of 49 clinical isolates from a variety of wound

types, whose diverse QS phenotypes have been characterised has led to the

identification of a number of mutations within QS genes which correlate

with QS phenotype. Two of the 49 isolates were previously determined to

be AHL-proficient and AQ-deficient, which was a novel QS phenotype at the

time for P. aeruginosa. These two isolates were found to contain mutations

in pqs genes, involved in the biosynthesis of the AQ HHQ. A mutation in

the pqsD gene of PA-W3 was found to lead to a premature stop codon,

which could lead to a loss of function of PqsD, and therefore explain the

lack of production of HHQ. However, there was no simple explanation for

the lack of HHQ production in isolate PA-W1. This isolate could be the

subject of further study, with the potential to identify a novel regulator of

AQ biosynthesis, and therefore QS.

Although WGS technologies have been around for almost ten years,

P. aeruginosa genomic research has focused on clinical isolates and bac-

teriak populations from CF infections, in order to track the evolution of
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these isolates within infections. In this study, it has been shown that

WGS can, and arguably should, be used as a routine method to char-

acterise genetic variability in laboratory isolates. This is especially the

case with the low cost of WGS and the availability of web servers such

as the Galaxy server (https://usegalaxy.org/) and the PATRIC workspace

(http://www.patricbrc.org/), where users can upload their WGS data and

carry out analyses using a graphical user interface, making a simple analysis

such as the characterisation of SNPs and short INDELs or de novo genome

assembly accessible to wet lab scientists who are not familiar with the use

of open source software in a command line environment.

This study has also worked to address the bias of WGS analyses of

P. aeruginosa towards isolates from CF infections by characterising the

genomic diversity of a set of clinical wound isolates. The genomes of the

isolates in this part of the study form part of the 1000 Pseudomonas genomes

project, which aims to sequence the genomes of 1000 human, animal and

environmental isolates of P. aeruginosa (Freschi et al., 2015). This is the

highest resolution study of P. aeruginosa genomic diversity to date, and will

allow a large scale characterisation of the core and accessory genomes, as

well as the virulence factors and antibiotic resistance genes of this species.

The potential impact of this project on our understanding of P. aeruginosa

as a species is huge, and could lead to novel insights into this opportunistic

pathogen, including novel strategies to counter P. aeruginosa infections.
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5.1 Genome Accession Numbers

Table 5.1: Accession numbers of reference sequences used in this study

Genome Accession Num-
ber

Reference

DK2 NC 018080 (Marvig et al., 2013)
LESB58 NC 011770 (Winstanley et al., 2009)
PA7 NC 009656 (Roy et al., 2010)
PA14 NC 008463 (Lee et al., 2006)
PANOT106 Obtained from

authors
(Snyder et al., 2013)

PAO1-UW NC 002516 (Stover et al., 2000)
RGP42 GQ141978 (Klockgether et al., 2010)
VRFPAO1 AOBK00000000 Malathi and Madhavan, un-

published data
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5.2 insertion.pl

#!/usr/bin/perl
# Make an insertion of one fasta sequence into another
# <insertion.pl>
# Author: Hardeep Naghra

my($genome, $insertion, $inspos, $outfile) = @ARGV;

if(!defined $outfile)
{

print "\nusage: ./insertion.pl <genome_fasta>
<insertion_fasta> <insertion_point> <outfile>\n\n";

exit;
}
# fasta file of insertion sequence
open(INS, $insertion) or die "$!";
# fasta file of reference sequence
open(FILE, $genome) or die "$!";

my $insseq=’’;

# get whole insertion sequence in a string variable
while(<INS>)
{

if($_!˜/ˆ>/)
{

chomp $_;
$insseq.=$_;

}
}

my $sequence=’’;
my $header=’’;
# get whole reference sequence in a string variable
while(<FILE>)
{

if ($_=˜/ˆ>/)
{

chomp $_;
$header=$_;

}
else
{

chomp $_;
$sequence.=$_;

}
}

my $genomelength=length($sequence);
my $inslength=length($insseq);
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# divide reference into two parts where part 1 is the
sequence before the insertion, and part 2 is the
sequence after the insertion

my $firstsub=substr($sequence, 0, $inspos);
my $secondsub=substr($sequence, $inspos, $genomelength);

# make insertion
my $cat=$firstsub.$insseq.$secondsub;
my $catlength=length($cat);

# create outfile
open(OUT, ">$outfile") or die "$!";

# Print insertion statistics to Standard Error
print STDERR"Genome length: $genomelength\tInsertion

length: $inslength\tTotal length: $catlength\n";
# Print insertion sequence to outfile
print OUT "$header\n$cat\n";

Hardeep Naghra PhD Thesis



5.3. inversion.pl 181

5.3 inversion.pl

#!/usr/bin/perl
# Script to make inversion in fasta sequence
# <inversion.pl>
# Author: Hardeep Naghra

my($genome, $start, $end, $outfile) = @ARGV;

if(!defined $outfile)
{

print "\nusage: <genome_fasta> <inversion_start>
<inversion_end> <outfile>\n\n";

exit;
}
# open reference genome
open(FILE, $genome) or die "$!";

my $sequence=’’;
my $header=’’;
# store genome sequence and header as string variables
while(<FILE>)
{

if ($_=˜/ˆ>/)
{

chomp $_;
$header=$_;

}
else
{

chomp $_;
$sequence.=$_;

}
}

my $value1=$start-1;
my $tmpval=$end-$start;
my $value2=$tmpval+1;

my $length=length($sequence);

# sequence to be inverted
my $substring=substr($sequence, $value1, $value2);
my $sublength=length($substring);

# reverse complement the substring which is to be inverted
my $first=substr($sequence, 0, $start-1);
my $second=substr($sequence, $value1+$sublength ,

$length);
my $rev=scalar reverse $substring;
$rev=˜tr/ACGTacgt/TGCAtgca/;
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# create inverted sequence as string variable
my $inverted=$first.$rev.$second;

# create and open outfile
open (OUT, ">$outfile") or die "$!";

# print sequence with inversion to outfile
print OUT "$header\n$inverted\n";
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5.4 fastq trim 5.pl

#!/usr/bin/perl
# clip a given number of bases from the 5’ end of fastq

reads
# <fastq_trim_5.pl>
# Author: Hardeep Naghra

my($fastq, $trim, $min)=@ARGV;

if(!defined $trim)
{

print "\nusage: ./fastq_trim_5.pl <fastq file> <length
to trim> <min read length>\n\n";

exit;
}

open(FQ, $fastq) or die "$!";

while(<FQ>)
{

my $seqhead=$_;
my $seq=<FQ>;
my $qualhead=<FQ>;
my $qual=<FQ>;
chomp $seqhead;
chomp $seq;
chomp $qualhead;
chomp $qual;

# clip sequence and quality score lines
my $length=length($seq);
my $clippedread=substr($seq, $trim, $length);
my $clippedqual=substr($qual, $trim, $length);
my $readlength=length($clippedread);

# print to STDOUT
if(defined $min)
{

if($readlength>=$min)
{

print
"$seqhead\n$clippedread\n$qualhead\n$clippedqual\n";

}
}
else
{

print
"$seqhead\n$clippedread\n$qualhead\n$clippedqual\n";

}
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}
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5.5 filter vcf.pl

#!/usr/bin/perl -w
use strict;

my($vcf, $cutoff)=@ARGV;

if(!$vcf)
{

print "Usage: <vcf> <cut-off>\n";
exit;

}
if(!$cutoff)
{

$cutoff=5;
print STDERR "Cut-off not specified, so will use the

default cut-off of $cutoff\n";
print STDERR "If you require a different coverage

cut-off... usage: <vcf> <cutoff>\n";
}

# infile
open (FH, $vcf) or die "$!";

# outfile of filtered SNPs
open (OUT, ">$vcf.depth_$cutoff.pass") or die "$!";

# outfile of sub-quality SNPs
open (BAD, ">$vcf.depth_$cutoff.fail") or die "$!";

while(<FH>)
{

# skip comment lines
next if ($_=˜/ˆ#/);

# skip INDELs
next if ($_=˜/INDEL/);

# put columns into array
my @line= split /\t/;

# only interested in lines in VCF files with SNP info
next if ($line[4] eq ".");

# coverage cutoff at SNP locus (this is 5 unless
specified otherwise)

next unless $_=˜/DP=(\d+)/;
my $dp=$1;
if ($dp<$cutoff)
{
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print BAD $_;
}
elsif($dp>=$cutoff)
{

# print filtered VCF lines to outfile
print OUT $_;

}
}

# inform user of outfile
print STDERR "Filtered vcf in file

\"$vcf.depth_$cutoff.pass\"\n";
print STDERR "Discarded SNPs in file

\"$vcf.depth_$cutoff.fail\"\n";
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5.6 filter vcf dp4.pl

#!/usr/bin/perl -w
use strict;

my($vcf, $cutoff)=@ARGV;

if(!$cutoff)
{

print "Usage: <vcf> <dp4_cutoff>\n";
exit;

}

# infile
open (FH, $vcf) or die "$!";

# outfile of filtered SNPs
open (OUT, ">$vcf.dp4_$cutoff.pass") or die "$!";

# outfile of sub-quality SNPs
open (BAD, ">$vcf.dp4_$cutoff.fail") or die "$!";

while(<FH>)
{

# DP4 cut-off: 1) fwd ref 2) rev ref 3) fwd SNP 4) rev
SNP

if($_=˜/DP4=(\d+),(\d+),(\d+),(\d+)/)
{

my $fwdref=$1;
my $revref=$2;
my $fwdsnp=$3;
my $revsnp=$4;
my $line=$_;

if ($fwdsnp >= $cutoff && $revsnp >= $cutoff)
{

print OUT $line;
}
else
{

print BAD $line;
}

}
else
{

print BAD "DEBUG: $_";
}

}

# inform user of outfile
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print STDERR "Filtered vcf in file
\"$vcf.dp4_$cutoff.pass\"\n";

print STDERR "Discarded SNPs in file
\"$vcf.dp4_$cutoff.fail\"\n";
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5.7 blast2fasta.pl

#!/usr/bin/perl
# Take blast output file and get the sequence of the

corresponding subject sequence hit

# Date 25/02/15

use strict;
use warnings;
use Bio::SeqIO;

my($blast, $fa)=@ARGV;

if(!defined $blast)
{

print "\nusage: <blast> <fasta_sequence>\n\n";
exit;

}

# parse blast output and get the appropriate sequence
open(BLAST, $blast) or die "$!";

my $count=1;

while(<BLAST>)
{

chomp $_;
my ($queryId, $subjectId, $percIdentity, $alnLength,

$mismatchCount, $gapOpenCount, $queryStart,
$queryEnd, $subjectStart, $subjectEnd, $eVal,
$bitScore) = split(/\t/);

# fasta sequence of scaffold (subject hit)
my @scaffoldfa=‘get_single_seq.pl ’$subjectId’ $fa‘;

# remove header of scaffold fa and make a sequence
string

shift @scaffoldfa;
my $sequence=join(’’, @scaffoldfa);
#remove spaces/newlines
$sequence=˜s/\n//g;
$sequence=˜s/ //g;

# subsequence of scaffold which corresponds to the
blast hit

my $length=0;
my $start=0;
my $substring=’’;
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if($subjectEnd > $subjectStart)
{

$length = ($subjectEnd-$subjectStart)+1;
$start=$subjectStart-1;
$substring=substr($sequence, $start, $length);

print ">$blast\_$count region
$subjectStart..$subjectEnd\n$substring\n";

}
elsif($subjectStart > $subjectEnd)
{

$length = ($subjectStart-$subjectEnd)+1;
$start = $subjectEnd-1;
$substring=substr($sequence, $start, $length);
$substring=˜tr/AGCTN/TCGAN/;
my $rev=reverse($substring);

print ">$blast\_$count region
$subjectEnd..$subjectStart\n$rev\n";

}

$count++;

}
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5.8 Antibiotic resistance profiles of 49 wound

isolates

Figure 5.1: Heat map of the minimum inhibitory concentrations
(MICs) of antibiotics added to wound isolates. The heatmap is coloured
whether the isolates were defined as being reisistant (red), intermediate (white)
or sensitive (blue) to each antibiotic. PAO1 is included as a comparison. Figure
5.4 in (McKeown, 2013).
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