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Abstract 
 

Background:  P. aeruginosa is an opportunistic pathogen that presents a significant 

threat to immunocompromised individuals, particularly to those with cystic fibrosis (CF). 

Chronic lung infection is a major cause of premature death in individuals with CF, and 

treatment is often difficult due to P. aeruginosa’s inherent and acquired antibiotic 

resistance mechanisms. This study focusses on seven experimentally evolved 

meropenem-resistant lines of P. aeruginosa, each consisting of between seven and twelve 

strains. The lines were generated by exposing the reference strain PAO1 to increasing 

concentrations of the β-lactam meropenem. Whole genome sequencing revealed large 

deletions in six of the lines (220 – 470 kbp) that shared an overlapping region of 210 

genes. The seventh line had a 1986 bp deletion within the overlapping region, spanning 

the gene galU. These lines also had several additional β-lactam resistance mutations. 

Comparably sized deletions have been also observed in clinical isolates of P. aeruginosa. 

Objectives: The overall aim of this study was to characterise the contribution of large 

deletions to β-lactam resistance in P. aeruginosa. The first objective was to quantify the 

effects of the deletions on β-lactam resistance in the experimentally evolved lines. The 

second objective was to engineer mutant strains based on the reference strain PAO1 with 

large deletions and no other mutations, and to compare the β-lactam resistance of these 

strains to the experimentally evolved strains with the same deletions.  

Methods: PCR was used to identify the pre-deletion and post-deletion strains in each 

experimentally evolved line. β-lactam resistance of all strains was determined using the 

agar dilution method. An allelic exchange method, with additional selectable markers, 

was used to generate marked deletion mutants. 
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Results: In each of the experimentally evolved lines, the strains with deletions were 

between 2- and 8-fold more resistant to meropenem, Timentin and ceftazidime than the 

corresponding strains with no deletion. Three mutant strains were engineered from P. 

aeruginosa PAO1 with deletions and no other mutations. The engineered deletion 

mutants with the 1986 bp deletion were 4-fold more resistant to Timentin and ceftazidime 

compared with PAO1, and as ceftazidime resistant as the experimentally evolved strain 

with the 1986bp deletion. However, they were no more meropenem resistant than PAO1. 

The engineered deletion mutant with a 225 kbp deletion was 4-fold more resistant to 

meropenem, Timentin and ceftazidime compared with PAO1, however it was less 

resistant than the experimentally evolved strain with the same deletion. 

Conclusions: The higher resistance of the experimentally evolved post-deletion strains 

shows that large deletions can confer high levels of β-lactam resistance in combination 

with other β-lactam resistance mutations. The engineered deletion mutants were in most 

cases more β-lactam resistant than PAO1 but as not resistant as the experimentally 

evolved strains with the same deletions and point mutations. The findings from the 

deletion mutants further reinforce the importance of each strains genetic background and 

its interaction with large deletions. The construction of more deletion mutants will further 

show the impact of large deletions on β-lactam resistance. 
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Abbreviations 
  

ALA 5-aminolevulinic acid 

ampR Ampicillin resistance 

BCIG 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

bp Base pair 

CF Cystic fibrosis 

CFU  Colony forming units 

ddH20 Double distilled water 

Exo I Exonuclease I 

gDNA Genomic DNA 

gmR Gentamicin resistance 

GYT Glycerol yeast tryptone 

IPTG Isopropyl-β-D-thiogalactopyranoside 

KB King’s broth 

kpb Kilobase pair 

LB Luria broth 

LES Liverpool Epidemic Strain 

MBL Metallo-β-lactamase 

Mbp  Megabase pair 

MDR Multidrug-resistant 

MH  Müeller-Hinton 

MIC Minimum inhibitory concentration 

OD Optical density 
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PBP Penicillin—binding protein 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

QS Quorum sensing 

RPM Revolutions per minute 

rSAP  Shrimp alkaline phosphatase 

SB Sodium borate  

SCV Small colony variant 

TB Terrific broth 

TE Tris-EDTA 

tetR Tetracycline resistance 

WGS Whole genome sequencing 

XDR Extensively drug-resistant 
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1. Introduction 

 

1.1 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is an opportunistic pathogen that presents a significant 

threat to immunocompromised patients. P. aeruginosa’s low nutritional requirements 

allow it to persist in a wide range of habitats (Kung, Ozer, & Hauser, 2010). These range 

from environmental niches (Silby, Winstanley, Godfrey, Levy, & Jackson, 2011) to 

hospital equipment (De Abreu, Farias, Paiva, Almeida, & Morais, 2014). P. aeruginosa 

also has several characteristics that allow it to effectively establish infections – including 

the production of protective biofilms (Bhagirath et al., 2016), inherent and acquired 

antibiotic resistance mechanisms (Norman, Lord, Paulsson, & Losick, 2013) and a large, 

flexible genome (Stover et al., 2000). These factors make P. aeruginosa a pathogen of 

serious concern in the face of globally increasing antimicrobial resistance (Ventola, 

2015). 

 

1.2 P. aeruginosa and cystic fibrosis 

P. aeruginosa presents a life-threatening risk to patients who are 

immunocompromised, in particular those with cystic fibrosis (CF). CF is a genetic disease 

caused by autosomal recessive mutations in the CFTR gene. The severity of the CF 

symptoms depends on the specific variant and its effects on the expressed protein (Ruzal-

Shapiro, 1998). To date more than 2000 pathogenic CF variants in CFTR have been 

identified (Malhotra, Hayes, & Wozniak, 2019). CFTR encodes a chloride transport 

channel which is critical for osmotic balance in many organs. Among other symptoms, 



11 
 

reduced CFTR protein function results in thickened lung mucus, which impairs the lung’s 

mucociliary defence system. The main pathogens associated with chronic CF lung 

infections are those belonging to the Burkholderia cepacia complex, Haemophilus 

influenzae, Staphylococcus aureus, non-tuberculous mycobacterium and P. aeruginosa 

(Zemanick, Sagel, & Harris, 2011). However, most people with CF are colonised by P. 

aeruginosa by early adolescence. Initial P. aeruginosa infection in early childhood has 

been linked to more severe lung disease in adulthood (Pittman et al., 2011). Generally, 

people with CF become infected with environmental strains that subsequently adapt to 

the CF lung microenvironment. However, genomic analysis has helped identify several 

transmissible epidemic P. aeruginosa strains which can spread between patients 

(Fothergill, Walshaw, & Winstanley, 2012). Understanding the antibiotic resistance 

mechanisms of P. aeruginosa is crucial for providing the best treatment regimens for CF 

lung infections. 

P. aeruginosa gains several key characteristics which mark its transition from 

short-term to long-term infection in CF. The change from a non-mucoid to a mucoid 

phenotype is considered a hallmark of chronic P. aeruginosa infection (Govan & Deretic, 

1996). The mucoid phenotype results from increased production of the polysaccharide 

alginate, a key component of the biofilm produced by P. aeruginosa. The biofilm consists 

of several extra-cellular polymeric substances that form a matrix structure, providing 

physical protection from antimicrobials and the host’s immune response (Moradali, 

Ghods, & Rehm, 2017). P. aeruginosa can display a small colony variant (SCV), which 

is also associated with an increased biofilm production and autoaggregation. The presence 

of SCVs in CF sputum samples is associated with decreased body weight and forced 

expiratory volume, a measure of lung function (Evans, 2015). P. aeruginosa clinical 
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isolates can also display a dark-brown colony phenotype, due to mutations in the hmgA 

gene, encoding homogentisate 1,2-dioxygenase. This gene is part of a pathway that 

catabolises melanic acid, and hmgA inactivation and subsequent accumulation of melanic 

acid leads to the production of the brown compound pyomelanin (Rodríguez-Rojas et al., 

2009). It is unclear whether overproduction of pyomelanin itself is beneficial to P. 

aeruginosa during chronic infection or is a marker for another mechanism behind P. 

aeruginosa’s persistence. 

In addition to gaining characteristics, P. aeruginosa also loses several features as 

it transitions from short-term to-long term infection. The flagella possessed by P. 

aeruginosa are crucial for the initial stages of lung infection; they allow P. aeruginosa to 

spread throughout the entire lung (Feldman et al., 1998). However, once chronic infection 

is established and P. aeruginosa has formed a biofilm, motility is no longer a vital trait. 

Flagellar motility also activates the host’s macrophages, immune cells that recognise and 

engulf pathogens via phagocytosis. Conversely, loss of motility markedly increases P. 

aeruginosa’s resistance to phagocytosis (Amiel, Lovewell, O’Toole, Hogan, & Berwin, 

2010). More than a third of CF clinical P. aeruginosa isolates from CF patients lack 

motility (Mahenthiralingam, Campbell, & Speert, 1994). Loss of motility often occurs 

with a loss of other virulence factors. During initial infection, P. aeruginosa uses several 

virulence factors that provoke an inflammatory response from the host. These include the 

type III secretion system (T3SS), a group of proteins that work together to puncture host 

cells and inject effector proteins. The prevalence of T3SS expression in CF clinical 

isolates decreases with the duration of the infection, indicating that the loss of these 

virulence factors is advantageous for P. aeruginosa during long-term infection (Jain et 

al., 2004). A similar pattern has also been noted for the regulators of quorum sensing 
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(QS) in P. aeruginosa. QS is the release and detection of signalling molecules into the 

surrounding environment. This allows individual bacteria to regulate gene expression 

according to population density. In P. aeruginosa, QS genes also regulate the expression 

of some virulence factors (Moradali et al., 2017). Clinical CF isolates have often acquired 

inactivating mutations in QS genes during long-term infections (Bjarnsholt et al., 2010), 

likely due to the subsequent decrease in virulence factors. Both the gain and loss of 

functional characteristics aid P. aeruginosa in establishing long-term infections. 

Once P. aeruginosa has colonised the CF lung microenvironment, adaptation 

results from selection acting on existing variation in the bacterial population and 

favouring individual cells with beneficial traits. As a consequence an increase in 

phenotypic variation in a P. aeruginosa population raises the chances of an individual 

cell becoming fitter in the CF environment (Folkesson et al., 2012). Up to half of P. 

aeruginosa CF clinical isolates display an increased rate of spontaneous mutations, 

known as a hypermutable phenotype. This arises through the accumulation of inactivating 

mutations in key genes involved in DNA repair, such as mutL and mutS (Mehta et al., 

2019). Hypermutability allows P. aeruginosa to rapidly adapt to the CF lung and acquire 

antibiotic resistance through the acquisition of other adaptive traits. 

Effective prevention measures and treatments for CF patients with P. aeruginosa 

infections are critical. The implementation of neonatal screening for CF, and 

improvements in CF clinic procedure, and antibiotic regimens have had a profound 

impact. In the 1950s, children with CF were not expected to survive beyond infancy 

(Malhotra et al., 2019). The median life expectancy for individuals with CF in the UK is 

now 47 years (Cystic Fibrosis Trust, 2019). However, the treatment of P. aeruginosa 

infections relies heavily on antibiotics. Unfortunately, an increasing proportion of CF 
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patients carry strains of P. aeruginosa that are resistant to one or more of the core 

antibiotics classes used to treat them (Oliver, Mulet, López-Causapé, & Juan, 2015), 

making treatment of these infections difficult. 

 

1.3 P. aeruginosa and antibiotic treatments 

Antibiotics are crucial in the treatment of bacterial respiratory infections prevalent 

in people with CF. Penicillin, an antibiotic of the β-lactam group, was the first to be used 

to treat CF. Children with CF treated with nebulised penicillin showed a significant 

improvement (Di Sant’Agnese & Andersen, 1946). The interest in nebulised antibiotics 

was revived in the 1980s when the aminoglycoside antibiotic tobramycin and 

carbenicillin, another β-lactam, were shown to be effective against P. aeruginosa 

infections (Hodson, Penketh, & Batten, 1981). The fluoroquinolone group of antibiotics 

emerged as an alternative treatment for P. aeruginosa infections in the 1990s (LeBel, 

1991). These antibiotics have helped to transform the prognosis of CF patients. However, 

the rise of antibiotic-resistant P. aeruginosa presents a threat to the efficacy of established 

treatments.  

The β-lactam group of antibiotics is widely used to treat P. aeruginosa infections. 

These antibiotics are defined by the presence of a square β-lactam ring structure (Figure 

1.1). Their main mechanism of action against P. aeruginosa is to bind to penicillin-

binding proteins (PBPs) (Poole, 2004). These proteins are essential enzymes involved in 

the synthesis of peptidoglycan, which in turn is essential for the maintenance of the cell 

wall. When the function of PBPs is impaired, the cell wall is compromised, resulting in 

cell lysis. The structures of three key β-lactam antibiotics are shown in Figure 1.1. 
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Figure 1.1: Chemical structures of β-lactam antibiotics meropenem, ceftazidime and ticarcillin. All 

three share a central square β-lactam ring. Meropenem is a carbapenem β-lactam, ceftazidime is a 

cephalosporin and ticarcillin is a carboxypenicillin. Structures were retrieved from PubChem (Kim et al., 

2019). 

The carbapenem subgroup of β-lactam antibiotics is reserved as a last resort for 

complicated infections that are resistant to other antibiotics because of their broad 

spectrum potency (Papp-Wallace, Endimiani, Taracila, & Bonomo, 2011). The 

antimicrobial effects of meropenem were first discovered in 1989 through the screening 

of carbapenem derivatives. Meropenem is especially effective due to its ability to 

withstand metabolism by renal dehydropeptidase-1 produced by the host (Sunagawa, 

Matsumura, Inoue, Fukasawa, & Kato, 1990). However, clinical isolates of P. aeruginosa 
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that were meropenem-resistant were observed shortly after its introduction (Drusano & 

Standiford, 1989), highlighting the rapid adaptation of P. aeruginosa to new antibiotics. 

 

1.4 P. aeruginosa and antibiotic resistance  

Treating P. aeruginosa infections is complex due to the wide range of resistance 

mechanisms that may arise. P. aeruginosa has intrinsic resistance mechanisms and can 

rapidly acquire mutations or mobile genetic elements that confer additional resistance. P. 

aeruginosa’s β-lactam mechanisms are summarised in Figure 1.2. 

 

Figure 1.2: β-lactam resistance mechanisms of P. aeruginosa. A) Instrinsic resistance mechanisms. B) 

Acquired resistance mechanisms. Squares, β-lactam molecules; orange, AmpC β-lactamase; green, PBPs; 

pink, efflux pumps. Figure was created using Biorender.  

A) Intrinsic resistance     B) Acquired resistance 
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1.4.1 Intrinsic resistance mechanisms 

P. aeruginosa’s inherent antibiotic resistance characteristics include the ability to 

break down certain β-lactam antibiotics and to limit the accumulation of antibiotics in the 

cell. The chromosomal ampC gene carried by P. aeruginosa encodes a β-lactamase 

enzyme, which can degrade the integral β-lactam ring of many β-lactam antibiotics. To 

circumvent this, some β-lactams are formulated with β-lactamase-inhibiting compounds 

such as ceftazidime and the inhibitor avibactam (Zavicefta), or ticarcillin and the inhibitor 

clavulanic acid (Timentin). Carbapenems are resistant to degradation by AmpC due to 

their chemical structure (Meletis, Exindari, Vavatsi, Sofianou, & Diza, 2012).  

P. aeruginosa is further protected from antibiotics by its low outer membrane 

permeability and its low number of porin channels. Porin channels are embedded within 

the outer membrane and can be general or specific in the substrates they uptake through 

diffusion (Chevalier et al., 2017). Hydrophilic antibiotics such as meropenem can also 

enter P. aeruginosa by diffusion through porin channels. Most of P. aeruginosa’s porins 

are uptake specific substrates – out of 26 porins, only OprF is a general porin (Chevalier 

et al., 2017). The low outer membrane permeability prevents antimicrobial compounds 

from binding to their targets inside the cell.  

P. aeruginosa also uses efflux pumps to effectively reduce the accumulation of 

antibiotics within the cell. P. aeruginosa has several efflux pump systems for different 

substrates. The MexAB-OprM efflux pump system is constitutively expressed at low 

levels. It consists of an exporter protein (MexB) that traps the antibiotics, and a linker 

protein (MexA) that connects the exporter to the outermembrane factor (OprM) through 

which the antibiotics are expelled (Phan, Picard, & Broutin, 2015). The MexAB-OprM 

system confers a low level of resistance to β-lactam antibiotics (Horna, López, Guerra, 
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Saénz, & Ruiz, 2018). The MexXY-OprM efflux pump, where MexY is a transporter and 

MexX is the linker, is also involved in P. aeruginosa’s intrinsic antibiotic resistance to 

aminoglycosides and fluoroquinolones (Lister, Wolter, & Hanson, 2009a). 

 

1.4.2 Adaptive resistance mechanisms 

Once an infection has been established, the pressures from antibiotic treatments 

and the host’s immune system act to select P. aeruginosa variants that display a higher 

level of adaptive resistance. When combined with hypermutability, this leads to the rapid 

acquisition of mutations that can confer high levels of antibiotic resistance. Some of these 

mutations further enhance the intrinsic resistance characteristics of P. aeruginosa. 

Overproduction of efflux pumps is an important mechanism associated with increased 

antibiotic resistance. For example, overexpression of the MexAB-OprM efflux pump 

arises due to mutations in regulatory genes such as mexR and nalC. Inactivation of these 

genes leads to the upregulation of the efflux pump genes, and increases P. aeruginosa’s 

resistance to meropenem (Chalhoub et al., 2016). The overexpression of the MexXY-

OprM efflux pumps has a similar effect on P. aeruginosa’s resistance to antibiotics. The 

MexXY-OprM system can be induced by the presence of some antibiotics (Masuda et al., 

2000). Mutations in the system’s repressor mexZ have been linked to MexXY-OprM 

overexpression and subsequent increases in resistance to aminoglycosides and some β-

lactams, including meropenem but not ceftazidime (Quale, Bratu, Gupta, & Landman, 

2006). However, not all strains overexpressing MexXY-OprM have corresponding 

mutations in mexZ. Mutations in amgS and parS have also been associated with 

overexpression (Greipel et al., 2016).  



19 
 

P. aeruginosa can also acquire mutations that further reduce its membrane 

permeability by decreasing the number of porin channels embedded in the cell wall. 

Mutations in oprD and consequent modification or loss of the porin it encodes are a well-

characterised resistance mechanism in P. aeruginosa (Hui Li, Luo, Williams, Blackwell, 

& Xie, 2012). The OprD porin is the main entry point for β-lactam antibiotics. Loss of 

the porin can increase the minimum inhibitory concentration (MIC) of carbapenems up 

to 32-fold (Lister et al., 2009a). Among CF patients the majority of carbapenem-resistant 

strains carry inactivating mutations in oprD (Greipel et al., 2016). Modifications of the 

PBPs targeted by β-lactams have also been linked to resistance. Mutations in PBP3, 

encoded by ftsI, have been implicated in varying levels of β-lactam resistance in clinical 

isolates (López-Causapé et al., 2017a). 

Increased production of β-lactamases is another adaptive resistance mechanism of 

P. aeruginosa. The expression of chromosomally encoded AmpC β-lactamase can be 

increased through mutations in genes involved in its regulation such as ampD, ampR and 

dacB (Oliver et al., 2015). While the carbapenems such as meropenem, doripenem and 

imipenem are unaffected by AmpC, they can be hydrolysed by a subset of β-lactamases 

called metallo-β-lactamases (MBLs) (Rostami et al., 2018). MBLs are resistant to 

inhibitors like clavulanic acid and tazobactam (Palzkill, 2013). They are often present on 

mobile gene cassettes, which can spread quickly among P. aeruginosa populations 

through horizontal gene transfer (Hong et al., 2015). The global spread of MBLs threaten 

the status of carbapenems as a last resort antibiotic.  

Due to the diversity of P. aeruginosa resistance mechanisms, multidrug-resistance 

(MDR) and extensively drug-resistant (XDR) strains of P. aeruginosa are an increasing 

concern (Mulani, Kamble, Kumkar, Tawre, & Pardesi, 2019). A comprehensive study of 
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1904 respiratory isolates of P. aeruginosa found more than a quarter of the isolates were 

resistant to three or more antibiotic classes (Tabak et al., 2019). Understanding the 

complex mechanisms of resistance and their interactions in P. aeruginosa is essential for 

the development of new treatments and making the best use of available antibiotics. 

 

1.5 Genome and epidemic strains 

P. aeruginosa’s ability to thrive in a diverse range of habitats and to survive high 

levels of stress from antibiotics is underpinned by its remarkable genome. The moderately 

virulent reference strain PAO1 has a genome of 6.3Mbp (Stover et al., 2000). This is 

much larger than the genomes of CF related pathogens such as S. aerus and H. influenzae, 

which are 2.8Mbp and 1.8Mbp respectively (Baba, Bae, Schneewind, Takeuchi, & 

Hiramatsu, 2008; Fleischmann et al., 1995). P. aeruginosa’s genome has a unique 

composition – it contains more than 500 regulatory genes that allow P. aeruginosa to 

survive under a wide range of conditions (Freschi et al., 2019). This genome composition 

also allows P. aeruginosa to display a high level of genetic diversity. Its genetic material 

can broadly be divided into the core genome, consisting of the genes present in all strains, 

and the accessory genome, which includes all other chromosomal genes and mobile 

genetic elements such as plasmids. Together these comprise the pangenome (Kung et al., 

2010). Though estimates vary between studies, Freschi et al., (2019) recently identified 

665 core genes. These essential genes are crucial for function and survival and therefore 

may represent logical drug targets. The global P. aeruginosa population is thought to be 

divided into two larger clades and two smaller clades, although the precise factors leading 

to genetic isolation between clades are unknown (Ozer, Nnah, Didelot, Whitaker, & 
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Hauser, 2019). Clinical CF isolates of P. aeruginosa also display a high level of diversity 

within individual patients (Mowat et al., 2011).  

Aside from the reference strain PAO1, there are several key P. aeruginosa strains 

that have been widely studied. PA14 is another reference strain that is more virulent than 

PAO1 and contains 58 gene clusters absent from PAO1. It also has a large inversion of 

approximately 4Mbp relative to PAO1 (Lee et al., 2006). Several epidemic strains of P. 

aeruginosa which are highly transmissible between patients have been described. The 

Liverpool Epidemic Strain (LES) was first observed in 1996, when most patients at a 

children’s CF clinic in Liverpool, England, were infected with a single epidemic strain 

(Cheng et al., 1996). LES remains prevalent in the UK and is an especially aggressive 

strain associated with greater morbidity (Al-Aloul et al., 2004). Part of LES’s 

proliferation can be attributed to 20 genomic islands that carry genes involved in 

antibiotic resistance, virulence and evading immune response (Jani, Mathee, & Azad, 

2016). In Australia, the AUST-01 and AUST-02 strains are prevalent in CF patients and 

associated with higher antibiotic resistance and greater healthcare burden. Inactivation of 

lasR in this strain results in increased virulence (Kidd et al., 2013; Tai et al., 2015). The 

global spread of highly pathogenic epidemic strains presents a further threat to 

immunocompromised patients. 

 

1.6 Experimentally evolved strains 

The characterisation of clinical isolates of P. aeruginosa and functional studies 

have been invaluable for understanding the genetic causes of antibiotic resistance in the 

context of CF. However, the exact selection pressures on the bacterial populations vary 

between patients due to differences in treatment regimens and immune responses. This, 
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combined with the genetic variation between the P. aeruginosa strains that initially 

colonise the CF lung, makes the untangling of the antibiotic resistance mutations from 

background variation difficult.  

Experimental evolution studies present an alternative strategy for investigating 

how antibiotic resistance can arise in P. aeruginosa. Generally, such experiments involve 

the growth of the organism of interest in a constant, controlled environment. Specific 

selection pressures are introduced to observe their direct effects on phenotype or genotype 

in the absence of any other influences (Van den Bergh, Swings, Fauvart, & Michiels, 

2018). Several studies have successfully implemented experimental evolution as a tool to 

investigate antibiotic resistance mechanisms in P. aeruginosa (Mehta et al., 2019; 

Melnyk, McCloskey, Hinz, Dettman, & Kassen, 2017; Schick & Kassen, 2018).  

This study is based on previous work (Wardell et al., 2019) in which P. 

aeruginosa was exposed to increasing concentrations of meropenem with the aim of 

generating highly meropenem-resistant strains and using whole genome sequencing 

(WGS) to identify the genetic basis of high-level meropenem resistance. The method for 

generating the experimentally evolved strains was adapted from Bryson & Szybalski 

(1952) and is illustrated in Figure 1.3. 
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Figure 1.3: Experimental evolution of meropenem-resistant P. aeruginosa based on Bryson & 

Szybalski (1952). An antibiotic-free broth culture of P. aeruginosa PAO1 was simultaneously stored at -

80°C as strain M1-0 of the line, and used to inoculate a meropenem gradient agar plate. From resulting 

colonies, a colony with increased resistance (circled) was selected and grown in an antibiotic-free broth 

culture. The broth culture was stored at -80°C as strain M1-1 of the line and also used to inoculate another 

meropenem gradient plate, with a higher concentration of meropenem than the previous plate. Again an 

antibiotic-free broth culture was made from a single resistant colony and both stored as strain M1-2 and 

used to inoculate a meropenem gradient plate. The process of selecting meropenem-resistant colonies and 

inoculating meropenem gradient plates was repeated, with each gradient plate having a higher concetration 

of meropenem than the previous plate. The steps were repeated until the colonies had reached the maximum 

level of resistance and no colonies grew on the high meropenem concentration region of the plates. Figure 

was created with BioRender. 

The experimental evolution process was carried out 15 times using P. aeruginosa 

PAO1 as the starting point, generating 15 independent meropenem-resistant lines. Each 

line was allocated a number code (M1, M2, M3 etc.) and the strains within that line were 

numbered as shown in Figure 1.3. 

To identify mutations that were driving the high level of meropenem resistance 

observed in the experimentally evolved lines, WGS was carried out on the third and final 

strains in each of the 15 lines. This revealed that six of the lines (M1, M4, M8, M10, M11 
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and M14) had acquired large deletions during the selection process. These ranged from 

225 kbp to 479 kbp in size – equivalent to 3.6% and 7.6% of the total genome. These 

large deletions all shared an overlapping region of 210 genes. Another line (M9) had 

acquired a smaller deletion of 1986 bp within the overlapping region, spanning the gene 

galU. The coordinates of these deletions are in Table 1.1 and the large deletions are shown 

in Figure 1.4. 

Table 1.1: Coordinates of deletions in experimentally evolved strains. 

 

Line Deletion coordinates relative to PAO1 Deletion size (bp) Number of genes 
deleted 

M1 2176372 - 2442711 266340 231 

M4 2213752 - 2439012 225261 198 

M8 1976265 - 2455714 479450 415 

M9 2214413 - 2216398 1986 1 

M10 1980978 - 2443897 462920 401 

M11 2150774 - 2427499 276726 241 

M14 2030974 - 2442511 411538 353 
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Figure 1.4: Genome positions of the large deletions in experimentally evolved lines. Each circle 

represents the whole genome sequence for the final strain in an experimentally evolved line. The gaps 

indicate the positions and sizes of the deletions in the chromosome relative to parental strain PAO1. Figure 

was created using RStudio (version 3.6.0) and BioRender. 

 

The results of the WGS suggest that in these seven lines, the high levels of 

meropenem exposure during the gradient plate selection selected for colonies that had 

undergone a deletion event. While most of the genes deleted are uncharacterised, there 

Genome Position 
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are several genes that have been linked to β-lactam resistance. The MexXY efflux system 

genes were deleted in five of the lines. Mutations in galU (encoding UTP-glucose-1-

phosphate uridylyltransferase) decrease the susceptibility of P. aeruginosa to β-lactams 

(López-Causapé, Cabot, del Barrio-Tofiño, & Oliver, 2018). Some of the lines (M1, M8, 

M10, M11 and M14) also showed a change in pigmentation in the later strains to a dark-

brown. This is consistent with deletion of the gene hmgA in these lines, which normally 

downregulates production of the dark-brown compound pyomelanin (Rodríguez-Rojas et 

al., 2009). 

 

 

Figure 1.5: Dark-brown phenotype of experimentally evolved P. aeruginosa. Left, wild type PAO1 on 

LB agar plate; right, pigmented experimentally evolved strain on LB agar plate. 
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1.7 Occurrence of large deletions 

 

Large chromosomal deletions have been previously observed in P. aeruginosa 

and in other microbial pathogens. WGS analysis of two MDR strains of Mycobacterium 

tuberculosis revealed deletions of 2.5 kbp and 20 kbp, both resulting in the loss of a key 

drug target (Martinez, Holmes, Jelfs, & Sintchenko, 2015). Deletions ranging from 38kbp 

to 70kbp within a known pathogenicity island have also been observed in Yersinia pestis 

isolates worldwide. (Buchrieser, Prentice, & Carniel, 1998). Genome reduction has been 

hypothesised to have an adaptive advantage by reducing the resources required to 

replicate (Kurokawa, Seno, Matsuda, & Ying, 2016). 

Large deletions in P. aeruginosa have been recorded in numerous publications 

during the past two decades, both in clinical isolates and in experimental evolution 

studies. Deletions larger than 15kbp were considered for the literature search. These 

publications are listed in Table 1.2. For the studies that used PAO1 as the reference 

genome, the coordinates of the published deletions are shown in Figure 1.6. 
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Table 1.2 : Publications featuring P. aeruginosa strains with large chromosomal deletions. 

a Genomic coordinates are given where available, otherwise gene names are displayed. The deletion start coordinate 

for Cabot et al. (2018) was estimated from a figure. NA = publications aligned strains with deletions P. aeruginosa 

strains other than PAO1.  

Reference Study type 

Genomic coordinates 
of largest                  
deletion relative to 
PAO1a 

Cabot et al., 2016 Experimental evolution – antibiotic exposure 2092676 – 2431334 

Cabot et al., 2018 Experimental evolution – antibiotic exposure PA1907 – PA2449 

Ernst et al., 2003 Clinical isolates PA2273 – PA2409 

Hilliam et al., 2016 Clinical isolates 2420900 - 2721500 

Hocquet et al., 2016 Clinical isolates PA1974 – PA2209 

Latino et al., 2014 Experimental evolution – bacteriophage exposure NA 

Le et al., 2014 Experimental evolution – bacteriophage exposure  NA 

O’Brian et al., 2017 Experimental evolution – siderophore production 1536198 – 1575459 

Pires et al., 2017 Experimental evolution – phage exposure PA1906 – PA2319 

Rau et al., 2012 Clinical isolates NA 

Sanz-Garcia et al., 2018 Experimental evolution – antibiotic exposure NA 

Shen et al., 2018 Experimental evolution – bacteriophage exposure 2023701 – 2653104 

Smith et al., 2006 Clinical isolates PA2273 – PA2410 

Spencer et al, 2003 Clinical isolates PA2130 – PA2221 

Warren et al., 2001 Clinical isolates PA2425 – PA2510 

Yen and Papin, 2017  Experimental evolution – antibiotic exposure NA 
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Figure 1.6: Genome positions of large deletions in published literature relative to P. aeruginosa 

PAO1. The bars are coloured according to the type of study. For publications in which more than one strain 

had a large deletion, the largest deletion was displayed. Deletion positions are in Table 1.2. Figure was 

created using RStudio (version 3.6.0) and BioRender. 

 

1.7.1 Occurrence of large deletions in clinical isolates  

Several genetic studies of clinical P. aeruginosa isolates have found strains with 

large deletions in a similar region of the genome as the meropenem-resistant strains in 

this study. Spencer et al. (2003) collected P. aeruginosa isolates from two children with 

CF over time and performed WGS on two of the isolates from later time points. One of 

the isolates had a deletion of 100 kbp, the first deletion of this size to be reported. This 

deletion correlates with the largest deletion observed in this study (Figure 1.6).  

Later in 2003, Ernst et al. also published a study of P. aeruginosa isolates from 

children with CF. Of the 13 isolates sequenced, two had acquired significant deletions of 

119 kbp and 189 kbp respectively. The occurrence of large deletions in isolates from 
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children indicates that the loss of large sections of the chromosome as an adaptive 

mechanism can occur in the first few years after colonisation with P. aeruginosa. Smith 

et al. (2006) also carried out a comparison between two isolates of P. aeruginosa 

collected from the same CF patient eight years apart. In total, 68 mutations were identified 

in the later isolate relative to the earlier isolate. This included a deletion of 188kbp which, 

while comparable in size to the deletions in this study, doesn’t overlap with them. 

Similarly, Warren et al. (2011) analysed 49 strains collected from 16 CF patients over 

three years. Microarray analysis of their genomes revealed a 105kbp deletion in one of 

the isolates, downstream of the largest deletion identified by Wardell et al. (2019). 

The dark-brown phenotype associated with loss of hmgA and the subsequent 

increase pyomelanin production as seen in the meropenem-resistant experimentally 

evolved strains (Figure 1.5) has not been directly linked to antibiotic resistance. However, 

characterisation of P. aeruginosa strains overproducing pyomelanin has revealed 

differences in growth that could be advantageous in the CF airway. Hocquet et al. (2016) 

analysed the genomes of four clinical isolate pairs, each collected from a different type 

of P. aeruginosa infection including CF lung infection. Each isolate pair consisted of an 

earlier P. aeruginosa isolate and a later isolate which displayed the pigmented colony 

morphology characteristic of hmgA loss. Each of the pigmented isolates had a large 

chromosomal deletion ranging from 81kbp to 270kbp. Phenotypic testing of dark-brown 

isolates has shown they have increased susceptibility to tobramycin, consistent with loss 

of mexY and subsequent decrease in MexXY-OprM efflux pump activity (Sobel, McKay, 

& Poole, 2003). Two of the pigmented isolates were able to outcompete their 

corresponding parental strains under in vitro biofilm conditions. This growth advantage 

could lead to the selection for these deletions in the CF lung. Pigment isolates were also 
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more resistant to pyocins compared with their parental counterparts. Pyocins are toxic 

compounds produced by P. aeruginosa to reduce competition for resources from 

neighbouring strains, and increased pyomelanin production has been previously shown to 

have a protective effect against pyocins (Michel-Briand & Baysse, 2002). The phenotypic 

experiments in this study reveal several advantages that large deletions confer during 

infection. 

Large deletions have also been observed in non-CF respiratory infections. Hilliam 

et al. (2017) carried out WGS on P. aeruginosa isolates from bronchiectasis patients. In 

bronchiectasis the permanent dilation of the bronchi results in increased risk of chronic 

lung infections (Barker, 2002). Patients are generally diagnosed and treated later in life, 

unlike CF, where patients are monitored from a young age for signs of infection. In this 

study P. aeruginosa isolates from 93 bronchiectasis patients were sequenced. Of the 189 

isolates, 36 unique large deletions were identified. Many of the deletions, including the 

largest, overlap with the M8 deletion (Figure 1.6). The presence of these deletions 

indicates that the adaptive and pathogenic advantage they confer is relevant to non-CF 

lung infections.  

The prevalence of large deletions in clinical isolates of P. aeruginosa suggests 

that they are an important mechanism of adaptation employed by P. aeruginosa in the 

lung microenvironment, both in CF and bronchiectasis. The exact selection pressures that 

induced the deletions in these studies are unclear. However, the frequency of deletions 

spanning the same area of the genome marks it as a region of interest (Figure 1.6). 
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1.7.2 Occurrence of large deletions in experimental evolution studies 

Experimental evolution methods have been used to investigate the genetic 

response of P. aeruginosa antibiotics. Cabot et al. (2016) exposed PAO1 and a 

hypermutable strain of PAO1 to ciprofloxacin, ceftazidime or meropenem. The antibiotic 

concentration was gradually increased over a period of seven days. Two of the 

meropenem-resistant strains derived from PAO1 had large deletions, which shared a 

significant overlapping region with one another as well as the deletions in this study. The 

meropenem-resistant strains also had three or four other mutations, consistent with the 

lines in this study.  

Another experimental evolution study by Sanz-García et al. (2018)  used the PA14 

strain to investigate the effects of gradually increasing ceftazidime exposure. The 

genomic coordinates of PAO1 and PA14 differ, mainly because of the large inversion in 

PA14. However, several of the ceftazidime-resistant strains generated had large deletions 

ranging from 55 kbp to 442 kbp. These deletions all shared an overlapping region that 

included the genes galU and hmgA, indicating the deleted region is equivalent to the 

deleted region identified by Wardell et al. (2019).  

The findings of these studies indicate that these deletions are relevant for β-lactam 

resistance beyond meropenem. The experimental evolution and clinical isolate studies 

point towards large genomic deletions as a powerful mechanism of resistance and 

adaptation in P. aeruginosa. However, none of these studies have directly investigated 

the contribution of deletions to β-lactam resistance in the absence of additional β-lactam 

resistance mutations. 
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1.8 Aims and objectives 

The phenomenon of significant chromosomal deletions in P. aeruginosa has been 

observed in many studies and in a variety of contexts. The presence of deletions in clinical 

isolates indicates their potential role in the persistence of CF infections. The appearance 

of large deletions in experimental evolution studies further points towards their 

involvement in resistance to meropenem and other β-lactam antibiotics. However, in all 

of these studies the presence of resistance mutations in the strains blurs the contribution 

of the deletions to antibiotic resistance. The experimentally evolved lines used in this 

study offer an opportunity to investigate meropenem resistance in P. aeruginosa. 

Overall this study aimed to determine the mechanisms associated with β-lactam 

resistance, in particular the role of large genomics deletions in meropenem resistance in 

P. aeruginosa. The specific objectives were: 

1. To determine at which step of the experimental evolution the deletions occurred 

in each line. 

2. To identify if strains immediately before the deletion event in each line (as 

identified in Objective 1) have higher meropenem resistance than those after the 

deletion event using antibiotic susceptibility testing. 

3. To test whether large deletions also influence the resistance to other β-lactam 

antibiotics.  

4. To identify any mutations that occurred at the same step as the large deletions 

during the experimental evolution process using WGS. 
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5. To directly measure the contribution of large deletions to meropenem, Timentin 

and ceftazidime resistance by generating several strains of P. aeruginosa with 

different large deletions and carrying out susceptibility testing. 

Characterising the β-lactam resistance of experimentally evolved strains will 

reveal the relationship of large deletions and β-lactam resistance. The construction of the 

engineered deletion mutants and subsequent minimum inhibitory concentration (MIC) 

testing will directly show the consequences of these large-scale genetic events on β-

lactam resistance and will add to the current understanding of β-lactam resistance in P. 

aeruginosa. 
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2. Materials and methods 

 

2.1 Bacterial strains and plasmids 

 

2.1.1 Bacterial strains  

The E. coli and P. aeruginosa strains used in this study are listed in Table 2.1 and 

Table 2.2. 

Table 2.1: E. coli strains used in this study 

 

  

Strain Features  Reference 

JM83 lacZΔ Yanisch-Perron, Vieira, & Messing, 
1985 

ST18 hemAΔ Thoma & Schobert, 2009 
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Table 2.2: P. aeruginosa strains used in this study. 

Strain Features  Reference 

PAO1 Wild type Stover et al., 2000 

M1-7 Experimentally evolved strain Martin and Lamont, unpublished 

M1-8 Experimentally evolved strain Martin and Lamont, unpublished 

M1-9 Experimentally evolved strain Martin and Lamont, unpublished 

M1-10 Experimentally evolved strain Martin and Lamont, unpublished 

M4-4 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M4-5 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M4-6 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M4-7 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M8-4 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M8-5 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M8-6 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M8-7 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M9-3 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M9-4 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M9-5 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M9-6 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M10-2 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M10-3 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M10-4 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M10-5 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M11-3 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M11-4 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M11-5 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M11-6 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M14-1 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M14-2 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M14-3 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 

M14-4 Experimentally evolved strain Wardell, Martin and Lamont, unpublished 
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The P. aeruginosa strains generated from PAO1 in this study are listed in Table 

2.3. 

Table 2.3: P. aeruginosa strains generated in this study. 

 

2.1.2 Plasmids 

pGEM T-Easy Vector System was purchased from Promega. The remaining 

plasmids used in this study were isolated from laboratory stocks and are listed in Table 

2.4. 

Table 2.4: Plasmids used in this study 

 

  

Strain Features  Reference 

MC+gmR 225kbp deletion, gentamicin resistance cassette This study 

MC+pFLP2 225kbp deletion, gentamicin resistance cassette, pFLP2 
plasmid 

This study 

MC_final 225kbp deletion This study 

MI+gmR 1986bp deletion, gentamicin resistance cassette This study 

MI+pFLP2 1986bp deletion, gentamicin resistance cassette, pFLP2 
plasmid 

This study 

MI_final 1986bp deletion This study 

MI+lacZ 1986bp deletion, lacZ cassette This study 

Strain Features  Reference 

pEX18Tc  lacZ, sacB, tetR (Hoang, Karkhoff-Schweizer, 
Kutchma, & Schweizer, 1998)  

pZ1918 lacZ cassette Schweizer, 1993 

pPS856 gmR cassette flanked by FRT 
sites 

Li et al., 2007 

pFLP2 Flp recombinase Li et al., 2007 
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The plasmids generated in this study are in Table 2.5. 

Table 2.5: Plasmids constructed in this study 

 

2.2 Solutions and media 

Solutions and media were made using double distilled water (ddH2O) unless 

specified, and pH was adjusted with 10M HCl or 10M NaOH. Solutions and media were 

sterilised by either autoclaving at 121°C for 20 minutes or filter sterilisation with a 0.2µm 

filter. Additional supplements and antibiotics were added after sterilisation. 

  

Strain Features  

pGem::MC_UP ampR, lacZ 

pGem::MC_DOWN ampR, lacZ 

pGem::MI_UP ampR, lacZ 

pGem::MI_DOWN ampR, lacZ 

pGem::MH_UP ampR, lacZ 

pGem::MH_DOWN ampR, lacZ 

pEX18Tc::MC_DOWN tetR, lacZ 

pEX18Tc::MI_DOWN tetR, lacZ 

pEX18Tc::MH_UP tetR, lacZ 

pEX18Tc::MC Allele exchange vector, tetR, lacZ 

pEX18Tc::MI Allele exchange vector, tetR, lacZ 

pEX18Tc::MH Allele exchange vector, tetR, lacZ 

pEX18Tc::MC+gmR Allele exchange vector, tetR, lacZ, gmR cassette 

pEX18Tc::MI+gmR Allele exchange vector, tetR, lacZ, gmR cassette 

pEX18Tc::MI+lacZ Allele exchange vector, tetR, lacZ, lacZ cassette 
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Table 2.6: Luria broth (LB) (Bertani, 1951) 

The pH was adjusted to 7.5. To make LB agar, 15g of agar was added to 1L of 

LB before autoclaving. 

 

Table 2.7: King’s B Broth (KB) (King, Ward, & Raney, 1954) 

After autoclaving, 6.1mL of sterile 1M MgSO4 was added. 

 

Table 2.8: Terrific Broth (TB) (Tartof & Hobbs, 1987) 

pH was adjusted to 7.4 before autoclaving. 

 

 Amount per 1L  

Casein hydrolysate  10g 

Yeast extract 5g 

NaCl 10g 

 Amount per 1L  

Casein hydrolysate 20g 

K2HPO4 1.5g 

Glycerol 10mL 

 Amount per 1L  

Casein hydrolysate 12g 

Yeast extract 24g 

Glycerol 4mL 

KH2PO4 2.3g 

K2HPO4 12.5g 
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Table 2.9: Müeller Hinton (MH) agar (Mueller & Hinton, 1941) 

 

Table 2.10: Glycerol yeast tryptone (GYT) media (Lin Tung & Chow, 1995) 

 

2.2.1 Antibiotics and supplements 

2.2.1.1 Antibiotics 

The antibiotics used for selection are listed in Table 2.11. Tetracycline was made 

up in 90% ethanol. The concentrations used to select P. aeruginosa and E. coli are listed 

in Table 2.11. The antibiotics used for antibiotic susceptibility testing are detailed in 

Section 2.3.2. 

Table 2.11: Antibiotics used for selection 

 

 Amount per 1L  

Difco Muëller Hinton Agar (BD BioSciences) 38g 

 Amount per 1L  

Glycerol 100mL 

Yeast extract 1.25g 

Tryptone 2.5g 

  E. coli  

concentration  

(µg/mL of media) 

P. aeruginosa  

concentration  

(µg/mL of media) 

Source 

Ampicillin 50 - ITW Reagents 

Carbenicillin - 300 Carbenicillin Direct 

Gentamicin 4 24 Pfizer 

Tetracycline 12.5 - Sigma-Aldrich 
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2.2.1.2 Supplements 

 Isopropyl-β-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-

indolyl-β-D-galactopyranoside (BCIG) 

IPTG and BCIG were used to screen for bacterial colonies carrying a plasmid or 

insert with an interrupted lacZ gene using blue-white selection. 30 mg/mL BCIG stocks 

were made up in dimethylformamide and 24 mg/mL IPTG stocks were made up in ddH20. 

When using blue-white selection, 25µL of IPTG and 35µL of BCIG were spread on the 

surface of each agar plate before inoculation. 

 

 5-aminolevulinic acid (ALA) 

ALA was used when growing E. coli ST18 in broth cultures or on agar plates. 

ALA was added to agar or broth media at a concentration of 50µg/mL. ALA was omitted 

when counterselecting transconjugant P. aeruginosa strains (Section 2.3.5). 

 

2.2.2 Other materials 

2.2.2.1 Buffers 

Table 2.12: Phosphate buffered saline (PBS) (Dulbecco & Vogt, 1954) 

 

 

 Amount per 1L  

NaCl 8.4g 

Na2HPO4 5.15g 

NaH2PO4 1.92g 
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Table 2.13: Sodium borate (SB) buffer (Brody & Kern, 2004) 

 

Table 2.14: Tris-EDTA (TE) buffer (Meynell & Meynell, 1970) 

 Amount per 1L  

1M Tris (pH 8) 10mL 

0.5M EDTA (pH 8) 2mL 

 

2.2.2.2 6x Loading dye 

Table 2.15: 6x Loading dye 

Loading dye was stored at -20°C. 

 

2.2.2.3 1Kb Plus DNA Ladder with dye 

Table 2.16: 1Kb Plus DNA Ladder with dye 

 Amount per 1L  

NaOH 0.4g 

Boric acid 2.8g 

Ethidium bromide 1.26g 

 Amount per 10mL  

Glycerol 3mL 

Bromophenol blue 25mg 

Xylene cyanol 25mg 

 Amount per 10mL  

1Kb Plus DNA Ladder 1mL 

6x Loading dye 1.5mL 
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The 1Kb Plus DNA Ladder (Invitrogen) was purchased from ThermoFisher. The DNA 

ladder with dye was stored at -20°C. The ladder band sizes are in Table 2.17. 

Table 2.17: 1Kb Plus DNA Ladder band sizes 

 

2.2.2.4 Polymerase chain reaction (PCR) water 

RT-PCR Grade Ultra-Pure PCR Water (RxBioSciences) was used in all setting up 

all molecular cloning reactions. 

 

2.3 Bacterial methods 

2.3.1 Growth and maintenance of bacteria 

Broth cultures were made by inoculating either 5mL of LB in a universal glass 

vial or 10mL of TB (for slow-growing strains) in a flask with a single colony using a 

sterile toothpick or loop unless specified. Broth cultures were incubated in a shaking 

incubator at 37°C for 18-24 hours. Agar plates with 25mL of LB or MH agar were 

Band size (bp) Band size (bp) 

12000 2000 

11000 1650 

10000 1000 

9000 850 

8000 650 

7000 500 

6000 400 

5000 300 

4000 200 

3000 100 
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incubated at 37°C for 24-48 hours after inoculation. Bacteria were stored in glycerol 

stocks at -80°C or on LB agar plates at 4°C. Glycerol stocks were made using equal 

volumes of bacterial broth culture and sterile 80% glycerol. 

 

2.3.2 Minimum Inhibitory Concentration (MIC) testing 

MIC testing was utilised to determine the lowest concentration of an antibiotic 

required to significantly reduce the growth of a bacterial strain. The method was adapted 

from Jeannot & Plésiat (2014). Meropenem (Ranbaxy or InterPharma), Timetin 

(GlaxoSmithKline) and ceftazidime (Mylan) were used for MIC testing. 50mg/mL stocks 

of each antibiotic were made and from these working antibiotic stocks of 10mg/mL and 

1mg/mL were made for each MIC experiment. MH agar plates with doubling antibiotic 

concentrations were made according to Table 2.18. 
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Table 2.18: MIC plate antibiotic concentrations 

 

In order to test MIC, overnight broth cultures were made for each strain in 5mL of KB supplemented 

with 30µL of additional 1M MgSO4. After 18 hours of shaking incubation at 37°C, the OD600 of the 

broth cultures was measured and the cultures were diluted to an OD600 of 0.1, equivalent to 1.6x108 

colony forming units (CFU) per mL. The cultures were then serially diluted 1:10 down to 1.6x102 

CFU/mL. 5μL spots of the 1.6x106 CFU/mL dilutions were plated on a series of MH agar plates, each 

with double the antibiotic concentration of the previous plate. After 24 hours of incubation at 37°C, 

the growth of the culture spots on each plate was recorded. The MIC of each strain was recorded as 

the lowest concentration at which the most significant inhibition of growth was visible. P. aeruginosa 

PAO1 was used as a control in all MIC experiments. To ensure the dilutions were accurate, each 

serial dilution (from 1.6x108 CFU/mL to 1.6x102 CFU/mL for each strain was also plated on MH agar 

plates without any antibiotics. Two technical replicates were plated per strain for each MIC 

experiment, and three to five biological replicates per antibiotic were carried out for each 

experimentally evolved and engineered strain. An example of MIC plates and scoring is shown in 

Final plate concentration (mg/L) Stock concentration (mg/mL) Stock volume in 25mL MH agar 
(µL) 

0.125 1 3.125 

0.25 1 6.25 

0.5 1 12.5 

1 1 25 

2 10 5 

4 10 10 

8 10 20 

16 10 40 

32 10 80 

64 10 160 

128 10 320 

256 50 128 

512 50 256 

1024 50 512 
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A 
B 

B 

Figure 2.1. 

. 

 

Strain Timentin MIC (mg/L) Strain Timentin MIC (mg/L) 

PAO1 <16 M4-6 128 

M1-8 512 M14-2 128 

M1-9 >512 M14-3 256 

 

Figure 2.1: Timentin MIC plates for M1, M4 and M14 lines. A) Each image shows the growth of the 

strains at doubling concentrations of Timentin. Two 5μL spots were plated per strain as technical replicates. 

B) Timentin MIC scores based on plates in Panel A. 

2.3.3 Electrocompetent cells 

2.3.3.1 E. coli JM83 

Preparation of electrocompetent E. coli JM83 was based on the method outlined 

by Hanahan (1983). A 50mL LB broth culture was inoculated with a single E. coli JM83 

colony and incubated with shaking at 37°C overnight. The next day two flasks, each 

containing 500mL of LB, were inoculated with 10mL of the overnight culture. These 
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flasks were incubated at 37°C until the OD600 of the cultures reached approximately 0.6. 

The cells were then placed on ice for 30 minutes. The cells were centrifuged at 5000 

revolutions per minute (RPM) for 15 minutes at 4°C. The supernatant was carefully 

removed and the cells were resuspended in 500mL of ice-cold 10% glycerol. The 

centrifugation and resuspension in glycerol steps were repeated. After this the cells were 

centrifuged once more and the supernatant was removed. The cell pellet was resuspended 

in 2mL of ice-cold GYT media. The cells were divided into 240µL aliquots and snap 

frozen using dry ice combined with ethanol. The electrocompetent JM83 cells were stored 

at -80°C. 

 

2.3.3.2 E. coli ST18 

Preparation of electrocompetent E. coli ST18 was based on the method outlined 

by Choi, Kumar, & Schweizer (2006). An overnight culture with 5mL of LB 

supplemented with 50µg/mL ALA was inoculated with a single E. coli ST18 colony and 

incubated overnight. The next day, the 5mL of broth culture was divided into three 

microcentrifuge tubes. The tubes were centrifuged at 10,000 RPM for 20 seconds at room 

temperature to pellet the cells and the supernatants were discarded. Each pellet was 

resuspended in 1mL of 300mM sucrose and centrifuged again under the same conditions. 

The supernatant was removed and each pellet was resuspended in 33µL of 300mM 

sucrose and then combined to give approximately 100µL of electrocompetent cells. The 

cells were stored on ice for up to an hour before electroporation. Electrocompetent ST18 

cells were prepared the day of each transformation experiment. 
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2.3.4 Electrotransformation 

Electrotransformation was carried out based on the protocol outlined by Cadoret, 

Soscia, & Voulhoux (2014). Electrocompetent E. coli JM83 (Section 2.3.3.1) or ST18 

(Section 2.3.3.2) and the DNA to be transformed (n-butanol cleaned ligation prepared 

according to Section 2.4.3.7 or 1:100 plasmid dilution) were placed on ice. In a 

microcentrifuge tube, 40µL of competent cells were mixed with either 5µL of ligation 

mix or 2.5µL of diluted plasmid. The cells were then transferred to a Bio-Rad Gene 

Pulser® 0.2cm gap electroporation cuvette. The cuvette was gently tapped to ensure the 

cells were at the bottom and placed on ice for 1 minute. A pulse of 2.5kV was applied to 

the cuvette using a Bio-Rad Gene Pulser® II. Immediately 1mL of room temperature LB 

was added to the cuvette and gently pipetted up and down to mix the cells. The entire 

contents of the cuvette were then transferred to a microcentrifuge tube and incubated with 

shaking at 37°C for 2 hours. After the incubation period, 100µL of each transformed 

culture was spread on LB agar plates containing the appropriate selection antibiotics and 

spread with IPTG and BCIG if using blue-white selection. 100µL of a 1:10 dilution of 

each culture was also spread on LB agar plates. The plates were incubated at 37°C for 24-

48 hours. One transformation reaction per experiment was carried out without any 

ligation mix or plasmid added as a negative control.  

2.3.5 Conjugation 

The method used for conjugation was based on the protocol outlined by Sana, 

Laubier, & Bleves (2014). Conjugation was used to transfer a plasmid containing an 

origin of transfer (OriT) from the donor strain E. coli ST18 to the recipient P. aeruginosa 

strain. Counterselection was then used to isolate P. aeruginosa colonies carrying the 

plasmid of interest. 
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First overnight cultures of the donor ST18 strain (in 5mL of LB supplemented 

with the appropriate antibiotics and 50µg/mL ALA and recipient P. aeruginosa strain (in 

4.5mL of LB with 500µL of 4% KNO3) were inoculated. The donor strain overnight 

culture was incubated at 37℃ with shaking overnight, and the recipient strain was 

incubated at 42℃ without shaking. 

The next day the optical density (OD) of the overnight cultures was measured and 

they were both diluted to an OD600 of 0.6. In a 15mL tube 1mL of the diluted recipient 

cells and 3mL of the diluted donor cells were combined and inverted gently to mix. In 

separate 15mL tubes, 4mL of donor cells and 4mL of recipient cells were also used as 

controls. Each 4mL of cells was then divided among three microcentrifuge tubes and 

centrifuged at 10,000 RPM for 20 seconds at room temperature to pellet the cells. The 

supernatant was removed and the three cell pellets were resuspended in 50µL LB total. 

The entire 50µL suspension was pipetted into the centre of a very dry LB agar plate 

supplemented with ALA. The conjugation and control plates were left at room 

temperature until the liquid was dry and then incubated overnight at 37°C. 

After the overnight incubation, the cells from each plate were scraped using a 

sterilised metal spatula and added to 2mL of PBS (Table 2.12). Each cell suspension was 

thoroughly vortexed and 200µL of each cell suspension was spread on LB agar plates 

with 1x, 2x and 4x the concentrations of the appropriate antibiotics used to select P. 

aeruginosa (Table 2.11). The plates were incubated at 37℃ for 24-48 hours to allow 

transconjugant colonies to grow before further screening.  
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2.3.6 Sucrose selection 

Sucrose selection, based on the protocol by Muhl & Filloux (2014) used to select 

transconjugants that had undergone a recombination event leading to either reversion to 

wild type or the integration of an insert into the P. aeruginosa chromosome. 

Overnight cultures of the transconjugant strains were made using 10mL of LB and 

incubated overnight at 37°C with shaking. The next day the overnight cultures were 

serially diluted from 10-1 to 10-4. 100µL of the overnight culture, and each of the serial 

dilutions, were spread on LB agar plates containing 5% sucrose. The same dilutions were 

also spread on LB agar plates. The plates were incubated at room temperature for 48-72 

hours. Fewer colonies on the 5% sucrose plates compared with the LB agar plates was an 

indication of successful homologous recombination. Sucrose-resistant colonies were 

further screened for sensitivity to the appropriate antibiotics to check for loss of plasmid 

backbone before further screening with PCR. 

 

2.4 Molecular biology 

All plasmids, PCR products and purified DNA samples and primers were stored 

at -20°C.  

2.4.1 Oligonucleotide primers 

Oligonucleotide primers were purchased from Macrogen or Integrated DNA 

Technologies. Primers were suspended in TE buffer (Table 2.14) at a concentration of 

100µM. From this 10µM working stocks were made for PCR. 

The primer sequences used to determine the presence or absence of deletions are 

listed in Table 2.19. The primers used to amplify the products used to construct the allele 
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exchange vectors are in Table 2.20. Primers used to amplify across deletion junctions are 

in Table 2.21. Additional primers used are in Table 2.22. 

 

Table 2.19: Deletion presence/absence primers 

 

  

Primer name Sequence (5’ to 3’) Annealing temperature used 
(°C) 

Product size (bp) 

PurEK_F GCTTTGGCGTGCAGATCTGG 58.9 or 68 1121 

PurEK_F CGAGGTCGAGGCGCTGATC   

FusA2_F GCACCGCTATCGCTTCAACATT 68 682 

FusA2_R CGTGCTTCTCTTCGTCGTCC   

MIdelchk_F GCCATCCGCATACTTCGTCC 58.9 825 

MIdelchk_R TTTCGTAGCAGAAGTTGGTCGC   
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Table 2.20: Deletion construct primers 

Restriction sites added to facilitate cloning are indicated in bold. An annealing 

temperature of 70°C was used for all PCR reactions using the deletion construct primers. 

 

Table 2.21: Deletion spanning primers 

Primer name Sequence (5’ to 3’) Product size (bp) 

MC_UP_F GGGAAGCTTGGGAAAGGGCACCGCAACTCAC
G 

1193 

MC_UP_R CCCGGATCCGCCGCCGTCACCAGTCCCA  

MC_DOWN_F GGGGGATCCCGGTTGCTTGAAAGGGGTGCC 1547 

MC_DOWN_R CCCGAATTCGTGTTCCCAGAGGACGCCG  

MI_UP_F GGGGAATTCCTCCGCCAGTGCTGCGAGCC 1450 

MI_UP_R CCCGGATCCGTCGACGCCGGTGAGGGCGC  

MI_DOWN_F GGGGGATCCCGTTGTTCCTGGCCGGGTT 1067 

MI_DOWN_R CCCAAGCTTACACGCAGTCCGCCTCC  

MH_UP_F GGGAAGCTTGAGCAGGACGGCTTCAGCATTCT
CT 

1338 

MH_UP_R CCCGGATCCCGTTCCGGTCCAGGTTCTGC  

MH_DOWN_F GGGGGATCCCCGGCATGTTCTGCTTCCAGG 1501 

MH_DOWN_R CCCGAATTCAGCGGTAATCGTGGGAATGGTAG  

Primer name Sequence (5’ to 3’) Annealing temperature 
(°C) 

Product size (bp) 

MC_SPAN_F CTGAGGGCGTCAATCGTCC 55.9 763 if deletion  

MC_SPAN_R CTGTTAATCCACGGCGAAAG   

MI_SPAN_F GAGATGCCGATCTACGAACC 55.9 784 if deletion 

MI_SPAN_R CTATGCTTGTCCGTGGAGGT  2749 if wild type 

MH_SPAN_F CCACTCCACGCACAAGATG 55.9 979 if deletion 

MH_SPAN_R TTCGTTGGTGTTGAGGAGAA   
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Table 2.22: Additional primers primers 

 

2.4.2 DNA methods 

2.4.2.1 Genomic DNA extraction (gDNA) 

gDNA was extracted from overnight LB broth cultures using the DNeasy 

UltraClean Microbial Kit (QIAGEN). Before use the elution buffer was heated to 60°C 

to increase yield. 

 

2.4.2.2 Plasmid extraction 

Plasmids were extracted from overnight broth cultures using the Machery-Nagel 

Nucleospin Plasmid DNA extraction kit, following the protocol provided for high-copy 

plasmids. Before use the elution buffer was heated to 60°C to increase yield. 

 

2.4.2.3 Gel electrophoresis 

Agarose gels were made using heating SB buffer (Table 2.13) with 0.85% agarose 

in a microwave until the agarose had completely dissolved. Either 5μL or 2μL (depending 

on well size) of the DNA samples were mixed 6:1 with loading dye (Section 2.2.2.2). The 

Primer name Sequence (5’ to 3’) Annealing temperature 
(°C) 

Product size (bp) 

colE1_F ATCAGCTCACTCAAAGGC 58 520 

colE1_R AGCACCGCCTACATACCTCG   

pFLP2_F GCAGAGCGAGGTATGTAGGC 55.9 463 

pFLP2_R GGGAGTCAGGCAACTATGGA   

M13_F GTAAAACGACGGCCAGT 58 102 across pEX18Tc 
multiple cloning site 
(MCS) M13_R CAGGAAACAGCTATGAC   
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samples were then loaded into each well of the agarose gel. DNA ladder (Section 2.2.2.3) 

was also loaded on every gel. The gels were run at approximately 180 volts for 14 minutes 

or until the tracking dye had run approximately halfway down the gel. The gel was then 

visualised under ultraviolet light and imaged using Image Lab software (BioRad). 

 

2.4.2.4 DNA quantification 

DNA samples were quantified using a Thermo Scientific Nanodrop 100 

spectrophotometer. The spectrophotometer was blanked with water and then the 

appropriate elution buffer corresponding to the DNA sample before quantification. 

 

2.4.2.5 Sanger sequencing and analysis 

Sanger sequencing of plasmids and PCR products was carried out by Genetic 

Analysis Services (University of Otago) using the BigDye® Terminator Version 3.1 

Ready Reaction Cycle Sequencing Kit. Before sequencing, PCR products were purified 

(Section 2.4.3.2.2). Sequencing reactions were set up according to Table 2.23. 

 

Table 2.23: Sanger sequencing reaction 

The sequences were analysed using SnapGene® (GSL Biotech) and NCBI 

BLASTn (Madden, 2003). 

 Amount  

Template DNA 200ng for plasmids 

1ng/100bp for PCR products 

Primer 3.2pmol 

Water To a final volume of 5µL  
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2.4.3 Molecular cloning methods 

2.4.3.1 PCR 

The DNA templates used for PCR were gDNA, plasmids or cell lysates. The 

gDNA and plasmids were quantified (Section 2.4.2.4) and diluted with PCR water to a 

concentration of approximately 5ng/μL. Cell lysates were prepared by using a sterile 

toothpick to transfer a single bacterial colony to a 0.6mL microcentrifuge tube containing 

50μL PCR water. The tube was then heated to 96°C for 5 minutes and then vortexed 

thoroughly. A PCR reaction without any template DNA was included in each PCR 

experiment as a negative control. An appropriate positive control was also included in 

each experiment. PCR was run using a DNA Engine Thermal Cycler (BioRad). PCR 

products were visualised using gel electrophoresis (Section 2.4.2.3). 

 

 Q5  

PCR using Q5 Hi-Fidelity 2x Mastermix (New England BioLabs) was utilised to 

amplify the products used to construct allele exchange vectors from P. aeruginosa PAO1 

gDNA. The PCR reaction was set up according to Table 2.24 and the PCR conditions 

used are in Table 2.25. 
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Table 2.24: Q5 polymerase reaction mix 

 

Table 2.25: Q5 polymerase PCR reaction conditions 

An annealing temperature of 70°C was used for all PCR reactions using Q5 

polymerase. 

 

 OneTaq 

PCR using OneTaq 2x Mastermix with Standard Buffer (New England Biolabs) 

was utilised for identification of strains with deletions and for confirming molecular 

cloning steps. The PCR reactions were set up according to Table 2.26 and run using the 

conditions in Table 2.27. 

 

 Volume (µL)  

Diluted gDNA 1 

Forward primer 1.25 

Reverse primer 1.25 

Q5 2x Mastermix 12.5 

PCR water 9 

Step Temperature (°C) Time  

1 – Initial denaturing 98 00:30  

2 – Denaturing  98 00:30 

3 – Annealing  70 00:30 

4 – Extension  72 00:40 

 Repeat steps 2-4 25x times  

5 – Final extension 72 02:00 
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Table 2.26: OneTaq polymerase reaction mix 

 

Table 2.27: OneTaq polymerase PCR reaction conditions 

 

When performing PCR on samples containing the lacZ cassette from pZ1918 

(Table 2.1) an extension time of 4 minutes was used. The annealing temperatures used 

for each primer pair are listed in Section 2.4.1. 

 

 Volume (µL)  

Template DNA (cell lysate, diluted gDNA or 
plasmid) 

1 

Forward primer 0.2 

Reverse primer 0.2 

OneTaq 2x Mastermix 5 

PCR water 3.6 

Step Temperature (°C) Time  

1 – Initial denaturing 98 00:30  

2 – Denaturing  94 00:15 

3 – Annealing  Dependent on primer pair 00:30 

4 – Extension  68 02:00 

 Repeat steps 2-4 30x times  

5 – Final extension 68 05:00 
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2.4.3.2 Purification of PCR products 

 For cloning into pGEM T-Easy 

PCR products were purified before cloning into pGEM T-Easy using the 

QIAquick PCR Purification Kit (QIAGEN). The elution buffer was heated to 60°C before 

the final elution to increase yield. 

 

 For Sanger sequencing 

PCR products were enzymatically purified before setting up sequencing reactions 

according to Table 2.28. Shrimp Alkaline Phosphatase (rSAP) and Exonuclease I (Exo I) 

were purchased from New England BioLabs. 

 

Table 2.28: PCR product enzymatic purification reaction 

 

 The purification reactions were incubated at 37°C for 15 minutes and then 80°C 

for a further 15 minutes to inactivate the enzymes. The resulting purified PCR products 

were used to set up sequencing reactions (Section 2.4.2.5). 

 

 Volume (µL)  

PCR product 5 

rSAP 1 

Exo I 0.5 
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2.4.3.3 A-tailing of PCR products 

To facilitate TA-cloning using pGEM T-Easy, 3’-A overhangs were added to the 

purified PCR products (Section 2.4.3.2.1) before ligation using OneTaq 2x Mastermix. 

This was set up according to Table 2.29 

Table 2.29: A-tailing reaction 

 The reaction mix was incubated at 68°C for 20 minutes and the resulting A-tailed 

PCR product was used to set up ligation reactions (Section 2.4.3.7). 

 

2.4.3.4 Restriction digest 

Restriction digest was used to confirm correct inserts had been cloned into 

plasmids and to cut inserts from a plasmid for cloning into another vector. Restriction 

digests were set up according to Table 2.30. When digesting plasmids for further gel 

extraction and dephosphorylation, the volumes were tripled to ensure sufficient quantities 

of DNA. All restriction enzymes and CutSmart Buffer were purchased from New England 

BioLabs. 

  

 Volume (µL)  

Purified PCR product 5 

OneTaq 2x Mastermix 5 
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Table 2.30: Restriction digest reaction 

 

Restriction digests were incubated for 1-2 hours and then visualised using gel 

electrophoresis (Section 2.4.2.3). 2μL of the uncut plasmid was also included on the gel 

as a control. 

2.4.3.5 Gel purification 

Gel purification was used to purify inserts cut from plasmids using restriction 

digest (Section 2.4.3.4). After restriction digest, 2μL of the digested plasmid was run on 

a gel to check the plasmid had been completely digested. After this the remainder of the 

restriction digest was run on another gel with wide wells and run for approximately 18 

minutes. The gel was then placed on a UV transilluminator to allow the DNA to fluoresce 

and the band of interest was cut from the gel using a clean blade. The DNA in the gel 

section was purified using the QIAquick Gel Extraction Kit (QIAGEN) according the 

manufacturer’s instructions. Before use the elution buffer was heated to 60°C to increase 

yield. 

 Amount in 10µL  

Enzyme 1 0.5 

Enyzme 2 (if using) 0.5 

CutSmart Buffer 1 

Plasmid DNA Approximately 100ng 

PCR water To a final volume of 10µL  
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2.4.3.6 Dephosphorylation of vectors 

All vectors linearised by restriction digest were dephosphorylated at the 5’ ends 

to prevent the vectors from religating. The dephosphorylation reaction was set up 

according to Table 2.31. 

Table 2.31: Vector dephosphorylation reaction 

 

The dephosphorylation reaction was incubated at 37°C for 30 minutes and 65°C 

for 5 minutes to inactivate the enzyme.  

2.4.3.7 Ligation  

Ligations were set up using purified PCR products and pGEM T-Easy or gel 

extracted inserts and dephosphorylated vectors. The amount (in ng) of insert DNA 

required for each reaction was calculated using the NEBioCalculator (New England 

BioLabs) using an insert-to-vector molar ratio of 3:1. Ligations were set up in microfuge 

tubes on ice and incubated at 4°C overnight. The next day PCR water was added to the 

ligation mixture to 50μL and 500μL of n-butanol was added to remove any salts from the 

reaction. This was then centrifuged at 12000 RPM at room temperature for 10 minutes. 

The supernatant was carefully removed, and the microfuge tubes were left at room 

temperature for 2-3 hours to allow excess n-butanol to evaporate. The pellet containing 

the ligated DNA was then resuspended in 10μL of PCR water. This was then used for 

electroporation (Section 2.3.4).  

 Volume (µL) 

Plasmid restriction digest reaction 17 

CutSmart Buffer 2 

rSAP  1 
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 pGEM T-Easy Vector System 

Ligation reactions were set up according to the provided protocol and shown in 

Table 2.32. The ligase and ligase buffer were from the pGEM T-Easy kit. 

Table 2.32: pGEM T-Easy ligation reaction 

 

  

 Amount in 10µL 

2x Rapid Ligation Buffer 2µL 

pGEM T-Easy Vector 1µL 

T4 DNA Ligase 1µL 

Insert DNA Dependent on concentration 

Water  To a final volume of 10µL  
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 T4 Ligase 

T4 DNA ligase and T4 DNA Reaction Buffer were purchased from New England 

BioLabs.  

Table 2.33: T4 ligase ligation reaction 

 

2.5 Bioinformatics 

 

2.5.1 Whole genome sequence (WGS) analysis 

Library preparation and WGS reactions were carried out by the Otago Genomics 

Facility (University of Otago) using MiSeq (Illumina). 

 

2.5.1.1 Trimmomatic 

Adapter sequences and low-quality bases were removed from the raw paired-end 

reads using Trimmomatic version 0.36 (Bolger, Lohse, & Usadel, 2014) using the script 

in Appendix C. FastQC version 0.11.5 was used to examine the reads before and after 

trimming. 

 Amount in 20µL  

T4 DNA Reaction Buffer 2µL  

T4 DNA ligase 1µL 

Dephosphorylated vector DNA 50ng 

Gel purified insert DNA Dependent on concentration 

Water  To a final volume of 20µL  
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2.5.1.2 BreSEQ  

BreSEQ version 0.30.0 (Deatherage & Barrick, 2014) was used to align the 

trimmed paired end reads in fastq format to the reference P. aeruginosa PAO1-Otago 

genome and to identify mutations in the experimentally evolved strains relative to PAO1-

Otago. The script used to perform the alignment is in Appendix C. Mutations called by 

BreSEQ that were judged to be due to alignment errors were excluded. 
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3. Results 

 

3.1 Effects of deletions on antibiotic resistance in experimentally evolved strains 

Previous whole genome sequencing (WGS) of the third and final strains in each 

of the meropenem-resistant experimentally evolved lines revealed the presence of large 

deletions, alongside other mutations, in the seven lines being investigated in this study 

(Table 1.1). However, it was not clear from the WGS alone at which step the deletions 

had occurred in each line and how they affected β-lactam resistance. It was also unclear 

to what degree the presence of other mutations would affect the β-lactam resistance. 

The first aim of this section was to develop and use a PCR based method to 

identify the strain immediately before and after the deletion event in each of the 

experimentally evolved lines, and therefore identify the step at which the deletion event 

occurred during the experimental evolution process. The second aim of this section was 

to compare the β-lactam resistance of these strain pairs.  

 

3.1.1 PCR test for presence of deletion 

In order to identify the point of deletion in each of the seven experimentally 

evolved lines, a PCR based test was developed. Each experimentally evolved line 

consisted of a series of up to 12 strains (Figure 1.3). PCR was carried out on each strain 

using two sets of primers: one binding inside the deleted region (as determined by 

previous whole genome sequencing) and one binding outside the deleted region. The 

primer binding sites are illustrated in Figure 3.1 and the sequences for these primer pairs 

are in Table 2.19. 
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For all seven experimentally evolved lines, the PurEK primers were used as the 

external primer and positive control. This primer pair amplifies a section of the purEK 

operon, which is outside the deleted region for all seven lines. For all lines except M9, 

the FusA2 primers were used as the internal primers. This pair amplifies a section of the 

fusA2 gene, which is within the deleted region for most of the lines. In the M9 line fusA2 

was not deleted, so the MI_delchk primers were used as the internal primer. These primers 

amplify part of the galU gene, which is deleted in the M9 line.  

Figure 3.1: Schematic diagram of primer placement for PCR deletion test. The internal primer pair 

binds in the deleted region (grey) and gives no product in the presence of the deletion while the external 

primer pair binds downstream of the deleted region (blue). 

 

For all strains, the external PurEK primer pair acts as a positive PCR control and 

should give a product of 1121 bp, For strains without a deletion, the internal primer should 

give a product of 825 bp for MI_delchk and 682 bp for FusA2. However, the internal 

primers give no band when for strains with deletions because of the absence of their 

binding sites. This PCR test was carried out on all seven lab-evolved lines (Section 

2.4.3.1.2) and the products were visualised using gel electrophoresis (Section 2.4.2.3).  
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Figure 3.2 M1 line deletion screening. PCR was carried out on strains M1-7-M1-10. Top row: PCR 

results for strains M1-7 – M1-10 with FusA2 primers. Bottom row: PCR results for strains M1-7 – M1-10 

with PurEK primers. Strains M1-7 and M1-8, the strains generated by the 7th and 8th gradient plate passage, 

gave a band of approximately 700 bp with the FusA2 primers, corresponding to the expected product size 

of 682 bp and indicating that these strains did not have a deletion. Strains M1-9 and M1-10 gave no band 

with the FusA2 primers. All strains gave a band of approximately 950 bp, corresponding to the 1121 bp 

PurEK product, indicating that the lack of FusA2 PCR product in strains M1-8 and M1-9 was due to a 

deletion and not PCR failure. 

Figure 3.2 shows the results of the PCR test on the M1 line, using FusA2 as the 

internal primer. This shows that in the M1 line, the deletion event occurred between 

strains M1-8 and M1-9, or during the 8th gradient plate passage. The same test was carried 

out for all experimentally evolved lines and the pre- and post-deletion strains for each line 

are shown in Table 3.1. 
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Table 3.1: Strains immediately before and after deletion for all experimentally evolved lines 

 

The PCR test was successfully able to identify the strains immediately before and 

after the deletion event in experimentally evolved line. These strain pairs then underwent 

minimum inhibitory concentration (MIC) testing to determine their β-lactam resistance. 

 

3.1.2 MIC of experimentally evolved lines with and without deletion 

The experimentally evolved strains were selected in a stepwise manner to select 

meropenem-resistant colonies, however the exact meropenem resistance levels of the 

strains immediately before and after the deletion event was unknown. The aim of this 

section was to determine the MIC of the experimentally evolved strains before and after 

the deletion event for each line, as identified in Section 3.1.1, in order to identify any 

correlation between the deletion events and meropenem resistance. MIC testing using 

meropenem was carried out on the strains in Table 3.1. MIC testing was also carried out 

using ticarcillin with clavulanic acid (Timentin) and ceftazidime to measure the resistance 

of these strains to non-carbapenem β-lactam antibiotics. The detailed MIC protocol is 

described in Section 2.3.2. 

 

 

Line  M1 M4 M8 M9 M10 M11 M14 

Pre-deletion strain 

(FusA2/MI_delchk positive) 

M1-8 M4-5 M8-5 M9-4 M10-3 M11-4 M14-2 

Post-deletion strain 

(FusA2/MI_delchk negative) 

M1-9 M4-6 M8-6 M9-5 M10-4 M11-5 M14-3 
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3.1.2.1 Meropenem MIC results 

The meropenem MIC of the strains before and after the deletion event in each line 

(Table 3.1) and control P. aeruginosa PAO1 was measured. The data are presented in 

Table 3.2 and Figure 3.3. 
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Table 3.2: Meropenem MIC data for pre- and post-deletion strains. 

 

 

Figure 3.3: Meropenem MIC results for strains before and after deletion event in each experimentally 

evolved line. Meropenem MICs (y-axis) were determined for the experimentally evolved strains shown 

and P. aeruginosa PAO1 (x-axis). 5 biological replicates were carried out for each strain, represented by 

colour. MIC values are in Table 3.2. 

Meropenem MIC (mg/L) 

Pre-deletion Post-deletion 

Strain                Replicate Strain                Replicate 

 1 2 3 4 5  1 2 3 4 5 

M1-8 128 128 128 128 128 M1-9 256 256 256 256 256 

M4-5 8 16 16 8 8 M4-6 32 32 32 16 32 

M8-5 16 8 16 16 16 M8-6 32 32 32 32 32 

M9-4 16 16 16 16 16 M9-5 32 32 32 32 32 

M10-3 2 2 2 2 2 M10-4 16 16 16 16 16 

M11-4 16 16 16 16 16 M11-5 32 64 32 32 32 

M14-2 8 8 4 2 8 M14-3 16 16 16 8 16 

PAO1 0.5 0.5 0.5 0.5 0.5       
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Figure 3.3 shows that all lines displayed a marked increase in meropenem 

resistance in the strains after the deletion event in each line. Some of the strains showed 

more variability between replicates than others. In MIC testing, a difference of 2-fold 

between replicates is considered an acceptable level of variation (Filloux & Ramos, 

2014), and all the strains fall within the range except M14-2. There was an increase 

between 2-fold and 8-fold in the mode of MIC for all strains. These results show that a 

large increase in meropenem resistance co-occurs with the deletion event in these lines. 

 

3.1.2.2 Timentin MIC results 

Ticarcillin is a β-lactam antibiotic belonging to the penicillin group (Figure 1.1), 

sold as Timentin when formulated with the β -lactamase inhibitor clavulanic acid. 

Previously, carbapenem-resistant strains have been found to be more frequently resistant 

to ticarcillin (Gutiérrez et al., 2007). The Timentin MIC of the strains before and after the 

deletion (Table 3.1) was measured to determine whether the Timentin resistance followed 

a similar pattern to that of meropenem, with strains with the deletion being more resistant 

than the corresponding strains without the deletions. The Timentin MIC data is presented 

in Table 3.3 and Figure 3.4. 
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Table 3.3: Timentin MIC data for pre- and post-deletion strains. 

 

 

Figure 3.4: Timentin MIC results for strains before and after deletion in each experimentally evolved 

line. Timentin MICs (y-axis) were determined for the experimentally evolved strains shown and P. 

aeruginosa PAO1 (x-axis). 5 biological replicates were carried out for each strain, represented by colour. 

MIC values are in Table 3.3. 

Timentin MIC (mg/L) 

Pre-deletion Post-deletion 

Strain                Replicate Strain                Replicate 

 1 2 3 4 5  1 2 3 4 5 

M1-8 512 256 256 256 256 M1-9 2048 2048 2048 2048 2048 

M4-5 64 64 64 64 64 M4-6 128 128 128 128 128 

M8-5 16 16 16 16 16 M8-6 128 128 128 128 128 

M9-4 64 64 64 64 64 M9-5 256 128 256 256 256 

M10-3 32 8 16 16 16 M10-4 128 128 128 32 128 

M11-4 256 128 256 256 128 M11-5 1024 512 1024 512 1024 

M14-2 128 64 128 128 128 M14-3 256 256 256 256 256 

PAO1 8 8 8 8 8       
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Figure 3.4 shows the results of the Timentin MIC testing carried out on the strains 

before and after the deletion event. Each of the post-deletion strains showed higher 

Timentin resistance compared to their corresponding pre-deletion strains. Like the 

meropenem MIC data, there is some variation between the replicates for some of the 

strains, however for most strains there is only a 2-fold difference between replicates. Only 

M10-3 had a 4-fold difference between replicates. For these strains the median value was 

taken as the MIC. There is between 2-fold and 8-fold difference between the mode for 

each strain. The Timentin results show that the correlation between the deletion events 

and the increased meropenem resistance also extends to Timentin resistance, a β-lactam 

antibiotic outside of the carbapenem group. 

 

 

3.1.2.3 Ceftazidime MIC results 

Ceftazidime is a cephalosporin group β-lactam that has been linked to the 

occurrence of large deletions. A previous study found exposure to high concentrations of 

ceftazidime in a stepwise manner resulted in large deletions in P. aeruginosa PA14 (Sanz-

García et al., 2018). The ceftazidime MIC of the strains was measured to determine if the 

level of ceftazidime resistance was correlated with the presence of the large deletions. 

The ceftazidime MIC was measured for the strains before and after the deletion (Table 

3.1). The ceftazidime MIC results are presented in Table 3.4 and Figure 3.5. 
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Table 3.4: Ceftazidime MIC data for pre- and post-deletion strains. 

 

Figure 3.5: Ceftazidime MIC results for strains before and after deletion in each experimentally 

evolved line. Ceftazidime MICs (y-axis) were determined for the experimentally evolved strains shown 

and P. aeruginosa PAO1 (x-axis). 5 biological replicates were carried out for each strain, represented by 

colour. MIC values are in Table 3.4. 

Ceftazidime MIC (mg/L) 

Pre-deletion Post-deletion 

Strain                Replicate Strain                Replicate 

 1 2 3 4 5  1 2 3 4 5 

M1-8 2 4 2 2 4 M1-9 16 16 16 16 16 

M4-5 2 4 2 4 2 M4-6 8 8 8 8 8 

M8-5 1 2 2 2 2 M8-6 4 4 4 4 4 

M9-4 2 2 2 4 4 M9-5 8 8 8 8 8 

M10-3 2 2 1 2 2 M10-4 8 8 8 8 8 

M11-4 2 2 2 2 2 M11-5 8 8 8 8 8 

M14-2 2 4 4 4 4 M14-3 16 16 16 16 16 

PAO1 1 1 1 1 1       
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Figure 3.5 shows the results of the ceftazidime MIC testing. For all the lines, the 

ceftazidime resistance was higher for the strains post-deletion strains compared with the 

pre-deletion strains. For all strains, the replicates were within one doubling dilution of 

each other. There was between 2- and 8-fold increase in resistance for the mode of each 

strain. The ceftazidime resistance shows a similar pattern to the meropenem and Timentin 

resistance of these strains, indicating that the deletions could be influencing increased 

resistance not just to meropenem, but for a broad range of β-lactam antibiotics. 

 

3.1.3 Summary 

In conclusion, a method to identify experimentally evolved strains with deletions 

was developed and used to identify the point of deletion in each line. The earliest deletion 

event occurred in line M14 (between strains M14-2 and M14-3) whereas line M1 

underwent the most passages before the deletion event (between M1-8 and M1-9). 

Subsequent MIC testing of these lines showed that the deletions correlated with resistance 

to not only meropenem, but also to ceftazidime and Timentin. The effects of the large 

deletions in these strains therefore extends to antibiotics in at least three different β-lactam 

groups.  
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3.2 Whole genome sequence analysis 

Previous WGS of the final strains in each experimentally evolved line showed that 

each line had acquired other mutations alongside the large deletions during the selection 

process. However, it was not clear if any of these mutations were occurring at the same 

passage step as the large deletions. Any mutations consistently co-occuring with the 

deletions could be contributing to the resistance pattern observed in Section 3.1.2. The 

absence of mutations co-occuring with the deletions would indicate the deletions alone 

were contributing to the increased β-lactam resistance. The aim of this section was to use 

WGS analysis to identify mutations that were co-occurring with the deletion events across 

the seven experimentally evolved lines that could be contributing to the resistance pattern 

seen in Section 3. by comparing the genomes of the strains before and after the deletions. 

To obtain the whole genome sequences, genomic DNA (gDNA) was extracted 

(Section 2.4.2.1) from the strains in Table 3.1 and sequenced by the Otago Genomics 

Facility. Trimmomatic and BreSEQ were used to trim and align the reads to the reference 

strain PAO1 (Section 2.5). Approximately 900,000 reads were obtained for each strain, 

with an average length of 221 bp after trimming of low quality bases and adapter 

sequences. For each line, mutations were compared between the sequences of strains 

before and after the deletion to identify any mutations that occurred at the same passage 

step as the large deletions (Table 3.5) shows the mutations present in the strain 

immediately after the deletion for all lines, with the deletions highlighted in blue. For 

example, the pre-deletion strain M1-8 had five small mutations, while post-deletion strain 

M1-9 had the five small mutations and a 266 kbp deletion (highlighted in blue). 
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Table 3.5: Summary of mutations in each lab-evolved line. The deletions and any other mutations that 

occurred at the same step of passaging are highlighted in blue. The WGS analysis of strains from line M9 

was carried out by SJT Wardell. 



78 
 

Line Genomic coordinates Mutation Annotation Gene 

M1 471,366 G→A Q128* (CAG→TAG) mexR 

 785,733 (CGCTCCC)18→15 intergenic (+559/-216) PA0714 → / → PA0715 

 1,044,110 A→G S403P (TCC→CCC) oprD 

 2,176,372 Δ266,340 bp  [pqqH]–PA2220 

 3,106,354 T→C K136E (AAG→GAG) thrS 

 4,952,745 C→A V537L (GTG→TTG) ftsI 

M4 1,044,253 +T coding (1064/1332 nt) oprD 

 2,213,752 Δ225,261 bp  [PA2022]–[PA2217] 

 4,166,679 +C coding (154/642 nt) nalC 

M8 13,334 G→C D34E (GAC→GAG) glyQ 

 1,045,300 C→T W6* (TGG→TAG) oprD 

 1,976,265 Δ479,450 bp  [ldcA]–[pslB] 

 5,064,960 Δ1 bp coding (392/567 nt) ampD 

M9 1,044,904 Δ1 bp coding (413/1332 nt) oprD ← 

 2,214,413 Δ1,986 bp  [PA2022]–[PA2024] 

 4,166,396 T→C intergenic (‑75/‑130) PA3720 ← / → nalC 

M10 1,044,650 A→G S223P (TCC→CCC) oprD 

 1,980,978 Δ462,920 bp  [PA1821]–[PA2221] 

 3,529,234 (C)9→10 coding (221/1020 nt) wbpL 

 4,006,989 A→C T158P (ACC→CCC) nalD 

M11 4,952,942 A→C V471G (GTG→GGG) ftsI 

 3,164,199 G→T E271* (GAA→TAA) copS 

 2,150,774 Δ276,726 bp  [PA1968]–[PA2208] 

 785,740 (CGCTCCC)18→16 intergenic (+566/-216) PA0714 → / → PA0715 

 471,930 C→T intergenic (-183/-92) mexR ← / → mexA 

M14 785,740 (CGCTCCC)18→16 intergenic (+566/-216) PA0714 → / → PA0715 

 2,030,974 Δ411,538 bp  [xqhA]–[PA2220] 

 3,906,142 (G)9→8 coding (81/1035 nt) PA3488 

 4,166,846 C→G C107W (TGC→TGG) nalC 

 4,228,648 C→T M49I (ATG→ATA) guaB 
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Each of the lines had acquired between two and five mutations alongside the large 

deletions by the final passage. Among the observed mutations were several genes that are 

characteristic of β-lactam-resistant P. aeruginosa, particularly oprD, nalC, nalD and 

mexR (López-Causapé et al., 2018). The M8, M10 and M14 lines had other mutations 

occurring at the same step as the deletion. The M10 line acquired a mutation in the gene 

wpbL which is involved in lipopolysaccharide synthesis and has been linked to increased 

ceftazidime resistance (Alvarez-Ortega, Wiegand, Olivares, Hancock, & Martínez, 2010). 

M11 lost 12 bp from a repetitive region in the intergenic region between PA0714 and 

PA0715. The WGS showed that although the experimentally evolved strains had acquired 

several β-lactam resistance mutations, none were consistently occurring at the same step 

as the deletions . This, in conjugation with the MIC testing, further indicates that the 

deletions are involved in causing the increased β-lactam resistance phenotype. 
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3.3 Generation of engineered deletion strains 

The findings from the MIC testing of strains before and after the deletion event in 

the experimentally evolved strains in Section 3 indicate that the deletions influence the β-

lactam resistance of these strains, and that there is variation in the degree of increase in 

resistance after the deletion event. However, as discussed in Section 3.2, each of the 

experimentally evolved lines had acquired other mutations alongside the deletions during 

the selection process. While there were no mutations consistently co-occuring at the same 

passage step as the deletions, there were multiple mutations present in the lines 

characteristic of β-lactam resistance. The effects of the deletions alone on β-lactam 

resistance were not shown. 

The first aim of this section was to engineer three mutant strains of P. aeruginosa, 

each derived from the reference strain PAO1 and with a deletion corresponding to that 

observed in the lab-evolved lines. The second aim of this section was to measure the β-

lactam resistance of the resulting strains to assess the effects of large deletions on β-

lactam resistance. The three mutant strains were designed to mimic the deletions in lines 

M4, M8 and M9. The M8 deletion is 479450 bp and was chosen because it was the largest 

deletion observed in the experimentally evolved lines. The six largest deletions shared an 

overlapping region of 210 genes (Figure 1.4) and the smallest deletion of these was in 

Line M4 (225261 bp). The 1986 bp deletion of line M9 was chosen because it was the 

smallest deletion which spanned the galU gene. The names of the engineered deletion 

mutant strains and the corresponding deletion sizes are in Table 3.6. 
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Table 3.6: Engineered deletion strains and corresponding deletion sizes.  

 

3.3.1 Strategy for engineering deletion mutants 

The strategy for generating the P. aeruginosa deletion mutants was based on the 

method outlined by Hmelo et al. (2015). The method relies on homologous recombination 

leading to allele exchange between the P. aeruginosa PAO1 chromosome and a vector 

carrying a construct containing a deletion. The deletion constructs for the MC, MI and 

MH mutants each consisted of two halves, corresponding to approximately 1 kbp of 

sequence immediately upstream and downstream of the region to be deleted. These 

constructs were assembled in the suicide vector pEX18Tc, with the capacity for 

conjugation and counterselection. An E. coli donor strain carrying the suicide vector was 

used to transfer the plasmids into PAO1. Homologous recombination between the 

deletion constructs and the PAO1 chromosome resulted in the generation of merodiploid 

strains of PAO1, in which the suicide vector and the deletion constructs were integrated 

into the bacterial chromosome. Counterselection was then used to select for colonies that 

had lost the suicide vector backbone through a second homologous recombination event, 

which either resulted in successful generation of a mutant strain or a reversion to wild 

type. Colonies were then screened to identify mutant P. aeruginosa strains.  

  

Experimentally evolved line Deletion size (bp) Engineered mutant name  

M4 225261 MC 

M8 479450 MH 

M9 1986 MI 
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3.3.1.1 1986 bp (MI) deletion engineered mutant 

The aim of this section was to generate a mutant strain derived from P. aeruginosa 

PAO1 which had a 1986 bp deletion identical to the deletion in experimentally evolved 

strain M9-7 (Table 3.6). The strategy for making the pEX18Tc::MI allele exchange vector 

is illustrated in Figure 3.6. 
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Figure 3.6: Summary of pEX18Tc::MI allele exchange plasmid construction. (A) MI_UP and 

MI_DOWN PCR products upstream and downstream of the deleted region and give products of 1450 bp 

and 1067 bp respectively (Table 2.20). (B) MI_UP and MI_DOWN were cloned into pGEM T-Easy to 

make pGEM::MI_UP and pGEM::MI_DOWN. (C) The insert MI_DOWN was cut from 

pGEM::MI_DOWN with HindIII and BamHI, and ligated with pEX18Tc to make the 

pEX18Tc::MI_DOWN. (D) The insert MI_UP was cut from pGEM::MI_UP with SacI and BamHI, and 

ligated with pEX18Tc::MI_DOWN to make the allele exchange vector pEX18Tc::MI. OriT: origin of 

transfer; AmpR: ampicillin resistance marker; Ori: origin of replication; TcR: tetracycline resistance. 
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 Generation of pGEM::MI_UP and pGEM::MI_DOWN plasmids 

To generate a 1986 bp deletion in P. aeruginosa PAO1, first the deletion construct 

was designed. The construct was comprised of two PCR products, corresponding to 1 kbp 

of sequence immediately upstream and downstream of the desired deletion. Each of the 

primers had an introduced restriction site to facilitate cloning. The primer placement for 

the deletion construct is illustrated in Figure 3.6A. The deletion construct components 

were amplified from PAO1 gDNA (Section 2.4.2.1, Section 2.4.3.1.1) using the MI_UP 

and MI_DOWN primer pairs, giving products of 1450 bp and 1067 bp respectively 

(Figure 3.7A).  

The MI_UP and MI_DOWN PCR products were purified (Section 2.4.3.2.1) and 

3’-A overhangs were added (Section 2.4.3.3) before ligation into the vector pGEM T-

Easy, which had 5’-T overhangs to facilitate TA cloning. pGEM T-Easy also had an 

ampicillin resistance selectable marker and an insertion site within a fragment of the lacZ 

gene. lacZ encodes the enzyme β-galactosidase which cleaves the lactose analog 5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside (BCIG) to generate a blue product in 

the presence of the inducer IPTG. Colonies carrying pGEM T-Easy without an insert were 

blue on agar plates topspread with isopropyl-β-thiogalactopyranoside (IPTG) and BCIG. 

However, when an insert was cloned into pGEM T-Easy, β-galactosidase expression and 

the production of the blue product was inhibited, resulting in white colonies.  

Ligation reactions were set up with pGem T-Easy and either the MI_UP or 

MI_DOWN fragments (Section 2.4.3.7.1) and transformed (Section 2.3.4) into 

electrocompetent E. coli JM83 (Section 2.3.3.1). Transformed cultures were spread on 

agar containing ampicillin (Table 2.11) and spread with IPTG and BCIG (Section 

2.2.1.2.1). After 48 hours of incubation at 37°C, white ampicillin-resistant colonies were 
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screened for the presence of the correct inserts cloned into pGEM T-Easy. Plasmid 

extraction (Section 2.4.2.2), restriction digest (Section 2.4.3.4) and Sanger sequencing 

(Section 2.4.2.5 and 2.4.3.2.2, Appendix B) were used to confirm the inserts had been 

cloned into pGem T-Easy (Figure 3.7) and than no other mutations were present in the 

inserts.  

 

Figure 3.7: pGEM::MI_UP and pGEM::MI_DOWN vector construction. A) PCR amplification of 

MI_UP and MI_DOWN products gave product sizes of 1450 bp and 1067 bp respectively. B) Restriction 

digest of pGEM::MI_UP with SacI and BamHI gave two bands of approximately 3000 bp and 1500 bp, 

corresponding to the MI_UP insert and the 3016 bp pGEM T-Easy vector. Restriction digest of 

pGEM::MI_DOWN with BamHI and HindIII gave two bands of appproximately 1200 bp and 3000 bp 

corresponding to the MI_DOWN insert and pGEM T-Easy vector. C) Chromatogram of Sanger sequencing 

of pGEM::MI_UP showing succesful ligation of the MI_UP insert. 



86 
 

The restriction digest and sequencing results confirmed that the inserts MI_UP 

and MI_DOWN had been successfully ligated into pGEM T-Easy (Figure 3.7) to generate 

pGem::MI_UP and pGEM::MI_DOWN. 

 

 Assembly of pEX18Tc::MI allele exchange vector 

To generate the allele exchange vector pEX18Tc::MI containing the complete MI 

deletion construct, first the plasmid pEX18Tc::MI_DOWN was made. As illustrated in 

Figure 3.6, pEX18Tc::MI was constructed by sequentially cloning the MI_UP and 

MI_DOWN inserts into pEX18Tc. pEX18Tc has a tetracycline resistance selectable 

marker as well as the sacB gene from B. subtilis, which is lethal in the presence of sucrose. 

Like pGEM T-Easy, the MCS for pEX18Tc is within the lacZ gene, allowing blue-white 

selection to identify colonies carrying a pEX18Tc with an insert. 

To construct the pEX18Tc::MI_DOWN plasmid, pGEM::MI_DOWN and the 

empty vector pEX18Tc were both digested with BamHI and HindIII (Section 2.4.3.4, 

Figure 3.8A, B). The MI_DOWN insert was then purified by gel extraction (Section 

2.4.3.5) and the linearised pEX18Tc vector was treated with phosphatase (Section 

2.4.3.6) before ligation (Section 2.4.3.7.2). The ligation mixture was transformed (Section 

2.3.4) into electrocompetent E. coli JM83 (Section 2.3.3.1) and the transformed cultures 

were spread on agar containing tetracycline (Table 2.11) and spread with IPTG and BCIG 

(Section 2.2.1.2.1). Resulting white tetracycline-resistant colonies were screened with 

plasmid extraction (Section 2.4.2.2) and restriction digest (Section 2.4.3.4) to verify the 

presence of the pEX18Tc::MI_DOWN insert (Figure 3.8C). Sequencing was also used to 
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confirm that MI_DOWN had been successfully been cloned into pEX18Tc (Appendix 

B). 

 

Figure 3.8: Construction of pEX18Tc::MI_DOWN. A) Restriction digest of pGEM::MI_DOWN with 

BamHI and HindIII for ligation gave two bands of approximately 1000 bp and 3000 bp corresponding to 

the MI_DOWN insert (1067 bp) and the pGEM T-Easy vector (3016 bp). B) Restriction digest of the empty 

pEX18Tc vector with BamHI and HindIII gave one large band. C) Restriction digest of 

pEX18Tc::MI_DOWN with BamHI and HindIII gave two bands of approximately 7000 bp and 1200 bp, 

corresponding to the 6349 bp pEX18Tc vector and the MI_DOWN insert respectively.  

To generate the final allele exchange vector pEX18Tc::MI containing the 

complete deletion construct, the MI_UP insert was ligated with pEX18Tc::MI_DOWN. 

To do this the MI_UP insert was isolated from pGEM::MI_UP by restriction digest with 

BamHI and SacI (Section 2.4.3.4) (Figure 3.9A) and purified by gel extraction (Section 

2.4.3.5). The vector pEX18Tc::MI_DOWN was also digested with BamHI and SacI 
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(Section 2.4.3.4, Figure 3.9B) and treated with phosphatase (Section 2.4.3.6). Ligation 

was carried out with the MI_UP insert and linearised pEX18Tc::MI_DOWN vector 

(Section 2.4.3.7.2), and transformed (Section 2.3.4) into electrocompetent E. coli JM83 

(Section 2.3.3.1). Transformed cultures were spread on agar containing tetracycline 

(Table 2.11) and spread with IPTG and BCIG (Section 2.2.1.2.1). Resulting white 

tetracycline-resistant colonies were screened for the presence of both MI inserts by 

plasmid extraction (Section 2.4.2.2) and restriction digest (Section 2.4.3.4) as shown in 

Figure 3.9C. The pEX18Tc::MI was also sequenced (Appendix B) to confirm that the 

plasmid contained the entire deletion construct. 
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Figure 3.9: Construction of pEX18Tc::MI allele exchange vector. A) Restriction digest of 

pGEM::MI_UP. When digested with BamHI and SacI, pGEM::MI_UP gave a larger band corresponding 

to the 3016 bp pGEM T-Easy vector and a smaller band corresponding to the 1450 bp MI_UP insert. B) 

Restriction digest of pEX18Tc::MI_DOWN. The 7393 bp pEX18Tc::MI_DOWN plasmid gave a single 

large band of approximately 8000 bp when linearised with BamHI and SacI. C) Restriction digest of 

pEX18Tc::MI. The plasmid was digested with HindIII and SacI, resulting in two bands. The larger band at 

approximately 8000 bp corresponds to the pEX18Tc vector backbone and the smaller band at approximately 

3000 bp corresponds to MI_UP and MI_DOWN inserts combined (2517 bp).  

The restriction digest and sequencing results confirmed that both the MI_UP and 

MI_DOWN inserts had been cloned into pEX18Tc, resulting in the complete allelic 

exchange vector pEX18Tc::MI. 

 Making PAO1 pEX18Tc::MI merodiploid strains 

To generate merodiploid strains of P. aeruginosa in which pEX18Tc::MI had 

been integrated into the genome, first the pEX18Tc::MI vector was transformed into the 
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E. coli donor strain ST18. This strain carries genes that are essential for the conjugation 

of pEX18Tc into P. aeruginosa. ST18 has also been modified so that it cannot grow 

without supplemented 5‐aminolevulinic acid (Thoma & Schobert, 2009). The strategy for 

generating the final MI deletion P. aeruginosa strain using the allele exchange vector 

pEX18Tc::MI is illustrated in Figure 3.10.  
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Figure 3.10: Schematic diagram of strategy for generation of MI mutants. A) The pEX18Tc::MI allele 

exchange vector carried by ST18 was introduced to PAO1 through conjugation. B) Homologous 

recombination between the pEX18Tc::MI vector and the PAO1 chromosome results in a merodiploid strain 

of PAO1 with pEX18Tc::MI vector integrated into the genome. Under counterselection with sucrose 

against the pEX18Tc vector selected for colonies that had undergone a spontaneous second homologous 

recombination event. The subsequent strains were either C) MI deletion mutants due to the yellow MI 

deletion construct being fixed in the bacterial chromosome or D) have reverted to wild type through the 

loss of the entire pEX18Tc::MI vector. Black: pEX18Tc; yellow: MI deletion construct; green: PAO1 

chromosome. 

 

Electrocompetent E. coli ST18 (Section 2.3.3.2) were transformed with the 

plasmid pEX18Tc::MI (Section 2.3.4). Transformed cultures were spread on Luria broth 

(LB) agar supplemented with tetracycline (Table 2.11) and 5‐aminolevulinic acid 

(Section 2.2.1.2.2). 
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To introduce the pEX18Tc::MI plasmid into PAO1 (Figure 3.10A), conjugation 

was carried out using E. coli ST18 carrying pEX18Tc::MI as the donor strain and P. 

aeruginosa PAO1 as the recipient (Section 2.3.5) to generate merodiploid strains (Figure 

3.10B). Potential merodiploid colonies were selected based on resistance to 50 μg/mL, 

100 μg/mL and 200 μg/mL tetracycline and the ability to grow without supplemented 5‐

aminolevulinic acid. pEX18Tc cannot replicate as a plasmid in P. aeruginosa therefore 

tetracycline-resistant colonies had pEX18Tc integrated into the chromosome. 

Tetracycline-resistant P. aeruginosa colonies were further screened for the presence of 

pEX18Tc::MI by colony PCR (Section 2.4.3.1.2) with ColE1 primers (Table 2.22), which 

amplify a 520 bp region of the pEX18Tc vector (Figure 3.11).  

 

Figure 3.11: Screening of MI merodiploids. PCR was performed on tetracyline-resistant P. aeruginosa 

colonies using the ColE1 primers to detect the presence of the pEX18Tc vector backbone, using pEX18Tc 

as a positive control. MI merodiploids 1, 2 and 3 all gave bands of 520 bp, identical to the band produced 

by pEX18Tc, confirming the presence of the vector backbone in the merodiploid strains. 

Figure 3.11 shows the pEX18Tc vector was present in the tetracycline-resistant 

P. aeruginosa strains and indicates that the pEX18Tc::MI vector had been successfully 
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integrated into the P. aeruginosa chromosome through homologous recombination and 

resulted in a merodiploid strain (Figure 3.10B). 

 

 Screening for PAO1 pEX18Tc::MI deletion mutants 

To generate the MI deletion mutant strain, the MI merodiploids underwent 

counterselection against the pEX18Tc vector in order to obtain colonies that had 

undergone a second homologous recombination event (Figure 3.10C). As previously 

mentioned, pEX18Tc contains the sacB gene which is lethal in the presence of sucrose. 

Sucrose selection was carried out on P. aeruginosa MI diploids 1, 2 and 3 (Section 2.3.6). 

Briefly, overnight cultures of MI merodiploids 1, 2 and 3 were diluted and spread on both 

LB agar plates and LB agar plates containing 5% sucrose. P. aeruginosa colonies that 

were able to grow on sucrose were further screened for tetracycline sensitivity to confirm 

that they had lost pEX18Tc through homologous recombination.  

As shown in Figure 3.10, when merodiploid strains undergo a second 

recombination event the outcome is either a deletion mutant or wild type PAO1. In total, 

73 pEX18Tc-negative candidate colonies were screened with PCR (Section 2.4.3.1.2 

using the MI_delchk and PurE primers (placement illustrated in Figure 3.1 and Figure 

3.12B) as well as the MI_SPAN primer pair (Table 2.21) to identify MI deletion mutants. 

The primers span the 1986 bp deletion boundary and gave a different product size 

depending on the presence or absence of the deletion (Figure 3.12A). A subset of the PCR 

results using the MI_delchk primers is shown in Figure 3.12C. 
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Figure 3.12: Screening of candidate colonies for MI deletion mutants. A) The MI_SPAN primers bind 

on either side of the 1986 bp region deleted in the M4 line. The primers gave a 2770 bp product with P. 

aeruginosa PAO1 and a 784 bp product in the presence of the 1986 bp deletion. B) The internal MI_delchk 

primer pair binds in the 1986 bp  deleted region (grey) and gives no product in the presence of the deletion 

while the external primer PurEK pair binds downstream of the deleted region (blue). The C) 12 candidate 

colonies were screened with the MI_delchk (top row) primers to identify colonies that had retained the MI 

deletion construction and with the PurEK (bottom row) primers as a positive control. M9-5 was used as a 

control strain and gave no band with the MI_delchk primers and a 850 bp band with the PurEK primers. 

All 12 colonies screened gave a band at 850 bp, corresponding to the expected 846 bp MI_delchk product 

amplified when there is no deletion. All 12 colonies also gave a band at 850 bp corresponding to the PurEK 

product. 
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All the candidate mutants screened had reverted to wild type PAO1 and none had 

retained the MI deletion construct. Although the pEX18Tc::MI plasmid and merodiploids 

had been verified at each stage, all of the 73 colonies tested had reverted to wild type.  

3.3.1.2 225261 bp (MC) deletion engineered mutant 

The aim of this section was to generate a mutant strain of P. aeruginosa with a 

225261 bp deletion identical to the deletion observed in the M4 line (Table 3.6). The 

method used to make the allele exchange vector was analogous to that of pEX18Tc::MI 

(Figure 3.6) The pEX18Tc::MC plasmid contained the regions immediately upstream and 

downstream of the M4 deletion cloned into pEX18Tc, amplified by the MC_UP and 

MC_DOWN primer pairs (Table 2.20). Figure 3.13 illustrates the amplification of these 

regions and a map of the final plasmid pEX18Tc::MC. 
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Figure 3.13: Summary of construction of pEX18Tc::MC allele exchange plasmid. A) Amplification of 

MC_UP (1193 bp) and MC_DOWN (1547 bp) PCR products from the PAO1 genome (Table 2.20). B) 

Complete pEX18Tc::MC allele exchange vector. The MC_UP and MC_DOWN inserts were first 

individually cloned into pGEM T-Easy (not pictured) and both cloned into pEX18Tc. OriT: origin of 

transfer; Ori: origin of replication; TcR: tetracycline resistance. 
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 Assembly of pEX18Tc::MC allele exchange vector 

After the initial amplification (2.4.3.1.1) of the MC_UP and MC_DOWN PCR 

products, the pEX18Tc::MC allele exchange vector was constructed using the same steps 

as the pEX18Tc::MI vector. The MC_UP and MC_DOWN PCR products were amplified 

from PAO1 gDNA (Section 2.4.2.1), purified (Section 2.4.3.7.1) and 3’-A overhangs 

were added (Section 2.4.3.7.1) before ligation (Section 2.4.3.7.1) with pGEM T-Easy and 

transformation (Section 2.3.4) into E. coli JM83 (Section 2.3.3.2) to generate the plasmids 

pGEM::MC_UP and pGEM::MC_DOWN. The MC_DOWN fragment was then cut from 

pGEM::MC_DOWN with BamHI and EcoRI (Section 2.4.3.4) and purified (Section 

2.4.3.5). The insert was then ligated (Section 2.4.3.7.2) with pEX18Tc linearised with 

BamHI and EcoRI to generate pEX18Tc::MC_DOWN. The MC_UP fragment was then 

cut from pGEM::MC_UP with HindIII and BamHI and ligated with 

pEX18Tc::MC_DOWN to generate the final pEX18Tc::MC plasmid. This plasmid was 

confirmed with restriction digest (Figure 3.14) and sequencing (Appendix B). 
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Figure 3.14: Construction of pEX18Tc::MC allele exchange vector. A) The amplification of the 1193 

bp MC_UP and 1547 bp MC_DOWN PCR products from the PAO1 genome. B) When the pEX18Tc::MC 

vector was digested with HindIII and SacI it gave one large band corresponding to the 6349 bp pEX18Tc 

vector and a smaller band of approximately 3000 bp corresponding to the entire MC deletion construct 

(2740 bp). 

 

 Generation of P. aeruginosa MC merodiploids and screening for MC deletion 

mutants 

The strategy for generating the final MC deletion mutants using an allele exchange 

vector was analogous to that of the MI deletion (Figure 3.10). After the pEX18Tc::MC 

vector was constructed and confirmed with restriction digest (Figure 3.14) sequencing 

(Appendix B), it was transformed (Section 2.3.3) into electrocompetent E. coli ST18 

(Section 2.3.3.2). ST18 carrying pEX18Tc::MC was then used as a conjugal donor to 

transfer the plasmid into the recipient P. aeruginosa PAO1. MC merodiploids were 

selected based on tetracycline resistance and ability to grow without 5‐aminolevulinic 

acid. They were also screened to confirm the presence of the pEX18Tc vector backbone 
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using the ColE1 PCR primers. All merodiploids tested gave a 520 bp product. Three MC 

merodiploids then underwent sucrose selection (Section 2.3.6) to select for colonies that 

had undergone a second recombination event – resulting in either wild type PAO1 or an 

MC deletion mutant. Candidate colonies were screened using the FusA2 primers which 

bind inside the deleted region (Table 2.19) and the MC_SPAN primers (Table 2.21). The 

binding sites of these primers are illustrated in Figure 3.15A and B. A subset of the PCR 

results are shown in Figure 3.15C. 

 

Figure 3.15: Screening of potential MC deletion mutants. A) The MC_SPAN primers bind on either 

side of the 221261 bp region which is deleted in the M4 line. In the absence of the deletion the primer 

binding sites are too distant for a product to be amplified. B) When the 225261 bp region is deleted, the 

primer binding sites are close enough to generate a 763 bp product. C) Screening candidate MC mutant 

colonies. 10 candidate colonies were screened using the MC_SPAN primers. None of the colonies tested 

produced a band, indicating that in these strains the primer binding sites were too distant for a product to 

be amplified, identical to the PAO1 control. Strain M4-6 and an MC merodiploid (MERO) were included 

as controls to show the 763 bp MC_SPAN product when the deletion or deletion construct is present. 

In total 25 candidate colonies were screened using PCR with the FusA2 and 

MC_SPAN primer pairs. All colonies screened with the MC_SPAN primers gave no 

M4-6 
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band, and all colonies screened with the FusA2 primers gave a 682 bp product identical 

to PAO1. This showed that none of the colonies screened had retained the MC deletion 

construct and all had reverted to wild type.  

3.3.1.3 479450 bp (MH) deletion engineered mutant 

The aim of this section was to engineer a mutant P. aeruginosa strain with the 

same 479450 bp deletion seen in the M8 line (Table 3.6). To introduce this deletion into 

the PAO1 chromosome, the allele exchange vector pEX18Tc::MH was constructed using 

a strategy analogous to the construction of pEX18Tc::MI and pEX18Tc::MC (Figure 3.6). 

The placement of the deletion construct primers and a map of the final vector 

pEX18Tc::MH are shown in Figure 3.16. 
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Figure 3.16: Summary of construction of pEX18Tc::MH allele exchange vector. A) Amplification of 

MH_UP (1338 bp) and MH_DOWN (1501 bp) PCR products from the PAO1 genome (Table 2.20). B) 

Complete pEX18Tc::MH allele exchange vector. The MH_UP and MH_DOWN inserts were first 

individually cloned into pGEM T-Easy (not pictured) and both cloned into pEX18Tc. OriT: origin of 

transfer; Ori: origin of replication; TcR: tetracycline resistance. 

 Construction of pEX18Tc::MH allele exchange vector 

The pEX18Tc::MH allele vector was constructed in the same way as 

pEX18Tc::MI. First the regions immediately upstream and downstream of the 479450 bp 

deletion were amplified from the PAO1 genome using the MH_UP and MH_DOWN 

primer pairs (Figure 3.17A). These inserts were then individually cloned into pGEM T-

Easy to generate pGEM::MH_UP and pGEM::MH_DOWN. The MH_UP insert was cut 
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from pGEM::MH_UP with HindIII and BamHI (Section 2.4.3.2) before purification 

(Section 2.4.3.5). pEX18Tc was linearised with HindIII and BamHI (Section 2.4.3.2) and 

treated with phosphatase (Section 2.4.3.6). The MH_UP inserted was ligated with 

linearised pEX18Tc to generate pEX18Tc::MH_UP. Using the same methods, the 

MH_DOWN insert was cut from pGEM::MH_DOWN with BamHI and SacI and ligated 

into pEX18Tc::MH_UP to generate the final allele exchange vector pEX18Tc::MH. The 

final vector was confirmed with restriction digest (Figure 3.17B). 

 

Figure 3.17: Construction of pEX18Tc::MH allele exchange vector. A) The amplification of the 1338 

bp MH_UP and 1501 bp MH_DOWN PCR products from the PAO1 genome. B) When the final 

pEX18Tc::MH vector was digested with HindIII and SacI, it gave one large band corresponding to the 6349 

bp pEX18Tc vector and a smaller band of approximately 3000 bp corresponding to the complete MH 

deletion construct (2839 bp). 
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 Generation of P. aeruginosa MH merodiploids and screening for MH deletion 

mutants 

The strategy for generating mutants with the 479450 bp deletion using the 

pEX18Tc::MH allele exchange vector was identical to that illustrated in Figure 3.10. First 

pEX18Tc::MH was transformed (Section 2.3.4) into electrocompetent E. coli ST18 

(Section 2.3.3.2). Conjugation was carried out using E. coli ST18 carrying pEX18Tc::MH 

as the donor and P. aeruginosa PAO1 as the recipient (Section 2.3.5). This generated 

tetracycline-resistant merodiploid P. aeruginosa strains with entire pEX18Tc::MH vector 

integrated into the bacterial chromosome (Figure 3.10B). The merodiploid strains were 

tetracycline-resistant and gave a 520 bp product with the ColE1 primers (Table 2.22), 

confirming the presence of pEX18Tc. A second spontaneous recombination event was 

required for the merodiploid strains to either revert to wild type PAO1 or to retain the 

deletion construct. Sucrose selection was carried out on three MH merodiploid strains 

(Section 2.3.6). 53 subsequent sucrose-resistant colonies were screened using PCR 

(Section 2.4.3.1.2) with the MH_SPAN (Table 2.21) primers and the FusA2 primers 

(Table 2.19). The MH_SPAN primer pair design was analogous to that of the MC_SPAN 

primers (Figure 3.15A) – when there is no deletion the primer pair cannot give a product. 

However, in the presence of the 479450 bp deletion the MH_SPAN primers gave a 979 

bp product. A subset of the candidate colony screening results is shown in Figure 3.18. 
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Figure 3.18: Screening of potential MH deletion mutants. 10 candidate colonies were screened using 

the MH_SPAN primers. None of the colonies tested or the PAO1 control produced a band, indicating that 

in these strains the MH deletion construct was not retained . Strain M8-6 and an MH merodiploid (MERO) 

were also included as controls to show 979 bp MH_SPAN product when the deletion or deletion construct 

is present. 

In total, 53 colonies that had undergone the second recombination event were 

screened using PCR. All colonies screened with the MH_SPAN primers gave no band, 

and all colonies screened with the FusA2 primers gave a 682 bp product identical to 

PAO1, indicating that none of the colonies had retained the deletion construct. All 

colonies screened had reverted to wild type. 
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3.3.2 Alternate strategies for obtaining engineered deletion mutants 

In Section 3.3.1, no deletion mutants were successfully generated despite the 

validation of the allele exchange vectors and merodiploids, and screening of 151 sucrose-

resistant colonies. It was expected that after sucrose selection approximately 50% of the 

merodiploids would have retained the deletion construct (Hmelo et al., 2015). However, 

none of the candidate colonies screened had retained the MC, MI or MH constructs. An 

additional level of screening was required to discriminate deletion mutants from wild type 

PAO1 at the sucrose selection stage, before PCR screening.  

Two approaches were implemented to improve the screening for deletion mutants. 

The first approach was the addition of a gentamicin resistance cassette, flanked by 

flippase recognition target (FRT) sequences, from pPS856 (Table 2.4) into the pEX18Tc 

allele exchange vector. After sucrose selection, deletion mutants can be screened for with 

gentamicin. The gentamicin resistance cassette can then be excised by the plasmid pFLP2 

(Table 2.4), which encodes a flippase enzyme and triggers recombination between the 

two FRT sites. pFLP2 in turn can be removed from the final deletion mutants through 

further sucrose selection. This strategy is outlined in Figure 3.20. The second approach 

was the addition of a lacZ cassette isolated from pZ1918 (Table 2.4) in the deletion 

construct as shown in Figure 3.19. This would allow deletion mutants to be visually 

identified by their blue colour on LB agar plates when spread with BCIG (Section 

2.2.1.2.1).  
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Figure 3.19: Schematic diagram of strategy for making deletion mutants with lacZ cassette. A) The 

lacZ cassette from pZ1918 is cloned into the allele exchange vector pEX18Tc::MI to generate 

pEX18Tc::MI+lacZ. B) Homologous recombination between pEX18Tc::MI+lacZ and the PAO1 

chromosome results in a merodiploid strain of P. aeruginosa with the entire pEX18Tc::MI+lacZ integrated 

into the chromosome. A second spontaneous homologous recombination event will result in either C) a P. 

aeruginosa deletion mutant with the lacZ cassette at the deletion juntion, or D) a reversion to wild type 

PAO1. Black: pEX18Tc; yellow: MI deletion construct; green: PAO1 chromosome; blue: lacZ cassette. 

 



107 
 

 

Figure 3.20: Schematic diagram of strategy for making deletion mutants with gentamicin resistance 

cassette. A) The gentamicin resistance cassette (with flanking FRT sites) from pPS856 is cloned into the 

allele exchange vector pEX18Tc::MI to generate pEX18Tc::MI+gmR. B) Homologous recombination 

between pEX18Tc::MI+gmR and the PAO1 chromosome results in a merodiploid strain of P. aeruginosa 

with pEX18Tc::MI+gmR integrated into the chromosome. Following negative selection with sucrose, a 

second spontaneous homologous recombination event will result in sucrose-resistant colonies with either 

C) a P. aeruginosa deletion mutant with the gmR cassette at the deletion juntion, or D) a reversion to wild 

type PAO1. E) The gentamicin resistance segment of the cassette can be excised from the deletion mutant 

by the plasmid pFLP2, encoding a flippase enzyme, resulting in a deletion mutant with a ‘scar’ of residual 

sequence at the deletion junction. Black: pEX18Tc; yellow: MI deletion construct; dark green: PAO1 

chromosome; pink: gmR cassette. 
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3.3.2.1 1986 bp (MI) deletion mutant with gentamicin resistance cassette 

The first aim of this section was to modify the existing pEX18Tc::MI allele 

exchange vector to include the gentamicin resistance cassette from pPS856 to generate 

the vector pEX18Tc::MI+gmR. The second aim of this section was to use this vector to 

generate mutant strains of P. aeruginosa with a 1986 bp deletion corresponding to the 

deletion in the M9 line with the gentamicin resistance cassette at the deletion junction. 

The third aim was to use the plasmid pFLP2 to remove the gentamicin resistance cassette 

to obtain the deletion mutant MI_final. 

 

 Assembly of pEX18Tc::MI+gmR allele exchange vector 

The aim of this section of this section was to isolate the gentamicin resistance 

cassette from the plasmid pPS856 (Table 2.4) and to clone it into the pEX18Tc::MI 

plasmid (Section 3.3.1.1.2). The construction of pEXTc18::MI+gmR is shown in Figure 

3.21. 
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Figure 3.21: Construction of pEX18Tc::MI+gmR. A) pEX18Tc::MI was linearised with BamHI and 

ligated with B) the gentamicin cassette from pPS856. C) The resulting plasmid pEX18Tc::MI+gmR with 

the gentamicin cassette between the MI_UP and MI_DOWN inserts. OriT: origin of transfer; Ori: origin of 

replication; TcR: tetracycline resistance; GmR: gentamicin resistance. 

pPS856 was digested with BamHI (Section 2.4.3.4) to cut the gentamicin 

resistance cassette from the vector backbone (Figure 3.22A). The 1.1 kbp cassette was 

then gel purified (Section 2.4.3.5). Simultaneously, the vector pEX18Tc::MI was digested 
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with BamHI to cut it between the MI_UP and MI_DOWN inserts and treated with 

phosphatase (Section 2.4.3.6). A ligation reaction was set up using linearised 

pEX18Tc::MI and the gentamicin resistance cassette (Section 2.4.3.7.2), and transformed 

(Section 2.3.4) into electrocompetent E. coli JM83 (Section 2.3.3.1). The transformed 

cultures were grown on plates containing tetracycline and gentamicin (Table 2.11). White 

colonies that were resistant to both gentamicin and tetracycline were selected for further 

screening by colony PCR (Section 2.4.3.1.2) with the MI_SPAN primers (Figure 3.22B) 

and sequencing (Appendix B) to confirm the successful ligation of pEX18Tc::MI+gmR. 
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Figure 3.22: Construction of pEX18Tc::MI+gmR allele exchange vector. A) When pPS856 was 

digested with BamHI, it gave two bands of 1.1 kbp and approximately 4 kbp, corresponding to the 

gentamicin resistance cassette and the rest of the vector respectively. B) PCR was carried out on both 

pEX18Tc::MI and pEX18Tc::MI+gmR using the MI_SPAN primers, which span the deletion junction. 

pEX18Tc::MI gives a 784 bp band, and pEX18Tc::MI+gmR gives a band of approximately 2.5 kbp. This 

corresponds to the regions of the MI deletion construct amplifed by the MI_SPAN primers and the 1.1 kbp 

gentamicin resistance cassette. This shows that the gentamicin casette had succesfully been ligated into the 

MI deletion construct at the deletion junction. 

 

 Generation of merodiploid strains and screening of MI+gmR mutants 

The aim of this section was to generate merodiploid strains of P. aeruginosa 

which had the pEX18Tc::MI+gmR plasmid integrated into the bacterial chromosome 

(Figure 3.20B). 
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The plasmid pEX18Tc::MI+gmR was first transformed (Section 2.3.4) into 

electrocompetent E. coli ST18 (Section 2.3.3.2). Conjugation was carried out using E. 

coli ST18 with pEX18Tc::MI+gmR as the donor strain and P. aeruginosa PAO1 as the 

recipient (Section 2.3.5) and spread on LB agar plates containing gentamicin and 

tetracycline (Table 2.11). Potential merodiploids were selected for further screening 

based on resistance to gentamicin and tetracycline, and the ability to grow without 5-

aminolevulinic acid (ALA). One merodiploid colony was confirmed to be carrying 

pEX18Tc::MI+gmR by PCR (Section 2.4.3.1.2) using the ColE1 primers (Table 2.22), 

which amplify a portion of pEX18Tc (Figure 3.23). 

 

Figure 3.23: Confirming PAO1 MI+gmR merodiploids. Colony PCR was carried out using the ColE1 

primers on the positive control plasmid pEX18Tc::MI (P) and a MI+gmR merodiploid (M). Both gave 

bands of 520 bp, confirming the presence of the pEX18Tc vector backbone. This indicates that the 

pEX18Tc::MI+gmR allele exchange vector had been integrated into the PAO1 genome. 
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After confirming the conjugation had been successful, sucrose selection was 

carried out on the MI+gmR merodiploids to select colonies that had undergone a second 

homologous recombination event and either retained the deletion construct and 

gentamicin resistance cassette (Figure 3.20C), or reverted to wild type PAO1 (Figure 

3.20D). The deletion mutants in Section 3.3.1 were indistinguishable from the wild type 

PAO1 before PCR screening. The gentamicin resistance cassette allowed for additional 

selection of deletion mutants that were resistant to both gentamicin and sucrose. The 

sucrose selection was carried out as described in Section 2.3.6 using the MI+gmR 

merodiploid shown in Figure 3.22. The cultures were spread on LB agar plates and LB 

agar with 5% sucrose, as well as plates with both 5% sucrose and gentamicin (Table 2.11). 

After 72 hours of incubation, the colonies on each plate were counted (Table 3.7). The 

colonies on the LB agar plates were a mixture MI+gmR merodiploids and some that have 

undergone a second homologous recombination event. Only colonies that are deletion 

mutants or wild type PAO1 could grow on LB with 5% sucrose, and only deletion mutants 

with the gentamicin resistance cassette could grow on the LB agar plates with 5% sucrose 

and gentamicin. 

Table 3.7: Colony count for MI+gmR sucrose selection. TMTC: too many to count. 

 

Broth culture 
dilution 

LB agar LB agar with 5% sucrose LB agar with 5% sucrose and 
gentamicin 

Undiluted Lawn TMTC TMTC 

10-1 Lawn 280 240 

10-2 Lawn 150 60 

10-3 Lawn 10 6 

10-4 TMTC 1 2 
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 The sucrose- and gentamicin-resistant colonies were screened for loss of the 

pEX18Tc vector by testing their tetracycline sensitivity. 10 tetracycline sensitive colonies 

were further screened using PCR using the MI_SPAN primers ( 

Figure 3.24). Nine of these colonies were MI+gmR deletion mutants. Candidate 

MI+gmR mutant 1 was selected for further confirmation with sequencing (Appendix B). 

 

 

Figure 3.24: Screening of MI+gmR deletion mutants. PCR was carried out with the MI_SPAN primers 

(Figure 3.12) on 10 candidate MI+gmR mutants and controls. PAO1 gave a band of approximately 3000 

bp, corresponding to the product size expected in the absence of the deletion. The MI+gmR merodiploid 

(MERO) gave a band of approximately 2000 bp corresponding to the MI_SPAN product across the deletion 

(784 bp) with the gentamicin resistance cassette (1.1 kbp). All 10 candidate mutants gave a band of 

approximately 2000 bp with the MI_SPAN primers, indicating that the MI+gmR deletion construct had 

been retained in the genome. Candidate 8 also gave a second band at approximately 3000 bp, identical to 

the PAO1 product. This strain was also tetracycline sensitive, indicating that it was a rare sucrose-resistant 

merodiploid that had retained the pEX18Tc backbone amd acquired an inactivating mutation in sacB. 

The addition of the gentamicin resistance cassette allowed the deletion mutants to 

be efficiently selected and screened. The number of colonies observed during the sucrose 

selection (Table 3.7) show that the LB agar plates with 5% sucrose and gentamicin had 

under half of the number of colonies compared with the LB agar plates with 5% sucrose 
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only at the 10-2 dilution. This is consistent which what is expected by Hmelo et al. (2015), 

however in Section 3.3.1.1.4 none of the 73 candidate colonies screened were deletion 

mutants. 

 

 Excision of gmR cassette and screening of final MI deletion mutants 

The aim of this section was to generate the final deletion mutant MI_final by 

excising the gentamicin cassette from MI+gmR (Figure 3.20E). First pFLP2 was 

transformed (Section 2.3.4) into E. coli ST18 (Section 2.3.3.2). Conjugation was carried 

out using ST18 carrying pFLP2 as the donor and P. aeruginosa MI+gmR as the recipient 

(Section 2.3.5) to generate P. aeruginosa strain MI+pFLP. In this strain, the gentamicin 

resistance cassette should have been excised by recombination between its flanking FRT 

sites, mediated by the flippase recombinase encoded by pFLP2. The presence of pFLP2 

and absence of the pEX18Tc backbone make this strain resistant to carbenicillin and 

sensitive to gentamicin, tetracycline and sucrose. Candidate MI+pFLP colonies with the 

correct resistance profile were screened using PCR (Figure 3.25) for the presence of 

pFLP2. To obtain the MI_final deletion mutant, pFLP was cured by streaking MI+pFLP 

on LB agar plates containing 5% sucrose. Candidate MI_final colonies were selected for 

further PCR screening (Figure 3.25) based on sensitivity to gentamicin and resistance to 

sucrose. Carbenicillin resistance was not used as an marker because it was unknown if 

the deletion mutant had increased β-lactam resistance. 
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Figure 3.25: Excision of gentamicin cassette from MI+gmR and screening final mutants. A) PCR was 

carried out using the pFLP2 primer pairs to show the loss of the pFLP2 plasmid from the final deletion 

mutant MI_final. The pFLP2 primers give a 463 bp band in the presence of the pFLP2 plasmid, as seen in 

the lanes for pFLP2 plasmid and the strain MI+pFLP2. MI_final gave no band, indicating that pFLP2 had 

been successfully cured from the final deletion mutant. B) To confirm the excision of the gentamicin 

resistance cassette from the final deletion mutant following sucrose selection, PCR was carried out using 

the MI_SPAN primers on the deletion mutant and controls. PAO1 and MI+gmR gave bands of 

approximately 3000 bp and 2000 bp respectively, consistent with  

Figure 3.24. The deletion mutant MI_final gave a band gave a band of approximately 900 bp, consistent 

with the loss of the 1.1 kbp gentamicin resistance cassette and presence of the 1986 bp deletion. The PCR 

product is slightly larger than the 784 bp product expected for the M9 deletion, due to the presence of 

approximately 200 bp residual sequence left from the cassette at the deletion junction. 

The deletion mutant MI_final was successfully made using the gentamicin 

cassette and pFLP2 flippase. MI_final had approximately 200 bp of residual sequence at 

the deletion junction, which would have not been present if the pEX18Tc::MI allele 

exchange vector had been used. However, the gentamicin cassette system greatly 

improved the ability to screen deletion mutants. 
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3.3.2.2 225261 bp (MC) deletion mutant with gentamicin resistance cassette 

The gentamicin cassette strategy was used to make a 225261 bp (MC) deletion 

using the same method as the MI_final mutant in the previous section. The first aim of 

this section was to modify the pEX18Tc::MC allele exchange vector with the pPS856 

gentamicin cassette to generate the vector pEX18Tc::MC+gmR. The second aim of this 

section was to use the resulting plasmid to generate mutant strains of P. aeruginosa with 

a 225261 bp deletion corresponding to the deletion in the M4 line with the gentamicin 

resistance cassette at the deletion junction. The third aim was to use the plasmid pFLP2 

to remove the gentamicin resistance cassette to obtain the final deletion mutant MC_final. 

 

 Assembly of pEX18Tc::MC+gmR allele exchange vector 

The aim of this section was to modify the existing pEX18Tc::MC vector by adding 

the gentamicin resistance cassette from pPS856 to make the allele exchange vector 

pEX18Tc::MC+gmR. The construction of pEX18Tc::MC+gmR is shown in Figure 3.26. 
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Figure 3.26: Construction of pEX18Tc::MC+gmR. A) pEX18Tc::MC was linearised with BamHI and 

ligated with B) the gentamicin cassette from pPS856. C) The resulting plasmid pEX18Tc::MC+gmR with 

the gentamicin cassette between the MC_UP and MC_DOWN inserts. OriT: origin of transfer; Ori: origin 

of replication; TcR: tetracycline resistance; GmR: gentamicin resistance. 
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The vector pEX18Tc::MC was linearised by restriction digest (Section 2.4.3.4) 

with BamHI and treated with phosphatase (Section 2.4.3.6). A ligation reaction (Section 

2.4.3.7) was carried out with pEX18Tc and the purified 1.1 kbp gentamicin resistance 

cassette from Section 3.3.2.1.1. The ligation mixture was then transformed (Section 2.3.4) 

into electrocompetent E. coli JM83 (Section 2.3.3.1). The transformed cultures were 

grown on plates containing tetracycline and gentamicin (Table 2.11) and spread with 

IPTG and BCIG (Section 2.2.1.2.1). White colonies that were resistant to gentamicin and 

tetracycline were selected for further screening by colony PCR (Section 2.4.3.1) using 

the MC_SPAN primers and sequencing to confirm pEX18Tc::MI+gmR had been ligated 

correctly (Figure 3.27) before proceeding with conjugation. 
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Figure 3.27: PCR confirmation of pEX18Tc::MC+gmR allele exchange vector. PCR was carried out 

on pEX18Tc::MC and pEX18Tc::MC+gmR using the MC_SPAN primers. pEX18Tc::MC gave a band of 

approximately 850 bp (763 bp product) and pEX18Tc::MC+gmR gave a band of approximately 2000 kbp. 

The difference of 1.1 kbp between these products indicates that the gentamicin resistance cassette had 

succesfully been ligated into pEX18Tc at the deletion junction. 

 Generation of merodiploid strains and sucrose selection of MC+gmR mutants 

The aim of this section was to generate merodiploid strains of P. aeruginosa with 

the pEX18Tc::MC+gmR plasmid integrated into the bacterial chromosome (Figure 

3.20B). 

The plasmid pEX18Tc::MC+gmR was transformed (Section 2.3.4) into 

electrocompetent E. coli ST18 (Section 2.3.3.2). Conjugation was carried out using E. 

coli ST18 with pEX18Tc::MC+gmR as the donor strain and P. aeruginosa PAO1 as the 

recipient (Section 2.3.5) and spread on LB agar plates containing gentamicin and 
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tetracycline (Table 2.11). Candidate merodiploid colonies that were resistant to 

gentamicin and tetracycline and grew without supplemented ALA were selected for 

further screening with PCR (Section 2.4.3.1) using the ColE1 primers (Table 2.22) to 

confirm the presence of the pEX18Tc vector backbone (Figure 3.20B) 

 

Figure 3.28: Confirming PAO1 MC+gmR merodiploids. PCR was carried out on the positive control 

plasmid pEX18Tc::MC (P) and a MC+gmR merodiploid (M) using the ColE1 primers. Both templates gave 

bands of 520 bp, confirming the presence of the pEX18Tc backbone. This indicates that 

pEX18Tc::MC+gmR had been integrated into the PAO1 genome, making it a merodiploid. 

After confirming the MC+gmR merodiploid strain, sucrose selection was carried 

out on the merodiploid to generate colonies that had either retained the deletion construct 

and gentamicin resistance cassette (Figure 3.20C), or reverted to wild type PAO1 (Figure 

3.20D) after a second spontaneous homologous recombination event. The sucrose 

selection was carried out (Section 2.3.6) using the MC+gmR merodiploid shown in Figure 

3.28. As in Section 3.3.2.1.2, cultures were spread on LB agar plates and LB agar with 

5% sucrose, as well as plates with both 5% sucrose and gentamicin (Table 2.11). After 

72 hours of incubation, the colonies on each plate were counted (Table 3.8).  
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Table 3.8: Colony count for MC+gmR sucrose selection. TMTC: too many to count. 

 

The sucrose- and gentamicin-resistant colonies were screened for tetracycline 

sensitivity to check for the loss of the pEX18Tc backbone. 10 tetracycline sensitive 

colonies were further screened using PCR using the MC_SPAN primers (Figure 3.27). 

All 10 colonies had retained the MC deletion construct and gentamicin resistance cassette.  

 

Figure 3.29: Screening of MC+gmR deletion mutants. PCR was carried out with the MC_SPAN primers 

on 10 candidate MC+gmR mutants. PAO1 gave no band, the primer binding sites are too distant (225 kbp) 

for amplification to occur. Experimentally evolved strain M4-6 gave a band of approximately 850 bp, 

corresponding to the 763 bp MC_SPAN product over the deletion junction (Figure 3.15B). The MC+gmR 

merodiploid (MERO) gave a band of approximately 2.2 kbp corresponding to the MC_SPAN product 

across with the gentamicin resistance cassette (1.1 kbp). All 10 candidate mutants gave a band of 

approximately 2.2 kbp with the MC_SPAN primers, showing that the MC deletion construct and gentamicin 

Broth culture 
dilution 

LB agar LB agar with 5% sucrose LB agar with 5% sucrose and 
gentamicin 

Undiluted Lawn Lawn Lawn 

10-2 Lawn TMTC TMTC 

10-4 TMTC 840 240 

1    2    3    4    5    6    7    8    9   10 
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resistance cassette had been integrated into the genome. Faint non-specific bands were seen in some of the 

lanes, however the resistance phenotypes and sequencing further confirmed the MC+gmR mutants.  

 

 Excision of gmR cassette and screening of final MC deletion mutants 

The aim of this section was to generate the final deletion mutant MC_final. A 

conjugation was carried out with E. coli ST18 carrying pFLP2 (from Section 3.3.2.1.3) 

as the donor and P. aeruginosa MC+gmR as the recipient (Section 2.3.5) to generate P. 

aeruginosa strain MC+pFLP. Like MI+pFLP, the flippase encoded by pFLP2 triggered 

recombination between the FRT sites flanking the gentamicin resistance cassette, 

resulting in its excision. MC+pFLP should be resistant to carbenicillin and sensitive to 

gentamicin, tetracycline and sucrose. Candidate MC+pFLP colonies were screened using 

PCR (Figure 3.30A) for the presence of pFLP2. The pFLP2 plasmid was then cured from 

MC+pFLP2 by streaking it on LB agar plates containing 5% sucrose. Sucrose-resistant 

and gentamicin-sensitive colonies were selected for further screening with PCR (Section 

2.4.3.1.2) to confirm the MC_final mutant (Figure 3.30B). Like the MI_final mutant, 

carbenicillin sensitivity was not used to select candidate mutants because the β-lactam 

resistance of the deletion mutant was unknown. 

  



124 
 

 

Figure 3.30: Exicision of gentamicin cassette from MC+gmR and screening final mutants. A) PCR 

was carried out using the pFLP2 primer pairs to show loss of the pFLP2 plasmid from the final deletion 

mutant MC_final. The pFLP2 primers give a 463 bp band when pFLP is present, as seen in the lanes for 

pFLP2 plasmid and the strain MC+pFLP2. MC_final gave no band, indicating that pFLP2 had been 

succesfully cured from the final deletion mutant. B) To confirm the excision of the gentamicin resistance 

cassette from the final deletion mutant, PCR was carried out using the MC_SPAN primers on the deletion 

mutant and controls. PAO1 gave no band and MC+gmR gave a band of approximately 2200 bp respectively, 

consistent with Figure 3.29. The deletion mutant MC_final gave a band gave a band of approximately 900 

bp, consistent with the loss of the 1.1 kbp gentamicin resistance cassette. The PCR product is slightly larger 

than the 763 bp product given by strain M4-6, due to the presence of approximately 200 bp residual 

sequence left from the cassette at the deletion junction. 

 

The deletion mutant MC_final was validated with both PCR and sequencing of 

the PCR product (Section 2.4.3.1.2, Appendix B). Like MI_final, MC_final had 

approximately 200 bp of residual sequence at the deletion junction. Based on the colony 

count after the sucrose selection (Table 3.8), approximately 25% of the colonies that had 

undergone the second recombination event had retained the deletion construct. The use 

of the gentamicin resistance cassette allowed these colonies to be efficiently screened to 

obtain the mutant MC_final. 
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3.3.2.3 MI+lacZ deletion mutant 

In Section 3.3.2.1, a 1986 bp deletion mutant was successfully constructed using 

an a gentamicin resistance cassette. A second 1986 bp deletion mutant was generated 

using a lacZ cassette to compare the efficacy of the two strategies and the β-lactam 

resistance of the resulting strains. The first aim of this section was to generate the vector 

pEX18Tc::MI+lacZ by ligating the lacZ cassette from pZ1918 with pEX18Tc::MI. The 

second aim of this section was to use this vector to generate mutant strains of P. 

aeruginosa with a 1986 bp deletion corresponding to the deletion in the M9 line with lacZ 

cassette as the deletion junction. 

 

 Assembly of pEX18Tc::MI+lacZ allele exchange vector 

The aim of this section was to isolate the lacZ cassette from the plasmid pZ1918 

(Table 2.4) and to clone it into the existing pEX18Tc::MI plasmid (Section 3.3.1.1.2). 

The construction of pEX18Tc::MI+lacZ is shown in Figure 3.31. 
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Figure 3.31: Construction of pex18Tc::MI+lacZ. A) pEX18Tc::MI was linearised with BamHI and 

ligated with B) the lacZ cassette from pZ1918. C) The resulting plasmid pEX18Tc::MI+lacZ with the lacZ 

cassette between the MI_UP and MI_DOWN inserts. OriT: origin of transfer; Ori: origin of replication; 

TcR: tetracycline resistance; GmR: gentamicin resistance. 
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To isolate the lacZ cassette, pZ1918 was digested with BamHI (Section 2.4.3.4) 

to cut the cassette from the vector backbone. The 3192 bp cassette was then gel purified 

(Section 2.4.3.5). Simultaneously, the vector pEX18Tc::MI was digested with BamHI to 

cut it between the MH_UP and MH_DOWN inserts and treated with phosphatase (Section 

2.4.3.6). A ligation reaction was set up using pEX18Tc::MI and the lacZ cassette (Section 

2.4.3.7.2), and transformed (Section 2.3.4) into electrocompetent E. coli JM83 (Section 

2.3.3.1). The transformed cultures were grown on plates containing tetracycline (Table 

2.11) and spread with IPTG and BCIG (Section 2.2.1.2.1). Blue tetracycline-resistant 

colonies were selected for further screening by colony PCR (Section 2.4.3.1) using the 

MI_SPAN primers (Figure 3.32) to confirm the allele exchange vector 

pEX18Tc::MI+lacZ (Figure 3.32). 

 

Figure 3.32: PCR confirmation of pEX18Tc::MI+lacZ allele exchange vector. PCR was carried out on 

pEX18Tc::MI and pEX18Tc::MI+lacZ using the MI_SPAN primers. pEX18Tc::MI gave a band of 

approximately 850 bp corresponding to the expected 784 bp product across the deletion junction. 

pEX18Tc::MI+lacZ gave a band of approximately 4500 bp. The difference between these products 

indicates that the 3.2 kbp lacZ cassette had succesfully been ligated into pEX18Tc at the deletion junction. 
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 Generation of pEX18Tc::MI+lacZ merodiploid and screening of deletion 

mutants 

The aim of this section was to generate merodiploid strains of P. aeruginosa 

which had the entire pEX18Tc::MI+lacZ vector integrated into the bacterial chromosome 

(Figure 3.19B and C). 

pEX18Tc::MI+lacZ was transformed (Section 2.3.4) into electrocompetent E. coli 

ST18 (Section 2.3.3.1). A conjugation was carried out using E. coli ST18 with 

pEX18Tc::MI+lacZ as the donor strain and P. aeruginosa PAO1 as the recipient (Section 

2.3.5) and spread on LB agar plates containing tetracycline (Table 2.11) and spread with 

IPTG and BCIG (Section 2.2.1.2.1). Potential merodiploids were selected for further 

screening based on blue colour, tetracycline resistance and the ability to grow without 

ALA. P. aeruginosa PAO1 does not have a lacZ gene, so any blue colonies must have 

the lacZ cassette. PAO1 MI+lacZ merodiploid colonies were confirmed to be carrying 

pEX18Tc::MI+lacZ by PCR (Section 2.4.3.1) using the ColE1 primers (Table 2.22), 

which amplify a portion of pEX18Tc (Figure 3.33A). 

After confirming the MI+lacZ merodiploids, sucrose selection was carried out on 

merodiploids to select colonies that had undergone a second homologous recombination 

event and either retained the deletion construct and lacZ cassette (Figure 3.19C), or 

reverted to wild type PAO1 (Figure 3.19D). The addition of the lacZ cassette allowed 

colour-based screening of deletion mutants. Sucrose selection was carried out (Section 

2.3.6) using the MI+lacZ merodiploid shown in Figure 3.33A. The cultures were spread 

on LB agar plates and LB agar with 5% sucrose and spread with IPTG and BCIG (Section 

2.2.1.2.1). After 72 hours of incubation, the blue and wild type colonies on each plate 
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were counted (Table 3.9). Six tetracycline sensitive blue colonies were selected for 

screening with PCR (Section 2.4.3.1.2, Figure 3.33B). 

Table 3.9: Colony count for MI+lacZ sucrose selection. TMTC: too many to count. White colonies were 

presumed to be wild type revertants. Blue colonies were considered MI_lacZ deletion mutants. 

 

 

Figure 3.33: PCR screening of MI+lacZ merodiploids and final deletion mutants. A) PCR was carried 

out on the pEX18Tc::MI+lacZ plasmid (P) and a candidate MI+lacZ merodiploid (M) using the ColE1 

primers. Both templates gave bands of 520 bp, confirming the presence of the pEX18Tc backbone. This 

indicates that pEX18Tc::MI+lacZ had been integrated into the PAO1 genome, making the strain a 

merodiploid. B) After sucrose selection six candidate MI+lacZ and controls were screened with PCR using 

the MI_SPAN primers. PAO1 gave a product of approximately 3000 bp, corresponding to the 2770 bp 

product expected from the wild type. The MI+lacZ merodiploid (MERO) gave a band of approximately 

4500 bp, consistent with Figure 3.32. This band corresponds to the 784 bp product across the deletion 

junction and the 3.2 kbp lacZ cassette. All six MI+lacZ mutants gave a large band identical to that given 

by the MI+lacZ merodiploid. This confirms that the MI+lacZ construct had been succesfully integrated into 

the genome and these strains are MI+lacZ deletion mutants. 

Broth culture dilution LB agar with 5% sucrose 

 Wild type Blue 

Undiluted TMTC 150 

10-2 250 45 

10-4 120 6 
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All six colonies screened were MI+lacZ deletion mutants. The number of colonies 

observed during the sucrose selection (Table 3.9) shows that the LB agar plates with 5% 

sucrose, up to 17% of the sucrose-resistant strains had retained the deletion construct. The 

inclusion of the lacZ cassette allowed for efficient screening of the MI+lacZ deletion 

mutants. 

 

3.3.2.4 Incomplete deletion mutants 

The inclusion of the gentamicin resistance and lacZ cassettes resulted in the 

generation of three mutants with the MI and MC deletions. The gentamicin resistance and 

lacZ cassettes were ligated with pEX18Tc::MC and pEX18Tc::MH with the aim of 

generating more deletion mutants. pEX18Tc::MC and pEX18Tc::MH were linearised 

with BamHI (Section 2.4.3.4) and treated with phosphatase (Section 2.4.3.6). The purified 

cassettes (Sections 3.3.2.1.1 and 3.3.2.3.1) were ligated with pEX18Tc::MC and 

pEX18Tc::MH (Section 2.4.3.7) and transformed into electrocompetent E. coli JM83 

(Section 2.3.3.1). Tetracycline-resistant colonies that were either also gentamicin-

resistant or blue in colour were screened for the correct plasmids with plasmid extraction 

(Section 2.4.2.2) and restriction digest (Section 2.4.3.4). 
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Figure 3.34: Restriction digests of incomplete allele exchange vectors. Each plasmid should contain a 

single EcoRI resistriction site, therefore treatment from EcoRI was expected to linearise the vectors. For 

each plasmid, the EcoRI digest and untreated plasmid (uncut) were visualised using gel electrophoresis. A) 

When pEX18Tc::MC+lacZ was treated with EcoRI, the plasmid did not appear to have digested. The bands 

in the EcoRI lane looked like fainter versions of the uncut lane, consistent with the plasmid being diluted 

in the restriction digest reaction. The pEX18Tc::MC+lacZ should give a single band of 12281 bp if 

linearised. B) pEX18Tc::MH+gmR was digested with EcoRI and gave a single large band. The size of the 

band cannot be precisely estimated because it is larger than the 12000 bp band in the ladder, however if the 

cloning of the lacZ cassette had been succesful this digest would have given a band of 10298 bp. C) When 

pEX18Tc::MH+lacZ was treated with EcoRI, it also gave a single large band like pEX18Tc::MH+gmR. 

The size of the band cannot be estimated, however it appears much larger than the 12380 bp band expected 

if the lacZ cassette had been ligated sucessfully. 

 

Despite repeated attempts at ligation, transformation and restriction digest using 

fresh reagents, the restriction digests were not able to confirm the ligation of the 

gentamicin resistance or lacZ cassettes into pEX18Tc::MC or pEX18Tc::MH. 
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3.3.3 Summary 

Modification of the original allele exchange vectors greatly improved the 

efficiency of screening deletion mutants. Using these methods, three P. aeruginosa 

deletion mutants were constructed in total with two deletions (MC+gmR, MI+gmR, 

MI+lacZ). The construction of three other deletion mutants was attempted but not 

completed due to time constraints. 

  



133 
 

3.4 Antibiotic resistance of engineered deletion mutants 

The engineered deletion mutants allow the contribution of the large deletions to 

antibiotic resistance to be measured directly without the influence of the mutations in the 

experimentally evolved lines. The aim of this section was to determine the MIC of the 

deletion mutants generated in Section 3.3.2 to meropenem, Timentin and ceftazidime. 

The detailed MIC protocol is described in Section 2.3.2. Each deletion mutant was 

compared with the pre- and post-deletion strains of the corresponding strains. MI+lacZ 

and MI_final were compared with M9-4 and M9-5 and MC+gmR with M4-5 and M4-6 

to compare the effects of the deletions in the presence and absense of additional point 

mutations. 

 

3.4.1 Meropenem MIC results 

The meropenem MICs of the engineered deletion mutants and controls was 

measured. The data are presented in Table 3.10 and Figure 3.35. 
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Table 3.10: Meropenem MIC data for engineered deletion mutants and controls. 

Meropenem MIC (mg/L) 

Without deletion With deletion 

Strain                Replicate Strain                Replicate 

 1 2 3 4 5  1 2 3 4 5 

M4-5 16 16 16 16  M4-6 32 32 32 32  

      MC+gmR 2 1 0.5 1  

      MC+pFLP 4 2 2 1  

      MC_final 2 2 2 1  

M9-4 16 16 16 16 16 M9-5 32 32 32 32 32 

      MI+gmR 1 1 1 1  

      MI+pFLP 2 1 1 1  

      MI_final 1 1 1 1  

      MI+lacZ 1 1 1 1 1 

PAO1 0.5 0.5 1 1 1       
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Figure 3.35: Meropenem MIC results for engineered deletion mutants. Meropenem MICs (y-axis) were 

determined for the each deletion mutant and control strains (x-axis). Four to five biological replicates were 

carried out for each strain, represented by colour. MIC values are in Table 3.10. 

Figure 3.35 shows that while the deletion mutants do not have the same level of 

resistance as the experimentally evolved strains with the deletions, they do have increased 

resistance compared with PAO1. The MC strains showed the most variability in MIC, but 

the mode of MIC of MC_final is 2mg/L. MI_final and MI_lacZ have the same MIC 

(1mg/L) indicating that the cassettes used do not affect the meropenem resistance of the 

mutants. 

 

3.4.2 Timentin MIC results 

The Timentin MICs of the engineered deletion mutants and controls were 

measured. The data are presented in Table 3.11 and Figure 3.36. 
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Table 3.11: Timentin MIC data for engineered deletion mutants and controls. 

 

  

Timentin MIC (mg/L) 

Without deletion With deletion 

Strain                Replicate Strain                Replicate 

 1 2 3 4 5  1 2 3 4 5 

M4-5 128 64 64 64 64 M4-6 256 128 128 64 64 

      MC+gmR 64 32 32 32 32 

      MC+pFLP 256 128 64 128 128 

      MC_final 64 32 32 32 32 

M9-4 64 64 64 64 64 M9-5 256 128 256 256 256 

      MI+gmR 32 32 32 32  

      MI+pFLP 64 64 64 128  

      MI_final 32 32 32 32  

      MI+lacZ 32 32 32 32 32 

PAO1 8 16 16 8 8       
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Figure 3.36: Timentin MIC results for engineered deletion mutants. Timentin MICs (y-axis) were 

determined for the engineered deletion mutants and control strains (x-axis). 4 to 5 biological replicates were 

carried out for each deletion mutant and control strain, represented by colour. MIC values are in Table 3.11. 

Figure 3.36 shows that the Timentin resistance of the deletion mutants follows a 

similar pattern to the meropenem resistance – the deletion mutants are not as resistant as 

the experimentally evolved strains with deletions, but they do show increased resistance 

compared with PAO1. MC+pFLP showed a lot of variability in the Timentin resistance. 

It was expected that strains with pFLP would have a high level of Timentin resistance due 

to the carbenicillin (closely related to Timentin) marker in pFLP2. All deletion mutants 

had an MIC of 32mg/L, greater than that of PAO1 (8-16mg/L). 

 

3.4.3 Ceftazidime MIC results 

The ceftazidime MICs of the engineered deletion mutants and controls were 

measured. The data are presented in Table 3.12 and Figure 3.37. 
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Table 3.12: Ceftazidime MIC data for engineered deletion mutants and controls. 

 

Ceftazidime MIC (mg/L) 

Without deletion With deletion 

Strain                Replicate Strain                Replicate 

 1 2 3 4  1 2 3 4 

M4-5 4 2 2 4 M4-6 8 8 8 8 

     MC+gmR 4 4 4 4 

     MC+pFLP 4 8 4 4 

     MC_final 4 4 4 4 

M9-4 1 2 1 2 M9-5 4 4 4  

     MI+gmR 4 4 4  

     MI+pFLP 8 4 4  

     MI_final 4 4 4  

     MI+lacZ 4 4 4 4 

PAO1 2 1 1 1      
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Figure 3.37: Ceftazidime MIC results for engineered deletion mutants. Ceftazidime MICs (y-axis) were 

determined for the engineered deletion mutants and control strains (x-axis). 3 to 4 biological replicates were 

carried out for each deletion mutant and control strain, represented by colour. MIC values are in Table 3.12. 

Figure 3.37 shows that the ceftazidime resistance of the deletion mutants follows 

a similar pattern to the meropenem and Timentin resistance for the MC 225261 bp 

deletion, but not the 1986 bp MI deletion. All deletion mutants had an MIC of 4mg/L, 

compared with 1mg/L for PAO1. However, the MI mutants were as resistant to 

ceftazidime as the experimentally evolved strain M9-5, whereas the MC_final deletion 

was not as resistant as the experimentally evolved strain (M4-6). 

 

3.4.4 Summary 

Overall, the MIC results from the deletion mutants show that the deletions 

observed in the experimentally evolved strains play a role in β-lactam resistance. For most 

deletions and antibiotics tested the deletion mutants were not as resistant as the 

experimentally evolved strains with equivalent deletions, except for the 1986 bp deletion 
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and ceftazidime. The contribution of large deletions and deletion of galU to β-lactam 

resistance has been demonstrated. 
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4.  Discussion 

 

4.1 Overview 

 The findings of this study, combined with those of previous publications 

(Table 1.2), implicate large chromosomal deletions as a means of antibiotic resistance in 

P. aeruginosa, observed in response to several β-lactam antibiotics. However, the precise 

mechanism by which these deletions confer resistance is not clear. While most of the 

genes within the deleted regions have not been characterised or previously linked to 

meropenem resistance, there are several that point towards multiple mechanisms of β-

lactam resistance. 

The findings have shown that a large deletion event in meropenem-resistant 

experimentally evolved lines is linked to an increase in resistance to meropenem, 

ceftazidime and Timentin. Whole genome sequencing (WGS) identified several 

mutations in each line that also contribute to β-lactam resistance. Mutant strains were 

constructed from P. aeruginosa PAO1 with 1986 bp (MI) and 225261 bp (MC) deletions 

mimicking those observed in the experimentally evolved strains. The MI and MC deletion 

mutant strains had the same ceftazidime MIC and MC deletion mutant was more resistant 

to meropenem and ceftazidime than the MI deletion mutants. There are several potential 

mechanisms by which the deletions could be increasing β-lactam resistance in P. 

aeruginosa, and the interaction of the deletions with the genetic background influences 

their effect on β-lactam resistance. 
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4.2  Meropenem threshold concentration required to select for large deletions 

The experimentally evolved lines were generated by exposing the parental strain 

PAO1 to increasing concentrations of meropenem using gradient agar plates (Figure 1.3) 

and PCR was used to identify at which passage step the deletions occurred in each line. 

Between the experimentally evolved lines, there was variation in the passage step at 

which the deletions occurred (Table 3.1). Experimentally evolved Line M14 gained a 

deletion between the second and third gradient passage whereas line M1 underwent eight 

gradient plate passages before acquiring a deletion, while the M9 and M11 lines both 

acquired deletions between the fourth and fifth passage. Due to the concentration gradient 

plates, the exact meropenem concentration of the region of the plate from which these 

resistant colonies were picked is not known. Other experimental evolution studies using 

meropenem have not specified concentrations at which strains with deletions were 

isolated. However, the deletions observed by Sanz-García, Hernando-Amado, & 

Martínez (2018) occurred after exposure of P. concentration of 64 mg/L. Cabot et al. 

(2018) identified large deletions in 8/20 strains after 24 hours of ceftazidime exposure. 

From these results alone it is not clear whether there is a threshold concentration of 

meropenem required to select for an adaptive deletion. 

 

4.3 β -lactam resistance of experimentally evolved strains and engineered deletion 

mutants 

 After identifying the strains before and after the deletion event in each line, 

MIC testing was carried out to investigate whether the post-deletion strains had higher β-

lactam resistance than the pre-deletion strains. Similarly, MIC testing was carried out on 

the engineered deletion mutants comparing their susceptibility against PAO1 and the 
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corresponding pre- and post-deletion strains (strains M9-4 and M4-5 for the MI 

engineered mutants and strains M4-5 and M4-6 for the MC engineered mutants). The 

resistance of all strains was classified in accordance with the EUCAST guidelines 

(EUCAST, 2020). The post-deletion experimentally evolved strains had between 2- and 

8-fold higher MIC than pre-deletion strains, and most were meropenem-, Timentin- and 

ceftazidime- resistant (EUCAST, 2020)(EUCAST, 2020). In contrast, the MI and MC 

engineered mutants were up to 4-fold more resistant than PAO1 and all three mutants 

were sensitive to the three antibiotics tested. 

Lines M1 and M11 had acquired comparably sized deletions of 266 and 277 kbp 

during the experimental evolution process, however the fold change in MIC differed 

between these lines. The post-deletion strain M1-9 had the highest MIC values for all 

three antibiotics out of all experimentally evolved strains. M1-9 was 8-fold more resistant 

to Timentin and ceftazidime compared with pre-deletion strain M1-8, whereas it was only 

2-fold more resistant to meropenem. Post-deletion strain M11-5, which had a deletion 11 

kbp bigger than M1-9, was also 2-fold more resistant to meropenem than M11-4. 

However, M11-5 was 4-fold more resistant to Timentin and ceftazidime. Therefore, 

though these deletions were relatively similar in size, they had different effects on 

Timentin and ceftazidime resistance, suggesting that additional factors influence β-lactam 

resistance.  

 Post-deletion strain M4-6 and the MC_final deletion mutant both had a 

225 kbp deletion. M4-6 had high levels of β-lactam resistance; it was 4-fold more resistant 

to meropenem and ceftazidime, and 2-fold more resistant to Timentin, than pre-deletion 

strain M4-5. The MC_final mutant had lower MIC values than M4-6. However, it was 4-

fold more resistant to all three antibiotics tested compared with PAO1. While the deletion 
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alone gave a similar fold change in resistance compared to PAO1, the point mutations in 

M4-6 interact with the 225 kbp deletion to give an overall higher level of β-lactam 

resistance.  

 Line M8 had the largest deletion (479 kbp). However, post-deletion strain 

M8-6 did not have the highest levels or fold change increase in β-lactam resistance, 

indicating that the size of the deletion is not directly proportional to the degree of 

antibiotic resistance it confers in the experimentally evolved lines. While M8-6 was only 

2-fold more resistant to meropenem and ceftazidime than pre-deletion strain M8-5, it was 

8-fold more resistant to Timentin. This is probably due to the presence of a frameshift 

mutation in ampD in these strains, a gene that encodes the cytostolic amidase AmpD. 

Timentin is vulnerable to degradation by to the AmpC β-lactamase, which is negatively 

regulated by AmpD. Line M10 had the second-largest deletion (463 kbp) and post-

deletion strain M10-4 had a bigger increase in fold change compared with M10-3 than 

line M8-6 for meropenem and ceftazidime. Line M14 had a deletion of 412 kbp and had 

a greater increase in ceftazidime resistance after the deletion than meropenem or Timentin 

resistance. Overall the three experimentally evolved lines with deletions larger than 400 

kbp varied with regard to the effect of the deletions on each individual drug, suggesting 

complexity of the deletions’ effect on β-lactam resistance. 

 Line M9 had the smallest deletion of the experimentally evolved strains 

(1986 bp), and this deletion was engineered into the MI_lacZ and MI_final mutant strains. 

The deletion spans the entire galU gene. While the MI deletion mutants had the same 

meropenem MIC as PAO1, they were 4-fold more resistant to ceftazidime and Timentin 

(4 mg/L). Interestingly, the MI deletion mutants had the same ceftazidime MIC value as 



145 
 

post-deletion strain M9-5. Overall these results indicate that the loss of galU had the 

greatest effect on ceftazidime resistance (further discussed in Section 4.6). 

 The experimentally evolved lines showed a greater fold change in MIC for 

Timentin and ceftazidime than meropenem after the deletion. Compared with PAO1, the 

engineered deletion mutants had an MIC that was either the same or 4-fold higher for all 

three antibiotics tested. This indicates that the deletions observed in this study 

differentially affect P. aeruginosa’s resistance to the three β-lactams tested. A clear 

correlation was not observed between deletion size and resistance level, or between 

resistance to each of the three β-lactam antibiotics tested. This could be due to the 

differential genetic elements deleted in each strain influencing resistance to each 

antibiotic at different levels. The genetic background of the experimentally evolved 

strains undoubtedly had an impact on their β-lactam resistance. The deletion mutants 

generally had lower level of resistance than the experimentally evolved strain with the 

same deletion. This further reinforces the importance of the interactions between genes 

with point mutations and large deletions. Further experiments will be required to assess 

whether each of these mutations have an additive or multiplicative effect in the presence 

of the given deletions. 

 The β-lactam resistance of the experimentally evolved strains is consistent 

with the findings of previous experimental evolution-based studies. Cabot et al. (2016) 

evolved P. aeruginosa PAO1 by exposure to increasing concentrations of meropenem 

and identified two strains with deletions of 259 kbp and 339 kbp. These strains had 

ceftazidime MICs of 32 mg/L, ceftazidime MICs of >32 mg/L, and Timentin MICs of 

512 and 256 mg/L, largely consistent with the MIC values of the post-deletion strains. 

The two strains also had acquired mutations in mexR and oprD after the meropenem 



146 
 

exposure, encoding a negative regulator of the MexAB-OprM efflux pump and the OprD 

porin respectively. P. aeruginosa strains with deletions that were experimentally evolved 

in the presence of ceftazidime show a higher level of ceftazidime resistance than the 

meropenem-resistant strains in this study. Sanz-García et al. (2018) exposed P. 

aeruginosa PA14 to increasing concentrations of ceftazidime and all strains with large 

deletions had MICs of >32 mg/L and >256 mg/L for meropenem and ceftazidime 

respectively. Similarly, Cabot et al. (2018) evolved both PAO1 and an ampC-deficient 

strain in the presence of ceftazidime. Twenty of the ampC-deficient evolved strains had 

acquired large deletions, with meropenem MIC values between 4 and 32 mg/L and 

ceftazidime between 4 and >32 mg/L. While the β-lactam resistance of published strains 

with deletions aligns with the experimentally evolved strains in this study, they are 

significantly higher compared with the engineered deletion mutants. This further 

emphasises the role of interaction between genetic background and the large deletions in 

β-lactam resistance. Although these studies did not directly assess the effects of deletions 

on β-lactam resistance, the repeated observations of large deletions suggest they confer 

an important adaptive advantage to P. aeruginosa. 

 

4.4 Genetic background of experimentally evolved strains 

The WGS analysis confirmed the presence of multiple point mutations in each of 

the experimentally evolved lines, including mutations in known β-lactam resistance genes 

(Table 3.5). Decreased function of oprD is characteristic of carbapenem resistance in P. 

aeruginosa (López-Causapé et al., 2018), and this was reflected in the experimentally 

evolved strains. Line M1 had a S403P substitution mutation in oprD, which has been 

shown to increase carbapenem resistance by decreasing the entrance of drugs through the 
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porin channel (Richardot et al., 2015). Lines M10 and M8 both had point mutations. In 

line M8 this caused a premature stop codon which would result in a truncated or non-

functional OprD porin. Similarly, the M4 line had a 1 bp insertion in oprD causing a 

frameshift, similar to what has been observed in clinical isolates (Ocampo-Sosa et al., 

2012). Interestingly, the M11 had acquired a nonsense mutation in copS, which is part of 

a two-component system shown to be a contributor to carbapenem resistance through the 

regulation of oprD. The frequency of oprD alterations is consistent with high-level 

meropenem resistance. 

Several experimentally evolved lines also carried mutations in regulators of the 

MexAB-OprM efflux pump. Line M1 had a nonsense mutation in mexR, a known 

negative regulator of the MexAB-OprM efflux pump, which transports β-lactams out of 

the cell (Masuda et al., 2000). Nonsense mutations in mexR leading to increased MexAB-

OprM expression have been observed in clinical isolates (Choudhury et al., 2016). Lines 

M4 and M14 both had point mutations in nalC, another regulator of the MexAB-OprM 

efflux pump (Moradali et al., 2017). Mutations in nalC have been shown to increase 

MexAB-OprM expression and resistance to the β-lactam aztreonam. Similarly, M10 had 

a point mutation in nalD, another regulator of the MexAB-OprM system. The specific 

nalD mutation in this strains (T158P) has been found to increase MexAB-OprM 

expression and therefore increase β-lactam resistance (Jorth et al., 2017). The prevalence 

of mutations in efflux pump regulators in the experimentally evolved strains highlights 

their importance as a mechanism of β-lactam resistance and also the complex regulatory 

processes in P. aeruginosa. 

Penicillin-binding protein and β-lactamase expression was also altered in the 

experimentally evolved lines. Lines M1 and M11 had point mutations in ftsI, encoding 
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penicillin-binding protein 3 (PBP3), one of the β-lactam antibiotic targets (Bellini, 

Koekemoer, Newman, & Dowson, 2019). Point mutations similar to line M1 have been 

observed in clinical isolates and are thought to decrease the affinity of β-lactam antibiotics 

for the target PBP3 (López-Causapé et al., 2017b). Line M8 had a 1 bp insertion resulting 

in a frameshift in ampD, a negative regulator of ampC (Pang, Raudonis, Glick, Lin, & 

Cheng, 2019). As previously mentioned, ampD inactivation has been shown to increase 

the expression of the AmpC β-lactamase (Moya, Juan, Albertí, Pérez, & Oliver, 2008).  

Overall, the genetic background of the meropenem-resistant experimentally 

evolved strains includes numerous mutations consistent with β-lactam resistance, 

particularly through overexpression of the MexAB-OprM efflux pump and alterations in 

OprD porin channel. However, the precise interactions of these mutations with one 

another and the deletions are unclear. 

 

4.5 Construction of deletion mutants 

The initial efforts to generate deletion mutants using the method developed by 

Hmelo et al. (2015) were not successful, despite repeating and confirming each stage was 

carried out correctly and screening 151 candidate colonies in total. The method relies on 

recombination between P. aeruginosa and a plasmid carrying the desired mutation 

flanked by regions of homology corresponding to the P. aeruginosa genome. It was 

expected that at the sucrose selection stage, approximately half the merodiploid strains 

would revert to wild type and half would retain the deletion construct. None of the 

colonies screened in Section 3.3.1 had retained the deletion construct. To illustrate the 

versatility of the method, Hmelo et al. constructed several mutant strains with deletions 

from 357 bp to 7419 bp, confirming that engineering deletions comparable to the 1986 
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bp MI deletion mutant was possible. However, the allele exchange vectors were modified 

to include either a lacZ or gentamicin resistance cassette. This allowed the deletion 

mutants to be identified by either colour or resistance to gentamicin. Three deletion 

mutant strains were generated using the alternate strategy, indicating that the lack of 

success with the initial method was due to difficulties in screening unmarked mutants, 

rather than the method itself.  

By comparing the numbers of blue and white colonies, or gentamicin-resistant 

and sensitive colonies, it was estimated that between 20-30% of the sucrose-resistant 

colonies had retained the deletion construct, less than was expected. It is possible that the 

colonies with deletions have a growth disadvantage on agar and are outcompeted by the 

wild type PAO1, and therefore were significantly fewer. However, if the rates of 

recombination were the same for the equivalent mutants without cassettes, then the PCR 

screening should have given between 14 and 24 deletion MI deletion mutants and 

approximately six MC deletion mutants. The complete lack of unmarked deletion mutants 

indicates there were other factors influencing the ratio of PAO1 colonies to deletion 

mutants at the sucrose selection stage.  

 The inclusion of additional selection markers does not have an impact on 

the MIC values of the final mutants. The strains MI_lacZ and MI_final both showed the 

same resistance to all three antibiotics tested, indicating the cassettes did not differentially 

influence the MIC results. For future deletion mutant strains, the allele exchange method 

illustrated in Figure 3.10 theoretically should be able to produce deletion mutants. 

However, if the final screening process is not successful, the simple modification of the 

allele exchange vector to include additional selectable markers will make the 

identification of deletion mutants significantly more effective. 
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4.6 Large deletion mechanism of resistance  

The exact mechanisms by which large deletions confer β-lactam resistance are 

unknown. However, several genes within the deleted region highlight potential 

mechanisms of resistance. Two known porin genes were within the deleted regions – 

opdO was lost in all six lines with large deletions and encodes a porin which is predicted 

to uptake β-lactams. PA2213 (also known as opdG) was lost in all lines except M9 and 

M11. PA2213 is not predicted to uptake antibiotics (Tamber, Ochs, & Hancock, 2006). 

Outside of the deleted region, the modification or loss of oprD in the experimentally 

evolved strains is a strong contributor to β-lactam resistance. It is possible that the large 

deletions result in the further loss of either currently uncharacterised porin channels or 

their regulatory elements. 

 All lines except M4 and M9 had completely lost the mexXY efflux pump 

genes and their primary regulator mexZ. Loss of mexXY has been shown to increase P. 

aeruginosa’s resistance to some β-lactams while increasing its susceptibility to 

fluoroquinolones (Morita, Kimura, Mima, Mizushima, & Tsuchiya, 2001). As discussed 

in Section 4.2.4, several genes involved in MexAB-OprM expression had acquired 

mutations in response to meropenem exposure, demonstrating the importance of efflux 

pump activity in meropenem resistance. In strains with large deletions, the loss of 

uncharacterised efflux pump regulator genes could lead to the overproduction of β-lactam 

efflux pump genes and subsequent β-lactam resistance.  

PBP modification is a known mechanism of β-lactam resistance (López-Causapé 

et al., 2018). However, complete loss of PBPs is unlikely to be a strong contributor to the 

effects of deletions on resistance. The deletion of both PBP3 and PBP2 has been shown 
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to decrease β-lactam susceptibility (Chen, Zhang, & Davies, 2017; Legaree, Daniels, 

Weadge, Cockburn, & Clarke, 2007). Known PBPs are not deleted in the meropenem-

resistant experimentally evolved strains. β-lactamase enzymes also are unlikely to have a 

large contribution to the effect of deletions on resistance, as metallo-β-lactamases (MBLs) 

are not present in the experimentally evolved strains and ampC and its known regulators 

are outside of the deleted regions. 

The experimentally evolved strains have decreased growth compared with PAO1 

in antibiotic-free conditions (Wardell et al., 2019). The specific genes causing this are 

unknown. However, slow growth protects P. aeruginosa in cystic fibrosis (CF) infections 

because β-lactams can only act on cells that are actively dividing and synthesising 

peptidoglycan (Ciofu & Tolker-Nielsen, 2019). The loss of many regulatory and 

metabolic genes could be cumulatively altering the P. aeruginosa’s growth rate and 

protect against β-lactam antibiotics. It is unclear to what degree this affects β-lactam 

resistance but this could be investigated in future experiments. 

Loss of galU has been observed in almost half of the studies that have identified 

P. aeruginosa strains with large deletions and all of the experimentally evolved strains 

with deletions. galU encodes a UDP-glucose phosphorylase involved in the synthesis of 

P. aeruginosa’s lipopolysaccharide core (Dean & Goldberg, 2002). Strains deficient in 

galU have been shown to have higher sensitivity to human serum and lower in vitro 

cytotoxicity (Priebe et al., 2004). Transposon mutagenesis experiments have also shown 

that disruptions in galU lead to increased resistance to the β-lactams ceftazidime and 

piperacillin (Dötsch et al., 2009), indicating that the loss of this gene is a key mechanism 

of antibiotic resistance. 
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The deletion of hmgA in five of the experimentally evolved lines causes a distinct 

dark brown phenotype due to the overproduction of pyomelanin (Figure 1.5). However, 

melanogenic strains have not been directly linked to antibiotic resistance. The differences 

between the β-lactam resistance of the post-deletion strains were not explained by the 

presence or absence of hmgA. Similarly, previous studies where large deletions have 

caused pyomelanin overproduction have not identified hmgA loss as a direct cause of 

antibiotic resistance. Pyomelanin has been linked to phage resistance (Pires et al., 2017), 

and 13% of clinical isolates from CF patients display the melanogenic phenotype 

characteristic of hmgA loss (Mayer-Hamblett et al., 2014). However, hmgA loss has been 

associated with a growth advantage in conditions mimicking a bacterial biofilm (Michel-

Briand & Baysse, 2002). Deletions that span both hmgA and galU could be highly 

beneficial to P. aeruginosa because due to a potential growth advantage combined with 

increased β-lactam resistance. 

 

4.7 Limitations and future directions  

The MIC values of some of the strains differed by 4-fold, particularly strains M10-

3 and M14-2 between biological replicates (Figure 3.3 and Figure 3.4). The median value 

was considered the MIC. However, retesting of these strains is required to confirm their 

true MIC. As discussed above, the attempts to make deletion mutants without additional 

cassettes were not successful and resistance conferred by only two deletion sizes was 

investigated. This can be rectified in future experiments by using the lacZ or gentamicin 

resistance cassettes.  

This study showed the direct effects of two different deletions on β-lactam 

resistance in engineered deletion mutants. In particular, the differences between the MICs 
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of the MC and MI deletion mutants highlight the need to further explore the effects of 

different deletions. The construction of several more mutant strains will further expand 

on these findings. The MH deletion mutant, with a deletion of 479450 bp corresponding 

to the experimentally evolved M8, was not completed. The construction of this mutant 

and subsequent MIC testing will show the effect of a larger deletion on β-lactam 

resistance. 

The MIC results of the engineered deletion mutants showed that the deletions can 

induce β-lactam resistance, but the MICs of the deletion mutants were consistently lower 

than their equivalent experimentally evolved strains. It is possible that point mutations 

have a greater contribution to antibiotic resistance when in combination with a deletion, 

and this can be investigated by altering the deletion mutant strains. Using the allelic 

exchange method to add individual point mutations in genes known to co-exist with large 

deletions will aid in understanding the interactions of the deletions with other mutations. 

oprD is a clear candidate – it has been strongly linked to β-lactam resistance in P. 

aeruginosa (Papp-Wallace et al., 2011) and point mutations in oprD were present in five 

of the seven experimentally evolved lines including M4 and M9. Point mutations in nalC 

and nalD were also observed in the experimentally evolved strains and have been 

implicated in antibiotic resistance (Lister, Wolter, & Hanson, 2009b). A comprehensive 

analysis of strains with and without the presence of each point mutation and large deletion 

will aid in untangling the relationship between genetic background and large deletions. If 

the point mutations have a multiplicative effect in the presence of the deletions, this will 

suggest an interaction between them. 

Additionally, a series of deletion mutants will further clarify the relationship 

between antibiotic resistance and deletion boundaries. By generating deletion mutants 
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with systematically chosen deletions and testing their resistance to β-lactams, the precise 

boundaries of the region that must be lost to induce resistance can be identified. Initially, 

a mutant could be constructed with a deletion spanning the overlapping region shared by 

the deletions in the experimentally evolved lines. Through subsequent mutants with 

incrementally smaller deletions and antibiotic susceptibility testing, a minimum deletion 

needed to induce resistance to individual β-lactam antibiotics can be identified. This 

strategy could also reveal multiple smaller regions within the deleted region that confer 

increased resistance. Subsequent functional characterisation of the genes within this 

region will reveal the mechanism by which large deletions induce antibiotic resistance.  

Finally, for all future engineered mutant strains, the antibiotics chosen for 

susceptibility testing will be significant. The existing engineered mutants and any future 

deletion mutants should be tested with antibiotics from the fluoroquinolone and 

aminoglycoside groups to investigate the relevance of large deletions to multidrug-

resistant (MDR) and extensively drug-resistant (XDR) P. aeruginosa strains. Analysis of 

existing and future strains in hypoxic conditions or in CF sputum medium will also show 

the β-lactam resistance in conditions closer to the CF lung microenvironment and validate 

the relevance of large deletions to CF infection. 
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Appendix A: Plasmid maps 

 

Figure S38: Plasmid map of pGEM::MC_UP. AmpR: ampicillin resistance marker; Ori: origin of 

replication. 
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Figure S39: Plasmid map of pGEM::MC_DOWN. AmpR: ampicillin resistance marker; Ori: origin of 

replication. 

 

Figure S40: Plasmid map of pGEM::MH_UP. AmpR: ampicillin resistance marker; Ori: origin of 

replication. 
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Figure S41: Plasmid map of pGEM::MH_DOWN. AmpR: ampicillin resistance marker; Ori: origin of 

replication. 
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Figure S42: Plasmid map of pEX18Tc::MC_DOWN. OriT: origin of transfer; Ori: origin of replication; 

TcR: tetracycline resistance. 
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Figure S43: Plasmid map of pEX18Tc::MH_UP. OriT: origin of transfer; Ori: origin of replication; TcR: 

tetracycline resistance. 

Appendix B: Sequences 
The Sanger sequences generated in this study are available at 

github.com/prdass/MSc_Appendices 

 

Appendix C: Scripts 
The Trimmomatic and BreSEQ scripts used in this study are available at 

github.com/prdass/MSc_Appendices 
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