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Abstract 

 

Antibiotic resistance is a global problem with some predicting a return to the pre antibiotic 

era where a bacterial infection was commonly fatal. Pseudomonas aeruginosa is one example 

of this problem. This bacterium is a major cause of infection especially in cystic fibrosis 

sufferers and in burns victims. The rising rates of adverse outcomes are partly a consequence 

of strains commonly displaying multi-drug resistance (MDR) profiles. MDR is driven by a 

number of intrinsic mechanisms in P. aeruginosa clinical isolates as well as by the capture of 

diverse resistance-mediating genes by Lateral Gene Transfer (LGT). LGT and intrinsic 

factors often act cooperatively to generate complex MDR phenotypes. While these complex 

interactions have been examined in a small number of isolates there has not been a 

comprehensive survey of strains on a global scale. Thus it is not clear what mechanisms and 

genes may be important in influencing the evolution of MDR at regional or global levels. 

Also, in some isolates, resistance profiles cannot always be explained by identifying the 

common resistance determining pathways, suggesting that additional mechanisms of 

resistance may be emerging in P. aeruginosa. The focus of this project was to 

comprehensively study the major mechanisms responsible for antibiotic resistance in P. 

aeruginosa strains from diverse geographical areas. 

 

Pathogenic P. aeruginosa isolates from four countries (Australia and three South American 

countries) were characterized by PCR to identify mobile elements and their genetic context. 

Also, quantitative expression analysis for activity of several pathways that influence 

antibiotic resistance was assessed and culture experiments were conducted to test how 



random movement of mobile elements during growth may influence resistance to some 

antibiotics. 

 

 Data presented in this thesis indicated that, in most strains, antibiotic resistance was being 

driven by changes in multiple pathways (including overexpression of AmpC and two efflux 

pumps) and by the presence or absence of genes acquired by Lateral Gene Transfer (LGT). 

Class 1 integrons, elements important in the spread of antibiotic resistance genes in Gram-

negative bacteria, were most frequently recovered in South American countries. Many class 1 

integrons were mapped to a specific location within the genome. Regardless of country of 

origin all these mapped integrons were found to be in the chromosome, often in Genomic 

islands, and not on a plasmid despite data in the literature implying the opposite. The 

association of class 1 integrons with genomic islands may be an important mechanism 

driving LGT in P. aeruginosa. Also, a newly emerging mechanism involving the insertion 

sequence IS26 was identified that is capable of mobilizing resistance and other genes. This 

IS26-mediated mechanism may allow phenotype switching in clonal lines in a way that is 

likely to further exacerbate the treatment of infections mediated by P. aeruginosa. 

 

Data presented here suggested that P. aeruginosa strains are evolving to become multidrug 

resistant in increasingly complex ways. This is occurring by single strains acquiring changes 

in numerous known pathways as well as by newly emerging resistance mechanisms in this 

species.  
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Chapter 1 
 
 
 

Introduction



1.1 Introduction 

Epidemiology is the study of disease in populations. As defined by the Australian 

Epidemiological Association, it describes disease patterns, identifies the causes of disease 

and provides data essential for the management, evaluation and planning of services for the 

prevention, control and treatment of disease. Following on from traditional epidemiology 

research, molecular biology has seen the emergence of Molecular Epidemiology. This 

focuses on the identification of genotypic and phenotypic factors at the molecular level that 

impact on the aetiology, distribution and prevention of disease. Molecular epidemiology 

studies the pathways, molecules and genes that are involved in the pathogenesis of a disease. 

The basis of this project was the use of molecular techniques as a tool to understanding and 

assessing the steadily growing problem of bacteria resistant to a wide range of antibiotics 

using Pseudomonas aeruginosa as a model organism.  

 

The enhanced resistance to treatment and the reduced therapeutic options for certain 

pathogenic bacteria have made the study of multi-drug-resistant (MDR) pathogenic bacteria 

an important topic. In hospital environments, a particular group of bacteria, designated 

ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) (Boucher et 

al. 2009; Rice 2008) is generally considered to be among the most important in terms of the 

growing resistance problem. The focus of the work in this thesis will be on one of these: P. 

aeruginosa. P. aeruginosa is an opportunistic pathogen commonly associated with infection 

in burn patients, cystic fibrosis and in urinary tract infections (UTIs). An important feature of 

this organism is its widespread presence in soil and water, but especially the former. As will 



be explored in this thesis, the ability of P. aeruginosa to live freely in the environment and to 

infect humans makes it an important conduit for the spread of resistance genes, not just 

amongst strains of this species, but amongst Gram negative bacteria generally. Resistance to 

antibiotics in this organism can be manifested by both intrinsic properties and by acquired 

genes. Intrinsic methods include a complex system of efflux pumps, porins and chromosomal 

regulated genes. In addition, P. aeruginosa is capable of capturing and incorporating clusters 

of genes, conferring antibiotic resistance and enhancing virulence. With respect to this 

resistance, multi-drug-resistant P. aeruginosa isolates have surged as a consequence of the 

acquisition of mobile elements such as class 1 integrons and the antibiotic resistance gene 

cassettes associated with them.  

 

While molecular technologies have greatly aided the study of how and via what elements 

resistance genes are spread, much of the clinical resistance literature is still dominated by the 

analysis of genes, in the absence of substantial genetic context.  In time, the declining cost of 

whole genome sequencing may change this. Nonetheless, comparative studies will still 

require strategic experimental design and informative analytic tools to allow molecular 

epidemiology to realise its potential in managing the growing resistance crisis. 

 

 

 



1.2 Antibiotics and the rise of antibiotic resistance 

The term “antibiotic”, as first proposed by Selman Waksman, is used to describe compounds 

that are produced by microbes and have an injurious effect upon the growth of other microbes 

(Waksman & Flynn 1973). For the purpose of this thesis, the generic term “antibiotic” is used 

here to denote any class of organic molecule that inhibits or kills microbes by specific 

interactions with bacterial targets, without consideration of the class or source of the 

compound (Davies & Davies 2010). 

 

Since the report in the 1930s of the first effective antibiotics, known as the sulphonamides 

(Colebrook & Purdie 1937; Domagk 1957; Mietzsch & Klarer 1943), and the later 

introduction of penicillin for clinical use (Herrell 1944),  antibiotics have revolutionized the 

treatment of bacterial infections. Antibiotics have been used to treat a wide range of 

infections, saving millions of lives. Unfortunately, the use of any therapeutic agent is 

compromised by the potential development of tolerance or resistance to that compound from 

the time it is first applied. Therefore, any antibiotic that is introduced into clinical use has a 

limited lifetime as it selects for bacteria that have some intrinsic or acquired mechanism of 

resistance. The rate with which this happens will be dependent in part on the amount and 

extent to which the agent in question is used. In the early years of the antibiotic era, the 

problem of resistance to the first antibiotics was approached by the development of basic 

drug variants. Thus, following the introduction of penicillin, synthetic studies were 

undertaken to chemically modify this antibiotic to avoid its inactivation by penicillinase 

(Hamilton-Miller 2008; Sutherland, Croydon & Rolinson 1972). As other antibiotics have 



been developed and introduced into clinical use, bacteria presenting resistance to them has 

also emerged (Davies & Davies 2010). As a consequence, the number of antibiotics in use 

increased rapidly for a time but with resistance evolution keeping apace. The number of 

antibiotics subsequently reached a plateau after the 1990s (Figure 1.1) because of the high 

cost in development and a lack of interest from the pharmaceutical industry (Walsh 2003). 

 

  

Interestingly, the identification of penicillin resistant bacteria was discovered even before the 

introduction of penicillin into therapy (Abraham & Chain 1940). The recent findings of large 

numbers of antibiotic resistance genes being components of natural microbial populations 

(D'Costa et al. 2006) can explain how resistance often appears even before antibiotic 

introduction. It was the discovery in Japan of genetically transferable antibiotic resistance in 

the late 1950s that changed the way antibiotic resistance was viewed. It introduced the then 

Figure 1.1 Evolution of antibiotic development in the last half of the 20th Century. Photo credit: 
www.flickr.org/AJC1 



heretical genetic concept that antibiotic determinants could be disseminated by bacterial 

conjugation throughout an extensive number of pathogens (Davies 1995).  

 

Not surprisingly, antibiotic resistant strains initially appeared in hospitals (Levy 1998). 

However, community acquired infections are also showing pathogens that commonly display 

a MDR phenotype. For example, Staphylococcus aureus methicillin resistant strains (MRSA) 

have moved outside the hospital and have become a major community acquired pathogen 

(CA-MRSA). However, CA-MRSA differs from MRSA from hospitals and possess a new 

virulence toxin (Panton-Valentine leukocidin) (Davies & Davies 2010). Clostridium difficile 

gained relevance in the early 2000s due to an exponential increase in incidence and severity 

of nosocomial and community-acquired infections (Khanna & Pardi 2010). This has been as a 

result of changes in virulence factors, toxin A and B (Carter, Rood & Lyras 2010). These 

pathogens, and many others, can be traced from the hospital to the community and vice versa, 

indicating that drug resistance is no longer localized and suggests the movement of strains 

and genes between the hospital and broader environment. These events have reduced 

significantly the number of antibiotics still effective for treatment.  

 

 

 

 



1.3 Genome mobilization  

Advances in molecular techniques have allowed a better understanding of the mechanisms 

that facilitate the evolution of resistance and the spread of the genes that make bacteria 

resistant. One of the most important general findings from studies is an appreciation of the 

role of lateral gene transfer (also known as horizontal gene transfer) in exacerbating the 

resistance problem. (Thomas & Nielsen 2005). Lateral gene transfer (LGT) occurs through 

the exchange of genetic material between bacterial cells without the requirement for cell 

division. This is in contrast to vertical gene transfer, which involves the transmission of 

genetic material from mother cell to daughter cell during cell division (Lawrence 2005).  

 

The LGT process requires two independent components to occur: (i) the physical transfer of 

DNA from one cell to another; and (ii) the incorporation of DNA into the recipient genome. 

The movement by LGT can occur by three mechanisms: transformation, transduction or 

conjugation (Figure 1.2). Briefly, transformation is the stable uptake, integration and 

expression of extra-cellular DNA, while transduction implies the presence of a phage as a 

vehicle for the transfer of DNA between cells. Conjugation is a process of DNA transfer from 

donor to recipient cells through or facilitated by a specialized cell-to-cell junction called a 

conjugative pilus (Thomas & Nielsen 2005).  

 

 



Figure 1.2 Mechanism of lateral gene transfer (LGT). Mechanism exemplified from top to bottom. 
Transduction is represented by the phage vector introduction of DNA from a previous host into a new 
host, possibly carrying a transposon, green tn square box. Conjugation occurs by physical contact 
between host and recipient, leading to the transfer of circularised DNA. Transformation involves the 
uptake of naked DNA by a competent recipient. Image from (Levy & Marshall 2004). 

After the movement of DNA from one cell to another, the integration of the new DNA into 

the genome of the recipient needs to occur for successful LGT. The integration can take place 

by a number of processes: homologous recombination, autonomous replication, transposition, 

and site-specific recombination. Homologous recombination involves the exchange of 



nucleotide sequences between two similar or identical molecules of DNA. Autonomous 

replication maintains an extra chromosomal element and replicates independently, with the 

best known examples being plasmids. Transposition and site-specific recombination are both 

examples of non-homologous recombination in that extensive homology is not required 

between the two recombining molecules (Hallet & Sherratt 1997). The two processes 

however are biochemically distinct. Transposition is a non-conservative process in that there 

is a net gain of gain of DNA at the completion of the reaction which is manifested as a target 

site duplication. In contrast, site-specific recombination is conservative in that there is no net 

gain or loss of DNA. 

 

LGT has a major role in the specialization and evolution of microbes. The advances in 

complete sequencing of the genome of organisms and the construction of phylogenetic trees 

have shown the interconnection between different tree branches as a consequence of LGT 

(Gogarten & Townsend 2005). While there is no overt selection for some genes over others to 

be transferred, it has been shown that genes involved in new operational functions are more 

commonly shared (Garcia-Vallve, Romeu & Palau 2000). In this respect, the movement of 

genes conferring pathogenicity are the most covered in survey studies. For example, the 

plasmid mediated transfer of antibiotic resistance has been a major focus of research for 

clinical and practical relevance (Norman, Hansen & Sorensen 2009).  Recently a new entity 

has gained significance in the contribution to LGT: designated genomic or pathogenic islands 

(Dobrindt et al. 2004). Nonetheless, these mobile elements are frequently associated with 

other elements such as transposons, insertion sequences, integrons and gene cassettes. 



1.4 Genetic elements in the mobile genome 

1.4.1 Plasmids 
 

Plasmids are circular, double-stranded units of DNA that replicate within a cell independently 

of the chromosomal DNA. While plasmids are not essential for bacterial cell growth or 

survival, they often encode valuable traits such as antibiotic and heavy metal resistance, 

virulence and other genes responsible for niche adaptability (Bergstrom, Lipsitch & Levin 

2000; Venturini et al. 2010). Most bacterial plasmids encode their own site-specific 

resolution systems, denominated multimer resolution systems (mrs), involved in replication 

or recombination. The mrs consists of a site-specific recombinase, or resolvase, and the target 

recombination site (res site) (Zielenkiewicz & Ceglowski 2001).  

 

Plasmids can be classified according to their replication control (Novick 1987). Plasmids 

with the same replication control are incompatible and cannot be propagated with high 

fidelity with those of the same incompatibility group. In contrast, plasmids with different 

replication controls are compatible. Genotypic detection by PCR of incompatibility groups 

(Carattoli et al. 2005) has been used to trace the dissemination and emergence of plasmids 

conferring antibiotic resistance as well as being used for a screen for plasmid originally 

described by Courier (Courier et al. 1988). 

 

Based on their ability to move between cells, plasmids can be grouped into two types: 

conjugative or ‘self-transmissible’, and non-conjugative. Conjugative plasmids carry tra 



genes responsible for the conjugation and transfer of plasmids to another cell. Non-

conjugative plasmids are unable to initiate conjugation; thus, they can be transferred but only 

with the assistance of conjugative plasmids. The most frequently studied plasmid types are 

conjugative plasmids because of their propensity to be associated with resistance genes, as 

seen in Enterobacteriaceae and Pseudomonas aeruginosas (Cain & Hall 2012; Pallecchi et 

al. 2001; Partridge et al 2011; Poirel et al 2002; Tato et al 2010; Venturini et al 2010). 

 

1.4.2 Transposons 
 

Transposons are genetic elements that mobilize DNA within genomes by enzymatic breakage 

and reunion of DNA. To achieve this, transposons require genes for transposition (tnpA), 

resolution (tnpR), and the presence of terminal inverted repeats (IR). The gene product of 

tnpA is a transposase that binds to IRs. The tnpR gene product has two functions: it acts as a 

repressor of gene expression and provides a resolvase function. The resolvase needs a pair of 

identical sites, known as res sites, for the recombination process, as summarised in Figure 1.3 

(Kidwell M. G. 2002; Lewin 2004). The complete process of translocation (transposition) is 

non-conservative, as a short sequence (normally 4 – 9 bases) of host DNA at the site of 

insertion is duplicated (also known as direct repeats).  

 

Transposition is considered to be a relatively random event in that there is not a high level of 

specificity in target site selection for most transposons. However, there are some transposons 

that present strong preferences for particular nucleotide sequences (Craig 1997). For 

example, the transposon Tn7 inserts itself into a specific site in the bacterial chromosome 

where the insertion will not affect essential genes (Peters & Craig 2001). Other transposons 



have preferences for res sites of plasmid or transposons, such as the Tn5053/Tn402 family 

(Minakhina et al. 1999). As will be discussed below, this transposon family is especially 

important in the dissemination of class 1 integrons in pathogens. The res site preference of 

some transposons can lead to recombination events between different transposons and the 

formation of hybrid structures. This has been shown to occur in many studies where 

transposons combined two different boundaries, thereby defining new transposons (Essa et al. 

2003; Labbate, Roy Chowdhury & Stokes 2008; Marquez, Labbate, Raymondo, et al. 2008; 

Miriagou et al. 2010; Stokes, Elbourne & Hall 2007) 

 

Transposons can carry accessory genes, such as for metabolic processes, antibiotic resistance 

genes, or both. For example, transposons from the Tn3 family comprises mercury resistance 

transposons (e.g. Tn21, Tn501 subfamilies) and non-mercury (e.g. Tn1546, Tn1, Tn2 and 

Tn3) transposons, the former is encoded by the mer operon (Hobman, Essa & Brown 2002). 

Members of this family have played a major role in antibiotic resistance mobilization, as seen 

in hospital, environment and commensal associated bacteria. This is especially the case of the 

Tn21 and close relatives transposons (Figure 1.3) (Essa et al. 2003; Liebert, Hall & Summers 

1999).  

 



Figure 1.3 Schematic structures of transposons frequently recovered in clinical and 
environmental samples. Filled horizontal arrows indicate gene orientation. The transposition region 
in Tn3 consists of genes tnpA, tnpR, and the resolution site res (indicated by the wide vertical 
rectangle). The same applies to Tn21, with the addition of the putative transposition regulator tnpM, 
and the unknown reading frame urf2M. The filled, thin, vertical rectangles indicate inverted repeats 
(IRs). 

The simplest transposons are the insertion sequences (IS). IS are autonomous units which 

encode only the proteins for their own transposition and sometimes one or more accessory 

gene/s (Mahillon & Chandler 1998; Roberts et al. 2008). IS differ in sequence, but present 

short inverted terminal repeats as a common feature.  

 

Some families of IS elements are frequently associated with antibiotic resistance genes and 

their mobilization. For example, ISEcpI is variously linked with blaCTX-M-2 (Lartigue et al. 

2006) and blaCTX-M-15 (Roy Chowdhury, Ingold, Vanegas, Martinez, et al. 2011), and ISCR1 

with blaCTX-M-9 (Olson et al. 2005), qnrA (Toleman, Bennett & Walsh 2006b), qnrB2 (Roy 

Chowdhury, Ingold, Vanegas, Martinez, et al. 2011), blaCMY-1 (Toleman, Bennett & Walsh 

2006b). Several ISs are also commonly associated with integrons, notable amongst these are 

IS26 and IS6100 (Partridge, Recchia, et al. 2001; Roy Chowdhury, Ingold, Vanegas, 

Martinez, et al. 2011). 



1.4.3 Integrative and conjugative elements 

Integrative and conjugative elements (ICEs) are self-transmissible mobile genetic elements. 

ICEs conserve plasmid and phage-like features. ICEs, like plasmids, spread between cells by 

conjugation.  Unlike plasmids however they are not capable of autonomous replication. 

Instead, they integrate into the genome of the host by site-specific recombination and 

replicate along with any replicon with which it is associated (Burrus & Waldor 2004).  

 

ICEs, like transposons, can acquire additional genes that allow bacteria to rapidly adapt to 

new conditions. Also, like transposons, ICEs can act as vectors for antibiotic resistance and 

virulence factor dissemination (Toleman & Walsh 2011). Several reported ICEs harbour 

composite transposons, for example, IS and transposons carrying antibiotic resistance genes 

such as tetracycline, chloramphenicol (Juhas et al. 2007), kanamycin (Pembroke, MacMahon 

& McGrath 2002) and the broad-spectrum β-lactam gene blaCMY-2 (Harada et al. 2010). 

 

1.4.4 Genomic islands 
 

The advances in genomic techniques have allowed the sequencing and comparison of many 

strains, revealing that the genomes of a species can be comprised of two components when 

different individuals are compared. One component is a core genome, which is considered to 

have the genes that are present in nearly all strains of species and encode metabolic and other 

core factors (Wolfgang et al. 2003). The second component is the accessory genome that 

encodes genes that are found in some strains but not others (Jackson et al. 2011; Kung, Ozer 

& Hauser 2010).  



 

Genomic islands represent extensive regions of the genome are, in many cases, strain specific 

and represent a major component of the accessory genome (Dobrindt et al. 2004; Hentschel 

& Hacker 2001; Juhas et al. 2009). The size of genomic islands (GIs) usually varies between 

10 to 200 kb. GIs encode additional metabolic activities, improvement of microbial fitness, 

symbiosis or pathogenesis (Hacker & Kaper 2000). GIs, as described by Juhas (Juhas et al. 

2009), are discrete DNA segments to which some mobility can usually be attributed in the 

present or past. That is, they display evidence of having moved by LGT. 

It has been demonstrated that some GIs can excise from their chromosomal location and form 

circular intermediates (Douard et al 2010; Klockgether et al 2007; Qiu, Gurkar & Lory 2006). 

Despite this, GIs are considered non-self-transmissible (Boyd, Almagro-Moreno & Parent 

2009) and their episomal forms can be laterally transferred by different mechanisms. In some 

cases, GIs may require the presence of a helper plasmid, like the SGI1 (Douard et al. 2010) or 

a phage packaging system, as observed in SaPI1 in Staphylococcus aureus (Novick, Christie 

& Penades 2010). However, it has been shown that some can self mobilize by excising from 

their chromosomal location, transfer by conjugation and integrate into a new host. This has 

been seen in the GIs PAPI-1 (Carter, Chen & Lory 2010b; Qiu, Gurkar & Lory 2006), and 

with ICEclc in Pseudomonas (Sentchilo et al. 2009). 

 

GIs are frequently associated with tRNA genes (Larbig et al. 2002). However, other 

sequences had been found to be targeted by different GIs (Klockgether et al. 2011). GIs often 

possess genes encoding integrases or plasmid conjugation operons or cryptic derivatives of 

these (Klockgether et al. 2004). The integrases in GIs, most commonly int-like site specific 

recombinases, can catalyse the insertion or excision of the island (Qiu, Gurkar & Lory 2006). 



The integrase genes are commonly situated at one end of the island and adjacent to the direct 

repeats of the GIs. When GIs excise from the chromosome they form closed circular 

structures, and a single copy of the recombination site, denominated attP, can be identified 

(Doublet et al. 2005; Qiu, Gurkar & Lory 2006). The attP site allows the reintegration of GIs 

into a proper position in the recombination site formed in the chromosome (attB), in the same 

host or, following transfer, to a new host. Most circular forms of GIs do not replicate 

independently from the host’s chromosome, and they need to reintegrate to be maintained by 

the cell. Rare exceptions to this include pKLC102 found in P. aeruginosa (Klockgether et al. 

2004). 

 

Large GIs are complex mosaic structures, internal components of which are derived from 

multiple capture and rearrangement events (Buchrieser, Prentice & Carniel 1998; Gal-Mor & 

Finlay 2006). These regions can also contain other genes, captured by LGT, that influence 

host survival and adaptation. In a pathogenic context, this can include virulence factors 

(Hacker & Kaper 2000). Such GIs are often referred to as pathogenicity islands as a 

consequence. GIs differ from ICE in that they are not self-transmissible, or at least they 

appear to have lost this ability (Hentschel & Hacker 2001). Apart from virulence factors, GIs 

can encode genes for a variety of functions, for example, in the usage of novel carbon and 

nitrogen sources, and the breaking down of novel compounds in resistance antibiotics and in 

heavy metals (Dobrindt et al. 2004; Hacker & Carniel 2001). The presence of GIs in several 

bacteria may be used to define the strain specific pathogenicity factors frequently associated 

(Dobrindt et al. 2004).  

 



1.5 Integrons: structure and evolution 

Integrons are a distinct class of mobilizing element. Although not themselves mobile, they 

can be mobilized by elements such as plasmids and transposons. Their defining feature is the 

presence of a site-specific recombination system (Recchia & Hall 1995; Stokes & Hall 1989; 

Sundstrom et al. 1988) that allows the capture of units of DNA, defined as gene cassettes 

(Hall, Brookes & Stokes 1991; Recchia & Hall 1995). Integrons first came to the attention of 

researchers because of their persistent association with antibiotic resistance genes, being 

defined as a new type of mobile element in the late 1980s (Stokes & Hall 1989). When 

integrons were first identified they essentially comprised a single entity that later became 

known as the class 1 integron (Recchia & Hall 1995). Since then, the variety of genes 

captured by and linked to antibiotic resistance and/or pathogens is an ongoing process which 

shows no sign of abating (Figure 1.4). 

Figure 1.4 Identified gene cassettes in class 1 integrons reported from 1991 to 2012. Data 
collected from (http://www2.chi.unsw.edu.au/rac) (Tsafnat, Copty & Partridge 2011), (Partridge et al. 
2009), (Recchia & Hall 1995), (Fluit & Schmitz 1999), (Fluit & Schmitz 2004), (Rowe-Magnus & 
Mazel 2002). 



 

To understand the relevance of class 1 integrons it is first necessary to establish the main 

features that define this broad family of elements. The defining feature of any integron is the 

presence of a site-specific recombination system. The system can be considered as 

comprising two components (Figure 1.5). The first of these is made up of an integrase gene 

intI, encoding a site-specific recombinase belonging to the tyrosine or int family (Grainge & 

Jayaram 1999), an integron associated recombination site attI, and a promoter Pc that drives  

the expression of genes within the units of DNA captured by integrons (Boucher et al. 2007; 

Cambray, Guerout & Mazel 2010). The second component, the captured units, consists of a 

single open-reading frame (ORF) and a recombination site designated attC (Rowe-Magnus, 

Guerout & Mazel 1999), originally called a 59-base element (Cameron et al. 1986), which is 

specifically recognized by IntI. Gene cassettes can exist as free circular molecules (Collis & 

Hall 1992) or as linear molecules when inserted in an integron. The reversible recombination 

reaction (cassettes can both be inserted and excised) is carried out by the integron integrase 

(Figure 1.5). Insertion of a cassette is orientation specific, such that the associated gene in the 

cassette can be transcribed from the integron promoter Pc (Stokes et al. 1997).  



Figure 1.5 Integron structure and model of circular gene cassette capture. The general structure 
of an integron is depicted at the top of the page. The integration of a circular gene cassette into the 
integron and the attC site is mediated by IntI, between the attI site of the integron and the attC site of 
the gene cassette. Pc directs the expression of the inserted gene. The filled arrows indicate the 
direction of transcription of associated cassette genes. 

 

As discussed below, integrons are ancient and diverse structures found in both chromosomes 

and other mobile elements. Integrons are classified into “classes” according to the amino acid 

sequence of the encoded DNA integrase. Integrons of different classes reflect different 

taxonomic origins (Hall et al. 1999). Typically, integrons of different classes share 40–60% 

IntI amino acid identities (Nield et al. 2001; Nunes-Duby et al. 1998). Three integron classes, 

class 1, 2 and 3, are most commonly associated with the spread of antibiotic resistance genes, 

and these have become highly mobilized in that they are associated with other mobile 

elements. This in turn has led them to become widely disseminated amongst Gram negative 



and, increasingly, Gram positive pathogens (Hall & Collis 1998; Nandi et al. 2004; Shibata et 

al. 2003; White, McIver & Rawlinson 2001). It is notable that although representing as 

diverse a group of classes as any, these highly mobilized integron classes can share resistance 

genes cassettes, thus emphasising the importance of LGT and integrons in spreading 

antibiotic resistance (Partridge et al. 2009). 

 

1.5.1 The integron recombination system 

As mentioned previously, integrons contain both a DNA integrase and a recombination attI 

site into which cassettes are inserted. The tyrosine family of enzymes, to which IntI belongs, 

commonly perform recombination by recognition of a pair of recombination sites that are 

highly invariant (Grindley, Whiteson & Rice 2006; VanDuyne 2002). Interestingly, the site-

specific recombination system in integrons has the flexibility of recombining non-canonical 

substrates, separating it as distinct evolved platform (Cambray, Guerout & Mazel 2010).  

This is most evident with respect to the cassette associated attC sites. These sites have a 

conserved structure but collectively comprise a diverse group of sequences (Mazel 2006; 

Stokes et al. 1997). 

 

Simple sites are features of the int family of site-specific recombinases and these generically 

comprise two inverted repeats separated by a short spacer region (Landy 1989). In the case of 

integrons generally, the attI site includes at least a simple site (Nield et al., 2001) Studies 

performed with class 1 integrons revealed that the attI1 site consists of 65bp in total and 

contains four IntI1 binding sites (Figure 1.6). Two of these are associated with the simple site 

while the other two are adjacent and represent direct repeats. All four of these binding 



domains are required for full attI1 recombination activity (Partridge et al. 2000; Recchia, 

Stokes & Hall 1994) although the two direct repeats are not conserved in all other attI sites 

(Nield et al., 2001). Thus, attI sites from different integron classes do not present the same 

features and can have considerable sequence identity between each other (Collis et al. 1998; 

Hall et al. 1999).  

Figure 1.6 Diagram of attI1 site. The four IntI1 binding sites are depicted in boxes. The 
recombination point is located between G and TT in the conserved GTTRRY (Hall, Brookes & Stokes 
1991; Martinez & de la Cruz 1990). Direct and inverted repeats are shown bold and the red arrows, 
labelled 1-4, indicate their relative orientations. Lower-case letters indicate the bases corresponding to 
the 3’-CS. The vertical black arrow marks the recombination crossover point (drawing modified from 
(Collis et al. 1998)). 

 

The unique feature of the integron site-specific recombination system is in the general 

structural differences in structure of the attI and attC recombination sites. The attC site 

differs in length and sequence in different gene cassettes but share conserved regions at their 

ends, which are generally imperfect inverted repeats (Figure 1.7). It contains two simple sites, 

each composed of a pair of conserved ‘core sites’ (7 or 8 bp) referred to as 1L and 2L, 2R and 

1R. The two simple sites are separated by a central region that varies in length and sequence 

(generally 20–104bp) (Recchia & Hall 1995) between different attC sites (Figure 1.7). The 

core sequence 1R has the consensus sequence GTTRRRY which is also present on the 

complementary strand in 1L (Francia et al. 1999; Partridge et al. 2009; Stokes et al. 1997). 

attC structure overall is conserved through clinical isolates; however, there are many 
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examples of significant variations in the consensus structure. Short versions of some cassettes 

with precise deletion in the attC site have been identified (Ramirez et al. 2008), as well as 

cassettes with atypical attC sites (Poirel, Lambert, et al. 2001). 

 

Figure 1.7 General structure of the attC site. The inverted repeats are shown in bold and boxed. 
Consisting of attI sites, the recombination point is located between the G and the TT of the last motif. 
Single-headed blue arrows indicate their relative orientations. Lower-case letters indicate the bases 
corresponding to the next gene cassette in the array (in this example, corresponding to qacΔE in the 
3’-CS). The extra base found in 2L is underlined. The vertical black arrow marks the recombination 
crossover point (modified from (Partridge et al. 2000)). 

 

The integron integrase can catalyse recombination events by three major pathways. The 

preferred mechanism for integration of a circular cassette occurs between the attI site and the 

attC site, by which a single attC strand adopts a folded structure, generating a double strand 

recombination site (Bouvier, Demarre & Mazel 2005). The excision of gene cassettes to their 

circular intermediate can occur by recombination between attI and attC, two attC sites, or at  

lower frequency between two attI sites (Cambray, Guerout & Mazel 2010; Collis et al. 2001). 

Despite the different recombination pathways and the inverted repeat structures of the sites, 

insertion is strand specific such that cassette genes are in an orientation that allows its 

expression from the Pc promoter (Figure 1.5) (Hall, Brookes & Stokes 1991; Mazel 2006). 
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1.5.2 Phylogeny of integrons 

Integrons are widely dispersed in bacteria in animal and natural environments (Stokes & 

Gillings 2011). Some integron classes are found in association with plasmids and 

transposons, and, where this is the case, are defined as mobile integrons. Integrons are usually 

also reported in chromosomal locations, as in Xanthomonas (Gillings et al. 2005) and Vibrio 

cholerae (Mazel et al. 1998). The main features of chromosomal integrons present as a lack 

of association with mobile elements, a large array of gene cassettes, and a high degree of 

sequence identity between the attC sites of the cassettes (>80%) (Mazel 2006). In contrast to 

gene cassettes found in mobile integrons, most gene in cassettes in chromosomal integrons 

have unknown functions, and only a few confer resistance to antibiotics (Boucher et al. 

2007). Interestingly, although chromosomal integrons present as direct lineages, and thus are 

considered not mobile, there are some examples in which LGT is the most probable 

explanation for the difference observed between RpoB and IntI phylogenetic trees (Boucher 

et al. 2007). 

The broad family of integrons has a complex evolutionary history, and different evolutionary 

groups have been described (Boucher et al. 2007; Mazel 2006). Boucher and colleagues 

(2007) have described three major evolutionary groups of integrons, introducing a new group 

to the two already reported by Mazel (Mazel 2006). These three groups are: proteobacterial 

integrons from freshwater and soil environments; integrons of marine γ-proteobacteria; and 

integrons with the integrase gene oriented in the same direction as the associated gene 

cassettes (that is the intI gene is transcribed in the opposite direction to that shown in Figure 

1.5) as is the case for Treponema species (Coleman et al. 2004). While most integrons are not 



as highly mobilised as, for example, the classs 1 and are broadly congruent with phylogenetic 

tress, it is nonetheless the case that LGT of diverse integron classes has occurred over 

evolutionary time periods as noted in the previous paragraph. 

 

1.5.3 Multi-drug resistance integrons 
 

Integrons, as a family of elements can be found in diverse bacteria and carrying a great 

variety of gene cassettes which, in most cases, do not have an identifiable function (Boucher 

et al. 2007). The focus of this project was the study of those integron classes that 

predominantly harbour gene cassettes conferring antibiotic resistance. In this context, the 

class 1, 2 and 3 integrons are the most common. Of these, the class 1 are the most important 

for a variety of reasons to be discussed in detail in a later section.  

 

Class 2 integrons have been described in gamma, beta and epsilon Proteobacteria, and non-

culturable bacteria (Barlow & Gobius 2006; Ramírez et al. 2005; Xia et al 2013). The class 2 

integron is most frequently associated with the transposon Tn7 and its close relatives 

(Hansson et al. 2002). Tn7 is an example of a transposon with high target site- specificity, 

and generally inserts into a unique site in the bacterial chromosome and plasmids (Peters & 

Craig 2001). The class 2 integron has been reported in the uropathogenic Escherichia coli 

strains as well as in other human and animal pathogens, in most cases presenting the same 

cassette array (dfrA1, sat, aadA1 and orfX) (Solberg, Ajiboye & Riley 2006). The fact that the 

class 2 integron has a near invariant array can be explained, in part, as a consequence of the 

associated integrase, intI2, being frequently inactive. This is owing to a premature in-frame 

stop codon. Only two studies have identified functional class 2 integrons as determined by 



the presence of a predicted functional IntI2 protein (Barlow & Gobius 2006; Marquez, 

Labbate, Ingold, et al. 2008). In one of these cases (Marquez, Labbate, Ingold, et al. 2008), 

functionality was demostrated biologically. 

 

The class 3 integron was first reported in association with the gene cassette blaIMP from a 

carbapenem resistant Serratia marcescens strain (Arakawa et al. 1995). The class 3 site-

specific recombination system is functional and is embedded in a structure that has some 

similarity to the Tn402 transposition system (Collis et al. 2002). Other examples have been 

reported (Correia et al. 2003) as being present concomitant with a class 1 integron (Shibata et 

al. 2003). However, despite appearing to be dispersed in Japan (Shibata et al. 2003), most 

studies that screen for the class 3 integron rarely find them (Grape et al. 2005; Laroche et al. 

2009; van Essen-Zandbergen et al. 2007), even when the same studies identify class 1 and 

class 2 resistance integrons at high frequency.  

Class 1 integrons are the most disseminated integrons in pathogenic bacteria and elsewhere 

partly as a consequence of their capture by a transposon (Brown, Stokes & Hall 1996; 

Kholodii et al. 1995). The class 1 integron-transposon association, for reasons elaborated 

below, has resulted in an extraordinarily efficient dispersal of this integron class. The work 

done in this project has focused mainly on class 1 integrons, as a plethora of studies have 

shown this class to be the most diverse in relation to both their structure and the context in 

which they are found, in addition to the gene cassettes they carry.  



1.6 Class 1 integrons 

Class 1 integrons represent the most dispersed of all integron classes and by far the most 

frequently recovered in epidemiological surveys (Grape et al. 2005; Laroche et al. 2009; van 

Essen-Zandbergen et al. 2007). Moreover, class 1 integrons are mostly associated with 

dissemination of antibiotic resistance genes (Fluit & Schmitz 1999; Gillings et al. 2008). In 

terms of site-specific recombination, the class 1 integron is as described before, presenting 

the integrase gene, attI site (specifically attI1 in this case) and promoter Pc. However, in a 

drug resistance context from clinical isolates a structural definition is also commonly applied. 

This structure contains all the previous features as well as two conserved segments and a 

truncated tni module (Figure 1.8), the functional exemplar of which is Tn402 (Radstrom et al. 

1994). 

Figure 1.8 Generalised structure of a clinical class 1 integron where the 3’-CS has led to the 
partial loss of the tni module. The 3’-CS consist of qacEΔ1, sul1 and orf5 genes. The filled vertical 
rectangles indicate inverted repeats (IRs) as shown. Filled horizontal arrows represent genes or 
operons and the direction of transcription. The filled diamond is the attI1 site, and the filled ovals are 
the attC sites. Gene designations are as described in the text. Many variants of this basic structure 
exist via, most commonly, insertion/deletion events generated by other insertion sequences.  

 



In the class 1 integron represented in Figure 1.8, the region from the IRi (inverted repeat 

integron end) to the attI1 site, including the integrase, is referred to as the 5’-conserved 

segment (5’-CS). At the other boundary of the integron, from the end of the last integrated 

gene cassette to the IRt (inverted repeat transposon end), is a region that includes the 3’-

conserved segment (3’-CS) and the remnants of the tni module. The 3’-CS consists of a 

truncated quaternary ammonium compound resistance (qacE) gene and a sulI gene encoding 

sulfonamide resistance. In some class 1 integrons an orf5 and orf6 of unknown function can 

be found beyond the sulI gene and can be considered part of the 3’-CS. For the purposes of 

this thesis, class 1 integrons with the general features defined above and as seen in Figure 1.8 

will be referred to as clinical class 1 integrons. 

 

One of the single biggest steps in this class 1 integron Diaspora was the linking of this class 

to a Tn402-like transposon platform (Figure 1.8). The Tn402 transposon (also known as 

Tn5090) (Radstrom et al. 1994) comprises a complete transposition module (tni module: tniR, 

Q, B, A) bounded by a 25 base pair (bp) of inverted repeats identical to IRi and IRt (Gillings 

et al. 2008; Stokes & Hall 1989; Stokes 2006) (Figure 1.9A). Rearrangements in this 

structure have given rise to different class 1 integrons, including the previously described 

clinical class 1 integron (Figure 1.9B). Interestingly, despite the truncated tni module, the 

presence of both IRi and IRt may still allow the transposition of the integron/transposon by 

providing the Tni proteins in trans by a co-resident transposon related to the Tn402 family 

(Brown, Stokes & Hall 1996; Partridge, Brown & Hall 2002).  

 



Figure 1.9 Common structures of class 1 integrons recovered in clinical isolates. The diamond 
shape indicates the attI site and ovals the attC site. A: Integron within Tn402. This contains a 
complete tni transposition region. The transposon/integron is bounded by 25-bp inverted repeats (IRi, 
integrase end; IRt, tni end). B: General structure of clinical class 1 integron where the 3’-CS has led to 
the partial loss of the tni module. The 3’-CS consists of qacEΔ1, sul1 and orf5 genes. Many variants 
of this basic structure most commonly exist via insertion/deletion events generated by other insertion 
sequences. C: A second non-functional Tn402-like transposon linked to a class 1 integron found in 
some clinical isolates. 

 

Another variant of the class 1 integron/Tn402-like structure is shown in Figure 1.9C. This 

variant, like the clinical class 1 integron, has a truncated tni module but appears to have a 

separate lineage. This type of variant has only been recently observed so it is unclear as to 

what extent it is infiltrating clinical isolates (Tato et al. 2010; Toleman et al 2007).  

Moreover, the lack of information in the database about this structure is potentially owing to 

a bias in how class 1 integrons and their arrays are recovered. Many forms of PCR screening 

for class 1 integron-associated resistance genes rely on primers that target the 5’-CS and 3’-

CS (Levesque et al. 1995). Experiments that examine class 1 integrons in clinical and 

commensal bacteria without direct selection for the 3’-CS suggests that other class 1 

integrons are present, if not common (Betteridge et al. 2011). 



1.7 Association of clinical class 1 integron and variants 

with other mobile elements 

The capture of the class 1 integron by a Tn402-like transposition module has triggered its 

rapid dissemination by LGT (Gillings et al. 2008). Transposon Tn402 and the closely related 

Tn5053 have the ability to target res sites for transposition (Minakhina et al. 1999). This “res 

hunting” capacity of the transposon Tn402 allowed for further linkage to res sites of other 

transposons and plasmids. The association between mobile elements has ensured resistance 

gene spread to a great number of bacteria by the cooperative action of site-specific 

recombination, transposition, conjugation and homologous recombination (Gillings et al. 

2009; Labbate, Roy Chowdhury & Stokes 2008; Partridge, Brown & Hall 2002; Partridge, 

Brown et al. 2001; Partridge & Hall 2004; Partridge, Recchia, et al. 2001; Toleman & Walsh 

2010).  

 

1.7.1 Association with plasmids 

Plasmids have been one of the most important mobile elements in the dissemination of 

clinical class 1 integrons. A great variety of plasmids have been reported carrying clinical 

class 1 integrons, for example, IncF and IncL/M plasmids isolated in Salmonella enterica 

serotype Typhimurium from humans (Tosini et al. 1998), plasmid BM2688 in isolates of 

Enterobacter aerogenes (Ploy, Courvalin & Lambert 1998), and plasmids mediating 

quinolone resistance in E. coli (Mammeri et al. 2005). 

 



Interestingly, a recent study has shown dominance of specific MDR Inc plasmid types 

associated with integrons in different countries (Roy Chowdhury, Ingold, Vanegas, Martinez, 

et al. 2011). The study in MDR Klebsiella pneumoniae isolates shows in Australia a well-

established ISCR1 linked qnrB2 gene within an integron associated complex drug resistant 

loci being disseminated by Tn21-like transposons on IncL/M plasmid/s. A structurally similar 

integron, with ISCR1 associated with the CTX-M2 gene hosted by Tn1696-like transposons, 

is being dispersed by IncA/C plasmids in South America (Roy Chowdhury, Ingold, Vanegas, 

Martínez, et al. 2011). 

 

1.7.2 Association with transposons 

Clinical class 1 integrons have been found to be associated with a variety of replicative 

transposons owing to the res hunting capacity of the Tn402-like transposition system. 

Particularly, they have been successful in associating themselves with mercury-resistance 

(mer) transposons, such as some transposons from the Tn3 family. The acquisition of clinical 

class 1 integrons carrying antibiotic and quaternary ammonium compound (qac) resistance 

genes may have facilitated the co-selection of mer transposons in clinical and farming 

settings within the last few decades, and vice versa (Stokes & Gillings 2011). 

 

In clinical settings, transposons belonging to the Tn21-subfamily (Liebert, Hall & Summers 

1999) most frequently harbour clinical class 1 integrons (Petrova, Gorlenko & Mindlin 2011). 

Specific examples of transposons belonging to the Tn21-subgroup include Tn21 itself and 

Tn1696 (Figure 1.9) (Partridge, Brown, et al. 2001). These are derivatives of the Tn5036 

family, with certain structural differences (Figure 1.10). Tn21 is characterised by the 



insertion of the class 1 integron in the gene urf2M, which is associated with an open reading 

frame known as the tnpM. The product of tnpM has been demonstrated to enhance 

transposition (Hyde & Tu 1985). These two genes are absent in Tn1696; however, the 

associated class 1 integron is located in the same resolution site albeit with a slightly different 

insertion point implying an independent capture event (Partridge, Brown, et al. 2001). The 

integrons embedded in Tn21 and Tn1696 are also structurally different, with the integron in 

the latter having a characteristic deletion of the integron associated tni module mediated by 

IS6100 (Partridge, Recchia, et al. 2001). The integron in Tn21 is characterised by the 

insertion of IS1353 and IS1323 between the 3’-CS and the integron associated tni module 

(Liebert, Hall & Summers 1999).  

 

Figure 1.10 Mobile genetic elements found in association with class 1 integrons. Filled horizontal 
arrows indicate genes orientation. The transposition region in Tn3 consists of genes tnpA, tnpR and 
the resolution site res (indicated by the wide vertical rectangle). The same applies to Tn21, with the 
addition of the putative transposition regulator tnpM, and the unknown reading frame urf2M. The 
filled thin vertical rectangles indicate inverted repeats (IRs). Vertical arrows indicate the location of 
the class 1 integron. 

 

The transposons described above represent a small portion of the known structures found in 

pathogenic bacteria from clinical settings. Transposons undergo constant rearrangements in 



their structure, owing to acquisition or loss of IS elements (Mahillon, Leonard & Chandler 

1999), chimeric interchanges between mer and tni modules of transposons (Petrovski et al. 

2010), and variation in the identity or number of genes cassettes in the integron (Liebert, Hall 

& Summers 1999). In addition, recombination between transposons harbouring class 1 

integrons has led to the formation of many hybrid transposons. An example of these is the 

commonly isolated transposon in Pseudomonas related to Tn5051, which has the mer region 

of Tn501 and a different tnp region (Mindlin et al. 2001). Moreover, the Tn6005 harbours the 

transposon Tn6006, which contains the Tn402-like class 1 integron (Tn6007) as part of the 

module (Labbate, Roy Chowdhury & Stokes 2008).   

 

1.7.3 Association with insertion sequences 

IS elements are found embedded in the structure of class 1 integrons, or surrounding the 

integron being directly involved in its movement. In this section, three of the most likely 

relevant ISs associated with class 1 integrons will be described, most notably because they 

may be driving the evolution of class 1 integrons and MDRs in unexpected ways.    

 

The elements of ISCR (insertion sequence common regions) are often found beyond but close 

to the 3’-conserved segment of class 1 integrons. The element ISCR1 was previously known 

as orf513 (Partridge & Hall 2003a), a gene associated with class 1 integrons, In6 and In7 

(Figure 1.11) (Stokes et al. 1993), which has a partially duplicated 3’-CS. The ISCR family of 

mobile elements has been found to have mobilized virtually every class of antibiotic 

resistance genes, including extended-spectrum β-lactamases (ESBLs), carbapenems and 

enzymes conferring broad-spectrum aminoglycoside resistance (Toleman, Bennett & Walsh 



2006b; Toleman & Walsh 2010). The relevance of ISCR1 elements is not only the association 

with a variety of resistance genes, but also the mediating of the formation of more intricate 

structures with class 1 integrons, known as complex class 1 integrons (Toleman, Bennett & 

Walsh 2006a). 

 

Figure 1.11 Genetic context of ISCR1 found in association with class 1 integrons. Top line, 
complex class 1 integron In6 (Accession number L06822) in which the ISCR1 element was first 
observed. Bottom line, genetic context of ISCR1 associated with class A β-lactamase gene, blaCTX-M-2. 

 

Other relevant insertion sequences associated with class 1 integrons are IS26 and IS6100. 

These belong to the IS6 family of insertion sequences which generally create 8bp direct target 

repeats (Mahillon & Chandler 1998). Since its identification at the beginning of the 1980s 

(Mollet et al. 1983), IS26 has slowly infiltrated itself into the Enterobacteriaceae family in 

association with class 1 integrons (Dawes et al. 2010; Miriagou et al. 2005; Roy Chowdhury, 

Ingold, Vanegas, Martinez, et al. 2011) and in other cases associated to antibiotic operons 

(Bertini et al. 2007; Lee, Hopkins & Syvanen 1990). IS26 has been recently reported in P. 

aeruginosa isolates (Martinez et al. 2012; Miyoshi-Akiyama et al. 2011). 

 



In most cases, the insertion sequences IS26 and IS6100 are found in a high number of copies 

(Cain et al. 2010; Dawes et al. 2010; Miriagou et al. 2005; Partridge, Recchia, et al. 2001; 

Roy Chowdhury, Ingold, Vanegas, Martinez, et al. 2011). This can be explained by their 

transposition mechanism. IS26 creates replicon fusions (cointegrates) where transposition is 

followed by replication and homologous recombination is necessary to resolve the 

cointegrates (Mahillon & Chandler 1998).  

 

1.7.4 Association of class 1 integrons with genomic islands 

Clinical class 1 integrons in GIs are being reported with increasing frequency. Some 

examples are SGI1 in Salmonella carrying two class 1 integrons (Boyd et al. 2002), AbaR1 in 

Acinetobacter baumannii harbouring three different class 1 integrons (Fournier et al. 2006), 

the UMN026 GRM in Escherichia coli (Lescat et al. 2009), and in P. aeruginosa pKLC102 

(Klockgether et al. 2004), and PACS171b. This last example has been reported to harbour the 

same transposon with different class 1 integrons in different isolates (Martinez et al. 2012; 

Roy Chowdhury et al. 2009). 

 

The importance of the association between integrons and GIs is found not only in the 

potential for mobilization of integrons, but also in the abundance of these elements in the 

genomes of bacteria. Since the first identification of SGI1 in Salmonella Typhimurium, this 

GI has been identified worldwide in many other serovars, including Agona, Albany, 

Newport, Meleagridis and Paratyphi B (Velge, Cloeckaert & Barrow 2005). The same 

scenario occurs with GIs in P. aeruginosa, in which non-clonal isolates are found to contain 



the same GIs (Klockgether et al. 2011). In all cases the identification of GIs may be used as a 

diagnostic tool to identify certain pathogenic factors in populations of bacteria. 

 

Overall, it is clear that a number of diverse elements are acting cooperatively to spread 

antibiotic resistance genes.  The number of resistance genes spreading through populations 

continues to grow, as does the type and number of elements spreading them. One likely 

reason for this is that the massive influx of antibiotics into the microbial biosphere by humans 

is probably increasing the rate of evolution or “evolvability” of bacteria as recently argued by 

Gillings and Stokes (Gillings & Stokes 2012). This impact on microbes is analogous to 

human activities elsewhere and is consistent with the notion of humans being the “World’s 

greatest evolutionary force” (Palumbi 2001). 

 

 

 

 

 



1.8 Gene cassettes as a source of antibiotic resistance 

Gene cassettes are the smallest mobile elements encoding antibiotic resistance. They consist 

of a gene and the recombination site attC, and generally do not possess a promoter. The 

number of gene cassettes found in class 1 integrons have dramatically increased since being 

first described (Table 1.1). In respect of the origins of gene cassettes, phylogenetic and 

evolutionary studies have suggested that antibiotic resistance genes have been in the 

environment for millions of years, long before their emergence in clinical settings (Aminov & 

Mackie 2007; D'Costa et al. 2006; Gillings et al. 2008).  

 

Notwithstanding that the question of how genes become mobilized by becoming part of gene 

cassettes is unknown, once a gene is captured by a cassette, mutations can increasingly raise 

the numbers of variants detected. For example, the β-lactamase gene cassette GES has a 

reported 22 variants (Tsafnat, Copty & Partridge 2011). Interestingly, in many cases new 

variants can present enhanced antibiotic resistance (Bae et al. 2007). In the next section, the 

main family of antibiotic and antibiotic resistance gene cassettes will be analysed. 

 

 

 



Table 1.1 The increase in identified cassette associated resistance and other genes in class 1 
integrons from clinical isolates over time. 

Data collected from (http://www2.chi.unsw.edu.au/rac)(Tsafnat, Copty & Partridge 2011), (Partridge et al. 

2009), (Recchia & Hall 1995), (Fluit & Schmitz 1999), (Fluit & Schmitz 2004), (Rowe-Magnus & Mazel 2002). 

Submission/publication dates were confirmed from GenBank nucleotide database entries. Numbers in columns 

refer to identified resistance genes in cassettes as an accumulating total for the named antibiotic or antibiotic 

family. Gcu: cassette genes with unidentified functions. 

 

 

1.8.1 The major families of resistance gene cassettes products: 

1.8.1.1 β-lactamases  
 

β-lactamases are enzymes produced by bacteria and provide resistance to the β-lactam family 

of antibiotics. β-lactam antibiotics are among the most commonly prescribed drugs, grouped 

together because they share the same structural β-lactam ring (Figure 1.12). The group 

 1991-1995 1996-2000 2001-2005 2006-2010 2011-2012 

β-Lactamases 11 15 37 88 140 

Aminoglycoside 12 18 27 43 62 

Chloramphenicol 4 7 11 11 11 

Fosfomycin   3 6 6 

Macrolides  1 3 5 5 

Quinolones   1 3 3 

Rifampicin  1 1 5 5 

Efflux proteins 1 3 4 7 7 

gcu 5 6 12 60 70 

Trimethoprim 6 9 16 26 27 

Others    5 7 

Total 39 60 115 259 343 



includes penicillins, cephalosporins, cephamycins, carbapenems, monobactams and β-

lactamase inhibitors. β-lactam antibiotics inhibit the growth of sensitive bacteria by 

inactivating a family of enzymes involved in cell wall synthesis called penicillin binding 

proteins (PBPs). 

 

             

Figure 1.12 The family tree of β-lactam antibiotics and their evolutionary history. Image 
modified from (www.cic.klte.hu/~gundat/betalaca.htm). 

            

Many new β-lactam antibiotics have been developed over the last two decades. However, 

with each new antibiotic, new β-lactamases have emerged in pathogens. This was the case for 

the emergence of resistance to oxymino-cephalosporins. One of the first enzymes capable of 

hydrolysing these antibiotics, SHV-2, was recovered in a strain of Klebsiella ozaenae (Kliebe 

et al. 1985). As their spectrum of action increased, these enzymes were called extended-



spectrum β-lactamases (ESBLs). Since then, many different ESBLs have been found 

worldwide (Bradford 2001; Paterson & Bonomo 2005). 

 

β-lactamases are commonly classified by the Ambler molecular classification scheme, 

dividing β-lactamases into four classes (A to D) (Ambler 1980). Class A β-lactamases, which 

contain a serine at the active site and are capable of hydrolyzing cephalosporins and 

aztreonams, include enzymes such as TEM and SHV. These enzymes are by far the most 

frequently recovered ESBLs in clinical isolates; however, their study was not the focus of this 

thesis as they are not found in association with class 1 integrons. Another class A β-

lactamase, not closely related to TEM or SHV, is the CTX-M family. CTX-M enzymes are 

spread around the world (Bonnet 2004; Canton & Coque 2006) and in many cases are 

associated with class 1 integrons, but not as part of gene cassettes (Arduino et al. 2002; 

Marquez, Labbate, Raymondo, et al. 2008; Novais et al. 2006). The OXA-type β-lactamases 

are commonly found as gene cassettes in class 1 integrons in P. aeruginosa isolates 

(Weldhagen, Poirel & Nordmann 2003), as well as the GES enzymes (Poirel et al. 2002; 

Poirel, Weldhagen, et al. 2001). 

 

The carbapenem family of antibiotics is the drug of choice to treat serious infections with 

ESBL producing organisms (Paterson & Bonomo 2005) as they possess the broadest 

spectrum of activity and potency against both gram positive and gram negative bacteria 

(Papp-Wallace et al. 2011). Increasing numbers of carbapenemases of class A (e.g., KPC and 

GES enzymes), class B metallo-β-lactamases (e.g., VIM, IMP and NDM) and class D 

carbapenemases (e.g., OXA-23, -48, and others) have been reported (Kumarasamy et al. 

2010; Poirel, Pitout & Nordmann 2007; Queenan & Bush 2007; Walsh 2008, 2010). Metallo 



β-lactamases (MBLs), particularly of the VIM and IMP types, have spread mostly in 

P.aeruginosa, followed by Acinetobacter baumanii, Enterobacteriaceae, and especially 

Klebsiella pneumoniae (Queenan & Bush 2007; Walsh 2008). The rise of integron-associated 

gene cassettes (blaIMP, blaVIM, blaGES and blaOXA) conferring resistance to carbapenemases is 

a huge problem in hospitals. The carbapenems are usually considered “antibiotics of last 

resort” in gravely ill patients or those whose infections are suspected of being mediated by 

MDR bacteria. As was shown in previous sections, integrons harbouring MDR can associate 

with a great number of mobile elements and can easily be spread by LGT across bacteria and 

continents. An example of this is the dissemination of metallo-β-lactamases (Figure 1.13) 

(Cornaglia, Giamarellou & Rossolini 2011). These facts show the difficulty in battling 

against a rapidly adapting enemy. 

 

  

 

Figure 1.13 Worldwide dissemination of metallo-β-lactamases, extracted from (Cornaglia, 
Giamarellou & Rossolini 2011). 



1.8.1.2 Adenyltransferases and acetyltransferases 
 

Adenyltransferases and acetyltransferases are enzymes that inactivate aminoglycoside 

antibiotics. Aminoglycosides act by inhibiting protein synthesis via binding to the bacterial 

30S ribosomal subunit. The aminoglycoside family of antibiotics comprises a group of 

members commonly administrated in hospitals concomitant with β-lactams. Included are 

streptomycin, spectinomycin, gentamicin, amikacin and kanamycin. 

 

Aminoglycosides are used in empiric therapies as well as in specific infections, alone or in 

combination (Avent et al. 2011). As with any other antibiotic, the appearance of resistance 

strains has seen the necessity of develop new variants of aminoglycoside for empiric 

therapies (Mingeot-Leclercq, Glupczynski & Tulkens 1999). The bacterial expression of 

enzymes capable of modifying and inactivating the antibiotic has been one of the main 

mechanisms responsible for resistance (Davies & Wright 1997). This mechanism has been 

favoured by the acquisition of genes cassettes, like the aadA, aadB or aacC1, encoding 

adenyltransferases and acetyltransferases (Partridge et al. 2009).  

 
 

1.8.1.3 Chloramphenicol acetyltransferase and efflux pump 
 

Chloramphenicol was used clinically as a broad-spectrum antibiotic. However, because of 

adverse effects and the rise of resistance its use presently is limited to parenteral use and in 

serious infections (Balbi 2004). Chloramphenicol resistance is often mediated by the gene 

cassette family catB, a gene cassette that encodes a chloramphenicol acetyltransferase (CAT). 



This enzyme prevents the subsequent binding of chloramphenicol to the 50S ribosomal 

subunit, the target of the antibiotic (Parent & Roy 1992; Tennigkeit & Matzura 1991). 

Chloramphenicol resistance can also be mediated by the gene cassette cmlA, which encodes a 

specific efflux protein of the major facilitator family. This gene cassette was inserted into a 

multi-resistance integron, In4 integron of Tn1696, which encodes a non-enzymatic resistance 

mechanism (Bissonnette et al. 1991).  

 

1.8.1.4 Dihydrofolate reductase  
 

The antibiotic trimethoprim binds to dihydrofolate reductase and inhibits the reduction of 

dihydrofolic acid (DHF) to tetrahydrofolic acid (THF). THF is an essential precursor of folate 

metabolism and its interference inhibits bacterial DNA synthesis. Trimethoprim is commonly 

administrated in combination with sulfamethoxazole as empiric therapy for urinary tract 

infections (UTIs) and respiratory tract infections (Masters et al. 2003). In these settings, 

resistance to trimethoprim has been associated with adverse clinical outcomes (McNulty et al. 

2006). The emergence of highly disseminated resistance can be explained by the acquisition 

of plasmid mediated dihydrofolate reductase (DHFR), which, unlike the chromosomal 

enzyme, is less sensitive to trimethoprim (Amyes & Smith 1974). Today, there are 27 

different DHFR enzymes characterised in gram negative bacteria associated with class 1 

integrons. 



1.9 Pseudomonas aeruginosa: clinical relevance and 

Multi Drug Resistance. 

P. aeruginosa presents some unique characteristics as an opportunistic gram negative 

bacterium. It is an oxidase negative and non-lactose fermenting organism. Also, it is a 

versatile aerobic bacterium that grows in different environments including soil, plant and 

animal tissue. It is able to form biofilms, a trait which gives it distinct characteristics, most 

especially increased resistance to anti-microbial treatment and an ability to evade the immune 

system of the host (O'Toole & Kolter 1998; Whitchurch et al. 2005). In addition, it is known 

that micro-organisms in biofilm structures facilitate the LGT process, providing for the rapid 

evolution of strains with increased virulence (Li et al. 2001).  

 

P.aeruginosa is commonly found as a source of bacteraemia in burn victims, urinary tract 

infections in catheterized patients, and hospital acquired pneumonia. It is associated with 

increasingly high rates of morbidity and mortality (Armour et al. 2007; Driscoll, Brody & 

Kollef 2007; Pirnay et al. 2003), especially in cystic fibrosis patients (CF) (Davies 2002). The 

abnormal airway epithelium of the lungs of CF patients tends to be colonized by P. 

aeruginosa, leading to infections highly recalcitrant to treatment.  

 

The rising rates of adverse outcomes of P. aeruginosa infections are also partly a 

consequence of strains commonly displaying a multi-drug-resistance (MDR) phenotype. This 

organism presents intrinsic resistance to penicillin and the majority of related β-lactam 



antibiotics, but generally remains sensitive to piperacillin, carbapenems, ticarcillin, 

tobramycin or ciprofloxacin. β-lactam resistance is a particular problem in P. aeruginosa 

clinical isolates (Andrade et al. 2003; Jones et al. 2002; Poole 2011), and this can arise 

through multiple mechanisms. These mechanisms include both changes to chromosomally 

located genes as well as the acquisition of mobilized genes by LGT (Lister, Wolter & Hanson 

2009). Therefore, a complete understanding of the causes of resistance in clinical populations 

of P. aeruginosa requires an assessment of how multiple pathways interact. These major 

known mechanisms of β-lactam resistance are: (i) efflux pump overexpression, (ii) inducible 

AmpC chromosomal β-lactamase, (iii) membrane porin expression, and (iv) LGT of beta-

lactamase genes. 

Membrane associated efflux pumps in P. aeruginosa facilitate the reduction in drug 

accumulation into the cell, and an enhanced level of expression raises levels of resistance. 

The resistance-nodulation-division (RND) is the most abundant family of drug efflux pumps. 

They can extrude multiple structurally unrelated compounds by forming tri partite systems 

(Figure 1.14) (Lister, Wolter & Hanson 2009). MexAB-OprM contributes to the broader 

substrate profile for β-lactams, ESBLs, carbapenem and aztreonam. In addition, MexXY-

OprM pump substrates are tetracyclines, fourth-generation cephems and gentamicin (Masuda 

et al. 2000). The pumps MexCD-OprJ and MexEF-OprN do not have a broad substrate 

profile and their disruption does not contribute to the resistance profile in wild types (Kohler 

et al. 1997; Poole et al. 1996).  

 

 



Figure 1.14 Schematic illustration of structure and function of the MexAB-OprM and related 
efflux pumps in P. aeruginosa. Antibiotics are captured in the periplasmic space, or cytoplasmatic 
space, or membrane by the RND exporter proteins (MexB, D, F or Y). Next, they are conducted 
through the periplasmic space by the MexA, C, E or X (Membrane Fusion Proteins), and OprM, J, or 
N (gated outer membrane porin proteins) serve as the final step in removal of the antibiotics from the 
cell. Image from (Aeschlimann 2003). 

 

 

 

 

 

 



Another relevant chromosomal encoded resistance mechanism is the inducible AmpC 

cephalosporinase, a protein whose overexpression increases resistance to all β-lactams and 

contributes to carbapenem susceptibility (Lister, Wolter & Hanson 2009). The hyper 

production of AmpC can occur through reversible induction pathways (Lister, Gardner & 

Sanders 1999) or by chromosomal mutations (Juan et al. 2005), see Figure 1.15. Both 

contribute to failure of therapy.  

                                     

Figure 1.15 Mechanism involved in regulation of ampC expression. A. Wild type, basal expression 
of AmpC. B. Pathways involved in the overexpression of AmpC. 

B- Pathways for 
AmpC 
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The outer membrane porin OprD has a specific impact on resistance to the carbapenem (Trias 

& Nikaido 1900a). The loss of OprD has been shown to decrease the susceptibility of P. 

aeruginosa to meropenem and imipenem (Gutierrez et al. 2007; Wang et al. 2010). It has 

been reported that OprD deficient mutants can decrease the susceptibility to imipenem from 4 

to 16 fold, and to meropenem from 4 to 32 fold (Sakyo et al. 2006), pushing the MIC values 

closer to or above the breaking point. Loss of OprD can be via mutations in the gene 

(Ocampo-Sosa et al. 2012; Sakyo et al. 2006) or inactivation via IS elements (Martinez et al. 

2012; Ruiz-Martinez et al. 2011).  

 

The last major mechanism of β-lactam resistance in P. aeruginosa is the acquisition of 

antibiotic resistance genes by LGT. As mentioned in the previous sections, such mobile genes 

can be found on plasmids, transposons or integrons, and very often these elements cooperate 

to bring multiple resistance genes together and facilitate their dissemination. Phenotypic and 

molecular detection tests have been developed for known β-lactamase encoding by mobile 

genes, as β-lactamase genes have had a rapid growth in numbers in recent years (Bradford 

2001). In clinical isolates of P. aeruginosa it has become common that the analysis of single 

resistance mechanisms fail to fully account for complex phenotypic resistance profiles. This 

can be true even when resistance profiles of the β-lactam family of drugs is considered in 

isolation. Thus, understanding multi-drug-resistance requires the consideration of all the 

mechanisms that drive its development. In addition to heritable genetic changes in 

chromosomal genes and the capture of new genes by LGT, some resistance phenotypes can 

be associated with stochastic changes in a population which may be influenced by the 

environment (Minoia et al. 2008b; Rainey et al. 2011). 

 



1.10 Biases in analysis 

Understanding how resistance emerges and what elements mobilize resistance genes in P. 

aeruginosa is complicated by a number of factors. The majority of isolates for which 

genomes have been completely sequenced were isolated from clinical settings (Pseudomonas 

genome data base www.pseudomonas.com/index.jsp). Firstly, many clinical surveys are 

commonly restricted to predetermined resistant isolates based on arbitrary cut offs for 

particular resistance phenotypes. This can exclude isolates that may carry genes that, while 

expressing resistance below the specified cut-off, may nonetheless allow resistance genes to 

go undetected and act as silent reservoirs for the rapid emergence of strains of clinical 

significance (Girlich et al. 2002; Henrichfreise et al. 2007; Lindstedt et al. 2003).  

 

Another important bias is highlighted by the approaches used to survey class 1 integrons. 

Most such surveys use targeted PCRs that require the presence of a 3’-CS to recover a 

product (Levesque et al. 1995). This strategy, which takes advantage of the conserved regions 

that flank cassette arrays, is a useful tool for the rapid recovery of inserted gene cassettes 

even in the absence of specific knowledge of the nature of the cassette array. However this 

strategy fails when the 3’-CS is deleted or missing and over-estimates the frequency with this 

type of class 1 integron are present. Another bias in class 1 integrons screening is the 

frequency with which some arrays are reported. For example, most independently identified 

arrays are relatively short, comprising one, two or three gene cassettes (Partridge et al. 2009). 

Longer arrays however are less likely to be recovered by PCR for technical reasons. This is 

especially true for strains that contain multiple integrons where competition between 

templates leads to a bias towards recovery of shorter arrays even where the presence of a 3’-



CS, in theory, allows the generation of other PCR product. These biases can render this type 

of PCR screening of limited value as an epidemiological or diagnostic tool even though they 

are commonly applied in these contexts. For example, the complex transposon Tn6060 

contains two class 1 integrons (Roy Chowdhury et al. 2009). One of these integrons contains 

a VIM-1 gene as part of the larger of the two arrays present. Initial PCR screening in the 

diagnostic lab in which the strain was first analysed amplified the smaller array but not the 

larger one, thereby not initially identifying the presence of VIM-1 (HW Stokes personal 

communication). At the time this was the first reported case of VIM-1 in Australia, a fact not 

known until more detailed analysis had been performed (Roy Chowdhury et al. 2009). 

 

It is likely that the major mechanisms that drive resistance gene spread in some groups of 

bacteria may not apply in others. Consequently, a full appreciation of the ways that mobile 

elements cooperate to spread resistance can only be gained by not extrapolating too broadly 

between Genera in relation to this question. For example, it is widely reported that plasmids 

are a primary vehicle for the LGT of resistance genes between cells in Gram negative 

bacteria. Much of this belief is driven by the identification of integron and transposon 

associated resistance genes on plasmids in the Enterobacteriaceae. While this is a reasonable 

conclusion for the Enterobacteriaceae it is misleading in the context of P. aeruginosa in our 

opinion.  There are a number of examples of this potential “misdiagnosis” in the literature. In 

Rieber et al (Rieber et al. 2012) despite finding no transconjugants/transformants harbouring 

GIM-1 genes, they nonetheless imply the genes are present in a non-conjugative plasmid on 

the basis of extrapolation from a previous study. More broadly, there are numerous reports 

showing that class 1 integrons are present in diverse P. aeruginosa clonal lines and that these 

lines display no obvious evidence of plasmids (Martinez et al. 2012; Siarkou et al. 2009). The 



misleading idea that plasmids are the main force behind the movement of elements in most 

bacteria is also as a consequence of the lack of genetic context information of integrons in the 

database (Stokes et al. 2012). We surveyed 450 entries in GenBank obtained for the terms 

‘Pseudomonas aeruginosa’ and ‘integron’, which revealed that only 18 confirmed the 

genomic location. Six of these sequences were on the chromosome and twelve were part of 

plasmids. Several of these plasmids were known to be promiscuous and were selected out for 

analysis for that reason. Some of these were essentially sequence duplicates of the same 

plasmid. These results infer that other elements may be involved in movement of antibiotic 

resistance genes.  

 



1.11 Project objectives and conclusions 

Antibiotic resistance is a growing global problem with some predicting a return to the pre 

antibiotic ere where bacterial infection commonly led to death. Pseudomonas aeruginosa is 

one example of this problem. This bacterium is a major cause of infection in the likes of 

cystic fibrosis sufferers and in burns victims. Antibiotic resistance is driven by a number of 

mechanisms in P. aeruginosa. While several are understood, how they act cooperatively in 

pathogenic strains is less clear. In some isolates, resistance profiles cannot always be 

explained by identifying the common resistance determinants pathways, suggesting that other 

mechanisms may be important. Clinical isolates of P. aeruginosa isolated from four countries 

were characterized by PCR to study mobile elements and their genetic background. The 

information generated from this allowed the study of possible movement of clusters of genes. 

Specifically, it was concluded that most integron associated resistance genes are located in 

the chromosome often as part of GIs. In contrast plasmid presence, let alone linkage of 

integrons to these elements was rare. In addition, the assessment of others factors such as 

efflux pumps, inducible cephalosporinase and porins, gave valuable information about 

mechanism acting in collaboration to adapt to environment changes.  

 

 



 

 

Chapter 2 
 
 
 

Materials and Methods



Materials 

 

2.1 Buffers and solutions 

 

Buffers and solutions used in this work are listed in Appendix A. Solutions that 

required sterilization were either autoclaved at 121°C for 20 minutes or filter sterze 

using 0.20 μm syringe filter sterile-EO, no pyrogenic (Sartorius, Australia).  

 

• Phosphate Buffered Saline (PBS) 

1.53g NaCl, 1.16 g Na2HPO4 , 0.6 g KH2PO4. This was made up to 200 mL with 

distilled H2O. The solution was sterilized by autoclaving at 121°C for 20 min. 

• XS Buffer 

0.5 g Potassium ethyl Xanthogenate, 10 mL Ammonium acetate 4 M, 5 mL Tris-HCl 

1 M pH 7.4, 1.8 mL EDTA 0.5 M, 2.5 mL SDS 20 %. This was made up to 50 mL 

with distilled H2O. The solution was sterilized by filtration.  

• EDTA Solution (Ethylenediaminetetra-acetic Acid) 0.5 M 

93 g EDTA, 400 mL H2O distilled. The pH was adjusted to 8.0 with NaOH, 10 M. 

This was made up to 500 mL with distilled water. 

• Sodium Acetate Solution 3M 

24.6 g Na Acetate, 80 mL H2O distilled. The pH was adjusted to 5.2 with acetic acid. 

This was made up to 100 mL with distilled H2O. 

 



 

• 50x TAE Solution 

242 g Tris base, 57.1 mL Glacial Acetic acid, 100 mL EDTA 0.5 M, pH 8.0. This was 

made up to 1 L with distilled H2O. 

• Phenol Chloroform:Isoamyl alcohol (25:24:1) 

1 volume Phenol, 1 volume Chloroform:Isoamyl (24:1). This was mixed together and 

left to allow the phases to separate before use.  

• Normal Saline (0.9%)  

3.6 g NaCl, 400 mL distilled H2O. This was mixed together until dissolved and 

filtered.  

• Celular suspention buffer (for Pulse field gel electrophoresis,PFGE) 

5 mL Tris HCl 1M, 1.2 gr NaCl 20 mM, 50 mL EDTA 0.5 M. This was made up to 

500 mL with distilled H2O. 

• Lysis Buffer (for PFGE) 

5 mL Tris HCl 1 M, 1.5 gr NaCl 50 mM, 50 mL EDTA 0.5 M, 1 gr Deoxycholic acid 

0.2 %, 2.5 gr N-lauroylsarcosine 0.5 %. This was made up to 500 mL with distilled 

H2O. 

• Washing Buffer (TE) (for PFGE) 

5 mL Tris HCl 1 M,  2 mL EDTA 0.5 M. This was made up to 1 L with distilled H2O. 

The solution was sterilized by autoclaving at 121°C for 20 min. 

• Proteinase K buffer (for PFGE) 

93.1 gr EDTA 0.5 M pH 8.0, was made up to 400 mL and pH adjusted with NaOH 

until 9.0. Next 5 gr of N-lauroylsarcosine 0.5 % was added and volume made up to 



500 mL with distilled H2O. The solution was sterilized by autoclaving at 121°C for 20 

min. 

• TBE 10 X (for PFGE) 

108 gr Tris base, 55 gr Boric acid, 2 mL EDTA 0.5 M. This was made up to 1 L with 

distilled H2O. The solution was sterilized by autoclaving at 121°C for 20 min. 

• Transformation Solution 1 

0.39 g MES 10 mM,2.42 g  RbCl 100 mM, 2 mL CaCl2 10mM 1 M,  1.98 g MnCl2 50 

mM (MnCl2.4H2O). It was dissolved 0.39g of MES in 100mL of H2O and adjusted 

pH to 6.2 with NaOH. The other three reagents were dissolved in 50 mL of H2O. Both 

solution were mixed and pH adjusted to 5.8 with acetic acid. The final volume was 

adjusted to 200 mL. The solution was sterilized by filtration and stored at 4°C 

• Transformation Solution 2 

0.419 g MOPS 10 mM, 15 mL CaCl2 75mM 1 M, 0.242 g RbCl 10 mM, 30 mL 

Glycerol 100%. All reagents were dissolved in H2O and pH was adjusted to 6.5 with 

KOH. Final volume was adjusted to 200 mL. The solution was sterilize by filtration 

and stored at 4°C.  

 

 2.2 Broth, agar and media 

• Luria Broth (LB) 

4g Casein Peptone (Tryptone), 2 g NaCl, 2 g Yeast. This was made up to 400mL with 

distilled H2O and dissolved fully. The solution was sterilized by autoclaving at 121°C 

for 20 min. 



• LB agar  

LB containing 1.5% (w/v) nutrient agar. 

• McConkey agar 

52 gr Powder Oxoid.  The powder was dissolved in 1L of distilled water and brought 

to the boil to dissolve completely. The solution was sterilized by autoclaving at 121°C 

for 20 min. 

• Muller Hinton agar 

38 g Powder Oxoid. The powder was dissolved in 1L of distilled water and brought to 

the boil to dissolve completely. The solution was sterilized by autoclaving at 121 °C 

for 20 min. 

• SOC Medium 

2 g Casein Peptone, 0.5 g Yeast, 1 mL NaCl, 1M solution, 250 μL KCl, 1M solution. 

All reagents were mixed and made up to 100mL with distilled H2O. The solution was 

sterilized by autoclaving at 121°C for 20 min. When cold, the following was added: 1 

mL Mg ions, 2 M, 1 mL Glucose, 2M, and sterilized by filtration and brought to 

100mL with sterile distilled H2O. pH 7.0 

• Mg ions: 

The made up of the stock was by mixing: 20.33 g MgCl2.6H2O plus 24.65 g 

MgSO4.7H2O, in 100 mL distilled H2O and filtered for sterilisation. 

 

 

 



2.3 Culture conditions and storage of bacteria  

 

Overnight stationary phase cultures of clinical isolates were grown in LB media 

(section 2.2) for 16-20 hours at 37 °C on a NB-205Q shaker and incubator (Biotek), 

shaking at approximately 225 rpm. For fosmid libraries E. coli EP1300-T1R were 

plated in LB agar from -80 °C frozen stock, subcultured into LB until log phase and 

diluted 1:50 into fresh LB media reaching an OD600nm of 0.8, determined by a 

Biophotometer spectrometer (Eppendorf). 

 

Glycerol stocks of strains were made by centrifuging overnight cultures at 4000 rpm 

for 10 minutes at 4 °C using a megafuge 2.0R swing out bench centrifuge (Heraeub 

instruments) then resuspending the pellet in 1 mL of LB (Table 2.3): 40% glycerol 

and storing at -80 °C.  

 

Bacterial strains from glycerol stocks and hospital samples were streaked out for 

single colonies onto LB agar plates (section 2.2) supplemented with appropriate 

antibiotics when necessary and grown for 16-20 hours at 37 °C.  

 

 

 

 

 

 



2.4 Bacterial strains  

Clinical samples of Pseudomonas aeruginosa characterized in this study were 

collected from hospitals in Australia and three South American countries (Argentina, 

Colombia and Uruguay). In Australia de-identified patient samples were collected 

from 2009 to 2012 from two Sydney hospitals. These were ‘Concord Repatriation 

General Hospital’ and ‘Sydney Adventist Hospital’. The samples were plated onto LB 

agar plates and transported to the University of Technology Sydney in a refrigerated 

box where they were processed and stored as stated in section 2.3. 

 

 In respect to the samples from South America, the isolates were previously collected 

from different hospitals in each country and sent in accordance with an Australian 

import quarantine material permit (IP11000964, valid from 14 January 2010 to 14 

January 2012). In Argentina the samples were recovered from seven hospitals in 

Buenos Aires from 1999 to 2009: ‘Hospital de Clínicas Jose de San Martín’, ‘Hospital 

de Quemados’, ‘Hospital Carlos G Durand’, ‘Sanatorio de la Trinidad Mitre’, 

‘Hospital de Pediatria Prof Dr Juan P Garrahan’, ‘Fundación Favaloro-Hospital 

Universitario’, ‘Hospital Universitario Austral’. 

 

In Colombia the samples were collected from two cities, Bogotá and Monteria, from 

2005 to 2008. From Bogota, 11 hospitals and clinics participated in the collection of 

samples: ‘Clinica San Pedro Claver’, ‘Hospital Kennedy’, ‘Hospital el Tunal’, 

‘Hospital Universitario Clínica San Rafael’, ‘Hospital Universitario la Samaritana’, 

‘Clínica de Occidente’, ‘Hospital Universitario San Ignacio’, ‘Clínica Jorge Piñeros 

Corpas’, ‘Hospital Militar Central’, ‘Hospital Santa Clara’, ‘Políclinico Olaya’. From 



Monteria, five hospitals were included: ‘Hospital San Jerónimo’, ‘Clínica Zayma’, 

‘Clínica Fundacion Amigos de la Salud’, ‘Clínica Central de Monteria’, ‘Hospital de 

Bocagrande’. In Uruguay the samples were collected in 2008 from one hospital in 

Montevideo, ‘Hospital Central de las Fuerzas Armadas (HCFA)’. This is a hospital 

that provides health care to past and present members of the armed forces and their 

families. Consequently, it caters to a large and diverse populations within Uruguay. 

The samples were chosen without reference to their resistance profiles with the 

exception of the isolates from Uruguay, which were previously chosen for us owing 

to particular resistance to some common antibiotics. In all cases from South America, 

the identity of individual patients was unknown with the exception of basic 

demographic information. 

 

Reference and commercial strains were also used in this study. The P. aeruginosa 

reference strains PAO1 and ATCC 27853 were provided by the Cynthia Whitchurch 

laboratory at UTS.  

 

Strains used for transformation studies were E.coli XL1-Blue (recA1 endA1 gyrA96 

thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIqZΔM15 Tn10 (Tetr)]), and E.coli 

JM109 (traD36, proAB+ lacIq, lacZDM15) endA1 recA1hsdR17(rk-, mk+) mcrA 

supE44 l- gyrA96 relA1 D(lacproAB). 

 

The project had internal UTS Biosafety approval: number 2009-09-R-P. 

 

  

 

 

 



2.5 Antibiotics 

The antibiotics used in this work were in solutions or disk (Table 2.1 and 2.2).  

Table 2.1 Antibiotics kept in powder and dissolved to stock concentration for posterior 
use. 

Antibiotic Abbreviation Solvent Stock (mg/mL) 
Trimethoprim Tp Methanol at 37°C 2.5 

Chloramphenicol Cm Ethanol 25 
Kanamycin Km Water 25 
Tetracycline Tc Water 2.5 
Gentamicin Gm Water 25 

Streptomycin Sm Water 50 
Nalidixic Acid Nx Water 25 

Rifampicin Rf Methanol 25 
Imipenem Imp Phosphate Buffer, pH7.2 5.12 

Meropenem Mem Water 5.12 
 

Table 2.2 Antibiotics in Disk 

Antibiotic Abbreviation Disk content 
Imipenem Imp 10μg 

Meropenem Mem 10μg 
Cefepime FEP 30μg 

Aztreonam ATM 30μg 
Gentamicin Gm 10μg 
Tobramycin TOB 10μg 

Amikacin AK 30μg 
Ciprofloxacin CIP 5μg 

 

 

2.6 Primers 

Primers were designed using the Primer3web (http://primer3.wi.mit.edu/) software. 

The primers were ordered from two different companies, Sigma Aldrich (Australia) 

and Integrated DNA Technologies (IDT, Australia). The complete list of primers used 

in PCR, sequences, cloning and RT-PCR are in Appendix B. 



2.7 Enzymes  

Enzymes used in this project are listed below in Table 2.3. 

Table 2.3 Enzymes used and their restriction site 

Enzymes Provider Concentration 
(U/μL) 

Buffer Restriction 
Site 

BamHI Promega 10 E 10x G▼GATCC  
CCTAG▲G 

PstI Promega 10 H 10x CTGCA▼G  
G▲ACGTC 

SpeI NEB 10 NEB 2 or 4 A▼CTAGT 
TGATC▲A 

NEB stands for New England Biolabs. Black triangles indicate the point of strand 

cleavage, 

 

2.8 Vectors and plasmids 

 

Vectors 
 

• pMMB67EH: 8828bp, Ampicilin R (Figure 2.1) 

• pJAK16: 12kb, Chloramphenicol R, which is pJAK17 with the cloning restriction 

site inverted (Figure 2.1). 

• pCC2FOSTM cloning vector for fosmid constructions (Figure 2.2) 

 



               

Figure 2.1 Cloning and expression vectors pJAK17 and pMMB67 

Figure 2.2 pCC2FOSTM Vector map. Not all restriction enzymes that cut only once are 

indicated above. Images taken from epicentre (an Illumina company) protocol for Copy 

ControlTM  HTP Fosmid Library. 

 

Plasmids  
 

R388 (Avila & de la Cruz 1988) 

pUB307 (Bennett, Grinsted & Richmond 1977). 

 



2.9 Commercial kits and chemicals 

 

All commercial kits and chemicals used for this study are presented in Table along 

with supplier information.

Table 2.4 List of commercial kits and chemicals used 

Genomic DNA mini kit Bioline, Australia 
HiYield Plasmid Mini, Midi and Maxi Real Biotech Corporation, New 

Zealand 
Mango MixTM Bioline, Australia 
Esmerald Amp® Max PCR Master Mix TaKaRa Bio Inc, Australia 
Wizard SV Gel and PCR clean up kit Promega, Australia 
CopyControlTM HTP Fosmid Library 
Production Kit 

Epicentre, Australia 

Plasmid-SafeTM ATP-Dependant DNase Epicentre, Australia 
T4 DNA Ligase New England Biolabs, Australia 
RNeasy minikit Qiagen, Australia 
Dnase I Qiagen, Australia 
High Capacity RNA to cDNA kit Life Technologies, Australia 
FastStart Universal SYBR green master Rox Roche, Australia 
Ethanol (EtOH) Sigma, Australia 
Phenol Sigma, Australia 
Chloroform-Isoamyl Sigma, Australia 
Ethidium Bromide Progen, Australia 



Methods 

2.10 DNA extraction  

2.10.1 XS buffer 

Genomic DNA from bacterial samples was extracted using the XS DNA extraction protocol 

(Tillett & Neilan 2000). A pellet derived from a 1.5 mL overnight bacterial culture was 

collected by centrifugation (14000 rpm, three minutes), resuspended in 1 mL of XS buffer 

(section 2.10.1) and incubated for one hour at 70 °C, with mixing by inversion every 20 

minutes. The lysed cells were placed on ice for 30 minutes to allow for the precipitation of 

cell debris. The cell debris was removed by centrifugation at 14000 rpm for 10 minutes and 

the supernatant collected into a fresh Eppendorf tube. DNA was precipitated from the 

supernatant using an equal volume of isopropanol. The precipitated DNA was then washed in 

70% ethanol and air-dried for 10 minutes, before re-suspending in miliQ sterile H2O. To 

remove RNA from the extracted genomic DNA, the sample was incubated at room 

temperature for 30 minutes with RNaseA. 

 

2.10.2 Lysis of Cell 

Genomic DNA was extracted by lysis through boiling the bacteria culture. Fifteen μL of an 

overnight culture of the isolate of interest was added to a clean eppendorf tube containing 

35μL of sterile MqH2O. The sample was incubated at 99 °C for 6 minutes and kept on ice 

until used. 

 



2.10.3 Ethanol precipitation of DNA

Ethanol (EtOH) precipitation was used to concentrate samples of DNA and for extraction of 

DNA for buffer changes. Briefly, the salt concentration in the sample was adjusted by adding 

1/10 volumes of sodium acetate, pH 5.2 (final concentration of 0.3M). If the sample was in a 

solution containing salt, the salt was adjusted accordingly to achieve the correct final 

concentration. After mixing, 2 to 2.5 volumes of cold 100% ethanol was added and left at -

20°C for more than 20 minutes. The sample was spun at maximum speed in a microfuge for 

10 to 15 minutes. The supernatant was discard and the pellet washed with 70% EtOH. The air 

dried pellet was resuspended in the appropriate volume of sterile H2O mQ. 

 

 2.10.4 DNA and plasmid extraction with commercial kits
 

2.10.4.1 DNA extraction for fosmid library 

Genomic DNA from bacterial samples to be used for fosmid library construction was 

extracted with the commercial Genomic DNA mini kit (Bioline, Australia) to obtain high 

quality and high yields of genomic DNA. The DNA extraction was performed following 

manufacturer instructions. For each fosmid constructed, six replicates of DNA extraction 

were performed to obtain enough yield.  

 

2.10.4.2 Plasmid extraction 

Plasmid DNA from bacterial samples was extracted using the commercial kit HiYieldTM 

Plasmid Mini, Midi or Maxi kit (Real Biotech Corporation, New Zealand), following the 

manufacturer instructions. 



2.10.5 Phenol/chloroform purification (for fosmid libraries) 

Phenol/chloroform purification was performed to eliminate contaminants from the DNA 

extraction. One volume of Phenol:Chloroform:Isoamyl alcohol (25:24:1) (section 2.1) was 

added to one volume of the DNA sample and mixed by inversion for approximately 30 

seconds. The mix was centrifuged at room temperature for 10 minutes at 14,000 rpm. The 

upper aqueous phase was removed and placed into a new tube and one volume of 

Chloroform:Isoamyl alcohol (24:1) was added. The sample was mixed by inversion and 

centrifuged as before. This step was repeated twice. The upper aqueous phase was removed 

and mixed gently with 1/10 volume of 3 M sodium acetate pH 5.2 and 2.5 volumes of ice 

cold 100% ethanol. This was incubated at -20°C for 30 minutes. Afterwards, DNA was 

precipitated by centrifugation at 14,000 rpm for 10 minutes at room temperature, washed 

with 70% ethanol, air dried for a few minutes and re-suspended in miliQ H2O. 

 

2.11 Polymerase chain reaction  

 

Polymerase Chain Reaction (PCR) was performed for amplification of specific DNA regions. 

For amplification of products of not more than 5 Kb, Mango MixTM (Bioline, Australia) was 

used. Each 20μL reaction contained 1μL 10 μM each of forward and reverse primers, 10 μL 

of Mango MixTM, 2 μL of 30-90 ng of template DNA, and sterile MqH2O up to 20 μL. 

Thermal cycling was performed using a Master cycler epigradientS (Eppendorf) 

thermocycler. Initial denaturation and cell lysis occurred at 94 °C for two and a half minutes 

followed by 30 - 35 cycles of denaturation for 30 seconds, annealing at 55 - 65 °C for 30 

seconds and extension at 72 °C for up to 5 minutes. Final extension took place at 72°C for 



seven to ten minutes before maintaining the thermocycler temperature at 4 °C until reactions 

were removed. 

For amplification of products of more than 5kb EmeraldAmp® MAX PCR Master Mix 

(TaKaRa Bio Inc, Australia) was used. Each 25 μL reaction contained 1μL 10μM each of 

forward and reverse primers, 12.5 μL of EmeraldAmp® MAX PCR Master Mix (2X 

Premix), 2 μL of 30 - 90 ng of template DNA, and sterile MqH2O up to 25 μL. Thermal 

cycling was performed using a Master cycler epigradientS (Eppendorf) thermocycler. Initial 

denaturation and cell lysis occurred at 94 °C for two and a half minutes followed by 30 cycles 

of denaturation at 98 °C for 10 seconds, annealing at 60 - 65°C for 30 seconds and extension 

at 72°C for 1min/kb. Final extension took place at 72 °C for seven to ten minutes before 

maintaining the thermocycler temperature at 4°C until reactions were removed. 

The template DNA used in amplification came from genomic extracted DNA, by XS buffer 

or commercial kits, pre diluted one hundred times before adding, or DNA extracted by lysing 

cells by boiling (15 μL of overnight culture with 35 μL of sterile MqH2O) 

2.12 Agarose gel electrophoresis  

 

DNA fragments and PCR products were visualised on 0.8 to 2% agarose gels (Appendix A) 

run in a TAE buffer (section 2.1). In the case of DNA samples, 4 μL were pre mixed with 5 x 

Loading Buffer Blue (Bioline, Australia) before gel loading. Gels were directly loaded with 

PCR products from 6 to 14 μL as the PCR Mango mix contain the loading dye, while in the 

case of samples without loading buffer already incorporated were treated as the DNA 

samples. Three μL of HyperLadderTM I (Bioline, Australia) was run alongside the samples for 



DNA quantification and as a size standard. Gels were run at 70 - 110 V for 30 minutes to 2 

hours and were then stained in EtBr (0.5μg/mL) for 30 min and destained in distilled water 

for five minutes. Gels were photographed with a Kodak DC290 camera on a UV 

transillumintor and analysed with Carestream Molecular Imaging software (standard edition 

v5.0.2.30). 

 

2.13 Quantification of DNA samples 

 

DNA was quantified via two methods. Accurate DNA quantification was measured by a ND-

1000 Nanodrop Spectrophotometer and ND-1000 3.3.0 software. Approximate quantification 

was done via gel electrophoresis (section 2.12) and a comparison against marker bands. 

 

2.14 DNA gel extraction and PCR clean up  

PCR fragments were purified from agarose gels prior to sequencing. This was done using 

Wizard SV Gel and a PCR clean up kit (Promega, Australia) 

 

 



2.15 Fosmid library  

Fosmid libraries of entire bacterial genomes were constructed to gain an understanding of the 

genetic context of the integrons identified in relevant isolates. The libraries were prepared 

following the manufacturer instructions with the CopyControlTM HTP Fosmid Library 

Production Kit (Epicentre an Illumina company, Australia). First, genomic DNA was 

extracted as indicated in section 2.10.5 followed by phenol chloroform purification (section 

2.10.7), obtaining sheared DNA of approximately 40 kb. DNA quality and concentration was 

confirmed by running the sheared DNA next to a 40 kb and 200 ng/μL DNA size standard on 

0.8% agarose gel at 18 V for 16 hours. Afterward, a maximum of 20 μg of the sheared DNA 

was end repaired, followed by ligation to the pCC2FOS fosmid vector by overnight 

incubation. 

The fosmid vectors were packaged into phage particles and used to infect EPI300TM-T1R 

cells. The infected cells were plated onto LB plates containing 12.5 μg/mL of 

chloramphenicol (Table 2.1). Five hundred colonies were screened for the presence of the 

intI1 gene using primers HS915 and HS916 and in some cases the presence of other DNA 

sequences were also assessed, such as IS26 and oprD. All colonies were frozen at -80 °C and 

positives clone/s for the gene/s screened were purified and frozen as a second batch. Some 

positives clones were chosen for plasmid extraction (section 2.10.6) and sequenced firstly 

using vector primers pCC2FOS forward sequencing primer (5’ 

GTACAACGACACCTAGAC 3’) and pCC2FOS reverse sequencing primer (5’ 

CAGGAAACAGCCTAGGAA 3’) that read into the insert (Figure 2.3). The genetic context 

of the class 1 integrase gene, or other DNA regions of interest were later sequenced using 

internal sequencing primers (Appendix B). 



                                   

Figure 2.3 Oligonucleotides and Insertion point of insert into Copy Control Vector 
pCC2FOSTM. Image adapted from Copy Control TM HTO Fosmid Library Production Kit with 
pCC2FOSTM Vector, Epicentre. 

 

 

2.16 Sequence and bioinformatics analysis 

Purified PCR products and plasmids from fosmid clones were sequenced at the Macquarie 

University sequencing facility. The sequenced nucleotide chromatogram files were analysed 

using MacVector with Assembler version 11.1.1. The sequences were next compared with 

the NCBI database using BLASTanalysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify 

closely matched genes. Possible new Open Reading Frames were analysed with ORF finder  

(http://www.ncbi.nlm.nih.gov/projects/gorf/). Insertion elements were analysed also by IS 

finder (https://www-is.biotoul.fr//). Gene cassette annotation was assessed though the RAC 

database (http://www2.chi.unsw.edu.au:8080/rac/). Transposon annotation was done through 

the Tn Number Registry (http://www.ucl.ac.uk/eastman/research/departments/microbial-

diseases/tn) (Roberts et al. 2008). 



2.17 Random Amplification of Polymorphic DNA (RAPD) 

This PCR-based methodology is a rapid discriminatory method for typing bacterial isolates. It 

can be used for the primary screening of large numbers of isolates because of its efficiency 

(Giske et al 2006). Each reaction mixture of 20 μL consisted of 2 μL 40 ng of genomic DNA, 

10 μL Mango MixTM, 1 μL primer 208 (5’ ACGGCCGACC 3’) (Mahenthiralingam et al. 

1996), and sterile MqH2O up to 20 μL. PCR amplification was performed using a Master 

cycler epigradientS (Eppendorf) thermocycler as follows: 4 cycles, with 1 cycle consisting of 

5 min at 94°C, 5 min at 36°C, and 5 min at 72°C and 30 cycles, with 1 cycle of 1 min at 

94°C, 1 min at 36°C, and 2 min at 72°C, followed by a final extension step at 72°C for 10 

min (Mahenthiralingam et al. 1996). RAPD products were run in a 1.5% agarose gel (section 

2.12). The analysis of the band pattern was performed based on the Tenover criteria (Tenover 

et al. 1995), considering isolates to be different when ran in triplicate and consistently 

showing 2 or more band differences between isolates. 

 

2.18 Pulse field gel electrophoresis for Pseudomonas 

aeruginosa 

Pulsed-field gel electrophoresis (PFGE) is a technique used for genotyping of isolates and is 

useful for epidemiologic studies of potential outbreaks in hospitals or communities (Tenover 

et al. 1995). PFGE was performed by using a modification of the protocol reported by Pitout 

(2007). Briefly, a single colony was inoculated into 3 mL of LB broth and incubated for 16 

hours at 37 °C. The tubes were centrifuged and the pellet was resuspended in 200 µl of cell 



suspension buffer. From the cellular suspension a dilution was made to a final absorbance of 

0.8-0.9 OD600. From this suspension 150 µL was pre-heated to 55 °C for 5 minutes, before 

mix carefully with an equal volume of molten 2% low melting point agarose made up with 

TBE (Bio-Rad Laboratories), and cast into plug molds until solidify. Plugs were incubated 

over night at 50 °C in 1 mL of Lysis buffer and 0.5 mg/mL proteinase K. After incubation 

plugs were rinsed and washed in Wash buffer at 50 °C and 200 rpm, changing the buffer 

every 30 minutes at least 5 times. Plugs can be kept until 6 month at 4 °C.  

Following the wash, the plugs were digested with 20 U of SpeI enzyme (New England 

BioLabs) at 37 °C for 18 hours. The plugs were loaded into a 1% low melting point agarose 

(Bio-Rad Laboratories) gel in TBE, as well as a lambda ladder (Bio-Rad Laboratories) used 

as the molecular weight marker. PFGE was performed on a CHEF-DRR III System (BioRad) 

at 14 °C for 23 hours under the following conditions: block 1, initial switch time 5 seconds, 

final switch 15 seconds for 10 hours; block 2, initial switch 15 seconds, final switch 60 

seconds for 13 hours; angle 120°, voltage gradient 6 V/cm. Gels were stained with ethidium 

bromide (1 µg/ml) and images were captured with Kodak DC290 camera on a UV 

transillumintor and analysed with Carestream Molecular Imaging software (standard edition 

v5.0.2.30). The PFGE patterns were analysed with Gel Compar II software, using the band-

based Dice coefficient with a 1% position tolerance, and the norms of Tenover (1995). The 

isolates were considered genetically related if the Dice coefficient correlation was 80% or 

greater. 

 

 



2.19 Identification of plasmid by PCR incompatibility 

typing  

 

Incompatibility group identification has been commonly used to classify plasmids (Novick 

1987). Using a PCR methodology approach based on replicon typing (Carattoli et al. 2005) it 

is possible to identify plasmids involved in antibiotic resistance spread (Carattoli 2009). The 

samples that were intI1 positives underwent this screening. To recognise the major 

incompatibility groups five multiplex and three simplex PCR were performed using extracted 

genomic DNA (Carattoli et al. 2005). The PCR reactions were set up as described in section 

2.11 using Mango MixTM (Bioline, Australia) with primers from Appendix B. 

 

2.20 Determination of antibiotic resistance 

2.20.1 Disk diffusion method 

This method is applicable for fast growing aerobic bacteria and is a simple and efficient 

technique based on the relation between the cut off concentration and the antibiotic 

concentration that can be achieved in blood or urine (Bauer et al. 1966). The disk diffusion 

method was performed following the reported Bauer technique (Bauer et al. 1966). Briefly, 

Mueller Hinton agar was prepared following the manufacturer’s instructions. After 

autoclaving, the medium was cooled to 50 °C and 25 mL poured in each agar plate. 

Afterwards, the bacterial suspension was prepared by selecting three to four morphologically 

similar colonies from an overnight culture using a sterile loop or cotton swab. Cells were 



transferred into a sterile capped glass tube containing a sterile saline solution. After mixing 

the suspension, the turbidity was adjusted to McFarland Standard 0.5 (OD600 nm should be 

0.132) with a sterile saline solution. After the turbidity was adjusted the bacterial suspension 

was used within 30 minutes to avoid changes in the cell number. The inoculation of the plates 

was performed by immersion of a sterile swab in the bacterial suspension, rotating it agains 

the walls of the tube to eliminate excess liquid, and swabbing the surface of the agar plate by 

rotating the plate 60 degress and swabing again. After the plates were dry the antibiotic disks 

were applied at no less than 2 cm apart from each other (Table 2.2). In addition, from the 

bacterial suspensión, a loop was taken and inoculated in LB plates and streaked for single 

colonies to confirm that only one colony morphology was recovered. The plates were 

incubated for 16 to 18 hours at 37 °C before reading the results. The diameter of the halo of 

clearance around the antibiotic disk was measured and compared with CLSI norms (CLSI. 

Performance Standards for Antimicrobial Susceptibility Testing 2010) to determine 

suseptibility or resistance against the antibiotic tested. Apart from the isolates tested, the 

control strain Pseudomonas aeruginosa ATCC 27853, was always included in the study to 

verify the disk activity. Where colonies were observed inside the halo of inhibition, samples 

were re-tested for possible resistant mutants, contamination or a heterogenous population. 

 

2.20.2 Broth micro-dilution method  

This is a commonly used technique to determine the minimal inhibitory concentration (MIC) 

of strains for an antibiotic. In a broth dilution method a growing culture is inoculated with a 

constant number of bacterial cells and increasing concentrations of the antibiotic agent. The 

lowest concentration of the antibiotic that prevents visible growth defines the MIC. The broth 

micro-dilution protocol followed was as reported in (Wiegand, Hilpert & Hancock 2008). 



Briefly, Mueller Hinton broth was prepared following manufacturer instructions. Antibiotic 

dilutions (Table 2.5) were prepared in Mueller Hinton broth and 50 μL of each antibiotic 

dilution was added to respective wells in a labelled 96 - well sterile microtiter plate. The last 

two columns of the plate were used as a growth control and sterile control respectively. The 

bacterial suspension was prepared as described in section 2.20.1 and each well was 

inoculated with 50 μL of the previously diluted 1:100 bacteria suspension. The microtitre 

plate was incubated at 37 °C for 16 -18 hours. As before, a sample from the bacterial 

suspension was inoculated in LB plates for a purity check, as well as cell inoculum density, it 

should be 5 x 105 cfu/mL. The strain of Pseudomona aeruginosa ATCC 27853 was also 

included in the study to verify antibiotic activity. The test to be validated needed to have 

growth in the growing control and no growth in the sterile control. The minimum inhibitory 

concentration was determined as the lowest concentration of antibiotic in which growth could 

be observed. The values obtained were compared against the CLSI norms to determine break 

points (CLSI. Performance Standards for Antimicrobial Susceptibility Testing 2010). 

Table 2.5 Scheme for preparing antibiotic dilutions for broth micro dilution. Adapted from 
(Wiegand, Hilpert & Hancock 2008). The final volume of antibiotic dilutions should be adjusted to 
the volume needed, considering that a 96 - well microtitre plate with only one antibiotic will need at 
least 400 μL of each antibiotic dilution. 

Stage 
Antimicrobial 
concentration 

(μg/mL) 
Source 

Volume of 
antibiotic 

stock solution 
(mL) 

Volume 
sterile 

broth (mL) 

Antimicrobial 
concentration 

obtained 

Final 
concentration 

in test 

1 5120 Stock 1 9 512 256 

2 512 Stage 1 1 1 256 128 
3 512 Stage 1 1 3 128 64 
4 512 Stage 1 1 7 64 32 
5 64 Stage 4 1 1 32 16 
6 64 Stage 4 1 3 16 8 

 7 64 Stage 4 1 7 8 4 
8 8 Stage 7 1 1 4 2 
9 8 Stage 7 1 3 2 1 

10 8 Stage 7 1 7 1 0.5 

 



2.21 Cloning  

 

Cloning of a new gene cassette detected in the Argentinian isolate PAE2003 was performed 

to determine its possible function. The gene cassette was amplified, such that restriction 

enzymes cut sites were incorporated into the fragment ends for cloning into two different 

vectors. First, primers were designed to amplify the gene cassette targeting beyond the attC 

site and enzymes cut at its ends (BamHI and PstI). The primers used were BamHI-gcu75 

(TTTTGGATCCGTTAGGCCGTAAGGACACAT) and PstI-gcu75 

(TTTTCTGCAGACCTGATAGTTTGGCTGTGAG). PCR amplification was performed 

(section 2.11) with the above primers using the DNA of PAE2003 as template. PCR product 

was run in agarose gel to check the size and for gel extraction. Once the product was purified, 

50 μL of PCR product was digested with 3 μL BamHI (section 2.7) in a final volume of 60 

μL for four hours at 37 °C. Afterwards, the digestion mix was purified with a PCR cleaning 

kit (section 2.14). Next, 50 μL of the PCR product digested with BamHI was also processed 

with the second enzyme, 4 μL PstI (section 2.7), in a final volume of 60 μL overnight at 37 

°C. This digestion was also purified by PCR cleaning kit. 

 

In a second step, the vectors, pMMB67EH and pJAK16 (section 2.8), were extracted using a 

plasmid extraction maxi kit (section 2.10.6). Vectors were cleaned with Plasmid-SafeTM 

ATP-Dependent DNase (Epicentre, Australia) to eliminate chromosomal DNA remaining 

after the extraction. For this, 50 µL of plasmid was mixed with 10 µL 25 mM ATP, 25 µL 

10x Buffer, 160 µL H2O mQ and 5 µL PSD, with incubation overnight at 37 °C. The reaction 

was stopped by exposing the reaction mixture at 70 °C for 30 minutes, followed by EtOH 



precipitation (section 2.10.3) and resuspension in 50 µL of miliQ H2O. The vectors were 

digested with BamHI and PstI as described for the PCR product. 

 

Finally, the ligation step was done between vectors and PCR product previously digested as 

follows. Briefly, 50 – 100 ng of vector was mixed with 2 µL Ligase buffer, 5 µL PCR insert, 

1 µL T4 DNA (New England Biolabs, Australia), and adjusted with miliQ H2O to 20 µL final 

volume. Incubation was at 4 °C overnight and the reaction was stopped at 70 °C for 15 

minutes.  

 

2.22 Transformation of E. coli 

 

Transformation was achieved by pre-treating cells as follows. First, 50 mL of LB medium 

was inoculated with an overnight culture of transformable E. coli cells and grown at 37 °C 

until reaching 0.5 OD600. Cells were kept on ice for 10 - 15 minutes. Cells were harvested by 

centrifugation for 15minutes at 4 °C and 1500 rpm and re-suspended in 16 mL of ice cold 

solution 1, and kept on ice for 15 minutes. Centrifugation was repeated and this time the cells 

were resuspended in 1.6 mL of solution 2, kept on ice 15 minutes and aliquoted in volumes of 

50 to 100 µL. These were kept at -80 °C. 

 

Two cells lines were used, XL1-Blue and JM109 (section 2.4), for transforming with two 

cloning vectors containing the cassette-associated gene gcu75 (section 2.21). For 

transformation, cells were taken from -80 °C, left to thaw, and afterwards DNA was added to 

a maximum of 10 µL. The mix was left on ice for 15 – 30 minutes, before exposure to 42 °C 



for 90 seconds. Immediately after, 500 µL of LB medium was added. This was incubated at 

37 °C for 30 minutes to 1 hour before aliquots of 100 µL and 10 µL were plated in LB plates 

containing ATB as follows: pJAK16-gcu75 in E. coli XL1-Blue and JM109 selected in 

12.5μg/mL Chloramphenicol; pMMB67EH-gcu75 in E. coli XL1-Blue in 100μg/mL 

Ampicilin. The same procedure was done in parallel but without adding DNA to test for the 

appearance of possible spontaneous mutants. Control plates and samples plates were counted 

and putative gcu75 containing colonies were subcultured for purification and to prepare 

frozen stocks. 

 

2.23 Quantification of gene expression by real time reverse 

transcriptase PCR 

 

The levels of expression of ampC, mexB, mexY, and oprD were determined by real-time 

reverse transcription (RT)-PCR as described previously (Dumas et al. 2006; Savli et al 2003; 

Yoneda et al 2005). Briefly, strains were grown in 2 mL of LB broth at 37°C to mid 

exponential phase (OD600 approx 1.5 - 2). Total RNA was isolated with an RNeasy minikit 

(Qiagen, Sydney) and treated with Dnase I (Qiagen) to eliminate contaminating DNA. Two 

micrograms of total RNA were reverse transcribed to cDNA using a High Capacity RNA-to-

cDNA Kit (Life Technologies, Sydney). Quantitative RT-PCR was performed with FastStart 

Universal SYBR green master ROX (Roche, Sydney). Amplification was carried out in 

triplicate from cDNA preparations. The gene rpsL (encoding a ribosomal protein) was used 

as an internal reference to normalize the relative amount of mRNA, and PAO1 was the 

reference strain for the genes measured. Strains were considered to overexpress ampC and 



mexY when the corresponding RNA level was at least ten fold higher than that of PAO1, 

border line between five to ten fold higher, and negative if lower than five fold above the 

reference. mexB overexpression was defined as at least three fold higher, borderline two to 

three fold and negative less than two when compared with that of the reference PAO1. The 

differences in cut of between mexB and the other efflux pumps, is due to mexB levels of 

overexpression are lower as probably this pump is expressed constitutively (Oh et al. 2003). 

The expression of the oprD gene was considered to be down-regulated when the amounts of 

RNA were 0.4 times or less than that of PAO1 (Cabot et al. 2011). The primers that target 

oprD amplify a 191 bp sequence and the region chosen was identical across all the isolates 

tested.  

 

2.24 Screening for IS26 and determination of cell copy 

number by real time PCR 

 

 All isolates were screened for the presence of IS26 by PCR with primers IS26 Fw and IS26 

Rv (Appendix B). Where present, copy number was determined by real time PCR 

amplification. Individual amplifications were carried out in 10 μL volumes in a 96 - well 

plate (Eppendorf) containing 2x FastStart Universal SYBR green master ROX (Roche), 5 μM 

primers mix, and 20 ng of purified DNA. The thermal cycling profile began with 50 °C 

incubation for 2min, initial denaturation at 95°C for 10 min, followed by 45 cycles of 95 °C 

15 sec, 60 °C 45 sec, 72 °C 15 sec. The rpsL gene was chosen as the reference point to 

normalize for copy number, and primers for IS26 were designed for this study (Appendix B). 

Real time experiments were performed within triplicates and in three independent PCR runs. 



The 2-ΔΔCt method of relative quantification was adapted to estimate the gene copy number 

(Livak & Schmittgen 2001). PCR efficiencies for both genes were calculated by three 

independent ten-fold-dilution series of U61 genomic DNA and the Ct value at each dilution 

was measured. U61 genomic DNA was used as this isolate presented only one copy of IS26 

by fosmid library sequencing. PCR amplification efficiencies were more than 95%, while the 

relative efficiencies (amplification efficiencies of the target and reference gene) were similar 

(m <0.1). 

 

2.25 Assays for measuring excision of DNA from oprD 

2.25.1 Semi-quantification 

In the isolate U09 the oprD gene was interrupted by the insertion of IS26-linked integron, 

inactivating this gene. One single colony of U09 was inoculated in 3 mL LB broth and 

incubated for seven hours at 37 °C with shaking at 200 rpm. Serial ten fold dilutions were 

prepared and plated in LB agar to obtain single colonies. After 24 hours of incubation 96 

colonies were picked and grown in LB broth at 37 °C overnight. DNA extracted by lysing 

cells through boiling was used as the template for PCR amplification. Internal primers 

HS1279 and HS1280 for oprD were employed (Appendix B). In addition, a PCR was 

performed on DNA from the same 96 cultures with primers that target intI1 and oprD 

(HS916- HS1279). Products amplified were sequenced. In an iteration of the experiment with 

U09, five colonies from the positive and negative previous cohort were inoculated into LB 

plates. Eight colonies from each plate were picked and grown in LB broth in microtitre trays 

(positive N=40 colonies and negative N=40). After 24 hours of incubation PCRs were 



performed as before. The same procedure was repeated with PAE2003 using primers HS1279 

and HS1451 for oprD and IS26 Fw and HS1280 as control PCR. 

 

2.25.2 Antibiotic and UV effect 

The 80 colonies from U09 studied above (positive N=40 and negative N=40) were grown 

again in LB plates and LB plate plus Kanamycin (300μg/mL) and Trimethoprim (50μg/mL). 

At this concentration of antibiotic U09 still grows. After 24 hours of incubation PCRs were 

performed as in section 2.25.1. Simultaneously, the 80 colonies from U09 were grown in two 

well plates for seven hours at 37 °C. After this time, the plates were centrifuge and the pellet 

resuspended in sterile saline solution (NaCl 0.9%). One plate was exposure for 5 minutes 

with a hand UV light at a distance of 15 cm. Both plates were centrifuged again and cells 

resuspended in fresh LB broth and incubated over night at 37 °C. PCRs were performed as in 

section 2.25.1. 

 

2.25.3 Growing culture 

An overnight culture of isolate U09 was subcultured in 4 mL of LB broth and incubated at 37 

°C with shaking at 200 rpm for 24 hours. An aliquot of this culture was inoculated into fresh 

LB and adjusted to an OD600 of 0.2, incubated at 37 °C with shaking at 250 rpm. The culture 

was sampled at times of one, two, four, six, eight and 24 hours. PCR was performed using 2 

μL of boiled culture as template from each sample, using internal primers HS1279 and 

HS1280 for oprD beyond the insertion point of IS26, and for intI1 insertion within oprD 

(HS916-HS1279) as control band. The same procedure was performed with PAE2003 using 

primers (HS1280-HS1451) beyond the insertion point of IS26.  



2.26 Antibiotic resistance selection for transposition of 

IS26  

 

A suspension of turbidity 0.5 McFarland from isolate U61 was diluted 1:100 and inoculated 

in eight lines of a 96-well plate containing Meropenem concentrations ranging from 0.5 to 16 

μg/mL. Meropenem was chosen as it was more stable in solution than imipenem as observed 

in the laboratories. After 24 hours of incubation at 37°C, isolates resistant to > 2 μg/mL were 

selected and subcultured again into 3 μg/mL of Meropenem. Each new resistant isolate was 

re-inoculated in a higher concentration of Meropenem in increments of 1 μg/mL. The 

exposure was repeated until cells grew in Meropenem at a concentration above 16 μg/mL. 

Before each passage, isolates were screened for the excision of the element from its original 

location at tRNAgly (Martinez et al. 2012).  

 

2.27 Assay to determine excision of GI1 from its 

chromosomal location 

One single colony of C79 was inoculated in 3mL LB broth and incubated for 24 hours at 

37°C with shaking at 200 rpm. An aliquot was inoculated into 15 mL of fresh LB broth and 

the concentration of cells was adjusted to an optical density at 600 nm of 0.2 absorbance 

(Abs). The dilution was incubated at 37°C with shaking at 200 rpm. The culture was sampled 

at times of one, two, four, six, eight and 24 hours. PCR was performed using 2 μL of boiled 

culture as template from each sample, using the primers HS1458-HS1460 for extra 

chromosomal circular form of GI1, and for the chromosomal devoid of GI1 the primers 



HS1459 and HS1461 (Appendix B). To the same samples PCRs for the chromosomal 

location of GI1 were performed as controls, HS1459-HS1458 for left insertion and HS1461 

and HS1460 for right insertion.  

The same experiment was performed by adding streptomycin in increasing concentrations of 

50 μg/mL, 100 μg/mL and 300 μg/mL to the growing culture. Streptomycin was chosen as 

GI1 harboured the aadA6 gene cassette conferring resistance to streptomycin. Spectinomycin 

was not used as presented more mutations rate compared to streptomycin (data not shown). 

 

2.28 Detection of GI1 circles outside the cell 

 

One single colony of C79 was inoculated in triplicate in 3 mL LB broth and incubated for 24 

hours at 37°C with shaking at 200 rpm. After 24 hours samples of 25 μL were taken from 

each tube (S0). Next, each cells was spun down from the three tubes at 4000 rpm for 15 

minutes. From the supernatant, three quarters was removed to new tubes, followed by 

filtration with a sterile syringe filter of 0.2 μm. From each tube 25 μL were sampled 

(designated S1). In addition, 200 μL were sampled, dilutions with saline solution prepared 

and plated in LB plates to count cells remaining after filtration. Ethanol precipitation (section 

2.10.3) was performed in each of the three filter supernatant tubes. DNA was resuspended in 

a loading plasmid buffer from the HiYieldTM Plasmid Mini kit (Real Biotech Corporation, 

New Zealand), and 25 μL was sampled (S2). The S2 samples were processed according to the 

kit protocol and the DNA was eluted from the column, generating sample S3. PCRs were 

performed as for section 2.15, using 2 μL as template DNA of each undiluted sample (S1, S2, 

S3). 



2.29 Induction of competence via electroporation 

An overnight culture was diluted to an OD600 of 0.05 with fresh LB and grown to mid log 

phase (OD600 reading between 0.5 - 0.6) at 37 °C with vigorous shaking. The cells were 

promptly chilled on ice. Once cooled, they were pelleted by centrifugation at 4000 rpm at 4 

°C for 20 minutes using a megafuge 2.0R swing out bench centrifuge (Heraeub instruments). 

To wash the cells, the supernatant was decanted and the cells resuspended in an equal volume 

of chilled 300 mM Sucrose solution. The cells were pelleted as previously described and 

washed again, this time by resuspending them in half of the volume of 300 mM sucrose 

solution. The cells were pelleted again and cells were resuspended in 400 μL of 300 mM 

sucrose solution and chilled on ice for 30 minutes. 

The apparatus was set to 2.5 kV, 25 μF and the pulse controller was set to 200 Ω with a 0.1 

mm cuvette used for the electroporation. Eighty ng/μL of DNA was added to 80 μL of 

electro-competent cell and transferred to a pre-chilled cuvette. Electroporated cells were 

recovered with 1 mL of LB (P. aeruginosa, P. stutzeri) or SOC medium (E.coli) and 

elaborated for an hour at 37 °C (P. aeruginosa, E.coli) or 30 °C (P.stutzeri) with slight 

shaking for aeration. Aliquots were then plated on to selection plates and incubated overnight 

at 37 °C. 



2.30 Conjugation of GI1 into different recipients 

Five hundred μL of overnight cultures of donor and recipient cultures were mixed and spotted 

on to an LB plate, with the mixed and spotted separately as controls. The plates were 

incubated overnight at 37 °C. Colonies were thereafter scraped and washed off the plates with 

1 mL of LB broth into a sterile 15 mL Falcon tube, serially diluted up to 10-9. One hundred 

μL of each dilution, including the undiluted cells were plated on to LB plates containing 

appropriate antibiotics for the selection of transconjugants. The plates were incubated 

overnight at 37 °C and colony numbers were recorded the next day, and for the following 48 

hours. The same procedure was done with donors containing plasmids incorporated by 

electroporation (section 2.29). 

 

2.31 Natural transformation of GI1 

2.31.1 Natural transformation in patches 

This protocol was performed as described by Gestal et al. (Gestal, Liew & Coleman 2011) 

with some modifications. Briefly, a single colony of Pseudomonas stutzeri 17587, 17641 and 

Q (Streptomycin sensitive) was transferred into LB plates forming a 1 cm (or 5cm) patch. 

Patches were grown for 16 hours at 30 °C. Patches were inoculated with 50 μL of donor 

DNA, as extracted in section 2.28, S2 and S3 from P. aeruginosa C79 (Tn6162/GI1) and 

37308 (Tn6060/GI1). As negative control, patches were inoculated with 50 μL of MiliQ 

water. Plates were incubated for further a 24 hours at 30 °C. The cells were scraped off the 

plates and resuspended in PBS, and serial dilutions were made and plated in LB plus 



antibiotics as indicated in Table 2.6. P.stutzeri harbouring plasmid R388 were obtained as 

indicated in section 2.29. 

 

2.31.2 Natural transformation in broth 
 

A single colony of donor (P. aeruginosa 37308) and recipients (P. aeruginosa PS70, TS794, 

P. stutzeri 17641(R388)) were subcultured in 50 mL LB broth and incubated over night at 37 

°C (37308, PS70, TS794) or 30 °C (17641(R388)) at 250 rpm. After incubation, cells were 

pelleted at 4000 rpm at 4 °C for 20 minutes. The supernatant from the recipient was removed 

and discarded. The recipient cells were resuspended in S1 (section 2.28). This was incubated 

for seven days taking samples each day and plating them in LB plates plus antibiotic as 

indicated in Table 2.6. 

 

Table 2.6 Antibiotic selection for natural transformation study 

Donor Recipients Antibiotics selection  
C79: S2, S3  P. stutzeri 17587 

P. stutzeri 17641 
P. stutzeri Q 

200 μg/mL Streptomycin 

C79: S2, S3  P. stutzeri 17587 (R388) 
P. stutzeri 17641 (R388) 
P. stutzeri Q (R388) 

200 μg/mL Streptomycin 
100 μg/mL Trimethoprim 

37308: S1, S2, S3 P. stutzeri 17587 
P. stutzeri 17641 
P. stutzeri Q 

10 μg/mL Gentamicin 
 

 P. stutzeri 17587 (R388) 
P. stutzeri 17641 (R388) 
P. stutzeri Q (R388) 

10 μg/mL Gentamicin 
300 μg/mL Trimethoprim 

 



 

 

 

Chapter 3 
 
 
 

Genetic context of class 1 
integrons in       

Pseudomonas aeruginosa 
strains



3.1 Diversity of mobile gene cassette arrays in 

Pseudomonas aeruginosa hospital isolates 

3.1.1 Clinical class 1 integrons  

Clinical class 1 integrons, as defined for the purpose of this thesis (see Chapter 1), 

contain two conserved segments and include linked features common to Tn402-like 

transposons (Figure 3.1). The region from the inverted repeat, IRi to the attI1 site, 

including the DNA integrase, is referred to as the 5’-conserved segment (5’-CS). The 

region beyond the inserted cassette array includes a 3’-CS followed by the remnants 

of a tni transposition module and ending with the inverted repeat designated IRt.  

Figure 3.1 Generalised structure of a clinical class 1 integron. The 3’-CS consists of 
qacEΔ1, sul1 and orf5 genes. The filled vertical rectangles indicate inverted repeats (IRs) as 
shown. Filled horizontal arrows represent genes or operons and the direction of transcription. 
The filled diamond is the attI1 site, and the filled ovals are the attC sites. Gene designations 
are as described in the text. Many variants of this basic structure most commonly exist via 
insertion/deletion events generated by other insertion sequences. 

 

The study of class 1 integrons and the gene cassettes present in P. aeruginosa strains 

is important in the context of the broad spread of this element. P. aeruginosa is 



intrinsically resistant to a range of antibiotics and the presence of resistance gene-

carrying integrons has only enhanced the difficulty of drug therapy in clinical isolates. 

Partly because of this, P. aeruginosa is classed as one of the ESKAPE group of 

pathogens, so identified for the number of infections caused in hospitals (Hidron et al. 

2008). 

 

To survey the class 1 integron presence in isolates of P. aeruginosa, clinical strains 

from different geographic regions were obtained (section 2.4). P. aeruginosa isolates 

were recovered from two hospitals in Sydney (Australia), six hospitals in Argentina, 

16 hospitals from Colombia and one hospital in Uruguay. From Sydney, 300 isolates 

of P. aeruginosa were collected, without reference to any specific profile, purified 

and frozen as described in section 2.3. In some cases, the isolates studied from South 

America had been pre-selected with respect to resistance profiles. However, once 

received in our laboratory all isolates underwent the same screening protocol.  

 

A total of 439 P. aeruginosa isolates were screened for the class 1 integron integrase 

intI1. This was done by PCR (section 2.11) using the primers HS915-HS916 (Figure 

3.2, Appendix B) (Marquez, Labbate, Raymondo, et al. 2008). The template boiled 

cell culture method is described in section 2.10.2. Positive isolates for intI1 were 

subcultured and their DNA extracted by XS buffer (section 2.10.1). A 1:100 dilution 

of this extracted DNA was used as a template for PCR using primers that target the 

intI1 to confirm positive isolates for this gene. When boiling was done from the broth 

culture no false negatives were observed (data not shown).   



 

A total of 77 (18%) isolates were intI1 positive (Table 3.1) and these comprised 38 

distinct RAPD profiles (section 2.17) (Table 3.1 and Appendix A). No two countries 

had a common RAPD profile. While PFGE phylotyping is considered to be more 

sensitive in P. aeruginosa than RAPD analysis (Giske et al. 2006), the former was not 

performed as the number of screened strains made this analysis labour intensive to the 

point of being impractical (see protocol section 2.18). Irrespective, the fact that RAPD 

analysis revealed substantial clonal diversity made clear the observation that integrons 

have widely infiltrated diverse P. aeruginosa clonal groups. The 77 intI1 positive 

isolates were screened for imipenem/meropenem resistance (section 2.20). These 

types of carbapenem drugs are used for complicated infections caused by ESBL 

organisms, and they are one of the last line of antibiotics used against P. aeruginosa 

infections (Gutierrez et al. 2007; Livermore 2009; Sakyo et al. 2006; Walsh 2008). 

Over half of the 77 intI1 positive isolates were imipenem and/or meropenem resistant 

(Table 3.1). 



 

Table 3.1 Distribution of isolates positive for intI1 and cassette array in the four countries studied. 

Isolates Total intI1+ RAPDa 
No of isolates intI1+ presenting as resistant to:b 

Cassette array positive 
More than one 
cassette array IMP MER I + M 

Australia 300 16 4 13 12 12 16 7 

Uruguay 7 6 5 2 3 2 6 2 

Argentina 20 11 8 9 4 4 11 2 

Colombia 112 44 21 33 33 29 39 8 

aNumber of distinct RAPD groups found in intI1 positive isolates. No two countries had profiles in common. 

bIMP, Imipenem; MER, Meropenem; I+M, resistant to imipenem and meropenem together.Resistance was determined according CLSI standard 

guidelines (CLSI. Performance Standards for Antimicrobial Susceptibility Testing 2010)



The 77 isolates positive for intI1 underwent cassette array screening by PCR using the 

primers HS458-HS459 (Figure 3.2, Appendix B) (Holmes et al. 2003) to recover 

arrays contained within clinical class 1 integrons (that is, integrons with both a 5’-CS 

and 3’-CS as defined before). Results are shown in Table 3.1. Several isolates across 

all countries amplified more than one cassette array, observed as more than a single 

band in a gel, indicating that more than one clinical class 1 integron was present. 

Figure 3.2 Location of primers used for the screen of intI1 and cassette array in clinical 
class 1 integron. Internal primers HS915-HS916 amplify for the presence of the integrase 
gene intI1. Primers HS458-HS459 amplify for cassette arrays found in class 1 integron by 
targeting the attI1 and the qacEΔ1 in the 3’-CS respectively.   

 

3.1.2 Cassette arrays 

The general strategy for the recovery of gene cassettes described above ensures the 

amplification of a product between the 5’-CS and the 3’-CS, whether cassettes are 

present or not. In the latter case, a “no cassette” integron will generate an amplicon of 

465bp with the primers HS458-HS459. This comprises 59 bp of the 5’-CS and 406 bp 

of the 3’-CS. Integrons possessing cassette arrays will generate a larger product, the 

size of which will be equal to the total length of all cassettes present plus 465 bp.  

 



The most common sized amplicon recovered was 1.6 kb. This product was gel 

extracted (chapter 2 section 2.5) and analysed as described in chapter 2 section 2.7. 

The sequence analysis revealed the presence of a two gene cassette array, comprising 

aadA6 (gene cassette length 862 bp) and gcuD (formerly orfD) (319 bp). This array 

was first reported in a P. aeruginosa isolate from France in 1998 (Naas, Poirel & 

Nordmann 1999), although its genetic context was not reported. Subsequently, this 

array was reported in isolates of P. aeruginosa from South America and China, again 

in the absence of reported genetic context (Garza-Ramos et al. 2008; Gu et al. 2007). 

From the 30 isolates here amplifying the 1.6kb size amplicon, 18 were confirmed by 

sequencing (Table 3.2). The remaining isolates were confirmed by PCR using internal 

primers to aadA6 (HS513) and gcuD (HS1457), which amplified a product of 1026bp 

(Figure 3.3, Appendix B).   

Figure 3.3 Location of primers used for the screen of cassette array aadA6-gcuD. Primers 
HS513 and HS1457 are internal to the genes cassettes aadA6 and gcuD respectively. 

 

 

 



Table 3.2 Presence of cassette array aadA6-gcuD in isolates surveyed  

Isolates intI1+ aadA6-gcuD No of isolates sequenced 

Australia 16 12 8 

Uruguay 6 2 2 

Argentina 11 1 1 

Colombia 44 15 7 

Total 77 30 18 

 

Interestingly, of the 30 isolates presenting the array aadA-gcuD, 16 isolates amplified 

a second array. This implied the presence of a second integron. Where present, any 

second array was gel purified and sequenced with the results shown in the Table 3.3. 

A constant feature through these arrays was the presence of a β-lactamase gene 

cassette (bla gene) as well as gene cassettes conferring resistance to aminoglycosides. 



 

Table 3.3 Second cassette array recovered in isolates presenting the aadA6-gcuD 

Isolates intI1+ aadA6-gcuD 
No of isolates with a second 

array* 
Second array 

Australia 16 12 7 blaGES-5-aacA4-gcuE15-aphA15-ISPa21e 

Uruguay 6 2 2 aadB-catB3-blaOXA-129-dfrA5-aacA4 

Argentina 11 1 1 gcu36c-blaOXA-17-gcu75 # 

Colombia 44 15 5 

aadB-aacA7-blaOXA-2-gcuD 

aadB-aacA4-aadA1-blaOXA-10 

dfrA17-aadA5 

*Second array region specific which is present in the same isolate with aadA6-gcuD. 

# A third array was also amplified in this isolate: aac6Ibcr-blaOXA-1-catB3-arr3 

 



In Sydney, the class A ESBL gene blaGES-5 was found within an integron in all the 

seven strains that had two integrons (Table 3.3, Appendix A). This gene was part of a 

four cassette array in such strains and in conjunction with an integron containing the 

cassette array aadA6-gcuD. The blaGES-5 gene cassette has been reported in 

Enterobacteriaceae and P. aeruginosa isolates, and was found to be more active 

against imipenem than the previously reported GES-2 and GES-4 genes (Bae et al. 

2007). The four cassette array also contained aminoglycoside resistance genes (aacA4 

and aphA15) as well as the insertion element ISPa21e (Table 3.3). The ISPa21e 

element belongs to the family of IS1111 insertion elements (Partridge & Hall 2003b) 

and it was first reported in a P. aeruginosa isolate from a hospital in France (Poirel et 

al. 2005). In that example, the ISPa21e element was targeting the attC site in a way 

that did not generate a target site duplication, although inverted repeats were present. 

 

In the case of Uruguay, the two isolates harbouring the aadA6-gcuD array also 

amplified a second array (Table 3.3, Appendix A). This array contained the cassette 

blaOXA-129 that was first described in animals (Michael, Cardoso & Schwarz 2008) 

(Table 3.3). There is no information on the kinetics of this β-lactamase gene, but the 

corresponding protein only differs from the closely related OXA-5 β-lactamase by 12 

amino acid substitutions (AAM08183). Genes conferring resistance to 

aminoglycosides were also present in this array (aadB, aacA4), as well as genes for 

chloramphenicol and trimethoprim resistance (catB3 and dfrA5 respectively).  

 



In Argentina, only the PAE2003 isolate was found to have the aadA6-gucD array 

from the 11 that were intI1 positive. However, this isolate also presented two 

additional cassette arrays, implying the presence of three integrons in total. In one of 

these, the class D β-lactamases blaOXA-17 was present as part of a three cassette array, 

and in the second additional array of four cassettes the blaOXA-1 gene cassette was 

present (Table 3.3, Appendix A). OXA-17 has emerged as a variant of OXA-10 with 

greater activity against cefotaxime but lower catalytic efficiency against most β-

lactams (Danel et al. 1999). Aminoglycoside resistance gene cassettes, 

chloramphenicol resistance, rifampicin resistance and ORFs of unknown function 

were also found in these additional arrays. This isolate overall was resistant to all the 

anti-pseudomonas antibiotics, with the exception of Polymixin B, making it consistent 

with the newly introduced descriptor extremely drug resistant (XDR) that describes 

strains completely (or nearly) resistant to all the clinically important antibiotics 

(Magiorakos et al. 2012). Much of this extreme phenotype is linked to cassette genes 

in this Argentinian strain. 

 

In Colombia, 15 isolates presented the cassette array aadA6-gcuD, with only five 

isolates presenting a second cassette array. Interestingly, the second array was 

different through the isolates, indicating different events of acquisition (Table 3.3, 

Appendix A). In three isolates the array was aadB-aacA7-blaOXA-2-gcuD. The other 

two isolates had different second arrays: aadB-aacA4-aadA1-blaOXA-10 and dfrA17-

aadA5. As seen in the other countries, OXA enzymes are frequently recovered in 

clinical isolates of P. aeruginosa.  

 



Apart from the above  mentioned cassette arrays, other arrays were recovered in class 

1 integron positive isolates, but without the array aadA6-gcuD. These are shown in 

Table 3.4. The arrays vary in size and in the type of gene cassettes harboured. From 

Table 3.4 it can be observed that there is a predominance of genes conferring 

resistance to aminoglycosides.  

 

Table 3.4 Other cassette arrays recovered in the four countries surveyed. These arrays do 
not have association with the array aadA6-gcuD 

Australia Uruguay Argentina Colombia 

aadA7 aadA7 blaIMP-13-aacA4 aadA1 

aac(3)Ic-cmlA5 aacA4 aacA4-gcuD aadB-aacA4 

blaVIM-1-aacA4-aphA15-aadA1 blaVIM-1 aacA4-aacA7 
aacA7-aadB-aadA16-

blaOXA-10 

aadB-ISUnCu1-aadA2 aacA4- blaOXA-2-gcuD aadB-aacA4  

  blaGES-1-aadA2  

  aadB-orf unk-aacA4-aadA1  

 



3.2 Genetic context of class 1 integrons in               

Pseudomonas aeruginosa clinical isolates 

Integrons are not autonomously mobile and in a clinical context require other mobile 

elements to assist their movement between replicons and between cells. Thus, 

understanding the genetic context in which integrons are found and, more broadly, 

understanding how mobile elements cooperate generally is essential in ultimately 

managing the resistance problem. As we have argued (Stokes et al. 2012), too much 

emphasis is placed on examining resistance genes independent of the genetic contexts 

in which they are found.   

 

One major aim of this work, therefore, was to investigate the genetic context in which 

integron-associated gene cassettes were found in a broad cohort of P. aeruginosa 

strains.  As a starting point we selected a number of isolates containing a class 1 

integron with the aadA6-gcuD array for more detailed analysis. First, fosmid libraries 

from several strains were constructed (section 2.15), followed by sequencing of 

relevant clones (section 2.16). The isolates chosen, apart from having been derived 

from different geographic areas, were isolated in different years. The origin of 

infection or colonization was also different (Table 3.5). Here the main features of the 

integron regions of the five strains examined are explained. 



Table 3.5 Isolates selected for fosmid library construction 

 

aabbreviations: m, month; y, year; IPM, imipenem; MEM, meropenem; ATM, aztreonam; CAZ, ceftazidime; FEP, cefepime; GEN, gentamicin. 

MIC values were interpreted following CLSI standard guidelines (CLSI. Performance Standards for Antimicrobial Susceptibility Testing 2010). 

Isolate Country 
Date obtained 

(m/y or y) 
RAPD Origin 

MIC (μg/mL)a 

IMP MEM ATM CAZ FEP GEN 

C79 Australia 4/ 2010 A-Aus Urine 128 256 <8 64 <8 >256 

U09 Uruguay 5/ 2008 B-Uru Catheter 8 16 <8 4 <8 >256 

U61 Uruguay 7/ 2008 B-Uru Urine <0.5 2 <8 8 <8 >256 

PAE2003 Argentina 2007 A-Arg 
Bronchoalveolar 

lavage 
64 16 >32 >64 >32 >256 

PS68 Colombia 12/ 2005 C-Col Swab wound 16 6 <8 16 <8 >256 



3.2.1 Genetic contexts of class 1 integrons harbouring aadA6-

gcuD 

 

Fosmid clones containing class 1 integrons and surrounding regions were sequenced 

in each of the five strains studied. It was found that the aadA6-gcuD array was 

embedded in a clinical class 1 integron module, with a typical 3’-CS and truncated tni 

module (ΔtniB-tniA). A copy of the insertion element ISPa7 was found between the 

intI1 gene and IRi (Figure 3.4). This was the same insertion point as previously 

reported for P. aeruginosa isolates from Italy in the integron In70.2 (Riccio et al. 

2005). As with the Italian isolates, the ISPa7 was 1669bp long, contained 17bp 

inverted repeats flanked by characteristic direct repeats, and the transposase gene was 

transcribed in the same orientation as intI1.  

Figure 3.4 Structure of class 1 integron harbouring the cassette array aadA6-gcuD in the 
five libraries constructed. The filled vertical rectangles indicate inverted repeats (IRs) as 
shown. Filled horizontal arrows are as described in the text. 

 

The five isolates (Table 3.5) were also identical in that the integron was harboured in 

a Tn1403-like transposition module (Stokes, Elbourne & Hall 2007), designated 

Tn6162. However, the point of insertion of the integron differs in three of the five 

isolates (Figure 3.5). In the isolates C79, U09 and U61 the integron was located 



between the res site and the orfDCBA module, at the same point of insertion (Figure 

3.5). In the isolates PAE2003 and PS68 the integrons were located in a region 

between the IR of Tn6162 and the urf2 gene (118bp); however, the point of insertion 

is different. The integron in PAE2003 was inserted 94 bp from the IR of Tn6162; 

meanwhile, in PS68 the distance between the IR and the insertion of the integron was 

106bp. 

Figure 3.5 Tn1403-like module and integron insertion points. Vertical arrows represent 
the location of the clinical class 1 integron in the different isolates. Tn6060 right or left 
integron indicate the insertion of the two integrons harboured by this transposon. The filled 
vertical rectangles indicate inverted repeats (IRs) as shown. Filled horizontal arrows are as 
described in the text. 

 

The sequence of the region between the IR of Tn6162 and the gene urf2 correspond to 

118 bp, shown in Figure 3.6 as Tn6162-C79. In the isolates PAE2003 and PS68 the 

118bp sequence is interrupted by the insertion of the integron with formation of direct 

repeats (see Figure 3.6 green boxes). 

Tn6060-left integron 

PS68 

PAE2003 
C79, U09, U61, 
Tn6060-right integron 



Figure 3.6 Sequence from IR at left end of Tn6162. The sequence Tn6162-C79 
corresponds to the 118bp between the IR of Tn6162 and the gene urf2 in isolate C79. The 
sequence Tn6162-PAE2003 and Tn6162-PS68 correspond to the region from the IR of 
Tn6162 to the direct repeats generated by the integron insertion in isolates PAE2003 and 
PS68 respectively. The sequence Tn6060 corresponds to the region from the IR of Tn6060 to 
the point of insertion of the integron, which corresponds to 118 bp of the region in Tn6162 
and 130bp of the end of the gene urf2 in isolate 37308. Green square boxes mark the direct 
repeats. 

 

 

In addition, the orientation of the integron with respect to the Tn module is reversed in 

two isolates, compared with the other three (Figure 3.7). In the isolates C79, U09 and 

U61 the integron 5’-CS is immediately adjacent to the res site and the tnp module 

(Figure 3.7A). In contrast, in PS68 and PAE2003 IRt is closer to the tnp module 

(Figure 3.7B).  

IR Tn6162 left end 



Figure 3.7 Structure of Tn6162. A. Orientation of the integron in the isolates C79, U09 and 
U61. B. Integron orientation in isolates PS68 and PAE2003. Top line depicts the transposon 
backbone in which the integron (bottom line) is inserted. Vertical arrow indicates the point of 
insertion. The filled vertical rectangles indicate inverted repeats (IRs) as shown. Filled 
horizontal arrows are as described in the text. Isolate C79 GenBank accession number 
JF826498. 

 

The orientation and location of the integrons in Tn6162 gives an insight into the 

evolution of the highly similar transposon Tn6060. This transposon was reported in a 

blaVIM-1 Pseudomonas aeruginosa strain isolated in Sydney and was the first reported 

presence of VIM1 in Australia (Roy Chowdhury et al. 2009). In this isolate, 37308, 

there was a transposition module that was also almost identical to Tn1403 but with 

two separate integrons. These two integrons were oriented in a highly unusual ‘tail to 

tail’ fashion (Figure 3.8A). Interestingly, each of the two orientations are collectively 

reflected in the Tn6162 transposons in the cohort of five isolates examined here 

(Figure 3.8). In Tn6060 the IRi of the integron to the right (Figure 3.8A) is inserted in 

A. 
C79 
U09 
U61 

B. 
PAE2003 
PS68  



the same location as the integrons in C79, U09 and U61 (Figure 3.5). Furthermore, the 

integron to the left (Figure 3.8A) is inserted 248 bp from the IR of Tn6060. This 

location is near but different to the equivalent points for PS68 and PAE2003 (Figure 

3.5). Interestingly, 542 bp of the 860 bp of the urf2 gene was found in inverted 

orientation, compared with Tn1403 and its integron derivatives in the five strains 

examined here, between the IRt regions of the two Tn6060 integrons (region 2 in 

Figure 3.8). A likely evolutionary scenario is that the immediate, or nearly immediate, 

ancestor of Tn6060 had a structure similar or identical to the element seen in U09, 

U61 and C79. This element then captured a second integron which involved excision 

of the mer operon and some ORFs.  



Figure 3.8 Structure of Tn6162 compared with Tn6060 (GQ161847). Numbered 
horizontal lines indicate regions common to Tn6060 and Tn6162. Tn6060 drawing is a 
modified version of Figure 1 from Roy Chowdhury et al (Roy Chowdhury et al. 2009). The 
general organization is as for Figure 3.1. 
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A notable feature of both transposons Tn6060 and the copies of Tn6162 across the 

five strains was their location in the chromosome. Despite the difference in the class 1 

integrons and other structural and organizational features such as their orientation, the 

transposons were all located at the same point (gene PACL_0401) in a previously 

described GI in the clinical strain PACS171b of P. aeruginosa (Hayden et al. 2008). 

This GI was not present in the reference strain PAO1 of P. aeruginosa (accession 

number AE004091). The strain containing this GI was recovered from a cystic 

fibrosis patient in the United States, but in this case the GI did not possess any 

transposon or associated integron (accession number EU595750). As this GI was not 

originally named in the isolate PACS171b, in this thesis I will refer to it as Genomic 

Island 1 (GI1). GI1 is therefore the backbone GI irrespective of whether 

transposons/integrons are present or absent in particular isolates. 

 

The sequences of the islands in PACS171b (Accession number EU595750), 

GI1/Tn6162 (C79, U09, U61, PAE2003, PS68) and GI1/Tn6060 (37308) were 

compared and found to be highly similar. However, the GI1 elements harbouring 

Tn6162 or Tn6060 both presented two deletions of 113bp and 2,869bp in length 

compared with the reference island in the cystic fibrosis strain (Table 3.6). The larger 

deletion corresponded to a region immediately after the point of insertion of 

Tn6060/6162, involving the genes PACL_0401 to PACL_0403 (Figure 3.9A). The 

deletion resulted in the loss of the first 62bp of PACL_0401, all of the gene 

PACL_0402, and part of PACL_0403, leaving behind the remaining 111bp of this last 

gene (Figure 3.9B). As shown in Table 3.6, there is a high correlation between the 

presence of transposons Tn6162 or Tn6060 and the presence of the two deletions in 

GI1. 



Table 3.6 Comparison of GI1 between first report and the five isolates studied in detail 

Isolates GI1+ GI1+ intI1+  GI1+ Tn+ GI1 region missing 

PACS171b + - - No 

C79 + + Tn6162 ~2.8 kb, 113 bp 

U09 + + Tn6162 ~2.8 kb, 113 bp 

U61 + + Tn6162 ~2.8 kb, 113 bp 

PAE2003 + + Tn6162 ~2.8 kb, 113 bp 

PS68 + + Tn6162 ~2.8 kb, 113 bp 

37308 + + Tn6060 ~2.8 kb, 113 bp 

 

+ Indicate positive by amplification by specific PCRs. - Indicate negative amplification by PCRs. GI1 
regions missing between genes PACL_0401 and PACL_0404. 

 

Figure 3.9 Schematic drawing of rearrangement region in GI1. A- GI1 as first described 
in the strain PACS171b with no transposon or class 1 integron (EU595750). B- GI1-
Tn6060/6162 as described in isolate 37308 (GQ161847) and C79 (JF826498). Full arrows 
represent the complete genes. Notched arrow represents the genes that had deletions. Vertical 
lines represent the point of insertion. The region missing in isolates 37308 and C79 between 
genes PACL_0401 and PACL_0403 account for 2,869 bp.

 



Despite the variations in sequence, both the original PACS171b and the strains with 

GI1, with either transposon, had the GI located in the same place in the chromosome, 

specifically interrupting the gene PA2749. This gene is annotated as a DNA-specific 

endonuclease I in the P. aeruginosa reference isolate PAO1 (protein id AAG06137.1). 

The ends of the GI had identifiable inverted repeats (Figure 3.10), suggesting 

insertion by a transposition event. However, there was no obvious presence of a target 

site duplication. A second notable feature of the GI insertion point, when compared 

with PAO1, was that one IR (on the right – Figure 3.10) included two bases from the 

chromosomal gene PA2749 (Figure 3.10). The implication of this will be expanded on 

chapter 7.  

 

Figure 3.10 Boundary of insertion point of GI1 in the core genome. Arrows under the 
sequence indicate the IR of GI1. 

Core Genome (no Genomic island)            AACACATCG

Genomic island (Left end) TGTGAAATATGCC    ------------ GGCACATTTCA   (Right end) 



3.2.2 Genetic contexts and location of the second class 1 integron  
 

The five isolates studied in detail, C79, U09, U61, PAE2003 and PS68, possessed at 

least a second integron with the associated second array being region specific (Table 

3.7). Furthermore, these second integrons (and third in the case of U09 and PAE2003) 

were all in different locations in the chromosome, with four different genetic contexts. 

In the first instance, the second integron/transposon, as listed in order for each strain 

in Table 3.7, will be discussed individually.  



Table 3.7 Characteristics of the five isolates studied by fosmid library 

Isolate Country
Date 
obtained 
(m/y or yr)

Origin RAPD
No of 
intI1 

Location Array

Clinical 
Antibiotic 
Resistance 

Profile

C79 Australia Apr-10 Urine A-Aus 2 
Tn6162/GI1 aadA6-gcuD IMP, MEM, CAZ, 

GENTn6163/GI2 blaGES-5-aacA4-gcuE15-aphA15-ISPa21e

U09 Uruguay May-08 Catheter B-Uru 3 

Tn6162/GI1 aadA6-gcuD

MEM, GEN, CIPIS26-like/oprD aadB-catB3-blaOXA-129-dfrA5-aacA4

IS26-like/tRNAgly aadB-catB3-blaOXA-129-dfrA5-aacA4

U61 Uruguay Jul-08 Urine B-Uru 2 
Tn6162/GI1 aadA6-gcuD

GEN, CIP
IS26-like/tRNAgly aadB-catB3-blaOXA-129-dfrA5-aacA4

PAE2003 Argentina 2007
Bronchoal

veolar 
lavage 

A-Arg 3 

Tn6162/GI1 aadA6-gcuD

IMP, MEM, CAZ. 
GEN, CIP, AZT

Tn5393 gcu36c-blaOXA-17-gcu75

Unknown aac6Ibcr-blaOXA-1-catB3-arr3

PS68 Colombia Dec-05 Swab 
wound 

C-Col 2 
Tn6162/GI1 aadA6-gcuD IMP, MEM, CAZ, 

GEN, CIPIS6100/Tn5393 aadB-aacA7-blaOXA-2-gcuD 

 

MIC values were interpreted following CLSI standard guidelines (CLSI. Performance Standards for Antimicrobial Susceptibility Testing 2010).



3.2.2.1 Isolate C79 – Sydney 

In the Sydney isolate C79, the second array recovered (Figure 3.11) a product of 4.6 

kb by PCR with the primers HS458 and HS459. The sequence of one fosmid clone 

from which this product was recovered revealed an array of four gene cassettes and an 

insertion element ISPa21e targeting the attC of the last gene cassette (Figure 3.11). 

The integron harbouring this array, despite still possessing some of the features of a 

clinical class 1 integron, had apparently undergone modification as a consequence of 

insertion of this IS. Beyond the ISPa21e there was a 3’-CS, although orf5 had been 

interrupted by insertion of the element IS6100. Despite the presence of IS6100, the 

IRt of the integron was still found immediately after the IR of IS6100. A copy of an 

IS4-like element (64% transposase protein identity to IS4) was located between the 

end of intI1 and IRt (Figure 3.11).  

Figure 3.11 Structure of Tn6163. The general organization and symbols are as for Figure 
3.1. Tn6163, IS4-like element with 62% protein identity to accession number NC_007336.1. 
aacA4-like gene cassette with 25 nucleotides replacing nucleotides 1 to 24 of the standard 
cassette. GenBank accession number JF826499. 

 



This integron was embedded in a mercury resistance transposon and possessed tnp 

and mer operon sequences identical to Tn4380. This transposon, without an integron, 

has a small number of precedents in the databases, including in the plasmid pMOL30, 

present in the environmental soil bacterium Cupriavidus metallidurans strain CH34 

(accession number CP000354.2). The point of insertion of the integron in this 

transposon in C79 was interrupting the urf2 gene, as commonly seen in Tn21 

transposons, and was designated Tn6163. The transposon was presumed to be non-

functional, as a copy of the element IS1071 was interrupting the transposase gene.  

 

The transposon Tn6163 was flanked by direct repeats, implying capture by 

transposition, and was located in the chromosome in a second GI, here designated 

GI2. A GI closely related to GI2, LESGI-3 of 100 kb, has previously been reported in 

LESB58, an epidemic strain in the United Kingdom, and is located in the 

chromosome (Winstanley et al. 2009). Although the exact location of GI2 in the core 

genome of C79 was not determined, LESGI-3 is located in the gene PA2583 in the 

core genome of PAO1 (accession number AE004091).  

 

 

 

 

 

 



3.2.2.2 Isolate U09 – Uruguay 

The second integron in the Uruguay isolate U09 recovered a product of 4 kb by PCR 

with primers HS458 and HS459. The sequence of one fosmid clone, from which this 

product was recovered, showed an array of five gene cassettes in a clinical class 1 

integron (Figure 3.12). Interestingly, one of the gene cassettes was a blaOXA-129. 

Previously, this cassette has been seen only once, in a Salmonella enterica serovar 

Bredeney isolate from a pig in Brazil (Michael, Cardoso & Schwarz 2008). The 

integrase gene intI1 was truncated by the insertion of 375 bases the latter of which has 

no relative in the databases. The sequence had no obvious open reading frame (when 

analysed with the ORF finder); however, it was flanked by direct repeats, indicating a 

non-conservative translocation (red filled vertical rectangles in Figure 3.12). 

Therefore, for the purpose of this thesis, this sequence will be referred to as an 

unknown IS. The unknown IS was immediately adjacent to a copy of IS26. The 

insertion point of the integron and the associated IS26 was within the chromosomal 

gene oprD (Figure 3.12). Insertion into oprD is noteworthy since loss of this gene is 

associated with increased levels of resistance to carbapenem (Gutierrez et al. 2007; 

Lister, Wolter & Hanson 2009; Wang et al. 2010). The sequence beyond the 3’-CS 

revealed a Tn21-like mer operon. Beyond this was a tRNAGly gene followed by a 

sequence of a GI similar to PAGI-2C (Larbig et al. 2002) (Figure 3.12).  



Figure 3.12 Structure and location of IS26-linked integron in U09. The general 
organization and symbols are as for Figure 3.1. The red filled vertical rectangles represent the 
direct repeats of unknown IS. oprDΔ is an insertional inactivation of the oprD gene. PA0957 
is a gene located in the core P. aeruginosa genome (accession number AE004091). GenBank 
accession number JF826500. 

 

 

3.2.2.3 Isolate U61 – Uruguay 

The isolate U61 was recovered from the same hospital as U09 but two months later. 

Both isolates presented identical RAPD profiles and cassette arrays. The only notable 

variances between the two were different MIC values for imipenem and meropenem 

(Table 3.7). The sequence of one fosmid clone from which the second U61 cassette 

array was recovered revealed that the IS26-linked integron structure was identical to 

the one recovered in U09 (Figure 3.13). However, the location of this integron was 

different. In U61, the sequence beyond IS26 consisted of about 4 kb. This region was 

identical to a sequence from another GI located in the chromosome of the β-

proteobacterium Herminiimonas arsenicoxydans (Muller et al. 2007). H. 

arsenicoxydans is a recently characterized bacterium associated with arsenic-

contaminated water and sediments. In U61, the 4 kb region is followed by a tRNAgly 

gene located in the P. aeruginosa chromosome.   



Figure 3.13 Structure and location of IS26-linked integron in U61. The general 
organization and symbols are as for Figure 3.1. The red filled vertical rectangles represent the 
direct repeats of unknown IS. HEAR2053 refers to a conserved hypothetical protein 
(accession number CAL62196.1), and HEAR2054 refers to a DNA integrase (non-integron) 
protein (accession number CAL62197.1) the gene for which is located in the genome of a 
Herminiimonas arsenicoxydans strain. The corresponding encoded proteins found here match 
most closely to these. PA2820 is a gene located in the core P. aeruginosa genome (accession 
number AE004091). GenBank accession number JN559393. 

 

To investigate if U09 possessed a copy of IS26 at the tRNAgly gene, the strain was 

subjected to a PCR with primers that target IS26 and the tRNAgly gene (Appendix B). 

U09 was positive. Sequencing of a different fosmid clone of U09 that amplified a 4 kb 

product confirmed that U09 has two identical copies of the large IS26-linked element, 

one in oprD and the second adjacent to the tRNAgly, as seen in U61. Therefore, it is 

hypothesized that U09 is a direct descendant of U61 by replicative transposition, 

which placed a second copy of the element in oprD in the former isolate. The oprD 

gene encodes the porin OprD, which of the antibiotics is substrate specific for 

carbapenem (Wolter, Hanson & Lister 2004). The lack of this porin in the membrane 

significantly decreases the entry of carbapenem to the cell and increases resistance to 

carbapenem, as observed in U09.  

 



3.2.2.4 Isolate PAE2003 – Argentina 

The Argentinian isolate PAE2003 amplified three cassette arrays of approximately 1.6 

kb, 2.3 kb and 3 kb by PCR with primers HS458 and HS459. From the fosmid library, 

500 clones were screened for the three arrays; however, only the two smaller arrays 

were recovered in the intI1 positive clones. This was a likely consequence of how 

fosmid libraries are constructed (section 2.15). DNA is sheared randomly to 40 kb and 

inserted into a vector, and in this process the integron and the cassette array can be 

disrupted and inserted in different vectors and will not be detectable by the usual 

screening. Despite this, the sequence of the cassette array, obtained from a PCR 

amplicon, showed that the 3 kb array contained the cassettes aac6Ibcr-blaOXA-1-

catB3-arr3.  

 

The third array recovered from PAE2003 was that which was present the amplicon of 

2.3 kb. The sequence of the one fosmid clone, which generated this product, revealed 

an array of three gene cassettes, gcu36c-blaOXA-17-gcu75 (Figure 3.14). The gene 

cassette gcu75 was previously described in Aeromonas sp. isolates (Kadlec et al. 

2011). Although in this published case no attC was detected. In the PAE2003 isolate 

the gene presented a clear attC site. The possible function of this gene cassette will be 

analysed later in this chapter. This array was linked to a truncated clinical class 1 

integron. Specifically, the integrase gene intI1 is interrupted by the insertion of an 

element with no homolog in the database. Surprisingly, this element is the same as 

that observed in the integrase of the second array of U09 and U61 (unknown IS). It is 

also in the same location: at 800 bp from the start of the intI1 gene (red filled vertical 

rectangles in Figure 3.14). In all cases, the same duplication of four bases, TGTT, was 



present at the ends of the inserted region. The 3’-CS was followed by the 

chloramphenicol genes cml1 and cmx1, with the loss of IRt (Figure 3.14). 

 

 

Figure 3.14 Structure of 2.3 kb array in isolate PAE2003. The general organization and 
symbols are as for Figure 3.1. The red filled vertical rectangles represent the direct repeats of 
unknown IS. 

 

The integron harbouring the 2.3 kb array (Figure 3.14) formed part of a mosaic 

transposition module. Upstream of the IRi, there was found the transposition module 

of Tn5393, composed of the transposase tnpA and the resolvase tnpR. This transposon 

is wide-spread throughout different bacteria (L'Abee-Lund & Sorum 2000; Sundin & 

Bender 1995). Immediately adjacent to the chloramphenicol genes cml1 and cmx1 

was the truncated transposase gene from the transposon Tn5564. The event/s leading 

to this structure was likely to have been the result of the insertion of a copy of IS6100 

(Figure 3.14).  

 

The insert end points of the fosmid clone were identified by sequencing from primers 

that targeted the vector adjacent to the insertion point. This sequence confirmed that 

the class 1 integron was located in the chromosome of the host. Specifically, the 

sequence of the boundaries showed high similarity with genes from LESGI3 (96% 

similarity to PLES_26731), a GI already reported in our Sydney isolates and 

denominated GI2 (Martinez et al. 2012). 



3.2.2.5 Isolate PS68 – Colombia 

The second cassette array amplicon recovered in the Colombian isolate PS68 was 3 

kb. The sequence of one positive fosmid clone for this array revealed an array of four 

gene cassettes, aadB-aacA7-blaOXA-2-gcuD, harboured in a clinical class 1 integron 

(Figure 3.15). The blaOXA-2 gene cassette was first described in the plasmid R46 (Dale 

et al. 1985), and since then variants have appeared (Danel et al. 1997). Two copies of 

the insertion element IS6100 flanked the integron, one beyond the IRt in the 3’-CS 

and the other interrupting intI1 (Figure 3.15). This composite transposon was inserted 

into the srtA gene next to the transposition module of Tn5393, which was also 

interrupted by the presence of a tetracycline resistance gene (Ramos et al. 2005). The 

boundaries of this fosmid clone showed that the class 1 integron was located in the 

chromosome of the bacterium. The sequencing of the fosmid clone boundary 

exhibited high similarity with a gene from the core genome of PAO1 (98% sequence 

similarity to 2570.1). 

Figure 3.15 Structure of second array in isolate PS68. The general organization and 
symbols are as for Figure 3.1. 

 

The five isolates studied showed a variety of gene cassettes and integron genetic 

contexts. However, a key feature was that all were in the chromosome at different 

locations. This was an important finding as it is generally accepted that plasmids are a 



major vehicle for the dissemination of class 1 integrons in P. aeruginosa clinical 

isolates, even when the evidence for this is equivocal or, worse, contradictory (Stokes 

et al. 2012). To further confirm that plasmids are not as relevant in P. aeruginosa 

isolates as in Enterobacteriaceae, the isolates here were screened for plasmid 

presence by incompatibility typing (section 2.19). Interestingly, no plasmids were 

detected in the studied five isolates. Despite the fact this technique was developed for 

commonly recovered Enterobacteriaceae plasmids (Carattoli 2009; Carattoli et al. 

2005), many of these same plasmid groups (e.g. IncP, W, N) are common to P. 

aeruginosa. The main features of the five isolates are summarised in Table 3.7. 



3.3 Location of multi resistant 

integrons/transposons: Plasmid or chromosomes?  

 

The sequence of fosmid clones provided information of genetic context and location 

of class 1 integrons in P. aeruginosa isolates. This information was used to screen the 

complete cohort of P. aeruginosa isolates. Primers used for walking through the 

fosmid clones as well as new designed primers were used in the screening (Appendix 

B).  

 

3.3.1 Presence of GI1 and transposon Tn6162 

As was shown above in the study of five different isolates, the cassette array aadA6-

gcuD was always associated with the transposon Tn6162. Furthermore, this 

transposon and the closely related Tn6060 were located in the same GI1 with the 

same point of insertion. To determine the dissemination of GI1 and Tn6162, the 439 

P. aeruginosa isolates from across all four countries were tested for the presence of 

this GI. That is, I asked the question, is this GI present even if the strain lacks an 

integron? For this purpose, primers targeting the region adjacent to the insertion point 

of Tn6162 transposon were designed. The primers target the gene PACL_0400 

(HS1152-HS1153), the sequence of which was conserved through the five isolates 

previously studied (C79, U09, U61, PAE2003 and PS68) as well as in the strain 

PACS171b (Figure 3.16). The specificity of the primers was confirmed from the 

sequence of two positive PCR products per country studied.  



Figure 3.16 Location of primers for screening of GI1 and Tn6162. The general 
organization and symbols are as for Figure 3.7. Primers HS1152 and HS1153 amplify for the 
presence of gene PACL_0400, a conserved gene through the five isolates studied in GI1. 
Primers HS954 and HS1064, and HS964 and HS1063 amplify the regions of insertion of 
Tn6162 and Tn6060 in GI1.  

 

From the 439 isolates screened for the presence of GI1, with or without a 

transposon/integron, 53 isolates were positive (Table 3.8) including the five isolates 

examined in detail. The rates of GI1 per isolate screened were higher in South 

America compared with Australia (Table 3.8).  

 

Table 3.8 Isolates that amplified for the presence of GI1. Isolates from the four countries 
surveyed were assessed. The isolates for which fosmid libraries were done were included. 

Isolates Total GI1 GI1-intI1+ GI-Tn6162 GI1- aadA6-gcuD 

Australia 300 20 14 14 12 

Uruguay 7 3 3 2 2 

Argentina 20 5 5 1 1 

Colombia 112 25 20 17 15 

Total 439 53 42 34 30 

 

GI1-intI1+ refers to isolates that were positives for GI1 and intI1 by PCR amplification. GI-Tn6162 
refers to isolates that amplified for the presence of Tn6162 in GI1 as well as the cassette array aadA6-
gcuD. 

 



 

 As a next step, the 77 isolates intI1-containing isolates were screened for GI1. Of 

these, 42 were positive (Table 3.8), including the five strains studied in detail. These 

42 GI1 and intI1 positive isolates were screened for a copy of Tn6162 that may have 

been in a location other than that previously identified in GI1. Two sets of primers 

targeting the transposon Tn6162 in the insertion point of GI1 were used (Figure 3.16). 

The pair, HS954-HS1064, bound before the gene PACL_0401 and after the IR of 

Tn6162 respectively. This pair would generate a product if Tn6162 was present in 

(amplicon size 298bp) or near the GI1 location seen previously (Figure 3.16). The 

second set of primers targeted the transposase of Tn6162 (HS1063) and the 

interrupted gene in GI1 PACL_0401 (HS964), amplifying a product of 2.4 kb if 

present. Both sets of primers (HS954-HS1064 and HS964-HS1063) were designed to 

amplify the insertion point in Tn6060, and the transposition module and its location 

are identical to Tn6162.  

 

As shown in Table 3.8, 34 isolates generated products with both primers, thus 

confirming the presence of Tn6162. The other 19 isolates did not amplify a product 

with either set of primers. The amplicons generated with primers HS954-HS1064 and 

HS964-HS1063 from the positive Argentinian isolate, the two positive Uruguayan 

isolates, and two randomly selected positive isolates from Colombia and Australia 

were sequenced to confirm the specificity of the primers.  

 

Surprisingly, only 30 of the 34 isolates positive by PCR amplification for the 

backbone of Tn6162 presented the cassette array aadA6-gcuD (Table 3.8). Two 



isolates from the Australia positive for the backbone of Tn6162 harbour a different 

cassette array comprising an aadA7 gene (isolates TS55 and TS630, Appendix A). 

Meanwhile, the two Colombian isolates presented the array aadA1 associated with 

Tn6162 (isolates PS85 and PS152, Appendix A). These results suggest that more than 

one array can harbour the GI1-Tn6060/6162 associated module.  

  

Eleven P. aeruginosa isolates from Australia and Colombia were recovered 

harbouring GI1 with no transposon or integron insertion (Table 3.9) as first described 

in the strain PACS171b. There were eight isolates that presented GI1 and generated a 

product for intI1 but were negative for Tn6162 (Table 3.9). To study these isolates, a 

specific PCR was designed using the information generated from the five fosmid 

clones studied. As previously mentioned, close to the insertion point of transposon 

Tn6060 and Tn6162, a specific deletion of genes (approximately 2.8 kb) was found in 

GI1 (Figure 3.17B) when compared with the reference GI1 in PACS171b (Figure 

3.17A). It was observed that there was a high correlation between the transposon 

presence and this missing region. The 2.8 kb deletion compromises the genes 

PACL_0401 to PACL_0403. Primers were designed to target sequences immediately 

before the start of the deletion (Figure 3.17). This set of primers generated a product 

of 0.6 kb in the isolates with the 2.8 kb deletion, and 3.4 kb when the deletion in 

question was not present (Figure 3.17).  

 

 

 



Table 3.9 Isolates presenting GI1 and its variations 

Isolates GI1 
GI1+

intI1+ 

Tn6162+ 

GI1+

intI1+          

noTn6162 

GI1+

no 
intI1  

GI1 region missing

3.4 kb 0.6 kb Other 

Australia 20 14 0 6 6 14 0 

Uruguay 3 2 1 0 1 2 0 

Argentina 5 1 4 0 4 1 0 

Colombia 25 17 3 5 8 16 1 

Total 53 34 8 11 19 33 1 

 

+ Indicate positive by amplification by specific PCRs. - Indicate negative amplification by PCRs. GI 
region missing correspond to the size of the product generated using primers HS1455-HS1456 
targeting immediately before the rearrangement region in GI1. 

 

 

Figure 3.17 Schematic drawing of rearrangement region in GI1. A- GI1 as first described 
in the strain PACS171b with no transposon or class 1 integron (EU595750). B- GI1-
Tn6060/6162 as described in isolate 37308 (GQ161847) and C79 (JF826498). Full arrows 
represent the complete genes. Notched arrows represent the genes that had deletions. Vertical 
lines represent the point of insertion. The bent arrows represent the primers used for 
amplification. 



Nineteen isolates (Table 3.9) generated a PCR product of 3.4 kb with the primers 

HS1455-HS1456 (Figure 3.17A), a size consistent with strains with the deletion seen 

in isolates that contain the transposons Tn6162. From the 19 isolates, 11 were 

integron negative and eight were integron positive. The amplification of the 3.4 kb 

product in these eight isolates, as well as being Tn6162 negative, suggested that the 

class 1 integron in these isolates could be located in another region.  

 

Thirty-three of 34 positive isolates for all of GI1, intI1 and Tn6162 generated a 0.6 kb 

product (Table 3.9), indicating the presence of the 2.8 kb deletion. Only one isolate 

(PS26) generated a product of 3 kb with primers HS1455 and HS1456. This product 

was not the expected 3.4 kb recovered in GI1, with primers HS1455-HS1456, without 

integron/transposon or the 0.6 kb product when the 2.8 kb deletion in GI1 is present. 

The sequence of this product revealed that beyond the IR of Tn6162 and before the 

deletion point of PACL_0401, there was inserted a copy of IS66 with its associated 

orf2 (Figure 3.18), also denominated tnpC and tnpB respectively (Gourbeyre, Siguier 

& Chandler 2010). The 2.8 kb deletion was also present. Therefore, the insertion of 

IS66 may have occurred after the insertion of the transposon Tn6162. 

 

Figure 3.18 Schematic drawing of GI1 in isolate PS26. The general organization and 
symbols are as for Figure 3.17 



3.3.2 Presence of GI2 and Tn6163 

The isolate C79 from Australia presented a second class 1 integron harboured in 

Tn6163, which was located in GI2 (Figure 3.19). Primers were designed to screen for 

the presence of the GI2 and Tn6163 in the 16 intI1 positive isolates from Australia 

(Figure 3.16). GI2 was present in ten isolates; however, only seven presented the 

transposon Tn6163 and its associated class 1 integron (Appendix A).  

 

Figure 3.19 Structure of Tn6163 in GI2, isolate C79. The general organization and symbols 
are as for Figure 3.1. Primers HS1232-HS1231 target GI2 beyond the insertion of Tn6162. 
Primers HS1261-HS1260 detect the transposition module of Tn6163, meanwhile HS1292-
HS1256 amplify the transposase of IS1071. 

 

In South America, no positive isolates for GI2 were recovered with the primers 

HS1232-HS1231 (Figure 3.19). This could mean that the island has not penetrated

there or it has undergone changes that impact one or both primer binding sites. In 

either case, the cassette array observed in Sydney that was associated with this GI2-

Tn6163 was not observed in the other three countries (Appendix A). Since the 

Australian isolates can possess GI2 but not have the transposon/integron for all of 

these, it is possible that this capture event has taken place in an Australian regional 

context. 



3.3.3 IS26 associated with class 1 integrons 

The insertion sequence IS26 is commonly recovered in isolates of Salmonella and 

other Enterobacteriaceae in association with multi resistance genes (Cain et al. 2010; 

Miriagou et al. 2005; Roy Chowdhury, Ingold, Vanegas, Martinez, et al. 2011). 

Despite this, there have been only three reports of IS26 in P. aeruginosa isolates. 

These are in the highly multidrug resistant strain NCGM2.S1 in Japan (Miyoshi-

Akiyama et al. 2011) and the isolates U09 and U61 found in this work (Martinez et al. 

2012). Amazingly, in the isolates from both Japan and Uruguay, IS26 was inserted 

into the oprD gene but in different locations, and in association with different class 1 

integrons. Therefore, the study of IS26 and the possible association with class 1 

integrons or otherwise in the cohort of isolates under study here will provide 

information if this event is rare or if the IS is more wide spread than previously 

known.  

 

All intI1 positive isolates were screened for the presence of IS26 by PCR with internal 

primers for IS26 (IS26 Fw-IS26 Rv, see Appendix B). Isolates positive for IS26 

(Table 3.10) were screened for their association with an integron, with internal 

primers for both genes (HS916- IS26 Rv). In addition, internal primers for IS26 and 

oprD were also used to screen for possible insertion of this element in the 

chromosomal porin. In this case, a set of four primers were used in four possible 

combinations (Figure 3.20, see also Appendix B). 



Figure 3.20 Possible orientations of IS26 into the oprD gene. PCR amplification to detect 
any possible arrangement was performed using internal primers to both genes. a, HS1279- 
IS26Fw; b, HS1279- IS26 Rv; c, HS1280- IS26 Rv; d, HS1280- IS26 Fw.   

 

Across the 77 intI1 positive isolates, 12 were IS26 positive by PCR, with all being 

from South America (Table 3.10). In contrast, IS26 does not appear to have infiltrated 

the Australian P. aeruginosa isolates since, as well as the intI1 carrying isolates being 

negative, additional screening revealed that IS26 was absent in all 300. In respect of 

their association with class 1 integrons, only the two previously assessed isolates from 

Uruguay (U09 and U61) were positive for a close link between IS26 and the integron 

(Table 3.10). When IS26 positive isolates were studied for possible insertion into 

oprD, apart from U09, only the isolate PAE2003 was positive by PCR with primers 

for combination “d”, as shown in Figure 3.20. As a fosmid library had been 

previously made from this strain and preserved, the library was re-screened for IS26. 

One PCR positive fosmid clone was identified. Sequencing confirmed the presence of 

the IS26 in oprD. It was found that IS26 in PAE2003 was in a different orientation 

and point location to that seen in U09 (Figure 3.21). Moreover, in the case of 

PAE2003, no integron was associated with IS26. Instead, a hypothetical protein was a 

adjacent to and linked to the IS. To confirm that there was no integron associated with 

IS26 in this strain, PCR for intI1 was done in this fosmid clone. No product was 

generated. 

IS26 Fw 

IS26 Fw 

HS1279 HS1279 

HS1280 HS1280 IS26 Rv 

IS26 Rv 



Table 3.10 IS26 screening and association with intI1 and oprD 

Isolates Total intI1 IS26 IS26-intI1 IS26-oprD

Australia 300 16 0 0 0 

Uruguay 7 6 2 2 1 (a) 

Argentina 20 11 3 0 1 (d) 

Colombia 112 44 7 0 0 

 

intI1 and IS26 correspond to the number of isolates positive for the presence of each of these two genes 
determined by PCR amplification. IS26-intI1 indicates isolates that presented a close link between IS26 
and the integron, determined by PCRs using primers IS26Rv and HS916. IS26-oprD indicates isolates 
that amplified one of the four products possible in Figure 19.  

 

Figure 3.21 Schematic representation of insertion of IS26 into oprD. In the top line the 
isolate U09 is represented. In the bottom line the isolate PAE2003 is represented. H protein 
defines a hypothetical protein linked to IS26 in PAE2003. The filled arrows indicate the 
direction of transcription for genes or operons. In the case of IS26, arrows indicate the two 
elements are in opposite orientation with respect to oprD. 

Although IS26 is common in Gram-negative Enterobacteriaceae, and commonly 

found in multi copy numbers (Cain et al. 2010), it is rare in P. aeruginosa and has 

only been reported twice previously (Martinez et al. 2012; Miyoshi-Akiyama et al. 

2011). We decided to assess the number of copies of IS26 present in the P. 

aeruginosa isolates that PCR amplified for IS26. To do this, quantitative RT-PCR 

PAE2003 

IS26 ΔintI1 Δinmer 

IS26 H. protein 

>16 kb 

>3 kb 

U09 



was performed (section 2.24). From the 12 isolates that were IS26 positive, eight had 

only one copy of the IS (Appendix A) and four (U09, PAE2003, PAE313, PS129) had 

two copies. In U09 the second copy accounts for the second copy of IS26-linked 

integron in tRNAgly as seen in U61. In the case of PAE2003 we could only recover 

one fosmid clone positive for IS26 and its sequence showed only one copy of this 

element located in oprD. This could be as a consequence of the bias of the fosmid 

libraries’ construction as explained before. In the remaining ten isolates harbouring 

one or two copies of IS26, the location of this element is still unknown. 

 

3.3.4 The unknown IS 
 

In this study an unknown IS was found (section 3.2.3) to be inserted in the same 

location at the intI1 gene in three different isolates (U09, U61 and PAE2003). 

However, it was in two different genetic contexts. In U09 and U61 the unknown IS 

was in a class 1 integron linked to IS26 (Figure 3.12 and 3.13), while in PAE2003 the 

class 1 integron was harboured by the transposon Tn5393 (Figure 3.14). The 375 

bases of the unknown IS, which has no relative in the databases, was flanked by direct 

repeats (TGTT). We decided to investigate if this element was common in our cohort 

of isolates by designing primers (HS1462-HS1463, Appendix B) and screening by 

PCR for this IS and its possible location in intI1 (HS1462-HS916). We found that 

from the 77 isolates intI1 positive only one new isolate presented the element, and it 

was associated with the intI1 gene as for the cases before. This additional isolate was 

the Argentinian strain PAE839 (Appendix A). This isolate presented a different 

RAPD profile and class 1 integron; however, it was positive for the presence of IS26.  



3.3.5 Plasmid screening by incompatibility group multiplex PCR 
 

The 77 isolates intI1 positive were screened by PCR multiplex according to the 

method of Carattoli (Carattoli et al. 2005). This methodology can identify 18 

incompatibility groups of plasmids by amplification of the replication control region. 

Most of the strains lacked known plasmids on the basis of incompatibility sequence 

PCR screening (Table 3.11). Specifically, only four isolates of the 77 possessed 

plasmids based on this method. These four isolates were all from Colombia. 

Table 3.11 P. aeruginosa isolates presenting plasmids according to incompatibility PCR 
and sequence 

Country Isolate Year Origin 
No of 
intI1 

Location Array Plasmid Inc 

Colombia PS16 2008 Foot secretion 1 Tn6162/GI1 aadA6-gcuD FIB/FIA 

PS26 2008 
Cerebrospinal 

fluid 
2 

Tn6162/GI1 

Unknown 

aadA6-gcuD 

aadB-aaca4-aadA1-blaOXA-10 
FIB/FIA 

PS112 2006 Blood 1 Unknown aacA7-aadB-aadA16-blaOXA-10 FIA/IncP 

PS117 2005 Peritoneal 
lavage 

1 Unknown aadB-aacA4 FIA 

 

As can be observed from the data below (Table 3.12), in P. aeruginosa clinical 

isolates, class 1 integrons were very commonly present in GIs or chromosomal 

locations (Figure 3.22). These results open the door to the discussion of other 

elements apart of plasmids being relevant in regard to the spread of antibiotic 

resistance in P. aeruginosa. Is noteworthy that the screening for plasmids in this work 

it is not able to detect all kind of plasmids and that this elements has been reported 

harbouring genes encoding antibiotic resistance in P. aeruginosa. However, this could 

be due to bias in the study of antibiotic elements, where specific isolates are study in 



detail if they are the cause outbreaks (Naas et al. 2013; Ramírez-Díaz et al. 2011; Xiong 

et al. 2013) and not as part of a systematic study.  

 

Table 3.12 Summary of sampled strains

Isolates Total GI1 intI1 
GI1+ 

Tn6162+ 
GI2+ 

Tn6163+ 
IS26 

IS26-
intI1 

IS26-
oprD 

Australia 300 20 16 14 7 0 0 0 

Uruguay 7 3 6 2 0 2 2 1 (a) 

Argentina 20 5 11 1 0 3 0 1 (d) 

Colombia 112 25 44 17 0 7 0 0 

Total 439 53 77 34 7 12 2 2 

 

+ Indicates positive by amplification by specific PCR. intI1 and IS26 correspond to the number of 
isolate positives for the presence of each of these two genes determined by PCR amplification. IS26-
intI1 indicates isolates that presented a close link between IS26 and the integron, determined by PCRs 
using primers IS26Rv and HS916. IS26-oprD indicates isolates that amplified one of the four products 
possible in Figure 3.19. 

 

Figure 3.22 Representation of the chromosome of Pseudomonas aeruginosa strain PAO1 
and the location of the clinical class 1 integrons in respect of it. A. PA0958, oprD-IS26 in 
isolate U09 (Uruguay). B. PA2571, second integron in isolate PS68 (Colombia). C. PA2583, 
GI2 containing Tn6163 in C79 (Australia) and second integron in PAE2003 (Argentina). D. 
PA2749, Tn6162/Tn6060 in GI1 (Australia, Uruguay, Argentina, Colombia). E. PA2820, 
tRNAGly-IS26 in isolate U61 (Uruguay). The PAO1 chromosome drawing was adapted from 
http://www.pseudomonas.com/.



3.4 A new gene cassette in a class 1 integron 

The number of gene cassettes identified in class 1 integrons conferring resistance to 

antibiotics has increased substantially in the last two decades (Partridge et al. 2009; 

Tsafnat, Copty & Partridge 2011). Thus, the recruitment of mobile genes into 

identified clinical class 1 integrons from elsewhere in the microbial biosphere 

continues. In many cases these cassette genes are identifiably linked to antibiotic 

resistance; however, in many cases the function of them is unknown, and they are 

commonly referred to as gcu (gene cassette of unknown function) followed by a 

number (Partridge et al. 2009). 

 

The study of new gene cassettes is important in continuing to assess the capacity of 

class 1 integrons to capture new genes. In this study a new gene cassette in the 

Argentinian isolate PAE2003 was identified. The gene cassette, annotated as gcu75, 

was found as part of the cassette array gcu36c-blaOXA-17-gcu75. The sequence of the 

associated attC site was consistent with the consensus for these elements (Figure 

3.23). The length of the gene cassette was 628 bp and the predicted gene 555 bp. The 

sequence of the gene was compared with the database of GenBank using a blast 

search against nucleotide and protein databases, without any similarity found. As a 

next step, the gene was analysed with I-TASSER 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/), an on-line platform for protein 

structure and function predictions. The analysis suggested two putative enzyme 

functions, one a catalase and the other as a ribonucleotide reductase (Appendix C).  

 



Figure 3.23 Nucleotide sequence of gene cassette gcu75. The gcu75 codding sequence is 
blue, and the attC site is indicated in boldface type. The predicted amino acid sequences of 
Gcu75 are shown. Vertical arrows indicate the beginning and end of the gcu75 cassette.  

 

 

 

 

 

 

 

         .         .         .         .         .         .         . 
TGCCTGCCCCTTAGCTCCAACGTTAGGCCGTAAGGACACATCCCTGCATGCCGAGAAAGTTTTCATTTAGCCCTGA 
                                       gcu75   M  P  R  K  F  S  F  S  P  D 
  
   .         .       100         .         .         .         .         .   
CGAGTACGACACGCCATCTATGCACGTGCTAAGGCAGGAGTGGCGCAATATCCCTGACGCACAAGCGCGTAACGTT 
 E  Y  D  T  P  S  M  H  V  L  R  Q  E  W  R  N  I  P  D  A  Q  A  R  N  V 
 
       .         .         .         .       200         .         .         
ATTGCCGTTGAGGCGCAGTACCTAGCCTTCCATCATTATCTAATTAGCAGCCTTCGACACCAGGCGATTGAGGGGG 
I  A  V  E  A  Q  Y  L  A  F  H  H  Y  L  I  S  S  L  R  H  Q  A  I  E  G  G 
 
 .         .         .         .         .         .         .       300     
GCGACGCGATTCCAATAGGGCTCTCTGTGCGTGCAGGCGCTCTGAAAACAGCTACGCTGCTTTGCGCTTCAATCGC 
  D  A  I  P  I  G  L  S  V  R  A  G  A  L  K  T  A  T  L  L  C  A  S  I  A 
 
     .         .         .         .         .         .         .         . 
AGAGGCGGCTCTTCGCGCACATGCGGAGGCGCGGCACTACGGCTTACCGGCGGCCGCACATCGGCGCACATTTGGC 
 E  A  A  L  R  A  H  A  E  A  R  H  Y  G  L  P  A  A  A  H  R  R  T  F  G 
 
         .       400         .         .         .         .         .       
AGAGTGTTAGGGGCTTGGCAGTTGCCCGACGAGACGCCTCGACCAGATGTAGCGGCAATCTGGACGCAACTTCAAA 
R  V  L  G  A  W  Q  L  P  D  E  T  P  R  P  D  V  A  A  I  W  T  Q  L  Q  N 
 
   .         .         .       500         .         .         .         .   
ACTTGCATGGCGGCCGCAATACAGTACATCTCTATGCTTCCATCCAAGACGGAAGTAACTTCTATGACATTCTTCA 
  L  H  G  G  R  N  T  V  H  L  Y  A  S  I  Q  D  G  S  N  F  Y  D  I  L  Q 
 
       .         .         .         .         .       600         .         
GGCTGAAAGTCAGTCTCTTGCGGAGGCAGAGCTTGTTCTTACTCACCTTCGCAACCTGGTTACGGCCTAACAACTC 
 A  E  S  Q  S  L  A  E  A  E  L  V  L  T  H  L  R  N  L  V  T  A  * 
 
 .         .         .         .         .   664  
ATTCAAGCCGATGCCGCTTCGCGGCACGGCTTAACTCAGGCGTTAG 



3.4.1 Cloning of gene cassette gcu75 

The cassette was cloned into two expression vectors to assess the potential for the 

gene to encode an antibiotic resistance determinant. The gene was amplified with 

primers targeting the ends of the gene cassette that also incorporated restriction 

enzyme cuts (BamHI at the beginning of the gene and PstI at the end). The vectors 

chosen were pMMB67EH and pJAK16 (section 2.8), in both cases the insertion of the 

gene cassette in the multi clonal site was in the orientation of the tac 

promoter/operator. Once the gene cassette was cloned into the vectors (section 2.21), 

these were transformed into two different E. coli strains, XL1-Blue and JM109 

(section 2.22). Two vectors and two E. coli strains were used in combination to enable 

different antibiotic profiles at the end (Table 3.13).  

 

Table 3.13 Vectors and E. coli strains used  

Vectors pMMB67EH Ampicillin R 

pJAK16 Chloramphenicol R 

E. coli XL1-Blue Tetracycline R 

JM109 Ampicillin R 

 

 

Transformants were recovered from the three combinations tested, pJAK16-gcu75 in 

E. coli XL1-Blue, and JM109 and pMMB67EH-gcu75 in E. coli XL1-Blue. Four 

colonies from each combination were subcultured in antibiotic plates relevant to the 

resistance gene for the vector in question. After purification of the colonies, PCR was 



performed using the primers for cloning that targeted the complete gene (BamH1-

gcu75 and PstI-gcu75, Appendix B) to confirm the presence of the gene in the 

isolates. In addition, the same colonies were screened with primers targeting the 

vectors outside the enzyme cuts (pJAK16-F-pJAK16-R, Appendix B). From the 

combination pJAK16-gcu75 in XL1-Blue, two colonies were positive for both PCR 

(lines 5 and 6 in Figure 3.24, referred to hereafter as 1.1 and 1.2). For pJAK16-gcu75 

in JM109, only one colony was positive for the gene in the vector (line 9 in Figure 

3.24, denominated 2.1). The combination pMMB67EH-gcu75 in XL1-Blue gave only 

one isolate for the correct insertion of the gene into the vector (line 14 in Figure 3.24, 

denominated 3.1). As a result, only four of the 12 transformants tested amplified the 

size expected of 1.1 kb.  

 

Figure 3.24 Amplification of gene and its insertion into vectors. Primers used: pJAK16-F 
and pJAK16-R. Lines 1 and 2 correspond to vectors pJAK16 and pMMB67EH without insert. 
Lines 3 to 6 correspond to pJAK16-gcu75 in XL1-Blue; lines 7 to 10 correspond to pJAK16-
gcu75 in JM109, lines 11 to 15 correspond to pMMB67EH-gcu75 in XL1-Blue; line 15 is 
negative control and line 16 is loaded with molecular weight marker HyperLadderTM I 
(Bioline, Sydney, Australia). 

 

 



The four positive transformants that amplified a product of approximately 1.1 kb with 

the primers targeting the vector (Figure 3.24) were sequenced. None of the four 

sequences had the wild type sequence (Figure 3.25 and Table 3.14). The difference in 

sequence was not silent, with amino acid changes occurring. Two of the transformants 

presented only one amino acid change, transformants 2.1 and 3.1 (Table 3.14). The 

transformants 1.1 and 1.2 presented two amino acid changes (Table 3.14). The 

changes may or may not affect the protein function, with polar amino acid changed 

for non-polar and vice versa. Therefore, all four clones were used in the next steps. 

 

 

Figure 3.25 Protein alignment of cloned gene gcu75. 1.1 and 1.2 correspond to the two
positive colonies from pJAK16-gcu75 in XL1-Blue; 2.1 corresponds to the positive colony
pJAK16-gcu75 in JM109; 3.1 corresponds to the positive colony pMMB67EH-gcu75 in XL1-
Blue. 



Table 3.14 Amino acid changes in the four transformants studied for the gcu75 gene 

 

Amino acid for amino acid indicates the change of amino acid observed in the transconjugants in 
comparison with the sequence from the fosmid clone. L, leucine; P, proline; N, asparagine; D, aspartic 
acid; F, phenylalanine; Q, glutamine; V, valine; A, alanine; T, threonine. Transconjugants are as in 
Figure 24. 

 

 

3.4.2 Antibiotic resistance profile of gcu75 clones

The four cloned gcu75 genes were exposed to different antibiotics to determine if 

there were any increases in resistance in the isolates owing to the presence of the gene 

cassette. E. coli strains XL1-Blue and JM109 containing only the vectors were also 

included as negative controls. The disk diffusion method was used as described in 

chapter 2 section 2.11.1. The antibiotics tested were carbapenems (Imipenem and 

Meropenem), cephems (cefepime), aminoglycosides (Gentamicin, Tobramycin, 

Amikacin) and fluroquinolones (Ciprofloxacin). No differences were observed 

between the four cloned gcu75 and their respective controls. These results do not 

disqualify the gene cassette gcu75 as being involved in some antibiotic resistance 

mechanism. More antibiotics need to be tested as well as stress conditions in which 

this gene can be included to better resolve this question. 



3.5 Discussion 

Pseudomonas aeruginosa is an opportunistic pathogen. The capture of class 1 integrons and 

their associated gene cassettes has enhanced the survival of strains of this bacterium in 

infection and colonization. This enhanced resistance via acquisition is on top of a number of 

intrinsic mechanisms capable of giving relatively high levels of resistance compared with 

other important pathogens.  

 

The frequency of the class 1 integron presence in P. aeruginosa isolates from Australia was 

almost ten-fold lower than in South America (5% against 44%). This can be explained not 

only by geographic differences but also mainly by the usage of antibiotics. The three 

countries surveyed in South America are developing countries, with high indices of poverty 

and difficulties in accessing hospitals or doctors by the general populace. As a consequence, 

antibiotics are prescribed without proper microbiological studies to support their indication 

and are accessed “over the counter”. Also, a black market economy for antibiotics is common 

in poor areas. This broader availability, along with a lack of medical oversight, probably 

means that selection for resistance is greater in these countries.  

 

The gene cassettes found in the different arrays revealed a high association between genes 

cassettes conferring resistance to aminoglycosides and β-lactamases. This may be as a 

consequence of therapeutic treatments. Aminoglycosides are commonly administrated as 

anti-pseudomonal chemotherapy for a variety of infections (Antibiotic Expert Group 2010) 

and in combination with β-lactams. The resistance to aminoglycosides owing to gene 



cassettes has proven to be a world-wide problem (Poole 2005); moreover, the number of 

variants of aminoglycoside resistance gene cassettes has grown exponentially since being 

first reported in the 1980s. In this respect it is interesting to note that in many arrays found in 

this work more than one aminoglycoside resistance gene cassette was found in the array in 

combination with an ESBL gene cassette (Table 3.3 and 3.4). 

 

Class 1 integrons are commonly found in plasmids, and conjugation is a major mechanism by 

which resistance genes are spread between cells and across Genera. However, class 1 

resistance integrons can also be found in chromosomes, and very frequently in GIs of 

pathogenic bacteria. Probably the best example of this is the genomic island 1 (SGI1) found 

in multiple serovars of Salmonella enterica (Levings et al. 2005). From the work done in this 

PhD project it is clear that this association is more common in P. aeruginosa strains than 

previously thought. The original identification of a class 1 integron/transposon, Tn6060, is 

clearly not an isolated phenomenon. Rather, complex multidrug resistant class 1 

integron/transposons within the chromosome may be common in this species. In particular, 

the GI1 in which Tn6060 (Roy Chowdhury et al. 2009) is located appears to be a very 

common class 1 integron target in that we have now recovered such integrons in  multiple 

pathogenic isolates in four very geographically and culturally disparate countries. Where 

recovered, the insertion point is the same as that seen for Tn6060, despite the internal 

structure of the transposon, integron and cassette arrays being different to that observed for 

Tn6060.  

 

It remains to be seen if the site within this GI is a hot spot for insertion or a larger part of the 

island being mobilized. It is noteworthy that even for those strains that possess Tn6162, this 

region is present in strains with different RAPD profiles (Appendix A). Thus the broad 



distribution of this and other regions cannot be explained by spread of a single clone. 

Irrespective, the spread of class 1 integron/transposons that are located on the chromosome is 

not via a single GI, since most of the strains we examined appear to have collectively such 

mobile elements in a number of different chromosomal locations, either within other GIs or 

fixed chromosomal genes (Table 3.12, Figure 3.22). In the four country comparison here, this 

locus variability is partly location specific. Of note is the resistance regions and linked mobile 

elements described here suggesting importation from either food production animals, as in 

the case of the blaOXA-129 containing the IS26 element, or other environmental sources, as in 

the case of Tn6163.  

 

Overall, our data suggests that chromosomal rather than plasmid dispersal may be more 

important in the spread of resistance genes in P. aeruginosa than previously realised. First, in 

the 77 intI1 strains examined here, a multiplex plasmid Inc/rep PCR (Carattoli et al. 2005) 

only detected three putative plasmids in four strains (Table 10).  Thus, it seems likely that 

even for those strains in which the integron’s location is not known the element is located 

somewhere in the chromosome. By analogy with the situation in Salmonella, one reason for 

this trend towards capture by the chromosome is that selection may be for close linkage of 

resistance genes to other pathogenicity determinants to create strains that are overall more 

virulent. In this regard, the example of U09 is worth noting since the insertion of the integron 

into the oprD gene is itself extending the antibiotic resistance profile of this strain, despite the 

fact that inactivation of this gene is likely to reduce fitness outside an infection context 

(Abdelraouf et al. 2011). Inactivation of oprD is the most likely explanation for the enhanced 

resistance of strain U09 to imipenem and meropenem compared with U61, which otherwise 

has an identical integron cassette content. Given our data, we predict that the chromosomal 



spread of diverse complex multidrug resistant regions is likely to be a common theme 

globally in P. aeruginosa pathogenic isolates.  

 

The presence of IS26 only in the P. aeruginosa isolates from South America and the 

Japanese report (Miyoshi-Akiyama et al. 2011) suggests a recent infiltration of this element 

into this species. In the Japanese isolate NCGM2.S1 (Accession number AP012280.1) the 

whole genome was sequenced. In the annotation, neither IS26 nor its location in oprD is 

clearly annotated. However, it is apparent that the IS26-linked clinical class 1 integron and a 

mer operon have a different arrangement to that of U09. Remarkably, this mer operon, the 

concomitant urf2 gene and IR Tn21 associated with the IS26-linked integron were found to 

be 99% identical in nucleotide sequence in both isolates. It will be interesting to investigate 

the clonal relationship, if any, between the Japanese isolate NCGM2.S1 and the Uruguayan 

isolates U09 and U61.  

 

In this study we found 12 isolates presenting IS26, with only four isolates presenting more 

than one copy of the element. This IS is common in the Enterobacteriaceae in numerous 

copies, and contributes to the spread of large resistance regions (Cain et al. 2010).  As in 

Enterobacteriaceae, IS26 in P. aeruginosa was found to be associated with resistance 

regions. Nevertheless, in the latter the number of copies found was lower, and it is possible 

this IS is quite new in the evolution of P. aeruginosa. It is important to establish the capacity 

of movement of IS26 and this will be analysed in the following chapters.  

 

 



 

 
 

Chapter 4 
 
 

Class 1 integrons without a 
3’-Conserved Segment



4.1 Class 1 integrons without a 3’-Conserved Segment 

As originally described (see also chapter 3), a clinical class 1 integron/transposon from 

nosocomial isolates possesses two conserved segments that flank the gene cassette array 

(Figure 4.1B). This structure is derived from a functional transposon (Figure 4.1A) that has 

suffered modifications by insertion and/or excision events. The most noticeable evolutionary 

change in a clinical class 1 integron occurred beyond (to the right in Figure 4.1) the cassette 

array. Here, the 3’-conserved segment (3’-CS) replaced part of the Tn402-like tni module 

(Stokes et al 2006) (Figure 4.1B). Despite this loss, the inverted repeats (IRi and IRt) are 

retained in the clinical class 1 integron. This outcome allows transposition to still occur if a 

co-resident transposon related to the Tn402 family is present to provide tni functions in trans 

(Brown, Stokes & Hall 1996; Partridge, Brown & Hall 2002). 

Figure 4.1 Common structures of class 1 integrons recovered in clinical isolates. The diamond 
shape indicates the attI site and ovals the attC site. A: Integron within Tn402. This contains a 
complete tni transposition region. The transposon/integron is bounded by 25-bp inverted repeats (IRi, 
integrase end; IRt, tni end). B: General structure of clinical class 1 integron where the 3’-CS has led to 
the partial loss of the tni module. The 3’-CS consist of qacEΔ1, sul1 and orf5 genes. Many variants of 
this basic structure exist via, most commonly, insertion/deletion events generated by other insertion 
sequences. C: A second non-functional Tn402-like transposon linked to a class 1 integron found in 
some clinical isolates. 



The presence of 5’- and 3’-conserved segments in the widely dispersed clinical class 1 

integrons has been used extensively in a PCR screen for the detection of the diverse 

resistance regions found in class 1 integrons (Levesque et al. 1995). We used this approach in 

chapter 3, recovering 20 different cassette arrays. This method is very powerful as long as it 

is not used as a de facto screen for the presence of any type of class 1 integron and that its 

limitations in this regard are not forgotten. Studies that screen for class 1 integrons linked to a 

functional Tn402-like transposition module (Figure 4.1A) or one that is non-functional but 

otherwise lacks the 3’-CS (Figure 4.1C), have found them in pathogenic and commensal 

isolates (Betteridge et al 2011; Tato et al 2010; Toleman et al 2007). Remarkably, as well as 

being relatively common, when different modules are compared, functional class 1 

integron/transposon are found with non-identical but related tni modules with, in several 

cases, hybrid structures (Betteridge et al. 2011; Labbate, Roy Chowdhury & Stokes 2008). 

These hybrid structures are presumed to arise by site specific resolution of replicons 

containing two different, but related, Tn402-like transposons since the sequence divergence 

boundary is located at the recombination junction of the transposon res sites (Betteridge et al. 

2011; Labbate, Roy Chowdhury & Stokes 2008).  

 

To investigate whether our cohort of strains include class 1 integrons possessing variants that 

lack a 3’-CS, we surveyed the 77 intI1 positive P. aeruginosa isolates by PCR amplification 

for the presence of the gene tniR (HS1316- HS1454) (Figure 4.2). This gene is part of the tni 

module that is absent when the 3’-CS is present (Figure 4.1). Thus, the generation of a 

product with these primers may imply the presence of a complete tni module. Is noteworthy 

that this strategy present limitation as it can exclude structures and compositions different 

from showed in Figure 4.1. From the 77 intI1 positive isolates, 18 isolates generated a 

product consistent with the predicted length of 466 bp if tniR was present (Table 4.1). Four 



randomly selected products, one each derived from the strains PS38, PS43, PS117 and PS101 

(Appendix A), were chosen to be sequenced to confirm the specificity of the primers and the 

reaction.  

Figure 4.2 Representation of class 1 integron/Tn402 and the primers used for screen tniR gene. 
Primers HS1316 and HS1454 are internal primers for the tniR gene. The PCR amplification of this 
gene generates a product of 466 bp. 

 

Table 4.1 Isolates screened for the presence of tniR and cassette array associated. 

Country tniR+ Amplification of a cassette 
array associated to tniR 

Australia 2 0 

Uruguay 2 0 

Argentina 2 0 

Colombia 12 7  

 

 

All 18 isolates positive for tniR were screened for linkage of this gene to a class 1 integron. 

To do this we used a primer targeting the tniR gene and a second primer targeting the intI1 

gene (Figure 4.3). The PCR was performed with an extension time of 5 min. Only seven of 

the 18 isolates generated products with primers HS915-HS1454, all of them from Colombia 

(Table 4.1). 



Figure 4.3 Class 1 integron within Tn402-like transposon. Primer HS915 targets an internal region 
in the intI1 gene. Primer HS1454 targets an internal region of the gene tniR. Amplification vary 
according to the size of the cassette array harboured 

  

The products generated for the cassette arrays varied in size, ranging from 2.5 kb to 4 kb, 

implying that there were at least three different arrays (Table 4.2). In the cases where an 

amplicon was generated, it was purified and sequenced, as described in sections 2.14 and 

2.16. For one isolate (PS101) that generated a product with primers HS915-HS1454 we were 

not able to generate a readable sequence. The reason for this is unclear as it did not appear to 

be just a technical issue. It is possible that two products of the same size but with different 

arrays were generated; however, time constraints did not allow for this to be resolved. 

 

Table 4.2 Isolates positive for amplification of tniR from which a cassette array was amplified 

Isolate Date HS915-HS1454 Sequence 

PS38 May-2007 3.5 kb blaOXA-101-aacA4-catB3 

PS43 Aug-2007 4 kb blaOXA-101-aacA4-catB3-aadA7 

PS47 Sep- 2007 3.5 kb blaOXA-101-aacA4-catB3 

PS50 Oct-2007 4 kb blaOXA-101-aacA4-catB3-aadA7 

PS53 Nov-2008 4 kb blaOXA-101-aacA4-catB3-aadA7 

PS101 Jun-2005 3.5 kb No readable sequence 

PS117 Aug-2005 2.5 kb aacA7-blaOXA-2 

 



The isolates PS38, PS43, PS47, PS50 and PS53 were all isolated from the same hospital 

(Hospital San Jeronimo) in the city of Monteria, Colombia (Appendix A). The isolates also 

came from the Intensive Care Unit (ICU) of this hospital; however, not all belonged to the 

same clonal group. Rather, three clonal groups were observed between these five isolates. 

This indicates a possible predominance of certain isolates in this unit from 2007 to 2008. At 

least five of the seven tniR containing integrons had three cassettes in common -blaOXA-101, 

aacA4 and catB3 (Table 4.3). In addition to these cassettes, three of the five also had a fourth 

cassette at the end of this array, aadA7. It is possible that capture of this cassette occurred by 

site-specific recombination inside this population within the sample period. If so, it is 

noteworthy that the capture occurred at the end of the array since incoming cassettes are 

presumed to favour insertion at attI1, that is, at the front of the array (Cambray, Guerout & 

Mazel 2010). Another notable feature of the San Jeronimo cohort is the fact that the tniR 

linked arrays all post-date 2006 whereas the isolates up until this time, where intI1 positive, 

do not have tniR linked arrays. It is therefore likely that the initial introduction of this 

structure and its associated array was in the period between 2006 and May 2007 (Table 4.3).  

 

As mentioned before, we also found 11 isolates that were amplified by PCR for the tniR gene 

but did not generate a PCR product for an associated cassette array (HS915-HS1454) (Table 

4.1). These 11 isolates (TS629, TS634, U09, U61, PAE839, PAE2003, PS16, PS17, PS18, 

PS69, PS83) were isolated from across all four countries studied. It is possible that these 

isolates possess a version of the transposon Tn5053, a relative of Tn402 (Kholodii et al. 

1995). This transposon presents a complete tni module (tniR, tniQ, tniB and tniA); however, 

instead of being associated with a class 1 integron like Tn402, it presents a complete mer 

operon. 



Table 4.3 Isolates recovered from 2005 to 2008 in ICU, Hospital San Jeronimo, Monteria-Colombia 

Date Isolate 
Clonal 

group 
intI1+ tniR Cassette array tniR Cassette array 3'-CS 

Antibiotic profile 

Dec-05 PS68 C-Col + - 
n/a 

aadA6-gcuD,  

aadB-aacA7-blaOXA-2-gcuD  

 

Feb-06 PS67  - - n/a n/a  

Mar-06 PS71 K-Col + - n/a aadB-aacA4  

Mar-06 PS76 R-Col + - n/a unk, 5 kb  

May-06 PS75 R-Col + - n/a unk, 5 kb  

Aug-06 PS55  - - n/a n/a  

Oct-06 PS54  - - n/a n/a  

May-07 PS38 G-Col + + blaOXA-101-aacA4-catB3 
aadA6-gcuD,  

dfrA17-aadA5 
IMP, AZT, GEN, CIP, FEP 

Aug-07 PS43 G-Col + + blaOXA-101-aacA4-catB3-aadA7 aadA6-gcuD GEN, CIP, FEP 

Sep-07 PS47 G-Col + + blaOXA-101-aacA4-catB3 aadA6-gcuD AZT, GEN, CIP, FEP 

Oct-07 PS50 D-Col + + blaOXA-101-aacA4-catB3-aadA7 aadA6-gcuD IMP, GEN, CIP, FEP 

Nov-08 PS53 H-Col + + blaOXA-101-aacA4-catB3-aadA7 aadA6-gcuD IMP, MEM, AZT, GEN, CIP, FEP 

 

Note: n/a, no appropriate; unk, unknown 

IMP, Imipenem; MEM, Meropenem; AZT, Aztreonam; CAZ, Ceftazidime; GEN, Gentamicin; CIP, Ciprofloxacin; FEP, Cefepime 

MIC values were interpreted following CLSI standard guidelines (CLSI. Performance Standards for Antimicrobial Susceptibility Testing 2010).



4.2 Study of genetic context of class 1 integron 

without a 3’-CS in isolate PS38 

The isolate PS38 was selected for detailed study as this isolate presented a new 

cassette array associated with tniR, blaOXA-101-aacA4-catB3. A fosmid library of this 

isolate was constructed as described in section 2.15. This isolate also presented the 

cassette array aadA6-gcuD in the transposon Tn6162. Transposon Tn6162 was 

inserted in the GI1 in this strain. It also presented the array dfrA17-aadA5, the 

location of which was not determined due to lack of time during this project. The 

sequence of one fosmid clone from which the tniR product was recovered, revealed an 

array of three gene cassettes embedded in a class 1 integron/Tn402-like complete tni 

module (Figure 4.4). 

Figure 4.4 Structure of class 1 integron harbouring the tniR gene in the isolate PS38. The 
filled vertical rectangles indicate inverted repeats (IRs) as shown. Filled horizontal arrows are 
as described in the text. Double arrows indicate the extent of regions with the named 
percentage similarity to Tn402. Inverted repeats R1 and R2 indicate the resolution region 
where site-specific recombination of the tni module occurs. Genbank accession number 
KF040452. 

Beyond the IRi end of this integron containing a complete Tn402-like transposon, was 

found a region with 96% identity to the chromosomal gene PSTAB_2464 from the P. 

stutzeri ATCC17588. This sequence was also 73% identical to the chromosomal gene 



PA1368 from the reference strain PAO1. This strongly suggests that this integron is 

located in the chromosome of PS38. Beyond the last cassette was the tniR gene. The 

sequence of the tniR gene in PS38 was 100% identical to tniR from Tn5090 (identical 

to Tn402) (Radstrom et al. 1994). However, the sequence from the tniQ gene to IRt 

presented a level of DNA identity with Tn402 of approximately 87%. These results 

might suggest that the class 1 integron, shown in Figure 4.4, had not only a new 

cassette array associated to tniR, but also a chimeric tni module, compared with 

Tn402. Is likely that a cointegrate made up of two different Tn402-like transposons 

had undergone site-specific recombination resolution event at the res site (the R1 and 

R2 region in Figure 4.4). This site is located between the tniR and the tniQ genes and 

thus generates a hybrid tni module with a junction at this location. This type of event, 

generating a hybrid tni module with a distinct boundary at the res site, has been 

observed previously (Labbate, Roy Chowdhury & Stokes 2008) and several examples 

are known. 

 

The isolates from the same ICU unit (PS43, PS47, PS50, PS53) as PS38 (Table 4.3) 

were screened for the presence of the same tni module as seen in this latter isolate. 

PCR amplification was performed using internal primers to tniR and tniA, and tniR 

and tniB (HS1316 - tniAin and HS1316 – tniB in, respectively, Appendix B) see 

Figure 4.5. The four isolates generated the expected amplicons of approximatly 3kb 

for the former and 2.4 kb for the later. The sequence of the two products from all 

strains confirmed that the four isolates presented the same tni module as that seen in 

PS38.



Figure 4.5 Representation of primer location to screen for the tni module in PS38.  
Primer HS1316 targets an internal region in the tniR gene. Primers tniBin and tniAin are also 
internal primers to the genes tniB and tniA respectively.  

 

In the case of PS38 the integron shown in Figure 4.4 was inserted in the core genome 

of P. aeruginosa, close to the gene encoding the protein PSTAB_2464. To determine 

if this was also the case for the isolates PS43, PS47, PS50 and PS53 a PCR was 

performed with primers targeting the chromosomal gene PSTAB_2464 and intI1. The 

four isolates amplified a product consistent with the location in the chromosome as 

seen in PS38. In addition, the presence of plasmids in PS38, and the other four 

isolates mentioned above were studied by multiplex PCR (Carattoli et al. 2005). None 

of the five isolates recovered amplicons indicative of the presence of plasmids. 

 

The possible dispersal of these clonal lines was evaluated in another hospital in the 

same city, Clínica Central de Monteria (CCM). Three isolates from the same clonal 

line as PS38 G-Col were recovered (PS16, PS17, PS18) (see Appendix A). These 

three isolates presented the transposon Tn6162 and were tniR positive. However, they 

did not generate products with primers specific for the presence of a cassette array 

linked to tniR (HS915-HS1454, Figure 4.3). This could be as a consequence of the 

array being too big to amplify, or that modifications have occurred in where the 

primer’s target, which do not allowed for the amplification to occur. It would be 

interesting to compare the complete genome of the isolates recovered in San Jeronimo 

with those from CCM.  



4.3 Discussion  

Class 1 integron are ancient structures which can be recovered in isolates from the general 

environment or from clinical settings. The screening for the presence of this element is 

commonly done through screening by PCR for the integrase gene intI1. However, this type of 

screening does not answer the question of how many integrons can be found concomitantly in 

one strain. Therefore, the most frequent procedure is to screen directly for the presence of 

cassette arrays using primers targeting the conserved features of class 1 integron, those are 

5’-CS and 3’-CS (Figure 4.1). In a clinical context, it is also the case that this is the most 

“relevant” component of class 1 integrons when these elements are present. This drawback, 

however, is that it is predicated on the presence of a region, the 3’-CS. The term 3’-conserved 

segment was originally introduced (Stokes & Hall 1989) to identify a region present when the 

only examples of integrons were those that later came to be called class 1 integrons and 

which had a very specific structure. Unfortunately, the expansion of knowledge of the 

importance of class 1 integrons to antibiotic resistance has outpaced the understanding of the 

evolution of these elements. It is commonly argued that the integrons in clinical isolates 

predominantly possess a 3’-CS. However, the collective studies, on which this conclusion is 

constructed is, in large part, based on screens that preclude the detection of other class 1 

types, essentially making the conclusion self-fulfilling. While class 1 integrons with a 3’-CS 

are undoubtedly common in clinical and commensal isolates our data suggests that the 

diversity of structures is greater than generally appreciated, an important observation given 

recent knowledge about the evolution of class 1 integrons generally (Stokes & Gillings 2011). 

Furthermore, these class 1 integrons, with an evolutionary history different to those with a 3’-

CS, can infiltrate populations of isolates possessing class 1 integrons of the latter type. 

Interestingly, these non-3’-CS integron types can incorporate new resistance gene cassettes in 

their arrays adding to the ways that antibiotic resistance can spread.  



 

The results obtained in this work introduce new data in regard to class 1 integrons without a 

3’-CS in P. aeruginosa. First, we reported three new cassette arrays in this context, which are 

different to those found in the database and which do not harbour a blaVIM gene cassette, an 

outcome unusual in P. aeruginosa. For example, there are only 13 entries of class 1 integrons 

with tniR in strains of P. aeruginosa in GenBank from the 450 entries relevant to integron 

(Stokes et al. 2012). With 12 of the 13 being reported to harbour the gene cassette blaVIM. 

This is indicative of the bias in the screening class 1 integrons as discussed in the previous 

paragraph.  

 

In addition, only 1 of the 13 above annotations confirmed the location of the class 1 integron 

and its complete tni module, and this was in a plasmid. The additional 12 entries did not have 

enough sequence to identify their possible location. In the isolates studied in this project we 

could identify that two of the three arrays were found in the chromosome in three different 

clonal lines (Table 4.3). This data, and the data from chapter 3, supports our hypothesis that 

chromosomal rather than plasmid seems mobile elements preferable location and may be, in 

an unknown way, relevant in the dissemination of resistance genes in P. aeruginosa. 



 

 

Chapter 5 
 
 

Multi drug resistance in 
Pseudomonas aeruginosa is 

commonly driven by multiple 
cooperating mechanisms in 

clinical isolates



5.1 Efflux pumps: MexB and MexY 

 

Many families of antibiotics target pathways inside cells. Aminoglycosides, 

carbapenems and fluroquinoles are all examples of this. Aminoglycosides bind to the 

30S ribosomal RNA subunit, interfering with protein synthesis, while fluroquinolones 

inhibit topoisomerases (involved in DNA synthesis). Carbapenem interferes with cell 

wall formation. The reduction in drug accumulation inside the cell is an important 

means of resistance, in this case driven mostly by chromosomally encoded functions. 

The exportation of an antibiotic from the cell can be achieved through the active 

export by membrane-associated pumps. Also, enhanced levels of expression of the 

efflux pumps, in particular in P. aeruginosa, facilitate the reduction in drug 

accumulation into the cell.  

 

The resistance-nodulation-division (RND) is the most abundant family of drug efflux 

pumps. They can extrude multiple structurally unrelated compounds by forming tri 

partite systems: periplasmic membrane fusion protein (MFP), an outer membrane 

protein (OMP), and a cytoplasmatic membrane transporter (RND) (Lister, Wolter & 

Hanson 2009).  The genes encoding the efflux pumps are organized in operons on the 

P. aeruginosa chromosome. Each operon contains at least two genes, encoding for the 

RDN and MFP proteins, and in many cases, an adjacent regulatory gene that acts as a 

repressor or activator of the pump expression (Lister, Wolter & Hanson 2009). The 

measurement of transcription of the genes in the operons can give information about 

the level of expression of these efflux pumps. A rapid and sensitive method to 

determine the expression profile of antibiotic resistance in P. aeruginosa isolates is 



the use of quantitative real-time PCR assay (qRT-PCR) (Dumas et al 2006; Yoneda et 

al 2005). 

 

In this project we assessed the expression of two multi-drug efflux pumps in clinical 

isolates of P. aeruginosa by qRT-PCR. These pumps were MexB and MexY. 

MexAB-OprM contributes to the broadest substrate profile for β-lactams, carbapenem 

and aztreonam. The MexXY-OprM pump substrates are tetracyclines, fourth-

generation cephems and gentamicin (Masuda et al. 2000). The pumps MexCD-OprJ 

and MexEF-OprN do not have a broad substrate profile (Kohler et al. 1997; Poole et 

al. 1996), thus there were not studied in this study. However, it will be interesting in 

the future to consider their inclusion to have a more complete efflux pumps profile. 

 

Eleven strains were selected for detailed analysis from the 77 intI1 positive isolates 

reported in Chapter 3. In these eleven isolates there are included the five isolates 

studied in detail (section 3.2): C79, U09, U61, PAE2003 and PS68. The 11 isolates 

overall were chosen to represent as diverse a group as possible (Table 5.1). All 

isolates were screened for class 1 integrons and their location, where possible, using 

information generated in chapter 3. The isolates were assessed for plasmids by 

incompatibility group specific multiplex PCR (section 2.19), RAPD typing (section 

2.17) and antibiotic resistance profile analysis (section 2.20). 



Table 5. 1 Genetic analysis of selected strains 

 

 

 

 

aabbreviations: IMP, Imipenem; MEM, Meropenem; CAZ, Ceftazidime; GEN, Gentamicin; CIP, Ciprofloxacin; AZT, Aztreonam 

MIC values were interpreted following CLSI standard guidelines (CLSI. Performance Standards for Antimicrobial Susceptibility Testing 2010).

Country Isolate Year Origin RAPD No of 
integrons Location Array Plasmid 

Inc 
Clinical Antibiotic 
Resistance Profilea 

Australia C79 2010 Urine A 2 Tn6162/GI1 aadA6-gcuD - IMP, MEM, CAZ, GEN Tn6163/GI2 blaGES-5-aacA4-gcuE15-aphA15-ISPa21e 
C98 2010 Blood B 1 Tn6162/GI1 aadA6-gcuD - IMP, CIP 

Uruguay 
U09 2008 Catheter C 3 

Tn6162/GI1 aadA6-gcuD 
- MEM, GEN, CIP IS26-like/oprD aadB-catB3-blaOXA-129-dfrA5-aacA4 

IS26-like/tRNAgly aadB-catB3-blaOXA-129-dfrA5-aacA4 

U61 2008 Urine C 2 Tn6162/GI1 aadA6-gcuD - GEN, CIP IS26-like/tRNAgly  aadB-catB3-blaOXA-129-dfrA5-aacA4 
Argentina PAE812 2004 Burnt Unit D 1 Unknown aadB-aacA4 - IMP, MEM, CAZ, 

GEN, CIP, AZT 

PAE2003 2007 Bronchoalveolar 
lavage E 3 

Tn6162/GI1 aadA6-gcuD 
- IMP, MEM, CAZ. 

GEN, CIP, AZT Tn5393 orfV-blaOXA-17-unkown protein 
Unknown aac6Ibcr-blaOXA-1-catB3-arr3 

Colombia PS16 2008 Foot secretion F 1 Tn6162/GI1 aadA6-gcuD FIB/FIA GEN, CIP 

PS26 2008 LCR G 2 Tn6162/GI1 aadA6-gcuD FIB/FIA IMP, CAZ, GEN, CIP Unknown aadB-aacA4-aadA1-blaOXA-10 

PS68 2005 Swab wound H 2 Tn6162/GI1 aadA6-gcuD - IMP, MEM, CAZ, 
GEN, CIP IS6100/Tn5393 aadB-aacA7-blaOXA-2-gcuD 

PS112 2006 Blood I 1 Unknown aacA7-aadB-aadA16-blaOXA-10 FIA/IncP IMP, MEM, CAZ, 
GEN, CIP, AZT 

PS117 2005 Peritoneal lavage J 2 Unknown aadB-aacA4 FIA IMP, MEM, CAZ, 
GEN, CIP Unknown/tniR aacA7-blaOXA-2 



Real time PCR quantifications of efflux pump mRNAs of mexB and mexY were done 

relative to those of the 30S rRNA gene rpsL in the 11 strains (described in section 

2.23). Results are shown in Table 5.2 and Figure 5.1.  

 

Table 5.2 Gene expression of efflux pumps and their antibiotic profile to carbapenems 

Isolates Gene expression levelsa MIC (μg/mL) 
mexY mexB MEM IMP 

C79 1 1 256 128 
C98 18 1 8 16 
U09 10 9 16 8 
U61 5 10 2 <0.5 
PAE812 1 4 16 64 
PAE2003 9 11 16 64 
PS16 24 10 2 2 
PS26 45 3 8 64 
PS68 128 23 16 16 
PS112 120 17 16 128 
PS117 18 2 64 128 
 

aMean values (n=3) of mRNA levels compared with PAO1 for each of the genes examined. Isolates 
were considered to overexpress mexY when the corresponding RNA level was at least 10 fold higher 
than that of PAO1, border line between 5 to 10 fold higher, and negative if lower than 5 fold above the 
reference. For mexB, overexpression was defined as at least 3 fold higher, borderline between 2 and 3, 
and negative if less than 2, as defined by (Cabot et al. 2011). mRNA values in bold indicate 
overexpression of the gene studied. MEM, Meropenem; IMP, Imipenem. MIC values were interpreted 
following CLSI standard guidelines (CLSI. Performance Standards for Antimicrobial Susceptibility 
Testing 2010). 

Most of the isolates showed overexpression of mexY (7 out of 11 isolates) and mexB 

(7/11) genes (Table 5.2), with the highest levels of expression observed in the 

Colombian isolates (Figure 5.1). The highest overexpression of the mexY gene (>100 

fold) was found in two isolates (PS68 and PS112). In the case of the mexB gene, the 

higher overexpression (>20 fold) was observed in the isolate PS68, followed by 

PS112 as the second highest (Figure 5.1). 



Figure 5.1 Relative expression of the genes mexY and mexB. In the horizontal axis the 11 
isolates studied are represented. The vertical axis represents the gene expression levels in 
relation to the reference strain PAO1. Blue bars indicate the mexY gene and red bars the mexB 
gene, with the respective gene expression levels above the bars. Isolates were considered to 
overexpress mexY when the corresponding RNA level was at least 10 fold higher than that of 
PAO1, border line between 5 to 10 fold higher, and negative if lower than 5 fold above the 
reference. For mexB, overexpression was defined as at least 3 fold higher, borderline between 
2 and 3, and negative if less than 2, as defined by  (Cabot et al. 2011). The abbreviations 
under the isolates’ names indicate the country of origin. Au, Australia; Uy, Uruguay; Ar, 
Argentina; Co, Colombia. 

 

The isolates showed reduced susceptibility to aminoglycoside antibiotics and 

ciprofloxacin (Table 5.1). The isolates from Colombia and Uruguay overexpressed 

MeXY-OprM, as well as harbouring an aadB gene. The overexpression of this pump 

is reported to enhance resistance to cephems and gentamicin (Masuda et al. 2000), 

while the gene aadB confers resistance to gentamicin and kanamycin (Hall & Collis 

1998).  

 

Au Uy Ar Co 



5.2 AmpC mediated resistance 

P. aeruginosa harbours an inducible AmpC cephalosporinase, of which the protein  

overexpression increases resistance to all β-lactams and contributes to carbapenem 

susceptibility (Lister, Wolter & Hanson 2009). The hyper production of AmpC can 

occur through reversible induction pathways (Lister, Gardner & Sanders 1999) or by 

chromosomal mutations (Juan et al. 2005) (section 1 Figure 1.15). Both mechanisms 

contribute to failure of therapy. To study the level of expression of the ampC gene, 

qRT-PCR was performed (section 2.23). The same 11 isolates were studied (Table 

5.1) for the transcription of mRNA of the gene ampC and results are shown in Table 

5.3 and Figure 5.2. 

 

Table 5.3 Gene expression of chromosomal encoded ampC and carbapenems profile 

Isolates Gene expression levelsa MIC (μg/mL) 
ampC MEM IMP 

C79 0.6 256 128 
C98 1.1 8 16 
U09 59.7 16 8 
U61 28.9 2 <0.5 
PAE812 10.6 16 64 
PAE2003 16 16 64 
PS16 1.3 2 2 
PS26 8.3 8 64 
PS68 32.4 16 16 
PS112 2875 16 128 
PS117 16.9 64 128 
 

aMean values (n=3) of gene expression levels compared with PAO1 for the gene examined.  Isolates 
were considered to overexpress ampC when the corresponding RNA level was at least 10 fold higher 
than that of PAO1, border line between 5 to 10 fold higher, and negative if lower than 5 fold above the 
reference  (Cabot et al. 2011). mRNA values in bold indicate overexpression of the gene studied. MIC 
values were interpreted following CLSI standard guidelines (CLSI. Performance Standards for 
Antimicrobial Susceptibility Testing 2010). 



Figure 5.2 Relative expression of gene ampC. The horizontal axis represents the gene 
expression levels in relation to the reference strain PAO1. Isolates were considered to 
overexpress ampC when the corresponding RNA level was at least 10 fold higher than that of 
PAO1, border line between 5 to 10 fold higher, and negative if lower than 5 fold above the 
reference (Cabot et al. 2011). 

 

 

The highest overexpression of the ampC gene (20–2000 fold more) was detected in 

four isolates (U09, U61, PS68 and PS112) (Table 5.3). In addition, three isolates 

(PAE812, PAE2003, PS117) overexpressed ampC more than 10 times (Table 5.3). In 

total, 7 of the 11 isolates studied overexpressed the cephalosporinase AmpC (Figure 

5.2).  



5.3 Porin OprD and antibiotic resistance 

The outer membrane of Pseudomonas aeruginosa is a semi-permeable barrier with 

protein channels called porins, which facilitate the interchange of substances. Porins 

play an important role in the transportation of sugars, amino acids, cations and 

antibiotics into the cell (Hancock & Brinkman 2002). The reduction of specific porins 

in the outside membrane can impact on resistance profile (Hancock & Brinkman 

2002). One of the most studied in this context is the outer membrane porin OprD, 

which is significant in the passaging of the clinically important carbapenems (Trias & 

Nikaido 1990a; Trias & Nikaido 1990b). The loss of OprD has been shown to 

decrease the susceptibility of P. aeruginosa to meropenem and imipenem (Gutierrez 

et al. 2007; Wang et al. 2010). It has been reported that OprD deficient mutants can 

decrease the susceptibility to imipenem from 4 to 16 fold, and to meropenem from 4 

to 32 fold (Sakyo et al. 2006), pushing the MIC values closer to or above the 

clinically defined breakpoint. Loss of the oprD gene can be via mutation (Ocampo-

Sosa et al. 2012; Sakyo et al. 2006) or by inactivation via IS elements (Martinez et al. 

2012; Ruiz-Martinez et al. 2011).  

 

The state of the oprD gene was studied in the 11 strains chosen before (Table 5.1). 

The oprD gene was amplified using primers external to the gene (HS1452-HS1453). 

Products generated were sequenced. The 11 strains also underwent qRT-PCR to 

assess the level of expression of the oprD gene (section 2.23). Results are shown in 

Table 5.4.  



Table 5.4 Gene expression and sequence of oprD 

Isolates Gene expression levelsa oprD sequence MIC (μg/ml) 
oprD MEM IMP 

C79 <0.3 Frameshift 256 128 
C98 <0.3 Frameshift 8 16 
U09 <0.3 IS26 insertion 16 8 
U61 1 Intact 2 <0.5 
PAE812 <0.3 IS1384 insertion 16 64 
PAE2003 <0.3 IS26 insertion 16 64 
PS16 1 Intact 2 2 
PS26 <0.3 Frameshift 8 64 
PS68 >2 Intact 16 16 
PS112 1 Intact 16 128 
PS117 <0.3 Early stop codon 64 128 
 

aMean values (n=3) of gene expression levels compared with PAO1 for gene examination. The 
overexpression of the oprD gene was considered to be down-regulated when the amount of RNA was 
0.4 times or less than that of PAO1. MIC values were interpreted following CLSI standard guidelines 
(CLSI. Performance Standards for Antimicrobial Susceptibility Testing 2010). 

 

Of the 11 strains (Table 5.4), eight generated a product by PCR with primers HS1452-

HS1453 of 1.8kb, a size consistent with a gene unaffected by deletions or insertions. 

Sequencing revealed that only four of the eight strains possessed a functional gene 

based on the sequence of known functional versions in the databases. Of the 

remainder, three possessed different frameshift mutations. The eighth strain, PS117, 

had a premature stop codon. A larger product of 3kb was seen for PAE812, caused by 

IS1384 interrupting oprD. This element was first described in a plasmid in 

Pseudomonas putida (Muller, Lauf & Hermann 2001). 

 

The two remaining isolates, U09 and PAE2003, did not generate a product with the 

primers HS1452-HS1453. This was expected, since, as was observed in chapter 3, 

these two strains possessed a copy of the element IS26 interrupting the oprD gene. 



Overall, seven of the 11 isolates had non-functional oprD genes, reinforcing the point 

that there is a strong selection for loss of this gene in clinical isolates (Ocampo-Sosa 

et al. 2012).  

 

The transcription levels of the oprD gene was also determined by qRT-PCR in the 11 

strains. For the four isolates that had functional ORFs based on sequence analysis of 

the DNA, three had wild type expressions and one, PS68, overexpressed this gene 

(Table 5.4). The overexpression of oprD in the isolate PS68 could not be explained, 

however, it could be that compensatory mechanism might be involved. All seven 

isolates with non-functional genes had lowered levels of mRNA.  

 

 



5.4 Cooperating chromosomal mechanisms in 

mediating resistance  

β-lactamase resistance is a particular problem in P. aeruginosa clinical isolates (Jones 

et al. 2002). The rise of this type of resistance is mediated by both the changes in the 

chromosome and the acquisition of genes by LGT (Lister, Wolter & Hanson 2009). 

This is reflected in the cohort of 11 isolates studied. The two isolates from Sydney, 

C79 and C98, presented the same levels of expression of ampC, mexB and oprD 

genes. However, C79 carbapenem MIC values were far higher than those of C98. 

This can be explained by the blaGES-5 gene in C79, which has been reported to be 

active against carbapenem (Bae et al. 2007), as the difference in mexY alone would 

not account for the MIC value difference in carbapenem as it has a narrow substrate 

profile (Aeschlimann 2003).  

 

Table 5.5 Data collected from the 11 isolates studied for gene expression, oprD sequence and bla 
genes 

Isolates Gene expression levels oprD 
sequence 

bla 
genes 

MIC (μg/ml) 
ampC mexY mexB oprD MEM IMP 

C79 1 1 1 <0.3 Frameshift GES-5 256 128 
C98 1 18 1 <0.3 Frameshift - 8 16 

U09 11 10 9 <0.3 IS26 insertion OXA-
129 16 8 

U61 16 5 10 1 Intact OXA-
129 2 <0.5 

PAE812 60 1 4 <0.3 IS1384 
insertion - 16 64 

PAE2003 29 9 11 <0.3 IS26 insertion OXA-17, 
OXA-1 16 64 

PS16 1 24 10 1 Intact - 2 2 
PS26 8 45 3 <0.3 Frameshift OXA-10 8 64 
PS68 32 128 23 >2 Intact OXA-2 16 16 
PS112 2875 120 17 1 Intact OXA-10 16 128 

PS117 17 18 2 <0.3 Early stop 
codon OXA-2 64 128 

Values interpreted as indicated in Tables 5.2, 5.3 and 5.4. mRNA values in bold indicate 
overexpression of the gene studied. MIC values were interpreted following CLSI standard guidelines 
(CLSI. Performance Standards for Antimicrobial Susceptibility Testing 2010). 



The isolates U09 and U61 were very similar, based on a number of criteria including 

hospital of isolation, RAPD profile, integrons cassette arrays present, and gene 

expression levels of ampC and mexB (Table 5.1 and 5.5). However, the two strains 

had very different carbapenem profiles. U09 had a meropenem MIC value 8 times 

higher than U61 and for imipenem it was 16 times higher (Table 5.5). The most 

probable explanation for this is the interruption of the gene oprD in U09, reducing the 

permeability to carbapenems and increasing MIC values. Even though the rise in MIC 

values is not enough to define U09 as resistant to imipenem (CLSI 2010), elevation in 

MIC values can facilitate the survival of this isolate when antibiotic therapy is not 

optimal.  

 

Although the isolate PS16 overexpressed the two efflux pumps presented, the 

presence of a functional oprD gene and the lack of β-lactamase genes explain the low 

MIC values to carbapenems. It is interesting to compare this strain with PAE812, the 

pumps of which are not overexpressed. However, the high level of AmpC found in 

conjunction with inactivation of oprD by IS1384 has pushed the MIC values up more 

than 10 fold (Table 5.5). 

 

Of the β-lactam resistance genes recovered from gene cassettes, the oxacillin (OXA) 

genes were predominantly present. The OXA-2, OXA-10 and OXA-17 genes have 

been reported to be ESBLs (Danel et al. 1999; Danel et al. 1997), while OXA-1 is a β-

lactamase. At this time no enzymatic activity of OXA-129 has been reported. It has 

been stated that some OXA enzymes can confer resistance to carbapenems, but, at the 

present time, these are not associated with integrons (Walther-Rasmussen & Høiby 



2006). Therefore, the presence of blaOXA genes was not responsible for the 

carbapenem resistance. Consequently, this phenotype can be ascribed to the 

overexpression of efflux pumps, AmpC or inactivation of oprD in the South 

American isolates (Table 5.5). Moreover, nine isolates, all from South America, 

overexpressed at least two of the three genes studied.  

 

It will be of interest in the future to determine correlation between expression levels 

and resistance profile when bacteria are cultured under antibiotic pressure. It has been 

shown that the regulation and expression of genes could vary in function of its 

adaptation to their niche (Dötsch et al. 2012, Wu et al. 2012). A study considering 

more variants affecting gene expression may provide a better understanding of the 

mechanisms responsible of antibiotic resistance in P. aeruginosa. 

 



5.5 Discussion 

There is a trend towards increasingly complex multi-drug resistance phenotypes in bacteria 

that cause infections. In the current literature, the term extreme drug resistance (XDR) is 

becoming more common, including most recently in relation to strains of P. aeruginosa 

(Cabot et al. 2012). In this species, resistance combinations to the β-lactam family of 

antibiotics are of particular concern (Georges et al. 2006). Some of this resistance can be 

attributed to genes that are mobile or can be mobilized, like gene cassettes, which can be 

found in plasmids or the chromosome. However, it is recognised that chromosomal genes like 

ampC, and are not mobilized, can impact on the resistance to β-lactams (Lister, Wolter & 

Hanson 2009).  

 

Apart from the fact that in clinical isolates there are more genes appearing that are able to 

confer antibiotic resistance, a major contributor to emerging XDR P. aeruginosa strains is the 

emergence of more complex combinations of resistance pathways. This was clear here since 

the examination of known β-lactam resistance mediating genes revealed that all 11 isolates 

had a multi-drug resistance phenotype (Table 5.1), and at least nine possessed genetic 

changes, with either loss of oprD or overexpression of genes, in more than one resistance 

mediating pathway (Table 5.5). Particular combinations can be especially influential. For 

example, although two isolates, PS16 and PS26, showed similar expression, the loss of oprD 

and the presence of the resistance gene blaOXA-10 in the latter resulted in greater levels of 

resistance (Tables 5.1 and 5.5).  

 



The loss of oprD was a prevalent feature in most of the isolates screened (7/11). While 

frameshift mutations or the presence of a stop codon was observed as mechanisms for the 

loss of oprD, the presence of different IS elements interrupting the gene was notable. In 

particular, the presence of IS26, as this IS is relatively new to P. aeruginosa isolates 

(Martinez et al. 2012; Miyoshi-Akiyama et al 2011) despite being very common in the 

Enterobacteriaceae. As seen with other IS elements interrupting the oprD gene (Ruiz-

Martinez et al. 2011; Wolter, Hanson & Lister 2004), the IS26 insertion point was not 

conserved through the different isolates. This would suggest that there is not a preferred 

target site in oprD for insertion of this IS.  Rather, in clinical isolates, insertional inactivation 

of oprD is likely to confer a selective advantage owing to the altered resistance profile.  

 

It is important to note that despite the eleven isolates harbouring class 1 integrons with their 

specific gene cassettes, in eight cases carrying bla genes, antibiotic resistance chromosomally 

encoded mechanisms were highly up-regulated (except in oprD that was down-regulated). 

This would suggest that single mechanisms for resistance no longer provide as strong a 

selective advantage in antibiotic environments as cooperating multi-resistance mechanisms. 

The cooperation of multiple systems is thus a likely key for success in adaptation. Moreover, 

despite the fact that low expression of porins is likely to reduce fitness outside an infection 

context (Abdelraouf et al. 2011), the loss of porins is at a selective advantage in a clinical 

context where exposure to the relevant antibiotics is likely. In an opportunistic pathogen like 

P. aeruginosa which can infect animals but which can also thrive in the general environment, 

this presents special adaptive challenges. Specifically, some cells lines could be subject to 

periodic selection depending on their movement through the biosphere. In the next Chapter I 

explore this possibility further in relation to the newly infiltrating IS26.  



 

 

 

Chapter 6 
 
 
 

in vivo detection of 
excision of IS26 from the 

chromosome



6.1 in vivo rearrangements involving IS26 in oprD 

Although IS26 is common in Gram-negative Enterobacteriaceae, it is rare in P. 

aeruginosa and has only been reported twice (Martinez et al. 2012; Miyoshi-Akiyama 

et al 2011). In both cases the IS26 was found interrupting the oprD gene. One of these 

reports was our isolate U09 (Martinez et al. 2012). In addition, we found another 

isolate (PAE2003) in which the oprD gene was interrupted by IS26. While this isolate 

came from Argentina and is geographically relatively close to Uruguay, the origin of 

U09, the insertion point is different as is the orientation relative to oprD (Figure 6.1). 

This clearly implies independent origins for the two insertion events.  

 

As described in chapter 5, a PCR with purified DNA, using the primers that target 

oprD (Figure 6.1), did not generate a product from U09 (primers 1 and 2) and 

PAE2003 (primers 1 and 3) as the region was too large to amplify.  However, during 

the course of screening DNA from these two strains by an alternative method of 

extraction, a different result was obtained. Specifically, it was found that for DNA 

obtained from 16-hour old cultures and extracted by lysing cells by boiling, in some 

cases a faint band of 1.6 kb could be seen. When sequenced, this band comprised a 

single copy of IS26 inserted into oprD with the linked DNA (that is, an adjacent 

region of DNA potentially transposable by and with IS26) having been lost.  

 

 



Figure 6.1 IS26 elements in oprD of U09 and PAE2003. Numbered horizontal arrows 
indicate the relative position of primers used to characterize IS26 elements and derived 
deletion events. The primers corresponding to each number are: 1: HS1280; 2: HS1279; 3: 
HS1451; 4: HS916; 5: IS26 Fw (Appendix B). H protein defines a hypothetical protein linked 
to IS26 in PAE2003. The filled arrows indicate the direction of transcription for genes or 
operons. In the case of IS26, arrows indicate that the two elements are in opposite orientation 
with respect to oprD. 

 

 

To investigate this deletion phenomenon further, an experiment, outlined in Figure 

6.2, was performed (see also section 2.25.1). An O/N culture of U09 was diluted and 

plated for single colonies (no antibiotic selection). Ninety-six colonies were picked 

and re-cultured in complete medium and DNA extracted by boiling. A PCR was 

performed with primers targeting oprD either side of the point of insertion in U09 of 

the IS26-linked region (primers 1 and 2 – Figure 6.1). In addition, a PCR was 

performed on DNA from the same cultures with primers that target intI1 and oprD 

(primers 2 and 4). For this former primer pair, all 96 lysates generated a PCR product. 

In contrast, for the primers that target oprD (primers 1 and 2), 14% of cultures 

generated a 1.6 kb band and 86% of cultures generated no product. We infer from this 

that during the course of growth, most cells in the population retain the full IS26 

linked region, while in a minority of cases the linked region, but not IS26, is lost.  
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Figure 6.2 Screening protocol and PCR of oprD gene in U09 and PAE2003. PCR 
screening was carried out with primers HS1279 and HS1280 (Figure 6.1, Appendix B). 
Percentages refer to the fraction of U09 colonies positive or negative for a 1.6 kb 
corresponding to an oprD gene that has only IS26 present. Percentages in brackets at first 
screening refer to the equivalent values for PAE2003 and primers HS1280 and HS1451 
amplifying a product of 1.7 kb.  

 

 

In an iteration of the experiment, five colonies from the two cohorts (Figure 6.2) were 

inoculated into plates, and, from each, eight new colonies were cultured in a 

microtitre tray. DNA was extracted by boiling from all cultures and screened by PCR.  

All 80 were positive for the presence of the IS26-linked region (Figure 6.1 – primers 

2 and 4).  However, the 1.6 kb band corresponding to only IS26 was only present in a 

subset. Thus, both populations (cultures that either do or do not generate a 1.6 kb 

band) comprise a mixed population of cells. It is likely that the loss of the IS26-linked 

96 colonies from o/n culture 

14% 86%   

Screen of oprD by PCR  

31%  69% 22%  78% 

(11%) (89%) 

5 x 8 colonies screened 5 x 8 colonies screened 

1.6 kb band present No PCR product generated 

Five colonies re-cultured        Five colonies re-cultured  

nies s olonie

1.6 kb band present / absent       1.6kb band present / absent 



DNA is stochastic. In any specific culture, the timing of deletions during growth 

largely determines whether the deletion product will be detected, making the 

experiment analogous to a fluctuation test for assessing the appearance of mutations 

(Luria & Delbruck 1943). The strategy was repeated for PAE2003 with the same 

general result as indicated by the percentages in Figure 6.2.   

 

The above 80 samples from the U09 positive and negative cohort were also assessed 

under antibiotic stress. The 80 samples were grown in duplicate with one cohort 

grown in LB only and the other in LB plus kanamycin and trimethoprim (section 

2.25.2). These two antibiotics were selected because the integron linked to IS26 

harbours the gene cassettes aadB and dfrA5 (Hall & Collis 1998), which confer 

resistance to the above antibiotics respectively. The cohort that generated a 1.6 kb 

product was not affected by the exposure to antibiotics (ATB) compared with no 

exposure (left hand panel – Figure 6.3) in respect to the presence of the 1.6 kb band. 

That is, the proportion of colonies that generated the 1.6 kb band, versus those that 

did not generate a band, was the same whether or not cells were exposed to 

antibiotics. In contrast, for the 40 colonies that were cultured from cells that originally 

failed to generate a PCR product (right hand panel – Figure 6.3), the number of 

cultures amplifying the 1.6 kb band was reduced to half for the cohort exposed to 

antibiotic.  



Figure 6.3 Screening protocol and PCR of oprD gene in U09 under antibiotic stress. PCR 
screening was carried out with primers HS1279 and HS1280 (Figure 6.1, Appendix B). 
Percentages refer to the fraction of U09 colonies positive or negative for a 1.6 kb 
corresponding to an oprD gene that has only IS26 present. No ATB, no antibiotic exposure; 
ATB, antibiotic exposure.   

 

 

The experiment was repeated with UV exposure replacing antibiotic exposure. The 80 

samples were grown in duplicate, with one cohort exposed to UV light and the other 

without exposure (section 2.25.2). Interestingly, the 1.6 kb band presence decreased 

for both cohorts when UV exposure/non exposure were compared (Figure 6.4). The 

shift in numbers following UV exposure was even greater than for exposure to 

antibiotic where a shift occurred (respective right hand panels in Figures 6.3 and 6.4).  

14% 86%   

Screen of oprD by PCR  

54% / 46%   

(89%) 

5 x 8 colonies screened 5 x 8 colonies screened nies s olonie

1.6 kb band present No PCR product generated 

1.6 kb band present / absent  kb band pres t / b

No ATB                        ATB No ATB                        ATB 

1.6 kb band present / absent  

54% / 46%   68% / 32%   36% / 64%   



Figure 6.4 Screening protocol and PCR of oprD gene in U09 under UV stress. PCR 
screening was carried out with primers HS1279 and HS1280 (Figure 6.1, Appendix B). 
Percentages refer to the fraction of U09 colonies positive or negative for a 1.6 kb 
corresponding to an oprD gene that possesses only IS26 present. No UV, no UV light 
exposure; UV, UV light exposure. 

 

 

In further experiments with U09, a time course experiment was conducted in which 

DNA from cells growing in liquid culture was extracted by boiling (section 2.25.3). In 

some cultures it was possible to detect a 0.8 kb band with the primers 1 and 2 (Figure 

6.1) in addition to a 1.6 kb band (Figure 6.5). When sequenced, this fragment was 

found to comprise only oprD with the complete loss of IS26 and its linked region. 

This excision event would regenerate a functional oprD gene based on the sequence. 

This smaller fragment is most prominent after 6–8 hours and is not recoverable at 18–

24 hours (Figure 6.5).  

14% 86%   

Screen of oprD by PCR  

66% / 34%   

(89%) 

5 x 8 colonies screened 5 x 8 colonies screened nies s olonie
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1.6 kb band present / absent  kb band prresent / absres

No UV                           UV No UV                           UV 
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12% / 88%   53% / 47%   16% / 84%   



Figure 6.5 Time course of oprD PCR amplification in U09. Amplification of oprD in U09 
was with the primers HS1279 and HS1280. Tracks correspond to samples tested at various 
culture times (in hours) as indicated. The last track is loaded with molecular weight marker 
HyperLadderTM I (Bioline, Sydney, Australia). The larger band is approximately 1.6 kb and 
the smaller band at 8 hours approximately 0.8 kb. 

 

 

Recreation of a functional oprD is a significant observation since a cell with a copy of 

IS26 elsewhere in the genome can potentially alternate between an OprD+/OprD- 

phenotype. A non-functional oprD gene is known to be at a fitness disadvantage in 

the absence of antibiotic selection (Li et al. 2012). Conversely, an OprD- phenotype 

can have positive fitness in a clinical context owing to its manifesting β-lactam 

resistance. Since U09 has a second copy of the IS26-linked element, reversible 

switching is possible. This has ramifications for the survival of the host strain and 

makes possible sudden changes in resistance profiles in a clinical context. 

Intriguingly, PAE2003 also has a second copy of an IS26-linked region, as noted in 

section 3.3.3.  Thus, this OprD phenotype switching could also potentially occur in 

this strain, adding weight to a more likely general phenomenon involving this 

insertion sequence. 

  1      2      4      6       8      24   MW 



6.2 Mobilization of IS26-linked integron through 

antibiotic pressure 

 

It has been reported that bacteria exposed at even low concentrations of antibiotics 

can display changes in gene transcription levels (Davies, Spiegelman & Yim 2006), 

thus selecting for resistant isolates (Gullberg et al. 2011). In addition, it was shown 

that an IS element can move from one location to another and interrupt porins under 

selective pressure by carbapenem (Ruiz-Martinez et al. 2011). The isolates U61 and 

U09 presented the element IS26 linked to an integron (Figure 6.6) inserted in a LysR 

gene. The isolate U09 also had an identical second copy of the IS26-linked integron in 

oprD (Figure 6.6). However, this second copy was not present in U61. This difference 

influences the MIC values to carbapenems. This is reflected in the antibiotic 

resistance profile where U09 has an MIC eight times higher for meropenem than U61 

and 16 times higher for imipenem (section 5, Table 5.2). There are two identifiable 

differences between U09 and U61. First, mexY in U09 is overexpressed compared 

with U61, although this difference does not influence carbapenem resistance 

(Aeschlimann 2003). The second difference is the presence/absence of IS26 at oprD 

between these two strains. However, this single difference makes U09 resistant to 

carbapenems and untreatable with this family of drugs. Despite U61 being sensitive to 

carbapenems, treating an infection mediated by this strain with imipenem and 

meropenem has the potential to select for resistant variants as a direct result of 

treatment. While this is true for any mutation, the phenomenon here is readily 

reversible. For example, U09 when returning to the general environment can increase 

its fitness (in an antibiotic free context) by losing its copy of IS26 at oprD. This 



potential stochastic switching is a specific adaptation to surviving in two disparate 

environments. In the evolution of multi drug resistance it is a disturbing trend, but is 

one that we predict is likely to become more common. 

Figure 6.6 Structure and location of IS26-linked integron. The red filled vertical 
rectangles represent the direct repeats of unknown IS. oprDΔ is an insertional inactivation of 
the oprD gene. PA0957 is a gene located in the core P. aeruginosa genome (accession 
number AE004091). HEAR2053 refers to a conserved hypothetical protein (accession 
number CAL62196.1), and HEAR2054 refers to a DNA integrase (non-integron) protein 
(accession number CAL62197.1) located in the genome of a Herminiimonas arsenicoxydans 
strain. The corresponding encoded proteins found here match most closely to these. PA2820 
is a gene located in the core P. aeruginosa genome (accession number AE004091).  

 

 

We decided to test whether switching could be observed in the laboratory using the 

isolate U61. Incremental, repeated exposure of P. aeruginosa U61 to meropenem 

(section 2.26) allowed the recovery of one mutant, U61-MER1, which had an MIC for 

meropenem of 16 μg/mL. This mutant was negative for the amplification by PCR 

(IS26 Fw-HEAR2054) of the region between IS26 and HEAR2054 (Figure 6.7). 

Despite this, U61-MER1 was positive for IS26 by PCR (IS26 Fw-IS26 Rv) and still 

possessed a copy of IS26 based on quantitative RT-PCR (section 2.24). This implied 

that the IS26-linked integron had excised from its location at the tRNAgly gene and 

U61, U09 

U09 



moved to another position. Originally we hypothesized that selection for meropenem 

resistance would result in the insertion of the IS26-linked integron into oprD as seen 

in U09 and PAE2003. However, a PCR screen of this gene revealed it functional 

based on the presence of an unchanged orf. The increased resistance to meropenem 

from this isolate can be explained by the levels of mexY mRNA, which had increased 

about five fold compared with the parent strain U61 when determined by quantitative 

RT-PCR (section 2.23). Also, ampC levels were about 10 fold higher than U61 levels 

in this mutant.  

 

             

Figure 6.7 Location of primers for screening for the movement of the IS26-linked 
integron from LysR. Primer IS26 Fw targets the beginning of the IS26 gene. Primer 
HEAE2054 targets the gene HEAR2054. PCR amplification with primers IS26 Fw-
HEAR2054 generates a product of 3.9 kb when IS26-linked integron is found inserted into 
LysR. The lack of amplification indicates the movement of IS26 from this location. 

 

As U61-Mer1 was obtained through incremental exposure to meropenem, the 

selection of different mutations can accumulate through each stage. Therefore, we 

observed that U61-Mer1 had acquired three mutations. Specifically, mutations in 1) 

mexY, 2) ampC and 3) the movement of IS26. However, we cannot eliminate the 

possibility that the movement of IS26 to a new location in the chromosome can be 

affecting a gene involved in the regulation of the two chromosomal mechanisms. To 

IS26 Fw HEAR2054 



determine the new location of the IS26-linked integron, a fosmid library of this strain 

was made (section 2.15). Four positive clones for IS26 by PCR with primers IS26 Fw 

and IS26 Rv were obtained from 500 colonies screened. The sequence of the four 

clones showed that they were all identical in sequence and in all cases the IS26 and 

linked region was in the P. aeruginosa gene designated PA2846 (accession number 

AAG06234.1) see Figure 6.8. The function of this gene is unclear but is believed to 

belong to the LysR family of transcriptional regulators. As such, this may represent a 

new regulator that can influence antibiotic resistance profiles in P. aeruginosa. 

Further experiments would be needed to test this potential cause and effect.

Figure 6.8 Structure and location of IS26-linked integron in U61-Mer1, U61 and U09. 
The general organization and symbols are as for Figure 6.6. Vertical arrow indicates the point 
of insertion. PA2846 refers to the chromosomal location in the core genome in U61-MER1. 
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6.3 Discussion 

In this study we identified elements and genes that can influence resistance profiles by 

excising or changing their location in the genome. One of these is directly linked to the 

transposon IS26. The IS26 element has been reported in association with clusters of multiple 

resistance genes and shown to be responsible for their mobilization (Miriagou et al. 2005). 

Interestingly, IS26 can move alone or in conjunction with other DNA by transposition in 

three ways. Also, IS26 can form composite transposons (IS elements flanking a central region 

carrying drug marker/s) which move as a block (Ford & Avison 2004; Roy Chowdhury, 

Ingold, Vanegas, Martinez, et al. 2011). Finally, it has recently been hypothesized that IS26 

can initiate nonstandard transposition, resulting in a single copy appearing in the transposed 

product (Cain et al. 2010), and it is possible that such an event is responsible for the 

mobilization seen in U09 and U61. In P. aeruginosa the presence of IS26 is a recent and still 

rare event, based on the published literature. However, we hypothesize that it will be an 

increasing problem in this bacterium. 

 

IS26 is likely to influence resistance profiles of P. aeruginosa in unpredictable ways that will 

complicate clinical treatment as seen for the stochastic instability observed with the IS26 

linked element present in oprD in strains U09 and PAE2003.  Here it was found that loss of 

the linked resistance region and of the whole element could occur in naturally growing 

populations. Loss of IS26 and linked DNA was found to be in a way that was predicted to 

restore oprD function based on the sequence retained in the genome. Since U09 possesses 

another copy of the element in the chromosome we can envisage a scenario whereby this 

strain could spontaneously switch between an OprD+/OprD- phenotype by capture or loss of 



IS26 at oprD. This mechanism is a potentially desirable adaptation for an opportunistic 

pathogen such as P. aeruginosa as described above since it allows rapid adaptation in 

disparate environments. In a clinical context this could mean that an infection could rapidly 

expand its resistance profile during the course of treatment with the selection imposed for 

loss of oprD.  

 

The above point is illustrated when the strains U09 and U61 are compared. These strains are 

both from Uruguay with the only identifiable difference between them being that U09 has 

two copies of the identical IS26-linked element, one adjacent to a tRNAgly gene and a second 

in oprD. U61 has the first copy but not the second, and the two strains have different 

carbapenem profiles (chapter 3). It is likely that U09 is a direct descendant of U61 via the 

type of scenario described above. In an attempt to mimic this phenomenon, we exposed U61 

to increasing levels of meropenem. In a resistant mutant the element had moved from its 

location at tRNAgly. Although we predicted movement into oprD, this did not occur and the 

porin gene remained functional. Instead, the mobile region had inserted into another gene, 

PA2846, annotated as a conserved hypothetical but is likely to be a LysR-like transcriptional 

regulator. While we do not know if the concomitant up-regulation of AmpC and MexY are a 

direct result of the loss of this putative regulator, it is much more probable than the near 

simultaneous appearance of three independent mutations. It is thus clear that there are likely 

to be other chromosomal pathways to resistance than those described to date. At least one 

other P. aeruginosa hypothetical gene, PA5471, is implicated in the regulation of the MexXY 

system (Morita et al. 2009).  

 



We did not assess the LGT transfer of the IS26 linked integron from U09 or U61 to a 

recipient owing to lack of time. We did, however, demonstrate that this element could excise 

from its chromosomal location in an apparently stochastic fashion, leaving a copy of IS26 

behind most of the time. Moreover, under antibiotic pressure it is possible to recover variants 

that have seen the element insert at another location. Despite the mechanism behind the IS26 

movement not being known, it appears it is able to do this both in the manner of a typical 

composite transposon, as well as in a second form of movement that involves only one copy 

of the IS in a method that is not clearly understood (Cain et al. 2010). This second type of 

movement now appears to be infiltrating P. aeruginosa since resistance regions directly 

linked to a single copy of IS26 are present in at least three isolates (chapter 3), both in 

different genetic locations and with the IS mobilizing different sets of genes. We predict that 

IS26 is likely to spread rapidly in P. aeruginosa.  

 



 

 

Chapter 7 
 
 

Detection of excision of 
Genomic Island 1 from its 

chromosomal location



7.1 Study of structure and excision of GI1 from their 

chromosomal location 

 

The genome of Pseudomonas aeruginosa is large, comprising 6.3 Mbp, with a great 

variety of genes encoding different functions (Stover et al. 2000). Approximately 90% 

of the chromosome corresponds to the core genome (Wolfgang et al. 2003), while the 

rest is considered the accessory genome. These accessory genes are found in some P. 

aeruginosa strains but not others (Kung, Ozer & Hauser 2010). The accessory 

genome is part of the clustered regions of, many times, strain specific genes known as 

genomic islands (GI) (Dobrindt et al. 2004; Hentschel & Hacker 2001; Juhas et al. 

2009).  

 

GIs can be hundreds of kilobases in length and comprise regions acquired by LGT. 

GIs differ from ICEs as they are non-self-transmissible, or at least they appear to have 

lost this ability (Hentschel & Hacker 2001). Despite this, GIs still encode their own 

excision and integration, and mobilization can be mediated by plasmids, phages and 

ICE conjugation systems (Boyd, Almagro-Moreno & Parent 2009; Dobrindt et al. 

2004; Novick, Christie & Penades 2010). It has been reported that the LGT of GIs is 

commonly restricted to a few members within a population of cells where the 

percentage of cells that undergo LGT may be regulated by external environmental 

conditions (Minoia et al. 2008a).  

 



Through the work in this project, a well disseminated GI called GI1 was found in 

clinical isolates of P. aeruginosa (reported in section 3.3.1). This GI had been 

previously recovered in the strain PACS171b from a patient with cystic fibrosis, but 

without any transposon or integrons (Hayden et al. 2008). Of the 439 isolates of P. 

aeruginosa studied here, it was found that 53 (12%) isolates presented GI1 across 23 

RAPD profiles (Appendix A). In 34 cases, GI1 harboured the transposon Tn6162 and 

an associated clinical class 1 integron, while 19 isolates harboured GI1 without an 

associated transposon or integron. This data suggests that GI1 is not only able to 

capture mobile elements responsible for antibiotic resistance, but also might itself be 

mobilized in some way.  

 

The point of insertion of GI1 was conserved through the five isolates studied in detail 

via sequencing of relevant fosmid clones (Figure 7.1). GI1 is located in the 

chromosome interrupting the endonuclease I gene, denominated PA2749, in the P. 

aeruginosa reference isolate PAO1 (protein id AAG06137.1). The ends of the GI had 

identifiable inverted repeats (Figure 3.10), suggesting insertion by a transposition 

event. However, no target site duplication was observably present. A second notable 

feature of the GI insertion point, when compared with PAO1, was that one IR (on the 

right – Figure 7.1) included two bases (CA) from the chromosomal gene PA2749 

(Figure 7.1).  



Figure 7.1 Boundary of insertion point of GI1 in the core genome.  Arrows indicate IR of 
GI1. 

 

To confirm the location of GI1 in the 48 isolates, additional to the five examined via 

fosmids positive for this GI (section 3 Table 3.9), two sets of primers were designed 

to amplify the point of insertion in the core genome (Figure 7.2). All isolates 

amplified both products, confirming that the location of this GI1, when present, was 

always in PA2749 in our cohort of isolates. 

 

Figure 7.2 Schematic representation of GI1 in their chromosomal location. Genes 
PACL_0394 and PACL_0423 are at the end of the GI1, encoding for a putative transposase 
and a phage integrase, respectively. Primers HS1459-HS1458 amplifies for the insertion of 
GI1 in PA2749 to the left, meanwhile primers HS1460-HS1461 amplifies the left hand. 

 

It has been reported that GIs can excise and integrate from their chromosomal 

location and form circular intermediates (Douard et al. 2010; Klockegether et al 2007; 
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Qiu, Gurkar & Lory 2006). To test this hypothesis for GI1 we performed PCR 

experiments with primers HS1458 and HS1460 to recover a possible circular 

intermediate using as a template boiled cell culture at different growing stages, as 

described in section 2.27 (Figure 7.3). In addition, PCRs with primers HS1459 and 

HS1461 were also performed. This primer pair would generate a small product if the 

GI was excised from its chromosomal location (Figure 7.3). GI1 boundaries in the 

inserted form were also amplified as a control. 

Figure 7.3 Representation of Circular GI1.  When circularize GIs form a recombination 
site, here denominated attGI1, between the first and last gene, in this case PACL_0394 and 
PACL_0423 respectively. Primers HS1458-HS1460 generates a product only when GI1 
circularizes. Primers HS1459 and HS1461 are predicted to generate a product when GI1 is 
excised from its chromosomal location. 

GI1 

Chromosomal 
devoid 



The generation of a product of the predicted size (1.3 kb) with primers HS1458 and 

HS1460 for the circular intermediate of GI1 (Figure 7.3) was obseved when boiled 

cells from a growing culture were used as a DNA template. The generated product 

could be observed in the gel after four hours of incubation of the culture (Figure 7.4). 

Nevertheless, when DNA was extracted by XS buffer (section 2.10.1) or a 

commercial DNA preparation kit (section 2.10.4) no product was observed. This 

could suggest that the excision of GI1 from the chromosome could be a stochastic 

event that occurs only in a very low proportion of the population. Interestingly, the 

expected product of 0.8 kb with primers HS1459–HS1461 for the excised GI1 

chromosome junction was never obtained, despite several attempts under various 

conditions, and controls for the presence of GI1 in the chromosome location always 

being positive. 

Figure 7.4 Time course of circular GI1 PCR amplification in C79. Amplification of 
circular GI1 in C79 was with the primers HS1458 and HS1460. Tracks correspond to samples 
tested at various culture times (in hours) as indicated.  The last track is loaded with molecular 
weight marker HyperLadderTM I (Bioline, Sydney, Australia). The band is approximately 1.7 
kb. 



The sequence of the amplicon comprising the putative circularized product (Figure 

7.4) revealed the formation of a recombination site, here designated attGI1, in the 

circular GI1. The attGI1 site was confirmed by the IRs of GI1, with one of them 

missing four bases, and four extra bases from the gene PA2749 (Figure 7.5). This 

behaviour is similar to the mobilizable transposons Tn4451 and Tn4453 from 

Clostridium perfringens and Clostridium difficile respectively, in which the 

transposition mechanism form one copy of the duplicated GA dinucleotide in the 

circular intermediate (Adams et al. 2002). This family of transposons is capable of 

being mobilized into a recipient cell in the presence of another conjugative element 

(Adams et al. 2002).  

Figure 7.5 Sequence of attGI1 site in circular GI1. A. Boundary of insertion point of GI1 in 
the core genome, arrows indicate IR of GI1. B. After circulation of GI1 the attGI1 site is 
formed the inverted repeats of GI1 and four bases derived from the core genome. Arrows 
indicate the orientation of sequence of the genes at the boundary of GI1. 
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The sequence of the circular excision of attGI1 in the isolate C79, when GI1 excised 

from the chromosome, was determined for three excision products. In all cases the 

sequence was the same as shown in Figure 7.5. Apart from C79, the ability of GI1 to 

excise was tested in other isolates, harbouring a transposon in GI1 (C98) and without 

a transposon (C88676). Again, the junction boundary was identical to that seen in C79 

(Figure 7.5). Interestingly, when streptomycin was added to the growing culture, as 

GI1/Tn6162 harboured the gene cassette aadA6 conferring resistance to it, no circular 

GI1 was detected by PCR (data not shown). Assuming that this gene is the only 

source of streptomycin resistance in this strain, this result is consistent with excision 

of the GI and loss of resistance. 

These experiments showed that GI1 could excise from the chromosome. We next 

attempted to determine if this circular product was contained only within the cell or 

could also be found outside the cell. To achieve this, the supernatant of a bacterial 

culture that harbours GI1/Tn6162 (filtered) was used as DNA template (Figure 7.6 – 

S1), as well as the precipitated supernatant EtOH (S2) and plasmid extracted from the 

supernatant (S3) (section 2.28) (Figure 7.6). The experiment was performed in 

triplicate. Aliquots of S1 plated onto L-agar failed to generate colonies, confirming 

that this and samples S2 and S3 contained no viable cells.  

 

Figure 7.6 Sample process to determine GI1 outside the cell.  
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The amplification of circular GI1 was not detected in the filtered supernatant (Figure 

7.7). Surprisingly, after EtOH precipitation to concentrate the sample, the expected 

band can be detected and is even more intense after “plasmid” purification of the 

supernatant (Figure 7.7). The result implies that GI1 is present in the supernatant of 

the cultures outside the cell. In S1, lack of detection may be owing to a very low 

concentration, possibly coupled with the presence of impurities that partially inhibit 

the PCR reaction. P. aeruginosa is known to produce extracellular DNA in cultures 

(Allesen-Holm et al. 2006), so it is unclear whether the presence of the circular form 

is a result of non-specific excretion of a mechanism targeting GI1 or circular DNA 

generally. 

 

Figure 7.7 Amplification of circular GI1 from the supernatant of C79. PCR was 
performed with the primers HS1458 and HS1460. Tracks correspond to samples amplified by 
triplicate. DNA template used in PCR amplification: S1, filtered supernatant; S2, supernatant 
EtOH precipitated; S3, plasmid extraction from supernatant. The first track is loaded with 
molecular weight marker HyperLadderTM I (Bioline, Sydney, Australia). The band is 
approximately 1.7 kb. 

  

 



7.2 Lateral gene transfer of GI1 

As we were able to show that a circular version of GI1 can be detected by boiling 

cells and in the extracellular environment, the next step was to determine the 

mechanism behind its possible mobilization. GIs have been shown to be mobilized by 

conjugation by helper plasmids (Douard et al. 2010) or by autonomously possessing 

genes for conjugation (Carter, Chen & Lory 2010a; Qiu, Gurkar & Lory 2006; 

Sentchilo et al 2009). Even though no obvious genes coding for conjugation functions 

were found on GI1, mobilization by conjugation was assessed in different conditions 

and recipients (section 2.30) (Table 7.1). Furthermore, natural transformation was 

also assessed, as circular forms of GI1 were found in the supernatant. For this, DNA 

from supernatant (S1), EtOH precipitated DNA from supernatant (S2), and plasmid 

extracted DNA (S3) were used (section 2.31) (Table 7.2).  

 

Table 7.1 Conjugation of isolates harbouring GI1/Tn6162 to different recipients and 
conditions 

Donor Recipient Ratio 
D:R 

Samples 
observed Results 

C79 (GI1/Tn6162, StR, 
RifS) 

PAO1 (RifR, StS) 
PAO222 (RifR, StS) 

2:1 Over 5 
days 

RifR donor 
mutants only 

TS491 (GI1/Tn6162, StR, 
RifS) 

PAO1 (RifR, StS) 
 

2:1 24 hs RifR donor 
mutants only  

C98+pUB307 
(GI1/Tn6162, StR, TcR, 
RifS) 

PAO1 (RifR, StS, 
TcR) 
 

2:1 24 hs No colonies 

C98 
C98+pUB307 

Clinical E. coli 
TS118, TS977 

1:1 24 hs No colonies 

 

St, streptomycin; Rif, rifampicin. R and S superscripts correspond to resistant and sensitive.  

  

 



Table 7.2 Natural transformation of GI1/Tn 

DNA Recipients Media Volume 
DNA Results 

S2, S3 from C79 

P.stutzeri 17587  

Patches 1cm 50 μL No colonies P.stutzeri 17641 

 P.stutzeri Q 

S2, S3 from 37308 

P.stutzeri 17587 

Patches 1cm 50 μL No colonies P.stutzeri 17641 

P.stutzeri Q 

S2, S3 from 37308 

P.stutzeri 17587 (R388) 

Patches 1cm 50 μL Done twice, 
no colonies P.stutzeri 17641 (R388) 

P.stutzeri Q (R388) 

S1 from 37308 P.stutzeri 17641 (R388) Patches 5cm 5 mL No colonies 

S1 from 37308 
PS70  

Broth 5 mL Done twice, 
no colonies TS794 

P.stutzeri 17641 (R388) 

 

P. aeruginosa isolates: PS70 isolate (GI1 and intI1 negative), TS794 (GI1 positive, intI1 negative) 

 

 

Different conditions were assessed for LGT of GI1 by conjugation and natural 

transformation without any success (Tables 7.1 and 7.2).  



7.3 Discussion 

Genomic islands are part of the accessory genome and they encode additional metabolic 

activities and pathogenicity factors, as well as containing transposons and integrons at 

increasing frequency (Dobrindt et al. 2004; Hentschel & Hacker 2001; Juhas et al. 2009; 

Martinez et al. 2012). Although, it has been demonstrated that GIs can excise from their 

chromosomal location (Douard et al. 2010; Klockgether et al. 2007; Qiu, Gurkar & Lory 

2006) and their episomal forms can be subject to LGT by different mechanisms (Carter, Chen 

& Lory 2010a; Douard et al 2010; Qiu, Gurkar & Lory 2006; Sentchilo et al 2009) they are 

still not generally considered a major source for the mobilization of antibiotic resistance 

genes. It is frequently reported or inferred that, where present in P. aeruginosa, integrons are 

located in plasmids. While this is clearly true for the Enterobacteriaceae, we believe the 

available evidence does not support this contention. For example, there are numerous reports 

showing that class 1 integrons are present in diverse P. aeruginosa clonal lines, and that these 

display no obvious evidence of plasmids (Martinez et al. 2012; Siarkou et al. 2009). In our 

studies we showed that a genomic island, GI1, was commonly found in different clonal lines 

and geographic locations harbouring class 1 integrons, suggesting that it could be mobilized 

by some mechanism and is responsible for the dissemination of antibiotic resistance genes. 

 

In this work, we were unable to identify the mechanism of mobilization of GI1. The attempts 

made here, however, were relatively rudimentary and time constraints precluded a more 

exhaustive analysis. Nevertheless, we observed the excision of GI1 from its chromosomal 

location and the formation of circular forms with their respective recombination site, attGI1. 



The circular forms were detected in the supernatant, suggesting that GI1 can in theory be 

captured under certain circumstances by other Pseudomonas strains through natural 

transformation. Another possibility is that P. aeruginosa releases GI1 in outer membrane 

vesicles. It has been demonstrated that P. aeruginosa is able to naturally produce membrane 

vesicles that contain DNA (Ciofu et al. 2000). Despite one report suggesting that only 

plasmids are incorporated (Renelli et al. 2004), GIs behave like plasmids in that they can be 

found as circular molecules independent of the chromosome. A recent report in clinical 

isolates of Acinetobacter baumannii mentions the LGT of carbapenem genes between strains 

(Rumbo et al. 2011). We think this could be an interesting hypothesis to test in the case of 

GIs in Pseudomonas, as the mechanism for mobilization of the majority of GIs is still 

unknown.  

 

Another point yet to be answered in this project is the lack of product for the chromosomal 

junction when GI1 excise. Despite the concentration of the circular form of GI1 being very 

low, the detection of the chromosomal junction should also have been detectable. As shown 

in chapter 6 for IS26, once this element excised from its location in the oprD gene a PCR 

product for the complete gene left behind was detected. So why can we not detect the 

chromosomal junction left behind when GI1 excise? One biological explanation is that a 

double chromosomal break occurs when GI1 excise and this is not repaired, thus leaving the 

cell to die. Therefore, a product is never recovered. Further work is necessary to understand 

the complex mechanism behind GI1 movement. 

 



The genetic contexts of class 1 integrons provide important information into how this element 

is being dispersed. Furthermore, as we have shown, the elements harbouring class 1 integrons 

are undergoing continuous rearrangement within the chromosome. This can thus generate 

variants from one single colony. This is an important observation in clinical contexts since 

not only can it lead to the capture of new genes, but it can also bring about rearrangements of 

genes in the chromosome that change the antibiotic profile of a strain.  

 

 



 
 
 
 
 
 
 

Final discussion



Final discussion 

The work completed in this thesis examined in detail several different aspects of antibiotic 

resistance in Pseudomonas aeruginosa. This bacterium, as part of the ESKAPE group 

(Boucher et al. 2009; Rice 2008), is generally considered to be among the most important in 

terms of the growing resistance problem. This is owing to the fact that resistance to 

antibiotics in this organism can be manifested by both intrinsic properties and by acquired 

genes. In particular, P. aeruginosa is capable of capturing and incorporating clusters of 

genes, conferring resistance and enhancing virulence. It was shown in this thesis that the 

acquisition of resistance genes seems not to affect intrinsic mechanisms, instead both 

mechanism work in collaboration to enhance antibiotic resistance profiles. Furthermore, the 

data obtained in this project points to a third mechanism of antibiotic resistance and 

adaptation to the environment which implies the stochastic rearrangement of genes in the 

chromosome.  

 

Multi-drug-resistant P. aeruginosa isolates have surged as a consequence of the acquisition 

of mobile elements such as class 1 integrons and the antibiotic resistance gene cassettes 

associated with them. Class 1 integrons are important players in the LGT of antibiotic 

resistance, however, they are not mobile by themselves. Therefore they are commonly 

associated to other mobile elements in mosaic structures. The study of the genetic context in 

which class 1 integrons are contained is relevant to understanding their distribution in P. 

aeruginosa isolates. The study of class 1 integrons was undertaken in clinical isolates of P. 

aeruginosa from two continents as a comparative study of distribution and prevalence of 

structures in two very different socio-economic and geographic areas. On the one hand it was 



no surprise that class 1 integrons and associated resistance genes were more common in 

South America compared to Australia given the more unrestricted use of antibiotics in the 

former. On the other hand, despite the difference in geographic location and clonal lines 

across the four countries, class 1 integrons were predominantly located in the chromosome in 

all cases. This is remarkable given the generally accepted role of plasmids in disseminating 

extrinsic resistance factors across clonal lines and species in Gram negative bacteria. 

Moreover, chromosomal associations were both global in nature in terms of location in 

respect of some genetic loci and regionally specific in other cases. This emphasises both the 

capacity for dissemination at a global as well as the importance of evolution at a regional 

level.  

 

The obvious lack of plasmids in our collection coupled with the nonetheless common 

presence of dispersed resistance regions in the chromosome makes it clear that the 

Enterobacteriaceae are a poor model for understanding resistance gene spread in P. 

aeruginosa. So, if plasmids have at best a minimal role in the LGT of class 1 integrons, how 

are these latter elements being mobilized through different clonal lines? One explanation may 

be the LGT of GIs carrying pathogenic and virulence factors. Here the presence of 

Tn6162/GI1 in the two continents in different clonal lines was reported. Our data showed the 

ability of GI1 to excise from its chromosomal location and thereby potentially be mobilized. 

Physical movement and integration elsewhere was not demonstrated.  However GI movement 

remains a reasonable hypothesis and deserves further examination. GIs do not present 

conserved features that facilitate their study, thus it is needed to evaluate all possible 

mechanisms. Future studies will need to take in account more pathways than the ones 

assessed in this work to try to elucidate how these GIs are potentially being disseminated.  



 

A logical question that emerges from this study is why the chromosome rather than plasmids 

seems to be a preferred location for class 1 integrons in isolates of P. aeruginosa. One reason 

for this trend towards capture by the chromosome is that selection may be for close linkage of 

resistance genes to other pathogenicity determinants to create strains that are, overall, more 

virulent. In the case of P. aeruginosa this is supported by the recently reported isolation of 

the blaNDM-1 gene located in the chromosome (Janvier et al. 2013). In this publication the P. 

aeruginosa isolate HIABP11 presented the carbapenemase blaNDM-1 gene in association with 

a class 1 integron closely related to the one described in Tn6162 (Martinez et al 2012). In the 

case of HIABP11, as in our cohort of isolates, no plasmids were detected. Thus, in the future 

the approach taken to study antibiotic resistance regions and LGT in P. aeruginosa needs to 

be rethought.  

 

This study also made two unexpected findings with respect to the evolution of resistance in P. 

aeruginosa. The first of these is the infiltration of IS26 into this species. We predict that, now 

that it is present, it will quickly become more prevalent. This coupled with the fact that it has 

the ability to co-transpose linked genes may see it begin to act cooperatively with GIs in 

spreading resistance and other genes related to virulence. In this context it is noteworthy that 

one of the IS26 containing isolates possessed a linked gene that was not obviously involved 

in antibiotic resistance. The second unexpected finding also related to IS26. It was observed 

that spontaneous switching between an OprD+/OprD- phenotype by capture or loss of copies 

of IS26 at oprD in a growing population can occur. This opened the door to the discussion of 

what we know about antibiotic resistance and adaptation mechanisms. It can be suggested 

that the genome sequence of isolates is not static and that examining a population of cells by 



molecular methods may not reveal differences in a minority of growing cells. With every new 

cell generation this picture may be rearranged to ensure an increase in the probability of 

survival to plausible changes in the environment, without the need for new elements. This is 

highly relevant to P. aeruginosa as we described in Chapter 6 given its diverse lifestyle and 

the implications of this for survival in an antibiotic context.  There is no reason to assume that 

this aspect of IS26 biology is unique to P. aeruginosa and should be investigated in the 

Enterobacteriaceae given the prevalence of the IS in these types of bacteria. 

 

In conclusion, as our knowledge of the genome, gene expression and lateral gene transfer 

increases our knowledge of intricate pathways and elements also rises. It not an easy task to 

study all mechanisms together but it is an even more impossible task to try to understand 

antibiotic resistance looking at single pieces of the puzzle. Given the dismal failure of 

reductionist approaches to control the antibiotic resistance problem over the last three plus 

decades, the genomic era and integrated molecular epidemiology approaches probably offer 

the best hope of managing the problem into the future. 



 

 

 

Appendix A 



AAustralian Isolates studied 
RRef DDate CClinic HHospital RRAPD iintI1  NNo of 

intI1  LLocation AArray GGI1 PP1 PP2 PP3 GGI2 PP4 ooprD  IIS26  ttniR  AATB 
profile 

37308 22/02/2008 
Urine 
(MSU) 
wash 

Concord G-Aus + 2 Tn6060/GI1 aac(3)Ic-cmlA5                        
blaVIM-1-aacA4-aph15-aadA1             + 0.6 + + - - + - - 

IMP, MEM, 
CIP, CAZ, 

GEN 

C294 24/12/2009 Skin Concord A-Aus + 2 Tn6162/GI1      
Tn6163/GI2 

aadA6-gcuD                          
blaGES-5-aacA4-gcuE15-aphA15-ISPa21e + 0.6 + + + - + - - 

IMP, MEM, 
CIP, CAZ, 

GEN 

C79 25/04/2010 MSU Concord A-Aus + 2 Tn6162/GI1      
Tn6163/GI2 

aadA6-gcuD                          
blaGES-5-aacA4-gcuE15-aphA15-ISPa21e + 0.6 + + + - + - - IMP, MEM, 

CAZ, GEN 

TS464 29/01/2010 CSU, M, 
C&S San Adventist A-Aus + 2 Tn6162/GI1      

Tn6163/GI2 
aadA6-gcuD                          

blaGES-5-aacA4-gcuE15-aphA15-ISPa21e + 0.6 + + + - + - - 
IMP, MEM, 
CIP, CAZ, 

GEN 

TS491 17/03/2010 Swab 
wound San Adventist A-Aus + 2 Tn6162/GI1      

Tn6163/GI2 
aadA6-gcuD                          

blaGES-5-aacA4-gcuE15-aphA15-ISPa21e + 0.6 + + + - + - - 
IMP, MEM, 
CIP, CAZ, 

GEN 

TS589 23/04/2010 MSU San Adventist A-Aus + 2 Tn6162/GI1      
Tn6163/GI2 

aadA6-gcuD                          
blaGES-5-aacA4-gcuE15-aphA15-ISPa21e + 0.6 + + + - + - - 

IMP, MEM, 
CIP, CAZ, 

GEN 

TS629 21/05/2010 Fluid left 
drain San Adventist A-Aus + 2 Tn6162/GI1      

Tn6163/GI2 
aadA6-gcuD                          

blaGES-5-aacA4-gcuE15-aphA15-ISPa21e + 0.6 + + + - + - + Sensitive  

TS634 25/05/2010 Swab small 
ulcer San Adventist A-Aus + 2 Tn6162/GI1      

Tn6163/GI2 
aadA6-gcuD                          

blaGES-5-aacA4-gcuE15-aphA15-ISPa21e + 0.6 + + + - + - + 
IMP, MEM, 
CIP, CAZ, 

GEN 

C93 18/04/2010 Cellulitis Concord A-Aus + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + - - + - - IMP, MER 

C98 25/04/2010 Blood   Concord B-Aus + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + + - + - - IMP, CIP 

TS785 29/03/2011 Swab left 
leg San Adventist B-Aus + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + - - + - - No tested 

TS839 13/11/2011 MSU San Adventist B-Aus + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + + - + - - No tested 

TS845 14/11/2011 Tip IDC San Adventist B-Aus + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + + - + - - No tested 

TS55 24/05/2009 Swab 
peritonium San Adventist C-Aus + 1 Tn6162/GI1 aadA7 + 0.6 + + - - + - - Sensitive  

TS630 24/05/2010 Swab left 
antrum San Adventist C-Aus + 1 Tn6162/GI1 aadA7 + 0.6 + + - - + - - Sensitive  

TS504 7/02/2010  Swab Left 
Heel San Adventist D-Aus + 1 Unknown aadB-ISUnCu1-aadA2 - N/A - - - - - - - IMP, CAZ, 

GEN 

TS597 3/05/2010 Fluid 
pleural San Adventist D-Aus + 1 Unknown aadB-ISUnCu1-aadA2 - N/A + + - - - - - IMP, CAZ, 

GEN 

88676 13/05/2010 Swab back Concord E-Aus - N/A N/A N/A + 3.4 N/A N/A  - 
 N/A - - - CAZ 

101771 27/05/2010 CSU, M, 
C&S Concord F-Aus - N/A N/A N/A + 3.4 N/A N/A - N/A - - - Sensitive  



AAustralian Isolates studied cont.  

RRef  DDate  CClinic  HHospital  RRAPD  iintI1  
NNo of 
intI1  

LLocation  AArray  GGI1 PP1  PP2  PP3  GGI2 PP4  ooprD  IIS26  ttniR  
AATB 

profile  

TS753 3/09/2010 Swab 
vaginal San Adventist No studied - N/A N/A N/A + 3.4 N/A N/A - 

  N/A + - - No tested 

TS794 4/04/2011 MSU San Adventist No studied - N/A N/A N/A + 3.4 N/A N/A  - N/A + - - No tested 

TS831 24/05/2011 Spotum 
mucoid San Adventist No studied - N/A N/A N/A + 3.4 N/A N/A -  N/A + - - No tested 

TS849 22/11/2011 Bronchial 
washing San Adventist No studied - N/A N/A N/A + 3.4 N/A N/A  - N/A + - - No tested 

Notes: 

P1, GI region missing kb 

P2, PCR with primers HS954 - HS1064 

P3, PCR with primers HS964 - HS1063 

P4, Inc group plasmid typing 

ATB, antibitotic; N/A, non applicable; Sensitive, sensitive to the seven antibiotic tested against (IMP, MEM, AZT, CAZ, GEN, CIP, FEP) 

IMP, Imipenem; MEM, Meropenem; AZT, Aztreonam; CAZ, Ceftazidime; GEN, Gentamicin; CIP, Ciprofloxacin; FEP, Cefepime 
a Only carbapenems Imipenem and Meropenem tested 



 

UUruguayan Isolates studied 
RRef DDate CClinic HHospital RRAPD iintI1  NNo of 

intI1  LLocation AArray GGI1 PP1 PP2 PP3 GGI2 PP4 ooprD  IIS26  ttniR  AATB 
profile 

U04  29/04/08 MSU HCFA A-Uru + 1 Unknown aacA4-blaOXA-2-gcuD -   - - - - - - - IMP, MEM, 
CAZ, GEN 

U09 3/05/08 Tip of 
catheter HCFA B-Uru + 3 

Tn6162/GI1        
IS26-like/oprD 

IS26-like/tRNAgly 

aadA6-gcuD                        
aadB-catB3-blaOXA-129-dfrA5-aacA4      
aadB-catB3-blaOXA-129-dfrA5-aacA4 

+ 0.6 + + - - - 2 + MEM, CIP, 
GEN 

U11 8/05/08 
Urine from 

urinary 
catheter 

HCFA C-Uru + 1 Unknown blaVIM-2 +   - - - - - - - IMP, MEM, 
CAZ 

U25 27/05/08 MSU HCFA D-Uru + 1 Unknown aadA7 - nc - - - - - - - Sensitive 

U57  28/07/08 
Urine from 

urinary 
catheter 

HCFA E-Uru + 1 Unknown aacA4 - nc - - - - + - - Sensitive 

U61 31/07/08 MSU HCFA B-Uru + 2 Tn6162/GI1        
IS26-like/tRNAgly 

aadA6-gcuD                        
aadB-catB3-blaOXA-129-dfrA5-aacA4      + 0.6 + + - - + 1 + CIP, GEN 

H-29 31/07/08 MSU HCFA No studied - N/A  N/A N/A - N/A N/A N/A - - + - - Sensitive 

 



AArgentinian Isolates studied 
RRef DDate CClinic HHospital RRAPD iintI1  NNo of 

intI1  LLocation AArray GGI1 PP1 PP2 PP3 GGI2 PP4 ooprD  IIS26  ttniR  AATB 
profile 

PAE 2003  2007  Bronchoalveolar 
lavege  Clinicas  A-Arg  +  3  

Tn6162/GI1      
Tn5393     

Unknown  

aadA6-gcuD                    
orfV-blaOXA-17-gcuXX              

aac6Ibcr-blaOXA-1-catB3-arr3  
+  0.6  +  +  -  -  +  2  +  

IMP, MEM, 
CAZ. GEN, 
CIP, AZT  

PAE 839  2005  Burn Unit  Quemados  B-Arg  +  1  Unknown  ~3kb, not able to sequence  +  3.4  -  -  -  -  +  1  +  IMP, MEMa  

PAE 421  2009  no available  Durand  C-Arg  +  1  Unknown  blaIMP-13- aacA4like  +  3.4 -  -  -  -  -  -  -  Sensitive 

PAE  422 2009 no available Durand C-Arg +  1 Unknown blaIMP-13- aacA4like +  3.4 -  -  -  -  -  -  -  IMP, MEMa 

PAE 2002 2006 no available Clinicas C-Arg +  1 Unknown blaIMP-13- aacA4like +  3.4 -  -  -  -  -  -  -  Sensitive 

PAE 313 2005 no available Mitre D-Arg +  2 Unknown   
Unknwon 

blaGES-1-aadA2                  
aadB-orf unk-aacA4-aadA1 -  N/A -  -  -  -  -  2 -  IMPa 

PAE 314 2005 no available Mitre E-Arg +  1 Unknown aacA4like-orfD -  N/A -  -  -  -  +  -  -  IMPa 

PAE 810 2004 Burn Unit Quemados F-Arg +  1 Unknown aacA4like-orfD -  N/A -  -  -  -  +  -  -  IMPa 

PAE 812 2004 Burn Unit Quemados G-Arg +  1 Unknown aadB-aacA4like -  N/A -  -  -  -   ~3.0 -  -  
IMP, MEM, 
CAZ, GEN, 
CIP, AZT 

PAE 1001 2007 Pediatric Sample Garraham H-Arg +  1 Unknown aacA4like-aacA7 -  N/A -  -  -  -  +  -  -  IMPa 

PAE 1006 2007 Pediatric Sample Garraham H-Arg +  1 Unknown aacA4like-aacA7 -  N/A -  -  -  -  +  -  -  IMP, MEMa 

PAE 310 1999 no available Mitre No studied -  N/A N/A N/A -  N/A -  -  -  -  +  -  -  No studied 

PAE 404 1999 no available Durand No studied -  N/A N/A N/A -  N/A -  -  -  -  -  -  -  No studied 

PAE 502 2005 no available Favaloro No studied -  N/A N/A N/A -  N/A -  -  -  -  -  -  -  No studied 

PAE 503 2005 no available Favaloro No studied -  N/A N/A N/A -  N/A -  -  -  -  -  -  -  No studied 

PAE 830 2004 Burn Unit Quemados No studied -  N/A N/A N/A -  N/A -  -  -  -  +  -  -  No studied 

PAE 930 2006 Cystic fibrosis 
sample Austral No studied -  N/A N/A N/A -  N/A -  -  -  -  -  -  -  No studied 

PAE 965 2006 Cystic fibrosis 
sample Austral No studied -  N/A N/A N/A -  N/A -  -  -  -  -  -  -  No studied 

PAE 992 2008 Cystic fibrosis 
sample Austral No studied -  N/A N/A N/A -  N/A -  -  -  -  -  -  -  No studied 

PAE 2006 2007 no available Clinicas No studied -  N/A N/A N/A -  N/A -  -  -  -  -  -  -  No studied 

 



CColombian Isolates studied 
RRef DDate CClinic HHospital RRAPD iintI1 NNo of 

intI1  LLocation AArray GGI1 PP1 PP2 PP3 GGI2 PP4 ooprD IIS26  ttniR AATB 
profile 

PS 85 14/6/2005 no available Samaritana I-Col + 1 Tn6162/GI1 aadA1 + 0.6 + + --  - + - - IMP, MEM, 
FEP 

 PS152 23/5/2005 no available SPC I-Col + 1 Tn6162/GI1 aadA1 + 0.6 + + -- - + - - 
IMP, MEM, 
CAZ, GEN, 
CIP, FEP 

PS87 9/6/2005 no available San Rafael A-Col + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + -- - + - - 
IMP, MEM, 
GEN, CIP, 

FEP 

PS83 22/7/2005 no available Tunal B-Col + 2 Tn6162/GI1 
IS6100/Tn5393 

aadA6-gcuD 
aadB-aacA7-blaOXA-2-gcuD + 0.6 + + -- - + - + IMP, MEM, 

CIP, FEP 

PS69 1/1/2006 MSU CCM C-Col + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + -- - + - + MEM, AZT, 
GEN, CIP 

PS68 1/12/2005 Swab wound San Jeronimo C-Col + 2 Tn6162/GI1 
IS6100/Tn5393 

aadA6-gcuD 
aadB-aacA7-blaOXA-2-gcuD + 0.6 + + -- -  + - - 

IMP, MEM, 
CAZ, GEN, 

CIP 

PS62 1/1/2006 Swab wound San Jeronimo D-Col + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + -- - + - - 
IMP, MEM, 
AZT, GEN, 

CIP 

PS50 15/10/2007 Broquial 
secretion San Jeronimo D-col + 1 Tn6162/GI1 

PA1368/ tniR 
aadA6-gcuD 

blaOXA-101- aacA4- catB3- aadA7 + 0.6 + + -- - + - + IMP, GEN, 
CIP. FEP 

PS26 11/9/2008 Cerebrospinal 
fluid Zayma E-Col + 2 Tn6162/GI1 

Unknown 
aadA6-gcuD 

aadB-aacA4-aadA1-blaOXA-10 
+ 3 + + -- FIB/ 

FIA - 1 - IMP, CAZ, 
GEN, CIP 

PS20 22/11/2008 Secretion 
wound leg CCM F-Col + 2 Tn6162/GI1 

IS6100/Tn5393 
aadA6-gcuD 

aadB-aacA7-blaOXA-2-gcuD + 0.6 + + --  - + - - 
IMP, MEM, 
AZT, CAZ, 
GEN, CIP, 

FEP 

PS17 15/9/2008 Broquial 
secretion CCM G-Col + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + --  - + - + 

MEM, AZT, 
CAZ, CIP, 

FEP 

PS16 29/8/2008 Foot secretion  CCM G-Col + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + -- FIB/ 
FIA + 1 + GEN, CIP 

PS53 1/11/2008 Broquial 
secretion San Jeronimo H-Col + 1 Tn6162/GI1 

PA1368/ tniR 
aadA6-gcuD 

blaOXA-101- aacA4- catB3- aadA7 + 0.6 + + -- - + 1 + 
IMP, MEM, 
AZT, GEN, 
CIP, FEP 

PS47 3/9/2007 Urinary 
catheter San Jeronimo G-Col + 1 Tn6162/GI1 

PA1368/ tniR 
aadA6-gcuD 

blaOXA-101- aacA4- catB3 + 0.6 + + -- - + 1 + AZT, GEN, 
CIP, FEP 

PS43 31/8/2007 Broquial 
secretion San Jeronimo G-Col + 1 Tn6162/GI1 

PA1368/ tniR 
aadA6-gcuD             

blaOXA-101- aacA4- catB3- aadA7 + 0.6 + + -- - + 1 + GEN, CIP. 
FEP 

PS38 26/5/2007 Broquial 
secretion San Jeronimo G-Col + 3 

Tn6162/GI1 
Unknown  

PA1368/ tniR 

 aadA6-gcuD                      
dfrA17-aadA5                     

  blaOXA-101-aacA4-catB3 
+ 0.6 + + -- - + - + 

IMP, AZT, 
GEN, CIP, 

FEP 

PS18 24/10/2008 Broquial 
secretion CCM G-Col + 1 Tn6162/GI1 aadA6-gcuD + 0.6 + + -- - + - + 

AZT, CAZ, 
GEN, CIP, 

FEP 

PS45 6/9/2007 Tip of catheter San Jeronimo J-Col + 2 Unknown ~2000,  ~3000 + 3.4 - - -- - + 1 - 
IMP, MEM, 
CAZ, GEN, 
CIP, FEP  

 PS129 21/06/2005 no available Santa Clara J-Col + 2 Unknown ~2000,  ~3000 - N/A N/A N/A -- - + 2 - 
IMP, MEM, 
AZT, CAZ, 
CIP, FEP 



 

CColombian Isolates studied cont. 
RRef DDate CClinic HHospital RRAPD iintI1 NNo of 

intI1  LLocation AArray GGI1 PP1 PP2 PP3 GGI2 PP4 ooprD IIS26  ttniR AATB 
profile 

PS9 6/9/2007 Blood CCM K-col + 1 Unknown aadB-aacA4 - N/A N/A N/A -- - + - - 
IMP, MEM, 
CAZ, GEN, 
CIP, FEP  

PS84 7/12/2005 no available San Rafael K-Col + 1 Unknown aadB-aacA4 - N/A N/A N/A -- - + - - IMP, MEM, 
CIP 

PS8 23/82007 MSU CCM K-Col + 1 Unknown aadB-aacA4 - N/A N/A N/A -- - + - - 
IMP, MEM, 
AZT, CAZ, 
GEN, CIP, 

FEP 

PS71 1/3/2006 MSU San Jeronimo K-Col + 1 Unknown aadB-aacA4 - N/A N/A N/A -- - + - - 
IMP, MEM, 
CAZ, GEN, 
CIP, FEP  

PS63 1/2/2006 Otic secretion San Jeronimo K-Col + 1 Unknown aadB-aacA4 - N/A N/A N/A -- - + - - 
IMP, MEM, 
GEN, CIP, 

FEP 

 PS117 25/8/2005 Peritoneal 
lavage Santa Clara L-Col + 2 Unknown       

Unknown/ tniR 
aadB-aacA4                      

 aacA7-blaOXA-2 
- N/A N/A N/A -- FIA  + - + 

IMP, MEM, 
CAZ, GEN, 

CIP 

PS33 3/10/2007 Secretion 
wound Bocagrande M-Col + 1 Unknown aadB-aacA4 - N/A N/A N/A -- - + - - IMP, GEN 

PS27 22/9/2008 MSU Zayma M-Col + 1 Unknown aadB-aacA4 - N/A N/A N/A -- - + - - 
IMP, MEM, 
AZT, CAZ, 
GEN, CIP, 

FEP 

PS74 1/4/2006 Secretion soft 
tissues San Jeronimo M-Col + 1 Unknown aadB-aacA4 - N/A N/A N/A -- - + - - GEN, CIP 

 PS14 2008 Secretion 
wound leg CCM M-Col + 1 Unknown aadB-aacA4 - N/A N/A N/A -- - + - - GEN, CIP 

 PS112 11/1/2006 Blood HMC N-Col + 1 Unknown aacA7-aadB-aadA16-blaOXA-10 - N/A N/A N/A -- FIA/IncP + - - 
IMP, MEM, 
AZT, CAZ, 
GEN, CIP 

 PS101 24/6/2005 no available SPC L-Col + 1 Unknown ~1000 - N/A N/A N/A -- - + - + IMP, MEM, 
AZT, FEP 

PS82 15/2/2005 no available Kennedy O-Col + 2 Unknown ~1000, ~2500 - N/A N/A N/A -- - + - - MEM, CIP, 
FEP 

PS81 13/12/2005 no available Kennedy P-Col + 1 Unknown ~2500 - N/A N/A N/A -- - + - - 
IMP, MEM, 
AZT, CAZ, 

FEP 

PS80 7/12/2005 no available Kennedy P-Col + 1 Unknown ~2500 - N/A N/A N/A -- - + - - MEM, AZT, 
CAZ, FEP 

 PS100 16/12/2005 no available Kennedy P-Col + 1 Unknown ~2500 - N/A N/A N/A -- - + - - 
IMP, MEM, 
AZT, CAZ, 

FEP 

 PS119 30/11/2005 no available JPC Q-Col + 1 Unknown ~3000 - N/A N/A N/A -- - + - - 
IMP, MEM, 
AZT, CAZ, 
GEN, CIP, 

FEP 

PS76 1/3/2006 Broquial 
secretion San Jeronimo R-Col + 1 Unknown ~5000 - N/A N/A N/A -- - + - - IMP, MEM, 

GEN 

PS75 1/5/2006 Broquial 
secretion San Jeronimo R-Col + 1 Unknown ~5000 - N/A N/A N/A -- - + - - 

IMP, MEM, 
CAZ, GEN, 
CIP, FEP  



 

CColombian Isolates studied cont. 
RRef DDate CClinic HHospital RRAPD iintI1 NNo of 

intI1  LLocation AArray GGI1 PP1 PP2 PP3 GGI2 PP4 ooprD IIS26  ttniR AATB 
profile 

PS19 22/9/2008 Secretion 
gluteus CCM R-Col + 1 Unknown ~5000 - N/A N/A N/A -- - - - - 

IMP, MEM, 
CAZ, GEN, 

FEP  

PS64 1/2/2006 Secretion soft 
tissues San Jeronimo S-Col + 1 Unknown no product amplified - N/A N/A N/A -- - + - - CAZ 

PS21 24/11/2008 Blood CCM S-Col + 1 Unknown no product amplified - N/A N/A N/A -- - + - - 
IMP, MEM, 
CAZ, GEN, 
CIP, FEP  

PS1 22/3/2007 Broquial 
secretion Monteria S-Col + 1 Unknown no product amplified - N/A N/A N/A -- - + - - 

IMP, MEM, 
AZT, CAZ, 
GEN, CIP 

PS72 1/3/2006 Secretion soft 
tissues San Jeronimo S-Col + 1 Unknown no product amplified + 3.4 - - -- - + - - IMP, MEM, 

CIP 

PS3 5/7/2007 Lower limb 
ulcer CAS S-Col + 1 Unknown no product amplified + 3.4 - - -- -  + - - IMP, MEM, 

GEN, CIP 

PS92 4/8/2005 no available JPC No Studied - N/A N/A N/A + 3.4 N/A N/A -- - + - N/A MEM, CAZ, 
FEP 

PS78 3/9/2007 urinary 
catheter San Jeronimo No Studied - N/A N/A N/A + 3.4 N/A N/A -- - + - N/A Sensitive 

PS66 1/2/2006 Secretion soft 
tissues San Jeronimo No Studied - N/A N/A N/A + 3.4 N/A N/A -- - + - N/A Sensitive 

PS4 7/7/2007 MSU CAS 
No Studied 

- N/A N/A N/A + 3.4 N/A N/A -- - + - N/A 
IMP, MEM, 
AZT, GEN, 
CIP, FEP 

PS121 13/9/2005 no available San Ignacio 
No Studied - N/A N/A N/A + 3.4 N/A N/A -- - + - N/A MEM, CIP 

 

 

 

 



 

 

 

Appendix B



Screening Primers 
Primers Sequence (5’ – 3’) Target Amplicon Reference 

HS915 CGTGCCGTGATCGAAATCCAG intI1 371 bp (Marquez, Labbate, 

Raymondo, et al. 2008) HS916 TTCGTGCCTTCATCCGTTTCC 

HS458 GTTTGATGTTATGGAGCAGCAACG Cassette array Variable (Holmes et al. 

2003) HS459 GCAAAAAGGCAGCAATTATGAGCC 

HS513 ATTTGTACGGCTCYGCASTGG aadA1/2/3/6 and 7 466 bp  

HS514 CACTACATTYCGCTCATCGCC 

HS1457 CCAGAAGCCAAAACGGATAA gcuD 1,026 bp This work 

HS1152 CGGTCGAGTCAAAAGCTAGG PACL_0400 RV 637 bp 
This work 

HS1153 CAGTACCAACCCCCTCAAAA PACL_0400 Fw 

HS954 CAACCACGTAAGCAACTG Before PACL_0401 298 bp (Roy Chowdhury et al. 

2009) 

HS1064 CAACCTCTAGGGCCTCAACC After IR Tn6162 This study 

HS964 GAAGGGAGGTTGGATGAA PACL_0401 2,400 bp (Roy Chowdhury et al. 

2009) HS1063 GCAGATGACGCCCAAAGA Transposae Tn6162 

HS1455 GCCAGAACCAAGTGAATGC PACL_0401  Variable This study 

HS1456 CAATGGGAAACCTTGGACTT PACL_0404 

HS1231 AGCCGTCCTTGATGAACACT GI2 Rv  This study 

HS1232 ATTATCCTTTCCGCGCTTCT GI2 Fw 

HS1316 CCACCTTGGTTTCCGGTTGC tniR 466 bp (Betteridge et al. 2011) 

HS1454 CAGTCCACCAATTTGCAACG This study 

HS1452 AGCCATTTTCCAATTTGTGC oprD flanking 1,800 bp This work 

HS1453 GGGGTGTTTTCGCAGAGTAA 

HS1451 ACTCGTTCTGGTCGCCTTC oprD  This work 

HS1279 CGCCGTAGCCGTAGTTCTTA oprD internal 800 bp This work 

HS1280 TCCAAGACCATGCTGAAGTG 

IS26 Fw GGCATCAGTTACCGTGAGC IS26 339 bp This work 

IS26 Rv CGTGTTGATGAATCGTGG 

HS1458 CCTGGTGGTATCGTGGAAGA PACL_0394 Fw 373 bp This study 

HS1459 CTGTCGCTACTCGGGAAATC PA2749 

HS1460 TCCAACGCAGACAGAATCAA PACL_0423 Fw 1,953 bp This study 

HS1461 CATGTCTTCCAGGGCTTCC PA2750 

pJAK16-F GCTGTGCAGGTCGTAAATCA Outside multiclonal site 

pJAK16 and 

pMMB67EH 

400 bp Maurizio Labbate 

pJAK16-R CTGGCAGTTCCCTACTCTCG 

BamHI-

gcuXX 

TTTTGGATCCGTTAGGCCGTAAGG

ACACAT 

Cloning gcuXX Variable This study 

PstI-gcuXX 
TTTTCTGCAGACCTGATAGTTTGGC

TGTGAG 

HS1462 TGTTGGTGTTGTCTGCTTCG Unknown IS  324 bp This study 

HS1463 GGTTCGGCTTGAATGAATTG 



GI1-Tn6162 Fosmid 
Primers Sequence (5’ – 3’) Target Reference 

HS1226 GCTGGGTTTGCCGTTTCTCT gcuD to 3’CS  

HS1077 CTTTGCAACCAATCGAGGAT tnpA Tn6162  

HS1229 AATGACAGGGACAGGTGAGC merE Tn6162  

HS1250 GTGTGCGCATCGAGTTCTT tnpR Tn6162  

HS1233 CTCGATGACCAGCTTGATGA merA Tn6162  

HS1249 GCCACAGCTCCTCTACATCC Before orfA Tn6162  

HS1238 GGATCGTGACCTGGCTACC merA Tn6162  

HS1248 GGTCGGTGATATGGGTGAAC orfA Tn6162  

HS1239 CTTGTCGAACAGCCCAGTG merA Tn6162  

HS1240 CGACCCAGAAAATGAGCTTG merT Tn6162  

HS1247 TCGGAGCGGTGAAATAGAAC orfB Tn6162  

HS1290 TGTTGCTGATCGACTTGCTT Between mer and orfs  

HS1241 AACCGTGCTATCCGAACTTG merR Tn6162  

HS1242 ATTAGCACCGCCCATTTACA Between merR and orfs  

HS1243 CCTCGCCTACCGCTATACCT Between merR and orfs  

HS1244 ACAGGGACTTGATGGCTTTG After orfs before res  

HS1245 GTTTGCTTGGTTTGCTGAAAG After orfs before res  

HS1246 CGCTTGTATGCCTTGTGTTG orfD  

HS1271 CATCTTCGTCACACCCTCAA Between merR and orfs  

HS1274 AGTTCGGATAGCACGGTTTC merR Tn6162  

HS1277 CTTCAACGACTCCGACCTGT tnpA Tn6162  

HS1278 CCAGCCGTGTCAGTGTAGTG tnpA Tn6162  

HS1291 AAGTCGAAGTGCTGGGCTTA orfA   

HS1466 AAATGCTGCCAATCGAGACT PACL_0423 Rv  

GI2-Tn6163 Fosmid 
Primers Sequence (5’ – 3’) Target Reference 

HS1269 TGGCGTTATGTACAGGAGCA tnpA ISPa21  

HS1238 TGCGTCGGAAAAATTAACCT blaGES-5  

HS1270 CAGGCTTCCATCACCCACTC ISPa21 to 3’CS  

HS no N AGAAAGCGGGGTTTGAGAGG aacA4 to 3’CS  

HS1234 GACACTACGAGCGGGTTTTC blaGES-5 Rv  

HS no no AGGCGTTCTGGCGTTATGTA ISPa21 to 5’CS  

HS1228 CATAGAGCATCGCAAGGTCA aacA4 5CS’  

HS1230 ATGACGCCCAACGAATACAG ISPa21 to 5’CS  

HS1257 CCAAGCTCTACATCCCGAAG tnpA Tn6163  

HS1268 CTGCAAGACGGATAGCTGGT gcuE15  

HS1267 ATCCAAGCTTGTTGCCAGAG IS4-like  



HS1266 AGGTCAAAACGGAGATCAGC IS4 like  

HS1292 GCATTTCATCGACACGTTTG IS1071  

HS1256 GCCTTTCGGGTAATTCCAGT IS1071  

HS1255 GTATTGCCTGTTCACCACCA IS1071  

HS1236 TCGCCATGTGTGACTACCAG aphA15 to 5’-CS  

HS1260 TTGAGGCGTTCGATGTGTT tnpA Tn6163  

HS1261 AGCTCGAACAGATCCAGGTG tnpR Tn6163  

HS1251 GACACACGTATCCGCGACT GI2  

HS1252 GACCGCTATGCTGACCAAAT IS1071  

HS1253 AAGCATTGGGATAGTCTGGTG IS1071  

HS1254 GAACTCCATTTGTCGCCATT IS1071  

HS1258 AGCAGCAGTTCGGTGATCTT tnpA Tn6163  

HS1259 CGTTGTCGCTGTTCATGC tnpA Tn6163  

HS1262 GATTGGGCAGCACTTCAGAT urf2 Tn6163  

HS1263 ACAGGGACAGAAGGAACAGG merE Tn6163  

HS1265 CGTGCTGTCTGAGTTGGTGT merR Tn6163  

HS1264 TGCCTTCCTCGATAACCAAC merA Tn6163  

HS1272 TCTTGCTGGTTCTCCTGCTT Hypothetical protein GI2  

HS1275 CGCTGATAGAAACGGATGGT merR Tn6163  

HS1288 CGCAATTTTTCATTCCCATC  tnpA Tn6163  

IS26-intI1 Fosmid 
Primers Sequence (5’ – 3’) Target Reference 

HS1076 GCCGATGAAGTACCACCAGT aadB  

HS1235 AAAGTTGGGCGGTACAGCTA catB3 Fw  

HS1281 GGATTTTCTTGACGGCAACT blaOXA-129 to 5’-CS  

HS1289 CAAAGATCGGAAGGGTTACG IS26  

HSXXX TCCTAGTCGCGAGTTGCAG Orf5  

HS1284 GACACATTGATGGCAAGACG urf2   

HS1285 GCACGATATGTACGCTCACC merD  

HS1286 CCATTGATATACGCGACCTG merA  

HS1287 TACCCCGTCTTGTCGTTTCT merA  

HS1299 CTGTTGTCGTTGGCTTGCT Between merC and merP  

HS1283 CCCTCGTACTGGCTCAAGAA merC  

HS1273 ACGGAGTCAAGCGATATGGA merR  

HS1276 TCGTGGGTCTGGTGTACTGA After merR  

HS1282 CCCTCGTACTGGCTCAAGAA merC  

HS1293 GGTAAGCAAAAGCGCATCTC Integrase PAGI-2  

HS1294 GAACTCAAGAAGCGCATCAG Integrase PAGI-2  

HS1295 CATAACGCTTCTTGCCCTTC LysR  

HS1296 CTTCTATGCGAGCCTTGAGC PA2820  

HS1297 ACCCACAGCTACCGTTTTTG tRNAGly  



HS1298 ACGAATGGTTGGAAGTGGTT After LysR  

HS1464 ACAACCCCTACTTGCACCTG HEAR2054  

HS1465 GGCGAATATGGCACCTACTT HEAR2053  

HS1467 ATGCTCTGGTTGGTCGGTAG PAGI-2 Rv  

HS1468 CGAACGAGTCAACGGAAGA PAGI-2 Fw  

HS1471 TCGAGCCAATACTTGTGCAG catB3 Rv  

IS6100/Tn5393 – intI1 Fosmid

Primers Sequence (5’ – 3’) Target Reference

HS1469 ACTAGGGTTTGCCGAGCTTT aacA7  

HS1479 TTCTACAACCACCACCGACA tnpA Tn5564  

HS1480 GATTTTCATCGCGCTCTGTAG TetR  

IS6100-F CGATCACCGAATTGAAGC IS6100 Maurizio Labbate 

Tn5393– intI1 Fosmid

Primers Sequence (5’ – 3’) Target Reference

HS1470 TGGCGAAGTAAGAATGCAGA blaOXA-17  

HS1472 GAAGATTCCGAACACCATGC tnpR Tn5393  

HS1473 CACGATTGCATTGACCTCTG tnpA Tn5393  

HS1474 CACTGTCGATCCTGCTCTCC cmx1  

HS1475 GGGCCAGATTTCGACAAGT urf2 Fw  

HS1476 CGGCTCGAATATCTGCAAC tnpA Tn5393  

HS1477 TCGTCATCATGCTTCTCACC cmx1 Fw  

HS1478 TCTGGTGCTCGATCTCTACAAG tnpA Tn5393  

 intI1 without 3’-CS Fosmid

Primers Sequence (5’ – 3’) Target Reference

HS1481 GTTGCAAATTGGTGGACTG tniR out  

HS1482 GAGAACTGGAACGCATAGGT tniQ out  

HS1483 ACACCCCAATAGAATCCGAG tniQ out2  

HS1484 CCTTCGGTGATTCGCTTCTA tniB in  

HS1485 AGAAAGCGTAGCAGGTTGAG tniB out  

HS1486 TTCAAAGGTCCCAGAGTTGC PSTAB_2464  

HS1487 GTGCGACAAGGTACGGTAGG tniA out  

HS1488 CCGGAAGGTCAGCACTATCT tniA in  

HS1489 GATCCGTAAGGCAATGGTGT tniA out2  



β-lactamases 
Primers Sequence (5’ – 3’) Target Reference 

SHV Fw CTTTACTCGCCTTTATCGGC SHV (Bradford et al. 

2004) SHV Rv TTACCGACCGGCATCTTTCC 

TEM Fw GTGCGCGGAACCCCTATT TEM (Bradford et al. 

2004) TEM Rv TTACCAATGCTTAATCAGTGAGG 

KPC Fw ATGTCACTGTATCGCCGTCT KPC (Bradford et al. 

2004) KPC Rv TTTTCAGACCTTACTGCCC 

NDM Fw ACTTGGCCTTGCTGTCCTT NDM This work 

NDM Rv GGTTTGGCGATCTGGTTTT 

RT-PCR 
Primers Sequence (5’ – 3’) Target Amplicon Reference 

mexB-Fw GTGTTCGGCTCGCAGTACTC mexB-mRNA 244 bp (Yoneda et al. 

2005) mexB-Rv AACCGTCGGGATTGACCTTG 

mexY-Fw CCGCTACAACGGCTATCCCT mexY-mRNA 250 bp  (Yoneda et al. 

2005) mexY-Rv AGCGGGATCGACCAGCTTTC 

ampC-Fw AGATTCCCCTGCCTGTGC ampC-mRNA 280 bp (Savli et al. 2003) 

ampC RV GGCGGTGAAGGTCTTGCT 

oprD-Fw TCCGCAGGTAGCACTCAGTTC oprD-mRNA 191 bp (Savli et al. 2003) 

oprD-Rv AAGCCGGATTCATAGGTGGTG 

rpsL-Fw GCAAGCGCATGGTCGACAAGA rpsL-mRNA 201 bp (Dumas et al. 

2006) rpsL-Rv CGCTGTGCTCTTGCAGGTTGTGA 

IS26 RT-Fw CAACGTGAAGAAGTGGCAGA 
IS26 218 bp This work 

IS26 RT-Rv CGTAAGCCGTCTTCATGGAT 



Inc group 

 Sequence (5’-3’) Primers Product (Carattoli  et al. 

2005) 
Multiplex 

1 

GGAGCGATGGATTACTTCAGTAC HI1 Fw 471 bp 

TGCCGTTTCACCTCGTGAGTA HI1 Rv 

TTTCTCCTGAGTCACCTGTTAACAC HI2 Fw 644bp 

GGCTCACTACCGTTGTCATCCT HI2 Rv 

CGAAAGCCGGACGGCAGAA I1 Fw 139bp 

CGTCGTTCCGCCAAGTTCGT I1 Rv 

Multiplex 

2 

AACCTTAGAGGCTATTTAAGTTGCTGAT X Fw 376bp 

GAGAGTCAATTTTTATCTCATGTTTTAGC X Rv 

GGATGAAAACTATCAGCATCTGAAG L/M Fw 785bp 

CTGCAGGGGCGATTCTTTAGG L/M Rv 

GTCTAACGAGCTTACCGAAG N Fw 559bp 

GTTTCAACTCTGCCAAGTTC N Rv 

Multiplex 

3 

CCATGCTGGTTCTAGAGAAGGTG FIA Fw 462bp 

GTATATCCTTACTGGCTTCCGCAG FIA Rv 

GGAGTTCTGACACACGATTTTCTG FIB Fw 702bp 

CTCCCGTCGCTTCAGGGCATT FIB Rv 

CCTAAGAACAACAAAGCCCCCG W Fw 242bp 

GGTGCGCGGCATAGAACCGT W Rv 

Multiplex 

4 

AATTCAAACAACACTGTGCAGCCTG- Y Fw 765bp 

GCGAGAATGGACGATTACAAAACTTT Y Rv 

CTATGGCCCTGCAAACGCGCCAGAAA P Fw 534bp 

TCACGCGCCAGGGCGCAGCC P Rv 

GTGAACTGGCAGATGAGGAAGG FIC Fw 262bp 

TTCTCCTCGTCGCCAAACTAGAT FIC Rv 

Multiplex 

5 

GAGAACCAAAGACAAAGACCTGGA A/C Fw 465bp 

ACGACAAACCTGAATTGCCTCCTT A/C Rv 

TTGGCCTGTTTGTGCCTAAACCAT T Fw 750bp 

CGTTGATTACACTTAGCTTTGGAC T Rv 

CTGTCGTAAGCTGATGGC FII Fw 270bp 

CTCTGCCACAAACTTCAGC FII Rv 

Simple TGATCGTTTAAGGAATTTTG FrepB Fw 270bp 

GAAGATCAGTCACACCATCC FrepB Rv 

GCGGTCCGGAAAGCCAGAAAAC K/B Fw 160bp 

TCTTTCACGAGCCCGCCAAA K Rv 

CTGCGTTCCGCCAAGTTCGA B/O Rv 159bp 

 



 

 

 

Appendix C



[Home] [Server] [Queue] [About] [Remove] [Statistics]

I-TASSER results for job id S95695

  Submitted Sequence

  Predicted Secondary Structure

  Predicted Solvent Accessibility

  Top 5 Models predicted by I-TASSER

  Top 10 templates used by I-TASSER

  Proteins with highly similar structure in PDB (as identified by TM-align)

  Function Prediction using COFACTOR

>protein
MPRKFSFSPDEYDTPSMHVLRQEWRNIPDAQARNVIAVEAQYLAFHHYLISSLRHQAIEG
GDAIPIGLSVRAGALKTATLLCASIAEAALRAHAEARHYGLPAAAHRRTFGRVLGAWQLP
DETPRPDVAAIWTQLQNLHGGRNTVHLYASIQDGSNFYDILQAESQSLAEAELVLTHLRN
LVTA

Sequence

                  20                  40                  60                  80                 100                 120                 140                 160                 180
                   |                   |                   |                   |                   |                   |                   |                   |                   |    
MPRKFSFSPDEYDTPSMHVLRQEWRNIPDAQARNVIAVEAQYLAFHHYLISSLRHQAIEGGDAIPIGLSVRAGALKTATLLCASIAEAALRAHAEARHYGLPAAAHRRTFGRVLGAWQLPDETPRPDVAAIWTQLQNLHGGRNTVHLYASIQDGSNFYDILQAESQSLAEAELVLTHLRNLVTA

Prediction CCCCCCCCCCCCCCHHHHHHHHHHHCCCHHHHCCHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCSCSSSSCCHHHHHHHHHHHHHHHHHHHHHHHHHCCCCHHHHHHHHHHHHCCCCCCCCCCCCCHHHHHHHHHHCCCCCCSSSSSSSSCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHCC

Conf.Score 9977667964457812899999981397176401245578899999999999888762277755320143104278889999999999999777776418807888887866530010788899976899999988601786428998863277409999998777788899999999876329

Sequence

                  20                  40                  60                  80                 100                 120                 140                 160                 180
                   |                   |                   |                   |                   |                   |                   |                   |                   |    
MPRKFSFSPDEYDTPSMHVLRQEWRNIPDAQARNVIAVEAQYLAFHHYLISSLRHQAIEGGDAIPIGLSVRAGALKTATLLCASIAEAALRAHAEARHYGLPAAAHRRTFGRVLGAWQLPDETPRPDVAAIWTQLQNLHGGRNTVHLYASIQDGSNFYDILQAESQSLAEAELVLTHLRNLVTA

Prediction 7446261437625333232035404614434233011030321011320033034321643411202132333224301110230042013231414423132323442123012104136734434022012304624433310201120443430131032445413404100320342268

Values range from 0 (buried residue) to 9 (highly exposed residue)

Download Model 1 Download Model 2 Download Model 3 Download Model 4 Download Model 5

C-score=-3.55 C-score=-4.29 C-score=-4.64 C-score=-4.77 C-score=-5

 

Estimated accuracy of Model1: 0.32±0.11 (TM-score)    13.6±4.0Å (RMSD)    (Read more about C-score of generated models)

Rank PDB
Hit

Iden1 Iden2 Cov. Norm.
Z-score

Download
Align.

                   20                  40                  60                  80                 100                 120                 140                 160                 180
                   |                   |                   |                   |                   |                   |                   |                   |                   |    

Sec.Str
Seq

CCCCCCCCCCCCCCHHHHHHHHHHHCCCHHHHCCHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCSCSSSSCCHHHHHHHHHHHHHHHHHHHHHHHHHCCCCHHHHHHHHHHHHCCCCCCCCCCCCCHHHHHHHHHHCCCCCCSSSSSSSSCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHCC
MPRKFSFSPDEYDTPSMHVLRQEWRNIPDAQARNVIAVEAQYLAFHHYLISSLRHQAIEGGDAIPIGLSVRAGALKTATLLCASIAEAALRAHAEARHYGLPAAAHRRTFGRVLGAWQLPDETPRPDVAAIWTQLQNLHGGRNTVHLYASIQDGSNFYDILQAESQSLAEAELVLTHLRNLVTA

1 2zozB 0.14 0.18 0.88 0.62 Download  MRTS--IGEYSLETLSYDSLAEAT--LSKSGLIYHFPRHALLLGMHELLADDWDKELRDITRDP-------EDPLERLRAVVVTLAENVSRPELLLLIDAPSHPDFLNAWRTVNHQWIPDTDDLENDAHKRAVYLVQL------------AADGLFVHDYIHDDVLSKSKRQAMLETILELIPS

2 3m0gA 0.19 0.22 0.84 0.54 Download  DAAAYS-C-DNRGLPTVHKKWDDATAVLAGLAFELCTDSANRVALVAALAQASYGQALDETAPLTLDEIIRLQAGKTGALISFAAQAGAILAGA--------DRGPLTAYATALGAFQIADDIL------------------ATFVSLLGLAGAKSAADLVAEAEAAYGEAASTLRACARYVI-

3 1dpsA 0.17 0.16 0.82 0.50 Download  -----SKATNLLYTRN---------DVSDSEKKATVELLNRQVIQFIDLSLITKQAHMRGANFI----AVHEMLDGFRTALIDHLDTMAERAVQ----LGGVALGTTQVINSKT---PLKSYPLIHNVQDHLKELADRY---AIVDVRKAIGEAKDTADILTAASRDLDKFLWFIENIE-----

4 2ou4A 0.16 0.17 0.96 0.89 Download  MN-KVTYWSTEWMVDFPATAKGEFHNLSDAKKRELKAVADDLKSVRDAGTEYVK-RLLDGAPVFAGLTFCAWPKRPYVDRAIESVRRVI--KVAED--YGIVVNRFEQWLCNDAKAIAFADAVDSPACMNIERDAILACKGK-MGHFHLGPGEGRPWDEIFGADEEMDERARRSLQFVRDKL-A

5 1dpsA 0.09 0.16 0.85 0.46 Download  -----SKATNLLYTRN---------DVSDSEKKATVELLNRQVIQFIDLSLITKQAHW---------NMRGANFIAVHEMLDGFRTALIDHLDTMAERAGGVALGTTQVINSKTPLKSYPLD--IHNVQDHLKELADRY--AIVANDVRKAIGEAKDDDTADILTAASRDLDKFLWFIECNIE-

6 1w6kA 0.25 0.25 0.95 0.28 Download  FPDWAPAHPSTLWDPLVQSLRQEFASIDWLAQRNNVAPDELYLNYEHHHSAHLRQRAVQFTKSISIGP-----ISKTINMLVRWYVDTAFQEHLEA---GGHHKAHEFLRLSRKGGFSFSTLDCWIVSDALVLLLRNPDGGFATYEVFGDMIDYTY-VECTSAVMQALKYFHTLLEFCRRQQRA

7 2oerA 0.14 0.23 0.91 0.44 Download  VASIL-EAAVQVQRFTTARVAERA-GVSIGSLPNKAAILFRLQSDEWRRTTRLLGEILEDT-TRPPLERLR--RLVLAFVRSECEEAAIRVALSDAAPL-YEAREVKAEGARVFQAFALPE-VAEAERSLAGDLLTTTLG-----AVGKQFSEQPRSEAEIERYAEALAD---LCAYLAALGE-

8 3el6A 0.28 0.21 0.63 0.49 Download  VPRDTEQWPPEDAGPSFQALRAAWRKDDSVYAEVSIAADEEGYAFHPVLLDAV---------AQTLSLGALGEKLPFAWNTVTLHASGATSVRVVATPAGADAMALRVT-----------------------------------------------------------DPAGHLVATVDSLVVR

9 2vprA 0.10 0.20 0.94 0.61 Download  ----AKLDKEQVIDNALILLNEVTRKLAQKIGVEQPTLYWHVKNKRALLDALAETILQKHHHHVL---PLPNETWQDFLRNNAKSFRQALLMYGGKIHAGTPSESQFETSEQQLQFLC--AGFSLSQAVYALSSIAHFTLG--SVLETQEHQESQKAVAIMDSDAAFLFVLDVMISGLETVLKS

10 3ka1A 0.28 0.11 0.45 0.54 Download  -------------------------------------------------------------------MDVKHIAKQTTKTLISYLTYQAVR----------------TVIGQLA-------ET-DPP-RSLWLH--QFTS-Q------ESIQDGERYLEALFREQPDLGFRILTVEHLAEMVA-

(a) All the residues are colored in black; however, those residues in template which are identical to the residue in the query sequence are highlighted in color. Coloring scheme is based on
the property of amino acids, where polar are brightly coloured while non-polar residues are colored in dark shade. (more about the colors used)

(b) Rank of templates represents the top ten threading templates used by I-TASSER.

(c) Ident1 is the percentage sequence identity of the templates in the threading aligned region with the query sequence.

(d) Ident2 is the percentage sequence identity of the whole template chains with query sequence.

(e) Cov. represents the coverage of the threading alignment and is equal to the number of aligned residues divided by the length of query protein.

(f) Norm. Z-score is the normalized Z-score of the threading alignments. Alignment with a Normalized Z-score >1 mean a good alignment and vice versa.

(g) Download Align. provides the 3D structure of the aligned regions of the threading templates.

(h) The top 10 alignments reported above (in order of their ranking) are from the following threading programs:

       1: MUSTER   2: HHSEARCH   3: SP3   4: PROSPECT2   5: PPA-I   6: HHSEARCH I   7: SPARKS   8: SAM T99   9: MUSTER   10: HHSEARCH   

Spin On/Off

Top 10 Identified stuctural analogs in PDB

 Rank PDB
Hit

TM-score RMSDa IDENa Cov. Download
Alignment

1 1o9rA 0.741 2.15 0.142 0.842 Download

2 3ge4A 0.739 2.12 0.182 0.837 Download

3 1dpsA 0.738 2.13 0.123 0.837 Download

4 2vxxA 0.735 2.78 0.069 0.870 Download

5 1tjoA 0.731 2.69 0.119 0.864 Download

6 2vzbA 0.724 2.14 0.105 0.826 Download

7 1veiA 0.722 2.55 0.156 0.837 Download

8 2f7nA 0.716 3.22 0.103 0.886 Download

9 1uvhA 0.702 2.26 0.140 0.804 Download

10 2c2jA 0.693 2.20 0.069 0.783 Download

(a) Query structure is shown in cartoon, while the structural analog is displayed using backbone trace.

(b) Ranking of proteins is based on TM-score of the structural alignment between the query structure and known structures in the PDB library.

(c) RMSDa is the RMSD between residues that are structurally aligned by TM-align.

(d) IDENa is the percentage sequence identity in the structurally aligned region.

(e) Cov. represents the coverage of the alignment by TM-align and is equal to the number of structurally aligned residues divided by length of the query protein.

  Predicted EC Numbers

Spin On/Off

Top 5 enzyme homologs in PDB

 Rank EC-score PDB
Hit

TM-score RMSDa IDENa Cov. EC Number Predicted Active Site Residues

1 0.954 1jkuA 0.557 2.59 0.090 0.761 1.11.1.6 164

2 0.879 3ee4A 0.558 3.23 0.063 0.832 1.17.4.1 45

3 0.868 1uzrB 0.540 3.67 0.080 0.842 1.17.4.1 42

4 0.861 1syyA 0.538 3.62 0.040 0.848 1.17.4.1 110

5 0.843 2bq1I 0.531 3.63 0.063 0.832 1.17.4.1 42

 Click on the radio button and use middle-botton of your mouse to zoom in & visualize predicted active site residues.

(a) Ranking is based on EC-score, which is a confidence score for the Enzyme Classification (EC) Number prediction. Based on the benchmark experiment, we have observed that first 3 digit numbers of EC numbers can be predicted correctly using templates with EC-score >1.1.

(b) TM-score is a measure of global structural similarity between query and template protein.

(c) RMSDa is the RMSD between models and the PDB structure in the structurally aligned regions by TM-align.

(d) IDENa is percentage sequence identity in the structurally aligned region.

(e) Cov. represents the coverage of the alignment and is equal to the number of structurally aligned residues divided by length of model.

  Predicted GO terms

Rank TMscore RMSDa IDENa Cov. PDB
Hit

Fh-score Associated GO Terms

1 0.7406 2.13 0.14 0.84 1o9rA 1.37 GO:0006879 GO:0046914 GO:0008199 GO:0006950 GO:0005737 GO:0055114 GO:0046872 GO:0016491

2 0.7392 2.12 0.18 0.84 3ge4A 1.46 GO:0046872 GO:0006879 GO:0006950 GO:0008199 GO:0016491 GO:0046914 GO:0055114

3 0.7378 2.02 0.12 0.83 1dpsA 1.32 GO:0006879 GO:0008199 GO:0016722 GO:0055114 GO:0006950 GO:0009295 GO:0003677 GO:0005737 GO:0016020 GO:0046914 GO:0016491 GO:0030261 GO:0046872 GO:0005515

4 0.7338 2.38 0.08 0.85 2vxxB 1.20 GO:0046872 GO:0006879 GO:0006950 GO:0008199 GO:0016491 GO:0046914 GO:0055114

5 0.7270 2.73 0.12 0.86 1mojA 1.27 GO:0006950 GO:0055114 GO:0046872 GO:0046914 GO:0006879 GO:0016491 GO:0008199 GO:0005737

6 0.7244 2.14 0.10 0.83 2vzbA 1.25 GO:0046872 GO:0016491 GO:0006879 GO:0008199 GO:0046914 GO:0055114

I-TASSER results http://zhanglab.ccmb.med.umich.edu/I-TASSER/output/S95695/
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7 0.7223 2.55 0.16 0.84 1veiA 1.35 GO:0009295 GO:0003677 GO:0006950 GO:0046914 GO:0006879 GO:0046872 GO:0005737 GO:0055114 GO:0016491 GO:0008199

8 0.7137 2.97 0.10 0.87 2c2fA 1.20 GO:0005737 GO:0046914 GO:0008199 GO:0006950 GO:0046872 GO:0006879 GO:0003677 GO:0016491 GO:0009295 GO:0055114

9 0.6945 2.34 0.09 0.80 2yjjG 1.14 GO:0055114 GO:0046914 GO:0006879 GO:0008199 GO:0006950 GO:0016491

10 0.6925 2.20 0.07 0.78 2c2jA 1.10 GO:0006879 GO:0006950 GO:0008199 GO:0016491 GO:0046914 GO:0055114

Consensus Prediction of Gene Ontology terms  

Molecular Function   Biological Process  Cellular Location

GO term GO-Score   GO term GO-Score  GO term GO-Score

GO:0016491 0.98   GO:0055114 1.08   GO:0005737 0.25   

GO:0046914 0.73   GO:0006879 0.70   GO:0009295 0.08   

GO:0008199 0.72   GO:0006950 0.35   GO:0005829 0.07   

GO:0004748 0.13   GO:0006826 0.35   GO:0008043 0.06   

GO:0003677 0.13   GO:0009186 0.13   GO:0016020 0.04   

GO:0005515 0.10   GO:0006260 0.10   GO:0005971 0.03   

GO:0004322 0.08   GO:0006725 0.07   GO:0005634 0.03   

GO:0016709 0.05   GO:0009263 0.05   GO:0005576 0.01   

GO:0042802 0.03   GO:0006880 0.04   GO:0005886 0.01   

GO:0004096 0.03   GO:0030261 0.03   GO:0005654 0.01   

(a) Fh-score is a combined measure for evaluating global and local similarity between query and template protein. Fh-score values range in between [0-5]; where a higher value indicates a better confidence in predicting the function using the template.

(b) TM-score is a measure of global structural similarity between query and template protein.

(c) RMSDa is the RMSD between residues that are structurally aligned by TM-align.

(d) IDENa is the percentage sequence identity in the structurally aligned region.

(e) Cov. represents the coverage of global structural alignment and is equal to the number of structurally aligned residues divided by length of the query protein.

(f) The second table shows a consistence of function (GO terms) amongst top scoring templates. The GO-Score associated with each prediction is defined as the average weight of the GO term, where the weights are assigned based on Fh-score of the template from which the GO term is derived.

  Predicted Binding Site

Spin On/Off

Template proteins with similar binding site:

 Rank CscoreLB PDB
Hit

TM-score RMSDa IDENa Cov. BS-score Lig.
Name

Download
Complex

Predicted binding site
residues in the model

1 0.23 3is7A 0.646 2.03 0.127 0.728 1.20 HEM Download 50,51,54,75,79,82,83

2 0.20 3erzA 0.656 2.62 0.076 0.788 1.01 HG Download 50,78,79,82

3 0.18 1o9rD 0.730 2.17 0.144 0.832 1.19 EDO Download 54,57,75,78,79

4 0.18 1t0sB 0.666 3.12 0.086 0.837 1.05 BML Download 39,40,44,89,93,96

5 0.16 1sofA 0.660 2.07 0.109 0.745 1.17 HEM Download 44,47,82,86,89,90,92,93

6 0.15 1jkvA 0.639 2.88 0.090 0.772 1.18 EDO Download 89,90,93,102,103

7 0.10 2htnA 0.655 2.06 0.103 0.739 1.12 FE Download 85,88,160,164

8 0.10 3e2cB 0.649 2.21 0.102 0.745 0.92 EDO Download 39,42,43,46,89,92

9 0.06 3a68T 0.663 3.04 0.063 0.815 0.80 ACY Download 4,6,10,102

10 0.06 1xz3A 0.659 2.69 0.083 0.788 0.92 ICF Download 49,53,81

 Click on the radio button and use middle-botton of your mouse to zoom in & visualize predicted protein-ligand
interactions.

(a) CscoreLB is the confidence score of predicted binding site. CscoreLB values range in between [0-1]; where a higher score
indicates a more reliable ligand-binding site prediction.

(b) BS-score is a measure of local similarity (sequence & structure) between template binding site and predicted binding site
in the query structure. Based on large scale benchmarking analysis, we have observed that a BS-score >1.1 reflects a
very good local match between the predicted and template binding site.

(c) TM-score is a measure of global structural similarity between query and template protein.

(d) RMSDa the RMSD between residues that are structurally aligned by TM-align.

(e) IDENa is the percentage sequence identity in the structurally aligned region.

(f) Cov. represents the coverage of global structural alignment and is equal to the number of structurally aligned residues
divided by length of the query protein.

 Please cite following articles when you use the I-TASSER server:

1. Ambrish Roy, Alper Kucukural, Yang Zhang. I-TASSER: a unified platform for automated protein structure and function prediction. Nature Protocols, vol 5,
725-738 (2010).

2. Yang Zhang. I-TASSER server for protein 3D structure prediction. BMC Bioinformatics, 9:40 (2008).
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ENZYME entry: EC 1.11.1.6

Accepted Name

Catalase.

Reaction catalysed

2 H(2)O(2) <=> O(2) + 2 H(2)O

Cofactor(s)

Heme; Manganese.

Comment(s)

This enzyme can also act as an EC 1.11.1.7 for which several organic substances, especially ethanol, can act as a hydrogen donor.
A manganese protein containing Mn(3+) in the resting state, which also belongs here, is often called pseudocatalase.
Enzymes from some microorganisms, such as Penicillium simplicissimum, which exhibit both catalase and peroxidase activity, have sometimes been referred to as catalase-peroxidase.

Cross-references

PROSITE PDOC00395

BRENDA 1.11.1.6

EC2PDB 1.11.1.6

ExplorEnz 1.11.1.6

PRIAM enzyme-specific profiles 1.11.1.6

KEGG Ligand Database for Enzyme Nomenclature 1.11.1.6

IUBMB Enzyme Nomenclature 1.11.1.6

IntEnz 1.11.1.6

MEDLINE Find literature relating to 1.11.1.6

MetaCyc 1.11.1.6

UniProtKB/Swiss-Prot

P83657, CAT1_COMTR;  Q9C168, CAT1_NEUCR;  P81138, CAT1_PENJA;  

Q9C169, CAT3_NEUCR;  Q96528, CATA1_ARATH;  Q27487, CATA1_CAEEL;  

P48350, CATA1_CUCPE;  P17598, CATA1_GOSHI;  P55307, CATA1_HORVU;  

P18122, CATA1_MAIZE;  P49315, CATA1_NICPL;  P0C549, CATA1_ORYSI;  

Q0E4K1, CATA1_ORYSJ;  Q01297, CATA1_RICCO;  P30264, CATA1_SOLLC;  

P49284, CATA1_SOLTU;  P29756, CATA1_SOYBN;  P49319, CATA1_TOBAC;  

Q43206, CATA1_WHEAT;  P25819, CATA2_ARATH;  O61235, CATA2_CAEEL;  

P48351, CATA2_CUCPE;  P30567, CATA2_GOSHI;  P55308, CATA2_HORVU;  

P12365, CATA2_MAIZE;  P49316, CATA2_NICPL;  A2YH64, CATA2_ORYSI;  

Q0D9C4, CATA2_ORYSJ;  P49318, CATA2_RICCO;  Q9XHH3, CATA2_SOLLC;  

P55312, CATA2_SOLTU;  P55313, CATA2_WHEAT;  Q42547, CATA3_ARATH;  

P48352, CATA3_CUCPE;  P18123, CATA3_MAIZE;  P49317, CATA3_NICPL;  

O48560, CATA3_SOYBN;  O48561, CATA4_SOYBN;  P90682, CATA_ASCSU;  

P78574, CATA_ASPFU;  Q9AXH0, CATA_AVIMR;  P45737, CATA_BACFR;  

P26901, CATA_BACSU;  P0A324, CATA_BORBR;  P0A325, CATA_BORPA;  

P0A323, CATA_BORPE;  P55304, CATA_BOTFU;  P00432, CATA_BOVIN;  

P0A327, CATA_BRUAB;  P0A326, CATA_BRUME;  Q8FWU0, CATA_BRUSU;  

Q2I6W4, CATA_CALJA;  Q59296, CATA_CAMJE;  O13289, CATA_CANAL;  

Q96VB8, CATA_CANBO;  O97492, CATA_CANFA;  P07820, CATA_CANTR;  

Q9M5L6, CATA_CAPAN;  Q64405, CATA_CAVPO;  Q9PT92, CATA_DANRE;  

Q59337, CATA_DEIRA;  Q9ZN99, CATA_DESVM;  O77229, CATA_DICDI;  

P17336, CATA_DROME;  P55305, CATA_EMENI;  Q8X1P0, CATA_ERYGR;  

Q9PWF7, CATA_GLARU;  P44390, CATA_HAEIN;  P45739, CATA_HELAN;  

Q9ZKX5, CATA_HELPJ;  P77872, CATA_HELPY;  P04040, CATA_HUMAN;  

P07145, CATA_IPOBA;  P30265, CATA_LACSK;  Q926X0, CATA_LISIN;  

Q8Y3P9, CATA_LISMO;  P24168, CATA_LISSE;  O93662, CATA_METBF;  

P29422, CATA_MICLU;  P24270, CATA_MOUSE;  Q59602, CATA_NEIGO;  

Q27710, CATA_ONCVE;  P25890, CATA_PEA;  P11934, CATA_PENJA;  

P30263, CATA_PICAN;  O62839, CATA_PIG;  Q5RF10, CATA_PONAB;  

P42321, CATA_PROMI;  O52762, CATA_PSEAE;  Q59714, CATA_PSEPU;  

P04762, CATA_RAT;  P95631, CATA_RHIME;  P55306, CATA_SCHPO;  

P55310, CATA_SECCE;  O24339, CATA_SOLAP;  P55311, CATA_SOLME;  

Q2FH99, CATA_STAA3;  Q2FYU7, CATA_STAA8;  Q2YXT2, CATA_STAAB;  

Q5HG86, CATA_STAAC;  Q99UE2, CATA_STAAM;  Q7A5T2, CATA_STAAN;  

Q6GH72, CATA_STAAR;  Q6G9M4, CATA_STAAS;  Q9L4S1, CATA_STAAU;  

Q8NWV5, CATA_STAAW;  Q2PUJ9, CATA_STAEP;  Q5HPK8, CATA_STAEQ;  

Q8CPD0, CATA_STAES;  Q4L643, CATA_STAHJ;  Q49XC1, CATA_STAS1;  

Q9KW19, CATA_STAWA;  Q9EV50, CATA_STAXY;  Q9Z598, CATA_STRCO;  

Q9XZD5, CATA_TOXGO;  Q9KRQ1, CATA_VIBCH;  O68146, CATA_VIBF1;  

Q87JE8, CATA_VIBPA;  Q8D452, CATA_VIBVU;  Q7MFM6, CATA_VIBVY;  

P32290, CATA_VIGRR;  P15202, CATA_YEAST;  Q9Y7C2, CATB_AJECA;  

Q92405, CATB_ASPFU;  Q877A8, CATB_ASPOR;  Q55DH8, CATB_DICDI;  

P78619, CATB_EMENI;  Q59635, CATB_PSEAE;  P46206, CATB_PSESY;  

Q66V81, CATB_STAXY;  P30266, CATE_BACPE;  P42234, CATE_BACSU;  

P21179, CATE_ECOLI;  P50979, CATE_MYCAV;  Q9I1W8, CATE_PSEAE;  

P95539, CATE_PSEPU;  Q9X576, CATE_RHIME;  P55303, CATR_ASPNG;  

A6ZV70, CATT_YEAS7;  P06115, CATT_YEAST;  P94377, CATX_BACSU;  

P80878, MCAT_BACSU;  Q97FE0, MCAT_CLOAB;  P60355, MCAT_LACPN;  

View entry in original ENZYME format
View entry in raw text format (no links)

All UniProtKB/Swiss-Prot entries referenced in this entry, with possibility to download in different formats, align etc.
All ENZYME / UniProtKB/Swiss-Prot entries corresponding to 1.11.1.-
All ENZYME / UniProtKB/Swiss-Prot entries corresponding to 1.11.-.-
All ENZYME / UniProtKB/Swiss-Prot entries corresponding to 1.-.-.-
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ENZYME entry: EC 1.17.4.1

Accepted Name

Ribonucleoside-diphosphate reductase.
Alternative Name(s)

Ribonucleotide reductase.
Reaction catalysed

2'-deoxyribonucleoside diphosphate + thioredoxin disulfide + H(2)O <=> ribonucleoside diphosphate + thioredoxin
Cofactor(s)

Iron.
Comment(s)

Responsible for the de novo conversion of ribonucleoside diphosphates into deoxyribonucleoside diphosphates, which are essential for DNA synthesis and repair.
While the enzyme is activated by ATP, it is inhibited by dATP.

Cross-references

PROSITE PDOC00084 ; PDOC00317
BRENDA 1.17.4.1
EC2PDB 1.17.4.1
ExplorEnz 1.17.4.1
PRIAM enzyme-specific profiles 1.17.4.1
KEGG Ligand Database for Enzyme Nomenclature 1.17.4.1
IUBMB Enzyme Nomenclature 1.17.4.1
IntEnz 1.17.4.1
MEDLINE Find literature relating to 1.17.4.1
MetaCyc 1.17.4.1

UniProtKB/Swiss-Prot

O64174, BNRDF_BPSPB;  O31875, NRDEB_BACSU;  O64173, NRDEB_BPSPB;  
Q8UEM4, NRDJ_AGRT5;  Q6MNP6, NRDJ_BDEBA;  Q89MB9, NRDJ_BRAJA;  
Q72S00, NRDJ_LEPIC;  Q8F3P1, NRDJ_LEPIN;  Q7UI46, NRDJ_RHOBA;  
Q82KE2, NRDJ_STRAW;  O54196, NRDJ_STRCL;  O69981, NRDJ_STRCO;  
Q9XD73, NRDJ_STRCT;  O53767, NRDZ_MYCTU;  P0CG99, RIR1A_MYCS2;  
P0CH00, RIR1B_MYCS2;  O36411, RIR1_ALHV1;  O66503, RIR1_AQUAE;  
Q9SJ20, RIR1_ARATH;  P42491, RIR1_ASFB7;  P0C8H7, RIR1_ASFK5;  
P26685, RIR1_ASFM2;  P0C8H8, RIR1_ASFP4;  P0C8H9, RIR1_ASFWA;  
P50620, RIR1_BACSU;  P50646, RIR1_BHV1C;  P32282, RIR1_BPT4;  
P57276, RIR1_BUCAI;  Q8K9W3, RIR1_BUCAP;  Q89AS4, RIR1_BUCBP;  
Q03604, RIR1_CAEEL;  Q9PL93, RIR1_CHLMU;  Q9Z6S5, RIR1_CHLPN;  
O84834, RIR1_CHLTR;  O61065, RIR1_CRYPV;  P79732, RIR1_DANRE;  
Q54Q71, RIR1_DICDI;  P48591, RIR1_DROME;  P0C702, RIR1_EBVA8;  
P03190, RIR1_EBVB9;  Q3KSU5, RIR1_EBVG;  P00452, RIR1_ECOLI;  
P28846, RIR1_EHV1B;  Q66663, RIR1_EHV2;  P50642, RIR1_EHV4;  
Q8SR37, RIR1_ENCCU;  Q6GZT8, RIR1_FRG3G;  Q77MS1, RIR1_GAHVM;  
P43754, RIR1_HAEIN;  Q9ZLF9, RIR1_HELPJ;  P55982, RIR1_HELPY;  
P08543, RIR1_HHV11;  P09853, RIR1_HHV23;  P89462, RIR1_HHV2H;  
P23921, RIR1_HUMAN;  Q196Z5, RIR1_IIV3;  O55716, RIR1_IIV6;  
Q7T6Y8, RIR1_MIMIV;  P07742, RIR1_MOUSE;  P0A5W9, RIR1_MYCBO;  
P47473, RIR1_MYCGE;  Q9CBQ0, RIR1_MYCLE;  P78027, RIR1_MYCPN;  
P0A5W8, RIR1_MYCTU;  Q9UW15, RIR1_NEUCR;  Q6R7H4, RIR1_OSHVF;  
P50648, RIR1_PLAF4;  P50647, RIR1_PLAFG;  Q5R919, RIR1_PONAB;  
Q6UDJ2, RIR1_PSHV1;  P37426, RIR1_SALTY;  P36602, RIR1_SCHPO;  
Q01037, RIR1_SHV21;  P50643, RIR1_SUHVK;  P74240, RIR1_SYNY3;  
O83972, RIR1_TREPA;  O15909, RIR1_TRYBB;  Q76RD8, RIR1_VACCA;  
P20503, RIR1_VACCC;  P12848, RIR1_VACCW;  P32984, RIR1_VAR67;  
P09248, RIR1_VZVD;  Q4JQV6, RIR1_VZVO;  P21524, RIR1_YEAST;  
P50651, RIR2A_ARATH;  Q10840, RIR2A_MYCTU;  Q6Y657, RIR2B_ARATH;  
Q7LG56, RIR2B_HUMAN;  Q4R741, RIR2B_MACFA;  Q6PEE3, RIR2B_MOUSE;  
Q50549, RIR2B_MYCTU;  Q5R9G0, RIR2B_PONAB;  Q9LSD0, RIR2C_ARATH;  
O36410, RIR2_ALHV1;  O67475, RIR2_AQUAE;  P42492, RIR2_ASFB7;  
P0C8I0, RIR2_ASFK5;  P26713, RIR2_ASFM2;  P0C8I1, RIR2_ASFP4;  
P0C8I2, RIR2_ASFWA;  Q9KFH7, RIR2_BACHD;  P50621, RIR2_BACSU;  
Q01319, RIR2_BHV1C;  P11156, RIR2_BPT4;  P57275, RIR2_BUCAI;  
Q8K9W4, RIR2_BUCAP;  Q89AS5, RIR2_BUCBP;  P42170, RIR2_CAEEL;  
Q9PL92, RIR2_CHLMU;  Q9Z6S4, RIR2_CHLPN;  O84835, RIR2_CHLTR;  
P79733, RIR2_DANRE;  P42521, RIR2_DICDI;  P48592, RIR2_DROME;  
P0CAP7, RIR2_EBVA8;  P0CAP6, RIR2_EBVB9;  P0C701, RIR2_EBVG;  
P69925, RIR2_ECO57;  P69924, RIR2_ECOLI;  P28847, RIR2_EHV1B;  
Q66662, RIR2_EHV2;  P50644, RIR2_EHV4;  Q8SRR2, RIR2_ENCCU;  
Q6GZQ8, RIR2_FRG3G;  Q77MS0, RIR2_GAHVM;  P43755, RIR2_HAEIN;  
Q9ZKC3, RIR2_HELPJ;  P55983, RIR2_HELPY;  P10224, RIR2_HHV11;  
P06474, RIR2_HHV1K;  P69520, RIR2_HHV23;  P69521, RIR2_HHV2H;  
P31350, RIR2_HUMAN;  Q197B2, RIR2_IIV3;  Q91FE8, RIR2_IIV6;  
O46310, RIR2_LEIAM;  Q4R7Q7, RIR2_MACFA;  Q60561, RIR2_MESAU;  
Q7T6Y9, RIR2_MIMIV;  P11157, RIR2_MOUSE;  Q9XC20, RIR2_MYCGA;  
P47471, RIR2_MYCGE;  Q9CBQ2, RIR2_MYCLE;  P75461, RIR2_MYCPN;  
Q9C167, RIR2_NEUCR;  Q6R7K3, RIR2_OSHVF;  P50650, RIR2_PLAF4;  
P50649, RIR2_PLAFG;  Q6UDJ1, RIR2_PSHV1;  Q4KLN6, RIR2_RAT;  
Q9QTF2, RIR2_RSIV;  P37427, RIR2_SALTY;  P36603, RIR2_SCHPO;  
Q01038, RIR2_SHV21;  P07201, RIR2_SPISO;  P50645, RIR2_SUHVK;  
P32209, RIR2_SWPVK;  P49730, RIR2_TOBAC;  O83092, RIR2_TREPA;  
O15910, RIR2_TRYBB;  O57175, RIR2_VACCA;  P20493, RIR2_VACCC;  
P29883, RIR2_VACCP;  P11158, RIR2_VACCW;  P33799, RIR2_VAR67;  
P09247, RIR2_VZVD;  Q4JQV7, RIR2_VZVO;  P09938, RIR2_YEAST;  
Q9DHU2, RIR2_YLDV;  P39452, RIR3_ECOLI;  Q08698, RIR3_SALTY;  
P21672, RIR3_YEAST;  P37146, RIR4_ECOLI;  P17424, RIR4_SALTY;  
P49723, RIR4_YEAST;  O30601, YOSP_BACSU;  
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