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CHAPTER 1 

INTRODUCTION 

1.1 Pseudomonas aeruginosa 

Pseudomonas aeruginosa (P. aeruginosa) was first described in 1882 when a 

physician, Gessard, investigated the blue green colour observed on several wound 

bandages. Since then a great deal of research has been conducted upon this organism, 

which is an important nosocomial pathogen. Pyocyanin, the pigment that was 

responsible for the characteristic colouring of the bandages, is not produced by any 

other gram negative rods, malUng it a useful and rapid means of identifying 

P. aeruginosa (Daly et aI, 1984; Ringen & Drake, 1952) [Fig. 1.1.1]. 

Figure 1.1.1: An electron micrograpb of P. aeruginosa bacterial 
cells. P. aeruginosa produces the pigment pyocyanin, which gives it a 
characteristic green colour. 
(http://www . fi u. ed uI-matheekl researchgroup. hI m) 

P. aeruginosa is strictly aerobic and belongs to the family Pseudomonadaceae 

(Prescott et ai, 1999). It possesses a single polar flagellum that facilitates movement 

through aqueous environments (Doyle et ai, 2004). While motile bacteria usually 

encode one set of genes involved in motility (motA and motB) (Michel et ai, 1998; 

Garza et ai, 1995; Silverman et ai, 1976), P. aeruginosa has two homologous sets, 

both of which have been shown to be functional in motility (Doyle et ai, 2004). This 

suggests that swimming ability is an important feature of P. aeruginosa. 
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P. aeruginosa is a highly versatile bacterium, flourishing in envirorunents such as 

soil (Huang el ai, 2003; Green el ai, 1974) and water (Romling el ai, 1994; Trust & 

Bartlett, 1976; Ringen & Drake, 1952). It is best studied, however, for its role as a 

human pathogen, being associated with urinary tract infections (Astal, 2005), burns 

(Shahid & Malik, 2005) and pneumonia (Trouillet el ai, 2002; Woods et ai, 1986). 

Of importance to this study is that P. aeruginosa is a major pathogen in patients with 

the inherited disease, cystic fibrosis (CF) (Speert el ai, 2002; Govan & Deretic, 

1996). 

1.2 Epidemiolo2Y of P. aeruginosa 

CF is the most regularly occurring autosomal recessive disease worldwide, affecting 

approximately 1 in 2000-4000 Caucasians (Mateu el af, 1999). Over 1500 mutations 

resulting in CF have been described (Cystic Fibrosis Mutation Database). In 60% of 

CF patients, however, the disease occurs as a result of a three-base deletion encoding 

a phenylalanine amino acid residue in the CF gene (Hart & Winstanley, 2002; 

Riordan el af, 1989). This gene product, cystic fibrosis transmembrane conductance 

regulator (CFTR), is an ion channel that conducts chloride ions across cell 

membranes, and mutation of this gene results in defective sodium chloride 

transportation in epithelial tissues (Rich el ai, 1990). A number of organs are 

affected, including the pancreas, digestive tract, salivary glands, sweat glands and 

liver, but the cause of death in approximately 95% of CF patients is respiratory 

disease [Fig. 1.1.2], usually caused by chronic bacterial infection (Welsh & Fick, 

1987). 

Figure 1.1.2: Respiratory disease is the major complication in the 
treatment or CF. Symptoms ofCF include excess mucus secretion in the 
lungs, and reduced nutrient absorption by the pancreas. 
(h11]l:llwww.nlm.nih.gov/medlincplus/ency/imagepHges/181 35. hIm) 
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Naas et ai, 1999a; Tribuddharat & Fennewald, 1999) [Fig. 1.1.5]. Class 1 integrons 

possess a recombination site, attl, at which one or more gene cassettes can be 

integrated due to a single site-specific recombination event with a 59-base element at 

the 3' end of the cassette (Collis & Hall, 1995). The integrated gene cassettes are 

flanked by two conserved sequences (CS) (Nesvera et ai, 1998). The 3 '-CS encodes 

three genes: qacEill encodes antiseptics resistance, sulJ confers sulfonamide 

resistance, ORF5 encodes an acetyltransferase (Nesvera et ai, 1998). The 5' -CS 

consists of the integrase gene, inti, transcribed from Pint on the antisense strand and 

two other promoters, Punt and P2, which allow transcription of the integrated gene 

cassettes (CoHis & Hall, 1995). Gene cassettes near Pant are transcribed to a greater 

extent than those nearest the 3' CS, and in the presence of the secondary promoter 

P2, which is not present in all integrons, a further increase in the level of 

transcription is observed (Collis & Hall, 1995). 

;--~Pant 
P2 

3'-CS 

<.--_.:c.:inc:..1 __ ---'I I gene I:> I qacELJ 7;) sun 

Figure 1.1.5: The general structure of class I iutegroDs. The 5' -CS, shown in red, contains the gene 
for integrase (in!); the 3' -CS, shown in blue, encodes antiseptics resistance (qacEJ /), sulfonamide 
resistance (sui!) and an ORF of unknown function. Inserted are 2 gene cassettes, shown in green, and 
their 59-base elements are shown in yellow. The position of attl is shown by a block filled with 
horizontal stripes. The direction of transcription of all genes is shown by arrows. Promoter p.n• is 
responsible for gene cassette expression, while the divergently transcribed illtegrase gene is under the 
control of promoter Pin •. P2 represents a secondary promoter, only present in some integrons. 
(Adapte<J from Nesvera el ai, 1998 and Collis & Hall, 1995) 

The carbapenem group of p-Iactam antibiotics, which includes imipenem and 

meropenem, are notorious for their antipseudomonal activity and their stability to 

hydrolysis by the enzymes produced by P. aeruginosa (MiiJler-Premru & Lejko­

Zupanc, 2002; Livermore, 2001; Tausk et ai, 1985). The emergence of resistance to 

this recently described group of antibiotics in P. aeruginosa, however, occurred 

rapidly after their introduction into the hospital setting (Sasaki et ai, 2004; Torres et 

ai, 2000; Caldwell et ai, 1999). The genes encoding enzymes that display high levels 

of activity against the carbapanems, such as IMP- and VIM-type enzymes, are 

17 
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in which IS61UO was located arc indicated on the of the sequenccs. (Adapted fr'llB Kat" "1"/. 
I <)()4). 
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during the annealing phase, and extension of the pnmer sequence occurs by a 

thermostable DNA polymerase from Thermus aquaticus, known as Taq polymerase. 

Thermostable Taq polymerase is used in PCR as it is able to withstand the high 

temperatures required during the denaturation step. Repeated cycles of denaturation, 

aJmealing and extension result in an exponential increase in the number of copies of 

the target DNA [Fig. 2.2.1]. 

(a) 
( 

I 55 del \ 
1- +Prillers 1 B 

(b) 

l l DNA synlbe3i5 

(C) 1:: .. 

t ! ~ ,... 
95 deg " f 

» 
~ 

" .. 
e; > " 

1 1 c::> +Prilllm 1 I 
f 

I I I I ,I» 
at 
< 

1 1 DNA SYnlbesi5 l i 1111111111 1 1 I I-

11111111111111111111111111111 '" 

Figure 2.2.1: Schematic representation of the polymerase chain reaction. 
A. The amplification reaction consists of repeated cycJes of double-stranded DNA denaturation (a), 
primer annealing (b) and primer elongation (c). 
(http//membersaol.com/BearFlag45fBiologyIAlLectureNotesllec24.html) 

8. The polymerase chain reaction results in the exponential amplification of specific segments of 
DNA. (http://www.roche.com/pageslfacets/pcr_e.pdf) 

All PCR assays were to a final volume of 50).!1 and contained 0.2mM of each dNTP 

[Fermentas], 3mM MgCh [Promega], IX GoTaq PCR buffer [Promega], 20 pmoles 

of each primer [Fig. 2.2.2], 1.25U GoTaq® DNA polymerase [Promega] and 

approximately 200ng template genomic DNA. All primers used in this study were 

synthesised at the Synthetic DNA Laboratory of the University of Cape Town, using 

a Beckman lOOOM DNA synthesiser on the high purity program. Typically, 

28 
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following an initial denaturation step at 95°e for 5 minutes, the PCR reactions 

consisted of 35 cycles of denaturation at 95°C for 45 seconds, primer annealing at 

56°e for 45 seconds and primer extension at 72°e for 1 minute. A final elongation 

step at 72°C for 5 minutes was perfonned to complete elongation of all unfinished or 

incomplete products. peR assays were carried out using a GeneAmp peR System 

2400 [Perkin Elmer] thennocycler and all peR products were visualised byagarose 

gel electrophoresis (2.2.4). 

HINDI II 
GGCTCTGTTGCAAAAATCGTGAAGCTTGAG 

TGACGGATTTCAAGTGGCGCCATTTCCAG 

IS6100F ----. 
TGGCGGAG 

.-- IS6100-11 
GGCGGT 

GCGCTGGTATTGTCGCTATCCGATCAGCTATCGCGACCTTGAGGAAATGCTGGCGGA 

ACGCGGCATTTCGGTCGACCATACGACGATCTATCGCTGGGTCCAGTGCTACGCCCC 

GGAGATGGAGAAGCGGCTGCGCTGGTTCTGGCGGCGTGGCTTTGATCCGAGCTGGCG 

CCTGGATGAAACCTACGTCAAGGTGCGGGGCAAGTGGACCTACCTGTACCGGGCAGT 

CGACAAGCGGGGCGACACGATCGATTTCTACCTGTCGCCGACCCGCAGCGCCAAGGC 

AGCGAAGCGGTTCCTGGGCAAGGCCCTGCGAGGCCTGAAGCACTGGGAAAAGCCTGC 

CACGCTCAATACCGACAAAGCGCCGAGCTATGGTGCAGCGATCACCGAATTGAAGCG 

CGAAGGAAAGCTGGACCGGGAGACGGCCCACCGGCAGGTGAAGTATCTCAATAACGT 

GATCGAGGCCGATCACGGAAAGCTCAAGATACTGATCAAGCCGGTGCGCGGTTTCAA 

ATCGATCCCCACGGCCTATGCCACGATCAAGGGATTCGAAGTCATGCGAGCCCTGCG 

CAAAGGACAGGCTCGCCCCTGGTGCCTGCAGCCCGGCATCAGGGGCGAGGTGCGCCT 

TGTGGAGAGAGCTTTTGGCATTGGGCCCTCGGCGCTGACGGAGGCCATGGGCATGCT 
.-- IS6100R 

CGGCGCAGAGCGACAGCCTACCTCTGAC 
IS6100-12 ----. 

TGCCGCCAATCTTTGCAACAGAGCC 

Figure 2.2.2: Nucleotide sequence of IS6JOO (880bp). The 17bp inverted repeats are underlined; 
primers used in IS6100 amplification (IS6100F & IS6100R) and inverse peR (IS6JOO-I1 & 
!S6100-12) are shaded green; arrows indicate primer orientation (IS6100R and IS6J 00-12 primers 
are identical in sequence, but orientated in the opposite direction); the start (A TO) and stop (TOA) 
codons of the transposase gene, tnpA, are shaded red; the Hind[)! site, used in cloning !S6100, is 
shaded yellow. 
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2.2.7 DNA Sequencing and Analysis 

Cycle sequencing of PCR amplified products was perfonned using the ABI Prism® 

BigDye™ Primer Cycle Sequencing Ready Reaction Kit [Applied Biosystems]. 

A sequencing enzyme derived from Thermus aquaticus DNA polymerase is used in 

the cycle sequencing reaction. This AmpliTaq® DNA polymerase contains a 

mutation In the active site that results In less discrimination against 

dideoxynucleotides, and another mutation in the amino tenninal domain that almost 

entirely eliminates the 5'~3' nuclease activity. Dideoxynucleotides that are labelled 

with dyes with different emission spectra are sequentially added to the 3' tenninus of 

the growing chain, terminating the chain elongation, and the sequence of the product 

can then be detennined based on the emission spectra. This procedure is based on the 

automated Sanger dideoxy sequencing reaction protocol (Zimmennann et ai, 1988). 

The results were obtained in the fonn of an electropherogram [Fig. 2.2.3], which 

contains the sequence of the product, and were viewed using Chromas 2.31 

[Technelysium Pty Ltd]. 

Fie Ell: 0p00ns ~ 

~ \~ 19 -IN It ___ <--'-; C6_CP2 
~ Export Prrl Next Fild ~.-

80 90 
lee G G G , G C G T C ( T T G AT eGG 

rJ\f\!\ 
Figure 2.2.3: An electropherogram displaying a region of DNA sequence. The termination of 
chain elongation by the sequential addition of differently labelled dideoxynucleotides (ddNTPs) 
allows the sequence to be determined. Each ddNTP has a unique emission spectra and is therefore 
identified by the colour it emits. C- cytosine; G - guanine; A - adenosine; T - thymidine. 
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b) Southern blot 

Southern blotting was first described in 1975 by Edward Southern. The process 

involves the transfer of digested genomic DNA onto a positively charged membrane 

in order to detect specific sequences within the DNA by hybridisation with a labelled 

homologous probe. The process is illustrated in Figure 2.2.4. 

(a) Test nudelc 
adds 

Molerular 
weight 
marker 

Agarose 
electrophoretic 
gel 

(c) 
Nylon membrane 
now contal ns 
nudeic add 'prlnt' 

Gel 

.-----

(b) 

Sponge 

Buffer 

Sealed container 

Enzymatically Film 
I abelled probe 

Hybridised 
nucleic acids 

Stack of paper towels 

Nylon membrane 

Figure 2.2.4: The process of DNA-DNA hybridisation by the Southern technique. (a) Genomic 
DNA is digested with a restriction enzyme that does not cut within the sequence of interest and 
electrophoresed on agarose gel; (b) negatively charged DNA binds to a positively charged membrane 
following transfer via capillary action; (c) an enzymatically labelled probe is allowed to hybridise to 
complementary DNA bound to the membrane and the presence of such complementary sequences is 
detected by autoradiography. 

Genomic DNA (5)lg) was digested with IOU of restriction enzyme (RE) BamHI in a 

volwne of 30).!1 for 5 hours at 37°C. BamHl was used as it does not cut within the 

IS6100 probe sequence and therefore would not generate two DNA fragments 

containing portions of the same copy oflS6100, which would both produce a signal 

and give the impression of an inflated nwnber of copies of IS6100. The digested 

genomic DNA was electrophoresed on 1 % agarose at low voltage for approximately 

20 hours to ensure sufficient separation of fragments. Following electrophoresis, the 

agarose gel was washed in 0.25M Hel (Appendix A) for 30 minutes at room 

temperature with gentle agitation. This process, known as depurination, serves to 
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2.3.2 peR amplification and identification of IS6100 

The insertion sequence IS6100 has been implicated in conferring a survival 

advantage on P. aeruginosa when growing in the CF lung (Kresse et aI, 2003). 

Preliminary PCR assays (2.2.6) were carried out on a random selection of CF and 

non-CF P. aeruginosa strains, to screen for the presence of ]S6100. Following 

agarose gel electrophoresis (2.2.4), products of the correct size (758bp) were 

obtained from strains 286, 295, 303, 311 and 325 [Fig. 2.3.1 A]. These strains are all 

non-CF P. aeruginosa isolates. The PCR product obtained from strain 311 was 

purified (2.2.5.2) and sequenced (2.2.7), and analysis of the sequencing data obtained 

revealed 100% homology with the published IS6100 sequence [Fig. 2.3.2], 

confinning that the amplified product is [S6100. A number of spurious bands were 

observed, but the PCR was not optimised further as the presence of ]S6100 was later 

confinned by DNA-DNA hybridisation [Fig. 2.3.3 & Fig. 2.3.4]. The PCR assay was 

repeated to screen for the presence of ]S61 00 in the remaining strains, using 311 as a 

positive control [Fig. 2.3.1 B, C, D, E]. Again, strains 292, 293, 6, 7, 8, 11 and 12, 

which generated a product of the expected size, were non-CF, and IS6100 was not 

detected in any of the CF isolates included in this study. A product of approximately 

600bp was obtained from P. aeruginosa 329 [Fig. 2.3.1 C, lane 24]. This product 

was purified (2.2.5.2) and sequence analysis (2.2.7) of the product revealed no 

homology with any known sequences, and therefore the product is thought to have 

been amplified due to the non-specific binding of the primers. 
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Figure 2.3.1: peR amplification to detect the presence of IS6100 in P. aerugi"osa strains. 
Numbers indicated above selected lanes represent strains that generated a PCR product of the correct 
size (7 54bp) 
A. Lane I, molecular weight marker Hyperladder [ [BiolineJ; lane 2, no DNA control; lane 3, PA01 ; 
lane 4, PACT5; lane 5,277; lane 6, 280; lane 7, 281 ; lane 8, 286 ; lane 9, 289 ; lane 10,295; lane 11, 
297; lane 12, 299; lane 13, 300; lane 14, 302; lane 15, 303 ; lane 16, 306; lane 17, 311; lane 18, 312; 
lane 19,324; lane 20, 325; lane 21,327; lane 22, 333; lane 23,335 . 
B. Lane I, molecular weight marker Hyperladder J [BiolineJ; lane 2, no DNA control; lane 3, 31 J 
positive control; lane 4, 503; lane 5, 504; lane 6, 505 ; lane 7, 506; lane 8, 507; lane 9, 508; lane 10, 
509; lane I I, 510; lane 12, 511; lane 13, 512 ; lane 14, 513; lane 15, 527; lane 16, 528; lane 17. 529; 
lane 18,530; lane 19. molecular weight marker HyperJadder I [Bioline]. 
C. Lane I. molecular weight marker Hyperladder I [BiolineJ; lane 2, no DNA control; lane 3, 311 
positive control; lane 4. 278; lane 5, 283; lane 6. 284; lane 7, 285 ; lane 8, 287; lane 9, 288; lane 10. 
290; lane 11.292; lane 12,293; lane 13. 298; lane 14.301; lane 15,305; lane 16,307; lane 17,308; 
lane J 8. 309; lane 19. 310; lane 20. 313 ; lane 21. 323; lane 22. 326; lane 23. 328; lane 24, 329; lane 
25, molecular weight marker Hyperladder I [BiolineJ. 
D. Lane I, molecular weight marker HyperJadder J [BiolineJ; lane 2. 311 positive control; lane 3. 
330; lane 4, 331; lane 5, 332; lane 6, 334; lane 7, P! 6; lane 8. P17; lane 9. P 18m; lane 10. P 190; lane 
11 , P 19m; lane 12 , P20; lane 13 . P21; lane 14, P22. 
Ii:. Lane I. molecular weight marker Hyperladder I. [BiolineJ; lane 2, no DNA control; lane 3, 3 II 
positive control; lane 4 , I; lane 5, 2; lane 6, 3; Jane 7. 4; Jane 8, 5; lane 9, 6; lane 10,7; lane I J, 8; lane 
12,11 ; lane 13, PACT 7. 
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the membrane nor the slot blot contained any DNA; the controls 
consisted ofPCR and purilied IS61()(j from P. 311 to demonstrate that 
is E coli.lM 109 DNA was included as it non-PseudomUllll.\· control. 
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Figure 2.3.3: Autoradiograph of the slot blot performed using genomic DNA from the clinical P. 
aerug;nosa isolates bybridised with an lS6100 probe. 
Tbe probe itself was bound to the membrane as a positive control and P. aeruginosa 311, from which 
the probe was derived, was also included as another positive control. Genomic DNA from E. coli 
JM 1 09 was included as a control. A. Autoradiograph exposure for 15 minutes. B. Autoradiograph 
exposure after approximately 20 hours. 
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Figure 2.3.4: Autoradiograph of Southern bybridisation of BamBI-digested genomic DNA from 
selected P. aeruginosa isolates using IS6100 as a probe. 
Lane I, molecular weight marker Hyperladder [ [Bioline); lane 2, PAOI; lane 3, 286; lane 4,289; lane 5,295; 
lane 6, 297; lane 7, 300; lane 8, 303; lane 9, 306; lane 10,3[1; lane 11,312; Jane 12,325; lane 13,327; lane 
14, positive [S6100 control; lane 15,5; lane 16,6; lane 17, 7; lane 18,8; lane 19, 11; lane 20,12; lane 21, 
292; lane 22, 293; lane 23, 329; lane 24, 333; lane 25; E coli JMI09. 
The [S6100 probe itself was transferred to the membrane as a positive hybridisation control. 
Genomic DNA from E coli JM I 09 and genomic DNA from P. ae/'uginosa PAO [ were included as controls. 
Autoradiograph exposure was for approximately 20 hours. 
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hybrididsation. Lane I, molecular weight marker Hyperladder I (Bioline]; lane 2, 
PAOI; lane 3, 286; lane 4, 289; lane 5, 295; lane 6, 297; lane 7, 300; lane 8, 303; lane 9, 
306; lane 10,311; lane 11,312; lane 12,325; lane 13,327; lane 14, positive IS6100 
control; lane 15, 5; lane 16, 6; lane 17, 7; lane 18, 8; lane 19, II; lane 20, 12; lane 21, 
292; lane 22, 293; lane 23,329; lane 24, 333; lane 25; E. coli JMI 09. 

2.3 4 Genetic relatedness of P. aeruginosa strains 

In order to establish whether a dominant clone of P. aeruginosa exisits within local 

hospitals, and to determine whether the isolates harbouring IS6100 are descendant of 

a common clone, genotyping of the P. aeruginosa strains included in this study was 

carried out by RAPD analysis and PFGE. RAPD is a rapid means of genotyping 

bacteria, but it is recommended that trus method be used in conjunction with another 

genotyping method, as RAPD results are often not as discriminatory as results 

obtained from methods such as PFGE (Mahenthiralingham el ai, 1996; Renders el ai, 

1996). These two genotyping methods were used in order to detennine whether the 

IS6100-containing, non-CF P. aeruginosa strains identified in this study are 

genetically related. RAPD analysis, using primer 272 (Mahenthiralingham el ai, 

1996), showed that strain 295 and strain 311, both of which harbour IS6100, are 

genetically related, but that these strains do not appear to be related to any other 

P. aeruginosa strains that were typed by this method [Fig. 2.3.6. A]. Strain 7 and 

strain 8 also produced identical RAPD banding patterns [Fig. 2.3.6. A], and strain 11 
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and PACT 7 differed from these strains in only one DNA fragment [Fig. 2.3.6.A & 

B], suggesting that these four IS6100-contain.ing isolates are genetically related. 

RAPD typing also established a genetic relationship between strain 303, strain 292 

and strain 293, as well as between strain 527, strain 506 and strain 562. The 

remaining 16 P. aeruginosa strains genotyped by this method appeared to be 

genetically distinct from each other and the strains mentioned above. 

A 

I 2 J -I :' () i II l) J() II 12 IJ 1-1 15 I II 17 I H 19 211 -
......... 

::1!IIJ[lll1.'niij - -- -

B 

Figure 2.3.6: RAPD typing profiles of P. aerugtnosa strains. A. Lane I, molecular weight marker, 
Hyperladder I [Bioline]; lane 2, PAO I; lane 3, 286; lane 4, 289; lane 5,295; lane 6, 297; lane 7, 300; 
lane 8, 303; lane 9, 306; lane 10,311; lane 11,312; lane 12, 325; lane 13,327; lane 14, S; lane IS, 6; 
lane 16,7; lane 17,8; lane 18,11; lane 19,333; lane 20,527. B. Lane I, molecular weight marker 
Hyperladder I [Bioline]; lane 2, PA01; lane 3, 11; lane 4, PACT 7; lane 5, 303; lane 6, 292; lane 7, 
293; lane 8; 32S; lane 9, 33S; Jane 10, S06; lane 11,562. 
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_As previously mentioned, PFGE is considered a more discriminatory method of 

genotyping than RAPD (Renders et ai, 1996). The genetic profiles of P. aeruginosa 

strains obtained by RAPD analysis were therefore confirmed by PFGE typing. 

Following staining with EtBr, gels were visualised (2 .2.4) [Fig.2.3.7]. 

Figure 2.3.7: PFGE profiles of Spel-digested genomic DNA from P. aeruginosa. Lane I, ADNA­
PFGE molecular weight marker [Amersham Biosciences); lane 2, PAOI, lane 3,286; lane 4, 295; lane 
5,303; lane 6, 311; lane 7,325; lane 8, 6; lane 9, 7; lane 10,8; lane 11, II; lane 12, PACT 7; lane 13, 
292; lane 14,293; lane 15, 335; lane 16, 333; lane 17,297; lane 18, 527; lane 19,302; lane 20,506; 
lane 21, 562. 

PFGE typing confirmed that strain 295 and strain 311 are genotypically 

indistinguishable. Strain 11 and PACT 7 also produced identical restriction patterns, 

that differed from that of strain 7 by one DNA fragment. A DNA fragment of 

approximately 534kb in strain 7 was replaced by a larger fragment of 631 kb in both 

strain 11 and PACT 7, indicating that these two strains had acquired additional 

genomic DNA relative to strain 7. PFGE analysis showed that strain 303 and strain 

292 are genetically indistinct, and the DNA banding patterns produced by strain 527, 

strain 506 and strain 19n indicate that these three isolates are also all related. 
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rS6JOO-L IS6100-R 

-' 

LCI 
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Figure 3_Ll: The mechanism of transposition of JS6100. A. The genetic environment of [S6100 
and TNCP23 prior to chromosomal inversion. The red arrow represents the target gene for inversion; 
the thick black lines represent P. aeruginosa chromosomal DNA, dashes indicate that chromosomal 
regions are not drawn to scale; The blocks shaded grey represent pKLC I 02 sequence; green blocks 
represent the l7bp repeats of IS6/00 and green arrows represent tbe transposase gene of IS6/00, 
pointing in the direction of transcription of the gene; the region shaded light blue represents TNCP23 
sequence. B. Following transposition of [S6100, a copy of IS6/00-L, rS6IOO-t, disrupts the target 
gene, J' of the breakpoint of inversion. C. The LCI occurs hetween IS6IOO-t and rS6/00-L. 
(Adapted from Kresse e/ al. 2003). 

To date, lS6100-induced LCls have been identified in four regions of the 

chromosome in CF P. aeruginosa strains (Kresse et ai, 2003). Interestingly, in all 

four cases, the breakpoints of inversion were identified within genes involved in 

processes that are altered in CF strains relative to P. aeruginosa strains that are 

associated with other sites of infection (Kresse et aI, 2003). Genes affected are 

wbpM, involved in the synthesis of O-specific antigen, pilB, required for the 

production of type IV pili, mutS, the DNA mismatch repair protein and PA4029, a 

hypothetical membrane transport protein (Kresse et ai, 2003). Thus, it seems that 

IS6100-induced LCIs promote the selection of P. aeruginosa strains with an altered 

phenotype as seen in CF isolates. Interestingly, ISPa20, the element responsible for 

the LCIs observed in subgroup 13 CF P. aeruginosa isolates, was shown to be 

located within pilM and between ORF13 and ORFI4 of the LPS Ol-antigen gene 

cluster in these strains (Kresse et ai, 2006). Thus, as was the case with P. aeruginosa 

subgroup C isolates containing IS6100 (Kresse et ai, 2003), ISPa20 disrupted genes 

involved in the altered phenotype of CF P. aeruginosa isolates (Kresse et ai, 2006). 

The identification of an outwardly directed putative strong promoter at the 3' end of 
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ISPa20, together with the finding that up to 25 copies of this element may be present 

in some strains indicates that it may be involved in activation of gene expression as 

well as LCIs in P. aeruginosa clone C, subgroup C 13 strains (Kresse el aI, 2006). 

There have been two reports of IS6l00 in non-CF P. aeruginosa isolates. The 

element has been described in non-CF strains in association with a transposon, 

Tn80l, resulting in the immobilisation of an extended-spectrum ~-lactamase (ESBL), 

TEM-21 (Dubois el aI, 2002) [Fig. 3.1.2]. TEM-21 mediates resistance to several 

antipseudomonal ~-lactams, excluding the carbapenems (Dubois et ai, 2002). IS6l00 

was located within the resolvase gene of Tn80l and a gene encoding a 3-N­

aminoglycoside acetyl transferase, aac-(3)-II, was identified 3 ' of Tn80l (Dubois el 

aI, 2002). The acetyltransferase encoded by this gene mediates resistance to 

gentamicin, tobramycin and netilmicin (Dubois el ai, 2002). Putative promoter 

sequences located within Tn80l may contribute to enhanced aac(3)-1I transcription 

(Dubois el aI, 2002). In a later study this exact arrangement was identified in 24 P. 

aeruginosa strains isolated from patients in a nursing home (Dubois el ai, 2005). As 

the Tn80l resolvase gene is interrupted by IS6l00, and aac(3)-1l is not located 

within Tn80l, it is probable that all three genes are present as part of a larger mobile 

element, which would allow them to be co-transferred (Dubois et ai, 2005). 

HindlJl HindJJI 

~ Insert of 6.7kb ~ 
~~r-----------------------------------------------~~~ 

1S6100 (858bp) Tn801 (1495bp) 

tl<~~~~~~{-'~}={~~~~~~~~~======3~~~~r-
InpA jRn InpfIA blaTEM.21 aac(3)-1l orf 

Figure 3.1.2: The genetic environment of IS6100 in associatiol) with TnBOI carrying a blaUM." 
gene in non-CF P. aeruginosa strains. HindlIl sites indicate the ends of the cloned DNA fragment of 
6.7kb; the open arrowhead represents the right inverted repeat of 1S6100 and the striped arrowhead 
indicates the position of the inverted repeat of Tn80 I; InpRLJ is the truncated Tn80 I resolvase gene; 
the blaTEM.21 gene is located upon Tn801; the orientation of translation is shown by horizontal arrows; 
an ORF located 3' of aac(3)-1l showed homoJogy with a protein previously associated with this gene; 
a 905kb region at the 3' end of the cJoned DNA fragment showed no homology to previously 
described sequences. (Adapted from Dubois eI ai, 2002). 
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IS6100 has also been described in non-CF P. aeruginosa isolates in upstream of the 

recently described rmtA aminoglycoside resistance gene, encoding a 16S rRNA 

methylase (Yamane et ai, 2004; Yokoyama et ai, 2003) [Fig. 3.1.3]. RmtA mediates 

resistance to a number of aminoglycosides, including amikacin, tobramycin, 

gentamicin and kanamycin (Yokoyama et ai, 2003). In a non-CF P. aeruginosa 

isolate, the rmtA locus, composed of IS6100, truncated orfA' and sequence 2 [Fig. 

3.1.3 J, was flanked by regions homologous to Tn5401 (Yamane et ai, 2004). The S­

end of the rmtA locus, orfA, was disrupted by IS6100, and a duplication of the region 

containing orfl and orfQ had occurred (Yamane et ai, 2004) [Fig. 3.1.3]. This 

duplication was not present in another P. aeruginosa isolate lacking IS6100, but 

harbouring rmtA in a similar arrangement (Yamane et ai, 2004). IS6100-induced 

LCls have been reported in Salmonella strains (Boyd et ai, 2002), but not in non-CF 

P. aeruginosa strains. The association of IS6100 with genomic rearrangments 

(Giine~ et ai, 1999), however, suggests that this element may have been involved in 

duplication of the orfllorfQ region (Yamane et ai, 2004). 

LZ*WN%Y **s1iuiUt5t& 
orj! lJt: f{J I)r}! . 

rn.... .~ 17n1.~ sequ""",, 'Dr-xc
_! ----..... " ... t) ____ '1IIj' •• 7 ~ •• _--, 

I·. I .bp I' 

Figure 3.1.3: The genetic environment of IS6100 in association with Tn5041 in non-CF P. 
aeruginosa strains. E denotes the EcoRJ sites used to clone the DNA fragment; sequences with 
homology to regions of Tn504! are shown by rectangles filled with wavy lines; solid arrowheads 
represent terminal inverted repeats; sequence 2 shows homology to a Na+!1--f'" antiporter; arfA' 
represents a truncated arfA gene that encodes a probable tRNA ribosyltTansferase, located adjacent to 
TS6!OO; the K"f element, previously identified in Tn504!, is thought to have originated as part of a 
mobile genetic element. (Adapted from Yamane e1 al. 2004). 

Since IS6100 seems to be located within larger mobile elements in non-CF p, 

aeruginosa, it may be that IS6100 itself did not mediate integration of these elements 

into the host chromosome, Rather, IS6100 was fortuitously acquired due to 

integration mediated by another element. To gain further insight into the role of 

IS6100 in the non-CF P_ aeruginosa strains identified in this study, the genetic 

environment ofIS6100 was investigated. 
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3.2 Experimental Procedures 

3.2.1 Inverse polymerase chain reaction 

Whereas peR involves the exponential amplification of DNA sequences located 

between two convergent primers, inverse PCR uses two divergent primers to amplify 

DNA sequences flanking known regions of DNA (Oclunan et ai, 1988). Genomic 

DNA is digested with a restriction enzyme that cuts external to the sequence of 

interest, and DNA fragments are then ligated to themselves to form circular 

molecules [Fig. 3.2.1]. Outwardly directed primers are designed within regions of 

interest [Fig. 2.2.2] and sequence analysis of amplified PCR products allows 

determination of flanking regions. 

+ t 
Digest DNA 

~ Circularise 

O· 0 

~ PCR Amplify 

Figure 3.2.1: A schematic representation of the processes involved in inverse PCR. 
The solid red box represents the known DNA fragment, IS6100; the solid grey and blue boxes represent 
the regions flanking the DNA sequence of interest; black arrows represent RE sites. The digested DNA 
is circularised and outwardly-directed primers designed within IS6100, shown as arrows on the 
circularised molecule, are used to amplify the flanking regions. 
(Adapted from Ochman e/ ai, 1988). 
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transformation of E. coli One Shot® TOP} 0 cells, more than 1000 transformants 

were obtained. Twelve transformants were randomly selected and small-scale 

plasmid preparations were carried out on these clones. RE digestion of the plasmid 

DNA with PstI [CTGCAJG], which cuts once within the IS6100 sequence, released 

insert DNA fragments, as visualised by AGE (2.2.4) [Fig. 3.3.1]. Following digestion 

with Pstl, eight of the putative recombinants contained an insert corresponding to 

IS6100. This was shown by the presence of a 700bp DNA fragment in 3 digests, and 

a 100bp fragment produced when IS6100 had been inserted in the other orientation. 

Four white colonies were shown to harbour non-recombinant plasmids and probably 

appeared white as a result of impeded a-complementation due to point mutations in 

the MCS ofpGEMT-Easy. 

1000 
800 
600 

400 

Figure 3.3.1: Analysis of putative recombinant plasmids by restriction enzyme digestion analysis 
with the enzyme Pslf. 

Lane I, molecular weight marker Hyperladder I [Bioline]; lane 2, clone I; Jane 3, clone 2; lane 4, 
clone 3; lane 5, clone 4; lane 6, clone 5; lane 7, clone 6; lane 8, clone 7; lane 9, clone 8; lane 10, clone 
9; lane II, clone 10; lane 12, clone I I; lane 13, clone 12. 

Recombinant plasmid obtained from clone 10, designated pBT05, was used in the 

optimisation of the inverse PCR assay and, subsequently, in inverse PCR assays as a 

positive control. 
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A 

b) Optimisation of the inverse PCR assay 

Optimisation of the inverse PCR assay, using pBT05 as a template, was performed 

by titrating the dNTP concentration and using Taq polymerase from two different 

suppliers (Takara and GoTaq). dNTP concentrations at O.2mM, O.3mM, O.4mM, 

O.5mM and O.6mM were tested using both Taq polymerases. Products of the 

expected size (3.8kb) were obtained in all cases, with Takara DNA polymerase 

producing the more discrete amplified products. Products obtained following inverse 

PCR could be greater than IOkb in size, and therefore sufficient dNTPs must be 

present in the reaction mixture to amplify products of this size. For this reason, the 

Takara DNA polymerase and a dNTP concentration ofO.6mM [Fig. 3.3.2 A, lane 13J 

were used in further reactions. When the annealing temperature was increased from 

52°C to 54°C to increase the specificity of primer binding, a more discrete 

amplification product was obtained [Fig. 3.3.2 B]. The additional spurious bands of 

decreased intensity and the 'smeared' effect observed are as a result of the excess 

dNTPs in the reaction. 

B 

Figure 3.3.2: Optimisation of the inverse peR assay. A. Lane J, molecular weight marker 
HyperJadder I [Bioline]; lane 2, GoTaq, no DNA contTol; lane 3, GoTaq, 0.2mM dNTPs; lane 4, 
GoTaq, 0.3mM dNTPs; lane 5, GoTaq, OAmM dNTPs; lane 6, GoTaq, 0.5mM dNTPs; lane 7, GoTaq, 
0.6mM dNTPs; lane 8, Takara, no DNA control; lane 9, Takara, O.2mM dNTPs; lane 10, Takara, 
0.3mM dNTPs; lane II, Takara, O.4mM dNTPs; lane 12, Takara, 0.5mM dNTPs; lane 13, Takara, 
0.6mM dNTPs. B. Lane I, molecular weight marker Hyperladder I [Bioline]; lane 2, no DNA control; 
lane 3, I OOng pBT05 template; lane 4, 20ng pBT05 template. 
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c) Inverse PCR to detennine IS61 00 point of insertion in P. aeruginosa strains 

Southern hybridisation (2.2.8.1 b) resulted in the identification of IS6100 in strain 6 

on two BamHI fragments> lOkb in size and one Bam HI fragment of 2kb [Fig. 2.3.4]. 

Following BamHI digestion of strain 6 genomic DNA, the DNA in agarose slices in 

the region of these fragments wa<; purified (2.2.5.1). Ligation reactions (3.2.1.1 a)) 

consisted of 3J.ll, I J.l1 or O.2J.lI purified BamHI-digested genomic DNA. The ligated 

products were purified (2.2.5.1) and 2J.ll of each was used as a template in inverse 

PCR assays (3.2.1.3), with pBT05 as a positive control [Fig. 3.3.3]. 

3.8kb 

Figure 3.3.3: Inverse PCR to identify the regions flanking IS6100 in non-CF P. aeruginosa 
strains. Lane 1, molecular weight marker HyperJadder [ [Biolinej; lane 2, no DNA control; lane 3, 
IOOng pBT05; lane 4, 20ng pBT05; lane 5, > IOkb region, 3~1 ligation; lane 6, > lOkb region, 1 ~I 
ligation; lane 7, >lOkb region, O.2~1Iigation; lane 8, 2kb region, 3~lligation; lane 9, 2kb region, 1~1 
ligation; lane 10, 2kb region, O.2}llligation. 

Both concentrations of pBT05 produced products of the expected size (3 .8kb) when 

used as templates [Fig. 3.3.3]. Some DNA amplification was observed in three ofthe 

reactions, but this amplification was not specific and therefore did not produce any 

discrete bands that could be investigated further. 
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The PCR assay to detect biaTEM in IS6100-containing, non-CF P. aeruginosa strains 

produced a product of the expected size (1.232kb) from A. baumannii RAN [Fig. 

3.3.4. A]. A product of the same size was obtained from P. aeruginosa strain 325 

[Fig. 3.3.4. A], suggesting that this strain contains a gene that encodes a TEM ~­

lactamase. As expected, a 786bp fragment corresponding to a portion of aac(3)-11 

was obtained from A. baumannii SAK [Fig. 3.3.4. 8]. A product of the same size was 

obtained from P. aeruginosa 325 [Fig. 3.3.4. 8]. This suggests that only strain 325 

contains IS6100 as well as a blaTEM gene and an aac(3)-11 gene. Following sequence 

analysis of the blaTEM product, the TEM variant present in strain 325 will be 

identified. It may be that in strain 325 IS6100 is associated with blaTEM-21 and 

aac(3)-11 on Tn801. 

A 

Figure 3.3.4: PCR amplification reactions to determine the presence of (A) blan:M and (B) 
aac(J)-llin non-CF P. aeruginosa strains. 
A & B: Lane I, molecular weight marker Hyperladder I [BiolineJ; Jane 2, no DNA control; lane 3, 
positive controls; lane 4; PAO 1; lane 5, 286; lane 6, 295; lane 7, 303; lane 8, 311; Jane 9, 325; lane 10, 
6; Jane J I, 7; lane 12, 8; lane 13, I I; lane 14, 12; lane 15,292; lane 16,293. 
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3.3.3 The association of IS6100 with hypermutability in P. aeruginosa 

Genes continually acquire mutations, and those that are essential for the survival of 

the bacterium are not exempt. In such cases strain proliferation is prevented. 

Mutation(s) in non-essential genes, however, can often confer a survival advantage 

upon the bacterium, and as such, these strains dominate under selective pressure. 

Bacteria can acquire mutations in the genes encoding the DNA repair proteins and 

these strains, known as hypermutators, display a much higher rate of spontaneous 

mutation relative to the wild-type strains (Horst et ai, 1999). Hypermutable 

P. aeruginosa strains are frequently isolated from both CF and non-CF patients with 

chronic infections (Macia et ai, 2005; Oliver et ai, 2000), and the gene most 

commonly affected is mutS (Oliver et ai, 2002). This gene has been identified as a 

breakpoint of inversion in IS6100-induced LCls in CF P. aeruginosa subgroup C 

strains (Kresse el ai, 2003). 

The muiS gene in the 12 IS6100-containing strains was screened for the presence of 

insertions, that may correspond to IS6100, using PCR. P. aeruginosa PAOl was 

included as a positive control, and PCR was carried out using primers MUTSF (5'-

TIT GCA CCG TCC AAA GC-3') and MUTSR (5'-CGA AGG TCA TTT TCT 

AG-3 '). PCR conditions were as described (2.2.6), except denaturation was carried 

out for 1 minute, primer annealing a( 50°C for 1 minute and elongation for 2 

minutes. Products of the expected size (2.679kb), corresponding to an intact muiS 

gene, were obtained from all IS6100-containing strains [Fig. 3.3.5], suggesting that 

muiS was not interrupted by an insertion, particularly IS6100, in these strains. 

2.679kb 

Figure 3.3.5: PCR amplification of miltS in IS6JOO-containing non-CF P. aeruginosa strains. 
Lane I, molecular weight marker Hyperladder I [BiolineJ; lane 2, no DNA control; lane 3, PAO I; lane 
4, 286; lane 5,295; lane 6, 303; lane 7, 3 I I; lane 8, 325; lane 9, 6; lane 10, 7; lane I I, 8; lane 12, I I; 
lane 13, 12; lane 14,292, lane 15,293. 
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3.3.4 Prevalence of IS elements in oprD of imipenem-resistant P. aeruginosa 

It is well documented that resistance to imipenem Ul P. aeruginosa arises 

predominantly as a result of mutations in oprD (Segal et ai, 2003; Kohler et ai, 1999; 

Lambert, 2002; Huang & Hancock, 1993; Trias & Nikaido, 1990). Loss of this outer 

membrane porin, OprD, prevents the entry of imipenem into the bacterial cell, 

thereby resulting in resistance to imipenem (Kohler et ai, 1999). Although loss of 

OprD is predominantly as a result of point mutations, frameshift mutations resulting 

in premature stop codons, or deletions within the oprD gene, the first instance of 

carbapenem resistance in clinical isolates as a result of insertional inactivation was 

recently described (Wolter e/ ai, 2004). The oprD gene of five carbapenem resistant 

P.aeruginosa isolates contained an inserted IS element, ISPaJ328, and one strain 

contained an IS designated ISPa1635 (Wolter et ai, 2004). 

PCR assays were carried out on all (24) imipenem resistant strains included in this 

study to screen for the presence of IS elements that disrupt opr D and may thereby 

account for the imipenem resistance in these strains. Eight of the strains (6, 7, 8, 11, 

286, 295, 311, 325) contained IS6100, and strains 5 and 12 were included as [S6100-

containing, imipenem susceptible controls. Using primers OPRD3 (5'-ATG AAA 

GTG ATG AAG TGG AG-3') and OPRD4 (5'- CTG TCG GTC GAT TAC AGG-

3') PCR assays were carried out (2.2.6) with primer elongation time increased to 90 

seconds. Following AGE (2.2.4), amplification products corresponding to oprD 

(l343bp) were obtained for all but one isolate [Fig. 3.3.6]. 

A 
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Figure 3.3.6: peR amplification of oprD of imipenem-resistant P. aeruginosa isolates to determine 
the presence of insertion sequences. 
A. Lane J, molecular weight marker Hyperladder I [Bioline]; lane 2, no DNA control; lane 3, +ve 
PAOl control; lane 4, PACT5; lane 5, PACT7; lane 6,280; lane 7, 286; lane 8, 289; lane 9, 295; lane 
10, 297; lane J I, 299; lane 12, 300; lane 13, 302; lane 14, 306; lane J 5, 3 J I; lane 16, 325; lane 17, 
333; lane IS, 335. 
B. Lane I, molecular weight marker Hyperladder I [BiolineJ; Jane 2, no DNA control; lane 3, PAOI; 
lane 4,506; lane 5, P19n; Jane 6, I; lane 7, 2; lane 8, 3; lane 9, 4; lane 10,5; lane J 1,6; lane 12,7; lane 
13, S; lane 14, II. 

The amplified product obtained from strain 8 was approximately 2300bp in size, 

suggesting an insertion of approximately 950bp in the oprD gene of this strain [Fig. 

3.3.6 B]. The peR product was purified (2.2.5.2) and sequenced on both strands 

(2.2.7). Analysis of the sequencing data obtained indicated that an IS element was 

inserted in oprD in strain 8. The nucleotide sequence of the tnpA gene of this element 

was most homologous to that of ISPsy2 (Kamiunten et aI, 2002), displaying 85% 

sequence similarity. The amino acid sequences of the transposases are 93.81% 

homologous [Fig. 3.3.8]. Both elements are flanked by 16bp imperfect inverted 

repeats, and both result in a 4bp duplication of the target upon transposition 

(Kamiunten et aI, 2002) [Fig. 3.3.7]. The ISPsy2-like element transposed into oprD 

of strain 8 at nucleotide position 35 relative to the transcriptional start site of oprD 

[Fig. 3.3.7], in the opposite transcriptional orientation to oprD. 
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ca aaagtgatgaagtggagcgccattgca GGAAGGTCTGAAGTAGCCGATGTTTTCCGGCT 

ACTTCGCCATCGACACTTTCAAAAAACGGTAGCCGCTCAAATCCCGGTCAAACCTGCCGTCTATTTCA 

GCCTTTTTTGCCGCTGCAAGCACCTCGCAGCAGTCACTTCACTCT GGACGCACCTCTCCTGCAT 

TGGAGAGCAAATGTCGACGCGCCATCCAAATGTTCGACAGGGCGAACAGCGTCACCATCTGAGCAGTG 

TTTTTCACCAAGCCTCGGAAGCGCACTTTCGTATAACCAAACTGGCGCTTGATCACCCGAAATGGATG 

CTCAACCTTGGAGCGAACCTGGGCCTTGGCTCTTTCGATCTTACGTATCGCTTTGTATAACGCGCTGC 

GGTTACCGTGCTTTTTGTAAGTGCTGCGCCGGGCTGCAATCTGCCAGATGACTTGGCGCCCCTCATGC 

TCTTCACGCTTCTCTACACCGGTATAGCCCGCATCAGCGCAGACCACGTTCTCACCACCGTGCAGCAG 

TTTGTCGACTTGGGTTACGTCCGCGACGTTGGCCGCAGTGACCACCACGCTGTGCACAAGCCCGGACT 

CATCGTCGACACCAATGTGAGCTTTGGCACCGAAGTAATACTGGTTGCCCTTCTTGGTCTGATGCATT 

TCCGGGTCGCGTTTGCCGTCCTTGTTCTTGGTCGAACTGGGCGCATGAATCAGAGTGGCATCGACGAT 

GGTGCCTTGTCGCAGTGACAAGCCACGGTCGCCCAAATAGCCATTGATCACGCCGAGAATACCGGTGG 

CCAACTCATGCTTTTCCAGCAGGCGACGGAAGTTGAGGATGGTGGTTTCATCCGGGATTCGCTCCAGG 

CTCAGACCGGAAAACTGGCGCAGGATCGTCGTCTCGTACAGCGCCTCTTCCATCGCCGGATCGCTGTA 

ACCGAACCAGTTCTGCATTAGATGAATCCGCAGCATCGCCATCAGCGGATAGGCTGGACGGCCCCCTT 

CGCCCTTTGGGTAATGAGGTTTGATCAGAGCAATCAAACCCTCCCAGGGTACGACCCGATCCATCTCT 

ATCAGGAACAGCTCCTTGCGGGTCTGCTTGCGCTTACCGGCGTACTCGGCATCGGCGAAGGT TTG 

TTTCATCATCGAAAAGCTCGGCGATTGGTGTCCGGGGATTTTGCCAAATCAGGAAGTCTTTTTCAGGA 

TTTCC cggtttccgcaggtagcactcagttcgccgtggcc 

Figure 3.3.7: Sequence of the ISPsy2-like element located within the oprD gene of P. aeruginosa 
strain 8. Lower case sequence represents oprD, upper case letters represent ISPsy2-like sequence. 
The start (ATG) codon of oprD is highlighted green; the start (ATG) and stop (TGA) codons of 
ISPsy2-like transposase are highlighted red. The 16bp inverted repeats of ISPsy2-Jike element are 
highlighted yellow, and the 4bp duplication of the oprD gene is highlighted blue. 
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Figure 3.3.8: Alignment of the amino acid sequences of the ISPsy2 transposase and the transposase identified in oprD of P. aeruginosa strain 8. Amino acid residues 
that are conserved in both proteins are highlighted dark blue; non-homologous amino acid residues are indicated by light blue and white backgrounds. 
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