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Abstract 
 

TEM and SHV β-lactamases are the most prevalent β-lactamases among 

Gram-negative bacteria.  The introduction and widespread use of expanded-

spectrum antibiotics, particularly third generation cephalosporins, has led to 

the evolution of bacterial strains expressing extended spectrum β-lactamases 

(ESBLs).  ESBLs emerge by genetic point mutation from non-extended 

spectrum precursors.  

 

It was found that multiple β-lactamase families within single isolates 

complicate the process of detecting the resistance status of isolate using 

non-quantitative DNA diagnostic methods. Preliminary phenotypic 

characterisation of probable β-lactamase enzyme family types present in 100 

isolates from the Asia-Pacific and South African locales showed that single 

isolates frequently contained multiple β-lactamase families. SHV, TEM, 

AMPC and CTX-M β-lactamase families were detected in these isolates 

using PCR detection methods.    Ninety-eight percent of all isolates tested 

contained as least one β-lactamase gene, with up to four to β-lactamase 

gene families found to co-exist in single isolates.  Kinetic PCR methods for 

interrogating the polymorphic sites at blaSHV codons 238 & 240 and blaTEM 

codons 164, 238, 240 as well as promoter polymorphism were developed.  A 

high proportion of blaSHV 238 and 240 mutant alleles was found to correlate 

with cefotaxime, ceftazidime and aztreonam resistance levels.   

 

In an attempt to understand the molecular basis for the co-existence of 

multiple blaSHV alleles within single isolates, the blaSHV promoter region was 

cloned from one ESBL expressing isolate. Experimental results showed that 

blaSHV can exist downstream of two different promoters within a single 

isolate. Both promoters have previously been reported, and differ by the 

presence or absence of IS26, which results in a change in the transcription 

initiation site. The blaSHV gene copy numbers in cis with the different 

promoters were measured, and it was found that the copy number of the 

IS26::blaSHV promoter was positively correlated with resistance levels.  
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Cloning and analysis of PCR products showed that different blaSHV variants 

existed in cis with promoters in individual isolates. However, mutant genes 

were more abundant downstream of the IS26 promoter. There were no 

ESBL+ isolates without this promoter.  It was concluded that blaSHV in cis with 

the IS26 promoter is located on an amplifiable replicon, and the presence of 

the IS26 insertion may facilitate the acquisition of an ESBL+ phenotype.  

 

To further confirm the role of IS26 in resistance acquisition, ESBL negative 

isolates were subjected to serial passage in vitro evolution experiments and 

fluctuation assays.  Results confirm that the insertion of the IS26 element 

upstream of blaSHV is positively correlated with the ability to exhibit an ESBL 

phenotype, when such isolates also contain the critical G238S substitution.  It 

was also found that IS26 can catalyse the duplication and mobilisation of 

blaSHV within an isolate.  Fluctuation experiments have shown that the 

frequency at which such genomic events occur resulting in ESBL phenotypes 

is extremely low and requires many generations of selection under sub-lethal 

conditions. 

 

A survey of a geographically diverse set of isolates has shown that IS26-

blaSHV was found in all of the bacterial populations surveyed.  However, it 

does not appear to be exclusively associated with SHV-mediated ESBL 

production.  
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Chapter 1 
Introduction  
 
1.1 Antimicrobial agents in clinical medicine 
Since their discovery antimicrobial agents have been extensively used and 

proven extremely effective in the clinical treatment of bacterial infections.  The 

Commonwealth Department of Health and Aged Care Drug Utilisation Sub-

Committee recorded 24.2 million anti-infective prescriptions filled in the 

1999/2000 period, with this class of drugs the third most commonly prescribed in 

Australia (Drug Utilisation Sub-Committee, 2003). Antimicrobial agents can be 

bactericidal or bacteriostatic in nature and function by targeting critical bacterial 

cellular functions such as: inhibition of cell wall synthesis (β-lactams); inhibition 

of protein synthesis (aminoglycosides, tetracyclines); damage to the plasma 

membrane (polymyxin B); inhibition of nucleic acid synthesis (rifamycins, 

quinolones) and inhibition of essential metabolite synthesis (sulfonamides).     

 

It is well known that antimicrobial resistance will develop given sufficient time 

and exposure to antimicrobial agents (Baquero et al., 1998).  One of the 

paramount needs for resistance identification is the effective treatment of 

bacterial infections in clinical medicine.  Antimicrobial resistance quickly 

develops as a natural consequence of the ability of bacteria to adapt to 

antimicrobial agents.  In recent years, various resistant organisms have become 

prominent and new resistance mechanisms have emerged, reducing the 

antimicrobial spectra that may be used to treat infection.  The most recent 

developments in the continual battle against antimicrobial resistance are of great 

concern as they involve ubiquitous bacteria, responsible for infections in 

communities or hospitals.  In a bid to curb the spread of resistance a number of 

major organisations such as the World Health Organisation and United States 
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Centers for Disease Control have devoted significant resources to the study of 

antimicrobial resistance.  

 
1.2 β-lactam and β-lactam derivative antimicrobials 
The β-lactam class of antimicrobials were one of the first discovered (Fleming, 

1929) and comprise the largest group with a large number of derived 

antimicrobial agents.  β-lactams are generally considered bactericidal agents 

which prevent the synthesis of functional peptidoglycan, resulting in inadequate 

cell wall synthesis and subsequent cell lysis.  As β-lactams only target the 

synthesis of peptidoglycan they are only effective on growing cells.      

Peptidoglycan does not play a role in human cells, therefore this group of 

antimicrobials has low toxicity to humans, allowing high dosages.  However, in 

some cases  β-lactams can be highly allergenic (Solensky, 2003). 

 
1.2.1 Natural β-lactams 
The first β-lactams were isolated and refined from Penicillium species and 

hence called natural penicillins (Chain et al., 1940).  These antimicrobial 

compounds were characterised as containing a common core structure of a β-

lactam ring (Figure 1.1A).  While proving a major breakthrough in the treatment 

of infection, natural penicillins were limited in their utility.  These compounds 

were rapidly excreted from the human body and required frequent intramuscular 

injection.  An additional problem was the narrow spectrum of susceptible 

bacteria that could be treated (mainly Gram-positives) and inactivation of the 

compound by bacterial production of β-lactamases.  The β-lactamase enzyme 

cleaves the common core of the β-lactam ring and are discussed in detail in 

section 1.3.     
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Figure 1.1 Chemical structures of penicillin β-lactam antimicrobials.  A: β-lactam 

ring fused with thiazolidine ring to form 6-aminopenicillanic acid core structure. 

B: Side chain chemical structure of natural penicillins. 

A. β-lactam core B.  Natural Side Chains -R 

 
 

N 

NH C R 

O S 

O COOH 

β-lactam Ring Thiazolidine ring 

6-aminopenicillanic acid 

CH2 Penicillin G 

OCH2 
Variable Side Chain 

Penicillin V 
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1.2.2 Semi-synthetic β-lactams  
To obtain a group of more usable β-lactam based antimicrobials, side chains 

attached to the β-lactam ring core structure were chemically modified (Batchelor 

et al., 1959).  Side chain modifications were found to alter the pharmacokinetic 

and antibacterial properties of β-lactams (Rolinson and Sutherland, 1973).  Such 

synthetically modified β-lactams overcame some problems of the first generation 

natural β-lactams as a significant increase in bactericidal spectrum was 

observed.   

 

Aminopenicillins such as ampicillin and amoxicillin were synthesised by the 

addition of an amino group to the β-acyl side chain of the common core (Figure 

1.2A).  For the first time β-lactams were effective in the treatment of both Gram-

positive and Gram-negative bacterial infections (Rolinson and Stevens, 1961).   

Although displaying a broad spectrum of bactericidal effects and high in vivo 

activity, aminopenicillins are still susceptible to hydrolysis by β-lactamases 

(Ayliffe, 1963; Percival et al., 1963; Smith and Hamilton-Miller, 1963; Sutherland 

and Rolinson, 1964). 

 

A group of β-lactamase hydrolysis resistant β-lactams were developed, but were 

found to only be useful in the treatment of staphylococcal infections (Rolinson et 

al., 1960).  Members of this group include methicillin, nafcillin and newer 

members such as oxacillin, cloxacillin and dicloxacillin (Kirby et al., 1962).  

Carboxy β-lactams (carbenicillin, ticarcillin) and ureido β-lactams (azlocillin, 

mezlocillin, piperacillin) were also developed (Rolinson and Sutherland, 1967; 

Sutherland et al., 1970) and whilst providing effective treatment of 

Pseudomonad infections they are readily hydrolysed by endogenous 

chromosomal Escherichia coli and Klebsiellae β-lactamases (Brumfitt et al., 

1967).   
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Figure 1.2 Chemical structures of synthetic, altered side chain β-lactams and β-

lactamase inhibitors.  A: Technically these compounds are semi-synthetic.  As 

the β-lactam core is identical to that of natural penicillins, they are synthesised 

by the chemical addition of altered side chain groups.  B: β-lactamase inhibitors 

contain a β-lactam ring with modified thiazolidin ring structures and function by 

irreversibly binding to the β-lactamase active site. 

 

A. Synthetic Side Chains B. β-lactamase inhibitors  
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Therefore, it can be seen that the previously described β-lactam antimicrobials 

developed up to this point were either limited in the scope of organism(s) that 

could be effectively treated and/or readily hydrolysed by resistant bacteria.  To 

overcome β-lactamase mediated resistance problems, combinational 

antimicrobial chemotherapy consisting of treatment with a β-lactam and β-

lactamase inhibitor was introduced (amoxicillin-clavulanic acid, ticarcillin-

clavulanic acid, ampicillin-sulbactam, piperacillin-tazobactam).  While containing 

a β-lactam ring these β-lactamase inhibitors have little or no antimicrobial 

activity but have been found to inhibit most Enterobacteriaceae β-lactamases by 

acting as a suicide inhibitor (Figure 1.2B)(Brown et al., 1976;  Rolinson, 1994).  

 

In an attempt to create a new generation of more effective β-lactam based 

antimicrobials resistant to β-lactamase hydrolysis, the 6-aminopenicillanic acid 

β-lactam core structure was chemically modified.  Modification resulted in three 

new classes of antimicrobials; the monobactams (Aoki et al., 1976), 

cephalosporins (Abraham and Newton, 1961; Hamilton-Miller, 2000) and 

carbapenems (Brown et al., 1977). 

 

Monobactams are monocyclic, containing only a single β-lactam ring with 

differing side chains (Figure 1.3A)(Bonner and Sykes, 1984).  Aztreonam is the 

only monobactam available for patient treatment and has a narrow spectrum of 

activity against Gram-negative aerobes (Figure 1.3B) and is not readily 

hydrolysed by common plasmid and chromosome encoded β-lactamases. 

Carbapenems were developed by yet another modification of the 6-

aminopenicillanic acid β-lactam core structure and the addition of altered side 

chains (Figure 1.3C).   The β-lactam core lacks a sulphur or oxygen atom and 

contains a hydroxyethyl side chain in trans at position 6.  Such chemical 

modification has resulted in β-lactamase hydrolysis resistance, with 

imipenem/cilistatin (Figure 1.3D), meropenem and entrapenem derivatives used 

for clinical treatment of infection.  This group of antimicrobials also exhibits the 

broadest spectrum of activity of all antimicrobials discovered thus far. 
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Figure 1.3 Chemical structure of monobactam and carbapenem antimicrobials.  

A: Core monocyclic structure.  B: Aztreonam is the only monobactam used for 

human chemotherapy. C: Carbapenem common nucleus with two variable side 

regions.  D: Imipenem is usually administered with cilastatin to prevent kidney 

damage. 

 

A. Monobactam Core B. Aztreonam B. Aztreonam 
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Cephalosporins are one of the largest groups of derived β-lactam based 

antimicrobials, consisting of over 70 forms and are one of the most heavily 

prescribed antimicrobials.  They differ from traditional β-lactams by the 

substitution of the thiazolidine ring bound to the β-lactam ring with a 

dihydrothiazine ring (Figure 1.4).  Substitution with the dihydrothiazine ring 

allows the chemical modifications at two positions on the core structure at 

positions 3 and 7.  Substitution of varied side chains at these positions have 

given a diverse range of compounds that vary in their antibacterial activities and 

pharmacokinetic properties.  As such a large array of cephalosporin compounds 

have been generated they have been grouped by antibacterial activity into four 

classes, termed generations (O`Callaghan, 1975; O`Callaghan, 1979; Selwyn, 

1980). 

 

First generation cephalosporins such as cephalothin, cephapirin, cefazolin, 

cephardine, cephalexin, cephradin, cefadroxil and cefaclor are considered ‘older’ 

compounds and are technically broad spectrum.  In practice however, they are 

only useful for the treatment of Gram-positive infections, such as streptococci 

and staphylococci, as a large percentage of Escherichia coli and Klebsiellae are 

resistant to this group of antimicrobials.  Second generation cephalosporins 

contain a diverse range of expanded spectrum antimicrobial compounds with 

respect to antibacterial and pharmacokinetic properties.  The major 

characteristic of this group is that they are more resistant to Gram-negative β-

lactamase hydrolysis and consequently exhibit increased efficacy in treating this 

group of bacteria. Members of this group include cefachlor and cefmetazole, to 

name a few.   
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Figure 1.4 Core chemical structure of cephalosporins.  Note the dihydrothiazine 

ring contains a variable side chain in addition to the variable side chain. The 

dihydrothiazine ring fused to the β-lactam ring decreases the strain on the 

lactam ring resulting in a decreased susceptibility to β-lactamase attack. 

 

 

 

 

 
Figure 1.5  Chemical structures of two commonly used 3rd generation 

cephalosporins. 
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While considered broad spectrum third generation cephalosporins have a 

decreased bactericidal effect on Gram-positive bacteria.  This group is 

considered the most potent in the treatment of Enterobacteriaceae infections 

due to cephalosporin resistance to β-lactamase hydrolysis, and the ability to 

easily pass through the outer cell membrane.  The most commonly used 

compounds in this group are cefotaxime, ceftazidime, ceftriaxone and 

ceftizoxime.  Cefepime and cefpirome are currently the only fourth generation 

cephalosporin available for antimicrobial chemotherapy.  In comparison to third 

generation cephalosporins, cefepime has increased activity against Gram-

positive bacteria, and is even more resistant than 1st and 2nd generation 

cephalosporins to β-lactamase hydrolysis. 

 

 1.3 β-lactamases 
The most common and important mechanism of bacterial resistance to penicillin-

derived antibiotics is the production of β-lactamase enzymes.  The unifying 

feature of this group of enzymes is that they result in the hydrolysis of the core 

β-lactam ring structure (Goussard and Courvalin, 1999).  A more precise 

definition of β-lactamases and cephalosporinases is “A group of enzymes of 

varying specificity hydrolysing β-lactams; some act more rapidly on penicillins, 

some more rapidly on cephalosporins” given by the Nomenclature Committee of 

the International Union of Biochemistry and Molecular Biology (Webb, 1992).  

An extensive and excellent review of the kinship and possible evolutionary 

pathways of β-lactamases has shown that these enzymes are derived from 

penicillin-binding proteins (PBPs) (Massova and Mobashery, 1998).  The main 

function of PBPs is the assembly, maintenance and regulation of the 

peptidoglycan based bacterial cell wall.  From these early molecules over 300 

different proteins with domains that interact and hydrolyse β-lactam substrates 

have been characterised (Bush et al., 1995; http://www.lahey.org/Studies/).  The 

kinetics of such reactions is highly dependent upon the β-lactam antimicrobial 

and the class of β-lactamase enzyme partaking in hydrolysis to render the agent 

inactive. 
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In an effort to understand the relationships between β-lactamases several 

classification schemes have been applied.  The first differentiation was that 

between cephalosporinases and penicillinases (Fleming et al.,1963).  As the 

name implies, cephalosporinases hydrolyse cephalosporins, whereas 

penicillinases possess penicillin-hydrolysing activity.   Several subsequent 

classification methods have been applied including the response to antisera 

(Sawai et al., 1968), substrate profiles (Richmond and Sykes, 1973), isoelectric 

focusing (Sykes and Matthew, 1976), inhibitory properties and molecular 

structure (Bush, 1989).  The currently used and most widely accepted 

classification scheme is the Bush-Jacoby-Mederios classification, which groups 

β-lactamases into four main categories (Bush et al., 1995).  This broadly 

classifies enzymes by functional characteristics and substrate/inhibition profiles. 

 

1.3.1 Bush-Jacoby-Mederios groupings 
1. Cephalosporinases not significantly inhibited by clavulanic acid.   

2. β-lactamases inhibited by active site-directed β-lactamase inhibitors and 

molecular class A or D (molecular class defined by primary amino acid 

sequence).  Due to a large number of derived β-lactamases in this group 

further sub-classifications have been used.   

2a.  Penicillin-hydrolysing enzymes inhibited by clavulanic acid 

2b. Broad-spectrum β-lactamases inhibited by clavulanic acid 

2be. Extended-spectrum β-lactamases inhibited by clavulanic acid 

2br.  Broad-spectrum β-lactamases reduced binding of clavulanic acid 

2c. Carbenicillin-hydrolysing β-lactamases inhibited by clavulanic acid 

2d. Cloxacillin-hydrolysing β-lactamases 

2e. Cephalosporinases inhibited by clavulanic acid 

2f. Carbapenem-hydrolysing non-metallo-β-lactamases 

3. Metallo-β-lactamases not significantly inhibited by all classical β-

lactamase inhibitors except EDTA and p-chloromercuribenzoate (pCMB). 

4. Penicillinases not inhibited by clavulanic acid. 
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This section should illustrate to the reader that β-lactamase enzymes are a 

diverse group involving many enzyme families and bacterial species.  To fully 

explain and appreciate the subtle differences between groups is considered 

beyond the scope of this literature review.  The remainder of this literature 

review will focus on two families of Bush-Jacoby-Mederios class 2b and 2be β-

lactamases, which include the SHV and TEM β-lactamases. 

 

1.3.2 SHV and TEM β-lactamases 

SHV and TEM β-lactamases are molecular class A serine hydrolyses and the 

most prevalent β-lactamases among Gram-negative bacteria (Cantu et al., 

1996).  SHV-1 and TEM-1 β-lactamases, are designated Bush-Jacoby-Mederios 

class 2b, as these enzymes can hydrolyse penicillin and cephalosporins, while 

extended-spectrum antibiotics such as 3rd generation cephalosporins and 

monobactams are refractory to β-lactamase cleavage.  The aminothiazolyl side 

chain common to 3rd generation cephalosporins and the monobactam 

aztreonam is responsible for increased β-lactamase stability to TEM-1 and SHV-

1 cephalosporinases.  However, the introduction and widespread use of 

expanded-spectrum antibiotics has led to the development of resistance to 3rd 

generation cephalosporins and monobactams  (Blazquez et al., 2000).  It was 

found that this resistance is due to amino acid substitutions in the parental SHV-

1/TEM-1 β-lactamase enzymes. These SHV-1/TEM-1 derivatives are termed 

extended-spectrum β-lactamases (ESBLs).  As such substitutions resulted in an 

extension of substrate profiles these isoforms are categorised in Bush-Jacoby-

Mederios group 2be, indicating that they are related to group 2b but contain an 

extended-spectrum of activity. 
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1.3.3 SHV and TEM β-lactamase protein evolution  

The evolution of Class A β-lactamases, to allow for an extended spectrum of 

activity, occurs through point mutations in the blaTEM-1 or blaSHV-1 genes.  The 

Bush-Jacoby-Mederios SHV and TEM β-lactamase classification scheme only 

considers primary amino acid sequence and not nucleotide comparisons.  An 

overview of nucleotide sequence evolutionary pathways is given in section 1.3.7.  

Over 200 allelic variants of parental TEM-1, TEM-2 or SHV-1 enzymes (Negri et 

al., 2000; Randegger et al., 2000; http://www.lahey.org/Studies/) have been 

reported with subtypes differing from the parental strains by single or multiple 

amino acid substitutions (Peixe et al., 1997; Pitout et al., 1998; 

http://www.lahey.org/Studies/).  Substitutions frequently occur in a stepwise 

manner, arising through sequential mutations with each successive mutation 

conferring an increase in selective advantage to parental strains (Negri et al., 

2000; Orencia et al., 2001).   Such stepwise mutations result in subtypes 

phenotypically exhibiting variable levels of resistance to cefotaxime, ceftazidime 

and other broad-spectrum cephalosporins and monobactams such as 

aztreonam.  Site-directed mutagenesis studies and characterisation of naturally 

occurring strains has shown that only 15 amino acid substitutions (out of 290 

residues) can confer an extended-spectrum of β-lactamase activity (Orencia et 

al., 2001).   

  

1.3.4 β-lactamase structure and function 

All class A β-lactamases consist of a common α-helical domain and a β-sheet of 

five antiparallel strands surrounded by α-helices (Figure 1.6).  Primary amino 

acid sequence comparison has shown that 68% identity exists between TEM-1 

and SHV-1, and this is reflected in a similar three-dimensional structure of the 

catalytic site (Knox, 1995).  X-ray crystallographic studies have shown how 

particular amino acid changes can alter enzyme parameters by affecting the 

tertiary structure of the enzyme.  A subset of amino acid substitutions exist 

which are responsible for the majority of alterations in substrate profile and 
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catalytic properties which cause a marked increase in antimicrobial resistance 

(Collatz et al., 1990; De Bois et al., 1995; Knox., 1995).  Of interest, amino acid 

substitutions at the 238 and 240 codons are the only amino acid changes 

common to both SHV and TEM groups and result in large increases in β-

lactamase enzyme activity.   

 
1.3.5 SHV enzyme modelling   
The substitution of serine for glycine at residue 238 results in the displacement 

of the B3 β-strand of the protein, causing the active site to open, allowing the 

active site to interact with oxyimino cephalosporins (Randegger et al., 2000). At 

a genetic level, a point mutation in the first position of codon 238 from a guanine 

residue to an adenine (ie. GGC to AGC) results in the substitution.  The G238S 

substitution confers high-level resistance to cefotaxime and is found in nearly all 

extended spectrum beta-lactamase (ESBL) producers (Knox, 1995). 

 

The E240K substitution occurs adjacent to the G238S substitution (absence of 

residue 239 due to Ambler numbering system (Ambler et al., 1991) and has only 

ever been found in conjunction with this mutation.  Substitution of a lysine 

residue for glutamine is a result of a nucleotide substitution in the first position of 

codon 240 from guanine to adenine (i.e. GAG to AAG).  Together with the 

G238S mutation, the E240K mutation allows a greater interaction between the 

β-lactamase enzyme and the carboxylic acid group on the oxyimino groups of 

ceftazidime and consequently causes a higher level of resistance to this group 

of antimicrobials (Randegger et al., 2000).    
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Figure 1.6 Ribbon schematic of the elementary tertiary structure of class A β-

lactamases (Knox, 1995).  Analysis of the structure places the sites of amino 

acid variation adjacent to the position of β-lactam molecular binding.  The amino 

acid mutations alter the shape of the active site.   In this figure cefotaxime 

binding is depicted by the black ball and stick molecule located in the active site. 
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1.3.6 TEM enzyme modelling 
While it appears that the majority of the extended spectrum of activity in the 

TEM enzyme family is conferred by the same amino acid substitutions as in 

SHV enzymes, other substitutions have been implicated as resulting in an 

extended spectrum of activity.  R164S and R164H result in the substitution of 

the arginine at position 164 in the parental TEM enzyme with a serine or 

histidine residue.  This mutation is the result of a genetic point mutation in codon 

164; CGT to CAT (his) or AGT (ser).  The substitutions of arginine with the other 

hydrogen bonding amino acids serine or histidine results in one less hydrogen 

bond being donated by the amino acid residue at this position in the protein.  As 

a consequence of the reduction in the number of available hydrogen bonds, the 

omega loop (between residues 162-179) is more flexible and allows opening of 

the active site.  As with the G238S mutation it appears that the R164S/R164H 

substitutions allow greater space at the active site for an interaction with bulky 

expanded spectrum β-lactam antimicrobials such as cefotaxime, ceftazidime 

and aztreonam.  

 

The E104K mutation results in the substitution of a lysine residue for glutamine.  

In this position, the glutamine residue can interact with the carboxylic acid group 

of 3rd generation cephalosporins and aztreonam antimicrobials and increases 

the binding/affinity for the substrate by electrostatic attraction.  It is thought that 

this residue may be the first to contact a substrate molecule and may facilitate 

moving and positioning the substrate into the active site. It is noted, however 

that selective mutation studies have shown that the single E104K substitution at 

this position has no effect on enzyme kinetics.   

 

Substitution of an alanine residue at position 237 with the hydrogen bond 

acceptor threonine enhances the binding of expanded spectrum antimicrobials 

to the active site.  In particular, this substitution is associated with an increased 

catalytic efficiency through altered binding of cefotaxime, which has a branched 

oximino substituent.   
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1.3.7 Correlation of resistance to amino acid substitutions 
Jacoby (1994) has correlated data from numerous studies which have measured 

the type of amino acid alterations present and the corresponding changes in β-

lactamase enzyme profile with respect to the reaction velocity (Vmax) for 

cefotaxime (CTX), ceftazidime (CAZ) and aztreonam (AZT) substrates.  The 

data obtained is summarised in Table 1.1.  For the SHV enzyme family, elevated 

enzyme activity to the expanded spectrum, and in the β-lactam cefotaxime, is 

always seen with the G238S substitution.  Greater expansion of spectrum to 

include ceftazidime is associated with the E240K mutation (Collatz et al., 1990; 

De Bois et al., 1995; Palzkill, 1998).  This trend is also observed in the TEM 

enzyme family.  However, it appears that the R164S/R164H substitutions may 

act similarly to the G238S substitution.  It appears that substitutions at these 

sites can independently act to expand the spectrum of substrates the enzyme 

can hydrolyse and together have a synergistic effect.  A greater expansion of 

spectrum and increased ESBL activity is associated with the E240K mutation 

and possibly the E104K mutation.  From this data, it is apparent that a strong 

single nucleotide polymorphism (SNP) to phenotype link exists for the blaSHV 

and blaTEM genes and that this association may be exploited to enable ESBL 

detection and resistance determination. 

 17



Table 1.1 Correlation of substrate, VMAX (maximum velocity of the enzyme) and 

amino acid substitutions in TEM and SHV extended spectrum β-lactamase 

families (Adapted from Jacoby, 1994)  Note: VMAX is normalised to 

benzylpenicillin. 

 

 # CTX : Cefotaxime 

Amino acid alteration  Relative VMAXβ- lactamase 104 164 237 238 240  CTX# CAZε AZTθ

TEM-1 Glu Arg Ala Gly Glu  0.01 <0.01 0.5 
TEM-2       0.08 0.002 0.2 

TEM-13          
          

TEM-7  Ser     1.4 0.08 1.7 
TEM-11  His     2.5 0.1 <0.5 
TEM-12  Ser     0.75 0.1 2.0 

          
TEM-5  Ser Thr  Lys  29 100 45 
TEM-6 Lys His     12 55 11 
TEM-9 Lys Ser     12 35 40 

TEM-10  Ser   Lys  1.6 68 10 
TEM-16 Lys His     9.8 98 28 
TEM-24 Lys Ser Thr  Lys  208 848 134 
TEM-26 Lys Ser     7.5 290 49 

          
TEM-3 Lys   Ser   290 8.2 0.36 
TEM-4 Lys   Ser   300 10 <1 
TEM-8 Lys Ser  Ser   640 261 207 

          
SHV-1 Asp Arg Ala Gly Glu  <0.5 <0.5 <0.5 
SHV-2    Ser   69 <1 <1 
SHV-3    Ser   67 <1 <1 
SHV-4    Ser Lys  71 19 <1 
SHV-5    Ser Lys  25 11 1 

ε CAZ: Ceftazidime 
θ AZT: Aztreonam 
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1.3.8 Other determinants affecting SHV and TEM hydrolytic activity 
So far this review has only focused on mutations within the blaSHV and blaTEM 

coding regions and the extension of β-lactamase activity spectrum.  However, 

other factors may increase the amount of antimicrobial substrate that is 

hydrolysed by bacterium in a given amount of time, thereby leading to increased 

antimicrobial resistance.  Despite the increase in hydrolytic spectrum SHV and 

TEM isoforms exhibit a substantially decreased catalytic efficiency (reduced 

relative VMAX) compared to that of the parental TEM-1, TEM-2 and SHV-1 

enzymes (Bush and Singer, 1989).  It is hypothesized that the poor catalytic 

efficiency of mutant isoforms is overcome by increasing the total cellular quantity 

of β-lactamase enzyme produced.  The most likely mechanism to increase 

protein levels within a cell is to increase the synthesis of β-lactamase mRNA 

transcript.   

 

Increased transcript levels are generally achieved by increase transcript 

numbers via enhanced promoter function.  In contrast to blaTEM-1, blaTEM-2 

contains a single base pair change in the 5` proximal promoter region that 

results in an enhanced dual overlapping promoter (Frederique Lartigue et al., 

2002).  Characterisation of isolates containing TEM-2 has shown a 4-30 fold 

increase in cellular β-lactamase activity attributed to the enhanced promoter 

(Jacoby and Carreras, 1990).  Enhanced promoter function has also resulted 

from the insertion of a foreign sequence upstream of bla.  The IS1 and IS26 

insertion sequences in the 5` proximal bla region have been found to act as 

enhanced promoters in blaTEM-6 and blaSHV-2a respectively, resulting in a 4-8 fold 

increase in transcript (Goussard et al, 1991; Podbielski et al, 1991).     
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1.4 Epidemiology of SHV and TEM β-lactamases 
Since the first clinically documented occurrence of Class A extended-spectrum 

beta-lactamases (ESBLs) in Germany in 1983 (Knothe et al., 1983), antibiotic-

resistant mutants producing ESBLs have been observed among most members 

of the Enterobacteriaceae family.  Clinically relevant members of the 

Enterobacteriaceae can be considered as two groups: the overt pathogens and 

the opportunistic pathogens, the latter of which contains the genus Klebsiella 

with Escherichia coli pathotypes found in both groups.  ESBL activity is most 

prevalent in the opportunistic pathogens Klebsiella pneumoniae and Klebsiella 

oxytoca.  K. pneumoniae is present in the respiratory tract and faeces of about 

5% of normal individuals.  As K. pneumoniae is an opportunistic pathogen, 

immunocompromised individuals are the major risk group for colonisation or 

infection with an ESBL-producing strains.  Resistant organisms are now a 

worldwide problem (Quinn, 1994; Nathisuwan et al., 2001) and an estimated 3-

7% of all Klebsiellae nosocomial infections are due to ESBL producing K. 

pneumoniae (Podschun and Ullmann, 1998).    
 

Most organisms harbouring ESBLs are derived from institutionalised patients. 

The major risk factors identified for colonisation or infection are long-term 

exposure to third generation cephalosporins, prolonged intensive care unit stay, 

nursing home residency, severe illness, instrumentation or catheterisation 

(Nathisuwan et al., 2001).  The frequency of ESBL-harbouring organisms 

associated with nosocomial infection has been estimated at 13%. However, 

studies have reported figures of up to 40% (Gniadkowski et al., 1998).  Studies 

within the Asia-Pacific region and in South Africa have shown that the frequency 

of ESBL expressing clinical isolates varies greatly between institutions and 

geographical locations.  The overall prevalence of ESBL producing species 

within these regions is; E. coli (10%), K. pneumoniae (25.2%) and Proteus 

mirabilis (1.4%) with rates within institutions varying between 0-35% (Bell et al., 

2002).  ESBL-producing strains can be persistent and ubiquitous in the hospital 
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environment and are frequently transferred between institutions causing clonal 

outbreaks.     

 

The recognition that resistance mechanisms may evolve differently with different 

empirical antibiotic prescribing policies has led to various resistance 

management strategies and the assessment of the ecological impact of new 

drugs on resistance mechanisms. Epidemics can be effectively controlled or 

prevented through effective infection control measures and the restrictive use of 

extended-spectrum cephalosporins (Pena et al., 1998).  Restrictive use of 

antimicrobials requires the periodic evaluation of the chosen empirical 

antimicrobial therapy. Inappropriate antimicrobial frequently results in increased 

mortality (Siu et al., 1999).  However, it has also been demonstrated that 

antibiotic policies, including restrictive and cycling strategies, do not always lead 

to a decrease in resistance rates.  For example, cycling policies have proven to 

be responsible for the accumulation of resistance mechanisms due to the 

incorporation of resistant genes into potentially stable structures (plasmids, 

bacteriophages, transposons, integrons and gene cassettes) in resistant 

bacteria (Canton et al., 2003).  As the genetic components that confer the ESBL 

phenotype may be encoded within transposable elements on conjugative 

plasmids, a rapid dissemination of ESBL genes can occur (Gniadkowski et al., 

1998; Rice et al., 2000).  Such genetic components may also be responsible for 

co-selection processes, which may play a role in the acceleration of resistance 

development and increases in resistance rates. 

 

Because of the rapid rise in the occurrence of a few resistance mechanisms, 

together with the globalisation of resistance mechanisms and resistant bacterial 

populations, a reliable detection method for resistant populations is required.  

Epidemiological and clinical needs for resistance detection now appear to be of 

comparable importance.  Therefore, susceptibility-testing processes in clinical 

laboratories need to accurately predict antimicrobial susceptibility, so that the 

reliable detection of resistance mechanisms and resistant populations can be 

 21



accomplished.  Such a level of information can only be obtained by using both 

phenotypic and genotypic detection methods.  Resistance mechanisms can be 

present in apparently susceptible bacterial populations, and their identification 

by genotypic methods may be the first step toward the control of the emergence 

– and re-emergence – of resistant bacterial populations.  This concept raises the 

question of whether the inclusion of blaSHV or blaTEM, regardless of the blaSHV 

allele(s) in an isolate, contra-indicates the use of most β-lactam antimicrobials, 

including cephalosporins and monobactams.  Is the continual development and 

clinical use of β-lactam based antimicrobials merely just fuelling the 

diversification of β-lactamases and enhancing transmission mechanisms as well 

as the range of available hosts?       

 
 

1.5 Dissemination and evolution of blaSHV and blaTEM

The rapid globalisation of ESBL organisms shows that β-lactamase resistance 

genes are highly transferable between a wide range of bacterial species.    The 

blaSHV and blaTEM loci have been referred to as common plasmid-mediated β-

lactamases as they are most frequently located and disseminated by this route  

(Jacoby, 1994; Livermore, 1995).  It also appears that blaSHV is constitutively 

chromosomally located in all K. pneumoniae isolates (Babini & Livermore, 

2000).   

 

There have been several reports of single isolates containing multiple SHV β-

lactamases, or SHV derivatives, in both chromosomal and plasmid locations.  

Such findings point towards a hypothesis that multiple blaSHV elements within a 

singe cell have been established by several independent gene transfer events. 

To address this hypothesis, Ford and Avison (2004), performed a Blast search 

using K. pneumoniae strain MGH78578 whole genome sequence and revealed 

two clearly related blaSHV sequences located in two very different genetic 

environments within a single genome.  One blaSHV copy was found 

chromosomally localised, while the other was flanked by IS26 transposable 
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elements.  Despite the relatedness of the blaSHV sequences, no IS26 elements 

were observed near the chromosomally located blaSHV, leading the authors to 

hypothesise that the IS26 flanked blaSHV must have originated in another K. 

pneumoniae isolate before transmission to it’s current host, and that the 

acquisition and maintenance of the mobile IS26 flanked blaSHV element in K. 

pneumoniae strain MGH78578 was due to antibiotic selection pressure. 

 

The second part of the study by Ford and Avison (2004) involved the 

development of an accurate evolutionary tree for blaSHV.  An initial observation 

from protein analyses of SHV and TEM β-lactamases may lead one to assume 

that the alleles conferring an extended spectrum of activity may all be related to 

a common ancestor (i.e. all SHV-11 are a direct descendent of SHV-1).  

Previous attempts at evolutionary analysis have only considered amino acid 

sequences and have not incorporated synonymous single nucleotide changes 

(Bois et al., 1995).  It is important to include such changes when determining the 

evolutionary relationships between families of sequences.  The high degree of 

evolutionary pressure exerted by third generation cephalosporins and 

monobactams, coupled with a small number of critical amino acid substitutions 

required for resistance, equates to a high likelihood of parallel evolution 

occurring.  In contrast, comparison of all nucleotide bases between a set of 

related sequences allows synonymous mutations to provide markers, which may 

be used to establishing lineages. 

 

Ford and Avison (2004), performed such nucleotide analyses to derive an 

evolutionary tree.  The resultant evolutionary tree contains two main branches 

that have evolved from a common blaSHV-1 ancestor, with convergent evolution 

observed at SHV residues 238, 240 (Figure 1.7).  Analysis of 5` proximal IS26 

association was limited due to the small number of upstream sequences 

available.  However, it appears that chromosomal blaSHV alleles have been 

mobilised on at least two occasions and are found in distantly related branches 

of the evolutionary tree.  Both IS26 catalysed mobilisation events resulted in 
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different mobile DNA elements, with the IS26 element either 75 bp (Event B) or 

2643 bp (Event A) upstream from the blaSHV start codon.  Lee et al., (1990) 

found that a IS26-hybrid promoter controlled expression of an operon containing  

aphA7 (aminoglycoside resistance) and blaSHV-2a.  This finding is unique in that 

blaSHV forms part of an operon and appears to also have evolved through IS26 

mediated genetic events. 
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Figure 1.7 blaSHV evolutionary tree adapted from Ford and Avison (2004).  

Critical G238S and E240K substitutions in SHV are indicated by text box 

shading.  SHV non-synonymous variants are defined as per standardised 

criteria (www.lahey.org/studies/webt.stm), with synonymous variation for each 

allele depicted by the v1, v2 etc. suffix.  #: IS26 catalysed mobilisation occurred 

at this allele. Therefore this allele may exist in two forms that with and without 

IS26 5` proximally terminal. IS26: IS26 promoter located in 5` proximal region.  

?: Insufficient 5` proximal sequence available to determine IS26 status.   
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1.6 ESBL detection methods 

Traditionally, diagnostic microbiology laboratories have relied heavily on 

antimicrobial susceptibility testing.  Such testing is primarily used in a diagnostic 

microbiology laboratory to provide clinicians with information on the most 

effective antimicrobial agent(s) for treatment.  An exact definition for microbial 

resistance varies between testing regimes, however, as a general rule Tenover 

et al (1989) stated “susceptibility testing, while not an exact science represents 

the laboratory’s best estimate of the response of an organism to a drug”.  

Generally, a microorganism is considered to be resistant to an antimicrobial 

agent when the concentration of that particular antimicrobial agent required to 

achieve a bactericidal effect is not achievable in the human body.   

 

1.6.1 Phenotypic methods 

Most antimicrobial resistance results from common mechanisms within well-

defined spectra.  Therefore, it is usually possible to deduce resistance 

mechanisms from phenotypic characteristics, and distinguish unusual resistance 

mechanisms from frequent ones.   

Currently, ESBL screening tests rely on the biochemical interaction of the β-

lactamase enzyme with an inhibitor, the same test used to discriminate most 

Bush-Jacoby-Mederios Group 2 β-lactamases.  Three main test procedures, the 

double-disc test (i), combination disc method and (ii) the ESBL E-test (iii) are 

currently commonly used for detection of group2be β-lactamases (SHV and 

TEM).  All of these tests are based on the same criteria for ESBL detection.  

ESBL production is inferred by enhancement of the zone of inhibition between a 

clavulanate β-lactamase inhibitor (usually amoxicillin-clavulanate), and one or 

more extended-spectrum antibiotics such as oxyimino cephalosporins 

(cefotaxime and ceftazidime) and monobactams (aztreonam). 

i) Double disc test.  A plate is inoculated as for a routine susceptibility 

test.  Discs containing cefotaxime and ceftazidime 30 µg (or 
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cefpodoxime 10 µg) are applied 20-30mm either side of one with co-

amoxiclav 20+10 µg disc.  ESBL production is inferred when the zone 

of either cephalosporin is expanded by the clavulanate, so that a 

‘keyhole’ effect is observed.  The interpretation of ESBL production by 

this test is to be considered subjective. 

ii) Combination disc methods.  These compare the zones of 

cephalosporin discs to those of the same cephalosporin plus 

clavulanate.  According to the supplier, either the difference in zone 

diameters or the ratio of diameters is compared with zone diameter 

increases of ≥ 5mm or ≥ 50% in the presence of the clavulanate 

implying ESBL production. 

iii) E-test ESBL strips.  These have a cephalosporin gradient at one end 

and a cephalosporin + clavulanate gradient at the other.  ESBL 

production is inferred if the MIC ratio for cephalosporin alone: 

cephalosporin + clavulanate MIC is ≥ 8.   

Problems exist in the phenotypic detection of ESBL-producers, as it has been 

frequently reported that there maybe only a marginal increase in antimicrobial 

resistance compared to non-ESBL organisms (Randegger et al., 2000). 

 

1.6.2 Genotypic methods 

To date no rapid genotypic methods have been able to determine ESBL 

phenotype and act as predictive indicators of minimum inhibitory concentration 

values.   DNA diagnostic methods can only identify the genetic potential of an 

organism to express resistance and therefore genotypic susceptibility testing of 

an organism is of a predictive nature.  It is not an actual measure of the 

response of a bacterium to an antimicrobial agent, but a probable indication of 

it’s potential to express a resistance phenotype.  No genotypic markers for the 

development of resistance have been established. Therefore, is carriage of 

blaSHV and/or blaTEM a risk factor for ESBL phenotype development?  Most 

molecular characterisation studies to date have been performed to discover new 
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SHV and TEM variants and to survey the prevalence and distribution of allelic 

variants throughout health care facilities and geographical locations.  The most 

common techniques that have been used to discovery and determine the 

prevalence of blaSHV and blaTEM alleles in isolate collections are outlined below. 

 
DNA sequencing.  Determination of the blaTEM or blaSHV resistance 

genotypes/mutations present within an isolate has traditionally been performed 

by nucleotide sequencing of the resistance gene(s) (Kim and Lee, 2000).  

Extensive analysis of the literature has revealed that some methods applied in 

the sequencing of bla are of questionable integrity.  Most studies have used 

direct sequencing of PCR-amplified blaSHV and blaTEM genes. Therefore, the 

presence of multiple bla genes within a single isolate can prove difficult to 

detect.  Frequently only sequence traces from the most numerous PCR 

amplicon alleleic variant would obtained, resulting in the true allelic content not 

being determined.  To determine which bla allelic variants co-exist in single 

isolate, PCR products need to be cloned and with multiple clones sequenced so 

that true allele ratios can be determined (Yang et al., 1998; Perilli et al., 2002). 

 

PCR-single strand conformational polymorphism (PCR-SSCP) and PCR-
restriction fragment length polymorphism (PCR-RFLP). The PCR-SSCP 

method uses the concept that the migration of small, single stranded DNA 

molecules in non-denaturing gels is affected by conformational changes caused 

by single nucleotide polymorphisms (SNPs).  The PCR-SSCP technique has 

been used to compare known bla genotypes to unknown isolates, enabling the 

detection of SNPs and strain typing without the need for sequencing (M'Zali et 

al., 1998; Chanawong et al., 2001).  Therefore, this technique allows the 

detection of both novel and well-characterised SNPs in the bla gene family.  

While this method may overcome problems associated with the presence of 

multiple bla gene copies, results can be subjective, the assay time consuming 

and difficult to optimise, and differing bla alleles may have indistinguishable 

mobilities.         
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Restriction endonucleases capable of distinguishing SNPs within the bla gene 

have been used for PCR-RFLP analysis of unknown isolates.  This technique is 

useful for detection of known mutations that result in altered recognition sites for 

restriction endonucleases.  Limitations of this technique exist, as restriction 

endonucleases cannot recognise all characterised SNPs within the bla gene 

(Chanawong et al., 2001).  

 
Ligase Chain Reaction (LCR).  The LCR technique relies on the target-

dependent ligation of oligonucleotide probes via a thermostable ligase (usually 

Thermus aquaticus).  This technique has been applied to the interrogation of 

SNPs in bla gene(s) of ESBL isolates, allowing the detection and discrimination 

of parental and mutated genes (Kim and Lee, 2000).  LCR SNP interrogation of 

ESBL isolates is an easier and more rapid method for the identification of ESBL 

isolates than sequencing. 
 
Real-time PCR and melting curve anlaysis.  The use of real-time PCR and 

melting curve analysis allows the detection of single nucleotide polymorphisms 

(SNPs) in codons 179, 238 and 240 of the bla gene in a single PCR reaction 

(Randegger and Hachler, 2001).  Fluorescence resonance energy transfer 

(FRET) is used in conjunction with oligonucleotide probes to interrogate 

genomic regions containing SNP(s).  FRET technology is based on the fact that 

a fluorescence signal is generated if a donor 3′-labelled (fluorescein 

isothiocyanate) detection oligonucleotide probe hybridises adjacently 

downstream (within 5 nucleotides) from an acceptor (LightCycler Red 640 or 

705 5′ labelled) anchor oligonucleotide probe.  Point mutations destabilize 

binding of the detection probe due to reduced hydrogen bonding, lowering the 

annealing temperature (TM) of the probe.  The anchor probe is designed with a 

sufficiently high TM to ensure that this probe is always hybridised adjacently 

downstream to the detection probe.  PCR primers are designed to flank the 

region of probe hybridisation to amplify the gene fragment. After thermocycling, 
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fluorescence is measured continuously during an increasing temperature 

gradient of 0.2°C/second to determine the amount of dissociation of detection 

probe with respect to temperature.  The dissociation data is graphed 

(fluorescence vs temperature) to calculate melting curves and the data 

mathematically normalised (negative derivative of fluorescence versus 

temperature) to give melting peaks that may be interpreted to determine the 

bases present at the SNP sites. This method is useful in determining which well-

defined mutations are present within a suspected ESBL isolate (Randegger and 

Hachler, 2001).  However, this does not give an indication of the expected MIC 

of the strain, only the genetic potential for ESBL phenotype.  The advantage of 

this system is that, in comparison to other molecular biology-based methods, it 

is non-labour intensive and is a closed amplification system requiring no post-

PCR processing (Randegger and Hachler, 2001).  It is unknown how this assay 

would react when applied to situations where a single isolate contains multiple 

blaSHV alleles. 

 

First Nucleotide Change (FNC) Technology.  The power of FNC technology 

lies in the ability to interrogate specific nucleotides in a gene sequence (Dale et 

al., 1990).  This technique has been used to interrogate SNPs in codons 238 

and 240 of the SHV gene without the need for nucleotide sequencing (Howard 

et al., 2002). The reaction process can be performed in a microtitre plate and the 

results read by a standard ELISA plate reader (Pecheniuk et al., 1997). 

This technique involves the PCR amplification of a gene target and subsequent 

post-PCR hybridisation of product to a biotinylated primer.  The biotinylated 

primer hybridises to the PCR product at a point 1 base upstream from the SNP 

site.  As the primer is biotinylated, the resulting PCR product/primer complex 

can be captured by streptavidin and bound to the wells of a microtitre plate.  The 

binding process allows the washing of the plate for removal of any unbound 

material.  Detection of the nucleotide at the SNP site is accomplished by the 

addition of a single labelled dideoxynucleotide (ddNTP).  A ddNTP functions to 

allow only one extension event to occur from the primer (that of the polymorphic 
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site).  Subsequent washing steps, followed by the detection of the labelled 

ddNTP determines the base incorporated at the polymorphic site and hence 

corresponds to the SNP nucleotide.  If this process is duplicated across four 

wells, with different ddNTPs added to each well (dd-A, dd-T, dd-C or dd-G), the 

identity of the nucleotide present at the SNP site may be established.  If multiple 

copies of a gene with different mutations at the interrogation sites are present, 

the FNC will not discriminate between amplicons, positive results will be 

observed in two or more wells.  However, if it is assumed that amplification and 

binding efficiencies between different amplicon species are similar, the FNC 

method can allow the relative quantitation of gene copy number to be 

determined.  The major advantage of this technique is that it is fast (2-4 hours), 

the information obtained is definitive (actual SNP nucleotide known) and it is 

easily performed and automatable (Pecheniuk et al., 2000).   

Howard et al., (2002) applied the FNC technique in the analysis of the SHV 238 

and 240 polymorphic codons in a collection of 21 K. pneumoniae isolates from 

Queensland Health Pathology Services at Princess Alexandra Hospital (PAH) in 

Brisbane.  This project was the first to fully characterise SHV ESBLs of 

Australian origin.  The project resulted in the amplification and sequencing of 

ESBL encoding genes from all isolates and the development of a first nucleotide 

change (FNC) assay for SHV ESBL diagnosis. The most remarkable finding was 

that a large subset (and possibly all) of the SHV ESBL expressing isolates 

possessed copies of both SHV ESBL and SHV non-ESBL encoding genes.  The 

molecular basis of this phenomenon has not yet been identified.   

 

The most significant finding of Howard et al., (2002) was a correlation between 

the MIC value of an isolate and the relative copy number of blaSHV encoding the 

G238S and E240K alleles to blaSHV unmutated at these alleles.  It was found 

that the PAH Klebsiella pneumoniae strains can be divided into four distinct 

groupings using the FNC assay: 
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1. Isolates that do contain blaSHV-1, blaSHV-11 with wild type 238 or 240 

alleles, with a MIC of ≤ 0.25 µg/ml for aztreonam with a non ESBL 

phenotype. 

2. Isolates that contain blashv-2a (G238S), with MIC values ≥ 0.25 µg/ml 

and ≤ 2.00 µg/ml for aztreonam with an ESBL phenotype. 

3. Isolates that contain blashv-12 (G238S + E240K) and also contain 

blaSHV-1, blaSHV-11 with MIC values of ≥ 32 µg/ml and ≤ 128 µg/ml for 

aztreonam and an ESBL phenotype 

4. Isolates that contain blashv-12 and no detectable blaSHV-1, blaSHV-11 with  

MIC values ≥ 128 µg/ml for aztreonam and ceftazidime and an ESBL 

phenotype. 

From this work it has become clear that the level of resistance to the antibiotics 

may be determined with a high degree of accuracy by measuring the relative 

copy numbers of the blaSHV allelic variant encoding the G238S and E240K 

substitutions.  

 
1.7 Summary  
The development and clinical use of β-lactam based antimicrobials has been 

closely followed by the appearance and dissemination of bacterial resistance to 

these agents.  Resistance to cephalosporins and monobactam antimicrobials 

mediated by a plethora of β-lactamase families is a worldwide problem, 

particularly in health care facilities, where the prevalence of ESBL expressing 

isolates is increasing.   It is likely that both genotypic and phenotypic 

approaches will co-exist in the detection and tracking of ESBL carriage.   

Microbiologists will choose the most appropriate method based on a number of 

parameters, such as: the microbe responsible for the infection, the patient, the 

site of infection, the severity of the state of infection, whether or not the infection 

is nosocomial and the need for epidemiological surveillance for example.  Each 

approach offers advantages and disadvantages due to the type of information it 

provides. 
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Phenotypic techniques are increasingly becoming standardised.  They will 

probably continue to provide the basis for therapeutic decisions in 

straightforward cases, in which decisions are made on the basis of susceptibility 

data rather than resistance mechanisms.  Genotyping techniques aim to detect 

the presence of genes responsible for resistance in a given bacterium, whether 

carried by the chromosome or by a genetic element (plasmid or transposon) that 

is able to spread among different species.  One of the drawbacks of genotypic 

detection of resistance is that the genetic target must be known.  Nevertheless, 

this approach will probably become adequately simplified in the future to be 

used by clinical laboratories.  Prior recognition of a resistance determinant will 

allow the detection of low-level resistance and therapeutic predictions will be 

made without relying on (arbitrary) clinical categories and phenotype analysis.  

 

Several well-characterised amino acid alterations in SHV and TEM β-lactamase 

enzymes have been shown to lead to the acquisition of an extended spectrum of 

activity.  Because mutation(s) at limited sites in blaSHV and blaTEM lead to the 

acquisition of a clinically significant phenotype, ESBL detection may be an 

excellent candidate for SNP based DNA-based diagnostic procedures.  

Currently developed genotypic methods for ESBLs have been heavily focused 

on polymorphism determination for the purpose of bla gene typing and with the 

exception of Howard et al., (2002) no gene copy number to resistance level 

associations have been drawn.  Therefore, a genotypic diagnostic method, 

which provides quantitative bla allele results, may be useful in determining ESBL 

resistance levels. 

 

Whilst amino acid substitutions associated with an extended spectrum of activity 

have been well studied, the contribution of enhanced promoter activity resulting 

in increase gene expression leading to increased resistance of a bacterium has 

been largely overlooked.  Little is known about the evolution and mobilisation 

process of blaSHV and blaTEM.  The 5` and 3` proximal sequences around these 

genes remain somewhat unexplored.  Ford and Avison’s study provides a 
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different view of the mobilisation, transfer and evolution of blaSHV.  It shows that 

IS catalysed mobilisation is frequent and can occur at differing distances from 

the blaSHV start codon.  The importance of G238S and E240K substitutions is 

also highlighted as these substitutions are observed frequently and have 

evolved in a convergent fashion.   Understanding the evolutionary and gene 

regulation fundamentals of SHV and TEM β-lactamases will give valuable 

insight into the modes which other resistance mechanisms may emerge, 

disseminate and be maintained within a bacterial population.   

 

1.8 Aims 
The general aim of the project was elucidate the relationship between bla 

genotype(s) and phenotype with respect to β-lactam associated antibiotic 

resistance. 

The specific aims of the project can be listed as follows. 

1. Application of allele specific PCR with real-time tracking to investigate the 

association between the relative copy numbers of blaSHV alleles and 

ESBL-mediated resistance.  Determination of the suitability of this method 

for and DNA based ESBL diagnostic assay. (chapter 3) 

2. Genetic survey of β-lactamases found in a geographically diverse range 

of bacterial isolates.  Evaluation of the real-time PCR ESBL DNA 

diagnostic methods developed on 100 isolates.  (chapter 4) 

3. Determination of blaSHV promoter regions. In particular, association 

between the copy numbers of promoter-blaSHV complexes, the blaSHV 

alleles associated with promoters and an ESBL phenotype. (chapter 5) 

4. Detailed investigation of how blaSHV parameters (chapter 3 and 5) 

change when β-lactam selective pressure is applied to non-ESBL 

isolates.   Rigorous determination of non-ESBL to ESBL mutation 

frequency in clinical isolates. (chapter 6) 

5. Genetic survey of prevalence of the IS26-blaSHV in geographically diverse 

isolates, to determine if the promoter-blaSHV arrangement is always found 

in ESBL positive isolates. (chapter 7) 
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Chapter 2 
Generalised materials and methods 
 

2.1 Bacterial isolates 
2.1.1 Bacterial isolates – PAH isolates 
The twenty one isolates of Klebsiella pneumoniae used in this study were 

isolated at the Princess Alexandra Hospital in Brisbane, Australia and have been 

previously characterised (Schooneveldt et al., 1998; Howard et al., 2002).  The 

21 isolates in this group were isolated from 13 patients. The isolate collection 

comprises 16 ESBL positive and 4 ESBL negative isolates, as determined by 

clavulanic acid double disc synergy tests (DDST) and a sensitive strain of 

K.pneumoniae.  All strains were cultured in Luria-Bertani Broth and stored in 

cryovials with 12% glycerol at – 80°C. 

2.1.2 Bacterial isolates – SENTRY isolates 

ESBL-producing isolates collected from the Asia-Pacific region and South Africa 

through the SENTRY Antimicrobial Surveillance Program between January 1998 

and December 1999.  A total of 42 Escherichia coli and 56 Klebsiella 

pneumoniae isolates were collected from diverse body sites. 

 

The one hundred SENTRY isolates analysed in this project are a subset of 2055 

E. coli and K. pneumoniae isolates previously studied by Bell et al., (2002). The 

isolates were from; Drs du Buisson, Bruniette and Partners (BKP) South Africa 

(n=15), Chang Gung Memorial Hospital (CGMH) Taiwan (n=7), Makati Medical 

Center (MMC) Philippines (n=8), National Taiwan University Hospital (NTUH) 

Taiwan (n=8), Princess Alexandra Hospital (PAH) Australia (n=1), Queen Mary 

Hospital (QMH) Hong Kong (n=27), Royal Adelaide Hospital (RAH) Australia 

(n=3), Royal Perth Hospital (RPH) Australia (n=4), Tan Tock Seng Hospital 

(TTSH) Singapore (n=22) and Teikyo University Hospital (TUH) Japan (n=2).  

Eighty-six percent of the isolates were found to have an ESBL positive 
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phenotype.  As such the subset of SENTRY isolates analysed in this project 

represents a cross section of mainly ESBL producers from the Asia-Pacific and 

South African locales.  

 

2.1.3 Bacterial isolates – control strains 

Three control strains were obtained from Jacqueline Schooneveldt, Department 

of Microbiology, Princess Alexandra Hospital, Brisbane, Australia.  These were 

E. coli BM694 a transconjugant containing the SHV-2 gene from K. pneumoniae 

2144 and  E. coli strains CF204 and CF604 containing a plasmid encoding TEM-

3 and TEM-5, respectively. 

 

2.2 Phenotypic Methods 

2.2.1 Phenotypic methods – PAH isolates 

Phenotypic analysis of the isolates was performed by Jacqueline Schooneveldt 

(Department of Microbiology, Princess Alexandra Hospital, Brisbane, 

Queensland).  Isolate were identified to the species level by Vitek GNI cards 

(bioMerieux Vitek) and also tested for clavulanic synergy with aztreonam, 

cefotaxime and ceftazidime.  The double disc synergy test (DDST) was 

performed by using a flood inoculum (0.5 McFarland) to inoculate a plate.  Paper 

discs impregnated with β-lactam and β-lactam/clavulanic acid were added to the 

plate.  A positive DDST result was determined by inhibitory zone diameters 

around the β-lactam/clavulanic acid combinations of at least 4mm greater than 

the zones for the β-lactam alone.   

 

2.2.2 Phenotypic methods – SENTRY isolates 

Phenotypic analysis of isolates was carried out by Jan M. Bell (Microbiology and 

Infectious Diseases, Women's and Children's Hospital, North Adelaide, South 

Australia).   
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SENTRY isolates were identified to species level by the participating center and 

sent to the monitoring laboratory (Women and Children's Hospital, Adelaide, 

Australia for identification confirmation and reference susceptibility testing. 

Antimicrobial susceptibility testing was performed by reference broth 

microdilution method as described by the National Committee for Clinical 

Laboratory Standards (NCCLS, 2000a). Quality control was performed using E. 

coli ATCC 25922, E. coli ATCC 35218, Staphylococcus aureus ATCC 29213, 

Enterococcus faecalis ATCC 29212 and Pseudomonas aeruginosa ATCC 

27853. 

2.2.3 Presumptive ESBL phenotype identification – SENTRY isolates 

Isolates of E. coli and/or K. pneumoniae with increased MICs (2 µg/mL) for 

either ceftazidime, ceftriaxone or aztreonam were considered presumptive 

extended-spectrum-lactamase (ESBL) producing phenotypes according to 

NCCLS criteria (NCCLS, 2000b).  

2.2.4 Confirmation of ESBL phenotype, determination of DDST – SENTRY 
isolates 

ESBL production was confirmed using the agar dilution technique. Agar plates 

containing β-lactam substrates (ceftriaxone, cefotaxime, ceftazidime, and 

cefepime) with and without clavulanate at 4 µg/mL were used. The difference 

between the MIC for the β-lactam alone and the β-lactam/clavulanate 

combination were compared. A reduction of the β-lactam MIC of more than two 

log dilutions (> four-fold) in the presence of clavulanate was taken to indicate 

ESBL production. 

 
 
 
2.3 Genotypic methods 
 
2.3.1 DNA extraction for PCR 
DNA was extracted from 2.5 ml cultures grown overnight in Luria-Bertani broth 

(37°C, overnight).  For each isolate, 1 ml of culture was centrifuged for 2 min at 

 37



room temperature. Supernatant was discarded and the pellet washed twice in 

TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0).  The pellet was then re-suspended 

in 500 µl tris-EDTA buffer (TE buffer) and boiled for 20 mins.  The lysed cells 

were then centrifuged (8,000rpm in a microfuge) for 2 mins and the supernatant 

removed and stored at -20°C. 

2.3.2 Large-scale DNA extraction of bacterial DNA 

The selected isolate was grown in 100ml of LB broth culture medium at 37°C, 

overnight with gentle agitation.  Cells were then pelleted by centrifugation, at 

4000 x g for 10 min and resuspended in 9.5ml of TE buffer followed by addition 

of 0.5ml 10% SDS and 50µl of 20mg/ml proteinase K.  Samples were then 

mixed and incubated for 1hr at 37ºC.  After incubation 1.8ml of 5M NaCl was 

added and the sample gently mixed by inversion, followed by the addition of 

1.5ml of CTAB/NaCl solution.  The sample was again mixed followed by 

incubation at 65ºC for 20min.  Equal volumes of chloroform/phenol/isoamyl 

alcohol were then added and the solution phases were separated by 

centrifugation at 6000 x g for 10min.  Chloroform/phenol/isoamy extraction were 

performed at least twice, with phenol removed by adding equal volumes of 

chloroform/isoamyl alcohol.  To precipitate the samples DNA, supernatant was 

transferred to a 50ml Falcon tube and 0.6vol of isopropanol added and the 

solution gently mixed.   White DNA precipitate was transferred to a tube 

containing 70% ethanol.  The precipitated DNA was then centrifuged to pellet 

the DNA, the supernatant was removed and the DNA pellet resuspended in 4ml 

of T.E buffer.  The purified DNA solution was then store at -20ºC until required 

for use. 

2.3.3 Sequence determination 

Cloned plasmid DNA was purified using QIAquick miniprep kits (Qiagen), and 

plasmid DNA was quantified by UV spectrophotometry.  plasmid DNA (200-

500ng) was sequenced using 3.2 pmol of appropriate primer.  Sequencing was 

performed at the Australian Genome Research Facility (AGRF), University of 

Queensland, Brisbane, Australia.   
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2.4 Cloning  
2.4.1 Ligation 
PCR product for cloning was purified using Qiagen PCR purification columns as 

per manufacturers instructions.   Ligation reactions were prepared and 

performed using Roche T4 DNA ligase as per manufacturers instructions.  For 

use in electroporation methods complete ligation reactions were further purified 

by 100% ethanol precipitation, 70% ethanol wash and resuspension in 20 µl 

dH2O to remove ions that may cause arcing during electroporation.    

 

2.4.2 Electrocompetent cell preparation 
Glycerol stock of master JM109 culture was 16 streak inoculated onto LB Agar 

media and incubated overnight at 37°C.  A single isolated colony was selected 

and used to inoculate 8ml LB liquid media, which was subsequently incubated 

overnight at 37ºC.  Two aliquots (2 x 2.5 ml) of overnight culture were used to 

inoculate 2x 250 ml LB in 1L conical flasks.  Flasks were then incubated at 37ºC 

for approximately 2 h until OD600 0.55-0.6 with agitation to maintain aerobic 

conditions.  The culture flasks and centrifuge bottles (sterilised) were then 

chilled on ice for approx 15min, after which the flask contents were transferred 

into the 250 ml centrifuge bottles.  The cultures (2 bottles) were then centrifuged 

using a  JA14 rotor at 5000rpm for 15mins, with the resultant cell pellets 

resuspended (2x200 ml) in 1 mM HEPES, p.H 7.0 chilled to 4ºC (2x200 ml).  

The resuspended pellet was once again centrifuged using a JA14 rotor at 5000 

rpm for 15 mins, with the resultant cell pellets resuspended 2x 10ml, 4ºC 10% 

glycerol.  Tubes were then centrifuged using a JA20 rotor at 5500 rpm for 15 

min and resuspended 2 ml of10% glycerol.  Aliquots (40µl) were then transfered 

to 0.5ml eppendorf tubes and frozen by brief immersion in liquid nitrogen and 

stored at -80ºC until required. 
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2.4.3 Electroporation method / transformant growth 
A 40 µl aliquot of electrocompetent cells was mixed with 2 µl of ligation mix in 

chilled electroporation cuvette.  Cells were pulsed (200 Ω, 2.5 kv, 25 µF charge 

duration 4.8 msec, 2mm electrode gap) and 1ml of LB immediately added and 

the mixture incubated at 37 ºC for 1 hr.  40µl of 2% X-gal solution and 7µl of 

20% IPTG solution were applied per LB plate, which contained 150 µg/ml 

Ampicillin. These plates were then inoculated with 10µl and 100µl aliquots of 

electroporated cells and incubated at 37 ºC overnight in dark environment. 

 
2.4.4 Alkaline lysis plasmid miniprep  
Transformant colonies were picked and used to inoculate 3ml of LB liquid media 

(containing 150 µg/ml Ampicillin) and incubated overnight at 37 °C.  Cells were 

pelleted by centrifugation of 2ml of culture for 60 seconds at 12,500rpm and the 

resultant pellet re-suspended  in 100 µl of 25 mM Tris (pH 8.0); 10 mM EDTA. 

200µl of Lysis mix (1% SDS; 0.2M NaOH) was then added and the mixture 

inverted gently, followed by the addition of 150 µl of Neutralisation mix (60 ml 

5M KAcetate, 11.5 ml glacial acetic acid, 28.5 ml H2O and the mixture once 

again mixed by gentle inversion.  150 µl chloroform was then added to separate 

phases and mixture mixed by gentle inversion.  The sample were then spun for 

5 minutes in a microfuge at max speed and the aqueous phase collected.  DNA 

was then precipitated from the aqueous phase with the addition of 2X the 

aqueous phase volume of 100% ethanol, followed by centrifugation at full speed 

for 15mins.  The ethanol was then removed and the pellet washed with 100µl 

70% ethanol followed by resuspension of the pellet in 30 µl of H2O with 1µl 

RNase (10 mg/ml).  Extractions were then incubated at room temperature for 

30mins, followed by storage at -20 °C until required for use. 
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Chapter 3 
Application of kinetic PCR to determine relative copy 
numbers of blaSHV alleles 
 
3.1 Introduction 
A large number of ESBLs are derived from non-extended spectrum β-

lactamases (non-ESBLs) in the SHV and TEM families. The mutations most 

frequently associated with acquisition of an extended spectrum of activity 

(ESBL) result in a glycine to serine substitution at residue 238 and a glutamate 

to lysine substitution at residue 240.  The G238S change increases the 

spectrum of substrates that can be hydrolysed while the E240K mutation in a 

G238S background improves the interaction between the enzyme and substrate 

and consequently increases the activity (Knox, 1995; Randegger et al. 2000).  

Because mutation(s) at 1-2 sites lead to the acquisition of a clinically significant 

phenotype, SHV and TEM family ESBLs are an excellent target for DNA-based 

diagnostic procedures that can detect single base changes (Howard et al. 2002).  

Methods such as DNA sequencing (Kim and Lee, 2000), PCR-single strand 

conformational polymorphism (PCR-SSCP)(M’Zali et al. 1998; Chanawong et al. 

2001), PCR-restriction fragment length polymorphism (PCR-RFLP)(Chanawong 

et al. 2001), Ligase Chain Reaction (LCR)(Kim and Lee, 2000) and real-time 

PCR monitored with fluorescently labelled probes (Randegger and Hachler, 

2001) have previously been used to identify ESBL producers. 

 

Howard et al. (2002) studied a collection of 21 K. pneumoniae isolates that 

included 13 ESBL isolates that expressed SHV ESBLs.  Iso-electric focusing 

showed that 4 isolates contained a probable TEM β-lactamase. However, it 

appears that it does not contribute to an extended spectrum of resistance.  The 

SHV β-lactamase genes identified in this collection encoded SHV-1 and SHV-11 

(non-ESBL), SHV-2a (ESBL with G238S mutation) and SHV-12 (ESBL with 
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G238S and E240K mutations).  It was found that a large subset of the ESBL-

expressing isolates possessed copies of both ESBL and non-ESBL encoding 

genes.  Limited cloning of PCR products and isoelectric focusing suggested that 

most, if not all, isolates contained multiple SHV β-lactamase encoding genes. 

Interestingly, a correlation was demonstrated between MIC values, gene 

identities and relative copy numbers.  In this study, the polymorphic sites in 

codons 238 and 240 were interrogated using a minisequencing based method 

which relies on the identification of a base added to a primer in a single 

nucleotide extension reaction (Howard et al. 2002). This procedure is termed 

First Nucleotide Change (FNC).   The first aim of this PhD study was to develop 

a real-time PCR based method to interrogate the same polymorphisms (G23S 

and E240K) and allow the determination of the relative copy numbers of the 

genes encoding different SHV β-lactamase variants.   

 

The assay developed in this study combines real-time quantitative PCR with 

Single Nucleotide Polymorphism (SNP) interrogation by allele specific PCR (AS-

PCR).  A variation of this technique has been previously been used by Germer 

et al. (2000) to determine allele frequencies in large human populations.   The 

technique relies on the phenomenon that DNA polymerases extend less 

efficiently from 3′ mismatches than matches (Figure 3.1).    

 

During real-time thermocycling, fluorescence measurements are acquired each 

cycle and a graph of fluorescence versus cycle number is generated. It is more 

inherently robust than conventional, allele specific PCR analysed at the end 

point because it depends upon a difference between the allele specific reactions 

with respect to the thermocycle number at which amplimer is detectable (the 

∆Ct), rather than a difference between the amounts of amplimer in the allele 

specific reactions at the reaction end-points (Figure 3.2).  With equal copy 

numbers of the two alleles, each amplification product should reach a detectable 

level at the same CT value. If unequal amounts of an allele are present, the 
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difference in cycle number (or ∆CT value) between the two amplification 

reactions provides a quantitative measure of relative gene copies of each allele. 

 

The co-existence of different blaSHV alleles within individual isolates is of 

considerable practical significance as it raises questions about the validity of 

surveys in which blaSHV are amplified from genome extracts and the primary 

PCR product identified by sequencing (Essack et al. 2001; Peixe et al. 1997; 

Perilli et al. 2002).  Genes with both codon 238 and 240 mutations would be 

expected to be dominant (as opposed to recessive) over single mutation or 

unmutated genes with respect to resistance to expanded spectrum β-lactams. A 

situation is envisaged in which a mutant gene is present as a minor component 

in comparison to its un-mutated homologs, and yet confers the clinically relevant 

resistance phenotype. Therefore, in addition to assaying allele copy number 

ratios by kinetic PCR, extensive cloning and sequencing of blaSHV-derived PCR 

products was also undertaken.  
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Figure 3.1 Schematic of AS-PCR.  Previous research has indicated that two 

different phenomena contribute to AS-PCR specificity. 1:  Primer/template 

complexes differing by a single nucleotide mismatch have a lower melting 

temperature than 100% complementary complexes (Huang et al. 1992).  

Therefore, the mismatch primer may not extend simply because it does not 

anneal stably to the template.  2:  The ability of a DNA polymerase to extend 

matched but not mismatched nucleotides at the 3′ terminal of an annealed 

oligonucleotide/template complex (Ayyadevara et al. 2000) can confer single 

nucleotide specificity. DNA polymerases will extend from 3′ mismatches, albeit 

less efficiently than from matches (Huang et al. 1992; Giffard et al. 2001).  

These two mechanisms acting in unison lead to the extension of completely 

matched primers whilst inhibiting mismatched primer extension. 

 
Reaction 1 – Matched primer extended.  
Reaction 2 – Mismatch primer not extended or at very low frequency.   
 

AS-PCR 
Reaction 1 

Allele Specific Primer Matched

 
 
 
 
 
 

Common Primer 
dsDNA template 

Reaction 2 

Allele Specific Primer Mismatched

Common Primer 
dsDNA template X 
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Figure 3.2 The basis of relative gene copy quantitation using real-time AS-PCR.  

Amplification curves are shown for the interrogation of a SNP, where a greater 

copy number of allele 1 is present with respect to allele 2. 
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3.2 Materials and methods 
 
3.2.1 Allele specific PCR primer set design 

Allele specific PCR primers were designed to interrogate single nucleotide 

polymorphisms (SNPs) responsible for G238S and E240K substitutions.  All 

primers were designed using Primer Express V2.0 from Applied Biosystems, 

and have a theoretical Tm of 60o C.  The primer design algorithms used in the 

Primer Express software are written to design the most suitable primers for 

Taqman detection based PCR reactions.  For maximum PCR efficiency Applied 

Biosystems recommends amplicons of 50-200 bp.  These setting are default in 

the software.   Manufacturer instructions state that for SYBR-Green applications 

the assay should be designed as for a Taqman® assay, with the omission of the 

probe.  As allele specific PCR relies on the 3` primer terminus co-localising with 

the polymorphic base of interest, the position of this primer is somewhat fixed.  

Therefore, in the design of allele specific primer sets, the 3` end of at least one 

oligo was fixed.  To obtain a melting temperature (Tm) of 60ºC for this oligo, the 

‘Primer Test Sheet’ function (determines the Tm & secondary structure)  of 

primer express was utilised with bases complementary to the target added to the 

5` end of the oligo until a Tm as close to 60ºC as possible was determined.  The 

primer sequence was then ‘locked’ into Primer Express and the second oligo 

(common for each allele specific primer) was determined using the ‘Find Primer 

Probes’ function. 

 

The position of SNP and allele specific primers used are shown in Table 3.1.  

The codon 238 SNP was interrogated using Shv238mt and Shv238wt as the 

allele specific primers, and Shv238 reverse as the common primer. The codon 

240 SNP was interrogated using Shv240mt and Shv240wt as the allele specific 

primers, with Shv240 reverse as the common primer. 
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3.2.2 Kinetic PCR interrogation of mutations in bla genes 
All reactions were performed using an ABI Prism 7000 real-time PCR device 

(Applied Biosystems). PCR was performed in 96 well optical plates (Applied 

Biosystems) with a total reaction volume of 20 µl.  SYBR-Green 1 2X master mix 

(Applied Biosystems) was used for all reactions with 5 pmol common primer and 

either 5 pmol wt specific primer or mt specific primer and 1 µl bacterial cell 

lysate. Thermocycling parameters were an initial denaturation step of 95°C for 

600 sec; 40 cycles of denaturation at 94°C for 15 sec, primer annealing at 60°C 

for 20 sec and extension/optical read at 72°C for 30 sec.  The point at which 

fluorescence reaches a defined threshold defines a cycle number, called the CT 

value.  The threshold for each reaction plate was set in the linear phase of 

amplification. 

 

3.2.3 Amplification of all blaSHV region containing 238 and 240 polymorphic 
codons 

The primer set was used to amplify the region of blaSHV which contain the 238 

and 240 polymorphic codons. Isolates B2, K2, J3, A1, D1, J2, L1 and I1 were 

selected for the cloning experiment. blaSHV internal sequences spanning codons 

238 and 240 were amplified from 1µl of bacterial lysate in a total volume of 50µl, 

using primer set SHV-F/Shv238reverse (Table 3.1).  Fifty-microlitre PCR 

reactions were performed using 5 pmol of each primer per reaction, 1.5 mmol 

MgCl2, 1 U of Platinum Taq Polymerase (Invitrogen).  Thermocycling consisted 

of a single denaturation step at 94ºC for 5 minutes, 35 cycles of denaturation at 

94°C for 30 sec, primer annealing at 60°C for 30 sec and extension at 72°C for 1 

minute.  
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Table 3.1  blaSHV kinetic PCR primers.  Three-prime (3`) terminal bases for allele 

specific oligos are denoted by bold type and underlined. 

 

Primer Name Gene  Annealing 
Region* 

Primer Sequence 5`-3` 

Shv238mt blaSHV (+) 680/699 CGCCGATAAGACCGGAGCTA
Shv238wt blaSHV (+)  680/699 CGCCGATAAGACCGGAGCTG
Shv238reverse blaSHV (-)  770/781 CGGCGTATCCCGCAGATAA 
Shv240mt blaSHV (-)  702/716 GCGCGCACCCCGCTT
Shv240wt blaSHV (-)  702/716 GCGCGCACCCCGCTC
Shv240reverse blaSHV (+)  663/679 CCGGCGGGCTGGTTTAT 
SHV-F blaSHV  (+)  310/327 TCAGCGAAAAACACCTTG 
* Relative nucleotide positions from blaSHV start codon 
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3.3 Results 
 
3.3.1 Interrogation of the codon 238 and 240 polymorphic sites using 
kinetic PCR 

The first aim of this thesis was to develop a single step real-time PCR method 

for interrogating the blaSHV codon 238 and 240 polymorphisms. This was done to 

determine if the minisequencing-based relative copy number determinations of 

Howard et al. (2002) could be confirmed, and to facilitate experiments designed 

to elucidate the molecular basis for the allele copy number variations. The 

approach used was allele specific real-time PCR, which is also known as kinetic 

PCR (Germer et al. 2000).   This exploits the reduced extension frequency from 

a mismatched 3` end of a PCR primer  

 

As a starting point for the optimisation of the real-time PCR method, annealing 

temperatures corresponding to the calculated primer-templates’ melting 

temperatures were used.  To provide good allelic discrimination 5 pmol of both 

allele specific primers and common primer was used (data not shown).  The 

logic behind thermocycling times was to create a balance between annealing 

time and the frequency of mispriming events.  Initially is was found that if a two-

step thermocycling profile was used (94°C for 15 sec, primer annealing & 

extension/optical read at 60°C for 60 sec), very little or no allele specificity was 

observed (data not shown).  This phenomena was most probably due to 

mispriming and extension of the mismatched primer in early cycles.  As the oligo 

is able to bind for 60 seconds the probability of mispriming events is greatly 

increased.  Decreasing annealing time also results in decreased reaction 

efficiency.  However, it also reduces the probability of mispriming events 

occurring, thereby increasing allele specifity.     

 

All 21 isolates were subjected to three replicate real-time assays with each allele 

specific primer set and the ∆CT values and their standard deviations (n=3) 

calculated (Table 3.2).  Table 3.2 shows that the isolates may be divided into 
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distinct clusters.  There is a discontinuity in the codon 238 results that separates 

the non-ESBL isolates (∆CT < -4.14) from the ESBL isolates (∆CT > -0.65).  Non-

ESBL isolates do not have the necessary blaSHV extended spectrum mutations 

and as expected have very low MIC values.  A second discontinuity in the codon 

240 results separates the high resistance (i.e. high MIC) ESBL isolates (∆CT > -

2.46) from the low resistance ESBL and non-ESBL isolates (∆CT < -5.91).  Low 

resistance ESBL isolates appear to contain blaSHV that is mutated at codon 238 

only, conferring the G238S substitution.  The numerically similar 238 CT values 

(or numerically small ∆ CT 238 values) suggest that isolates displaying this 

profile possess the 238 mutant allele and wild type allele in approximately equal 

copy number.  In the case of the high resistance isolates (L1, J2, C1, J1, G1, L1 

and H1), there was a clear trend for the higher ∆ CT values to be associated with 

the highest resistance, although the codon 240 ∆ CT for isolate C1 is 

unexpectedly high. Despite the isolate C1 result, the correlation coefficient for 

these isolates for the log MIC for all three antibiotics used in this experiment 

suggests a good correlation between ∆Ct values and MIC (Figure 3.3). The 

results are consistent with the previously reported mini-sequencing data 

(Howard et al. 2002) and confirm that there is a relationship between the blaSHV 

238 and 240 allele copy numbers and resistance levels in these isolates.  
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Table 3.2  blaSHV kinetic PCR results. One replicate of CT mt and CT wt data 

from each isolate are included; the average ∆CT of replicates and associated 

∆CT interval of standard deviation (n=3). Phenotypic data consisting of double 

disk synergy test (DDST) and minimum inhibitory concentration (MIC) are from 

Schooneveldt et al. (1998).  Isolate designations are as in Howard et al. (2002).  

Horizontal lines represent discontinuities in ∆CT data which also correspond with 

MIC values. 

 

 
Phenotypic data  Kinetic PCR at codon 238  Kinetic PCR at codon 240 

MIC values (µg/ml)   Isolate 
DDST 

AZT θ CAZ ε CTX#  
CT 
mt 

CT 
wt ∆ CT SD 

 
CT 
mt 

CT 
wt ∆ CT SD 

B2 - 0.03 0.13 0.03  22.0 16.0 -4.9 1.22  25.1 17.7 -6.6 0.82 
K2 -  0.03 0.13 0.03  21.7 14.5 -7.0 0.33  23.8 13.1 -10.4 0.55 
M1 - 0.03 0.13 0.03  24.1 18.2 -6.8 0.71  28.7 20.1 -7.3 2.67 
K1 - 0.06 0.50 0.06  21.8 15.1 -6.7 0.27  24.1 17.8 -5.9 0.52 
J5 - 0.06 0.50 0.13  24.6 16.1 -8.0 1.68  22.3 13.1 -9.1 0.39 
J3 - 0.13 0.50 0.13  22.6 17.5 -4.1 1.16  21.0 14.4 -6.5 0.78 
L2 - 0.13 0.25 0.25  26.4 17.2 -8.3 1.30  24.1 15.0 -8.5 1.01 
J4 - 0.25 2.00 0.13  21.0 15.1 -6.0 0.25  21.3 11.7 -9.3 0.31 
F2 + 0.25 0.5 0.5  16.4 17.9 1.3 0.50  24.7 13.6 -10.6 0.75 
A1 + 0.5 1 1  15.2 16.7 1.4 0.31  23.3 12.9 -10.0 0.58 
E1 + 0.5 1 1  15.9 19.2 2.2 1.23  24.8 13.7 -9.7 1.39 
B1 + 1 1 1  16.3 17.8 1.3 0.20  23.1 14.1 -8.8 0.42 
F1 + 1 1 1  15.2 16.6 1.4 0.28  22.0 13.3 -9.0 0.76 
D1 + 2 4 4  14.2 17.0 2.9 0.71  22.4 12.5 -9.8 1.05 
L1 + 32 32 1  15.3 16.4 1.5 0.46  15.0 13.7 -0.9 0.43 
J2 + 64 32 2  15.9 16.0 0.2 0.38  14.7 13.0 -1.8 0.49 
C1 + 64 64 4  16.1 16.0 -0.7 0.48  14.9 18.4 4.1 0.68 
J1 + 64 32 4  16.6 16.4 -0.2 0.22  15.5 14.0 -2.5 1.48 
G1 + 128 128 16  12.9 15.2 2.7 0.37  11.7 14.5 2.8 0.19 
I1 + 128 128 16  13.0 15.4 2.3 0.59  11.7 14.7 3.4 0.28 
H1 + 128 128 128  11.6 14.3 2.7 0.47  10.6 14.8 3.9 0.45 

 

 

# CTX : Cefotaxime
ε CAZ: Ceftazidime 
θ AZT: Aztreonam 
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Figure 3.3 Linear regression of kinetic PCR data and resistance levels.  Graphs 

depicting the relationships between MIC for each antimicrobial (x axis log scale) 

vs the sum of codon 238 and codon 240 ∆CT values (y axis).  Non-ESBL 

isolates fall below the x axis, with ESBL isolates above the x axis. 
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3.3.2 Direct determination of allele copy number ratios by analysis of 
cloned blaSHV PCR products. 
In order to provide additional confirmation that the kinetic PCR procedure 

provided a true indication of blaSHV allelic dosage within an isolate, we carried 

out cloning and analysis of blaSHV PCR products spanning codons 238 and 240 

from isolates B2, K2, J3, A1, D1, J2, L1 and I1. The amplified material was 

ligated to pGEM-T and transformed into E. coli JM109. Initially, inserts in five 

clones derived from each isolate in the total blaSHV PCR group were sequenced 

and also assayed by kinetic PCR.  Both sequencing and kinetic PCR clearly 

identified the same bases at codon 238 and 240 polymorphic sites, and it was 

concluded that the real-time PCR procedure was suitable for screening of more 

clones.  Fifteen more clones from each isolate were analysed by the blaSHV 

kinetic PCR bringing to 20 the number of clones assayed from each PCR 

amplification. 

 

Results of clone interrogation by kinetic PCR are shown in Table 3.3. These are 

consistent with the data in Table 3.2.  Isolates B2, K2 and J3 are non-ESBL and 

as expected possessed no mutant alleles. Isolate A1 is one of the lowest 

resistance ESBL isolates and as expected had a high proportion of wild type 

alleles and no double mutant alleles.  Isolate D1 has a slightly higher level of 

resistance than A1, and consistent with this, a lower proportion of wild-type 

clones were recovered. Interestingly, this isolate also yielded a small number of 

double mutation clones, despite having an intermediate resistance phenotype. 

Isolate J2 is at the low MIC end of the group of isolates that have previously 

been shown to possess the double mutation. This isolate did not yield any 

clones of the single mutation allele. Rather the majority of clones were wild type 

and a substantial minority were of the double mutation allele. Although this result 

was somewhat unexpected, it is consistent with both the high MIC resistance 

phenotype, and the significantly negative codon 238 ∆CT value obtained.  Isolate 

L1 has a similar resistance phenotype to J2. The distribution of clones is also 

similar, the only differences being a slightly lower proportion of L1 wild type 
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alleles, and the presence of a small number of single mutation alleles. Finally, 

isolate I1 has one of the highest resistance phenotypes. As expected, the 

majority of the clones recovered were of the double mutation allele. These data 

confirmed a correlation between relative allele copy numbers and resistance 

phenotypes. In addition, they reveal a complex pattern of variation from isolate 

to isolate, and suggest that different mixes of alleles can, on occasion, give rise 

to similar resistance levels.  
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Table 3.3 Frequency of G238S and E240K mutations in selected PAH isolates. 

Frequencies are determined by cloning of blaSHV PCR products in isolates 

representing each cluster in Table 3.2. 

 

blaSHV

Isolate Nil 
G238S 
E240K 

G238S 
G238S 

+ 
E240K 

B2 100% - - 
K2 100% - - 
J3 100% - - 
D1 25% 65% 10% 
L1 60% 5% 35% 
A1 50% 50% - 
J2 80% - 20% 
I1 10% 25% 65% 
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3.4 Discussion 
 

The recent proliferation of comparative genome sequence data has increased 

the demand for techniques that can rapidly interrogate single nucleotide 

polymorphisms (SNPs).  Fast, inexpensive and accurate methods of SNP 

interrogation will prove to be useful to microbiologists in epidemiological typing 

and resistance detection assays. ESBLs are an interesting target for DNA-based 

resistance detection as mutation(s) at 1-2 sites lead to the acquisition of a 

clinically significant phenotype.  DNA sequencing, PCR-single strand 

conformational polymorphism (PCR-SSCP) (M'Zali et al. 1998), PCR-restriction 

fragment length polymorphism (PCR-RFLP) (Chanawong et al. 2001), Ligase 

Chain Reaction (LCR) (Kim and Lee 2000), First Nucleotide Change (Howard et 

al. 2002) and real-time PCR monitored with fluorescent labelled probes 

(Randegger and Hachler, 2001) have previously been used to identify blaSHV 

isoforms.  With the exception of FNC, a major shortcoming of these techniques 

is their inability to adequately identify multiple blaSHV isoforms co-existing within 

a single isolate.    
 

The frequency of blaSHV 238 and 240 polymorphic codons within isolates have 

been determined using a novel real-time PCR method, and confirmed by a clone 

screening approach. The isolates used were a small representative sample and 

are derived from a collection of geographically and temporally linked K. 

pneumoniae clinical isolates.  Data analysis has revealed that a mix of blaSHV 

alleles in individual isolates is the norm rather than the exception.  Additionally, 

there is a strong relationship between high levels of resistance and a high copy 

number of blaSHV-12.  Results obtained in this study were in accordance with 

single nucleotide extension-based SNP interrogation derived gene identification 

and relative copy number determinations reported by Howard et al. (2002).  This 

demonstrates that kinetic PCR can differentiate between SHV variants differing 

at codons 238 and 240 and can give a good indication of the allele dosage at 

these codons within a single isolate.  Despite consistency with Howard et al. 
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(2002) the data did contain minor anomalies. In particular, for a number of highly 

resistant isolates, kinetic PCR results appeared to indicate the blaSHV 238 

mutant allele is present at a lower frequency than the blaSHV 240 mutant allele.  

This observation is biologically implausible since the E240K substitution only 

provides a selective advantage when it is present in cis with a G238S 

substitution.  Rather, it is hypothesised that the SNP interrogation for the 240 

codon has higher specificity than at codon 238, and/or the mutant specific 

primer for codon 238 is slightly less efficient at amplification than the 

corresponding wild-type primer.  Some differences in the activities of the 

different primers are to be expected because the activities have not been 

rigorously equalised.  However, the clear differentiation on the basis of ∆CT’s 

between isolates demonstrates rigorous equalisation is not necessary. This 

emphasises the simplicity of optimisation, in that equalisation discrepancies can 

be easily accounted for, and interpretation of this procedure.  

 

These results are consistent with those reported by Essack et al. (2001), who 

found that the presence of multiple blaSHV variants in single isolates was very 

common in a collection of K. pneumoniae isolates of South African origin. It was 

concluded that this would make DNA-based ESBL diagnosis complex and 

difficult. However, results indicate that this complexity can be exploited to devise 

DNA based assays that directly provide estimates of an isolate’s ESBL status 

and likely resistance level.  

 

There is one other report of the use of real-time PCR based SNP interrogation of 

SHV ESBL encoding genes (Randegger and Hachler 2001). These authors 

made use of real-time PCR monitored with fluorescence transfer probes.   The 

major disadvantage of our kinetic PCR method is that it cannot easily be 

multiplexed and requires more than one reaction per polymorphic site.  

However, real-time PCR monitored with fluorescence transfer probes cannot 

determine relative allelic copy number ratios in a straight-forward manner and 

the reagents can be costly. In contrast, kinetic PCR requires only unlabelled 
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primers and the double strand DNA specific fluorescent dye SYBR-Green 1.  

Furthermore, relative allele copy numbers are a direct function of the ∆CT 

values.   

 

As has been reported by Howard et al. (2002), there appears to be a 

relationship between MICs and relative copy numbers of the different blaSHV 

alleles. This is most apparent with the level of resistance to cefotaxime exhibited 

by the high resistance group of isolates.  This suggests that there are essentially 

infinite gradations of resistance and it is reasonable to hypothesise that for this 

group of isolates at least, the MIC values are an accurate reflection of the 

degree of selective pressure that has been applied.  Whether this observation 

can be generalised to a wider range of isolates and other families of ESBLs 

remains to be established.  
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Chapter 4 
Genetic survey of a diverse range of ESBL isolates 
 

4.1 Introduction 
Previous research described by Howard et al (2002), and research presented 

in Chapter 3 has shown that the level of resistance to expanded-spectrum β-

lactam antibiotics correlates with the relative copy numbers of blaSHV alleles 

that confer an extended spectrum of activity.  Both of these studies used a 

collection of 21 K. pneumoniae, 13 of which expressed SHV ESBLs.  The 

isolates consisted of a small cross-section of isolates from a single health 

care institution over a short period of time and are therefore not considered 

indicative of the ESBL-expressing isolates found in the biosphere.   

 

Centralised collection, standardised testing and monitoring of antimicrobial 

resistant pathogens has been performed by the SENTRY Antimicrobial 

Surveillance Program since 1997.  This program collects and characterises 

isolates from both nosocomial and community-acquired infections from over 

22 nations.  Within Australia, the Women’s and Children’s Hospital in 

Adelaide hosts the reference centre for the Asia-Pacific region and South 

Africa.  Therefore, the SENTRY isolate collection contains a variety of 

isolates with which to test the applicability of the blaSHV ∆CT method 

described in Chapter 3.  

 

As SENTRY isolates are derived from diverse geographical backgrounds and 

have been subject to differing levels of selection pressure, these isolates may 

contain several β-lactamase families.  Logically the blaSHV kinetic PCR 

method presented in Chapter 3 would only work reliably on isolates which 

only possess blaSHV.  Therefore, the identity of β-lactamases present in an 

isolate need to be established before verifying the blaSHV kinetic PCR 

method.  The likely complement of β-lactamases can be deduced from MIC 

resistance data.  

 

 59



Three main resistance phenotypes relating to extended spectrum β-

lactamase families can be detected using phenotypic data: 

 

i. SHV & TEM:  Bush-Jacoby-Mederios Grouping 2be, Class A.  

Characterised by MIC’s above the NCCLS breakpoint of 1 µg/ml to 

any 3rd generation cephalosporin (cefotaxime, cefazidime), aztreonam 

and the 4th generation cephalosporin cefepime (Bush et al., 1995).   

Most importantly, these enzymes are inhibited by clavulanic acid 

(DDST positive). 

 

ii. AmpC: Bush-Jacoby-Mederios Grouping 1, Class C. MIC’s generally 

above breakpoint for all 3rd generation cephalosporins and aztreonam, 

but susceptible to cefepime (Bush et al., 1995).  Characteristic 

enhanced resistance when treated with clavulanic acid (ie. MIC 

increases or remains constant when challenged with 

antimicrobial/clavulanic acid combination). 

 

iii. CTX-M:  Bush-Jacoby-Mederios Grouping 2be, Class A.  High MIC to 

cefotaxime (hence name), ceftriaxone; moderate to high MIC to 

aztreonam and cefepime, but characterised by MIC just above or 

below breakpoint to ceftazidime (Bush et al., 1995; Bonnet, 2004).  

CTX-M enzymes are inhibited by clavulanic acid (DDST positive).  

This group can be extremely difficult to distinguish from SHV and TEM 

β-lactamases. 

 

In addition to these characteristic phenotypes, multiple β-lactamases within a 

single isolate may confer a complex phenotype that does not correlate with 

the above criteria.  For example, a SHV & AmpC may exhibit resistance to all 

3rd and 4th generation cephalosporins and aztreonam but not be inhibited by 

clavulanic acid.   

 

In order to confirm phenotypic characterisation of isolates, β-lactamase gene 

families need to be detected using PCRs specific for SHV, TEM, AmpC and 

 60



CTX-M families.  Therefore, the first aim of this chapter was the molecular 

detection of β-lactamase gene families within isolates.  

 

With the identity of β-lactamases established in each isolate, the second aim 

was to perform kinetic PCRs which target regions implicated with an 

extension of β-lactamase enzyme activity.   As stated above, the blaSHV 

kinetic PCR method presented in Chapter 3 would only work reliably on 

isolates that  contain only blaSHV.  In order to address this issue a set of 

blaTEM kinetic PCRs was developed, in a process similar to that in Chapter 3, 

to determine if the level of resistance and ESBL status can be correlated by 

measuring relative copy numbers of bla alleles for each gene family.   

 

TEM β-lactamase modelling (Knox et al. 1995) and substrate hydrolysis 

assays (Jacoby, 1994) have shown that the TEM family of β-lactamases also 

contain critical residue substitutions, resulting in an extended spectrum of 

activity. The R164H, R164S, G238S, E240K residues confer extended 

spectrum capabilities.  In addition a promoter point mutation is also 

associated with enhanced resistance.  C to T nucleotide change at position 

32 in the blaTEM promoter converts the P3 promoter of TEM-1 into two 

overlapping Pa + Pb promoters and results in a large increase in β-lactamase 

production (Gossard and Courvalin, 1991; Frederique Lartigue et al. 2002).   

 

Unlike SHV and TEM, AmpC β-lactamases are capable of hydrolysing most 

β-lactams without the need for spectrum extending amino acid substitutions 

(Thomson & Moland, 2000).  As these β-lactamases have a low Vmax and 

high Km parameters, the dependent factor for high levels of AmpC mediated 

resistance is high level transcription leading to the production of large 

quantities of Amp C β-lactamase (Sanders, 1987).  Over-production is 

required to produce sufficient quantities of enzyme for the acquisition of 

clinically relevant levels of resistance.  The CTX-M β-lactamases are active 

against most β-lactams with the exception of ceftazidime in its wild-type form 

(Gazouli et al. 1998; Ibuka et al. 1999).  A D240G substitution has been 

found to result in an increase in ceftazidime hydrolysing activity (Bonnet et al. 
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2001), making isolates expressing these β-lactamases phenotypically 

indistinguishable from those expressing SHV and TEM β-lactamases.     

 

Therefore, the aim of the research presented in this chapter was to determine 

the frequency of blaSHV, blaTEM, blaCTX-M and blaAMP-C within 100 SENTRY 

isolates, and to assess the applicability of the kinetic PCR method for 

determining the ESBL status of individual isolate.  

 
4.2 Materials and methods 

4.2.1 Detection of blaTEM and blaSHV by multiplex Taqman® minor groove 
binder (MGB) fluorescent probes 

The probes used were Applied Biosystems proprietary Taqman® minor 

groove binder (MGB) probes. These probes are designed to be homologous 

to a target sequence region between forward and reverse PCR primers.  A 

DNA polymerase with 5` exonuclease activity is used which cleaves the 

fluorescently labelled probe during the extension phase PCR.  Cleavage of 

the probe results in non-covalent attachment of the reporter moiety (located 

at the 5` probe end) from the quencher (3` end) allowing photometric 

measurement of fluorescence.  Taqman® MGB probes are the newest 

generation of real-time reporter chemistry and offer significant advantages for 

multiplex detection of DNA targets.  The minor groove binding component of 

the probe allows very short nucleotide probes to be used, and stabilises 

probe annealing by binding to the minor groove of the DNA duplex.  Short 

probe sequence coupled with the MGB moiety results in highly specific 

binding, resulting in less reaction background.   

 

All reactions were performed using an ABI Prism 7000 real-time PCR 

thermocycler (Applied Biosystems).  PCR primers and fluorescent MGB 

probes were designed to enable multiplex amplification and detection of 

blaTEM and blaSHV genes.  All primers and probes were designed using Primer 

Express from Applied Biosystems using Taqman primer design guidelines 

provided by the manufacturer (Applied Biosystems).  The position of primers 

and probes used are shown in Table 4.1. PCR was performed in ABI 96 well 
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optical plates with a total reaction volume of 20µl.  ABI Taqman 2X master 

mix was used for all reactions with 360 nmol of each primer and 100 nmol of 

each probe plus 1 µl bacterial cell lysate per 20 µl reaction. Thermocycling 

parameters were an initial denaturation step of 95°C for 600 sec; 40 cycles of 

denaturation at 94°C for 15 sec, followed by annealing/extension/signal 

detection at 60°C for 60 sec.  Multiplex Taqman reactions were tracked in 

real-time. 

4.2.2 Detection of blaCTX-M and blaAmpC by PCR and agarose gel 
electrophoresis. 

Previously published primer sequences were used for the amplification of 

blaCTX-M (CTX-MForward; CTX-MReverse) (Bonnet et al. 2001), blaCTX-M2 

(CTX-M2Forward; CTX-M2Reverse) and blaAmpC (AMPCForward; 

AMPCReverse) (Patterson et al. 2003).  Due to problems (see section 4.3.1) 

with CTX-M primer sets, a novel set of primers named CTX-M-ALL was 

designed by identifying conserved regions of blaCTX-M and designing primers 

to anneal in these regions.   Annealing temperatures are given in table 4.2.  

Twenty-microlitre PCR reactions were performed using 5 pmol of each primer 

per reaction, 1.5 mmol MgCl2, 1 U of Platinum Taq Polymerase (Invitrogen) 

with 35 cycles of amplification.  PCR products were resolved on 1.5% 

agarose gels. 

4.2.3 Kinetic PCR interrogation of mutations in bla genes 

Allele specific PCR primers were designed to interrogate single nucleotide 

polymorphisms within blaTEM and blaSHV genes.  Kinetic blaSHV reactions were 

performed as per the method given in Section 3.2.2.  Primers for kinetic 

blaTEM reactions were designed using Primer Express V2.0 (Applied 

Biosystems) in accordance with assay design procedures used for blaSHV 

kinetic PCR primers developed in Section 3.2.1.  Reaction parameters were 

defined so that kinetic blaSHV reaction thermocycle conditions were 

transferable to the new blaTEM assays.  Allele specific primer sets used are 

shown in Table 4.3.  
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Table 4.1 Primers and Probes used for blaSHV and blaTEM detection 

Primer/Probe 
Name 

Gene  Annealing 
Region#

Primer/Probe Sequence 5`-3` 

SHVMGBForward blaSHV (+) 731-749 TGCTTGGCCCGAATAACAA 
SHVMGBReverse blaSHV (-) 757-787 GCGTATCCCGCAGATAAATCA 
SHVTaqManMGB blaSHV (+) 752-756 6FAM-CAGAGCGCATTGTGG-MGBNFQ 
TEMMGBForward blaTEM (+) 113-131 TGGGTGCACGAGTGGGTTA 
TEMMGBReverse blaTEM (-) 158-180 GGGCGAAAACTCTCAAGGATCT 
TEMMBGTaqman blaTEM (+) 138-156 VIC-ACTGGATCTCAACAGCGGT-MGBNFQ 

# Annealing region numbering is assigned relative to the first nucleotide in the 
start codon of the specified gene.  
 
Table 4.2 Primer Sequence for blaCTX-M and blaAmpC  detection 

Primer/Probe 
Name 

Gene  Annealing 
Region#

TM
°C 

Primer/Probe Sequence 5`-3` 

CTX-MForward blaCTX-M-1 (+) 201-217 52 CGCTTTGCGATGTGCAG 
CTX-MReverse blaCTX-M-1 (-) 735-751 52 ACCGCGATATCGTTGGT 
CTX-M2Forward blaCTX-M-2 (+) 1-25 60 ATGATGACTCAGAGCATTCGCCGCT 
CTX-M2Reverse blaCTX-M-2 (-) 851-876 60 TCAGAAACCGTGGGTTACGATTTTCG
AMPCForward blaAMP-C (+) 451-467 50 ATCAAAACTGGCAGCCG 
AMPCReverse blaAMP-C (-) 981-1001 50 GAGCCCGTTTTATGCACCCA 
CTX-M-ALLF blaCTX-M (+) 582-601 62 AATCTGACGCTGGGTAAAGC 
CTX-M-ALLR blaCTX-M (-)735-753 62 CCGCGATATCGTTGGTGGT 

# Annealing region numbering is assigned relative to the first nucleotide in the 
start codon of the specified gene.  

 

Table 4.3  Primers for kinetic and relative quantitation PCR. 3` terminal 

bases for allele specific oligos are denoted by bold type and underlined. 

Primer Name Gene  Annealing 
Region#

Primer Sequence 5`-3` 

TEMpromMT-T blaTEM (+) -193/-177 AAAGGGCCTCGTGATACGCT
TEMpromWT-C blaTEM (+)-191/-177 AGGGCCTCGTGATACGCC
TEMpromReverse blaTEM (-) -128/--109 ATTTCCCCGAAAAGTGCCAC 
tem164serMT blaTEM (+) 462-484 GGATCATGTAACCCGCCTTGATA
tem164hisMT blaTEM (+) 464-485 ATCATGTAACCCGCCTTGATCA
tem164argWT blaTEM (+) 466-485 CATGTAACCCGCCTTGATCG
Tem164reverse blaTEM (-) 509-528 ACGCTCGTCGTTTGGTATGG 
Tem238MT blaTEM (+) 681-706 GTTTATTGCTGATAAATCTGGAGCCA
Tem238WT blaTEM (+) 682-706 TTTATTGCTGATAAATCTGGAGCCG
Tem238reverse blaTEM (-) 746-765 ACGGGAGGGCTTACCATCTG 
Tem240MT blaTEM (-)709-727 TACCGCGAGATCCACGCTT
Tem240WT blaTEM (-) 709-725 CCGCGAGATCCACGCTC
Tem240reverse blaTEM (+) 633-656 GGATAAACTTGCAGGACCACTTCT 

# Annealing region numbering is assigned relative to the first nucleotide in the 
start codon of the specified gene.  
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4.3 Results 
 4.3.1 PCR detection of β-lactamase gene families  
To establish which β-lactamases were present in the selected SENTRY 

isolates a series of PCR detection tests were developed.  To detect blaSHV 

and blaTEM in the SENTRY isolates a multiplex Taqman® MGB probe PCR 

assay was developed.  This assay was validated using control strains cf604, 

cf204 and bm694.  FAM (blaSHV) and VIC (blaTEM) CT values were; cf604 

(Undetected,17.19); cf204 (Undetected; 14.16); bm694 (13.15, 30.27) 

validating the assay, a CT value < 30 was used as the criteria for a positive 

result.  However, it is noted that the VIC CT value for the blaSHV control isolate 

bm694, is close to this cut off value. It is known that this isolate does not 

contain blaTEM.  Further investigation of the Taqman assay using both the 

bm694 control, non-template controls and the blaSHV clones previously 

generated (Section 3.3.2) have shown that this high CT value is most likely 

due to thermally induced cleavage of the Taqman probe during thermal 

cycling (data not shown).  It is unknown why cleavage at high cycle number 

occurs for the VIC probe and not the FAM probe. 

 

Primers previously developed by Bonnet et al. (2001) and Patterson et al. 

(2003) were used for blaAMPC and blaCTX-M detection.  No control strains were 

available to optimise and test of blaCTX-M detection primers, therefore  

reactions were applied to SENTRY isolates.  The CTX-MForward/CTX-

MReverse primer set proved problematic as it did not appear to detect 

blaCTX-M in some SENTRY isolates displaying an obvious CTX-M phenotype.  

Despite implementing the PCR conditions given by Patterson et el. (2003) 

the CTX-M2Forward/CTX-M2Reverse primer set failed to produce PCR 

product for any SENTRY isolate.  From this data it appeared that in my 

hands this primer set was non-functional or no isolates contained blaCTX-M2.   

 

Due to the problems encountered in blaCTX-M detection a new set of blaCTX-M 

specific primers were developed.  Genbank nucleotide sequences AJ416340 

(CTX-M-1) and AB176535 (CTX-M-2) were aligned using the pairwise 

BLAST procedure (NCBI), and conserved regions were identified (Figure 

4.1).  
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Figure 4.1 Alignment of CTX-M-1 & CTX-M-2 DNA sequences identifying 
conserved regions.  Regions of homology were identified and primers 

designed within these conserved regions.  Primers are denoted by underlined 

nucleotide sequence. 

 
CTX-M-1:  1144 acttcacctcgggcaatggcgcaaactctgcgtaa
               ||  | || |  || |||||||| || |||   ||
CTX-M2:   550  accacgccgctcgcgatggcgcagaccctgaaaaa
CTX-M-2 184   T  T  P  L  A  M  A  Q  T  L  K  N  
 
                                                  
Query:  1204 gacagccaacgggcgcagctggtgacatggatgaaag
             || |  || ||||| ||| ||||||| ||| | || |
Sbjct:  610  gaaactcagcgggcacagttggtgacgtggcttaagg
CTX-M-2 204   E  T  Q  R  A  Q  L  V  T  W  L  K  
 
                                                  
Query:  1264 attcaggctggactgcctgcttcctgggttgtggggg
             |||| ||| || |||||    || ||||| ||||| |
Sbjct:  670  attcgggcgggtctgccgaaatcatgggtagtgggcg
CTX-M-2 224   I  R  A  G  L  P  K  S  W  V  V  G  
 
                                    
Query:  1324 ggcaccaccaacgatatcgcggtgatctggccaaaag

 
             ||||||||||||||||||||||| ||||||||  || 
Sbjct:  730  ggcaccaccaacgatatcgcggttatctggccggaaa
CTX-M-2 244   G  T  T  N  D  I  A  V  I  W  P  E  

 

 66
CTX-M-ALLF

tctgacgctgggtaaagcattgggt 1203 
||||||||||||||||||  |||   
tctgacgctgggtaaagcgctggcg 609 
L  T  L  G  K  A  L  A  

                                       
gcaataccaccggtgcagcgagc 1263 
||||||| ||||||   |||||| 
gcaatactaccggtagcgcgagc 669 
G  N  T  T  G  S  A  S  

                                       
ataaaaccggcagcggtgactat 1323 
|||||||||||||||| || ||| 
ataaaaccggcagcggagattat 729 
D  K  T  G  S  G  D  Y  

                                       
              CTX-M-ALLR

atcgtgcgccgctgattctggtc 1383 
| |  || |||||| |||||||  
accacgcaccgctggttctggtg 789 
N  H  A  P  L  V  L  V  



Primers were designed to anneal within these conserved regions.  PCR 

products from SENTRY isolates 35, 52 & 51 were sequenced and it was 

confirmed that the designed primers did indeed amplify the correct blaCTX-M 

amplicon.  It is noted that this primer set will not detect all blaCTX-M groups, 

however, a indication of the level of detectable blaCTX-M group carriage can be 

achieved.  

 

β-lactamase gene prevalence was determined by PCR specific for blaSHV, 

blaTEM, blaCTX-M and blaAMP-C.  It was found that 98% of all isolates tested 

contained as least one β-lactamase gene (Table 4.4).   The number of β-

lactamase gene families contained in each isolate varied from zero to all four 

genes co-existing within a single isolate. All K. pneumoniae isolates were 

found to contain blaSHV.  A more detailed data analysis of multiple β-

lactamase families within single isolates and their effect on phenotype is 

shown in section 4.3.2. An unexpected finding of gene detection assays was 

the high prevalence of blaCTX-M.  

 

Previous research by Bell et al. (2002) has shown that the occurrence of 

ESBL producers in different institutions varied from 0% to 35%.  Within the 

scope of this project it was of interest to determine which β-lactamase gene 

families were associated with geographical locales.  A comparison of the 

prevalence of blaTEM, blaSHV, blaCTXM and blaAMPC between healthcare 

institutions is presented in Table 4.5.  blaSHV, blaTEM and blaCTX-M appear to 

be widely disseminated throughout ESBL producers from all institutions, with 

blaAMPC only isolated from MMC Philippines (2/8), QMH Hong Kong (5/8) and 

TUH Japan (1/80).  The SENTRY isolates tested in this study represent a 

small proportion of the total collection, and are mainly ESBL positive.  

Therefore, the isolates tested represent a skewed subset of SENTRY 

isolates.  It is my opinion that any analysis of β-lactamase gene prevalence in 

this data would be misleading and not representative of the wider SENTRY 

isolate collection. 
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  Table 4.4   Prevalence of β-lactamase families sorted by organism 
determined by PCR 

Organism Nil blaSHV blaTEM blaCTXM blaAMPC

E. coli 2 
4.76% 

15 
35.71% 

36 
85.71% 

23 
54.76% 

1 
2.38% 

K. pneumoniae 0 
0% 

58 
100% 

36 
62.07% 

28 
48.28% 

7 
12.07% 

 
 
 
Table 4.5 Analysis of β-lactamase gene family prevalence between 
healthcare institutions.  The effect of multiple β-lactamase families within  

single isolates is presented in subsequent analyses (Tables 4.6 - 4.18). 

Organism Facility of 
Origin K. pneumoniae E. coli 

DDST 
POS Nil blaSHV blaTEM blaCTXM blaAMPC

BKP South 
Africa 

14 
93.33% 

1 
6.67% 

14 
93.33% 

0 
0% 

15 
100% 

8 
53.33% 

8 
53.335 

0 
0% 

CGMH 
Taiwan 

4 
57.14% 

3 
42.86% 

6 
85.71% 

0 
0% 

5 
71.42% 

5 
71.42% 

4 
57.14% 

0 
0% 

MMC 
Philippines 

7 
87.50% 

1 
12.50% 

4 
50% 

0 
0% 

8 
100% 

3 
37.5% 

4 
50% 

2 
25% 

NTUH 
Taiwan 

8 
88.89% 

1 
11.11% 

7 
77.77% 

0 
0% 

9 
100% 

9 
100% 

6 
75% 

0 
0% 

PAH 
Australia 

1 
100% 

0 
0% 

1 
100% 

0 
0% 

1 
100% 

1 
100% 

1 
100% 

0 
0% 

QMH Hong 
Kong 

7 
28.57% 

20 
71.43% 

24 
88.88% 

2 
7.40% 

11 
40.74% 

18 
66.66% 

11 
40.74% 

5 
18.51% 

RAH 
Australia 

1 
33.33% 

2 
66.67% 

3 
100% 

0 
0% 

3 
100% 

3 
100% 

3 
100% 

0 
0% 

RPH 
Australia 

1 
25% 

3 
75% 

4 
100% 

0 
0% 

2 
50% 

3 
75% 

1 
25% 

0 
0% 

TTSH 
Singapore 

13 
54.17% 

11 
45.83% 

23 
95.83% 

0 
0% 

17 
70.83% 

21 
87.5% 

11 
45.83% 

0 
0% 

TUH Japan 2 
100% 

0 
0% 

1 
50% 

0 
0% 

2 
100% 

1 
50% 

2 
100% 

1 
50% 
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4.3.2 Kinetic PCR interrogation of mutations in bla genes 
The β-lactamase gene detection assays determined the β-lactamase(s) 

within each isolate.  With this information known, the appropriate kinetic 

PCRs were applied to each isolate.  To enable association between kinetic 

PCR data and resistance levels, isolates were grouped according to specific 

bla gene(s) detected.  This information is presented in Tables 4.6 and 4.8 - 

4.17. 

 
4.3.2.1 Isolates containing blaSHV only  
Isolates which contained blaSHV alone were grouped together and blaSHV 

specific kinetic PCR performed.    Results were tabulated and data analysed 

to determine the ∆CT for the 238 and 240 mutations (Table 4.6).   

 
With the exception of isolates 70, 30,54 and 85, a ∆CT238 value ≥ -4 appears 

to be correlate with an ESBL phenotype. The ∆CT238 values for isolates 70, 

30, 54 and 85 define these isolates as non-ESBL.  However, these isolates 

have a marginal to large increase in MIC’s to ceftazidime, ceftriaxone (all 

three isolates) and aztreonam (70 and 30).  Isolates 70, 30 and 85 appear to 

express a CTX-M β-lactamase phenotypes as they display a high MIC for 

ceftriaxone, and low MIC’s for ceftazidime and aztreonam.  These isolates 

may contain blaCTX-M alleles which are not amplified by the blaCTX-M primers 

designed.  The phenotypic susceptibility profile for isolate 54 is unusual in 

that a MIC of 4 µg/ml is observed for ceftazidime with ceftriaxone and 

aztreonam MIC’s below NCCLS breakpoints. As seen with the PAH isolates 

examined in chapter 3, an enhancement in ESBL activity, resulting in an 

increase in ceftazidime and ceftriaxone  MICs correlates with a ∆CT240 value 

≥ -1.35 (Isolates 89, 9, 6, 18, 46).  

 

4.3.2.2 Isolates containing blaTEM only 
Those isolates which contained blaTEM only were grouped together and 

blaTEM specific kinetic PCRs performed.  The rationale behind the 

experimental design for the TEM assay was to interrogate sites which appear 

to be critical to enzyme activity and transcription rate.  Control strains cf204 

(TEM-3) and cf604 (TEM-5) were used to confirm allele specificity of blaTEM 
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164, 238 & 240 kinetic PCR assays (Table 4.7).  Data presented in table 4.7 

shows that the kinetic PCR assay was able to discriminate between blaTEM 

164, 238 & 240 allelic variants.  No suitable control strains were available to 

determine if 164H and blaTEM promoter primer sets exhibited allele specificity.  

Therefore the validity of these two assays cannot be established. However, 

all other kinetic assays developed in this thesis have always exhibited allele 

specificity.  Therefore, it is hypothesised by analogous performance of other 

kinetic assays that the unverified blaTEM promoter and 164H will also exhibit 

allele specificity.   It is hoped that the wild type promoter and R164H alleles 

will be present in the SENTRY population and that these alleles will be 

detected.   The blaTEM kinetic PCR assays was applied to the SENTRY 

isolates and the ∆CT for each of the five blaTEM mutations determined (Table 

4.8). 

 
An association between the ∆CT values and resistance was not apparent for 

the assayed polymorphic blaTEM codons.  All eleven of the isolates within this 

group have a low to moderate ceftriaxone MIC (0.25-4µg/ml).  With the 

exception of isolate 83, which is ESBL negative, all other isolates exhibited  

high MICs for ceftriaxone and low MIC’s for ceftazidime and aztreonam.  This 

is indicative of CTX-M β-lactamase mediated resistance.  However, neither 

the blaCTX-M primer set developed or the primer sets published by Bonnet et 

al. (2001) or Patterson et al. (2003) were able to detect blaCTX-M in these 

isolates.  From the experimental results it is difficult to determine if there is an 

association between ∆CT values for blaTEM polymorphic codons and an 

expansion in substrate hydrolysis profiles.  Some changes at polymorphic 

sites within isolates 78, 7 and 11 appear to contain a large proportion of 

mutant blaTEM 238 allele. Isolate 11 displayed the highest MIC’s for all 

antimicrobials tested and with a large proportion of mutant blaTEM promoter, 

blaTEM 238 and blaTEM 240 alleles. 

 

 



Table 4.6 blaSHV only isolates 

Number Species* Location blaSHV 
∆CT 238

blaSHV 
∆CT 240 DDST CAZ ε CAZ ε / 

CA4φ CTR ώ CTR ώ /
CA4φ AZ T θ CTX# CPMЌ CPMЌ/ 

CA4φ

58 KPNE BKP South Africa 0.94 -8.63 +/+ 1 0.125 2 0.03 1 2 1 0.03 

70 KPNE QMH Hong Kong -7.55 -9.16 +/+ 1 0.25 128 0.06 1 2 4 0.03 
30 KPNE QMH Hong Kong -5.01 -6.91 ?/+ 4 1 32 0.25 <=0.12 2 16 0.125 
54             

        
              

      

         

KPNE MMC Philippines -7.83 -9.12 +/+ 4 0.25 0.25 0.06 0.5 2 1 0.03
85 KPNE CGMH Taiwan -9.72 -11.07 -/- 4 0.5 128 0.125 16 16 16 0.125
89 KPNE CGMH Taiwan 0.6 -1.35 +/+ 4 0.06 32 0.03 4 1 4 0.03
9 ECOL QMH Hong Kong 7.86 3.62 +/+ 16 0.25 64 0.03 >16 >32 4 0.03 
6 KPNE RPH Australia 3.336 -0.62 +/+ 32 0.1249 8 0.1249 >16 16 1 0.06

18 KPNE BKP South Africa 4.17 10.58 +/+ 128 0.5 8 0.06 >16 8 1 0.06 
46 KPNE TTSH Singapore 4.66 5.19 +/+ 128.1 0.5 16 0.06 >16 16 4 0.06

* KPNE  = K. pneumoniae; ECOL = E. coli 
# CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 

 
Table 4.7 blaTEM kinetic PCR of cf204 & cf604 control strains 

Isolate  Allele ∆CT prom1 Stdev#

∆CT pr ∆CT 164H2 Stdev#

∆CT 164H ∆CT 164S3 Stdev#

∆CT 164S ∆CT 2384 Stdev#

∆CT 238 ∆CT 2405 Stdev#

∆CT 240 
cf204 TEM-3 

(Q39K;E104K;G238S) 20.61          0.79 -6.79 0.32 -11.54 0.31 1.94 0.40 -7.47 0.36

cf604 TEM-5 
(R164S; A237T;E240K) 11.75          1.11 -10.56 0.58 8.12 0.53 -7.25 0.59 13.74 1.12

1 blaTEM promoter kinetic PCR assay; 2 blaTEM codon 164H kinetic PCR assay; 3 blaTEM codon 164S kinetic PCR assay; 4 blaTEM codon 238 kinetic PCR assay; 5 

blaTEM codon 240 kinetic PCR assay 
# Standard deviation (n = 3)
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Number Species* Location 
blaTEM 
∆CT 

prom

blaTEM 
∆CT 

164H

blaTEM 
∆CT 

164S

blaTEM 
∆CT 
238 

blaTEM 
∆CT 
240 

DDST CAZ ε CAZ ε /
CA4φ CTR ώ CTR ώ /

CA4φ AZ T θ CTX# CPMЌ CPMЌ/
CA4φ

63        ECOL TTSH Singapore -16.9 -14.57 -19.12 -2.86 -19.3 +/+ 0.25 0.125 8 0.03 4 16 1 0.06
79 ECOL QMH Hong Kong -19.62 -12.65 -18.45 -3.12 -15.45 +/+ 0.5 0.125 16 0.06 2 8 2 0.06 
83 ECOL QMH Hong Kong 0 -11.9 -15.7 -2.93 -12.78 +/+ 0.5 0.25 0.06 0.03 <=0.12 2 0.5 0.06 
10 ECOL QMH Hong Kong -18.83 -15.67 -22.8 -3.07 -20.42 +/+ 1 0.06 64 0.03 4 2 4 0.03 
4        

       
        

ECOL TTSH Singapore -10.29 -11.76 -21.51 -2.84 -16.22 +/+ 1 3 32 0.1249 4 16 8 0.06
78 ECOL QMH Hong Kong -17.32 -12.07 -18.95 0.28 -7.44 +/+ 1 0.25 128 0.06 8 16 8 0.125
71 ECOL QMH Hong Kong -13.87 -9.11 -18.53 -3.35 -10.04 +/+ 2 0.25 128 0.125 8 32 8 0.06 
75 ECOL QMH Hong Kong -14.85 -13.08 -15.52 -3.04 -12.53 +/+ 2 0.25 128.1 0.125 >16 16 16 0.125
5 ECOL TTSH Singapore -5.32 -7.32 -5.25 -2.95 -2.9 +/+ 2 0.25 64.1 0.1249 16 16 32 0.125
7 ECOL RPH Australia -12.04 -17.7 -20.05 7.38 -20.27 +/+ 2 4 64 0.1249 8 16 8 0.125

11 ECOL QMH Hong Kong 10.63 -15.26 -25.95 1.5 6.84 +/+ 4 0.25 128.1 0.125 >16 4 32 0.06 

# CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 
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Table 4.8 blaTEM only Isolates 

* KPNE  = K. pneumoniae; ECOL = E. coli 
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4.3.2.3 Isolates containing multiple β-lactamase families 
PCR detection of SENTRY isolate β-lactamase genes revealed that seventy-

seven isolates contained multiple β-lactamase gene families.  The most 

common gene combinations were blaTEM + blaSHV (23 isolates) and blaTEM + 

blaSHV + blaCTX-M (23 isolates).  Tables 4.9 – 4.18 summarise kinetic PCR and 

phenotypic results for each isolate grouped, by β-lactamase genes identified. 

 

A single blaSHV + blaAMP-C isolate (Table 4.9) and two other isolates containing 

blaSHV + blaAMP-C + blaCTX-M (Table 4.10) were identified.  Isolate 55 displayed 

an Amp C phenotype with high MIC’s to all 3rd generation cephalosporins and 

aztreonam, low MIC to cefepime, and characteristically, increased MIC when 

challenged in combination with clavulanic acid.  The ∆CT values for both 

blaSHV 238 and 240 codons indicated a SHV β-lactamase is not responsible 

for the extended spectrum of substrate hydrolysis (ESBL phenotype).  This 

observation was also reflected in the phenotypic DDST data.  Interestingly, 

isolates 72 and 73 followed much the same pattern. However, they differ with 

respect to cefepime, displaying MIC’s of 0.25 µg/ml and 1 µg/ml respectively.  

It is thought that the 4 and 16 fold increases in cefepime resistance observed 

in the blaSHV + blaAMP-C + blaCTX-M isolates may be due to the CTX-M β-

lactamase, as the cefepime + clavulanic acid MIC is the same for isolates 72 

& 73, and that of isolate 55. 

 

Analysis of blaSHV + blaCTX-M isolates (Table 4.11), has revealed that the  

presence of blaCTX-M within an isolate does not confer an ESBL resistance 

phenotype (isolates 61 & 62).  With the exception of isolate 60, all nine other 

blaSHV + blaCTX-M isolates confirm the association between blaSHV 238 ∆CT 

values and DDST phenotype.  However, blaSHV 240 ∆CT values for isolates 

92 and 98 do not appear to correlate with MIC data.  
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Table 4.9 blaSHV and blaAMPC isolates 

Number Species* Location blaSHV 
∆CT 238

blaSHV 
∆CT 240 DDST CAZ ε CAZ ε / 

CA4φ CTR ώ CTR ώ /
CA4φ AZ T θ CTX# CPMЌ CPMЌ/ 

CA4φ

55           KPNE MMC Philippines -6.87 -4.74 -/- 32 128 4 8 4 >32 0.06 0.125
* KPNE  = K. pneumoniae; ECOL = E. coli # CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 

Table 4.10 blaSHV , blaCTX-M and  blaAMPC isolates 

Number Species* Location blaSHV 
∆CT 238

blaSHV 
∆CT 240 DDST CAZ ε CAZ ε / 

CA4φ CTR ώ CTR ώ /
CA4φ AZ T θ CTX# CPMЌ CPMЌ/ 

CA4φ

72 KPNE QMH Hong Kong -7.34 -4.04 -/- 32 64 2 4 4 >32 0.25 0.125 
73 KPNE QMH Hong Kong -7.14 -9.2 +/- 32 32 1 4 2 >32 1 0.125 

* KPNE  = K. pneumoniae; ECOL = E. coli # CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 

Table 4.11 blaSHV and blaCTX-M isolates 

Number Species* Location blaSHV 
∆CT 238

blaSHV 
∆CT 240 DDST CAZ ε CAZ ε / 

CA4φ CTR ώ CTR ώ /
CA4φ AZ T θ CTX# CPMЌ CPMЌ/ 

CA4φ

61        KPNE MMC Philippines -5.66 -8.11 -/- 0.25 0.125 0.06 0.03 <=0.12 2 0.06 0.03
62           

            

            

          

KPNE MMC Philippines -6.23 -9.2 -/- 0.5 0.25 0.06 0.03 <=0.12 4 0.06 0.03
92 KPNE MMC Philippines -0.78 6.54 +/+ 1 0.25 32 0.06 2 2 4 0.03
98 KPNE BKP South Africa 0.74 4.76 +/+ 1 0.125 2 0.03 0.25 4 0.5 0.03 
60 KPNE TUH Japan -6.63 -8.41 +/+ 4 0.5 128.1 0.125 8 2 8 0.06
16 KPNE BKP South Africa 2.24 1.71 +/+ 32 0.125 8 0.03 >16 2 1 0.0159 
19 KPNE BKP South Africa 1.06 6.54 +/+ 32 0.25 8 0.125 >16 4 1 0.125 
96 KPNE BKP South Africa 0.91 4.47 +/+ 32 0.125 8 0.03 >16 2 1 0.03 
99 KPNE BKP South Africa 1.02 6.01 +/+ 64 0.25 8 0.03 >16 4 2 0.03 
22 KPNE TTSH Singapore 3.8 7.15 +/+ 128.1 2 128 0.125 >16 4 32 0.06

* KPNE  = K. pneumoniae; ECOL = E. coli  # CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 
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Isolates which contained both blaSHV and blaTEM were grouped together and 

appropriate kinetic PCRs performed. Results were tabulated and data 

calculated (Table 4.12).  Relative copy number of mutant to wild-type alleles 

(∆CT value) was calculated.  Twenty-one (91.3%) of the blaTEM + blaSHV 

isolates contained a large proportion (blaSHV ∆CT 238 ≥ -1) blaSHV 238 mutant 

alleles.  However, It is noted that isolate 25 had a DDST negative phenotype, 

but blaSHV ∆CT238 and ∆CT240 data were -2.16 and 0.4 respectively.  Further 

analysis of MIC data for this isolate revealed high MICs for aztreonam and 

cefotaxime (>16 µg/ml & 32 µg/ml) with a low MIC to cefepime (0.25 µg/ml).  

The significance of the genotype and it’s relationship to the observed 

phenotype of this isolate remains anomalous. 

  

Once again the contribution of blaTEM mutant alleles to ESBL resistance was 

difficult to ascertain.  Isolate 68 had blaSHV ∆CT 238 & 240 values of -7.41 

and -9.12, respectively. However, this isolate exhibits a DDST positive 

phenotype (Table 4.12).  Analysis of blaTEM kinetic PCR data showed a 

blaTEM ∆CT 238 value of 2, providing evidence that a TEM β-lactamase 

containing G238S substitution is responsible for the resistance to expanded 

spectrum antimicrobials.  An increase in blaTEM ∆CT 238 values in four other 

isolates within this group has also been observed (isolates 47, 32, 33, 35). It 

is difficult to determine the contribution of these mutant alleles to the overall 

resistance profile due to co-existence of blaSHV mutant alleles within the 

same isolate. 

 

Alteration in the blaTEM promoter region was detected in eight (34.8%) 

isolates, with promoter ∆CT values ranging from -1.44 to 1.72.  No PCR 

product was generated for either or the blaTEM promoter kinetic PCRs for 

isolate 12 indicating that an unknown 5` proximal blaTEM  region is present 

within this isolate.  Isolates 35 and 76 showed increases in blaTEM 164H ∆CT 

values of -6.48 and -3.8 respectively (Table 4.12). 
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Table 4.12 blaTEM and blaSHV isolates 

N/D = no PCR product was generated 
* KPNE  = K. pneumoniae; ECOL = E. coli   
# CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 

Number Species* Location
blaSHV  
∆CT 
238 

blaSHV 
∆CT 
240 

blaTEM 
∆CT 

prom 

blaTEM 
∆CT  

164 H 

blaTEM 
∆CT 

164 S 

blaTEM 
∆CT  
238 

blaTEM 
∆CT  
240 

DDST CAZ ε CAZ ε / 
CA4φ CTR ώ CTR ώ / 

CA4φ AZ T θ CTX# CPMЌ CPMЌ/ 
CA4φ

25                   KPNE TTSH Singapore -2.16 0.4 -15.09 -13.77 -18.17 -2.78 -15.52 -/- 1 1 0.25 0.25 >16 32 0.25 0.125
59 ECOL BKP South Africa 4.4 -9 -13.85 -9.83 -17.94 -3.6 -10.43 +/+ 1 0.125 1 0.03 0.5 4 0.25 0.03 
37                   

                   
                  
                   

                   
                   
                   

                   

                   
                   
                   
                   
                   
                   
                   

                   

ECOL TTSH Singapore 5.14 1.33 -17.77 -13.36 -16.7 -2.99 -15.33 +/+ 4 0.25 128 0.125 16 16 32 0.125
47 KPNE NTUH Taiwan 0.29 -1.09 -15.75 -13.62 -21.32 0.32 -20.51 +/+ 16 1 128 0.25 >16 8 32 0.125
12 ECOL RPH Australia 9.92 8.16 N/D -17.36 -26.52 -5.2 -21.17 +/+ 32 0.125 2 0.06 >16 8 0.5 0.03
32 ECOL MMC Philippines 4.47 13.15 -10.6 -13.02 -15.62 -0.21 -13.19 +/+ 32 0.25 2 0.06 >16 2 0.5 0.03
68 KPNE QMH Hong Kong -7.41 -9.12 -12.27 -12.87 -19.18 2 -9.52 +/+ 32 4 1 0.5 8 >32 8 2 
1 KPNE TTSH Singapore 4.86 6.64 -1.44 -13.05 -17.37 -4.16 -12.28 +/+ 64 2 64 0.1249 >16 4 16 0.25
2 KPNE TTSH Singapore 3.07 2.14 -0.86 -12.1 -17.47 -5.28 -12.66 +/+ 64 0.5 8 0.1249 >16 8 2 0.125

14 KPNE BKP South Africa 5.5 -1.01 -9.83 -13.29 -16.61 -3.18 -11.41 +/+ 64 0.25 4 0.06 >16 4 1 0.06
3 KPNE TTSH Singapore 4.72 4.16 -21.9 -13.25 -17.08 -3.63 -15.11 +/+ 64.1 1 32 0.1249 >16 8 2 0.06

15 KPNE BKP South Africa 1.77 -1.12 3.88 -12.69 -22.27 -4.36 -21.25 +/+ 128 1 16 0.25 >16 16 2 0.125 
17 KPNE BKP South Africa 0.1 -1.15 -4.4 -12.61 -19.79 -3.52 -16.51 +/+ 128 1 8 0.25 >16 16 2 0.125 
20 KPNE BKP South Africa -0.89 0.84 -10.29 -13.15 -18.57 -3.84 -14.77 +/+ 128 1 16 0.25 >16 16 2 0.125 
23 KPNE TTSH Singapore 1.44 7.55 -1.56 -13.56 -17.2 -5.59 -13.9 +/+ 128.1 1 32 0.125 >16 8 8 0.125
33 KPNE MMC Philippines 0.78 9.37 -6.67 -14.38 -17.75 0.63 -18.51 +/+ 128.1 2 128 0.125 >16 8 16 0.125
34 KPNE NTUH Taiwan 4.82 3.42 -3.02 -6.48 -8.82 -4.26 -15.3 +/+ 128.1 2 64 0.25 >16 16 8 0.125
35 KPNE NTUH Taiwan 3.3 6.58 -10.9 -14.33 -16.33 0.64 -13.19 +/+ 128.1 1 128 0.06 >16 4 16 0.03
36 KPNE TTSH Singapore -1 2.88 -14.97 -15.83 -20.25 -1.49 -13.07 +/+ 128.1 0.5 32 0.125 >16 8 4 0.125
38 KPNE TTSH Singapore -0.83 6.93 -10.73 -13.72 -19.72 -2.95 -11.09 +/+ 128.1 1 128 0.125 >16 4 8 0.125
65 KPNE TTSH Singapore 1.75 6.54 -6.92 -13.51 -18.32 -2.84 -15.47 +/+ 128.1 0.05 16 0.125 >16 16 2 0.125
76 ECOL QMH Hong Kong 5.51 9.69 1.72 -3.8 -6.46 -2.23 -8.51 +/+ 128.1 2 16 0.5 >16 >32 4 0.125 
87 KPNE CGMH Taiwan 0.67 5.59 -20.26 -13.16 -20.02 -4.93 -12.99 +/+ 128.1 2 32 0.25 >16 16 8 0.25
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Kinetic PCR data for isolates which contained blaTEM + blaSHV + blaCTX-M 

(Table 4.13) was similar to that of blaTEM + blaSHV data (Table 4.13).  

However, ten isolates (44%) appear to exhibit a CTX-M β-lactamase 

phenotype.  With five of these isolates (49, 50, 90, 41, 48, 57) it appears that 

CTX-M is solely responsible for ESBL phenotype, with no characteristic 

changes in ∆CT parameters for blaSHV or blaTEM observed.  The remaining 

five isolates (40, 31, 93, 84, 90) within this group all contain blaSHV  (∆CT 238 

values ≥ -4).  However, as observed previously with isolate 25 (Table 4.13) a 

large increase in ceftazidime MIC and cefepime was not observed with a ∆CT 

240 value ≥ -2.46. Only one isolate contained a significant blaTEM ∆CT 238 

value (Isolate 13). However, once again it is difficult to determine the effect of 

this mutation in isolation as this isolate also contains large proportion of 

blaSHV 238 and 240 mutant alleles.  For the remaining thirteen isolates that 

did not exhibit a CTX-M β-lactamase phenotype, an association between 

blaSHV ∆CT 238 and 240 values and the resistance status of an isolate follows 

the parameters established in Chapter 3. 

 

Of the eleven blaTEM + blaCTX-M isolates (Table 4.14), nine (81.8%) isolates 

appears to phenotypically express a CTX-M β-lactamase mediated 

resistance phenotype.  Despite containing blaCTX-M, isolates 53 and 85 did not 

display characteristic CTX-M phenotypes.  Analysis of the blaTEM kinetic PCR 

data showed both these isolates exhibited increased blaTEM ∆CT values for 

the promoter, 164H, 164S and 238 reactions.  From this data it is concluded 

that within these two isolates blaTEM mutant alleles are responsible for the 

ESBL phenotype, confirming these sites are implicated in blaTEM mediated 

resistance. 

 



Table 4.13 blaTEM, blaCTX-M and blaSHV isolates 

*KPNE  = K. pneumoniae; ECOL = E. coli 

Highlighted text denotes CTX-M β-lactamase phenotype 
# CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 
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Number Species*   Location

blaSHV  
∆CT 
238 

blaSHV  
∆CT 
240 

blaTEM 
∆CT 

prom 

blaTEM 
∆CT  

164 H 

blaTEM 
∆CT 

164 S 

blaTEM 
∆CT  
238 

blaTEM 
∆CT  
240 

DDST CAZ ε CAZ ε / 
CA4φ CTR ώ CTR ώ / 

CA4φ AZ T θ CTX# CPMЌ CPMЌ/ 
CA4φ

95                   KPNE BKP South Africa -5.37 -7.51 -7.85 -11.97 -14.28 -3.32 -14.46 -/- 0.25 0.25 0.06 0.06 <=0.12 2 0.06 0.06
40 ECOL TTSH Singapore -0.03 7.22 -24.62 -13.46 -18.21 -5 -10.91 +/+ 0.5 0.25 16 0.125 2 16 4 0.125 
31 ECOL QMH Hong Kong 4.62 6.73 -14.44 -12.27 -15.38 -1.53 -18.02 +/+ 1 1 128 0.06 4 16 8 0.125 
93 ECOL CGMH Taiwan 0.65 5.36 -4.61 -10.92 -15.98 -3.15 -11.12 +/+ 1 0.125 16 0.03 2 2 4 0.03 

100                   KPNE BKP South Africa 1.62 -0.59 -24.63 -0.95 -1.79 -5.43 -13.58 -/+ 1 0.125 2 0.03 0.25 4 0.5 0.03
84 ECOL QMH Hong Kong 0.5 -18.39 0 -14.7 -17.65 -2.43 -17.92 +/+ 2 0.25 128 0.06 8 8 8 0.06 
45                   ECOL TTSH Singapore 2.62 8.76 -15.2 -12.41 -12.33 -4.93 -10.49 +/+ 4 0.06 0.05 0.016 4 2 0.06 0.0159
49 KPNE NTUH Taiwan -8.2 -10.45 -14.61 -16.62 -25.75 -3.35 -14.34 +/+ 4 1 64 0.25 16 32 8 0.25 
50 KPNE NTUH Taiwan -8.99 -11.97 -1.74 -16.39 -26.3 -5.06 -14.81 +/+ 4 1 64 0.25 16 32 16 0.25 
90 KPNE NTUH Taiwan 0.07 4.66 -21.63 -12.95 -17.43 -3.97 -12.87 +/+ 4 0.06 32 0.03 4 1 4 0.03 
41 ECOL TTSH Singapore -10.86 -13.24 -10.86 -13.24 -15.18 -4.04 -9.31 +/+ 16 0.25 128.1 0.06 >16 8 16 0.06 
48 KPNE NTUH Taiwan -9.44 -9.99 -12.81 -14.42 -21.52 -4.16 -20.93 +/+ 16 1 128 0.25 >16 16 32 0.125 
91                   

                   
                   

ECOL NTUH Taiwan 3.43 9.41 -13.24 -13.44 -18.16 -3.73 -13.97 +/+ 16 0.25 2 0.06 >16 32 1 0.125
24 KPNE RAH Australia 1.07 -3.21 -25.33 -14.35 -20.2 -4.85 -14.57 +/+ 32 0.25 8 0.06 >16 4 1 0.06
52 ECOL RAH Australia 5.01 8.96 -14.46 -14.71 -20.01 -3.28 -11.65 +/+ 32 0.25 4 0.03 >16 4 1 0.03
57 KPNE PAH Australia -8.04 -9.2 -18.97 -13.9 -16.94 -5.676 -12.81 +/+ 32 1 128 0.125 >16 4 16 0.06 
64                   

                   
                   
                   
                   
                   
                   

KPNE TTSH Singapore 1.9 0.23 -18.28 -14.38 -16.25 -0.96 -12.1 +/+ 64 0.5 4 0.06 >16 8 0.5 0.06
88 KPNE CGMH Taiwan 3.96 2.79 -8.08 -12.72 -18.21 -3.81 -20.21 +/+ 64 0.25 8 0.06 >16 4 2 0.06
97 KPNE BKP South Africa 1.84 6.39 -3.37 -13.34 -16.64 -3.22 -11.37 +/+ 64 0.25 8 0.03 >16 4 2 0.03
43 KPNE TTSH Singapore 5.82 -0.45 -17.19 -13.45 -19.62 -2.34 -16.31 +/+ 128 0.5 8 0.125 >16 16 2 0.125
13 ECOL RAH Australia 7.66 13.72 -13.35 -15.52 -14.59 4.35 -17.15 +/+ 128.1 2 64 0.25 >16 >32 16 0.06
39 KPNE TTSH Singapore 1.58 5.5 -16.68 -13.23 -17.24 -3.08 -12.73 +/+ 128.1 8 128.1 8 >16 >32 32.1 2
51 KPNE NTUH Taiwan -0.02 5.98 -14.82 -12.68 -17.02 -3.33 -14.69 +/+ 128.1 1 128 0.06 >16 8 16 0.06
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Table 4.14 blaTEM and blaCTX-M isolates 

Number Species Location 
blaTEM 
∆CT 

prom

blaTEM 
∆CT  

164 H

blaTEM 
∆CT 

164 S

blaTEM 
∆CT  
238 

blaTEM 
∆CT  
240 

DDST CAZ ε CAZ ε /
CA4φ CTR ώ CTR ώ /

CA4φ AZ T θ CTX# CPMЌ CPMЌ/
CA4φ

74 ECOL QMH Hong Kong -19.2 -11.81 -17.22 -5.96 -11.37 +/+ 0.5 0.125 32 0.125 2 16 4 0.06 
94           

          

       
       
            
              

ECOL CGMH Taiwan -8.68 -12.83 -15.69 -2.85 -12.19 +/+ 1 0.25 32 0.06 2 2 4 0.03
28 ECOL QMH Hong Kong -19.36 -16 -25.17 -3.73 -14.56 +/+ 1 0.25 128.1 0.125 4 16 8 0.06 
66 ECOL TTSH Singapore -14.92 -14.38 -17.14 -2.41 -11.09 +/+ 2 0.25 128 0.06 8 16 16 0.125
67 ECOL QMH Hong Kong -16.87 -13.64 -15.91 -0.12 -7.07 +/+ 2 0.25 128 0.06 8 >32 16 0.125
77 ECOL QMH Hong Kong -11.93 -11.87 -14.97 -2.25 -11.47 +/+ 2 0.25 128 0.06 8 8 8 0.06 
26 ECOL QMH Hong Kong -24.03 -13.72 -17.91 -3.08 -13.01 +/+ 8 0.5 128.1 0.25 >16 16 32 0.125
21 ECOL TTSH Singapore N/D -14.77 -25.99 -4.15 -10.43 +/+ 32 0.25 128.1 0.06 >16 8 16 0.125
44 ECOL TTSH Singapore -12.63 -14.7 -16.27 -5.24 -12.11 +/+ 32 0.25 128.1 0.125 >16 8 32.1 0.06
53 ECOL RPH Australia 20.11 -4.55 10.21 1.25 -8.91 +/+ 32 0.5 4 0.03 >16 32 1 0.03
86 ECOL CGMH Taiwan 12.06 2.38 5.27 1.41 -15.09 +/+ 64 0.25 8 0.06 >16 2 1 0.03

N/D = no PCR product was generated 

*KPNE  = K. pneumoniae; ECOL = E. coli 
# CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 
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The remaining three multiple β-lactamase isolate groupings all contain 

blaAMP-C in conjunction with other β-lactamases.  All five isolates in tables 

4.15, 4.16 and 4.17 exhibit Amp C phenotypic characteristics.  blaSHV 238 

and 240 mutant alleles are most likely responsible for increased cefepime 

MIC’s (≥ 1 µg/ml) for isolates 69, 56, 80 & 81. 

 

Two isolates were PCR negative for all β-lactamase gene families tested 

(Table 4.18).  However, phenotypic analysis of isolates 27 & 29 showed 

characteristic CTX-M β-lactamase phenotypes.  Once again this result  

indicates that the blaCTX-M primer set used in these experimental procedures 

may not successfully amplify all blaCTX-M genotypes. 
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 Table 4.15 blaTEM, blaCTX-M, blaAMP-C and blaSHV isolates 

*KPNE  = K. pneumoniae; ECOL = E. coli  # CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 

 

Table 4.16 blaTEM, blaAMP-C and blaSHV isolates  

 
Number Species Location

bla   
∆C  
238 

SHV

T

blaSHV  
∆CT 
240 

blaTEM 
∆CT 

prom 

blaTEM 
∆CT  

164 H 

blaTEM 
∆CT 

164 S 

blaTEM 
∆CT  
238 

blaTEM 
∆CT  
240 

DDST CAZ ε CAZ ε / 
CA4φ CTR ώ CTR ώ / 

CA4φ AZ T θ CTX# CPMЌ CPMЌ/ 
CA4φ

80                   KPNE QMH Hong Kong 3.77 10.5 -16.15 -14.3 -19.12 -3.01 -16 -/- 128 128 8 4 >16 >32 2 0.125
81 KPNE QMH Hong Kong 1.99 8.79 0 -4.6 -17.8 -1.31 -8.81 +/+ 128.1 128 128 16 >16 >32 16 0.25 

 
Number Species   Location

blaSHV  
∆CT 
238 

blaSHV  
∆CT 
240 

blaTEM 
∆CT 

prom 

blaTEM 
∆CT  

164 H 

blaTEM 
∆CT 

164 S 

blaTEM 
∆CT  
238 

blaTEM 
∆CT  
240 

DDST CAZ ε CAZ ε / 
CA4φ CTR ώ CTR ώ / 

CA4φ AZ T θ CTX# CPMЌ CPMЌ/ 
CA4φ

69                  KPNE TUH Japan -0.6 4.37 0 -13.95 -19.93 -4.65 -13.16 -/- 128 128 16 4 >16 >32 2 0.25
56                   KPNE MMC Philippines -0.93 4.93 -22.86 -14.31 -18.75 -5.4 -13.15 -/- 128 64 8 2 >16 >32 1 0.06

*KPNE  = K. pneumoniae; ECOL = E. coli  # CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 

 
Table 4.17 blaCTX-M and blaAMP-C isolates  

Number   Species Location DDST CAZ 

ε
CAZ ε / 
CA4φ CTR ώ CTR ώ / 

CA4φ
AZ T 

θ CTX# CPMЌ CPMЌ/ 
CA4φ

82 ECOL QMH Hong Kong -/- 4 N/D 0.5 N/D 4 >32 <=0.12 N/D

Number   Species Location DDST CAZ 

ε
CAZ ε / 
CA4φ CTR ώ CTR ώ / 

CA4φ
AZ T 

θ CTX# CPMЌ CPMЌ/ 
CA4φ

27 ECOL QMH Hong Kong +/+ 0.5 0.125 128.1 0.06 4 2 4 0.03 
29 ECOL QMH Hong Kong +/+ 8 2 128.1 0.5 16 >32 32 0.25 

*KPNE  = K. pneumoniae; ECOL = E. coli # CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 

*KPNE  = K. pneumoniae; ECOL = E. coli # CTX : Cefotaxime; ε CAZ: Ceftazidime; θ AZT: Aztreonam; ώCTR: Ceftriaxone; φCA4: Clauvanic acid; ЌCPM: Cefepime 

Table 4.18 No blaTEM, blaCTX-M, blaAMP-C or blaSHV detected 
 

 



4.4 Discussion 
The over-arching hypothesis for this thesis component was that a small 

number of spectrum-extending mutations can be used to predict an isolate’s 

ESBL status. We have used a rather simplistic approach to determine an 

isolates ESBL status by looking at mutations at critical sites within blaSHV and 

blaTEM.  However, it is noted that an ESBL resistance phenotype can be 

dependent on a complex interplay between several diverse gene families. 

 

It appears that ESBL mediated resistance can be very simplistic with only 

one β-lactamase involved (as seen in the PAH isolates), or complex in nature 

involving many β-lactamases from unrelated families (SENTRY isolates).  An 

unexpected finding was the high prevalence of blaCTX-M, with 51% carriage 

rate among the SENTRY isolates.  The prevalence of blaCTX-M may be 

greater than this number, as phenotypic resistance profiles suggest some 

isolates contained a CTX-M β-lactamase, but were not detected by the PCR 

method developed.  Numerous new CTX-M β-lactamase enzyme variants 

have been isolated within the last 5 years.  Like the SHV and TEM β-

lactamases, CTX-M variants have been sub-classified by amino acid 

similarities. However, unlike SHV and TEM family variants, the alignment and 

dendrogram analyses of CTX-M variants shows that members of CTX-M 

form five separate evolutionary divisions (Bonnet et al. 2001).  It is still 

unclear if the evolutionary relationships of these five groups is analogous to 

that of SHV and TEM β-lactamases, and as such if these two CTX-M groups 

should be renamed to reflect this divergence.  

 

The presence of ESBL negative (DDST neg) blaCTX-M isolates suggests that 

the mere carriage of this resistance gene does not confer a resistance 

phenotype.  PCR contamination with amplicon could attribute to this 

observed result.  However, it is considered unlikely as all non-template PCR 

controls for blaCTX-M detection reactions were negative.  This result suggests 

that an increase in blaCTX-M copy number, or the presence of a stronger 

promoter must be necessary for phenotypic CTX-M mediated resistance.  

Such mechanisms have not been investigated and could be a target for 

further research in this area. 
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The detection of multiple β-lactamase families within single isolates has 

complicated the process of detecting the ESBL status of an isolate via a PCR 

based diagnostic assay.  However, in general a high ratio of blaSHV 238 and 

240 mutant alleles to corresponding wild-type alleles was still correlated with 

DDST-positive (ESBL), high MIC phenotypes.  Exceptions were usually 

explained by the presence of blaTEM, blaCTX-M or blaAMP-C.  A relationship 

between ESBL phenotype and blaTEM mutant allele dosage was difficult to 

establish due to the frequent co-existence of blaTEM with other β-lactamases 

within a single isolate.  However, two isolates (53 & 86) did however contain 

a high proportion of mutant alleles at the promoter, 164H, 164S and 238 

polymorphic sites, showing that some mutant 164 blaTEM allele could be 

detected.  The presence of both 164H and 164S mutant alleles suggests that 

at least two blaTEM allelic variants co-exist within a single isolate.  Cloning 

and sequencing was not conducted on whole gene blaTEM PCR product from 

this isolate to determine the exact configuration and association of mutant 

alleles.  The blaTEM promoter and tem164hisMT promoter sets have not been 

validated.   

 

Future work could involve the validation of these primer sets by a method 

analogous to that reported in Chapter 3.  Previous enzyme modelling by 

Knox et al. (1995) has shown that 164 substitutions function in much the 

same fashion as G238S, by opening the active site of the β-lactamase 

enzyme.  It would be of interest to determine if the 164H and 164S mutation 

are found in cis with G238S, maximising active site availability, or if they are 

located on separate alleles to the G238S as an in-cis configuration has a 

detrimental effect on enzyme kinetics.  

 

Due to the numerous β-lactamase gene families that may be implicated with 

ESBL resistance, it appears that phenotypic detection of ESBL producers are 

presently a more accurate method than that of the molecular based 

counterparts reported in this chapter.  However, even if the real-time kinetic 

PCR method cannot be used to determine an isolate’s ESBL status, this 

method may be of use in the interrogation of specific bla mutation markers in 
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diverse genealogic lineages.  For example the research techniques 

developed could provide a bank of gene identification and characterisation 

tests that are useful in tracking the gene dispersion and evolution of ESBL 

organisms. 
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Chapter 5 
Characterisation of blaSHV promoter regions 
 
5.1 Introduction 
Although numerous other studies have found the existence and multiple blaSHV 

alleles, the molecular basis for the co-existence of multiple blaSHV alleles within 

a single isolate is not well understood.  As highlighted by Ford and Avison 

(2004), little is known about the differing genetic environment in which blaSHV is 

located and how such environments may contribute to the overall ESBL 

resistance potential of an isolate.   

 

In this aim, blaSHV promoters were investigated. Previous whole genome 

analysis of Klebsiella pneumoniae MGH78578 has shown two differing 5` 

proximal blaSHV sequences co-exist within a single isolate (Ford and Avison, 

2004).  One of the 5` proximal sequences found contains the IS26 element, 

which has been shown to have a dual function, that of catalysing blaSHV 

mobilization events (Ford and Avison, 2004), and increased transcription 

(Podbielski et al. 1991A).  Therefore, within the scope of this project, it was of 

interest to determine if different 5` proximal sequences are associated with 

blaSHV copy-number variation within single isolates. 

 

Research described in Chapter 3 has shown that multiple blaSHV alleles are 

frequently found within single isolates.  It was also of interest to determine if 

mutant alleles are co-localised with particular 5` proximal elements, and if this 

co-localisation of mutant alleles with IS26 offers greater selective advantage.  It 

was also investigated whether homologous recombination processes affect the 

aforementioned associations.  A previous study by Kim et al. (2002), 

hypothesised that the point mutation that confers the L35Q substitution that 

defines SHV-11, SHv-2a and SHV-12 was coincident with the acquisition of the 

IS26 insertion in the promoter.  This study was limited to a selection of isolates 
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from Korea. It was of interest to determine if this coincidence between the L35Q 

residue substitution and IS26 insertion is also present in the PAH isolates.  To 

answer these questions, methods have been developed and applied to 21 PAH 

Klebsiella pneumoniae isolates.  

 

 

5.2 Materials and methods 
5.2.1 Partial digestion of genomic DNA 
The concentration of bacterial DNA extract by procedure 2.3.2 was determined 

by U.V. spectrometry.  Partial digestion of genomic DNA was performed with 

0.025 U of SalI enzyme / per µg of bacterial genomic DNA for 30 minutes.  The 

reaction was stopped by incubating the digest at 96°C for 5 minutes.   An 

aliquot was subjected to gel electrophoresis using a 0.7% agarose gel, TBE 

buffer and 100v for 1 h to visualise the partial digestion of genomic DNA.  The 

remainder of the sample was precipitated with 0.1 vol of NaAcetate and 2X vol 

of 100% EtOH.  The pellet washed with 100 µl 70% EtOH and re-suspended in 

T.E. Buffer ready for ligations. 

 
5.2.2 Elucidation of the blaSHV flanking sequence in isolate I1 

A gene library of isolate I1 was constructed using λ EMBL3 Packagene system 

(Promega) in accordance with manufacturer’s instructions.  Resultant plaques 

were transferred to nitrocellulose filters (Roche) for screening with nucleic acid 

probes.  DIG labelled blaSHV PCR product was generated using primer set 

SHVF/Shv238reverse (Table 5.1) with DIG labelled dNTP nucleotide mix 

(Roche).  Hybridisations using DIG labelled PCR product were then performed 

using DIG Easy Hyb kit, Anti-DIG antibody (Roche) and CDP-star (Roche) 

according to manufacturer’s instructions.  Hybridising plaques were selected 

and lysate preparations made by the liquid culture method, and recombinant λ 

DNA was isolated by a miniprep procedure.  Lysate preparations and minipreps 

were performed according to manufacturer’s instructions.  Purified recombinant 

λ was restriction digested with Sal 1, BamH1, EcoR1 and double digested with 

 86



Sal1/BamH1, Sal1/EcoR1 and BamH1/EcoR1.  Restriction digestion reactions 

were subjected to gel electrophoresis using a 0.7% agarose gel, with TBE 

buffer at 40v for 20 hours.  Gels were then transferred to nylon membranes and 

Southern blotted with blaSHV DIG labelled probe.  Restriction fragments 

containing sequence complimentary to the blaSHV probe, and of suitable size for 

cloning and sequencing were cloned into appropriately digested pBlueScriptII.  

White colonies (transformants) were selected and grown overnight in LB 

ampicillin medium (LB amp) and recombinant plasmid purified by alkaline lysis 

plasmid miniprep procedure.  The recombinant plasmid inserts were then 

sequenced using primer-walking methods.  The complete insert sequence was 

compared to all known sequence using the BLASTN program (NCBI). 

 
5.2.3 Cloning and analysis of blaSHV genes and gene fragments. 
PCR amplicons were generated from isolates B2, K2, J3, D1, L1, A1, J2, I1 

using primer sets that amplify all blaSHV variants (SHV-F/Shv238reverse) to give 

an amplicon of 471bp.  These isolate set was chosen it contains at least one 

isolate from each of the distinct clusters separating isolates found in chapter 3.  

Primer sequences that amplify the 5’ end of blaSHV together with the upstream 

flanking sequence (pr-F/ Shv238reverse and pr::IS26-F/ Shv238reverse) to give 

amplicons of 888bp and 939bp respectively (Table 5.1).  Amplification products 

of appropriate size were cloned using the pGEM-T Easy plasmid kit (Promega), 

and JM109 high efficiency electro-competent Escherichia coli cells prepared as 

described in section 2.4.  Twenty clones were selected for each strain and 

plasmid miniprep isolations were carried out for use in subsequent sequencing 

and real-time PCR interrogation analysis.  Plasmid miniprep solutions diluted 

400 fold were used as template for real-time PCR clone screening.  Real-time 

PCR interrogation of clones was performed using the kinetic PCR method 

described (section 3.2.2).    
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5.2.4 Relative quantitation using real-time PCR 
Real-time PCR was used to determine inter-isolate relative copy numbers of 

total blaSHV and blaSHV in cis with different flanking sequences.  The primers 

used are shown in table 5.1. The comparative CT method (user bulletin 2, ABI 

PRISM 7000 sequence detection system; Applied Biosystems) was used.  

Amplification of an endogenous control was used to standardise the amount of 

sample DNA added to each reaction.  For the quantitation of blaSHV target gene 

copy we have used the bacterial 16S rRNA gene as the endogenous control.  

Quantitation of blaSHV target copy number was undertaken using the 

comparative CT method (user bulletin 2, ABI PRISM 7000 sequence detection 

system; Applied Biosystems).  The comparative CT method uses data 

transformation formulas to determine  relative quantitation of blaSHV target.  

blaSHV target is normalised to the 16S rRNA endogenous reference and 

expressed relative to a calibrator isolate.  The equation used for the data 

transformation is 2 -∆∆CT.  An assumption of this transformation is that the 

efficiency of the blaSHV target and the 16S rRNA endogenous reference is 

approximately equal. 

 

The efficiency between target and reference reactions was investigated using 

validation experiments which assess the efficiencies of both target and 

reference amplification reactions (user bulletin 2, ABI PRISM 7000 sequence 

detection system; Applied Biosystems).  Briefly, this method involves 

construction of two-fold serial dilutions of DNA extracted from isolate I1.  

Dilutions were then subjected to quantitative real-time PCR, in triplicate, to 

construct standard curves for each primer set.  The average Ct value for each 

amplification reaction was calculated, and ∆Ct calculated by subtracting the 

reference Ct (16S Primer Set) from the gene of interest Ct for each dilution.  If 

the amplification efficiencies of the two amplicons (reference and gene of 

interest) are approximately equal over the template dilution range, a plot of log 

quantity of template versus ∆CT should have a slope in the interval of > -0.1 to < 

0.1. 
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While the comparative CT method can be used to estimate the absolute ratio 

between the copy numbers of the same target in different isolates, it cannot be 

used to determine the absolute copy number ratio of different targets. The 

approach taken to estimating this parameter was to assume that the total 

amount of blaSHV in any given isolate is equal to the amount of blaSHV in cis with 

flanking sequence 1 plus the amount of blaSHV in cis with flanking sequence 2 

(see results section). The relative copy number data from two different isolates 

were then used to generate simultaneous equations, the solution of which 

provided an estimation of the absolute copy number ratios of the different 

targets.    

 

5.2.5 Typing by pulsed-field gel electrophoresis (PFGE).  
Isolates were streaked from glycerol stocks onto Mueller Hinton II agar and 

incubated at 37°C for 24 hours.  A single colony from each isolate was then 

selected and grown in 3 ml of Mueller Hinton II Broth at 37°C for 20 hours with 

gentle agitation. The control strain used for PFGE experiments was K. 

pneumoniae ATCC13883.  DNA was extracted from isolates, digested with Xba 

I and subjected to PFGE using GenePath Group 6 Reagent Kit (Bio-rad) as per 

manufacturer’s instructions.   
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Table 5.1  Primers for kinetic and relative quantitation PCR.  3` terminal bases 

for allele specific oligonucleotides are underlined. 

Primer Name Gene  Annealing 
Region Ђ

Primer Sequence 5`-3` 

16sAllBactF 16s rRNA  (+) 1297/1318 TCCATGAAGTCGGAATCGCTAG 
16sAllBactR 16s rRNA  (-)  1374/1392 CACTCCCATGGTGTGACGG 
SHV-F blaSHV  (+)  310/327 TCAGCGAAAAACACCTTG 
Pr-F pNSF-1# (+) -107/-82 GATGAAGGAAAAAAGAGGAATTGTGA 
SHVquantF blaSHV (+)  730/748 TGCTTGGCCCGAATAACAA 
SHVquantR blaSHV (-)  766/786 GCGTATCCCGCAGATAAATCA 
Pr::IS26-F pMPA2a* (+) -158/-141 CCGGCCTTTGAATGGGTT 
Prquant-R blaSHV (-)  -3/24 TAATACACAGGCGAATATAACGCATAAC
Shv35mt blaSHV (+) 70/91 AGCCGCTTGAGCAAATTAAACA
Shv35wt blaSHV (+) 70/91 AGCCGCTTGAGCAAATTAAACT
Shv35reverse blaSHV (-) 174/194 CATCATGGGAAAGCGTTCATC 
Shv238reverse blaSHV (-)  770/781 CGGCGTATCCCGCAGATAA 

# Genbank accession No: AF282921, as reported by Fortineau et al (2001). 
* Genbank accession No: X84314, as reported by Nuesch-Inderbinen et al. 

(1995) 
Ђ Relative nucleotide positions from blaSHV start codon 
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5.3 Results  
5.3.1 Characterisation of sequences flanking blaSHV in isolate I1.  
To further understand the molecular basis for the co-existence of different 

blaSHV alleles, blaSHV 5` proximal sequences were cloned and characterised.  

Isolate I1 was selected, as this isolate is an ESBL producer and displays high 

MIC’s to expanded spectrum β-lactams. To avoid prejudging the nature of the 

upstream sequences, a cloning-based approach (as opposed to PCR) was 

used.  A λEMBL3 library of partially Sau3A cleaved DNA was constructed. The 

recombinant phage titre was determined to be 2x106 pfu/ml with a packaging 

efficiency 2x106 recombinants/µg DNA at approximately 200 plaques present 

per plate.  The average size of the K. pneumoniae genome is 6MB 

(www.genome.wustl.edu/projects/bacterial).  If the average insert size is 

approximately 20kb, one genome coverage is achieved with 300 plaques.  Ten 

plates (~2000 plaques) were screened by plaque hybridisation with a blaSHV-

derived probe.    Two hybridising plaques, λI1-3 and λI1-9, were selected and 

their genomes purified.  Restriction analysis revealed the inserts were 22-24 kb 

in size (figure 5.1A). There was no discernible overlap, i.e., there was no 

commonality of restriction fragments. Southern hybridisation indicated that both 

inserts carry blaSHV, and confirmed that the two inserts represent different 

genetic environments for blaSHV (figure 5.1B). Hybridising fragments were 

subcloned, sequenced and were found to be identical to the two previously 

described blaSHV promoter regions.  The cloned fragment from I1-9 was found to 

contain an IS26 element insertion next to the -10 upstream region, as has been 

reported for plasmids pMPA2a (Podbielski et al. 1991B;Nuesch-Inderbinen et 

al. 1995).  The cloned fragment from I1-3 did not contain an IS26 element and 

was homologous to the prototype SHV-1 upstream region (Podbielski et al. 

1991B;Podbielski et al. 1991A).  A schematic of the 5` proximal regions isolated 

and sequenced is given in figure 5.2, with a detailed comparison of the 

promoter regions in figure 5.3.  In the interests of clarity the two promoter 

regions in cis with blaSHV have been termed pr::IS26- blaSHV and pr-blaSHV.  The 
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genomes of an additional eight hybridising phages were subject to restriction 

analysis. All were identical to λI1-3.  

 

5.3.2 Inter-isolate relative copy numbers of blaSHV variants 
To further understand the relationship between blaSHV 5` proximal sequence, 

blaSHV and the ESBL resistance status of an isolate, the copy number of blaSHV 

elements was determined.  In order to meaningfully measure relative copy 

numbers using real-time PCR, several normalisation steps were required.  

 

Before quantitation of the blaSHV elements, the validity of each primer set was 

established by assessing the efficiency between target and reference reactions. 

The slope of each plot for all four primer sets was found to fall within the defined 

valid interval of -0.1 to 0.1 (user bulletin 2, ABI PRISM 7000 sequence detection 

system; Applied Biosystems) (Figure 5.3); therefore the relative quantitation 

method could be used to investigate whether a relationship exists between total 

blaSHV, pr::IS26- blaSHV and pr-blaSHV copy numbers and isolates resistance 

status. 

  

Once the validity of the primer sets was established, ∆CT values for each isolate 

were determined by subtracting the average 16S rRNA reaction CT value from 

the average total blaSHV CT, prI1-SHV1 blaSHV CT and prI1-IS26 blaSHV CT 

values.  The ∆∆CT (a measure of the target copy number compared to 

calibrator) was then calculated by subtracting the calibrator isolate ∆CT value 

(isolate K2) from every isolates ∆CT.  This step represents the subtraction of an 

arbitrary constant, namely that of the calibrator’s ∆CT,  resulting in a 2 -∆∆CT 

value of the total blaSHV, prI1-SHV1 blaSHV and prI1-IS26 blaSHV targets in the 

calibrator isolate normalized to 1.  Manipulation and transformation of ‘raw’ CT 

data to relative quantitation data is shown in table 5.2. 
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 Figure 5.1 Restriction analysis and Southern hybridisation analysis of I1-3 
and I1-9. A: Insert size 22-24 kb in size (addition of fragments).  Restriction 

fragment patterns between I1-3 and I1-9 share no commonality; therefore 

appear to be different gene regions.  B:  Southern blot identifying fragments that 

contain blaSHV.  To be used for sequence analysis. 
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Figure 5.2  Representation of the blaSHV upstream flanking regions for pr::IS26- 

blaSHV (A) and pr-blaSHV (B) cassettes.  Expanded nucleotide sequences in the 

5` upstream region of cassettes are shown with homology between regions 

defined by a dotted line. The pr::IS26- blaSHV cassette contains the IS26 

element inserted next to the -10 region (Podbielski et al. 1991A). The pr-blaSHV 

cassette does not contain an IS26 element. 

Pr::IS26-F  Start CodonIS26-IRL
CCGGCCTTTGAATGGGTTCATGTGCAGCTCCATCAGCAAAAGGGGATGATAAGTTTATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTTGTCGCTTCTTTACTCGCCTTTATCGGCCTTCACTCAAGGATGTATTGTGGTTATG

TTAGGCAGGGCTAGATATTGATTATTCGAAATAAAAGATGAAAAATGATGAAGGAAAAAAGAGGAATTGTGAATCAGCAAAACGCCGGGTTATTCTTATTTGTCGCTTCTTTACTCGCCTTTATCGGCCTTCACTCAAGGATGTATTGTGGTTATG

-35Tnp26L Start -10

A. pr::IS26- blaSHV  
blaSHV 

Codon 238 & 240

Pr-F 
-10

= 100bp 

B. pr-blaSHV

blaSHV

Codon 238 & 240
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Figure 5.3 A.  Comparison of IS26::blaSHV promoter regions between studies.  

Sequencing data obtained in this study to that of Podbielski et al. (1991A); and 

whole genome Klebsiella pneumoniae MGH78578 has shown that the IS26 

insertion site in the 5` proximal blaSHV region appears to be conserved.  B.  

Comparison of blaSHV promoter regions between studies.  Comparison of 

sequence presented by Kim et al. (2002) and NCBI entry AF282921 shows  that 

I1-3 characterised in this study is identical to previous studies. 

 
A. IS26::blaSHV promoter region  

ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTT
-35 -10 

I1-9 (This study) 

ATCACCACCGACTATTTGCAA
Podbielski et al. 1991A  

 

 

CAGTGCCAACGCCGGGTTATTCTTATTT
ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTT

K .pn Genome MGH78578 

B. blaSHV promoter region 

GAAAAAAGAGGAATTGTGA
-35 

ATCAGCAAAACGCCGGGTTATTCTTATTT 
-10 

I1-3 (This study) 

GAAAAAAGAGGAATTGTGAATCAGCAAAACGCCGGGTTATTCTTATTT Kim et al. (2002) 

GAAAAAAGAGGAATTGTGAATCAGCAAAACGCCGGGTTATTCTTATTT AF282921 
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Figure 5.4 Relative Quantitation Validation Graphs. Plot of log I1 dilution versus 

∆CT (Target Gene CT – 16SrRNACT) . A: total blaSHV B: prI1-SHV1 blaSHV C: 

prI1-IS26 blaSHV
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Table 5.2 Example of data manipulation by comparative CT method for total 

blaSHV.  Measured CT values for real-time tracking of 16SrRNA and total blaSHV 

are averaged and the standard deviation (SD) calculated.  The total blaSHV ∆CT 

is then calculated by subtracting mean 16SrRNA CT from total blaSHV CT .  The 

combined standard deviation is determined using formula:  ∆CT S.D. = √ (SD 16s2 

+ SD Total blaSHV
2).  The ∆∆CT value for each isolate was then calculated by 

subtracting the calibrator isolates (K2) ∆CT for each indiviual isolate’s ∆CT (ie. 

B2 ∆∆CT = 2.56-1.22).  As this conversion represents subtraction of an arbitary 

constant (calibrator ∆CT) the standard deviation remains constant.  The final 

conversion step (2-∆∆CT) allows the data to be expressed as a relative fold 

change to that of the calibrator isolate.  An error interval for relative fold 

changes was calculated by adding and subtracting the Total blaSHV ∆CT SD  

from the ∆∆CT value and apply to 2-∆∆CT transform to derived values (error 

intervals are shown in Table 5.3). 

Isolate Average 
 16s 

16s 
SD 

Mean 
Total 
blaSHV

Total 
blaSHV  

SD 

Total 
blaSHV 
∆CT  

 

Total 
blaSHV 
∆CT  
SD 

∆∆ CT 
 

 
 

2-∆∆ CT

 

B2 11.55 0.15 14.10 0.03 2.56 0.15 1.34 0.396 

M1 13.39 0.27 15.78 0.13 2.39 0.30 1.17 0.444 

K2 11.85 0.09 13.07 0.06 1.22 0.11 0.00 1.000 

K1 11.71 0.05 14.53 0.12 2.81 0.13 1.59 0.331 

J5 11.37 0.11 13.12 0.10 1.74 0.15 0.52 0.696 

J3 11.30 0.09 14.31 0.14 3.01 0.17 1.79 0.289 

L2 11.85 0.23 14.41 0.31 2.56 0.38 1.34 0.395 

F2 12.95 0.24 14.52 0.17 1.57 0.29 0.35 0.785 

J4 11.11 0.15 11.43 0.09 0.31 0.18 -0.91 1.875 

E1 12.10 0.10 13.91 0.20 1.81 0.22 0.59 0.664 

A1 11.61 0.13 13.17 0.08 1.55 0.15 0.33 0.794 

B1 11.84 0.13 13.67 0.23 1.83 0.26 0.61 0.655 

F1 11.53 0.03 13.25 0.10 1.72 0.10 0.50 0.707 

D1 11.53 0.09 11.98 0.10 0.45 0.13 -0.77 1.701 

L1 11.74 0.22 13.26 0.08 1.53 0.23 0.31 0.809 

C1 12.03 0.11 13.51 0.11 1.48 0.15 0.26 0.835 

J1 11.72 0.14 12.99 0.25 1.27 0.29 0.05 0.968 

J2 11.95 0.11 12.41 0.06 0.46 0.13 -0.76 1.693 

G1 12.25 0.03 11.91 0.24 -0.34 0.24 -1.56 2.955 

I1 12.33 0.13 11.34 0.05 -0.99 0.14 -2.21 4.616 

H1 12.37 0.05 10.55 0.10 -1.82 0.11 -3.04 8.244 
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Total blaSHV, pr-blaSHV and pr::IS26- blaSHV relative quantitation data were then 

further processed to provide an approximate indication of relative copy numbers 

between different targets within individual isolates. This was accomplished by 

solving simultaneous equations derived from the data from isolates K2 and H1, 

which were chosen because they spanned a wide range of pr1-26 copy 

numbers (Figure 5.5A). These equations stated that, for both of these isolates, 

the copy number of the total blaSHV equalled the copy number of pr-blaSHV + 

pr::IS26- blaSHV. The solution to these equations was that in isolate K2 there is 

8.8 times as many copies of pr::IS26- blaSHV  than there is of pr-blaSHV. This 

figure was then used to normalise the copy numbers of the other targets in all 

the other isolates.  This is shown in Table 5.3. 

 

It would be expected that pr-blaSHV copy number + pr::IS26- blaSHV copy number 

= total blaSHV copy number for all the isolates. If this were not the case, then 

either the copy number determinations did not provide meaningful results, 

and/or blaSHV exists in cis with an undiscovered flanking sequence. Therefore, 

the correlation between total blaSHV and pr-blaSHV + pr::IS26- blaSHV was 

determined (Figure 5.5). A linear relationship exists between these two 

independently determined parameters, the slope of the line approximates to 1 

and the intercept is close to the origin. This demonstrates that the inter-isolate 

copy number variations are not experimental artifacts, and essentially eliminate 

the possibility that blaSHV gene exists with an undetected different upstream 

sequence in any of the isolates analysed.  It can be seen in Table 5.3 that pr-

blaSHV displays very little copy number variation and is present in all isolates, 

while pr::IS26- blaSHV is not universally present and displays considerable copy 

number variation. Also, the isolates with the highest resistance levels 

possessed the highest copy numbers of pr::IS26- blaSHV.  These data confirm 

the relationship between copy number and resistance levels and suggest that 

pr::IS26-blaSHV is plasmid-borne while pr-blaSHV is located either chromosomally 

or on a plasmid with very tight copy number control. 
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Figure 5.5 Transformation and validation of relative quantitation data 

A: Simultaneous equation solution for blashv relative quantitation data. 
Total blaSHV= x ; pr::IS26- blaSHV = y ; pr-blaSHV = z 

x = y + z 

let x = 1 

1 = y+ z    . . . Equation 1 (Isolate K2) 

Applying relative quantitation values for isolate H1 

8.24 = 9.04y + 1.21z  . . . Equation 2 (Isolate H1) 

y = 0.9115 – 0.1338z 

Substitute y into Equation 1 

1 = 0.9115 – 0.1338 z + z 

z = 0.10217 

y = 0.897 

 

 
B: Correlation of relative quantitation data 
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Table 5.3  Relative quantitation of total cellular blaSHV; putative replicons and 

PFGE.  PFGE results were interpreted using Tenover et al. (1995) criteria.  

Isolate DDST AZT CAZ CTX blaSHV
pr::IS26- 

blaSHV
pr-blaSHV

Pulsotype 

B2 - 0.03 0.13 0.03 0.396 ώ

0.356-0.440* 
NIL 0.082 

0.075-0.090 
D 

K2 - 0.03 0.13 0.03 1.00 
0.929-1.076 

0.897 
0.783-1.028 

0.102 
0.089-0.117 

A 

M1 - 0.03 0.13 0.03 0.444 
0.360-0.548 

NIL 0.128 
0.102-0.161 

C 

K1 - 0.06 0.5 0.06 0.331 
0.302-0.363 

NIL 0.178 
0.150-0.211 

B 

J5 - 0.06 0.5 0.13 0.696 
0.627-0.773 

0.417 
0.395-0.441 

0.175 
0.163-0.188 

A4 

J3 - 0.13 0.5 0.13 0.289 
0.258-0.324 

NIL 0.197 
0.161-0.242 

A2 

L2 - 0.13 0.25 0.25 0.395 
0.303-0.515 

NIL 0.124 
0.101-1.53 

A5 

J4 - 0.25 2 0.13 1.875 
1.657-2.122 

1.986 
1.642-2.402 

0.072 
0.053-0.96 

A2 

F2 + 0.25 0.5 0.5 0.785 
0.643-0.958 

0.313 
0.294-0.332 

0.099 
0.094-0.105 

A 

A1 + 0.5 1 1 0.794 
0.716-0.879 

0.433 
0.391-0.480 

0.189 
0.160-0.224 

A 

E1 + 0.5 1 1 0.664 
0.570-0.774 

0.613 
0.503-0.746 

0.197 
0.138-0.282 

A6 

B1 + 1 1 1 0.655 
0.547-0.785 

0.427 
0.384-0.475 

0.150 
0.132-0.172 

A5 

F1 + 1 1 1 0.707 
0.661-0.757 

0.369 
0.307-0.445 

0.084 
0.068-0.105 

A 

D1 + 2 4 4 1.701 
1.556-1.860 

1.721 
1.490-1.987 

0.085 
0.069-0.104 

A1 

L1 + 32 32 1 0.809 
0.689-0.949 

0.319 
0.254-0.400 

0.087 
0.079-0.096 

A 

J2 + 64 32 2 1.692 
1.552-1.848 

1.277 
1.064-1.533 

0.060 
0.018-0.206 

A5 

C1 + 64 64 4 0.835 
0.752-0.927 

0.613 
0.508-0.739 

0.133 
0.114-0.155 

B 

J1 + 64 32 4 0.968 
0.793-1.182 

1.32 
1.16-1.51 

0.124 
0.092-0.167 

A3 

G1 + 128 128 16 2.955 
2.498-3.496 

3.854 
3.418-4.347 

0.158 
0.122-0.206 

A 

I1 + 128 128 16 4.616 
4.203-5.070 

5.241 
4.863-5.648 

0.093 
0.086-0.102 

A 

H1 + 128 128 128 8.244 
7.628-8.909 

8.111 
6.776-9.709 

0.124 
0.102-0.150 

A1 
ώ Average relative quantiation value; * Error interval  
CTX : Cefotaxime CAZ: Ceftazidime AZT: Aztreonam
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5.3.3 PFGE Analysis of Isolates 

Interpretation of DNA restriction patterns generated by PFGE was performed in 

accordance with Tenover et al. (1995).  There was an apparent association 

between pulsotype A and the pr::IS26-blaSHV cassette. All except one of the 

non-pulsotype  isolates (C1) were negative for this cassette while all except one 

of the pulsotype A isolates (L2) carried this cassette (Table 5.3).  The presence 

of pr::IS26-blaSHV in the pulsotype B isolate C1 suggests it is present on a 

transmissible plasmid. However, without more detailed analyses we cannot 

exclude the possibility of pr::IS26- blaSHV  being present on different plasmids in 

different isolates.  

 

5.3.4 Direct determination of the allele copy number ratios of blaSHV genes 
in cis with different flanking sequences.  
In order to determine whether homologous recombination has resulted in the 

blaSHV alleles located on different replicons being in equilibrium within individual 

isolates, PCR products representing blaSHV in cis with the different upstream 

sequences were cloned and analysed. A representative subset of isolates was 

used for this experiment.  Results are shown in Table 5.4. It is clear that in all 

isolates pr-blaSHV is predominantly but not exclusively, wild-type at codons 238 

and 240, while relative copy numbers for the allelic variants of pr::IS26- blaSHV 

vary greatly.  Therefore it may be concluded that the different alleles are not in 

equilibrium within individual isolates, and that pr::IS26- blaSHV exerts the 

dominant effect on resistance phenotype, particularly in the highly resistant 

isolates. 

 

 The proportions of the different alleles are consistent with the observed 

resistance phenotypes. The non-ESBL isolates B2 and K2 have very few 

mutant alleles, the highly resistant J2 and L1 have high proportions of the 

double mutant allele, and the other intermediate resistance isolates have 

intermediate allelic contents.  These data confirm that resistance levels are very 

much a function of mutant allele copy numbers. These data also emphasise the 
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generality of the coexistence of different alleles in these isolates, and clearly 

demonstrate that, despite the effects of homologous recombination, the 

probability that an individual blaSHV gene is mutated is a function of the replicon 

upon with the gene is located.  

 

In context with previous research by Kim et al. (2002) the prevalence of the 

L35Q substitution was determined for each replicon.  They found that all 

sequences analysed possessed the L35Q substitution that differentiates SHV-

1/2/5 from SHV-11/2a/12, irrespective of whether they were derived from pr-

blaSHV or pr::IS26- blaSHV (Table 5.4).  
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Table 5.4 Frequency of G238S and E240K mutations. Determined by cloning of 

pr::IS26- blaSHV and pr-blaSHV PCR products. 

 

pr::IS26- blaSHV pr-blaSHV

Isolate 
35-L 35-Q 238-G 

240-E 
238-S 
240-E 

238-S 
240-K  35-L 35-Q 238-G 

240-E 
238-S 
240-E 

238-S 
240-K 

B2 - - - - - - 100% 95% 5% - 
K2 - 100% 100% - - - 100% 100% - - 
J3 - - - - - - 100% 95% 5% - 
D1 - 100% 5% 90% 5% - 100% 95% 5% - 
L1 - 100% 5% - 95% - 100% 95% 5% - 
A1 - 100% - 100% - - 100% 95% 5% - 
J2 - 100% 70% - 30% - 100% 100% - - 
I1 - 100% 0% 5% 95% - 100% 85% 15% - 
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5.4 Discussion 
The research presented in this chapter represents the continuation of a detailed 

study of a collection of 21 Klebsiella pneumoniae isolates from the Princess 

Alexandra Hospital in Brisbane, Australia.  Previous research with these isolates 

in chapter 3 has shown the co-existence of blaSHV alleles, within a single isolate 

and that resistance levels were strongly correlated with the gene dosages of 

mutant alleles. Such findings suggested that a DNA-based diagnostic assay 

that measures blaSHV allele copy numbers may have utility in determining the 

ESBL status of an isolate. 

 

The main aims of the research conducted in this chapter were to increase the 

understanding of the molecular basis for the blaSHV allele coexistence and copy 

number variations by characterising regions flanking blaSHV.  Regions flanking 

blaSHV were determined using a total cellular DNA λ-cloning approach so that an 

un-biased representation of blaSHV flanking regions could be obtained.   Two 

differing flanking regions carrying blaSHV alleles have been found within most 

isolates, demonstrating that blaSHV exists in at least two genetic environments.  

pr::IS26-blaSHV was not detected within a subset of isolates, and has been found 

to vary in copy number between isolates.  The pr-blaSHV does not appear to 

influence resistance phenotype among isolates, whereas pr::IS26 blaSHV  does 

appear to confer an ESBL phenotype under certain conditions.  Analysis of 

pr::IS26 blaSHV mutant allele frequencies has shown that this replicon is 

probably solely responsible for an isolate’s resistance phenotype.  It appears 

that three different states of this replicon exist within this set of isolates, one of 

which is resultant in an ESBL phenotype.  A non-ESBL phenotype is observed 

when prI1-IS26 is either not present (J3, M1, K1, B2, L2), or present at a 

moderate to high relative copy number with no, or a low, proportion of mutant 

alleles present (K2, J5, J4).  An ESBL phenotype is observed when pr::IS26 

blaSHV is present at a moderate/high relative copy number with a high proportion 

of mutant alleles.    
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Pulsed-field gel electrophoresis was performed to determine if an 

epidemiological link exists between isolates.  Previous studies have shown that 

mixtures of epidemic and nonepidemic strains may exist within the same 

hospital, and that closely related epidemic strains can exhibit diversity with 

respect to resistance profiles, plasmid profiles and bla alleles (Essack et al. 

2001).   The research presented in this thesis chapter has shown that most 

isolates were closely related (pulsotype A). The presence of unrelated isolates 

in the collection, and the difference between the A pulsotypes and the control 

isolate (K. pneumoniae ATCC 13883) demonstrates the A pulsotypes form a 

closely related group within the genus.  With the exception of isolate L2, all 

pulsotype A isolates contain prI1-IS26, suggesting this putative replicon may be 

associated with this pulsotype. L2 may have lost the prI1-IS26 plasmid through 

sub-culturing, although this isolate may also represent an endemic strain in this 

institution that at the time of isolation had not yet acquired the plasmid 

containing the pr::IS26- blaSHV element.  Isolate C1 is pulsotype B and contains 

prI1-IS26, which demonstrates the possibility of transfer and subsequent 

acquisition of an ESBL positive phenotype. 

 

An unexpected aspect of these results was the ubiquity of the un-mutated (wild-

type) pr::IS26-blaSHV. Such arrangements were found in both ESBL- and ESBL+ 

isolates. Thus, it appears that a single plasmid with un-mutated blaSHV was 

introduced into South-East Queensland, or the Princess Alexandra Hospital, 

and mutated derivatives were then selected on one or more occasions. The low 

proportion of pr- blaSHV mutant alleles suggests that if an isolate contains both 

pr::IS26-blaSHV and pr-blaSHV and selection for ESBL expression applied, 

mutations in pr::IS26-blaSHV are more likely to be evolutionarily fixed than 

mutations in pr-blaSHV.  Kim et al. (2002) postulated that the acquisition of both a 

strong promoter and critical residue substitutions in blaSHV greatly contributes in 

the ability of a cell to effectively hydrolyse and detoxify oxyimino cephalosporins 

and monobactams.  This postulate is supported by observations that pr::IS26-

blaSHV has a significant effect on resistance in this set of isolates when coupled 
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in cis with the G238S, G238S + E240K substitutions.  Conversely, this may 

mean that pr-blaSHV would have a much smaller impact on resistance, even 

when coupled in cis with appropriate residue substitutions.  Such a situation 

leads to the hypothesis that the pr-blaSHV expressed at a lower level will be 

subject to lower selection pressure than that of pr::IS26-blaSHV.  This may 

explain why the frequency of G238S and E240K was low for pr-blaSHV.  

 

Analysis of the pr::IS26-blaSHV flanking sequence has shown consensus with 

the 5` upstream region of SHV-11, SHV-2a, SHV-12 which contains the IS26 

insertion yielding a new -35 region.  Previous studies  have shown that the 

SHV-2a, SHV-11, SHV-12  upstream regions containing IS26 act as a more 

efficient promoter in comparison to the SHV-1, SHV-2, SHV-5 upstream 

promoter region of (Podbielski et al. 1991A; Podbielski et al. 1991B) by 

augmenting the rate of gene expression.  Podbielski et al, (1991B) mapped the 

promoter regions of SHV-2a and SHV-2 and found the transcription start points 

differed by 50 nucleotides.  The -10 and -35 recognition sequences for SHV-2 

do not appear to be the same as for SHV-2a.  Further analysis of the SHV-2, -

10 region has shown that it lacks homology with the -10 consensus and has 

therefore been hypothesised to act as a less efficient promoter (Podbielski et al. 

1991B).   

 

It is an unusual observation considered, that SHV-2 contains a -35 consensus 

(TTGTGA), 19bp upstream of the -10 region (Figure 5.3B) and yet no transcript 

appears to initiate at this site. Podbielski et al. (1991B) hypothesised these 

elements were inactive due to atypical spacing between the -35 and -10 sites.   

To further confuse matters, Kim et al. (2002) reported the -35 and -10 

sequences shown in Figure 5.3B, in conflict with Podbielski et al. (1991B). The 

pr-blaSHV 5` upstream sequence appears homologous to the previously reported 

SHV-2 promoter regions.   
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Conservation of blaSHV 5` proximal IS26 insertion sites between this study and 

previous studies is of great interest (Podbielski et al. 1991A; Kim et al. 2002; 

Ford and Avison, 2004). IS26 is a member of the IS6 family of insertion 

sequences, and has previously been reported to exhibit no target sequence 

specificity.  Therefore, integration sites appear random (Mollet et al. 1985).  As 

all isolates studied in previous reports were from unrelated diverse backgrounds 

it appears that insertion of the IS26 element at this 5` proximal position leads to 

greater selective advantage against expanded spectrum antimicrobials.  

Analysis of the blaSHV evolutionary tree proposed by Ford and Avison (2004) 

shows that two differing 5` proximal IS26 sites are present. The IS26 element is 

located 75bp upstream of the blaSHV start codon in unrelated regions of the tree 

(SHV-16 & SHV-46), suggesting convergent evolution of IS26 insertion at this 

position.  Therefore, it is hypothesised that, although the insertion of IS26 is 

essentially random, a limited number of 5` blaSHV insertion points will be 

observed in a population that has been subjected to a high level of expanded 

spectrum antimicrobial selection pressure.  

     

Results are similar to findings from studies on the distribution and genetics of 

SHV-2a and SHV-12 in Korea (Kim et al. 1998; Kim et al. 2002).  These 

enzymes are the dominant ESBL SHV variants found in that country, and it 

appears that their genes invariably possess the promoter with the IS26 insertion 

(Kim et al. 2002). It has been hypothesised that the SHV-2a and SHV-12 

enzymes arose from an SHV-11 precursor whose gene also possessed the 

promoter with the IS26 insertion (Kim et al. 2002). Our study has provided direct 

evidence in support of this model because research presented in this thesis has 

detected blaSHV-11 in cis with the IS26 promoter, and shown it is present in both 

ESBL and non-ESBL isolates. However, the isolate-to-isolate variations in copy 

numbers of blaSHV-11 in cis with the IS26 promoter do not support the postulate 

of Kim et al (2002) that the blaSHV-11 is chromosomally located and distinct from 

the plasmid located blaSHV-2a and blaSHV-12. Enterobacteriaceae expressing 

SHV-12 have also been found to be very widespread in Italy (Perilli et al. 2002). 
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It is of interest to determine if instances of wide dissemination of SHV-12 are 

always associated with IS26 insertions in the promoter.  

 

Kim et al. (2002) also postulated that the acquisition of the point mutation  

conferring the L35Q substitution that defines SHV-11, SHV-2a and SHV-12 was 

coincident with the acquisition of the IS26 insertion in the promoter.  Our study 

has demonstrated that this is not the case, as all cloned PCR products that 

were fully sequenced contained the codon 35 mutation, irrespective of whether 

there was an IS26 insertion in the promoter.  

 

In conclusion, we have used a detailed study of a small collection of 

geographically, and temporally linked K. pneumoniae clinical isolates to 

illuminate aspects of the natural history of blaSHV genes.  The most likely 

mechanism for the acquisition of resistance in this collection is the 

dissemination of a plasmid carrying blaSHV-11 followed by one or more rounds of 

selection for ESBL mutants. The apparent ability of a gene cassette consisting 

of IS26 and blaSHV-11 to facilitate the appearance of resistance in response to 

selection, even in the presence of a blaSHV gene with a different promoter, may 

be of clinical significance and will be investigated in Chapter 6. 
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Chapter 6 
Serial passage and mutant frequency determination of 
non-ESBL isolates 
 
6.1 Introduction 
The work described in Chapter 5 showed that high levels of resistance to third 

generation cephalosporins and aztreonam are associated not only with 

mutations in blaSHV codons 238 and 240, but also with amplification of the blaSHV 

gene and the presence of IS26 in the blaSHV promoter. It is striking that highly 

resistant isolates contain blaSHV both with and without IS26 insertions and that 

only blaSHV in cis with IS26 (pr::IS26-blaSHV) exhibits gene amplification. In 

contrast, none of the isolates that possess only pr-blaSHV express ESBL activity. 

  

Ford and Avison (2004), proposed an evolutionary model that explains the 

association between IS26 and blaSHV.  They hypothesised that IS26 is 

responsible for the mobilisation of blaSHV from chromosomal locations to 

plasmid(s), thus providing the vector for blaSHV dissemination.  Subsequent to 

this process, blaSHV undergoes selection by expanded spectrum β-lactams to 

give the convergent evolution of the G238S and E240K substitutions. 

 

The results presented in Chapter 5 show a much more intimate relationship 

between IS26 and blaSHV than just IS26 catalysed mobilisation and gene 

amplification of blaSHV.  A model that accounts for these observations is that 

pr::IS26-blaSHV is located on a plasmid, while blaSHV with no upstream IS26 

insertion is located on the bacterial chromosome.  Although IS26 has previously 

been reported to insert randomly (Mollet et al. 1985), all relevant PAH isolates 

appear to contain the IS26 insertion, so that the IS26 inverted repeat results in 

the substitution of a new blaSHV -35 element.  Insertion of this -35 element has 

previously been shown to enhance promoter activity by acting as a new 

transcription initiation site (Podbielski et al. 1991B).  It is hypothesised that IS26 

is not only responsible for blaSHV mobilisation but also increased blaSHV 

transcription associated with high level ESBL resistance.  Acting together, these 
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factors increase β-lactamase expression and, in combination with mutations in 

codons 238 and 240, confer a high level of ESBL-mediated resistance. 

 

What is unclear from previous observations is whether there is an absolute 

requirement for blaSHV to be located on an amplifiable plasmid downstream from 

IS26 in order to be able to confer significant ESBL expression when mutated at 

codon 238. In other words, it may be that the chromosomal copy of blaSHV has 

very little effect on the resistance phenotype when mutated at codon 238. 

Therefore, it can be hypothesised that the application of selection to an isolate 

only possessing the chromosomal gene would result in either non-ESBL 

expressing mutants, or the appearance of mutants in which the gene has been 

mobilised to an amplifiable plasmid and/or has been subject to a promoter-

altering mutation.  This chapter reports the direct testing of these hypotheses. 

 

An interesting aspect of the natural history of blaSHV genes is the frequent 

association of IS26 with mobilisation and promoter mutation (Ford and Avison, 

2004).   As discussed above, it is possible that IS26 insertions into promoters 

have such a strong effect on promoter activity that such insertions are very 

likely to be evolutionarily fixed under conditions of selection for high levels of 

gene expression. Alternatively, there may be unknown mechanisms that target 

this particular insertion sequence to resistance genes. It is difficult to clearly 

show whether either of these hypotheses is correct. However, the experimental 

system used in this thesis has made it possible to explore this question by 

determining whether or not the appearance of mutants with de novo insertions 

of IS26 into the blaSHV promoter is a probable outcome of selective pressure.  

Specifically, if this probability is high it is predicted that an isolate possessing 

IS26 at a location other than the blaSHV promoter would yield mutants with IS26 

insertions in the blaSHV promoter when subjected to selective pressure. It is also 

predicted that isolates that do not possess IS26 will not yield ESBL expressing 

mutants in response to selection. If this probability is low, it is hypothesised that 

either non-ESBL expressing mutants will be selected in either case, or that 

there will be selection of ESBL expressing mutants that have been subject to 

blaSHV mobilisation and/or promoter altering events that do no involve IS26. 
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Therefore, the design of this experiment was as follows: In order to elucidate 

the effect of IS26 on the ability of isolates to mutate to ESBL-mediated 

resistance, non-ESBL isolates from the PAH collection were identified that 

possessed 1. IS26 in the blaSHV promoter, 2. IS26 in the genome but not in 

the blaSHV promoter, or 3. no IS26 at all.  In addition, isolates with group 2 

genotype also containing blaTEM were assayed to determine how the presence 

of a non-ESBL expressing SHV and TEM reacts in response to selective 

pressure.  These were subjected to serial subculture with step-wise increases in 

cefotaxime concentration. This approach was adopted as according to my 

hypotheses, acquisition of ESBL resistance may require both IS26 transposition 

and also point mutation.  This is highly unlikely to happen in a single step. In 

order to monitor relaxation of plasmid copy number, point mutation, and IS26 

transposition, cells that grew at each stage of the experiment were analysed by 

real-time PCR for blaSHV amplification, mutations in codons 238 and 240,  and 

the presence and copy number of IS26 in cis with blaSHV . Also, the ESBL 

phenotype was determined using E-test strips.  

 

In addition, to confirm these experimental findings the abilities of these isolates 

to mutate to ESBL-mediated resistance were quantitated.  The frequency of 

such events is of interest in determining if ESBL mutants would exist in a given 

bacterial population.  
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6.2 Materials and methods 
 

6.2.1 Isolates and media 

PAH isolates B2, M1, K1, J3, L2, K2, J4, J5 were used in this study.  All are 

DDST negative (non-ESBL) with low MICs for aztreonam, cefotaxime and 

ceftazidime.  The culture media used for serial passage and mutation frequency 

assays was Mueller-Hinton II (MHII) broth (beef extract 2.0 g, Acid hydrolysate 

of casein 17.5 g, starch 1.5 g per litre of dH2O).  Mutants were selected using 

MHII agar (MHII broth with 1.70% agar).  Selective plates for mutation 

frequency experiments were MHII plates containing 1 µg/ml or 4 µg/ml of 

cefotaxime, per litre of H2O and MHII RIF agar plates contained 150 µg/ml 

rifampicin, per litre of H2O. 

 
6.2.2 DDST and MIC determination 
The ESBL status and MIC of isolates was determined using E-test ESBL strips 

in accordance with manufacturers instructions (ABiodisk, Sweden).  An isolated 

colony was selected from overnight growth on MHII agar and resuspended in 

saline to 0.5 McFarland units.  The suspension was swabbed onto MHII plates, 

E-test strips were positioned, and the plates incubated aerobically for 18 h, at 

37 ºC.  The numerical value printed on the strip at the point of intersection of the 

inhibition ellipse with the E-test strip edge was determined to be the minimum 

inhibitory concentration (MIC) value for the test organism to the third generation 

cephalosporins with and without β-lactamase inhibitor.  A ratio between these 

values allows the determination of the ESBL status of an isolate. 
 
6.2.3 Serial passage for step-wise selection of resistant mutants 

Bacterial cultures were grown to saturation in 1 ml of MHII broth overnight at 

37°C.  For each strain, 10 µl of overnight culture was used to inoculate 100 ml 

of MHII broth containing 0.25x the cefotaxime MIC value of the starting isolate 

(eg. for isolate B2: 0.0075 µg/ml).  Cultures were then incubated aerobically for 

24 h at 37 °C and 10 µl aliquots were removed and streaked onto MHII media.  

A 10µl aliquot was also used to inoculate the next serial culture which contained 

double the concentration of the previous culture (ie. passage 2: isolate B2: 
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0.015 µg/ml).  Serial passage of isolates was continued until the media 

contained cefotaxime at 128 µg/ml, or no growth was observed. 

 
6.2.4 Mutation frequency measurement 
For each isolate, the procedure was as follows.  Cells were streaked onto MHII 

plates and incubated  overnight at 37ºC.  A single colony was used to make a 

0.5 McFarland units suspension which was used to determine the MIC and 

DDST results using the E-test method.  The suspension was also diluted 1 in 

150 in sterile physiological saline and 5 µl (approx 10,000 cells) used as 

inoculum for forty, 500 µl parallel MHII broth cultures in screw capped 12 ml 

culture tubes (Sarstedt, S.A, Australia).  To ensure uniformity in culture 

conditions between experiments, the parallel cultures were grown for 20 hours 

at 37 ºC with constant agitation at 225 rpm.  RIFr (rifampicin resistant) and CTXr 

(cefotaxime resistant) mutants were isolated by plating 500 µl and 50 µl from 

twenty parallel cultures onto MHII Rif (rifampicin, 100µg/ml)and MHII CTX (1 

µg/ml) respectively.  The viable cell count was determined by plating dilutions 

from 5 parallel cultures.  All plates were incubated at 37 ºC in aerobic conditions 

for 18-24 hours and colonies counted.  

 

6.2.5 Calculation of mutation rate 

Mutation frequencies were determined using the MSS Maximum-Likelihood 

method, as this method of analysis has previously been defined as the ‘gold 

standard’ for estimating the number of mutations per culture (m) for all ranges of 

m (Rosche and Foster, 2000).  The MSS algorithm is a multi-step recursive 

process which computes the Luria-Delbruck (Luria and Delbruck, 1943) 

distribution based on the Lea-Coulson (Lea and Coulson, 1949) generating 

function.  Due to the iterative nature of calculations required to determine the 

maximum-likelihood estimation of m, a computer program was written in Visual 

Basic to interface with Microsoft Excel™ to provide data analysis for these 

experiments.  The annotated computer code is shown in Appendix 1.  An 

overview of the multi-step algorithm follows. 

  

Firstly, a preliminary m (m is the number of mutations per culture) was 

estimated using the method of the median by solving equation; 
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024.1)ln(~ =−− mmr  for m where r~ is the median number of mutants in a 

culture (Luria and Delbruck, 1943).  To obtain a more accurate estimation of m, 

the maximum-likelihood equations: p0 = e-m  (p0 is the proportion of cultures 

without mutants) and ∑ −

= +−
=

1

0 )1(
r

i ir
pi

r
mpr  (pr is the proportion of cultures with r 

mutants, r is the observed number of mutants in a culture) were used to 

calculate the total probability (Pr) of observing each of the experimental values 

of r for a given m (Sarker et al. 1992).   A likelihood value was then calculated 

from the product of pr values using equation: ( ) ∏
=

=
C

i

mrifmrf
1

)(  where 

( ) =mrf pr where C is the number of parallel cultures in the experiment (Asteris 

and Sarkar, 1996).   Adjacent m values were used to recalculate the pr products 

until a maximal pr product value was obtained.  After the m value resulting in 

maximal pr product was derived, the mutation frequency (µ) was calculated. 

The mutation frequency represents the probability of a cell sustaining a 

mutation resulting in a resistance phenotype during one generation.  This was 

calculated by dividing m by a measure of the number of points during the 

growth of the culture in which mutations might occur.  For our analysis we used 

the method of Armitage (1952), which assumes two points per division in which 

mutation may occur, that of the beginning and end of the cell division cycle.  

This mutation rate (µ) is calculated using: Ntm 2   where  is the final number 

of cells in culture (i.e. viable cell count).  Calculation of the confidence limits that 

apply to µ were as described by Rosche and Foster (2000).  This method 

involves establishing confidence limits for the parameter used to calculate m.  

Confidence limits for m  were calculated as follows:  

Nt

CL95+ = ln(m) + 1.96σ(e1.96σ)-0.315 and CL95+ = ln(m) + 1.96σ(e1.96σ)+0.315 ; 

where σ approximated to σ∼1.225m-0.315/√C (C is the number of parallel 

cultures performed) 
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6.2.6 DNA extraction for PCR analysis 
DNA was extracted from the remainder of the 0.5 McFarland suspension 

prepared for each isolate.  The suspension was centrifuged for 2 min at room 

temperature. The supernatant was discarded and the pellet resuspended in 100 

µl TE buffer  and boiled for 20 min.  Lysed cells were centrifuged for 2 min and 

the supernatant removed and stored at -20°C. 

 

6.2.7 Relative quantitation and kinetic PCRs. 
Kinetic and quantitative real-time PCR protocols developed in Chapters 3, 4 and 

5 for the measurement of allele dosage and gene copy were used to analyse 

the isolates and selected mutants.  To determine the relative copy number of 

total cellular IS26 (ie IS26 associated with out without blaSHV) a new set a 

primers, IS26Forward: 5`-TGTGCCACGGGCAAAGA-3` and IS26Reverse: 5`-

AAAACGGCTGCGCTGGTA-3`, specific for the IS26 transposon gene, were 

designed and validated using the method described in 5.3.2.  In contrast to 

relative quantitation data presented in previous chapters, the original bacterial 

colony (termed the parent isolate) selected for use in the serial passage and 

mutation frequency experiments was used as the calibrator.  Therefore, all 

relative quantitation data was calculated as a fold-change to the amount of 

target in the parent isolate.  

 

6.2.8 Sequencing of blaSHV promoter region 
Nucleotide sequencing of the blaSHV promoter region was performed on PCR 

product generated using pr::IS26F/shv238reverse primer pair for mutant 

isolates J3 0.25, J3 0.50 & J3 1.00  and Pr-F/shv238reverse primer pair for 

isolate J3.  The PCR product was purified using Qiagen PCR purification 

columns as per manufacturers instructions and sequenced using the 

shv238reverse primer.  
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6.3 Results 
 

6.3.1 Serial passage with sub-lethal CTX treatment 
Results presented in Chapter 5 have shown that pr::IS26-blaSHV is not always 

found in non-ESBL PAH isolates. An aim of this work was to determine the role 

IS26 plays in the acquisition of an ESBL phenotype. As a starting point for in 

vitro evolution experiments the IS26 status of non-ESBL PAH isolates was 

determined.  The validity of the IS26 primer set was established as previously 

described (figure 6.1).  Real-time PCR was used to detect and provide 

comparative quantitation baselines for IS26 and pr::IS26-blaSHV (table 6.1).      

 

Three differing IS26 states exist within the non-ESBL PAH isolates.  Isolate M1 

does not appear to contain IS26; isolates K1, B2 and J3 contain IS26, however, 

it is not present in the upstream region of blaSHV (ie., they do not contain 

pr::IS26-blaSHV); K2, J5 and J4 were found to contain pr::IS26-blaSHV.  Research 

presented in chapter 5 suggests that pr::IS26-blaSHV is plasmid borne.  If 

pr::IS26-blaSHV is representative of IS26 catalysed  mobilisation of  blaSHV onto a 

plasmid, then it would be expected that isolates K2, J5 and J4 would contain  

greater copy numbers of blaSHV than isolates K1, B2, J3 and M1 in which blaSHV 

is thought to be located chromosomally.  The last three columns of table 6.1 

compare the amounts of blaSHV between isolates.  The total blaSHV ∆CT and the 

relative quantitation of total blaSHV between isolates was calculated by the ∆∆CT 
method with M1 (hypothesised chromosomal blaSHV) used as the calibrator 

isolate.  It can be seen that the isolates with pr::IS26-blaSHV contain ≥ 2.50 fold 

more blaSHV than those that do not.  While these increases in total blaSHV copy 

are not large, the results do provide some evidence in support of the hypothesis 

that pr::IS26-blaSHV is located on a multi-copy plasmid. 
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Figure 6.1 Relative Quantitation Validation Graphs for IS26all Primer Set. Plot 

of log I1 dilution versus ∆CT (Target Gene CT – 16SrRNACT) for IS26. 
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Table 6.1 PAH non-ESBL, Real-time PCR CT Data for 16srRNA, IS26 and 

pr::IS26-blaSHV. Relative quantitation analysis for total blaSHV was also 

performed to determine if increased copy number of total blaSHV was associated 

with pr::IS26.  Total blaSHV ∆CT is  calculated by Total blaSHV CT - 16srRNA CT as 

described previously in 5.3.2.  However, in this case isolate M1 was used as the 

calibrator isolate. 

 

Isolate 
16srRNA 

CT
IS26 CT

pr::IS26 

blaSHV

 Total 

blaSHV CT

Total 

blaSHV ∆CT

Total blaSHV

Rel Quant 

K2 11.29 13.35 15.30  14.27 2.98 4.11 
J5 10.05 12.35 16.42  13.75 3.70 2.50 
J4 11.19 13.18 13.48  14.12 2.93 4.26 
K1 10.05 12.28 N/D  14.76 4.71 1.24 
B2 10.38 13.57 N/D  14.79 4.41 1.53 
J3 10.02 13.04 N/D  16.64 6.62 0.33 
M1 9.31 N/D N/D  14.33 5.02 1.00 

 N/D: Not detected 
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6.3.2 Serial passage with increasing cefotaxime concentration 
All of the ESBL positive isolates reported in Chapter 5 were found to contain 

pr::IS26-blaSHV in conjunction with the G238S substitution.  An increase in 

pr::IS26-blaSHV copy number, and the relative copy numbers of mutant 238 and 

240 alleles were also found to correlate with MIC’s to 3rd generation 

cephalosporins and aztreonam.  It is currently unknown if the need for pr::IS26 -

blaSHV is absolute in the acquisition of an ESBL phenotype.   

 

If the need for pr::IS26-blaSHV in conjunction G238S is an absolute requirement 

for the acquisition of an ESBL phenotype, it is expected these two changes 

would be observed in the PAH non-ESBL isolates when appropriate selective 

pressure is applied.  Serial passages of PAH non-ESBL isolates, with a 

doubling of cefotaxime concentration at each subculture, were conducted until 

no growth or growth at 128 µg/ml was observed.  Single colonies were isolated 

at each passage step and the phenotype and genotype determined.  The MIC 

and ESBL status of each isolate was measured using E-test ESBL strips. The 

relative copy number of total blaSHV, pr::IS26-blaSHV, pr-blaSHV, total IS26 and 

the relative copy number of 238 and 240 mutant alleles were determined by 

real-time PCR.  The initial non-treated isolate parent was used as the calibrator 

for the relative quantitation data transforms.   The results for each isolate are 

summarised in Tables 6.2-6.8. 

 



Table 6.2  Serial passage data for Isolate M1. 

 

Phenotype  Genotype

Isolate 

Treatment 
Conc 
µg/ml 

CT  
µg/ml 

CTL 
µg/ml 

TZ  
µg/ml 

TZL 
µg/ml DDST 

 

Total 
blaSHV

Pr::IS26 
blaSHV

Pr  blaSHV Total 
IS26 

dCT 
blaSHV 
238 

dCT 
blaSHV 
240 

M1    0 0.25 0.032 0.5 0.094 NEG  1 N/D 1 N/D -8.33 -12.32
M1 0.0075 0.0075 0.25 0.032 0.5 0.094 NEG   

         
   

         
   

0.94 N/D 1.37 N/D -8.93 -11.76
M1 0.0015 0.015 0.25 0.19 0.5 0.19 NEG 2.19 N/D 2.69 N/D -9.22 -10.62
M1 0.03 0.03 0.25 0.094 0.5 0.25 NEG 1.18 N/D 1.88 N/D -8.88 -11.24
M1 0.06 0.06 0.25 0.25 0.5 0.38 NEG 1.1 N/D 1.89 N/D -8.82 -11.51
M1 0.125 0.125 0.5 0.5 0.5 0.19 NEG 1.1 N/D 2.13 N/D -9.79 -11.57
M1 0.25 0.25 1 1 0.5 0.38 NEG  1.19 N/D 2.19 N/D -9.14 -12.34 
M1 0.50 0.5 2 1 0.5 0.125 NEG  1.39 N/D 1.68 N/D -9.64 -12.98 
M1 1.00 1 4 1 2 4 NEG  1.04 N/D 1.16 N/D -8.73 -11.27 
 2 No growth – Culture sterile  No growth – Culture sterile 
N/D: Not detected 
CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid
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Table 6.3  Serial passage data for Isolate J3. 
 

Isolate 

Treatment 
Conc 
µg/ml 

CT  
µg/ml 

CTL 
µg/ml 

TZ  
µg/ml 

TZL 
µg/ml DDST 

 
Total 
blaSHV

Pr::IS26 
blaSHV Pr  blaSHV

Total 
IS26 

dCT 
blaSHV 
238 

dCT 
blaSHV 
240 

J3  0 0.25 0.094 0.5 0.19 NEG  1 N/D 1 1 -7.81 -10.72
J3 0.0325 0.0325 0.25 0.125 0.5 0.25 NEG   

  

  

1.48 N/D 0.78 0.94 -7.56 -10.11
J3 0.065 0.065 1 1 0.25 0.5 NEG  1.42 N/D 0.26 1.59 -7.19 -10.15 
J3 0.13 0.13 0.75 1 0.75 0.38 NEG  1.35 N/D 1.27 0.99 -7.34 -10.76 
J3 0.25 0.25 2 0.25 3 0.19 POS  8.82 1 0.73 2.79 -2.89 -9.85 
J3 0.50 0.5 4 0.125 24 0.75 POS 7.67 1.89 1.49 2.23 -1.08 -10.46
J3 1.00 1 16 0.125 32 0.5 POS  29.45 3.81 0.53 5.43 -0.62 -11.42 
J3 2.00 2 >16 0.094 >32 0.5 POS  72 18.77 1.77 9.25 -0.42 -11.33 
J3 4.00 4 >16 0.19 >32 0.75 POS 25.99 10.56 1.21 4.66 0.78 -10.57
J3 8.00 8 >16 0.125 >32 0.38 POS  64 23.43 1.04 8.4 1.98 -11.44 
J3 16 16 >16 0.125 >32 1 POS  54.95 11.79 0.87 5.9 4.4 -11.78 
J3 32 32 >16 1 >32 4 POS  61.82 14.83 1.82 6.96 1.38 -10.58 
J3 64 64 >16 1 >32 4 POS  83.87 13.64 1.18 7.94 1.63 -10.2 
J3 128 128 >16 1 >32 4 POS  60.55 14.03 2.17 6.82 2.8 -10.82 
N/D: Not detected 
CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 
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Table 6.4 Serial passage data for Isolate K1. 
 

Isolate 

Treatment 
Conc 
µg/ml 

CT  
µg/ml 

CTL 
µg/ml 

TZ  
µg/ml 

TZL 
µg/ml DDST 

 
Total 
blaSHV

Pr::IS26 
blaSHV Pr  blaSHV

Total 
IS26 

dCT 
blaSHV 
238 

dCT 
blaSHV 
240 

K1  0 0.25 0.047 0.5 0.125 NEG  1 N/D 1 1 -8.39 -5.69
K1 0.0015 0.015 0.25 0.047 0.5 0.125 NEG   

   
   
   

0.96 N/D 3.12 1.17 -8.59 -17.81
K1 0.03 0.03 0.25 0.064 0.5 0.064 NEG 0.58 N/D 5.06 1.48 -7.76 -10.78
K1 0.06 0.06 0.5 0.064 0.5 0.125 NEG 0.73 N/D 2.57 0.99 -8.21 -14.85
K1 0.125 0.125 1.5 0.38 0.5 0.125 NEG 0.82 N/D 5.74 1.52 -7.64 -11.16
K1 0.25 0.25 2 0.047 0.5 0.19 POS  0.85 N/D 2.68 1.1 -8.82 -10.72 
K1 0.50 0.5 2 0.094 0.5 0.19 POS  0.72 N/D 5.46 1.19 -7.58 -11.42 
K1 1.00 1 3 0.25 1.5 0.25 POS  0.82 N/D 4.69 1.48 -7.44 -12.05 
K1 2.00 2 16 0.38 6 0.25 POS  0.96 N/D 3.14 0.8 -7.99 -11.09 
K1 4 4 16 0.75 32 0.38 POS  1.07 N/D 2.71 0.81 -8.85 -10.29 
K1 8.00 8 16 1 32 0.75 POS  1.09 N/D 1.43 0.52 -8.52 -9.63 
K1 16 16 16 0.19 32 0.094 POS  1.04 N/D 1.58 0.76 -8.23 -8.82 
K1 32.00 32 16 0.19 32 0.094 POS  1.06 N/D 4.72 0.84 -7.27 -7.97 
K1 64 64 16 0.19 32 0.094 POS  1.04 N/D 3.25 1.15 -7.47 -9.93 
K1 128 128 16 0.19 32 0.094 POS  0.97 N/D 3.2 0.86 -7.62 -11.36 
N/D: Not detected 
CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 
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Table 6.5 Serial passage data for Isolate B2. 

 

Isolate 

Treatment 
Conc 
µg/ml 

CT  
µg/ml 

CTL 
µg/ml 

TZ  
µg/ml 

TZL 
µg/ml DDST 

 
Total 
blaSHV

Pr::IS26 
blaSHV Pr  blaSHV

Total 
IS26 

dCT 
blaSHV 
238 

dCT 
blaSHV 
240 

B2  0 0.25 0.032 0.5 0.064 NEG  1 N/D 1 1 -6.71 -11.33
B2 0.0075 0.0075 0.25 0.16 0.5 0.064 NEG   

   

   

0.39 N/D 1.33 0.68 -7.36 -10.82
B2 0.0015 0.015 0.25 0.094 0.5 0.19 NEG 0.64 N/D 0.99 0.74 -6.83 -10.29
B2 0.03 0.03 0.25 0.064 0.5 0.19 NEG  0.57 N/D 1.35 0.6 -7.17 -10.53 
B2 0.06 0.06 0.25 0.125 0.5 0.38 NEG  0.74 N/D 1.51 0.63 -6.95 -10.49 
B2 0.125 0.125 0.75 0.032 1.5 0.19 POS  0.62 N/D 1.23 0.8 -6.59 -10.4 
B2 0.25 0.25 1 1 0.5 0.5 NEG  0.71 N/D 1.3 0.67 -6.73 -10.55 
B2 0.50 0.5 1.5 0.016 0.5 0.064 POS 0.91 N/D 1.52 0.74 -6.7 -11.02
B2 1.00 1 4 0.25 1.5 0.25 POS  0.97 N/D 0.85 0.71 -6.5 -10.13 
B2 2.00 2 6 0.5 1.5 0.5 POS  0.84 N/D 0.88 0.41 -6.98 -10.02 
B2 4 4 16 0.25 32 0.38 POS  0.92 N/D 0.9 0.22 -7.03 -10.21 
B2 8.00 8 16 0.19 32 0.19 POS  0.85 N/D 0.55 0.28 -7.1 -9.73 
B2 16 16 16 0.19 32 0.19 POS  0.99 N/D 0.6 0.44 -7.06 -10.18 
B2 32.00 32 16 0.19 32 0.094 POS  1.17 N/D 0.37 0.34 -7.31 -9.6 
B2 64 64 16 0.27 32 0.19 POS  0.85 N/D 0.73 0.34 -7.24 -10.49 
B2 128 128 16 0.094 32 0.25 POS  1.12 N/D 4.82 2.97 -7.05 -10.38 
N/D: Not detected 
CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 
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Table 6.6 Serial passage data for Isolate K2. 

 

Isolate 

Treatment 
Conc 
µg/ml 

CT  
µg/ml 

CTL 
µg/ml 

TZ  
µg/ml 

TZL 
µg/ml DDST 

 
Total 
blaSHV

Pr::IS26 
blaSHV Pr  blaSHV

Total 
IS26 

dCT 
blaSHV 
238 

dCT 
blaSHV 
240 

K2 0.0000 0 0.25 0.064 0.5 0.19 NEG  1 1 1 1 -7.79 0.83 -1
K2 0.0075 0.0075 0.25 0.094 0.75 0.25 NEG   

   
   

  

1.02 1.54 0.81 1.04 -7.84 -11.23
K2 0.0015 0.015 0.25 0.064 0.75 0.19 NEG 1.26 2.68 2.03 1.87 -6.82 -10.97
K2 0.03 0.03 0.5 0.75 0.75 0.25 NEG 0.88 1.6 1.47 1.34 -7.26 -10.96
K2 0.06 0.06 0.75 1 2 1 NEG  1.13 1.87 1.72 1.54 -8.13 -10.74 
K2 0.125 0.125 0.75 0.38 2 0.5 POS  0.84 1.52 1.44 1.11 -8.63 -11.64 
K2 0.25 0.25 0.75 0.75 1.5 0.75 NEG  1.13 2.13 2 1.57 -7.15 -11.64 
K2 0.50 0.5 6 0.5 1.5 0.25 POS 1.05 1.62 1.32 1.1 -0.96 -12.28
K2 1 1 16 1 3 0.38 POS  1.47 1.99 1.46 1.09 -0.01 -10.25 
K2 2 2 16 0.75 2 0.19 POS  1.28 1.83 1.43 0.93 0.33 -10.63 
K2 4 4 16 1 8 0.25 POS  1.52 1.74 1.17 0.78 0.96 -10.49 
K2 8 8 16 1 32 4 POS  3.01 3.58 1.16 1.21 2.15 -10.59 
K2 16 16 16 1 32 4 POS  3.63 6.45 0.99 1.07 2.96 -10.98 
K2 32 32 16 1 32 4 POS  7.06 15.24 1.42 1.73 3.16 -11.7 
K2 64 64 16 1 32 4 POS  8.11 19.43 1.3 1.93 3.23 -11.74 
K2 128 128 16 1 32 4 POS  7.78 17.63 1.27 1.88 0.82 -11.48 
CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 
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Table 6.7 Serial passage data for Isolate J5. 

 

Isolate 

Treatment 
Conc 
µg/ml 

CT  
µg/ml 

CTL 
µg/ml 

TZ  
µg/ml 

TZL 
µg/ml DDST 

 
Total 
blaSHV

Pr::IS26 
blaSHV Pr  blaSHV

Total 
IS26 

dCT 
blaSHV 
238 

dCT 
blaSHV 
240 

J5 0.2 .06 0 .09 EG 1 -8.27 3.29 0 5 0 4 .5 0 4 N   1 1 1 -1
J5 0.0325 0.0325 0.25 0.016 0.5 0.64 NEG   

   
   

  

0.87 2.95 1.28 0.93 -7.04 -11.47
J5 0.065 0.065 0.5 0.047 0.5 0.125 NEG 0.99 3.46 1.45 1.04 -7.23 -11.12
J5 0.13 0.13 0.5 0.25 0.5 0.38 NEG 0.33 N/D 1.06 0.66 -6.72 -11.2
J5 0.25 0.25 4 0.75 1.5 1.5 POS  0.88 3.29 1.36 1.05 -0.94 -10.28 
J5 0.50 0.5 12 0.38 0.5 0.64 POS  0.71 2.43 1 0.94 0.24 -12.66 
J5 1.00 1 16 0.75 0.5 0.064 POS 1.05 3.97 1.65 0.92 0.45 -12
J5 2.00 2 16 0.064 2 0.064 POS  2.28 11.96 1.89 1.61 1.36 -12.38 
J5 4.00 4 16 0.25 12 0.19 POS  3.07 19.16 1.35 1.31 2.23 -11.86 
J5 8.00 8 16 0.047 32 0.25 POS  5.7 41.64 1.17 2.1 3.18 -11.59 
J5 16 16 16 0.094 32 0.25 POS  11.08 67.18 0.16 3.1 3.69 -17.72 
J5 32 32 16 0.094 32 0.125 POS  13.27 108.38 1.28 5.06 3.7 -12.11 
J5 64 64 16 0.75 32 0.75 POS  14.52 134.36 1.71 5.31 3.92 -12.87 
J5 128 128 16 1 32 4 POS  14.83 116.16 1.33 4.82 4.14 -12.52 
N/D: Not detected 
CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 
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Isolate 

Treatment 
Conc 
µg/ml 

CT  
µg/ml 

CTL 
µg/ml 

TZ  
µg/ml 

TZL 
µg/ml DDST 

 
Total 
blaSHV

Pr::IS26 
blaSHV Pr  blaSHV

Total 
IS26 

dCT 
blaSHV 
238 

dCT 
blaSHV 
240 

J4 0.2 .04 .12 OS 1 -6.65 0.58 0 5 0 7 1 0 5 P   1 1 1 -1
J4 0.0325 0.0325 0.25 0.38 2 0.38 POS   

   

  

0.78 0.57 1.09 0.86 -7.35 -10.25
J4 0.065 0.065 0.38 0.38 6 0.75 POS 1.66 3.12 1.82 1.84 -6.09 -10.77
J4 0.13 0.13 1 1 1.5 0.25 POS  0.78 1.13 2.07 1.36 -2.82 -10.95 
J4 0.25 0.25 2 0.125 6 0.38 POS  0.37 0.4 1.43 0.65 -1.85 -11.72 
J4 0.50 0.5 8 0.19 4 0.19 POS 1.19 1.39 1.93 1.03 -0.73 -11.44
J4 1.00 1 16 0.125 12 0.19 POS  2.19 4.17 1.96 1.89 -1.02 -11.01 
J4 2.00 2 16 0.094 32 0.75 POS  4.59 8.51 1.66 3.34 0.42 -12.34 
J4 4.00 4 16 0.094 32 0.5 POS  4.47 7.26 1.88 3.94 1.47 -12.23 
J4 8.00 8 16 0.19 32 0.38 POS  3.89 6.59 1.27 3.32 3.22 -12.16 
J4 16 16 16 0.5 32 1 POS  4.99 7.16 1.84 4.35 2.99 -12.62 
J4 32 32 16 1 32 4 POS  3.29 2.87 1 2.22 1.97 -13.17 
J4 64 64 16 1 32 4 POS  5.31 6.19 1.92 4.23 0.98 -13.1 
J4 128 128 16 1 32 4 POS  4.92 6.11 1.32 2.99 3.77 -13.27 
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CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 

Table 6.8 Serial passage data for Isolate J4. 
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The data show that isolates which exhibit ESBL activity have evolved for 

isolates K1 (Table 6.4) and B2 (Table 6.5) without the appearance of pr::IS26-

blaSHV.  Such results contradict the hypothesis that both pr::IS26-blaSHV and 

G238S are required for SHV mediated ESBL production.   As none of the 

measured genes had changes with respect to the calibrator isolate it appears 

that another mechanism is responsible for the ESBL phenotype in these 

isolates.  Howard et al. (2002) reported that K1 and B2 contain probable TEM-1 

β-lactamases as determined by iso-electric focusing.  Therefore, it is plausible 

that the ESBL positive mutants were isolated in the serial passage of K1 and B2 

were due to a TEM β-lactamase.  To determine if this was the case, the amount 

of total blaTEM and the amount of blaTEM alleles were determined for each of the 

B2 (Table 6.9) and K1 (Table 6.10) serial passage mutants.  Analysis of the 

measured blaTEM parameters shows a increase in blaTEM 238 ∆CT and  blaTEM 

promoter ∆CT, which correlates with the appearance of an ESBL phenotype.  

Therefore, it was concluded that the ESBL phenotype in the isolated mutants 

was conferred by mutation in blaTEM. 

 

The appearance of ESBL producing mutants in K1 and B2 when pr::IS26-blaSHV 

is not present is explained by the presence of a TEM β-lactamase (table 6.9 & 

6.10).  Analysis of these tables shows that an ESBL phenotype is expressed 

when the relative copy of blaTEM 238 and promoter mutant alleles increase.  

Experimental results for all other isolates are consistent with the hypothesis that 

IS26 mobilisation of blaSHV to form pr::IS26-blaSHV and the G238S substitution is 

required for an ESBL phenotype.  M1 (Table 6.2) did not contain IS26.  No 

ESBL positive mutants were observed throughout passages and no mutants 

were isolated after serial passage with 2 µg/ml of cefotaxime.  J3 is 

hypothesised to contain blaSHV at a chromosomal location and also contains 

IS26 at an unknown location(s).  Analysis of table 6.3 shows that pr::IS26-blaSHV 

and a significant proportion of blaSHV 238 mutant alleles are observed in all of 

the ESBL serial passage mutants isolated.  Comparison of J3 0.13 and J3 0.25 

also shows a 6.5 fold increase in the amount of total blaSHV, with a 44.85 fold 

increase between J3 0.13 and J3 128.  In this case, it appears that the 

appearance of pr::IS26-blaSHV represents the mobilisation of blaSHV onto a multi-

copy plasmid.  The further increase in total blaSHV copy number may be due to  



Table 6.9 Serial passage data for Isolate B2. 

 

Isolate 

Treatment 
Conc 
µg/ml 

CT  
µg/ml 

CTL 
µg/ml 

TZ  
µg/ml 

TZL 
µg/ml DDST 

 
Total 
blaTEM

dCT 
blaTEM 
Prom 

dCT 
blaTEM 
164His 

dCT 
blaTEM 
164Ser 

dCT 
blaTEM 
238 

dCT 
blaTEM 
240 

B2  0 0.25 0.032 0.5 0.064 Neg  1 N/D -26.06 -25.98 -5.77 -12.7
B2 0.0075 0.0075 0.25 0.16 0.5 0.064 Neg    

  

   

0.85 N/D -14.64 -19.61 -3.83 -12
B2 0.0015 0.015 0.25 0.094 0.5 0.19 Neg  1.13 21.31 -12.91 -16.66 -3.96 -10.48 
B2 0.03 0.03 0.25 0.064 0.5 0.19 Neg  1.06 21.87 -12.45 -17.46 -4.15 -10.58 
B2 0.06 0.06 0.25 0.125 0.5 0.38 Neg  0.9 12.94 -12.25 -15.72 -3.52 -9.08 
B2 0.125 0.125 0.75 0.032 1.5 0.19 Pos 1.06 22.55 -14.65 -17.9 7.2 -10.1
B2 0.25 0.25 1 1 0.5 0.5 Neg  1.13 N/D -12.97 -17.13 -3.21 -10.96 
B2 0.50 0.5 1.5 0.016 0.5 0.064 Pos 1.01 N/D -23.19 -24.02 8.45 -12.05
B2 1.00 1 4 0.25 1.5 0.25 Pos  1.24 11.73 -11.79 -16.3 5.71 -9.55 
B2 2.00 2 6 0.5 1.5 0.5 Pos  1.11 13.6 -12.07 -16.38 6.47 -9.4 
B2 4 4 16 0.25 32 0.38 Pos  0.73 13.73 -12.18 -16.32 6.35 -6.61 
B2 8.00 8 16 0.19 32 0.19 Pos  0.9 12.43 -11.83 -16.48 5.93 -2.69 
B2 16 16 16 0.19 32 0.19 Pos  0.97 12.6 -11.74 -16.52 6.23 -10.57 
B2 32.00 32 16 0.19 32 0.094 Pos  0.75 13.23 -12.16 -17.14 6.74 -11.99 
N/D: Not detected 
CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 
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Isolate 

Treatment 
Conc 
µg/ml 

CT  
µg/ml 

CTL 
µg/ml 

TZ  
µg/ml 

TZL 
µg/ml DDST 

 
Total 
blaTEM

dCT 
blaTEM 
Prom 

dCT 
blaTEM 
164His 

dCT 
blaTEM 
164Ser 

dCT 
blaTEM 
238 

dCT 
blaTEM 
240 

K1  0 0.25 0.047 0.5 0.125 Neg  1 N/D -23.98 -23.92 -7.74 -13.63
K1 0.0015 0.015 0.25 0.047 0.5 0.125 Neg    

  
  
  

  

0.66 N/D -23.93 -22.55 -6.31 -11.66
K1 0.03 0.03 0.25 0.064 0.5 0.064 Neg 0.9 21.46

 
-13.79 -18.51 -5.76 -10.46

K1 0.06 0.06 0.5 0.064 0.5 0.125 Neg 0.5 N/D -19.46 -25.233 7.03 -11.08
K1 0.125 0.125 1.5 0.38 0.5 0.125 Neg 0.77 14.61 -12.53 -17.44 6.17 -10.34
K1 0.25 0.25 2 0.047 0.5 0.19 Pos  0.77 N/D -24.89 -24.86 7.73 -11.27
K1 0.50 0.5 2 0.094 0.5 0.19 Pos  1.51 15.51 -15.35 -20.11 7.07 -11.74 
K1 1.00 1 3 0.25 1.5 0.25 Pos  0.96 17.76 -17.02 -21.66 7.38 -12.4 
K1 2.00 2 16 0.38 6 0.25 Pos  1.07 13.26 -12.65 -17.42 6.9 -12.71 
K1 4 4 16 0.75 32 0.38 Pos  1.14 14.54 -12.87 -17.94 6.73 -11.66 
K1 8.00 8 16 1 32 0.75 Pos  0.8 14.88 -13.09 -17.82 6.92 -11.72 
K1 16 16 16 0.19 32 0.094 Pos  0.93 14.63 -13.08 -17.65 7.21 -12.03 
K1 32.00 32 16 0.19 32 0.094 Pos  0.92 12.46 -12.36 -17.59 6.69 -11.71 
K1 64 64 16 0.19 32 0.094 Pos  1.91 14.62 -13 -16.05 7 -12.41 

128 

128 

Table 6.10 Serial passage data for Isolate K1. 

 

N/D: Not detected 
CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 

 



plasmid copy number increase and/or further IS26 mediated duplication and 

insertion events. Inspection of the relative quantitation data for isolate J3 

(Table 6.4) appears to indicate that increases in the amount of total IS26, 

pr:IS26-blaSHV, total blaSHV and pr-blaSHV are inconsistent with each other.  

Due to the relative quantitation method used, all measurements are 

normalised to the parent isolate (J3) at the start of the experiment, with the 

exception of pr::IS26-blaSHV which is calibrated to the mutant isolate (J 0.25) 

in which it was first detected.  Therefore, all changes are relative to the 

calibrator, and are a function of the copy number ratios in this isolate.  

Therefore, a gene which is present in abundant copy number in the calibrator 

isolate will not show a large fold copy number increase compared to a gene 

which is in low copy number in the calibrator isolate and subsequently 

increases in copy number.  Compensation and correction for such relative 

quantitation anomaly was reported in Chapter 3 by solving simultaneous 

equations and transforming the relative quantitation data.  Such analysis was 

not performed for this series of experiments as such data transformations are 

considered extraneous for the purposes of this series of experiments.  

However, this does not affect the conclusions based on these experiments. 

 

Insertion of IS26 in the 5` proximal region of blaSHV has also previously been 

found to result in a new -35 region, resulting to a new transcription initiation 

site leading to increased transcription rates.  However, IS26 does not exhibit 

site specific insertion.  It is hypothesised that isolates which contain the IS26 

insertion, resulting in the formation of a new transcription start site would 

have a greater selective advantage due to increased blaSHV transcription.  

Comparison between IS26 insertion points in the 5` proximal region of blaSHV 

reported in Chapter 5 have shown remarkable homogeneity among isolates.  

The 5` proximal blaSHV sequence was determined in isolates J3, J3 0.25, J3 

0.50, J3 1.00 with an alignment between the promoter regions shown in 

figure 6.2.  Once again, IS26 inserted so that its inverted repeat acts as the -

35 promoter element for blaSHV.  Therefore, it appears that the effect of IS26 

is two fold in increasing blaSHV expression.  Firstly, it catalyses the 

mobilisation of blaSHV onto amplifiable replicons such as plasmids and 
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Figure 6.2 Determination of IS26 insertion point in blaSHV 5` proximal region 

from PCR product.   

 
* Despite containing -35 and -10 consensus element are thought to not result 

in transcription due to aberrant spacer length (Podbielski et al. 1991B).  

 

ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTT 
ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTT 

-35 -10 
I1-9 (This study) 

K.pn Genome MGH78578 

ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTT J3 0.25 

ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTT J3 0.50 

ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTT J3 1.00 

GAAAAAAGAGGAATTGTGAATCAGCAAAACGCCGGGTTATTCTTATTT* J3 (no IS26) insertion  

GAAAAAAGAGGAATTGTGAATCAGCAAAACGCCGGGTTATTCTTATTT* Podbielski et al. (1991B)  
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secondly enhances the blaSHV promoter by changing the transcription start 

site through the insertion of a new -35 consensus sequence.   

 

The remaining three isolates K2, J5 and J4 were all found to contain 

pr::IS26-blaSHV in the parental isolates before serial passage experiments 

commenced.  Therefore, it appears that IS26 mobilisation of blaSHV to a 

plasmid location had already occurred. Kinetic PCR data for these isolates 

showed that blaSHV appeared to be un-mutated at codon 238.  Therefore, the 

expressed SHV β-lactamase cannot hydrolyse expanded spectrum 

antimicrobials, making these isolates non-ESBL phenotypes.  According to 

the evolutionary model proposed, all that is required for ESBL phenotype 

expression in these isolates is the spectrum extending G238S substitution.   

 
Analysis of Tables 6.6, 6.7 and 6.8 shows that for all three isolates, ESBL 

expressing mutants were isolated. However, there appears to be some 

disparity between the point of ESBL acquisition as determined by 

cefotaxime, ceftazidime, ESBL E-tests and the increase in relative amount 

blaSHV 238 mutant allele.  The greatest disparity between E-test 

determination of ESBL status and genotype was for isolate J4 (Table 6.8).  

The E-test DDST determination criteria are defined as a MIC ≥ 1 µg/ml  (CT, 

TZ) and a ≥ 4 fold decrease in MIC when treated in combination with β-

lactamase inhibitor (CT/CTL: TZ/TZL).  When such criteria were applied to 

the ceftazidime data, J4 was found to be DDST positive (ESBL) before 

commencing serial passage experiments, however, the E-test procedure 

using cefotaxime data determines J4 0.25 to be the first ESBL isolate.  Such 

anomalies between ESBL E-test strips are also observed for isolates K2 

(Table 6.6) and J5 (Table 6.7).   For subsequent analyses, cefotaxime E-test 

data was used for determinations of ESBL status. 

 

With phenotypic ESBL determination anomalies accounted for correlation 

between increase in blaSHV ∆CT values to ≥ -4 and acquisition of an ESBL 

phenotype is evident.  These results once again support the proposed model 

that only when pr::IS26-blaSHV is coupled with 238 mutant alleles does an 

ESBL phenotype result.  Once again, in support of the hypothesis that 
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pr::IS26-blaSHV is required for an ESBL phenotype, increases in pr::IS26-

blaSHV, total blaSHV relative copy numbers and the amount of mutant blaSHV 

allele is observed with increasing MIC.   

 
6.3.2 Fluctuation assays to determine the mutation rate to 1 µg/ml 
cefotaxime resistance 
The serial passage experiments used small increases in selective pressure 

over many generations to determine the role IS26 plays in the acquisition of 

an ESBL phenotype.  While these experiments elucidated the relationship 

between IS26 mediated mobilisation of blaSHV, the insertion of a new -35 

blaSHV promoter element, the G238S substitution and ESBL phenotype 

experiments provided only very approximate estimates of the frequencies of 

these events.  Therefore, fluctuation assays were performed to obtain a more 

precise estimate of the frequency of which isolates gain an ESBL phenotype 

by IS26 and blaSHV genetic events.  Fluctuation assays involved growing 

parallel cultures of an isolate, plating each culture onto selective media and 

determining the number of mutants per parallel culture.  Fluctuation assays 

were carried out with sub-lethal treatments (0.25 x MIC) and no-treatment, to 

determine if sub-lethal dosing increased mutation frequency.  Mutants were 

selected on media containing 1 µg/ml cefotaxime.  This concentration of 

cefotaxime was used as it reflects NCCLS guidelines for presumptive ESBL 

testing.  The MSS maximum likelihood algorithm was applied to the raw data 

to model the distribution of mutants. This distribution was used to calculate 

the expected number of mutants per culture. From these parameters the 

mutation frequency to from a non-ESBL to an ESBL phenotype can be 

determined.     

 

6.3.2.1 Spontaneous chromosomal mutation rate 
The frequency of chromosomal spontaneous mutation was determined to 

control for variation in the point mutation frequency of each isolate.  

Calculation of the chromosomal mutation frequency also established that the 

isolates selected were not hypermutator strains.  In laboratory populations of 

non-hypermutator E. coli strains, the rate of chromosomal spontaneous 

mutation per base pair is approximately 10-10-10-11, compared to 

 132



hypermutator strains with rates of 10-6.  Rifampicin resistance is an excellent 

method for measuring the frequency of chromosomal spontaneous mutation, 

as resistance to rifampicin requires a single point mutation in rpoB.   Parallel 

cultures were plated onto MHII Rif media, incubated and the number of 

mutants per plate recorded.  The m values (expected number of mutants per 

culture) and µ (mutation frequency) for each isolate were determined (tables 

6.11 & 6.12).      

 

Although the range of µ varied 140 fold between J5 and M,1 the results 

obtained are in agreement with previous reports and confirm that none of the 

isolates used were hypermutators.  If isolates were hypermutators, a µ value 

in the order of x10-6 would be expected.  From this data we can assume that 

the rates of mutations between all isolates due to genome replication errors 

are approximately equal, and that any increase in mutation frequency (above 

that of the genome rate) to a cefotaxime resistance phenotype can be 

directly attributed to other elements within an isolate.    
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Table 6.11 Spontaneous chromosomal mutation rate, no-treatment 

Isolate m Rifψ Average Nt* µ Rifχ
Interval 
0.95- 

Interval 
0.95+ 

B2 4.753 2.82x1010 8.43x10-11 6.31x10-11 1.13x10-10

M1 6.165 6.48x109 4.76x10-10 3.64x10-10 6.21x10-10

K1 8.658 1.66x109 2.61x10-9 2.05x10-9 3.32x10-9

J3 5.090 2.80x109 9.09x10-10 6.84x10-10 1.21x10-9

K2 5.697 2.76x109 1.03x10-9 7.88x10-10 1.36x10-9

J4 4.35 2.06x109 1.06x10-9 7.84x10-10 1.42x10-9

J5 4.637 2.94x109 7.89x10-10 5.89x10-10 1.06x10-9

      
*Average number of bacterial cells per parallel culture 
ψ MSS Maximum-likelihood calculated, expected number of mutants per culture 
χ Mutation Rate, probability of cell sustaining mutation in a lifetime 
 
Table 6.12 Spontaneous chromosomal mutation rate, 0.25 X MIC 
treatment 

Isolate m Rifψ Average Nt* µ Rifχ
Interval 
0.95- 

Interval 
0.95+ 

B2 0.399 4.12x109 4.84x10-11 2.57x10-11 9.12x10-11

M1 1.30 1.49x1010 4.36x10-11 2.82x10-11 6.75x10-11

K1 3.530 4.08x108 4.33x10-9 3.15x10-9 5.95x10-9

J3 0.229 1.12x108 1.02x10-9 4.81x10-10 2.17x10-9

K2 4.605 1.01x109 2.28x10-9 1.70x10-9 3.06x10-9

J4 6.25 1.30x109 2.40x10-9 1.84x10-9 3.13x10-9

J5 0.319 2.60x107 6.14x10-9 3.11x10-9 1.21x10-8

      
*Average number of bacterial cells per parallel culture 
ψ MSS Maximum-likelihood calculated, expected number of mutants per culture 
χ Mutation Rate, probability of cell sustaining mutation in a lifetime 
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6.3.2.2 Mutation rate to cefotaxime resistance 

The first half of this chapter presents the proposal and experimental 

confirmation a model of IS26 and G238S dependent SHV ESBL evolution.  

Within this model, isolates containing pr::IS26-blaSHV were hypothesised to 

contain blaSHV on a multi-copy plasmid, and isolates containing only pr-blaSHV 

were proposed to contain blaSHV in a chromosomal location.  For an isolate 

containing only pr-blaSHV to acquire an ESBL phenotype, chromosomally 

located blaSHV must undergo IS26 catalysed mobilisation to a plasmid 

location and also undergo the G238S substitution.  Isolates containing 

pr::IS26-blaSHV, already contain blaSHV in a plasmid location and therefore 

only require the G238S substitution.  Therefore, two genetic events are 

required for acquisition of an ESBL phenotype in isolates containing pr-

blaSHV in comparison to one genetic event for pr::IS26-blaSHV isolates.   

 

The number of genetic events necessary for ESBL phenotype is directly 

related to mutation frequency.  Mutation frequency is useful in describing the 

number of resistant mutants expected in a population, which can be used to 

determine the likelihood of resistant mutants occurring both before and 

during antimicrobial chemotherapy.   To determine the mutation frequency 

for the selected PAH non-ESBL isolates, single colonies termed ‘parent 

isolates’ from each isolate were used to inoculate parallel cultures.  Parallel 

cultures were grown to saturation and then plated onto MHII Cefotaxime 

media to allow for selection of resistant mutants. The number of mutants per 

plate was recorded and the m values (expected number of mutants per 

culture) and µ (the mutation rate) for each isolate were determined (table 

6.13 & 6.15).  The phenotype and genotype for each parent isolate was 

determined (table 6.14 & 6.16) so differences between parent and mutant 

could be compared.   
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Table 6.13 Spontaneous mutation rate to 1 µg/ml cefotaxime resistance 
phenotype, no treatment 

Isolate m CTXfψ Average Nt* µ CTXχ
Interval 
0.95- 

Interval 
0.95+ 

B2 0 2.82x1010 No Mutants Isolated 
M1 0 6.48x109 No Mutants Isolated 
K1 0 1.66x109 No Mutants Isolated 
J3 0.439 2.80x109 7.84x10-11 4.24x10-11 1.42x10-10

K2 0.329 2.76x109 2.13x10-10 1.09x10-10 4.17x10-10

J4 1.67 2.06x108 4.05x10-9 2.71x10-9 6.06x10-9

J5 0.049 1.05x109 2.68x10-11 2.19x10-11 3.46x10-11

*Average number of bacterial cells per parallel culture 
ψ MSS Maximum-likelihood calculated, expected number of mutants per culture 
χ Mutation Rate, probability of cell sustaining mutation in a lifetime 
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Table 6.14 Genotypes and phenotypes no treatment 
Mutant Phenotypes# Mutant Genotypes Isolate 

CT 
µg/ml 

CTL 
µg/ml 

TZ 
µg/ml 

TZL 
µg/ml 

DDST 
µg/ml 

 

∆CT238 
blaSHV

∆CT240 

blaSHV  
Pr::IS26-

blaSHV

Pr-
blaSHV

Total 
blaSHV

B2Parent <0.25 0.016 <0.50 0.064 Neg  -16.71 -4.82 N/D 1.00 1.00 
B2 No Mutants Isolated  No Mutants Isolated 

M1Parent <0.25 0.047 <0.50 0.19 Neg  -13.89 -8.31 N/D 1.00 1.00 
M1 No Mutants Isolated  No Mutants Isolated 

K1Parent <0.25 0.032 0.75 0.19 Neg  -16.32 -7.61 N/D 1.00 1.00 
K1 No Mutants Isolated  No Mutants Isolated 

J3Parent

J37

J36

J39

J317

J311

<0.25 
0.75 
1.0 
1.0 
0.75 
0.75 

0.19 
>1.0 
1.0 
1.0 
1.0 
1.0 

0.50 
0.75 
0.75 
1.0 
0.75 
1.0 

0.38 
0.50 
0.38 
1.5 
0.38 
0.38 

Neg 
Neg 
Neg 
Neg 
Neg 
Neg 

 -18.78 
-15.49 
-20.39 
-24.11 
-23.01 
-22.31 

-11.38 
-11.97 
-10.52 
-11.73 
-9.43 
-7.15 

N/D 
N/D 
N/D 
N/D 
N/D 
N/D 

1.00 
0.94 
0.18 
0.35 
0.75 
0.12 

1.00 
2272.40 
2896.31 
3213.66 
3191.46 
1833.01 

K2Parent

K212

K28

K29

K213

<0.25 
0.75 
1.0 
0.50 
0.50 

0.19 
>1.0 
>1.0 
0.19 
>1.0 

1.0 
2 
2 

1.5 
1.5 

0.25 
0.50 
0.38 
0.38 
0.38 

Neg 
Neg 
Neg 
Neg 
Neg 

 -15.29 
-15.24 
-19.42 
-22.08 
-17.14 

-9.70 
-10.49 
-15.49 
-22.28 
-10.85 

1.00 
0.63 
4.03 
0.23 
1.44 

1.00 
27.16 
0.11 
9.30 
0.07 

1.00 
4.32 
2.12 
1.26 
0.58 

J4Parent

J47

J48

J49

J411

J413

0.25 
1.0 
1.5 
1.0 
1.0 
0.75 

0.25 
>1.0 
>1.0 
>1.0 
>1.0 
0.38 

3 
1.0 
4 
2 

1.0 
1.5 

0.38 
0.38 
1.0 
1.0 
0.75 
0.38 

Neg 
Neg 
Neg 
Neg 
Neg 
Neg 

 -12.26 
-10.21 
-8.60 
-9.47 
-9.50 
-10.34 

-12.74 
-13.88 
-10.80 
-13.04 
-12.24 
-12.57 

1.00 
0.77 
3.65 
0.46 
1.59 
1.16 

1.00 
1.05 
4.00 
0.92 
1.28 
1.34 

1.00 
48.84 
325.53 
58.62 
214.77 
198.55 

J5Parent

J51

0.25 
0.75 

0.125 
>1.0 

0.50 
1.5 

0.19 
0.19 

Neg 
Neg 

 -9.86 
-12.88 

-11.99 
-11.53 

1.00 
0.43 

1.00 
0.38 

1.00 
0.02 

            
# MIC’s for antimicrobials tested. 

CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 
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All mutants isolated were non-ESBLs, with no measured changes in pr::IS26-

blaSHV, or the relative amounts of 238 mutant allele.  From the phenotypic 

data it appears resistance may be due to endogenous resistance 

mechanism(s), such as the loss of an outer membrane porin.  If endogenous 

mechanisms were responsible for the majority of mutants generated it would 

be expected that all tested isolates would generate mutants at approximately 

the same frequency.    However, isolates B2, M1 and K1 which do not 

contain pr::IS26-blaSHV failed to yield any mutants.   

 

Mutants isolated from J3 and J4 exhibited increases in blaSHV relative gene 

copy number.  However, no corresponding increases in pr::IS26-blaSHV or pr-

blaSHV were observed.  These results suggest blaSHV exists in at least one 

other genetic environment in these isolates.  However, the several thousand 

fold increase in total blaSHV appears excessively large for an increase in gene 

copy number.  It is currently unknown if this increase is the product of  

chromosomal blaSHV gene amplification by tandem duplication, or due to a 

technical error in the assay.  The retesting of produced comparable results 

obtained.  Such a large increase in relative copy number may be observed 

when the calibrator isolate is not representative of the analysed population.  

An alternate explanation to technical error was that the single colony of the 

parent isolate first used in these experiments was not homogenous and 

contained a large proportion of cells with a decreased blaSHV copy number.  It 

is hypothesised that these mutant isolates are primarily resistant to the 

applied selected pressure due to impaired ability of cefotaxime to enter cells, 

due to loss of an outer membrane protein.    

 

To determine if a small amount of selective pressure applied during the 

parallel growth phase increased mutation frequency, sub-lethal treatment 

experiments were performed.  Mutation frequencies were determined using a 

0.25X concentration of the parent isolate’s MIC to cefotaxime in the parallel 

culture step followed by selection of resistant mutants using solid media 

containing 1 µg/ml cefotaxime.  Sub-lethal treatment did not appear to 

increase the number of viable mutants, with resistant mutants only isolated 

from K2 and J4 (Table 6.21).  The sensitivity of the fluctuation assays varied 
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from 1.66 x 10-12 (most sensitive) to 2.20 x 10-10 (least sensitive).  The 

sensitivity of the assay is dependent on the average Nt (number of viable 

cells per culture) value for each isolate.  Therefore, the probability of 

generating mutants with 1 µg/ml cefotaxime resistance in these isolates is 

less than these values, or in more practical terms, the rates at which these 

isolates produce resistance mutants is low. 

 

Unlike the previous mutants isolated, four of the five characterised mutants 

derived from K2 expressed an ESBL phenotype (Table 6.22).  The K2 parent 

isolate contained pr::IS26-blaSHV.  Therefore, according to the proposed 

evolutionary model isolate K2 only requires the appropriate mutation at the 

blaSHV  238 codon for the acquisition of a ESBL phenotype.  All ESBL 

mutants showed ∆CT blaSHV 238 values for these isolates were ≥ -4 (∆CT 

cutoff as established in chapter 3) as expected with SHV ESBL expressing 

isolates.  The frequency of ESBL positive mutants for isolate K2 was 

approximately 1.93 x 10-10 which is comparable to the chromosomal 

spontaneous mutation rate.  It is known that the spontaneous chromosomal 

mutation rate is due to a single base pair mutations in rpoB (Rosche and 

Foster, 2000).  Therefore, it is probable the observed K2 ESBL mutation 

frequency is due to the single base pair mutation in blaSHV 238 codon. 

 

Both K2 and J4 isolates contain pr::IS26-blaSHV.  Therefore, it was expected 

that these isolates would have the highest frequency of mutation to 

cefotaxime resistance.  It is unexpected that K2 has generated 

predominately ESBL positive mutants, while J4 produced none, as both 

isolates only require point mutations in the 238 critical region of blaSHV to 

produce an ESBL phenotype.  The mutation rate for J4 was found to be 60 

fold higher with a frequency of 1.22 x 10-8.  However, no ESBL positive 

mutants were isolated.  The phenotypes of these mutants was consistent 

with those previously isolated in that no inhibition of growth (enhancement of 

kill zone) was seen when treated in combination with β-lactamase inhibitor.  

The only ESBL mutants isolated have been from sub-lethally treated 

cultures.  The overall effect of sub-lethal treatment on resistance frequency 

appears difficult to determine from the experimental data.   
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Table 6.15 Spontaneous mutation rate to 1 µg/ml cefotaxime resistance, 
0.25 x MIC treatment 

Isolate m CTXfψ Average Nt* µ CTXχ
Interval 
0.95- 

Interval 
0.95+ 

B2 0 4.12x109  No Mutants Isolated 
M1 0.049 1.49x1010 No Mutants Isolated 
K1 0 4.08x108 No Mutants Isolated 
J3 0 1.12x108 No Mutants Isolated 
K2 0.389 1.01x109 1.93x10-10 1.02x10-10 3.64x10-10

J4 3.18 1.30x108 1.22x10-8 8.79x10-9 1.70x10-8

J5 0 1.30x108 No Mutants Isolated 

      
*Average number of bacterial cells per parallel culture 
ψ MSS Maximum-likelihood calculated, expected number of mutants per culture 
χ Mutation Rate, probability of cell sustaining mutation in a lifetime 
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Table 6.16 Genotype and phenotype 0.25 X MIC treatment 
Mutant Phenotypes Mutant Genotypes Isolate 

CT 
µg/ml 

CTL 
µg/ml 

TZ 
µg/ml 

TZL 
µg/ml 

DDST 

 

∆CT238 ∆CT240 Total 
blaSHV

SHV-
1 Pro 

IS26 
Pro 

B2Parent <0.25 0.016 <0.50 0.064 Neg  -16.71 -4.82 N/D 1.00 1.00 
B2 No Mutants Isolated  No Mutants Isolated 

M1Parent <0.25 0.047 <0.50 0.19 Neg  -13.89 -8.31 N/D 1.00 1.00 
M1 No Mutants Isolated  No Mutants Isolated 

K1Parent <0.25 0.032 0.75 0.19 Neg  -16.32 -7.61 N/D 1.00 1.00 
K1 No Mutants Isolated  No Mutants Isolated 

J3Parent <0.25 0.19 0.50 0.38 Neg  -18.78 -11.38 N/D 1.00 1.00 
J3 No Mutants Isolated  No Mutants Isolated 

K2Parent <0.25 0.19 1.0 0.25 Neg  -15.29 -9.70 1.00 1.00 1.00 
K216

K217

K212

K28

K25

6 
1.5 
2 

1.0 
1.5 

0.094 
0.125 
0.125 
>1.0 
0.094 

6 
3 
3 
3 
4 

0.25 
0.25 
0.38 
1.5 
0.38 

Pos 
Pos 
Pos 
Neg 
Pos 

 -0.35 
-0.05 
0.25 
-8.67 
0.33 

-13.27 
-13.43 
-12.39 
-13.28 
-13.98 

1.65 
1.47 
1.96 
1.18 
0.85 

2.83 
1.20 
0.56 
0.77 
0.89 

1.57 
1.04 
0.85 
2.367 
0.80 

J4Parent 0.25 0.25 3 0.38 Neg  -12.26 -12.74 1.00 1.00 1.00 
J419 
J420 
J418 
J416 
J415 

1.5 
1.0 
1.5 
1.0 
1.5 

1.0 
>1.0 
>1.0 
>1.0 
>1.0 

4 
2 
3 
3 
6 

4 
1.0 
1.0 
0.75 
>4 

Neg 
Neg 
Neg 
Neg 
Neg 

 -9.66 
-10.18 
-11.67 
-9.38 
-9.86 

-11.78 
-12.78 
-13.90 
-11.83 
-13.34 

28.71 
5.58 

233.08 
338.58 
696.19 

2.82 
0.92 
1.17 
1.04 
0.98 

8.11 
1.39 
0.67 
0.83 
1.74 

J5Parent 0.25 0.125 0.50 0.19 Neg  -9.86 -11.99 1.00 1.00 1.00 
J5 No Mutants Isolated  No Mutants Isolated 

CT: Cefotaxime; CTL: Cefotaxime/ Clauvanic acid 
TZ: Ceftazidime; TZL: Ceftazidime/Clauvanic acid 
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6.4 Discussion 

The aim of this set of experiments was to test the hypothesis that IS26 

facilitates the development of ESBL-mediated resistance in K. pneumoniae 

strains carrying blaSHV.  All of the ESBL expressing isolates characterised in 

chapter 5 were found to contain pr::IS26-blaSHV and the blaSHV 238 mutant 

allele.  Increasing antibiotic resistance was found to correlate with pr::IS26-

blaSHV copy number and the relative allele copy number of blaSHV 238 and 

240 mutant alleles.  From this observation it was hypothesised that in 

addition to the G238S substitution, the requirement for pr::IS26-blaSHV in  the 

generation of an ESBL phenotype is absolute, in this set of isolates.  To 

address this hypothesis, two distinct questions were asked.  Does the 

presence of a non-ESBL containing the pr::IS26-blaSHV cassette facilitate the 

selection of ESBL-mediated resistance? In isolates that possess pr-blaSHV 

but not pr::IS26-blaSHV, can the presence of IS26 anywhere in the genome 

facilitate the selection of ESBL-mediated resistance through IS26 insertion 

and/or mobilisation?  

 

The non-ESBL PAH isolates were found to contain the three states of IS26 

and blaSHV genotypes required to answer to above questions.  These were 

isolates that; did not contain IS26; contained IS26 but not in the blaSHV 

promoter region; contained IS26 in the blaSHV region.  Serial passages with 

increasing selective pressure were used to determine the influence of IS26 

and blaSHV on the generation of an ESBL phenotype. This method has 

previously been reported to elucidate the mutations necessary for resistance 

and confirm proposed evolutionary models (Galan et al. 2003).   

 

Serial passage experiments confirmed that pr::IS26-blaSHV is required for 

ESBL resistance in this set of isolates.  All of the PAH ESBL expressing 

isolates which exclusively contained a SHV β-lactamase were found to 

contain pr::IS26-blaSHV in conjunction with blaSHV 238 mutant allele.  Such is 

the requirement for pr::IS26-blaSHV that isolate M1, which did not contain 

IS26 within its genome, could not produce viable mutants beyond treatment 

at 1 µg/ml cefotaxime.  This is further evidenced by the fact that this isolate 
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did not yield ESBL mutants when subject to stepwise selection. The mutants 

isolated up to the 1 µg/ml cefotaxime data point were non-ESBLs and 

resistance appeared to be due to other mechanisms which remain to be 

elucidated.  It has been hypothesised that the possible resistance 

mechanism is an endogenous resistance mechanisms resulting in a 

decrease in the amount of a specific outer membrane porin, responsible for 

the transport of cefotaxime.   

 

It has been hypothesised that pr-blaSHV represents blaSHV located at a 

chromosomal location and that pr::IS26-blaSHV represent blaSHV at a plasmid 

location.  The probable IS26 catalysed mobilisation of blaSHV to form 

pr::IS26-blaSHV, was observed in the serial passage experiments, first 

observed in ESBL mutant isolate J3 0.25.  The non-ESBL J3 parent isolate 

did not contain pr::IS26-blaSHV.    The results for J3 0.25 support this 

hypothesis with an eight fold increase in total cellular blaSHV coincident with 

the appearance of pr::IS26-blaSHV.  Therefore, it appears that IS26 has 

facilitated the selection of ESBL-mediated resistance through insertion of 

IS26 upstream of blaSHV and mobilisation of the newly formed IS26-blaSHV 

cassette onto a multi-copy replicon.   

 

An alternate explanation for the appearance of pr::IS26-blaSHV in J3 could be 

that a small number of cells containing pr::IS26-blaSHV were present in the J3 

parent inoculum, and this sub-population became dominant when selective 

pressure was applied or that a plasmid containing pr::IS26-blaSHV 

contaminated the experiment.  These alternatives are considered unlikely as 

care was taken to ensure that each parent isolate was derived from a single 

colony which should represent a clone from a single cell and aseptic 

conditions were used for all manipulations.  Nucleotide sequencing of pr-

blaSHV amplicon from J3 parent isolate and pr::IS26-blaSHV from J3 0.25, J3 

0.50 & J3 1.00 has shown that the blaSHV promoter regions of both cassettes 

are homologous to those previously reported (Podbielski et al. 1991B).   

 

The contribution of the IS26 insertion which results in a new transcription 

start site by insertion of a more efficient blaSHV -35 promoter element has still 
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not conclusively been established. The fact that all the mutants isolated 

appear to contain the IS26 insertion derived -35 promoter, 18bp upstream of 

the -10 consensus suggests that the effect of IS26’s role in the mutation of 

isolates to ESBL-mediated resistance is two fold and synergistic, in that it 

provides a mechanism for the mobilisation of blaSHV to a multi-copy replicon 

and results in a new transcription initiation site with an enhanced 

transcription rate.  

 

The IS26 catalysed mobilisation of blaSHV to form pr::IS26-blaSHV is only one 

component required for an ESBL phenotype.  The spectrum extending 

G238S substitution is also required for ESBL-mediated resistance.  J3 0.25 

was also characterised as containing a larger proportion of blaSHV mutant 

alleles than that of the J3 parent.  Therefore, the appearance of the J3 0.25 

mutant required at least two genetic events.  The IS26 catalysed mobilisation 

of blaSHV to a multicopy replicon and the mutation of blaSHV codon 238 to 

encode the G238S substitution. Serial passage of J5 and J4 also showed the 

necessity for the G238S substitution in SHV ESBL-mediated resistance.  

Both of the non-ESBL J5 and J4 parent isolates contained pr::IS26-blaSHV, 

with all ESBL mutants containing an increased ratio of blaSHV 238 mutant 

allele.       

 

Therefore, in this set of isolates, pr::IS26-blaSHV in conjunction with the blaSHV 

mutant allele is required for ESBL-mediated resistance.  Furthermore, it is 

hypothesised that in isolates that do not contain pr::IS26-blaSHV, IS26 can 

catalyse the mobilisation and formation of the pr::IS26-blaSHV cassette.  From 

the J3 mutants isolated and characterised in the serial passage experiments 

a resolution of the IS26 catalysed mobilisation and blaSHV codon 238 

mutation events is not possible.  The most likely sequence of events is the 

IS26 catalysed replication and mobilisation of blaSHV to a multi-copy plasmid 

location, followed by mutation of the blaSHV 238 codon in the pr::IS26-blaSHV 

cassette. It is probable that pr::IS26-blaSHV does not offer any selective 

advantage to expanded spectrum antimicrobials until the blaSHV encodes the 

G238S substitution.  Therefore, when selective pressure is applied to 

mutants containing pr::IS26-blaSHV with the 238 mutation, this replicon will be 
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maintained, with any further mutations that lead to an increase in pr::IS26-

blaSHV with the 238 mutation conferring a greater selective advantage.    It 

was expected that mutants isolated from later passages with higher applied 

selective pressure would contain the blaSHV 240 mutant allele.  However, it 

appears that this substitution may not have been subject to selective 

pressure as only cefotaxime was used for serial passage selection and not 

ceftazidime.  Other studies have shown that G238S is mainly required for 

cefotaxime hydrolysis, while both G238S and E240K are required for 

effective ceftazidime hydrolysis (Heritage et al. 1999).  The phenomena of 

pr::IS26-blaSHV with only the 238 mutation conferring selective advantage 

may explain why the determination of blaSHV 238 and 240 codon mutant to 

wild-type allele ratios correlates with the level of ESBL resistance.   

  

With the roles of IS26, blaSHV and the G238S substitution defined in ESBL-

mediated resistance, it was of interest to determine the frequency of which 

ESBL mutants occur in a population.  The mutation of non-ESBL isolates to 

produce SHV ESBL resistance requires either one or two, mutations 

depending on the pr::IS26-blaSHV status of on isolates.  As the non-ESBL 

PAH isolates which contain pr-blaSHV and pr::IS26-blaSHV are not 

discriminated by phenotypic resistance profiling (it was of interest to 

determine the frequency at which ESBL mutants appear in populations of 

these isolates).   

 

This study was the first of its kind to discretely measure the ESBL resistance 

frequency of Klebsiella pneumoniae isolates.  For all isolates we have found 

the rate of mutation to be extremely low, with no ESBL positive mutants 

isolated from non-sublethal cefotaxime treatment.  Isolates K2 and J4 were 

expected to exhibit the highest mutation frequency, as the parent isolates 

contain pr::IS26-blaSHV.  Therefore, only the codon 238 mutation conferring 

the G238S substitution was required for ESBL-mediated resistance.  Isolate 

J4 failed to produce any ESBL positive mutants and the frequency of ESBL 

positive mutant generation from K2 was approximately 1.93 x 10-10 when 

sublethally treated with cefotaxime during parallel growth phase.  Mutants 

were generated for each isolate in the rpoB chromosomal experiments.  
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However, ESBL mutants were only selected from one isolate.  This 

observation provides evidence that selecting an ESBL mutant from isolates 

which already contain pr::IS26-blaSHV is not as simple as selecting a single 

point mutant.   

 

The effect of sub-inhibitory treatment of parallel cultures appears difficult to 

ascertain. The difference between sub-inhibitory and non-sub-inhibitory 

mutation frequencies could be random.  Only sub-inhibitory treated cultures 

of J2 yielded ESBL positive mutants and not all of the mutants isolated 

exhibiting an ESBL positive phenotype.    From this data it is assumed that 

the frequency of events requiring IS26 insertions or mobilisation events is 

lower than this frequency.  An increase in mutation frequency in response to 

sub-inhibitory treatment could be correct.  However, from these experimental 

data it is impossible to draw firm conclusions.  To determine the effect of 

sub-inhibitory treatment on a large number of separate parallel culture 

experiments need to be conducted.  Such a study represents a large volume 

of work and could be the subject of future experimentation.   

 

Despite the lack of any firm conclusion with regard to sub-inhibitory 

treatment, the overall conclusion of the mutation frequency experiments still 

supports the hypothesis that pr::IS26-blaSHV is required in this group of 

isolates for SHV ESBL mediated resistance.  If the mutation frequency 

experiments are considered in isolation, deriving ESBL mutants from only 

one isolate challenges the generality of this hypothesis.  However, these 

results in combination with the serial passage experiments indicate that, in 

this set of isolates, there is a very low prabability of generating a SHV ESBL 

mutant in an isolate that does not contain pr::IS26-blaSHV. 

 

If mutation frequency experiments were performed omitting K2, all of the 

mutants isolated displayed a non-ESBL phenotype.  Resistance to both 

cefotaxime/ceftazidime and β-lactam-β-lactamase inhibitor combinations 

coupled with no changes in IS26 or blaSHV, has lead to the hypothesis that a 

reduction in a major outer membrane protein is responsible for the resistance 

observed in these isolates.  Further research is required to identify the 
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resistance mechanisms in these isolates.  The phenotypes observed are 

consistent with those found in similar studies, and are also reported to occur 

frequently concurrently with active exogenous mechanisms of β-lactam 

hydrolysis by β-lactamases (Hernandez-Alles et al. 2000; Rice et al. 2000; 

Wu et al. 2001). 

 

In summary the serial passage experiments have supported the model that 

IS26 mobilisation of blaSHV to form the pr::IS26-blaSHV cassette, in 

conjunction with the SHV G238S substitution is required for ESBL-mediated 

resistance.  Serial passage experiments have provided valuable insights into 

the evolution of resistance in this group of isolates.  Mutation frequency 

experiments have shown that the frequency of ESBL mutant generation in 

the above evolutionary pathway is very low.  It is highly unlikely however, 

that IS26 is the only mechanism of blaSHV translocation and promoter 

enhancement available in this group of organisms.  It is plausible that  IS26 

is not exclusively responsible for blaSHV mediated ESBL resistance.  The 

collection of isolates used in these experiments represented a small, clonally 

related population.  It is hypothesised that a whole plethora of analogous 

mobile elements and promoter insertions/mutations are associated with 

ESBL-mediated resistance in the biosphere.  The ubiquity of pr::IS26-blaSHV 

in a selection of SENTRY isolates is presented in Chapter 7. 
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Chapter 7 
Survey of pr::IS26-blaSHV prevalence in SENTRY isolates 

 

7.1 Introduction 
Study of the PAH isolates reported in Chapter 5 has shown that IS26 is always 

associated with SHV β-lactamase mediated resistance.  An IS26 dependent 

blaSHV evolutionary model for the acquisition of ESBL resistance has been 

proposed and validated by in vitro evolution experiments reported in Chapter 6.  

In this model, IS26 catalyses the mobilisation of chromosomally located blaSHV 

to form the pr::IS26-blaSHV cassette located on a multi-copy plasmid.  The role of 

IS26 in increased blaSHV transcription appears to be two fold.  An increase in 

blaSHV copy number and hence transcript, occurs when IS26 catalyses 

mobilisation of blaSHV onto a multi-copy plasmid.  The insertion of IS26 in the 5` 

proximal region of blaSHV results in the IS26 inverted repeat acting as a -35 

promoter element, altering the transcription initiation site, increasing the 

efficiency of the promoter. 

 

To determine the prevalence of IS26 mediated SHV ESBL resistance a larger, 

unrelated population represented by the SENTRY isolates was surveyed.  Using 

a diverse range of isolates from differing locales, the generality of the IS26 

dependent evolutionary pathways may be established.  If IS26 catalysed 

mobilisation and generation of a new -35 blaSHV promoter element is highly 

advantageous in the acquisition and enhancement of resistance to expanded 

spectrum antimicrobials, then one would expect that a large proportion of a the 

bacterial population would contain these mutations.  Although pr::IS26-blaSHV 

has been reported in Korea (Kim et al. 1998), Australia (this study) and the 

United States (http://www.genome.wustl.edu/projects/bacterial/kpneumoniae/) 

no study has surveyed a selection of diverse isolates to look primarily at role of 

pr::IS26-blaSHV in resistance. From these preliminary reports however, it appears  

pr::IS26-blaSHV mediated SHV ESBL resistance is found worldwide.  
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The goal of this study was to test the hypothesis that IS26 frequently associated 

with SHV-mediated ESBL expression in a diverse collection of E. coli and K. 

pneumoniae isolates.  To achieve this goal the prevalence of pr::IS26-blaSHV in 

the SENTRY isolate will be determined by PCR.   

 

 

7.2 Materials and methods 
7.2.1 Amplification from IS26 to blaSHV and detection of amplicon 
Isolates were grown and the DNA prepared as previous described in 2.3.1.  The 

expand long template PCR system (Roche) in conjunction with the pr::IS26-

F/shv238reverse primer set was used to detect IS26 upstream of blaSHV in the 

SENTRY isolates.  The expand long PCR system was chosen as it would allow 

the synthesis of long amplicons if IS26 was located in the 0.5-9 kb upstream 

region of blaSHV.  PCR reactions were conducted in accordance with 

manufacturer’s instructions (Roche) using System 1 buffer.  Thermocycling was 

performed according to manufacturer’s instructions with a 60°C annealing step.  

DNA for PCR was extracted as described in section 2.3.1, with amplicon 

detected using a 1.5% agarose gel, electrophoresized at 100v in TBE for 40 

minutes. 

 
7.2.2 Sequencing of IS26-blaSHV PCR product 
PCR product was purified using the QIAquick PCR purification kit (Qiagen) in 

accordance with manufacturer’s instructions.  The purified amplicon was then 

sequenced using Pr::IS26-F (CCGGCCTTTGAATGGGTT) and Shv35reverse 
(CATCATGGGAAAGCGTTCATC) as per the method previously described in 

section 2.3.3.
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7.3 Results and discussion 
7.3.1 Prevalence of IS26 in the 5` proximal region of blaSHV

To determine the prevalence of the pr::IS26-blaSHV cassette and the 

approximate IS26 insertion point in the SENTRY collection, PCR was performed 

using pr::IS26-F and Shv238reverse primers.  This primer set amplifies a 

fragment containing the IS26 tnpA / repeat region and 781 bp of blaSHV.  

Therefore, a PCR amplicon size of 939 bp would indicate that IS26 insertion 

point is the same as that previously described, where the IS26 inverted repeat 

acts as a new -35 blaSHV promoter element.  Of the 100 SENTRY isolates, 40 

were found to contain IS26 in the 5` proximal region of blaSHV.  Thirty nine of 

these isolates displayed an amplicon of ~900bp by gel electrophoresis, which 

correlates with IS26 insertion positioning in the -79 bp region of the blaSHV 

promoter, with a single isolate found to contain an amplicon of approximately 

2000 bp in length (Table 7.1).   

 

The 5` proximal blaSHV nucleotide sequence of the ~2000 bp amplicon was 

determined, assembled and analysed.  A schematic of the upstream region 

characterised is given in Figure 7.1.  It appears that the increase in amplicon 

size from 900 to 2000 bp is due to the insertion of a DNA sequence between the 

IS26 -35 element located in the IS26 inverted repeat and the IS26  transposase.  

A translated BLAST (BLASTX) of the intervening sequence showed that it was 

most closely related (e value 1x10-160) to an unknown Klebsiella pneumoniae 

locus (NP_943402).  The sequence appears to be truncated, containing only the 

last 1043bp, with the first 468bp of the hypothetical ORF missing.  A schematic 

of the gene organisation, and the complete upstream sequence region, is given 

in Figure 7.1. 
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Table 7.1 SENTRY isolates with IS26 in the 5` proximal region.  The probable β-

lactamase responsible for ESBL resistance is given under the heading 

phenotype.  As the G238S substitution is also required in conjunction with 

pr::IS26-blaSHV, the measure blaSHV ∆CT 238 & ∆CT 240 values presented in 

Chapter 4 are listed.  

 
Isolate Amplicon  

Size (bp) 
β-lactamases Phenotype blaSHV  

∆CT 238 
blaSHV  
∆CT 240 

31 900 SHV, TEM, CTX-M CTX-M 4.62 6.73 
59 900 SHV, TEM SHV 4.40 -9 
92 900 SHV, CTX-M CTX-M -0.78 6.54 
30 900 SHV ?CTX-M -5.01 -6.91 
37 900 SHV, TEM SHV 5.14 1.33 
45 900 SHV, TEM, CTX-M SHV 2.62 8.76 
89 900 SHV SHV 0.60 -1.35 
91 900 SHV, TEM, CTX-M SHV 3.43 9.41 
6 900 SHV SHV 3.34 -0.62 
12 900 SHV, TEM SHV 9.92 8.16 
16 900 SHV, CTX-M SHV 2.24 1.71 
32 900 SHV, TEM SHV 4.47 13.15 
52 900 SHV, TEM, CTX-M SHV 5.01 8.96 
72 900 SHV, CTX, AMPC AMPC 

 
-7.34 -4.04 

73 900 SHV, CTX, AMPC AMPC -7.14 -9.2 
64 900 SHV, TEM, CTX-M SHV 1.90 0.23 
88 900 SHV, TEM, CTX-M SHV 3.96 2.79 
15 900 SHV, TEM SHV 1.77 -1.12 
17 900 SHV, TEM SHV 0.10 -1.15 
43 900 SHV, TEM, CTX-M SHV 5.82 -0.45 
56 900 SHV, TEM, CTX,-M, AMPC SHV/AMPC -0.93 4.93 
69 900 SHV, TEM, CTX, AMPC SHV/AMPC -0.60 4.37 
13 900 SHV, TEM, CTX-M SHV 7.66 13.72 
23 900 SHV, TEM SHV 1.44 7.55 
33 900 SHV, TEM SHV 0.78 9.37 
34 900 SHV, TEM SHV 4.82 3.42 
35 900 SHV, TEM SHV 3.30 6.58 
36 900 SHV, TEM SHV -1.00 2.88 
38 900 SHV, TEM SHV -0.83 6.93 
46 900 SHV SHV 4.66 5.19 
51 900 SHV, TEM, CTX-M SHV -0.02 5.98 
65 900 SHV, TEM SHV 1.75 6.54 
81 900 SHV, TEM, AMPC SHV 1.99 8.79 
87 900 SHV, TEM SHV 0.67 5.59 
39 2000 SHV, TEM, CTX-M SHV 1.58 5.5 
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Figure 7.1 Gene arrangement and nucleotide sequence in the 5` proximal 

blaSHV region of SENTRY isolate 39. 

 

 
[IS26 Transposase] 
AGCCTTTCGGGCCCCCCCAAAGGAGGATGATAGTTTATCACCACCGACTATTGTGTAAGT 
TCACACAGATATTGCAA  
 
[Truncated hypothetical ORF] 
TTGCCTCAGAACACTAAAGGAGGGATTGCCAGATGTTGATGCA 
GCATATCGGTGTCGGCTATTTTGGGTATTACCGAGCAACTGCTTATGCGATGAAACACTC 
TCTTATGCCCGAGATTGCGAAGTTAAGAATGAAGGCTCTGAACTTCTGGGATAAGCACGG 
GATCCGTGCCGCAGCTGATGCTTTTGACGTATCAACGCGAACACTCTACTGGTGGCGCCG 
GTTACTGCGCACCGGTGGTCCAGAAGCACTAATTCCAAGAAGCAAAGCCCCTCTGGTTCG 
CCGTTCAAGGCACTGGCATCCTGATGTACTCAAGGAGATCAGGCGTCTGAGAACTGAGTT 
ACCCAATCTCGGCAAAGAGCAGATTTTTGTCAGGCTGAAACCATGGTGTGAAGCGCGGCA 
TTTTACCTGTCCCAGCACGTCAACCATTGGAAGAATCATTGCTGGTGCTCACGATAAAAT 
GCGGATGATCCCCGTACGCCTCAGCGCCAGGGGCAAAGCCCGGTTGATAAAAAAACGCTC 
AGTGAAGCCCAGAAGACCAAAACAATACCGCCCGGTAAAAACAGGCGAACTCATAGGGAT 
GGACGCGATTGAACTCAGGATGGGGGACCTACGCCGCTATATCATTACCATGATCGACGA 
GCACAGCGACTATGCGCTGGCCCTGGCGGTCCCTTCACTCAACAGCGATATTACCAGCCA 
TTTCTTCAGCAAGGCCACAAAGCTCTTTCCTGTCGCTATCAGACAAGTTGTCACTGACAA 
CGGTAAGGAGTTCCTCGGTAACTTTGATAAAACGCTACAGGAAGCCTCGATTAAACACAT 
CTGGACCTATCCGTACACACCGAAAATGAATGCGACCTGTGAGCGATTTAACCGGGACAC 
TTAGAGAACAATTTATTGAATTCAATGAATTGTTGCTTTTTGAGGACCTGAATTTGTTTA 
ATCAAAGATGGCTGAATATCTGGTGCTGTATAACAGCAAAGGCCACATAAATCACTCGAC 
TGATGACGCCAGTGACTATATTTTACGTGAGAGTAAAATTGCAATATGTGGTGGA 
 
[IS26 -35 region] 
TTTGCAACAGTGCC [-35 consensus] 
 
[blashv region] 
AACGCCGGGTTATTCTATTTGTCGCTTCTTTAGCTCGCATTATCGCCTCCCCTCAGATGTT 
ATGGGGTATGCTTATTCGCTGGGTATTATTCCCTGTTAGACACCCCTGCGCGTGGGTCGTA 
TAACAGGCAAAGAAG [-10 consensus] 

blaSHV

IS26 -35 

truncated 
hypothetical ORF 

IS26 
transposase 

NP_943402 Pr:IS26 primer Shv238r primer 
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It is hypothesised that the insertion of the hypothetical ORF fragment occurred 

subsequent to the insertion of IS26 in the 5` proximal location of blaSHV. It is 

interesting that a single 2000 bp amplicon was generated for this isolate, as this 

result indicates that all pr::IS26-blaSHV in this isolate contains the 1043 bp 

insertion.  If the insertion event occurred (as previously hypothesised) after IS26 

catalysed mobilisation of blaSHV to a multicopy replicon then one would expect 

that both forms of pr::IS26-blaSHV would co-exist in the isolate.  A possible 

explanation for this observation is that an ancestor of this isolate contained both 

pr::IS26-blaSHV forms.  During subsequent evolution of this ancestor a mutant 

cell containing only pr::IS26-blaSHV with the 1043 bp insertion was derived, and 

was of sufficient fitness to persist and disseminate in the biosphere.   
 

To determine if the IS26 inverted repeat still functions as the blaSHV -35 element 

in SENTRY isolate 39, an alignment between this isolate, pr::IS26-blaSHV, pr-

blaSHV and Klebsiella pneumoniae genome MGH785878 was performed (figure 

7.2).  This finding provides further evidence that the IS26 inverted repeat 

enhances promoter function, providing a greater selective advantage. 

 

Despite the interruption of the pr::IS26-blaSHV cassette, the -35 and -10 sites 

remain unchanged and still appear responsible for the ESBL-mediated 

resistance in this isolate. These results provide some evidence to support the 

hypothesis that the IS26 insertion to create a new -35 element upstream of 

blaSHV is required for SHV ESBL-mediated resistance.  However, this result is 

not conclusive as isolate 39 also contains blaTEM and blaCTX-M, which may 

contribute to the observed phenotype.  An unknown promoter region coupled 

with blaSHV may also be present in this isolate, allowing SHV ESBL-mediated 

resistance.  
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Figure 7.2  Alignment of blaSHV upstream regions. 
-35 -10

 

ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTT

 ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTTPr SH::IS26 bla V   AAAAATTGCAATATGTGGTGGATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTTSENTRY Isolate 39 

Podbielski et al. 1991A  ATCACCACCGACTATTTGCAACAGTGCCAACGCCGGGTTATTCTTATTT
K.pn Genome MGH78578 
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The pr::IS26-blaSHV cassette was found in a least one isolate from every 

healthcare facility represented in the SENTRY collection, with the exception of 

PAH, Australia.  It is known that pr::IS26-blaSHV is present in this location due to 

the results presented in previous chapters using 21 isolates from the PAH 

Australia.  If pr::IS26-blaSHV is found in unrelated isolates a model of  parallel 

evolution to yield  pr::IS26-blaSHV may be produced.  Comparison of IS26 

insertion points in the blaSHV promoter region will also determine if the insertion 

point is conserved so the IS26 repeat always forms a new -35 blaSHV promoter 

element, resulting in a new transcription initiation site.  Although IS26 has been 

shown that it does not exhibit insertion sequence specificity, insertion that 

results in a new -35 consensus 18 bp upstream of the existing -10 may provide 

a large increase in selective advantage to expanded spectrum β-lactam 

selective pressure.  Therefore, only isolates containing the IS26 insertion at this 

point a found in resistant bacterial populations. 

 

Table 7.2 provides a listing of all SENTRY isolates that contain blaSHV, but did 

not to contain pr::IS26-blaSHV.  This data is of greater interest as it demonstrates 

isolates which are SHV-mediated ESBLs, but do not contain pr::IS26-blaSHV.  

Therefore, while pr::IS26-blaSHV plays a role in resistance in some isolates, it 

does not in others.  It is hypothesised that there are other 5` blaSHV proximal 

regions analogous to IS26.  An alternate hypothesis could be that the IS26 

inverted repeat is present, acting as the -35 region in these isolates.  However, 

the upstream region in interrupted so no PCR product could be generated.   

 

As highlighted by Ford and Avison (2004), the majority of studies have focused 

exclusively on the blaSHV coding region, with little characterisation of the regions 

surrounding blaSHV, particularly in the 5` flanking region.  With the exception of 

Podbielski et al. (1991B) little work has been done with respect to the discovery 

and characterisation of the blaSHV promoter region. The SENTRY isolates 

represent an excellent collection on which to perform future blaSHV promoter 

characterisation studies.  To characterise these upstream regions in an 
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unbiased fashion a gene library approach, similar to that used in chapter 5 

should be undertaken.  The experimental data from such work would provide 

further insights into the mobilisation and evolution of blaSHV. 
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  Table 7.2 SENTRY Isolates without IS26 in the 5` proximal region.  The β-

lactamases and probable β-lactamase responsible for ESBL resistance 

phenotype are given.  The measured blaSHV ∆CT 238 & ∆CT 240 present in 

Chapter 4 are listed.  

Isolate β-lactamases Phenotype blaSHV
∆CT 238 

blaSHV
∆CT 240 

9 SHV SHV 7.86 3.62 
18 SHV SHV 4.17 10.58 
54 SHV ?A -7.83 -9.12 
58 SHV SHV 0.94 -8.63 
70 SHV ?A -7.55 -9.16 
85 SHV Non-ESBL -9.72 -11.07 
1 SHV, TEM SHV 4.86 6.64 
2 SHV, TEM SHV 3.07 2.14 
3 SHV, TEM SHV 4.72 4.16 
14 SHV, TEM SHV 5.5 -1.01 
20 SHV, TEM SHV -0.89 0.84 
25 SHV, TEM SHV -2.16 0.4 
47 SHV, TEM SHV 0.29 -1.09 
68 SHV, TEM TEM -7.41 -9.12 
76 SHV, TEM SHV 5.51 9.69 
19 SHV, CTX-M SHV 1.06 6.54 
22 SHV, CTX-M SHV 3.8 7.15 
60 SHV, CTX-M CTX-M -6.63 -8.41 
61 SHV, CTX-M CTX-M -5.66 -8.11 
62 SHV, CTX-M CTX-M -6.23 -9.2 
96 SHV, CTX-M SHV 0.91 4.47 
98 SHV, CTX-M SHV 0.74 4.76 
99 SHV, CTX-M SHV 1.02 6.01 
24 SHV, TEM, CTX-M SHV 1.07 -3.21 
40 SHV, TEM, CTX-M CTX-M -0.03 7.22 
41 SHV, TEM, CTX-M CTX-M -10.86 -13.24 
48 SHV, TEM, CTX-M CTX-M -9.44 -9.89 
49 SHV, TEM, CTX-M CTX-M -8.2 -10.45 
50 SHV, TEM, CTX-M CTX-M -8.99 -11.97 
57 SHV, TEM, CTX-M CTX-M -8.04 -9.2 
84 SHV, TEM, CTX-M CTX-M/SHV 0.5 -18.39 
90 SHV, TEM, CTX-M CTX-M/SHV 0.07 4.66 
93 SHV, TEM, CTX-M CTX-M/SHV 0.65 5.36 
95 SHV, TEM, CTX-M Non-ESBL -5.37 -7.51 
97 SHV, TEM, CTX-M SHV 1.84 6.39 

100 SHV, TEM, CTX-M SHV 1.62 -0.59 
55 SHV, AMPC AMPC -6.87 -4.74 
80 SHV, TEM,  AMPC AMPC/SHV 3.77 10.5 

 
AIsolate exhibits an ESBL phenotype, but, does not show any 

characteristic blaSHV mutations. 
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Chapter 8  
General discussion 
One of the most common and important mechanism of bacterial resistance to 

penicillin-derived antibiotics is the production of β-lactamase enzymes. SHV-1 

and TEM-1 β-lactamases are Class A serine hydrolyses and are the most 

prevalent β-lactamases among Gram-negative bacteria (Cantu et al. 1996).  

Both these enzymes can hydrolyse penicillin and cephalosporins.  However, 

extended-spectrum antibiotics such as oxyimino cephalosporins and 

monobactams are refractory to β-lactamase cleavage.  The introduction and 

widespread use of expanded-spectrum antibiotics has resulted in the 

development of resistance to oxyimino cephalosporins (cefotaxime and 

ceftazidime) and monobactams (aztreonam) (Blazquez et al. 2000).  Whilst 

resistance may be due to many mechanisms, SHV and TEM β-lactamase 

mediated resistance is due to amino acid substitutions in parental SHV-1/TEM-1 

β-lactamase enzymes.   

 

Because mutation(s) at limited sites can lead to the acquisition of a clinically 

significant phenotype, ESBLs are an excellent target for DNA-based diagnostic 

procedures that can detect single base changes. This was recognised by 

Howard et al. (2002) in a study of 21 K. pneumoniae isolates supplied by 

Queensland Health Pathology Services at Princess Alexandra (PAH) Hospital.  

This work was the first to fully characterise SHV ESBLs of Australian origin.  

Howard et al. (2002) amplified and sequenced ESBL encoding genes from 

isolates and developed a first nucleotide change (FNC) assay for SHV ESBL 

diagnosis. Howard et al. (2002) found that a large subset (and possibly all) of 

the ESBL expressing isolates possessed copies of both ESBL and non-ESBL 

encoding genes, with an observed correlation between MIC values, blaSHV gene 

identities and relative copy numbers.   
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From this work it was hypothesised that the level of resistance to third 

generation cephalosporins, and aztreonam, may be determined with a high 

degree of accuracy by measuring relative copy numbers of the ESBL and non-

ESBL encoding genes. Therefore, the broad aim of this PhD project was to 

determine the molecular mechanisms which govern resistance levels and  

dissemination of resistance in ESBL expressing bacteria, and to use this 

information to assess the potential utility of DNA-based ESBL diagnostics.    

 

The experimental design of this project was to study a small collection of related 

isolates (PAH) and apply the techniques developed on a large number of 

diverse isolates (SENTRY).  PAH isolates were exclusively Klebsiella 

pneumoniae from 1991 to 1995 (Schooneveldt et al. 1998).  In contrast  

SENTRY isolates represented a diverse set of both E. coli and Klebsiella 

pneumoniae isolates from South East Asian and South African locales.   

 

In the first component of this study a kinetic PCR-based method for the 

detection of blaSHV mutations which lead to an extension in β-lactamase 

spectrum was developed using the PAH isolates. This was then applied to the 

SENTRY isolates.  This method was able to reveal the SHV ESBL status of an 

isolate with the measured blaSHV 238 and 240 mutant allele dosages correlating 

with the minimum inhibitory concentration (MIC) for cefotaxime, cefazidime and 

aztreonam.  The results obtained are in accord with a previous study on this set 

of isolates (Howard et al. 2002).  

 

To further investigate the relationship between mutant allele dosage and MIC, 

100 SENTRY isolates were studied.  Preliminary phenotypic characterisation of 

the probable β-lactamase enzyme family types present in the SENTRY isolates 

showed that, unlike the PAH isolates, SENTRY isolates frequently contained 

multiple β-lactamase families within single isolates.  This finding complicates the 

molecular detection of an isolate’s ESBL status by kinetic PCR methods.  
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Therefore, before the kinetic PCR assays developed were applied to the 100 

SENTRY isolates, the identity of β-lactamase gene families present was 

established using PCR detection techniques.  All SHV, TEM and a subset of 

AMPC and CTX-M (due to limitations in primer sets) β-lactamases were 

detected in the SENTRY isolates.   

 

Data analysis has shown that a high dosage of blaSHV 238 and 240 mutant 

alleles are correlated with DDST positive (ESBL), high MIC phenotypes.    While 

a relationship between ESBL phenotype and blaTEM mutant allele dosage was 

more difficult to establish, it appears that two isolates, a high proportion of 

mutant alleles in the blaTEM promoter, 164 and 238 codons appear correlated 

with ESBL phenotype.  However, most SENTRY isolates contained multiple β-

lactamase gene families within single isolates.  Therefore, the accurate 

determination of a resistance phenotype by genotypic means would require both 

β-lactamase family detection assays and kinetic PCR to measure allelic 

variation.  Determination of all possible β-lactamases present, and interrogation 

of associated polymorphic alleles would dramatically increase the number of 

reactions required.  Therefore, for an ESBL DNA diagnostic to be viable a format 

that allows the detection of multiple gene targets and the interrogation of 

multiple polymorphic sites is required. 

 

Emerging technologies suggest this is feasible.  Lee et al. (2002) developed a 

DNA chip method capable of detecting nine β-lactamase families in a single 

assay.  This method was comprised of a multiplex PCR amplification step of β-

lactamase gene targets followed by hybridisation and detection using a DNA 

microarray.  Such a method would be useful when applied in conjunction with a 

microarray based β-lactamase genotyping approach to determine the allelic 

variation within each β-lactamase family present.    A recent report by Grimm et 

al. (2004) presents the application of DNA microarray technology to detect 96% 

of all known blaTEM variants in a single rapid assay.  This method relies on the 

amplification of blaTEM followed by hybridisation to a DNA microarray containing 
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probes specific for each blaTEM allelic variant.  Although clinical isolates were 

assayed by Grimm et al. (2004), it appears that all isolates contained only a 

single TEM β-lactamase.  Therefore, it is unknown how this assay would 

perform when applied to clinical isolates containing multiple blaTEM alleles within 

a single isolate.  Unlike the kinetic PCR methods reported in Chapters 3 and 4, 

the blaTEM microarray method does not provide a quantitative measure of the 

mutant codons assayed due to the pre-hybridisation PCR step.  For example, if 

an analogous blaSHV microarray method were developed and used for isolates 

D1 and I1, both would be positive for SHV-11, SHV-2a and SHV-12.  However, 

no distinction between relative amounts of each allele would be possible.  From 

the research presented in Chapter 3, it is known that isolate I1 contains 

approximately 6 fold more SHV-12 than D1.  It has been hypothesised that this 

difference is responsible for the uniformly higher MIC’s observed in I1 than D1.  

Therefore, if a microarray based approach was adopted to determine β-

lactamase gene(s) present and determine the mutant allele present, it would 

need to provide quantitative data with respect to the amount of allele target 

present.  Application of the molecular methods developed and reported in 

chapters 3 and 4 have already proved useful in tracking the evolution of non-

ESBL isolates, to ESBL isolates as presented in chapter 6.  Future work on 

ESBL identification, detection and genotyping could include designing and 

optimising a whole genome isolation, labelling and hybridisation strategy so  

quantitative results could be obtained using a DNA microarray approach.  An 

alternative approach could be to use low/medium density techniques such as 

Applied Biosystems 7900HT micro fluidic cards, which enable a Taqman low 

density array consisting of 384 real-time PCRs in a single card format 

(www.appliedbiosystems.com). 

 

The second component of this study investigated regions surrounding blaSHV in 

order to understand the molecular basis for the co-existence of multiple blaSHV 

alleles within a single isolate.  Once again the preliminary experiments involved 

studying PAH isolates, with two different cassettes containing blaSHV 
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characterised.  One cassette correlated with ESBL resistance, with all ESBL 

expressing PAH isolates containing pr::IS26-blaSHV in conjunction with an 

increased ratio of blaSHV 238 mutant allele.  Non-ESBLs either did not contain 

pr::IS26-blaSHV, or contained pr::IS26-blaSHV, but did not encode the G238S 

substitution.  From these observations it was hypothesised that the requirement 

for pr::IS26-blaSHV in conjunction with the G238S substitution in SHV is required 

for ESBL-mediated resistance.  The blaSHV promoter region of pr:IS26-blaSHV 

was found to be identical to that previously reported by Podbielski et al. (1991B).  

 

To further understand how IS26 influences ESBL resistance, a set of in vitro 

evolution experiments were designed, using serial passages with increasing 

cefotaxime selective pressure.  It was confirmed that pr::IS26-blaSHV, in 

conjunction with the G238S substitution, is required for an ESBL phenotype.  It 

was also found that IS26 can catalyse the mobilisation of blaSHV to form the 

pr::IS26-blaSHV cassette required for ESBL-mediated resistance. IS26 appears 

to have a dual function in that it is not only responsible for mobilisation of blaSHV, 

but also results in the insertion of a new -35 consensus upstream of blaSHV 

leading to a new transcription initiation site.    Although IS26 has been reported 

not to display site specific integration (Mollet et al. 1985), all of the PAH isolates 

and derived serial passage mutants contain the IS26 insertion. It has been found 

that the direct repeat, which contains a -35 consensus sequence, is inserted 

17bp upstream of a -10 box 57bp upstream of the blaSHV start codon.  Further 

investigation of pr::IS26-blaSHV in the SENTRY isolates found that all of the forty 

isolates with pr::IS26-blaSHV also contained the IS26 direct repeat acting as a -

35 element for blaSHV.  The high degree of conservation in the blaSHV promoter 

region with respect to the IS26 insertion site suggests that this configuration 

gives the greatest selective advantage to expanded spectrum β-lactams. 

 

From the experimental data a general evolutionary model for the IS26 mediated 

acquisition of ESBL-mediated resistance is hypothesised.  It appears that blaSHV 

is universally present at a chromosomal location in Klebsiella pneumoniae 
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(Babini and Livermore, 2000).  Chromosomal blaSHV can be replicated and 

mobilised by IS26 catalysed translocation and transfer of blaSHV to new 

intracellular genetic environments such as plasmids. Co-integration during 

translocation can result in a new -35 consensus 17 bp upstream of the existing -

10, resulting in a new transcription initiation site.  The transfer of IS26-blaSHV can 

be to a multi-copy plasmid which rapidly increases the gene copy number of 

IS26-blaSHV within the cell.  A synergistic effect between the multiple copies of 

IS26-blaSHV and the IS26 inverted repeat acting as the -35 blaSHV promoter 

element results in the enhanced transcription of blaSHV.  Intercellular spread of 

blaSHV can then occur by conjugation, a process which can be frequent between 

Gram-negative bacteria resulting in the dissemination of the replicon containing 

blaSHV among many genera.  Selective pressure applied by the widespread use 

of expanded spectrum β-lactam antimicrobials results in the parallel evolution of 

the G238S and E240K substitutions, leading to ESBL-mediated resistance.     

 

The generality of this model in the replication and mobilisation of other 

resistance genes is supported by other reports.  IS26 mediated translocation of 

ampR-ampC chromosomal resistance genes to plasmids has been observed in 

Citrobacter freundii (Nakano et al. 2004).  IS26 has also been implicated in the 

mobilisation of dfr13 (trimethoprim resistance) and aadA4 (streptomycin-

spectinomycin resistance) genes and the evolution of resistance plasmids 

containing these genes (Adrian, et al. 2000).    IS26 has also been found to flank 

the dhfrVIII trimethoprim resistance gene in E. coli (Sunstron et al. 1995).  

Although implicated in ESBL resistance, IS26 does not appear to be exclusive to 

all SHV ESBLS, as twenty-four of the SHV ESBLS reported in chapter 7 did not 

contain pr::IS26-blaSHV.  Therefore, it appears that other promoter regions in 

these isolates may be responsible for the observed ESBL phenotype.  

Characterisation of the 5` proximal blaSHV sequence in these isolates should be 

a focus of future research.  In concordance with the hypothesis of Prentki et al. 

(1986), that IS26 is a portable -35 promoter element, Sunstron et al. (1995) 

found that the IS26 direct repeat also acted as a -35 promoter element for a the 
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dhfrVIII resistance gene.  Lee et al. (1990) also found that the -35 element of a 

aphA7, blaSHV-2A operon was that of the IS26 direct repeat.  Eckert et al. (2004) 

studied nineteen clinical isolates from hospitals in France and identified the IS26 

insertion sequence in the 5` proximal region of blaCTX-M-1 in one strain.  The 

exact IS26 insertion point in this isolate is unknown as nucleotide sequencing 

was not conducted.  However, it appears that in this isolate, IS26 insertion has 

resulted in a new -35 promoter element.  Fifteen other isolates in this study were 

found to contain ISEcp1 in the 5` proximal location of various blaCTX-M 

genotypes.  ISEcp1 appears to function similarly to IS26, and has previously 

been shown to introduce -35 and -10 promoter elements that can direct 

transcription of blaCTX-M (Cao et al. 2002).   

 

In vitro evolution via serial sub-culture of the PAH isolates with increasing 

selection pressure has also highlighted the genetic components and 

rearrangements necessary for acquisition of an SHV ESBL phenotype.  Within 

the scope of clinical medicine the frequency of the appearance of SHV ESBL-

mediated resistance in a population is of interest, as this may cause treatment 

failure.  An ESBL negative isolate containing pr::IS26-blaSHV only requires an 

appropriate mutation at codon 238 to generate an SHV ESBL mutant progeny.  

The frequency of such a mutation (µ) was determined to be in the order of 10-10.  

The probability of generating an SHV ESBL expressing progeny is dependent on 

the number of organisms present at the focus of infection.   

 

Lipsitch and Levin, (1997), proposed a basic mathematical model in which  the 

emergence of resistant mutant(s) was defined by the Poisson distribution with  

rate µ, and the probability of a mutant generation given by the multiplication of: µ 

x rate of cell division x change in population of sensitive bacteria x change in 

time interval.  Simplified, this model states that in cases where the pre-treatment 

bacterial population size exceeds the inverse of µ by an order of magnitude, it is 

highly probable that a resistant mutant sub-population is present (Jumbe et al. 

2003).  Jourdain et al. (1995) found that the bacterial load of a pneumonic lung 
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was frequently >1010. Therefore, treatment of the pr::IS26-blaSHV containing 

isolates described above, when present as a high bacterial load (≥1011), may 

result in the rapid reduction of the susceptible bacterial load and result in the 

subsequent growth and infection with the resistant mutant’s progeny, coupled 

with generation of further mutants with higher selective fitness. However this 

model is simplistic and does not account for the generation of resistant mutants 

during antimicrobial treatment. 

 

An extension of this model to encompass the evolution of resistant mutant 

throughout a treatment course was applied by Lipsitch and Levin, (1997).  This 

model account for common clinical situations with several mathematical models 

used to predict the emergence of resistant mutants.  With a low µ value of 10-10, 

most infections with a pr::IS26-blaSHV containing isolate would exclusively 

contain sensitive bacteria at the start of treatment, due to low bacterial loads.  

The probability of mutant generation in this case is proportional to the number of 

cell divisions during the period of bacterial decline, until the population is extinct.  

Therefore, if the bacterial death rate is larger than the rate of cell division, it is 

expected that no resistant mutants will occur during treatment (Lipsitch and 

Levin, 1997).  Conversely, if the bacterial death rate is low compared to the rate 

of cell division, there is a high probability that a resistant mutant will occur at 

some point.  If the bacterial rate of death equals the rate of cell division, resistant 

mutants would be expected in 10% of cases (Lipsitch and Levin, 1997).   

 

The role of probable outer membrane porin deficient mutants, isolated in the 

mutation frequency experiments reported in Chapter 6, would play in this model 

is not clear.  However, as the putative loss of an outer membrane porin in these 

mutants may result in the decreased entry of antimicrobial into the cell, the 

death rate of this group would be reduced, leading to an increased probability of 

sustaining the mutations necessary for an SHV ESBL mutant phenotype.  A 

study by Rasheed et al. (1997) provides some evidence that porin mutants may 

play a role in the evolution of ESBLs.  In this study, nine E. coli isolates from a 
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common ancestor were derived from a single patient over a 3 month period.  

The initial isolates were non-ESBL.  However, throughout the course of 

treatment, successive ESBL isolates with increasing MIC’s were isolated.  The 

first three SHV ESBL-mediated resistant isolates from the patient were 

characterised as containing a change in porin profile. Later isolates displayed 

SHV ESBL-mediated resistance and a restoration in porin profile. This 

observation may indicate the selection of mutant progeny that contained a 

change in porin profile allowed continued survival until the necessary mutations 

required for ESBL-mediated resistance were generated.  Further growth and 

mutation allowed the selection of ESBL expressing mutants which exhibited a 

restored porin profile.  The above analysis also does not consider the inoculum 

effect common to this group of organisms, which may also decrease the 

bacterial death rate (Reguera et al. 1988). 

 

From a laboratory perspective current phenotypic tests would not be able to 

differentiate a pr::IS26-blaSHV ESBL negative isolate from a pr-blaSHV ESBL 

negative isolate.  The probability of treatment failure for each isolate may be 

very different and is dependent on the site of infection, the bacterial load and 

treatment efficacy.  Further studies on these treatment parameters are required 

to establish if the risk from non-ESBL isolates containing pr::IS26-blaSHV is 

probable enough to warrant the contraindication of expanded spectrum β-

lactams in ‘at risk’ treatment situations, such a pneumonia,  in favour of 

carbapenem based treatment regimes.  

 

This project has revealed that multiple β-lactamase families and a mix of β-

lactamase alleles within individual isolates is the norm rather than the exception.    

A recent publication by Essack et al. (2001) has reportedd similar results and 

found that individual strains may express up to five β-lactamases.  In this study 

multiple SHV and TEM β-lactamases were found in single isolates, but no 

relation between relative allelic copy numbers and MIC was established.  

Essack et al. (2001) concluded “In this situation of complexity and diversity, the 
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concept of ESBL outbreak is redundant; such complexity complicates the design 

of reliable antibiotic use policies, as well as the molecular biology-based 

investigation of resistance’.  From the experimental data presented in this thesis 

it is my hypothesis that using a PCR based β-lactamase detection assay 

coupled with measurement of the relative copy number of β-lactamase mutant 

alleles present in an isolate, reduces the complexity of SHV ESBL detection and 

may provide a new method for the estimation of resistance levels in SHV ESBL 

isolates.  Coupled with this, the insights gained into the evolution of SHV ESBL-

mediated resistance have laid the foundation for the further research into pre-

phenotype detection of ESBL resistance potential.   
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Appendix 1 
Visual Basic Code for Calculation of Mutations Rates by 
MSS Maximum-Likelihood Method 
 
Code annotation is denoted by underlined text 

 

Option Explicit 

Option Base 0 

Function Quartile() As Double 

 

Dim value As Double, i As Integer, num As String 

Dim j As Integer, row1 As Integer, total_plates As Integer, pro_quartile As 

Double, pro_q_int As Integer 

 

Dim quartile_1 As Integer, quartile_2 As Integer, quartile_3 As Integer 

Dim value_below1 As Integer, value_above1 As Integer, value_below2 As 

Integer, value_above2 As Integer, value_below3 As Integer, value_above3 As 

Integer 

Dim num_low As String, num_high As String, m1 As Double, m2 As Double, m3 

As Double 

    row1 = 3 

    value = 0 

    total_plates = Range("C156") 'input number of plates from spreadsheet

     

    pro_quartile = ((total_plates + 1) / 4) 'determine provisional integer

    pro_q_int = CInt(pro_quartile)  'find integer of provisional quartile

     

    GoTo whole_number 'short circut average of two quartile method

    ' according to the quartile methods all quartiles should be approx the same for 

the m to be valid 
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    ' therefore averaging between quartiles should not be critically important 

     

whole_number: 

  quartile_1 = pro_q_int 

  quartile_2 = pro_q_int * 2 

  quartile_3 = pro_q_int * 3 

 

For j = 1 To 151 

    num = "C" + CStr(j + row1) 

    quartile_1 = quartile_1 - Range(num) 

    If quartile_1 <= 0 Then GoTo nd_quart 

     

Next j 

 

nd_quart: 

num = "A" + CStr(j + row1) 

    quartile_1 = Range(num) 'find quartile_1 value in spreadsheet 

 

For j = 1 To 151 

    num = "C" + CStr(j + row1) 

    quartile_2 = quartile_2 - Range(num) 

    If quartile_2 <= 0 Then GoTo rd_quart 

Next j 

 

rd_quart: 

num = "A" + CStr(j + row1) 

    quartile_2 = Range(num)  'find quartile_2 value in spreadsheet 

     

For j = 1 To 151 

    num = "C" + CStr(j + row1) 

    quartile_3 = quartile_3 - Range(num) 
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    If quartile_3 <= 0 Then GoTo All_found 

Next j 

 

All_found: 

    num = "A" + CStr(j + row1) 

    quartile_3 = Range(num) 

    GoTo calculate_terms 

     

calculate_terms: 

    m1 = 1.7335 + 0.4474 * quartile_1 - 0.002755 * (quartile_1) ^ 2 

    m2 = 1.158 + 0.273 * quartile_2 - 0.000761 * (quartile_2) ^ 2 

    m3 = 0.6658 + 0.1497 * quartile_3 - 0.0001387 * (quartile_3) ^ 2 

    Range("K21") = m1 

    Range("K22") = m2 

    Range("K23") = m3 

    Range("K9") = (m1 + m2 + m3) / 3 

     

End Function 

 

Function Luria_Delbruck() 

Dim m As Double, error As Double, grad As Double 

Dim found As Boolean, count As Integer, Total_cultures As Double, mean As 

Double 

    mean = Range("K13") 

    Total_cultures = Range("C156") - Range("C154") 'Elimnate jackpot cultures

    m = 2 

    found = False 

    count = 0 

While Not (found) 

    error = m * Log(m * Total_cultures) - mean 

    grad = ((m ^ 2 / Total_cultures) + m + mean) 
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    m = m - error / grad 

    count = count + 1 

    If Abs(error) < 0.0001 Or count > 20 Then found = True 

Wend 

Range("K5") = m 

End Function 

Function mean() As Double 

'calculates the mean of a data set 

 

Dim running_total As Double, i As Integer, num As String 

Dim j As Integer, row1 As Integer, no_mutants As String 

    row1 = 3 

    running_total = 0 

     

For i = 1 To 150 'leave out 150 term in mean cal to leave out jackpot data 

    num = "C" + CStr(i + row1) 'find first cell containing data

    no_mutants = "A" + CStr(i + row1) 'find first cell containing data

     

     

    running_total = running_total + (Range(no_mutants) * Range(num)) 

Next i 

    mean = running_total / Range("C156") 

    Range("K13") = mean 

 

End Function 

 

Function Likelihood(m As Double) As Double 

Dim Proportion(151) As Double, r As Integer, i As Integer 

Dim prop As String, freq As String, divisor As Integer 

Dim ln_likelihood As Double 
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    'm = Range("E1")  'takes provisional m input 

    Proportion(0) = Exp(-m) 'calculates p0 

    Range("D4") = Proportion(0) 'place p0 into spreadsheet 

    ln_likelihood = CDbl(Range("C4")) * Log(Proportion(0)) 

     

    For r = 1 To 150 'outer loop to calculate p for each plate 

        Proportion(r) = 0 'reset p value 

        

        For i = 0 To r - 1 Step 1  ' first calculates the summation series 

            divisor = r - i + 1 'calculate divisor for first term po p1 p2 p3 

            Proportion(r) = Proportion(r) + Proportion(i) / divisor 'update series value 

        Next i 

         

    Proportion(r) = (m / r) * Proportion(r) 'calculate final p value

    prop = "D" + CStr(r + 4) 'output p values to spreadsheet

    Range(prop) = Proportion(r) 

    freq = "C" + CStr(r + 4) 

    ln_likelihood = ln_likelihood + CDbl(Range(freq)) * Log(Proportion(r)) 

    Next r 

     

    Likelihood = ln_likelihood 

     

End Function 

 

 

Function median() As Double 

' 

' Median Macro 

' Macro recorded 16/03/2003 by Optima Valued Customer 

' 

Dim value As Double, i As Integer, num As String 
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Dim j As Integer, row1 As Integer 

    row1 = 3 

    value = 0 

     

For i = 1 To 151 

    num = "C" + CStr(i + row1) 

    value = value + Range(num) 

Next i 

 

value = value * 0.5 

 

For j = 1 To 151 

    num = "C" + CStr(j + row1) 

    value = value - Range(num) 

    If value = 0 Then GoTo mid_point 

    If value < 0 Then GoTo found 

Next j 

mid_point: 

    num = "A" + CStr(j + row1) 

    value = Range(num) 

    num = "A" + CStr(j + row1 + 1) 

    value = 0.5 * (value + Range(num)) 

    Range("C1") = value 

    median = value 

Exit Function 

found: 

    num = "A" + CStr(j + row1) 

    value = Range(num) 

    Range("C1") = value 

    median = value 

End Function 
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Function Drake() As Double 

Dim Drake_m As Double, error As Double, grad As Double 

Dim found As Boolean, count As Integer, median As Double 

    Drake_m = 2 

    found = False 

    count = 0 

    median = Range("C1") 

While Not (found) 

    error = Drake_m * Log(Drake_m) - median 

    grad = Log(Drake_m) + 1 

    Drake_m = Drake_m - (error / grad) 

    count = count + 1 

    If Abs(error) < 0.0001 Or count > 20 Then found = True 

Wend 

Range("K7") = Drake_m 

Drake = Drake_m 

End Function 

Function mValue(median) As Double 

Dim m As Double, error As Double, grad As Double 

Dim found As Boolean, count As Integer 

    m = 2 

    found = False 

    count = 0 

While Not (found) 

    error = m * Log(m) + 1.24 * m - median 

    grad = Log(m) + 2.24 

    m = m - error / grad 

    count = count + 1 

    If Abs(error) < 0.0001 Or count > 20 Then found = True 

Wend 
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Range("K6") = m 

mValue = m 

End Function 

 

Function Jones() As Double 

Dim m As Double, mean As Double, median As Double 

 

    mean = Range("K13") 

    median = Range("C1") 'define mean and median values from spreadsheet 

     

    m = (mean - Log(2)) / (Log(median) - Log(Log(2))) 'Jones Median estimater 

forumla 

    Range("K8") = m  'output jone m value to spreedsheet

End Function 

 

 

Public Sub Maximise() 

Dim m As Double, r_hat As Double, call_mean As Double, Drake_m As Double 

Dim direction_up As Boolean, found As Boolean, count As Integer 

Dim delta_m As Double, increment As Double, X0 As Double, Xn As Double 

Dim L As Double, mtemp As Double, mp0 As Double, row1 As Integer, p0luria 

As Double, Total_cultures As Integer 

Dim Jones_m As Double, Luria_m As Double, Avg_quartile_m As Double 

 

 

    mp0 = 0 

    p0luria = Range("C4") 

    Total_cultures = Range("C156") 

    mp0 = -Log(p0luria / Total_cultures) 

    Range("K4") = mp0 
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    call_mean = mean() 'calculate the mean 

     

    r_hat = median() 'calculate the median 

     

    Jones_m = Jones() 

    Drake_m = Drake() 

    Luria_m = Luria_Delbruck() 

    Avg_quartile_m = Quartile() 

     

     

    m = mValue(r_hat)    'calculates the provisional m value

     

    found = False 

    direction_up = True 

    count = 0 

    X0 = Likelihood(m) 

    mtemp = m 

    delta_m = 0.01 

    While Not found 

        m = mtemp 

        Range("K11") = m 

        If direction_up Then 

        mtemp = m + delta_m 

        Else 

        mtemp = m - delta_m 

        End If 

         

        Xn = Likelihood(mtemp) 

        L = Exp(Xn) 

        increment = Xn - X0 

        X0 = Xn 
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        If increment < 0 And count = 0 Then direction_up = False 

        If increment < 0 And count > 0 Then found = True 

        count = count + 1 

    Wend 

        Xn = Likelihood(m) 

End Sub 
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