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Abstract 

 Emergent multidrug resistant Escherichia coli increase clinical challenges.  This 

thesis describes the resistance patterns, molecular epidemiology and mechanisms, for 315 

E. coli from patients in the Vancouver Coastal Health Region for 2006/2007. 

  Automated susceptibility testing was confirmed via E-test® for AmpC and/or 

ESBL production.  PFGE, RFLP and PCR were used to assess genotypic relationships, 

and plasmid character. 

 AmpC production was facilitated mainly by promoter mutations (54.5%).   The 

principal ESBL detected was CTX-M-15 (49.5%).  An unidentified ESBL-producer, with 

a pI near 8.3, was detected.  A plasmid displayed variant resistance phenotypes dependent 

on selective growth media. 

 A positive correlation between ST131 with CTX-M-15 and CIPR indicated the 

dissemination of companion phenotypes.  

 Ciprofloxacin resistance resulted mainly (98.0%) from a double gyrA mutation.   

Overall fluoroquinolone resistance was not assessable due to exclusive selection 

parameters in this evaluation.  Fluoroquinolone resistance factors require further 

examination to understand what causes resistant phenotypes exclusive of chromosomal 

mutations.   
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1. Introduction 

 Bacteria are present in all natural environments and are most abundant in the 

habitats where the necessary food, temperature and moisture are appropriate for their 

survival and proliferation.  Often, these survival conditions coincide with those necessary 

for multi-cellular organisms resulting in a co-existence between mammals, such as 

humans, and microbes.   Human bodies provide an excellent environment for the growth 

of a variety of microorganisms thereby creating varying degrees of symbiosis between 

the two.  In a healthy individual, microbes are considered part of the normal flora when 

they either benefit themselves and the host (symbionts) or offer no obvious effect to the 

host (commensals).(1)  Infections occur when either a microbial element of the normal 

flora is able to colonize in a sterile site of the body (opportunistic) or a microorganism 

alien to the body is introduced.   

 

1.1 Antimicrobials 

 Infections due to Enterobacteriaceae such as Escherichia coli, are commonly 

treated either with third-generation cephalosporins like cefotaxime or fluoroquinolones 

like ciprofloxacin.(2,3)   

 

1.1.1 Fluoroquinolones 

 Quinolones are a broad spectrum family of antibiotics with a core structure 

similar to the parent, nalidixic acid (Figure 1).(4) The 4-quinolones were first described 

in 1949 and about 80 of these molecules were patented in 1960, but it was not until 1962 

that Lesher et al described the molecule, nalidixic acid, isolated from a synthetic 
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chloroquine intermediate.(5)  In 1963 nalidixic acid was introduced into limited clinical 

practice (i.e. urinary tract infections [UTIs] only).(6)  It had limited activity and was 

poorly tolerated.  By replacing the nitrogen at position 8 with a carbon atom (Figure 1) 

the first of the quinolone-type derivatives was created.  Combining a fluorine atom at 

position 6 to either the piperazine or pyrrolidine ring (Figure 1) initiated the 

fluoroquinolone group of synthetic derivatives.(7)  The first fluoro- derivative was 

flumequine.  It is a tricyclic molecule that had limited use in the treatment of UTIs in 

humans and was mainly used as a therapeutic for enteric infections in large animal 

veterinary practice of domestic species.(8)  Substituting the nitrogen at position 1 on 

quinoline produced broader spectrum fluoroquinolones like ciprofloxacin (Bayer, 1983) 

and temafloxacin (Abbott, 1987).(9)  The majority of clinical quinolones prescribed are 

the fluoroquinolones because the option to provide oral dosaging made the benefits of 

their spectral activity available for outpatient therapy. 
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Figure 1.  (A) Structural diagram of nalidixic acid.  The parent compound for the 

quinolone core structure (B).  Substituent –R groups enhance antibiotic activity as 

indicated while topological recognition of the DNA-gyrase complex is mediated at 

positions 2, 3, and 6 of the molecule. (C) Structural diagram of ciprofloxacin. 
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1.1.1.1 Quinolone Classifications 

 There are four groups of chemical structure-based designations and the bi-, and 

tricyclic structures, groups II and III, respectively, are used in human therapeutics.(4)  

Biological activity is a more common classification method dividing the substrates into 

three groups by antibacterial spectrum, containing both quinolones and fluoroquinolones.  

Limited spectrum 4-quinolones are the first group having antibacterial activity confined 

to Enterobacteriaceae.  The broad spectrum group is active against a variety of microbial 

species including Enterobacteriaceae, non-fermentative gram-negative bacilli, 

Mycobacterium tuberculosis, Mycoplasma pneumoniae, and Legionella spp., but are not 

active against strict anaerobes or aerotolerant bacteria like Streptococcus pneumoniae (6)  

The third family, extended-spectrum quinolones, are effective against streptococci like S. 

pneumoniae and other strict anaerobes, to varying degrees.(6)  The three families are 

further subdivided into a total of six groups based on metabolism of the molecule.   

 

1.1.1.2 Mechanism of Action 

 The structural relationship of the core compound with substituent groups 

determines the ability of the molecule to penetrate the outer membrane of E. coli and the 

subsequent affinity for the complexes of DNA-gyrase and/or DNA-topoisomerase.   

 

1.1.1.2.1 Cellular Entry 

  The cationic bridges between chains of polysaccharides in the cell wall can be 

disrupted by 4-quinolones creating hydrophobic auto-induced pathways.(6)  Quinolone 

molecules mainly exploit the OmpF, PhoE and OmpC porin channels in the outer 
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membrane of E. coli to gain passage.(6)  Entry through the inner membrane is not well 

established and is suspected to occur through a transporter by a pH gradient control.   

 

1.1.1.2.2 Bacteriostatic Activity 

 Bacterial DNA is circular, double-stranded (dsDNA) and supercoiled requiring 

unwinding and separation in order for replication of each strand to occur. Segregation of 

the two strands happens in two directions from the point of origin (oriC in E. coli) and the 

replication proceeds along the circle as it is unwound and separated.(10)   The point of 

strand separation, the replication fork, moves forward as DNA helicase and DNA 

polymerase enzymes introduce positive supercoiling allowing it to continue.(4,10)  This 

places further stress on the remaining, double-stranded, coiled structure.  DNA gyrase 

and topoisomerase IV are the enzymes produced by the type II bacterial topoisomerase 

genes that work together to ensure the structural integrity of the template and new DNA 

in replication. 

The DNA gyrase enzyme works ahead of the advancing replication fork to decatenate the 

interlocked DNA circles resulting in the removal of DNA supercoiling.(10)  It breaks the 

double stranded DNA to pass another piece of DNA through it then reseals the broken 

strand.(11)  Topoisomerase IV works behind the advancing fork removing supercoiling in 

the new daughter dsDNA as well as separating it from the original circle.(10) DNA 

gyrase is made up of two A subunits and two B subunits, which are respective products 

of the gyrA and gyrB genes.(6)  Once inside the cell, the carboxyl and carbonyl groups at 

positions 3 and 4, respectively (Figure 1), bind the fluoroquinolone (hydrogen bonds) to 

the DNA-DNA gyrase complex , at the GyrA subunit, preventing resealing of the 
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DNA.(4,11,12)  Whether the molecule acts directly on the DNA gyrase or indirectly via 

binding to the bacterial DNA has not been definitively elucidated. It is known that the 

fluoroquinolone molecules will bind directly to DNA in high concentrations without 

enzyme participation and that norfloxacin binds directly to DNA and not to DNA 

gyrase.(6)  The 7-piperazine nucleus forms an electrostatic bond with DNA gyrase to 

stabilize the entire complex.(6)  The interaction with topoisomerase IV occurs prior to 

DNA cleavage so that fluoroquinolone promotes the DNA distortion and again, halts the 

process (cleavage).  Topoisomerase IV also consists of two A subunits (ParC) and two B 

subunits (ParE).  They are respective products of the parC and parE genes. Again, few 

studies exist to fully elucidate the interaction between the agent and the enzyme.  Specific 

mechanisms of various fluoroquinolones are dependent upon their physicochemical 

properties based on their ring structure and substituent groups.   Most important to the 

actual activity of any of these structures is the ability of the molecule to get into the cell 

across the membrane which is accomplished via the fluoro- substituent at position 6 

(Figure 1).(6)   In E. coli, it has been observed that low concentrations of 4-quinolones 

alter the peptidoglycan structure substantially.  Fluorine also increases the inhibition of 

gyrase, and the binding ability is enhanced by use of a basic substituent at position 7 

(Figure 1).(6)  Distress responses by the cell to the bacteriostatic system induce a cascade 

of associated cellular mechanisms resulting in cell death. 

 

1.1.2 Beta-Lactams (β-Lactams) 

 The beta-lactam (β-lactam) ring, or penam, is the consistent structure shared 

throughout all generations – penicillins, cephalosporins, monobactams, β-lactamase 
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inhibitors and carbapenems – of the antimicrobial family of compounds called β-lactams.  

Discovery of the penicillin nucleus, 6-aminopenicillanic acid (6-APA), in 1957 paved the 

way for synthetic alterations to the side chain that has led to the successive families of 

compounds with increased target spectrum and efficacy.(13,14)  The β-lactam ring serves 

as a competitor for the D-Ala-D-Ala termini of the peptide chain involved in the 

synthesis of peptidoglycan (cell wall).  The β-lactam ring covalently bonds with the 

serine residue in the active site of the penicillin-binding proteins (PBPs) of the cell, 

preventing the necessary cross-linking that must occur in the recycling of the cell 

wall.(15,16)    

  

1.1.2.1 Extended Spectrum Cephalosporins (β-Lactams) 

 From the elucidation of the nucleus of Cephalosporin C, 7-aminocephalosporinic 

acid (48-ACA), from Cephalosporium acremonium, the development of synthetic 

cephalosporins in the early 1960’s was used to oppose the resistance against penicillins 

being observed.(13,14) This first generation of cephalosporins, such as cephalothin 

(cefalotin, or Keflin) and cephaloridine (cefaloridine), could also be used to treat Gram-

negative infections unlike the penicillins. Further generations of cephalosporins arose 

with an increased spectrum of antimicrobial activity against Gram-negative organisms at 

the expense of decreased Gram-positive efficacy.  They also had increased activity 

against the β-lactamase enzymes.  The third generation of cephalosporins, such as 

ceftriaxone (Rocephin) and cefpodoxime (Vantin), and those with antipseudomonal 

activity, like cefoperazone and ceftazidime (Fortum or Fortaz) are broad spectrum agents 

clinically employed for nosocomial infections.   
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1.1.2.2 β-Lactamase Inhibitors 

 β-lactamase inhibitors like clavulanic acid, sulbactam, and tazobactam, all contain 

the β-lactam ring but do not function like typical β-lactam antibiotics.  Inhibitors play a 

role of competitive inhibition with the β-lactamase enzymes of the cell’s defense system 

to irreversibly bind them.  In combination with β-lactam antibiotics, the inhibitor 

prevents the β-lactamases from hydrolyzing the antimicrobial restoring its activity against 

the organism.(17,18) 

 

1.2 Antimicrobial Resistance 

 Folk medicine employed natural resources in the treatment of infections long 

before the scientific elucidation of specific compounds contained therein or their modes 

of activity, or even the understanding of the cause of the disease.   Not surprisingly, just 

as agents have always existed to battle microbes, microbes have also always adapted to 

survive the antimicrobial onslaught.  There are some organisms that excrete agents that 

have antimicrobial capabilities.  Survival in nature means that organisms must be able to 

resist the effects of the compounds they excrete and compete to survive in an 

environment with other microorganisms that do the same.  In some cases, resistance 

mechanisms offer a form of cross-resistance to other agents the organism may not have 

been exposed to.  Environmental exposure to threatening compounds provides the 

selective pressure for the “survival of the fittest”.  

 Early in the 20th century Paul Erhlich experimented with arsenical compounds for 

activity against trypanosomes and spirochetes in the treatment of syphilis.(19,20)  During 

this time Erhlich noted that resistance to the dyes he was using would develop in the 

9 
 



trypanosomes and they would not spontaneously revert back to being susceptible.(20)  

Once antimicrobials, like sulfonamides, were introduced into clinical practice, resistance 

was observed shortly after (i.e. Neisseria gonorrhoeae).(20) 

 It is an evolutionary defense system that virtually parallels the evolution of 

antimicrobials used in the treatment of infections.   Because many mechanisms that 

confer antimicrobial resistance are located on mobile genetic elements, they can be 

transferred to other bacterial species and combined with other mechanisms to provide 

resistance to multiple drug classes.  This increases the challenge of treating infectious 

diseases. 

 

1.2.1 Resistance Mechanisms 

 Any combination of the four major mechanisms to mediate antimicrobial 

resistance in bacteria is possible in affording the organism the strongest resistance at the 

least expense of metabolic energy as the environment dictates.  Two mechanisms are 

based on the physiology of the cell, while the other two are directed either at the chemical 

compound itself or its genetic target within the cell.  One physical determinant is the 

ability of a compound to cross the outer membrane of bacteria. Proteinaceous channels in 

the cell wall, called porins, which allow the entry of molecules into the cell can be altered 

or reduced in the cell’s attempt to protect itself.  The reduction or lack of transparietal 

permeation diminishes the activity of any antimicrobial if it cannot accumulate an 

effective intracellular concentration.(21,22)  Alternatively, efflux is a physiological 

process to decrease intracellular drug concentration by transporting antibiotics out of the 

cell. Initially described in 1992, it is a low level resistance mediator that until recently 
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was thought to be only vertically transferable between parent and daughter organisms.   

E. coli require the efflux pump mechanism for survival from the toxic effects of bile in 

the intestinal tract.(12) 

 Molecular mechanisms include genetic alterations affecting the target of the drug 

compound.  Either a key area of the target itself is altered to prevent drug-target 

recognition or the target is protected by other molecules bound to it creating a shield 

against drug-target interaction.  The organism can also reduce or eliminate the activity of 

a drug by producing enzymes that modify or degrade the effective chemical structure. 

 

1.2.2 Quinolone Resistance 

 In initial studies of each newly synthesized fluoroquinolone, resistance was 

already evident, albeit at a minimal degree, in isolates of E. coli.  Prior to clinical trials of 

ciprofloxacin, the frequency of resistance of tested isolates was greatest among E. coli, K. 

pneumoniae and P. stuartii (10-7 at 4 fold MIC).(23)  Since the introduction of 

fluoroquinolones, over twenty years ago, resistance in Enterobacteriaceae has spread. 

Widespread veterinary use, particularly in Europe, has been implicated in the rapid and 

world wide spread of resistance exhibited by pathogens to quinolone agents.   There are 

three known mechanisms found to be employed by organisms resistant to 

fluoroquinolones.  Target site alteration either by chromosomal mutation or plasmid-

mediated binding proteins, mutation of the quinolone chemical structure and efflux are 

employed in varying degrees by E. coli to proliferate in the presence of quinolones.  
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1.2.2.1 Chromosomal Quinolone Resistance 

 In Enterobacteriaceae the accumulation of mutations in the enzymes targeted by 

fluoroquinolones, result in the most prevalent and strongest forms of resistance.(24)  

DNA gyrase and topoisomerase IV each have a quinolone-resistance determining region 

(QRDR).  Point mutations within this region alter the DNA-binding surface reducing or 

eliminating quinolone binding ability.  The QRDR region is found at the N-termini of 

GyrA and ParC.(11)   The amino acid residues are related to active sites of the 

topoisomerase II enzymes having a tyrosine core.(11)  Often a strain with a 

therapeutically significant resistance to fluoroquinolone has multiple QRDR 

mutations.(6,25)  Single point mutations can be relatively common resulting in low level 

resistance.  The single mutation affects a single unit of either DNA gyrase or 

topoisomerase IV.  (6)   

 Mutations in the gyrA gene affect the conformation of the A subunit surface 

causing a change to the hydrophobic region.  In E. coli the mutation typically occurs 

between amino acids 67 and 106 of the N-terminus.(6) The mutations are all localized in 

a hydrophobic area thought to be involved in covalently bonding with the DNA-DNA 

gyrase complex.(6) The level of fluoroquinolone resistance conferred is dependent upon 

where the mutation occurs and what amino acid is substituted.  For example, at position 

83 (nucleotide 318), a high level of resistance is generated by replacing the serine with 

either a leucine or tryptophan (more hydrophobic) when there are two points of mutation 

(Ser83 -> Leu and Asp87 ->Gly).  In E. coli the most common GyrA mutations to confer 

fluoroquinolone resistance occur at serine 83 along with a loss of negative charge due to 

a substitution at aspartic acid 87.(6)  Studies have observed low level resistance to 
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nalidixic acid created by a mutation to gyrB.(6)   This is a far rarer mutation that modifies 

the cell target.   Accumulation of substitutions in the GyrA QRDR will result in 

incremental quinolone resistance if ParC substitutions occur as well.  Some mutations 

described for E. coli include a substitution of serine 80 and/or glutamic acid 84 with 

leucine, arginine, or isoleucine in ParC.(6)  The norfloxacin resistance observed in E. coli 

is a result of the nfxD-type mutation in the parE gene.  The leucine at position 445 is 

replaced by a histidine causing a slight MIC increase but only if the strain is already a 

GyrA mutant.(6)    Like gyrB, parE mutations are also quite rare. Relatively common 

amino acid mutations found in the gyrase and topoisomerase IV targets in E. coli are 

listed in Table 1.(26) 
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Table 1. Mutations detected in the DNA gyrase and topoisomerase IV genes of E. coli. 

Derived from Hopkins et al.(26) 
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Gene Amino Acid 
position Substitution 

gyrA Ala51 Val 
 Ala67 Ser 
 Gly81 Cys, Asp 
 Asp82 Gly 
 Ser83 Leu, Trp, Ala, Val 
 Ala84 Pro, Vla 

 Asp87 
Asn, Gly, Tyr, His, 
Val 

 Gln106 His, Arg 
 Ala196 Glu 
   
gyrB Asp426 Asn 
 Lys447 Glu 
   
parC Ala56 Thr 
 Ser57 Thr 
 Gly78 Asp, Lys 
 Ser80 Arg, Ile 
 Ser83 Leu 
 Glu84 Gly, Lys, Val 
 Ala108 Val 
   
parE Leu416 Phe 
 Ile444 Phe 
 Leu445 His 
 Ser458 Thr 
 Glu460 Asp 
 Ile464 Phe 
  Ile529 Leu 
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1.2.2.2 Plasmid-Mediated Quinolone Resistance (PMQR) 

 Small, circular, extra-chromosomal, mobile dsDNA, known as plasmids, can 

replicate autonomously from and integrate into the host chromosone.  They vary in size 

and number of copies between cells.  Plasmids serve as a convenient mode of horizontal 

gene transfer between cells of the same or different species, carrying any combination of 

adaptability and persistence mechanisms for survival including virulence and 

antimicrobial resistance genes.  In E. coli, plasmid-borne resistance genes often confer a 

low level reduction in quinolone susceptibility below therapeutic levels.  It may minimize 

the intracellular accumulation to a selective level or allow the bacterial population to 

reach a higher concentration level allowing mutations to occur.  In Gram-negative 

bacteria, there are plasmid-mediated genes that confer resistance by supplying proteins 

(QNR) that bind to DNA gyrase protecting it from fluoroquinolones. Another plasmid-

mediated mechanism employs two point mutations in an aminoglycoside 

acetyltransferase gene to alter the fluoroquinolone structure.   Genes for active efflux 

pumps (QepA and OqxAB) can be transferred via plasmids to reduce intracellular 

quinolone concentrations. 

 

1.2.2.2.1 qnr Genes 

 In 1998 the first plasmid-mediated quinolone resistance was confirmed in 

Klebsiella pneumoniae.(27)  The multiresistance plasmid, pMG252, conferred resistance 

in a wide range of hosts against quinolones as well as a broad spectrum of β-lactam 

antibiotics.  If transferred to a host that is already quinolone resistant, the plasmid 

increased the resistance 4- to 16-fold.(27) The qnr gene on the plasmid is responsible for 
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the quinolone resistance provided to the organism. The plasmids that carry qnr genes 

vary in size and the resistance profiles they confer, but they generally carry more than 

one resistance determinant.  The presence of a qnr gene facilitates spontaneous secondary 

chromosomal mutations in a fluoroquinolone environment.  The Qnr proteins bind to and 

protect DNA gyrase from quinolones facilitating the selection of higher-level quinolone 

resistant mutants.(28)  To date there are five types of Qnr proteins described, and some 

have a number of variants based on amino acid alterations (Figure 2 and Tables 2 and 

3).(27,29-31)  QnrA is a protein with a pentapeptide-repeat structure that binds directly to 

DNA gyrase as well as topoisomerase IV inhibiting binding to DNA.  It works as a 

competitor against quinolones by preventing them from stabilizing the DNA-gyrase 

complex.  How the QnrA protein does not completely prevent DNA replication by 

competing with DNA in this manner to bind with gyrase is yet unknown.  In 2003 a 

plasmid-mediated protein sharing only 59% amino acid sequence homology with QnrA 

was identified as QnrS (from Shigella flexneri 2b).(32)  The following Qnr type of 

protein was found to share only 40% or less homology with the others previously 

described although it shared the same high-level transferable quinolone resistance 

conferred by them.  The gene responsible was designated qnrB.(33)  QnrB was found to 

similarly compete with fluoroquinolones for DNA gyrase as does QnrA, but with a 

greater affinity.  Differing by at least 39% homology from the three more common qnr 

genes, qnrD was found in Salmonella isolates in China, which conferred a 32-fold 

increase in the ciprofloxacin MIC when transferred to E. coli.(30)   Finally, qnrC was 

discovered, again in China, in an isolate of Proteus mirabilis isolated from a patient with 

a urinary tract infection.  Differing by at least 40% in similarity from any of the 
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previously described genes, qnrC conferred a 32-fold increase in the ciprofloxacin 

minimum inhibitory concentration (MIC) in the recipient strain of the transconjugant.(29)  

The mobility and integration of qnr into plasmids appears to be unique as it lacks the 

typical recombination associated sites and integrase position found in integron resistance 

genes. They exist on separate integrons from β-lactamase genes but are often found 

together on the same plasmid.  The origin of qnr appears to be somehow related to 

chromosomal genes found in Shewanella spp. and possibly other water-dwelling 

species.(34)   

 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

Figure 2. Allele designations for amino acid substitutions in QnrB.  Amino acid substitutions are indicated at the top of each column (coloured blue 

to distinguish more than one substitution identified for a single codon) followed by the allelic designation down the column based on its occurrence 

at the aligned codon in the QnrB sequence. 

Adapted from Jacoby et al.(31) 
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Table 2. Allele designations for amino acid substitutions in QnrA (A) and QnrS (B). 

Derived from Jacoby et al.(31) 
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(A) 

QnrA Allele 
Designation 

Amino Acid Substitution 
39 54 108 116 127 130 161 213

QnrA1 Q V V S T S R V 
QnrA2 R     A A     I 
QnrA3 R   I   A       
QnrA4 R   I   A N     
QnrA5 R   I   A   C   
QnrA6 R I I   A   H   
QnrA7 R   I   A   H   

 

 

 

 

 

(B) 

 

QnrS Allele 
Designation 

Amino Acid Substitution 
5 11 12 16 21 31 41 44 61 89 91 102 106 120 148 201 206 207 216

QnrS1 N H N K L S T V V F A T H S N A L I Y 
QnrS2 R   S Q I C A I   L E A N T H S Q L F 
QnrS3   R                                   
QnrS4                 A                     

 

 

 

 

 

 

 

22 
 



1.2.2.2.2 qepA Gene 

 Efflux is a physiological process to reduce the concentration of compounds in the 

cytoplasm and those dissolved in the lipid membrane.  E. coli require this mechanism for 

survival from the toxic effects of bile in the intestinal tract.(12)  Recently, the QepA 

pump has been described as a plasmid-mediated mechanism of fluoroquinolone 

resistance in E. coli.  It is a 14-transmembrane segment belonging to the major facilitator 

superfamily (MFS) of proton driven pumps.(35)  Because efflux was previously a low-

level resistance mechanism that was only vertically transferable (from parent to progeny), 

and found combined with other chromosomal mutations of the fluoroquinolone target, 

this particular efflux mechanism is quite novel.  It can be transferred between strains by 

conjugation, and mutations in genes regulationg qepA transcription increase the usually 

low-level fluoroquinolone resistance.  E. coli harbouring the QepA pump have mildly 

increased (twofold) MICs to several antimicrobial agents but have a much greater MIC 

elevation to fluoroquinolones.(36)  It is speculated that the initial transfer of the qepA as 

well as rmtB (a methyl transferase gene conferring high-level resistance to 

aminoglycosides) genes was the result of a transposable element from a chromosomal 

fragment of some actinomycetes introducing it into a self-transferable IncFII plasmid, 

pHPA , and subsequently transferring the resultant plasmid into E. coli.(35,36)   

 

1.2.2.2.3 aac(6’)-Ib-cr Gene 

 Enzymatic drug modification is a resistance mechanism that is more specific to a 

single drug class or even selected members of that class.   Its discovery is more recent 

(first reported in 2003) and possibly more prevalent than the qnr genes.(37)  AAC(6’)-Ib-
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cr, is an enzyme variant of aminoglycoside acetyltransferase that is capable of modifying 

ciprofloxacin to reduce its activity.(37)   The aac(6’)-Ib gene confers resistance to 

tobramycin, amikacin, and kanamycin.  The “cr” designation on the end (ciprofloxacin 

resistance) appears to be a result of two base-pair changes of the original aminoglycoside 

acetyltransferase variants.(37) The point mutations cause a tryptophan to arginine 

replacement at codon 102 and at codon 179 aspartic acid replaces tyrosine.  Both changes 

are necessary to alter the enzyme effect to include ciprofloxacin.(37)  It affects the 

activity of ciprofloxacin, and norfloxacin by N-acetylating the unprotected amino 

nitrogen on the piperazinyl ring (Figure 3), but other fluoroquinolones with N-

substituents on the piperazinyl ring are not affected (e.g .levofloxacin, and 

moxifloxacin).(37)  This can also be found on the same plasmid as qnr, supplementing 

fluoroquinolone resistance.   
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Figure 3. N-acetylation of ciprofloxacin (A) and norfloxacin (B) piperazanyl ring due to 

aac(6’)-Ib-cr displaying MIC values increasing after acetylation in µg/mL for each 

antimicrobial.  
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1.2.2.3 Epidemiology 

 Fluoroquinolone resistance in Canada has been on the rise in the past decade for a 

variety of isolate species.(38-40)   Global emergence has also been documented during 

this time.(41-44) The distribution of Qnr homologues among Enterobacteriaceae has 

been reported world wide, with the exception of QnrA in South America.(29,30,33,45)  

Prevalence was most notable in organisms that also carry extended spectrum β-

lactamases and particularly among the pandemic clone of E. coli, sequence type 131 

(ST131).(46)     

  

1.2.2.4 Clinical Significance 

 Recent studies have described a significant correlation between fluoroquinolone 

use and the emergence of resistant isolates.(42-44,47)  The discovery of plasmid-

mediated resistance mechanisms against quinolones provides an explanation for the 

development of high level resistance in initially susceptible Enterobacteriaceae.  The 

combination of subinhibitory concentrations of fluoroquinolones and the ability of low-

level, mobile resistance genes to facilitate higher resistance mutants, presents significant 

treatment challenges.  The challenge is increased by the potential risk of resistance 

transference to other microbe species.  It has been demonstrated that plasmids harbouring 

qnr genes that permeate into pathogenic populations, can rapidly confer resistance upon 

exposure to quinolones.(48) 
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1.2.3 β-Lactamases 

  β-lactamases are enzymes that inactivate β-lactam antibiotics.  The enzyme 

hydrolyzes the amide bond β-lactam ring producing a serine ester resulting in a weakened 

cell wall more susceptible to lysis. Structurally similar to penicillin binding proteins 

(PBPs), a large number of β-lactamases operate in a similar manner but the rate of 

hydrolysis is so fast that the interference caused by the β-lactam is insubstantial to the 

survival of the cell. Illustrated in Figure 4, the enzyme first forms a non-covalent 

complex with the β-lactam.  The free hydroxyl of the serine residue in the active site then 

attacks the β-lactam to break it open, resulting in a covalent acyl-ester.  The ester is 

hydrolyzed by a water molecule present in the periplasm and the inactivated drug is 

released allowing the enzyme to repeat the process (Figure 4).  Some β-lactamases 

capable of hydrolyzing cephalosporins, termed cephalosporinases, have an analogous 

method of attack but the R1 group on the exocyclic CH2R1 at the C-3 position of the 

cephalosporin may contain a leaving group altering the acidity of the resultant 

cephalosporoate (Figure 5). Unlike the penicillinoate product of the penicillin-type 

hydrolysis the cephalosporoate is not stable and decomposes to smaller fragments (Figure 

5). 
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Figure 4. Hydrolytic action of a β-lactamase.  The enzyme forms a non-covalent bond  

with the ester of a β-lactam antibiotic.  The free hydroxyl of the serine residue in the 

active site of the enzyme breaks open the β-lactam ring resulting in a covalent acyl-ester.  

The ester is hydrolyzed by water present in the periplasm releasing the inactivated drug 

and freeing the enzyme to repeat the process. 

Adapted from Livermore D.M.(49) 
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Figure 5.  Structural comparison of β-lactamase (A) and “cephalosporinase” (B) 

hydrolytic activity.  The cephalosporin core may contain a leaving group that changes the 

acidity of the resultant cephalosporoate which will decompose into its fragments. 

Derived from Sykes et al.(50) 
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1.2.3.1 β-Lactamase Classification 

 Two types of classification schemes, based either on function or molecular 

structure, are currently recognized for categorizing β-lactamases.  The Ambler 

classification system is based on molecular structure.  It designates the active site serine 

enzymes and penicillinases as class A β-lactamases, the metallo-β-lactamases comprise 

class B, and class C enzymes are cephalosporinases.  The class B β-lactamases require 

divalent metal cations as catalysts for the hydrolytic reaction.  Class C is similar to class 

A, with the exception that the residue participating in the active site is not generally 

serine.  Later the oxacillin-hydrolyzing enzymes were differentiated from class A into 

their own set of enzymes, class D.(51)  For a clinical laboratory setting, a functional 

classification scheme groups enzymes by their substrate and inhibitor profiles.   Known 

as the Bush-Jacoby-Medeiros system, it also defines four groups.  Group 1 enzymes, 

represented by AmpC, have an affinity for cephalosporins.  These are not ESBLs as they 

are not well inhibited by clavulanic acid.  Group 3 includes those enzymes of the Ambler 

class B that require metal catalysts.  These can be inhibited by EDTA and p-

chloromercuribenzoate (pCMB).  Group 4 enzymes are the penicillinases that are also not 

clavulanate inhibited.   The Group 2 β-lactamases are, “generally inhibited by active site-

directed β-lactamase inhibitors and ... belong to molecular classes A or D.”(51)  Group 2 

consists of letter designations, reflecting the growing number of mutations and 

subsequent substrate affinities still being reported.  Groups 2a and 2b are penicillin and 

cephalosporin preferring enzymes represented by the non-ESBLs.  These can be 

considered the parent group for those represented in Groups 2be and 2br, which have 

extended-spectrum activity and reduced inhibitor affinity, respectively.  2c and 2d 
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enzymes are penicillinases that have an affinity for carbenicillin (c) or cloxacillin (d).  

Class 2e are the less common inducible cephalosporinases, such as those from Proteus 

vulgaris.  Finally, 2f enzymes are those that hydrolyze carbapenem with an active site 

serine, and they are weakly inhibited by clavulanic acid.(51)  Table 3 illustrates the 

classification of  β-lactamases by both schemes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3.  Molecular (Ambler) and functional (Bush-Jacoby-Medeiros) classification and properties of β-lactamases.  

Derived from Bush et al and the TEM and SHV tables from the Lahey Clinic.(51-53) 
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Ambler Class Busy-Jacoby-Medeiros 
Group 

Preferred Substrate Inhibited by 
Clavulanic 

Acid 

Representative Enzymes 

A 

(active site serine) 

2a penicillins + Gram –ve bacteria penicillinases 

2b penicillins, cephalosporins + 

TEM: -1, -2, -13, -55, -57, -90, -95, -110, -
127, -128, -135, -141 

SHV: -1, -11, -14, -19 to -22, -25, -32, -33, -
43, -44, -48, -60 to -62, -71, -73 to -83, -85, -

89, -109 

2be penicillins, cephalosporins, 
narrow and extended spectrum 
cephalosporins, monobactams 

+ TEM-3 to TEM-178 (excl. most IRTs below 
& 2B above), SHV-2 TO SHV-134 (excl. 2b 

above) 

2br penicillins +/- 
TEM: -30 to -40, -44, -45, -50, -51, -54, -58, 
-59, -65, -67, -68, -73, -74, -76 to -84, -89, -
103, -109, -121, -122, -125, -151 to -154, -

158 to -163, -178, -185 
2c penicillins, carbenicillin + PSE 

2e cephalosporins + Inducible cephalosporinases from P. vulgaris 
(lack good penicillinase activity) 

2f penicillins, cephalosporins, 
carbapenems 

+ NMC-A, Sme-1 

4 penicillins - P. cepacia penicillinase 

B 

 (require divalent metal catalyst) 
3 Most β-lactams including 

carbapenems 
- L1, CcrA 

C - cephalosporinases 1 Cephalosporins - AmpC enzymes 

D- oxacillinases 2d penicillins, cloxacillin, 
oxacillin 

+/- OXA 



1.2.3.2 Extended-Spectrum β-Lactamases (ESBLs) 

 Described by Paterson in 2005, ESBLs were enzymes, “capable of conferring bacterial resistance 

to the penicillins, first-, second- and third- generation cephalosporins, and aztreonam (but not the 

cephamycins or carbapenems) by hydrolysis of these antibiotics, and which are inhibited by β-lactamase 

inhibitors such as clavulanic acid.”(54)  From a clinical perspective, in current screening tests for ESBLs, 

only third-generation cephalosporins and the monobactam, aztreonam are used.   The confirmation relies 

on establishing the difference in resistance between the combination of ceftazidime and clavulanic acid, 

and cefotaxime and clavulanic acid against each of the two cephalosporins alone.(55)  Based on this 

standard, ESBLs are defined as enzymes that “can hydrolyze third-generation cephalosporins and 

aztreonam but are inhibited by clavulanic acid.”(54)   

 

1.2.3.2.1 ESBL Families 

 There is no standard in β-lactamase nomenclature.  Names are developed based on their substrates, 

biochemical properties, gene location on the chromosome, bacterial strains, patient the sample was 

isolated from, or even the investigators.  Because of this, there is some overlap that occurs once a 

sequence has been determined and its relative homology to recognized genes is evident.  Most ESBLs 

have been derivatives of TEM, SHV β-lactamases.  Point mutations in the gene result in amino acid 

changes that alter enzyme active site folding giving rise to extended-spectrum phenotypes.  World travel 

has expanded the occurrence of some ESBL types globally, and more non-SHV or –TEM derived types 

have been discovered.   Ceftazidimases such as PER, VEB, TLA-1 and GES/IBC, and cefotaximases like 

SFO-2, BES-1 and CTX-M have emerged with CTX-M types becoming globally widespread.(56-64)  The 

OXA type β-lactamases, in Ambler class D (Table 3), have also been reported to appear with increased 

frequency in several areas of the globe. 
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1.2.3.2.1.1 TEM 

 This was the first ß-lactamase documented.  It was named for the patient, Temoneira, from which 

the isolate came.  TEM ESBLs have mutated from non-ESBLs TEM-1, -2, or -13.   In 1984 Klebsiella 

pneumoniae isolates from France were found to have an enhanced activity against cefotaxime as later 

reported in 1987.(65)  Originally labelled CTX-1 due to its cefotaxime affinity, the responsible enzyme 

was found to be derived from TEM-2 and was subsequently labeled TEM-3.(66)  There are over 180 

unique amino acid variants described so far, and a majority of them produce the ESBL phenotype. (52)  

Some of the more commonly described substitutions include  glutamine to lysine at codon 39,  glutamate 

to lysine at codon 104, arginine to serine, histidine, or  cysteine at codon 164, glycine to serine, aspartic 

acid, asparagine, or arginine at codon 238, glutamic acid to lysine, valine, or arginine at codon 240, and 

threonine to methionine at codon 265 (Figure 6). They can confer resistance to broad-spectrum penicillins, 

narrow and/or extended-spectrum cephalosporins, and monobactams.  A number of TEM-types have 

mutated to the point where their resistance extends outside of the ESBL criteria.  These are inhibitor 

resistant TEM (IRT)β-lactamases.  Over 20 of the TEM enzymes described so far demonstrate inhibitor 

resistance.(52)  TEM type ESBLs are found to commonly occur in Enterobacteriaceae, particularly E. coli 

and K. pneumoniae, and are occasionally reported in other organisms such as Neisseria gonorrhoeae.(17) 
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Figure 6 (A) & (B). Amino acid substitutions in TEM ESBL derivatives.  Amino acid substitutions are indicated at the top of each column (coloured 

blue to distinguish more than one substitution identified for a single codon) followed by the derivative numeric designation down the column based 

on its occurrence at the aligned codon in the TEM sequence.  It has been broken into two sequence segments solely for visual clarity.  All sites 

indicated represent amino acid changes that have been confirmed to produce ESBL phenotypes.   

Modified from the TEM Table of the Lahey Clinic.(52) 
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Q      F        L          D         Q      L        A        R V          L         L          M          V           G N        E          S         P        K           H D              R

6      16       21        35       39    40       42      43    44        49       51         69         84         92       100     104      130      145    146       153     163       164

K

-87

-92

-123

-124

-177

F

-4

-9

-25

-48

-49

-53

-63

-73

-74

-75

-85

-86

-94

-102

-110

-115
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-120

-131

-133

-159

-167

K

-3

-7

-8

-11

-13

-16

-18

-21

-22

-24

-42

-46

-56

-60

-61

-66

-72

-89

-101

-113

-114

-120

-129

-130

-134

-139

-155

-160

-177

V

-42

S

-178
S

-178

P

-60

I

-157

K

-3 and -4

-6

-8 and -9

-15 to -18

-21 and -22

-24

-26

-43

-47

-50

-52

-56

-60

-62

-66

-87to -89

-92

-94

-106 and -107

-109

-111

-113

-120

-123 and -124

-129 to -131

-133 and -134

-138 and - 139

-149

-167

-177

S

-157

S

-178

R

-21

-56

-112

S

-5

-7 to -10

-12

-24

-26

-46

-53

-60

-63

-85 

-86

-102

-114

-121

-125

-129 to -131

-133

-136 

-137

-149

-154

-155

-158

-177      

C

-87

-91

-143 

-144

H
-6
-11
-16
-27 to -29
-43
-61
-75
-107
-109
-132
-134
-147
-151 
-152

TEM-1

L

-125

P

-130

V

-164

T
-178

M

-139

L

-50

-109

-125

-154

-158

-168

V

-151

-152

D

-66

G

-89

Q

-178
H

-87
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TEM-1
W           I         N          R       D      M        A     G           E            A          A              G      E        R            T            S           R     N             I          A           A      

165       173     175      178    179   182    184        196   212         224      237           238             240     244        265        268        275       276        279      280       284

K

-5

-10

-24

-27 and -28

-42

-46 to -49

-61

-68

-71 

-72

-85 

-86

-91

-93

-101

-114

-121

-132

-136

-144

-152

-155

-177

R
-137

V
-149    

S

-121

M

-4

-9

-13

--25

-27

-42

-47 to -49

-68

-73 to -75

-85

-86

-94

-102

-110

-111

-118

-167

G

-49

-136

L

-68

D

-50

-125

-151

-152

-158

T

-164

V

-101

G

-151

S

-3

-4

-8

-15

-19 to -22

-25

-42

-47 to -50

-52

-66

-68

-71

-72

-88

-89

-92 to -94

-101

-107

-111

-112

-120

-123

-134

-138

-139

-167

R

-178  

T

-5

-24

-86

-114

-121

-130 

-131

-136

-177

G

-22

V

-147

-167

deletion

-178

D

-88

V

-157

T

-20

-43

-52

-63

-72

-87

-88

-91 to -94

-106 

-107

-113

-124

-126

-131

-135

-149

-177

E

-126

A

-178

I

-138

V

-132 

R

-125

G

-169

 

(B) 



1.2.3.2.1.2 SHV 

 Originating from the term sulfhydryl reagent variable, the inhibition of the 

activity of this enzyme by p-chloromercuribenzoate, assumed to be variable by substrate, 

has never been confirmed.  SHV-1 is the non-ESBL parent of this family.    A Klebsiella 

pneumoniae isolate from Germany in 1983 demonstrated hydrolysis efficiency with 

cefotaxime and ceftazidime. The first SHV ESBL was thus discovered.  Subsequent 

sequencing of this gene demonstrated that the replacement at position 238 of the enzyme 

with serine for glycine accounted for the extended-spectrum properties, specifically for 

ceftazidime hydrolysis, not seen in its predecessor.(67,68)  Cefotaxime hydrolysis 

requires the substitution of lysine for glutamate at position 240.(68)    This family of 

ESBLs is clinically prominent among Enterobacteriaceae isolates.  A greater variability 

in mutable positions has been demonstrated in this family compared to the TEM ESBLs. 

Although less commonly identified than among the TEM β-lactamases, inhibitor resistant 

SHV (IRS) β-lactamases, like SHV-10 and SHV-84, have also been found among K. 

pneumoniae and E. coli isolates.(68,69)  To date there are over 130 members of this 

family described, though not all are ESBLs (Figure 7).(53) 
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Figure 7 (A) & (B). Amino acid substitutions in SHV ESBL derivatives.  Amino acid substitutions are indicated at the top of each 

column (coloured blue to distinguish more than one substitution identified for a single codon) followed by the derivative numeric 

designation down the column based on its occurrence at the aligned codon in the SHV sequence.  It has been broken into two sequence 

segments solely for visual clarity.  All sites indicated represent amino acid changes that have been confirmed to produce ESBL 

phenotypes.   

Modified from the SHV Table of the Lahey Clinic.(53) 
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(A) 

SHV-1
Y    I           P      A             L              R          G               R        E               V          V      E                   L           M                  A     V           A        L      

7    8         20     25           35            43             54              61       64             75 80   89                122        129              140    142       146     148
V

-42   
K

-15

F

-23
R

-9

L

-64

V

-38

F

-41

V

-70

M

-15

G

-34

Q

-66

H

-115

deletion

-9

Q

-2A

-12

-13

-15

-31

-40

-64

-66

-70

-86

-107

-129

S

-7

-18

-30

-34

-105

S

-42

S

-91

F

-7

-18

-30

-34

-105

-106 

F

-55
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SHV-1
G               L            D         A      A         K     L T               R         R                          T   G               E                     T             E      R      N             I

156           169        179      187  188     192  193   195   202     205                       235    238 240 268        274    275   276         282

K
-115   

S

-39

L

-129

D

-129

L

-131 

K

-4

-5

-7

-9

-10

-12

-15

-18

-23

-31

-45

-46

-55

-64

-66

-90

-91
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-129 to -131

R

-86

A

-107

S

-2, -2A

-3 to -5

-7

-9

-10

-12

-15

-23

-30

-34

-39

-45

-46

-55

-64

-66

-86

-90

-105

-106

-123

-124

-129

-131

A

-13

-18

-102 

L

-3

-4

S

-104

N

-46

V

-9

D

-27

-45

-105

R

-57

A

-6

N

-8

G

-24

T

-90

G

-23

N

-9  

(B) 
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1.2.3.2.1.3 CTX-M 

 The potent hydrolytic activity against cefotaxime has placed these ESBLs into 

their own family.  They share limited homology (less than 40%) with TEM or SHV 

ESBLs. The minimum inhibitory concentration (MIC) for cefotaxime in this family is 

typically greater than 64µg/mL with a more sensitive ceftazidime MIC.(54)  They also 

confer high resistance to cefepime and are ten times better inhibited by tazobactam than 

by clavulanic acid.(54)   Point mutations resulting in amino acid substitutions such as 

aspartic acid at position 240 and proline at position 167 can increase activity againse 

ceftazidime.(70)   Found in an isolate in 1989, the first non-TEM and non-SHV ESBL 

was named CTX-M-1 because of its cefotaxime hydrolysis.(71)  Following, in 1992, 

were the discoveries of MEN-1 in E. coli and CTX-M-2 in a multidrug-resistant (MDR) 

Salmonella enterica serovar Typhimurium, exhibiting similar resistance phenotypes to 

CTX-M-1 but varying in amino acid sequence.(64)   In Japan Toho-1, now CTX-M-44, 

was found to share over 80% amino acid sequence homology to MEN-1.(72)  Further 

discoveries were also linked through amino acid similarity and the CTX-M types were 

categorized into the five subgroups of CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and 

CTX-M-25.    Over 100 variants have been described so far (Figure 8), and with the 

growing rate of dissemination between bacteria, CTX-M ESBLs are arguably the most 

widespread ESBLs, particularly in the community setting.(54,73,74)  They appear to be 

related to the Kluyvera chromosomal β-lactamases with CTX-M-1 and CTX-M-2 

subgroups stemming from K. ascorbata, and K. georgiana having a parental relationship 

with subgroups CTX-M-8 and CTX-M-9.(70)   The mobility elements associated with the 

transfer of these gene groups are insertion sequence ISEcp1 and the ISCR1 element.  
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They have been observed upstream of several blaCTX-M genes belonging to all subgroups 

except CTX-M-8.  They have also been implicated in the increased expression of blaCTX-

M genes.(73,75)   
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Figure 8.  Phylogenetic relationship of CTX-M subgroups and their member enzymes. 

Created with MEGA 5 (ClustalW) using a majority of the CTX-M sequences listed by the 

Lahey Clinic (some were unavailable through NCBI).(74) 
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 CTX-M -1
 CTX-M -74
 CTX-M -72
 CTX-M -22
 CTX-M -3
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1.2.3.2.1.3.1  Sequence Type 131 

 In 2008 Lau and colleagues employed multilocus sequence typing (MLST) to 

identify a significant lineage of E. coli, termed sequence type 131 (ST131).  It was found 

among a large portion of drug-resistant uropathogenic E.coli occurring in both 

community and hospital acquired infections in northwest England.(76)  In the same year, 

the clonal relationship was further defined when the globally disseminated CTX-M-15 β-

lactamase was frequently detected in association with ST131 in clinical isolates from 

around the globe.(77,78)  It is a worldwide pandemic clone that carries a broad range of 

resistance and virulence genes on a mobile plasmid.  It is prevalent among E. coli 

exhibiting fluoroquinolone resistance and, though originally it was most commonly 

associated with CTX-M-15, it can also harbour other CTX-M family genes and additional 

β-lactamases as well.  Because of its multi-drug resistant variability, no phenotypic 

methods are currently available to detect the ST131 clone. 

 

1.2.3.2.1.4 OXA 

 Oxacillin-resistant genes are not often categorized as ESBLs, but OXA-10, a 

hydrolytic enzyme with weak activity against cefotaxime, ceftriaxone and aztreonam, 

was discovered in Ankara, Turkey.  Although the narrow spectrum precursor, OXA-1, is 

found in up to 10% of E. coli isolates, the majority of the over 200 currently known OXA 

beta-lactamases have been found mainly in Pseudomonas aeruginosa isolates starting at 

the beginning of this century.(54) They are weakly inhibited by clavulanic acid, and 

possess strong hydrolytic activity against oxacillin and cloxacillin.  (49,54,74)  These are 

molecular class D genes found in functional group 2d (Table 3). 
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1.2.3.3 AmpC β-Lactamases  

 Belonging to molecular class C, functional class 1, AmpC β-lactamases are 

similar to class A cephalosporinases, with the exception that the residue participating in 

the active site is not generally serine (Table 3).  Group 1 enzymes have an affinity for 

cephalosporins in the oxyimino group (ceftazidime, cefotaxime, ceftriaxone, ceftizoxime 

and cefuroxime) and the 7-α-methoxy group (cefoxitin, cefotetan, cefmetazole and 

moxalactam).  Resistance to a second generation cephalosporin (SGC), like cefoxitin, is 

commonly used as a phenotypic indicator for the production of AmpC.  They are not 

ESBLs as they are not well inhibited by clavulanic acid.  AmpC β-lactamase genes are 

carried within the chromosome of almost all Enterobacteriaceae as well as on some 

plasmids, which often harbour additional resistance genes for other drug classes.       

 

1.2.3.3.1 Hyperproduction of Chromosomal AmpC β-Lactamases 

 Chromosomally encoded AmpC is unique in that it is constitutively produced, 

usually in only very small amounts, in E. coli and it is not inducible.  This is in contrast to 

the ampC gene found in other species like Enterobacter spp., Citrobacter freundii, and P. 

aeruginosa which is highly induced in the presence of β-lactams.(79,80)  The ampC 

promoter and transcriptional attenuator in E. coli and K. pneumoniae, in vivo, regulate the 

rate of ampC transcription and potential strength of β-lactamase activity.(81)   Many 

mutations have been described within the promoter region of strains with chromosomal 

hyperproduction, but only a handful have been elucidated as directly involved in the 

increased transcription rate.(81-84)   Jaurin and colleagues concluded that the main 

elements that influence ampC gene amplification were the -35 (TTGTCA) and -10 

(TACAAT) box sequence regions (Pribnow boxes) in the promoter and the distance 
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between these two regions (Figure 9).  The optimal distance for an increased transcription 

rate is 17 or 18 base pairs (bp).(83,85)   Caroff et al later used a reporter gene to describe 

the role of the -42, cytosine to thymine (C ->T = TATAAT), and -32, thymine to adenine 

(T -> A = TTGACA), mutations in enhanced promoter strength and subsequent increased 

ampC transcription.(81)   Within the attenuator region, mutations are associated with 

destabilization of the hairpin structure enhancing read through and subsequent 

transcription of the gene, albeit to a far lesser degree than the above promoter 

mutations.(82,83)  Additionally, insertion sequence elements or deletions can play a role 

in optimizing the inter-region distances.  Ultimately, increased transcription of the ampC 

gene alone does not explicitly imply increased MICs to cephalosporins.  Factors specific 

to individual bacterial strains are necessary in combination with ampC over-expression to 

affect the resistance strength of the organism.(83)  To date, there have been no 

transcription factors reported in E. coli that could account for an increase in constitutive 

epression of AmpC. 
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Figure 9. Sequence of the Escherichia coli ATCC 25922 (cefoxitin susceptible) ampC 

promoter region.(83) 
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1. 2.3.3.2 Plasmid Borne AmpC β-Lactamases 

 In addition to over-expression of the intrinsic ampC gene in E. coli, cephalosporin 

resistance can be mediated by constitutive expression of AmpC β-lactamase genes 

located on plasmids.  Just like ESBL nomenclature, no specific protocol has been 

followed for naming AmpC β-lactamases.   Names are developed based on their 

substrates (FOX= cefoxitin resitant, CMY = cephamycin resistant, etc.), the type of β-

lactamase (ACT= AmpC type, etc.), the patient the sample was isolated from, or the 

hospital where it was first discovered (DHA = Dharhran hospital in Saudi Arabia, etc.).  

Of course, this has resulted in some overlap when a sequence has been determined and its 

relative homology is evident. For example, CMY-2, BIL-1 and LAT-2 are all identical 

amino acid sequences.(86)   Phylogenetic observations suggest ancestry from the 

mobilised chromosomal ampC genes of C. freundii (BIL-1/ CMY-2), Aeromonas 

hydrophila (CMY-1 and MOX-1), Aeromonas caviae (FOX-1), Morganella morganii 

(DHA-1), Enterobacter cloacae (MIR-1) and Havnia alvei (ACC-1), though amino acid 

sequences vary substantially (Figure 10).(87-91)  Insertion sequences, such as insertion 

sequence common region 1 (ISCR1), have been described adjacent to plasmid mediated 

AmpC β-lactamases such as blaDHA-1, blaCMY-1, blaCMY-8 to -11, and blaMOX-1 which may aid 

in gene mobility.(92)   

 The genes have been categorized into six classes based on the bacterial host 

chromosome from which they originated (Figure 11).(93)  Most common among E. coli 

and K. pneumoniae plasmids are currently the blaCMY and blaDHA genes.   Plasmid borne 

AmpCs are not commonly inducible, but mobilization of chromosomal ampC to a 

plasmid has been described to include the ampR gene for blaDHA and blaACT-1.  The ampR 

gene is responsible for positive regulation of ampC transcription in inducible 
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chromosomal AmpCs from other species.(94)   Expression control mechanisms for 

plasmid-mediated AmpC may result from any combination of gene copy number, 

plasmid promoter mutations, presence or absence of the ampR gene, and strain specific 

factors of the organism carrying the plasmid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 10.  Phylogenetic relationship for chromosomal and plasmid-borne AmpC β-lactamases.  Branch lengths are proportional to the number of 

amino acid substitutions.(86) 
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Table 4.  Classification of mobile AmpC β-lactamases based on original chromosomal 

source.  Adapted from Livermore and Woodward, and modified according to Philippon et 

al.(86,93) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Class Chromosomal Origin  Mobile β-Lactamases 

CIT Citrobacter freundii CMY-2 to -7, LAT-1  

ENT Enterobacter spp. ACT-1, MIR-1 

FOX Aeromonas spp. FOX-1 to 5 

MOX Aeromonas spp. MOX-1 and -2, CMY-1 and -8 

DHA Morganella morganii DHA-1 and -2 

ACC Hafnia alvei ACC-1 
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1.2.3.4 Epidemiology 

  Global travel has opened the door to the importation of not only organisms but 

their mobile elements, to transfer between individuals and bacterial species.  The 

transmission of microbes and their resistance genes are not limited to human hosts.   Both 

ESBL and AmpC β-lactamases have been frequently described among food-producing 

animals.  The existence of these genes within zoonotic bacteria, combined with their high 

potential for mobility, poses a threat for acquisition among consumers. Several studies 

have described the homology and prevalence of broad spectrum β-lactamases among 

food-producing animals, retail meats, humans, and the environment.(95-99)  Their 

occurrence has also been documented among companion animals.(100,101)  Articles 

available over the past two years provide more detail in the molecular characterization of 

ESBLs compared to AmpC β-lactamases among clinical E. coli.   A lack of standardized 

screening methods for AmpC enzymes as well as the fact that these enzymes tend to be 

more prevalent in Klebsiella isolates may contribute to the lack of consistent surveillance 

data.   The only limitation in uncovering the occurrence of broad spectrum β-lactamases 

globally is the availability of the technology required to identify and characterize them in 

some regions of the world. 

 

1.2.3.4.1 ESBLs 

 Since it was first reported in Germany, SHV-2 has appeared in reports from 

Argentina, Chile, China, Greece, France, Switzerland and Tunisia.(102)  By 2005, 

research from over 30 countries reported the occurrence of ESBLs.(54) TEM ESBLs 
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were prevalent in the U.S., and most of Europe, specifically among Klebsiella spp., while 

SHV types were described frequently among E. coli or Klebsiella isolates in Canada, 

Australia, throughout Asia, and sporadically in Chile, Mexico, Argentina and Brazil by 

the turn of the millennium.(103-111)  Reports of isolation and identification of infectious 

microbes in African countries and countries of the United Arab Emirates have been 

sparse and do not span very far back in time. 

 Novel ESBLs such as SFO-1 in Japan, PER-1 in England, PER-2 in the United 

States, and GES-1 and GES-2 from American isolates of K. pneumoniae and P. 

aeruginosa, respectively, have sporadically emerged among Enterobacteriaceae since 

1996.(56-58,61,63)  A number of these originally appeared to be limited to discovery in 

the countries of Central and South America.(54) The dissemination of PER-1 in A. 

baumannii isolated from hospitals in Turkey, Romania and Belgium has illustrated the 

mobility of the genes and the enhanced potential due to travel.  VEB-1 in Thailand, GES-

3 in Greece, and TLA-1 from the U.S. have been described in E. coli since 

1999.(59,60,112)   

 The CTX-M types were first detected in South America, the Far East and Eastern 

Europe.  The outbreaks involving CTX-M ESBLs had mainly been documented in South 

America, Japan and Eastern Europe by 2005 where they had become endemic.(103,113)  

In Canada, CTX-M was first observed in 1999 followed by the detection of the third 

outbreak of CTX-M-producing E. coli between 2000 and 2002.(114-116)  They have 

since emerged among E. coli as the most common cause of community-associated (CA-) 

infections, particularly those of the urinary tract, throughout the world.(117,118)  
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Interestingly, the occurrence of CTX-M enzymes is still rare throughout most of the 

U.S.(119)  Currently the CTX-M-15 enzyme is the most common ESBL in most parts of 

the globe. 

 The ST131 clone has been detected in resistant isolates among companion and 

non-companion animals in Europe, Australia, Spain and Canada.(95-97,100,101,120)  In 

Canada, increased ESBL-producing E. coli dissemination has substantially increased in 

association with the ST131 clonal complex.(121,122)  A similar increase of CTX-M-15-

producing ST131 E. coli clones have been described in the United Kingdom, France, 

Spain, Norway, the Netherlands and Indonesia in recent years.(123-128)   

 

1.2.3.4.2 AmpC β-Lactamases 

 Organisms producing AmpC-type β-lactamase activity, as described above, may 

be hyper-producing the chromosomal ampC gene as has been observed in 

Mycobacterium smegmatis, Ochrobactrum anthropi, Laribacter hongkngensis, 

Acinetobacter baumannii, A. baylyi, P. aeruginosa, P. fluorescens, and several members 

of Aeromonas spp., Citrobacter spp., Enterobacter spp., and Escherichia spp. to name 

only a portion.(129)  The variation of species identified to carry the ampC gene is 

indicative of the ubiquitous nature of the ampC gene worldwide, but not necessarily the 

AmpC-type β-lactamase activity, as is yet to be seen in Coxiella burnetii and Rickettsia 

felis, possibly due to the niche these two organisms share as obligate intracellular 

microbes.(129)  In the past two decades, E. coli isolates exhibiting an AmpC phenotype 

have been described with the associated promoter region mutations in Denmark, France, 

England, Germany, Belgium, Korea and across North America.(83,84,130-135)  Because 
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of the inability to directly correlate hyper-production to resistant phenotypes, plasmid-

mediated AmpC enzymes tend to be reported more often with phenotypic certainty. 

 When plasmid-borne ampC genes were first discovered in 1989 they were soon 

also described in isolates from South Korea, Greece, the United States, Japan, Argentina, 

Saudi Arabia and Germany.(129)  They have since been intermittently documented with 

a global distribution.  Among E. coli strains the predominant AmpC is CMY-2 with some 

occurrences of DHA-1 as reported recently in Japan, Korea, Thailand, China, France, 

Spain, Taiwan, Canada, Denmark, and Belgium.(136-146)    

 

1.2.3.5 Clinical Significance 

 Infections are well documented in intensive and critical care units in hospitals, 

and in nursing homes and chronic care facilities. It is a higher risk in any area where 

immune systems are already compromised and therefore a greater liberty may be taken 

with the administration of antibiotics. Infection risks are also increased when control 

measures lapse. Patients with invasive devices such as catheters supply an additional 

target for microbial colonization. There is also a direct correlation between the length of 

hospital stay and increased risk of infection.(54)  

 In addition to reports of animal-human transmission of β-lactamase-producing E. 

coli,  Tschudin-Sutter and colleagues described an outbreak of ESBL E. coli in a neonatal 

unit of a Swiss hospital when transmission originated between a mother to her newborn 

twins resulting in subsequent spread to other neonates and a health care worker.(147)   To 

highlight the issue, necrotizing fasciitis by an ESBL-producing E. coli resulted in a 

maternal death in the U.K. in 2010.(148) 
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 Essentially, an ability to evolve resistance mechanisms at a rate nearly neck-in-

neck with the technology to create more effective antimicrobials provides a very serious 

therapeutic challenge.  The choice to administer a particular antimicrobial for an infection 

appears to ultimately create a selective pressure bringing about the next generation of 

resistant strains.  The appearance of CTX-1 (TEM-3) followed the extensive use of 

cefotaxime.(102)  Resistance occurs most often where antibiotic use is greatest.  Hence, it 

is often found in isolates in intensive care, haematology, burn units, surgical wards and 

extended care facilities.(49,149) It is also more prevalent in developing countries where 

less discriminate use of antimicrobials may exist.   

 Community acquired infection is a growing concern.  Clinical experience is 

required in order to avoid inadequate treatment leading to prolonged infection and 

subsequent disease.  It has been suggested that more than one method should be used in 

determination of resistance levels of isolates because, although according to CLSI 

guidelines the organism may not be phenotypically resistant, an increased MIC (though 

below the break point) for oxyimino-cephalosporins may indicate ESBL production.(149) 

Inoculum effect, which occurs when the MIC for an extended-spectrum cephalosporin is 

increased as the inoculum concentration is increased, can also occur in vivo causing a 

discrepancy between clinical and laboratory results.(150)   

 A recent report from the Infectious Diseases Society of America (IDSA) 

identified E. coli and Klebsiella spp. among the six drug resistant microbial organisms in 

desperate need of new therapies.(151)  E. coli remains a major ESBL-producer globally 

producing bacteraemias resulting in mortality, delayed initiation of appropriate therapy 

and extended hospital stays.  This ultimately increases health care costs.  While resistance 
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mechanisms to the most common therapies of fluoroquinolones and β-lactams increase in 

frequency of occurrence among infections, carbapenems, like doripenem, illustrate the 

choked pipeline of clinical development for suitable molecules for successful treatments.  

Antibacterial development has taken a sharp decline over the past 25 years in favour of 

enhancement therapies leaving clinicians to turn to older therapies with potentially 

greater toxicity and a lack of dosage guidance.(151)   

 Adjunct to the obvious, prevention strategies of hand washing, containment, 

isolation and disinfection, a revitalization of research and development of new early stage 

drug entities like the promising intravenous carbapenem, ME 1036, is necessary to gain a 

foothold in the uphill battle against antimicrobial resistant organisms like ESBL-

producing E. coli.(151) 

  

1.3 Thesis Scientific Rationale and Objectives 

  Increasing reports of resistant bacteria from healthcare facility laboratories can, 

only in part, be accredited to the increased accessibility to isolation and identification 

technologies.  Increased surveillance has enhanced our ability to witness the changes in 

susceptibility patterns over time and it is evident that the clinical relevance of E. coli 

infections capable of surviving routine therapies is not on the decline.  It is a trend being 

observed across the continuum of care from the acute to long-term care and community 

settings.  The challenge posed to clinicians in treatment options underscores the necessity 

in understanding the molecular epidemiology of these organisms to benefit the research 

and development of future therapies. 
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 This report studies E.coli isolated from infections in the patient population of the 

Vancouver Coastal Health Region over a one year period.  The multidrug resistant 

(MDR) isolates demonstrate resistance to ciprofloxacin, and/or cefoxitin, and/or exhibit 

an ESBL phenotype.  This study provides a snap shot to clarify the prevalence of MDR in 

E. coli representative of a large health authority which can be compared with previous 

similar surveillance studies and aid in the future management of antibiotic use.   

 A series of objectives were followed to achieve the final picture.  The extent of 

antimicrobial resistance in community, long-term and acute care facilities was 

determined.  The molecular resistance mechanisms for fluoroquinolones, extended-

spectrum β-lactams and cephalosporins were identified and characterized.  Relationships 

between isolate strains were sought based on clusters of resistance and molecular 

relatedness.  A convenience sample was selected based on the ESBL relationship profile 

to examine the risk and dissemination of acquired resistance. 

  

1.4 Hypothesis 

 Fluoroquinolone resistance, resulting mainly from chromosomal mutations rather 

than mobile plasmid elements, is observed in 20 – 25% of clinical E. coli isolates from all 

laboratories in the region for a year long period from June 1, 2007 to June 1, 2008.  

ESBL production is confirmed in less than 5% of the same isolates, specifically 

displaying a predominance of CTX-M genes found most commonly among the ST131 

clones.   
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2. Materials and Methods 

 

2.1 Study Design 

 The study was conducted from June 1, 2007 to June 1, 2008.  The isolates  were 

obtained from cases identified from the Vancouver General Hospital (VGH)  which 

receives specimens from laboratories located throughout Vancouver (City Centre 115,219 

residents), Richmond (186,395 residents), North (135,534 residents) and West Vancouver 

(Bowen Island 50,757 residents), British Columbia (Population estimates for 2007 

collected by BC Stats, BC Ministry of Citizens’ Services).  The laboratories represent 

community/outpatient centres (287,298 clinic and 235,469 ER visits, acute (54,308) 

discharges, subacute/rehab (600 discharges) and long-term care facilities (1,790 beds).  A 

total of 5,500 E. coli were collected for the study period.  Patient demographic data sets 

were collected and compiled from the electronic records of those from whom isolates 

were recovered.  

 

2.2 Isolation, Selection and Storage  

Specimens were collected by a healthcare practitioner in participating medical 

facilities from patients demonstrating clinical symptoms associated with bacterial 

infections in the urinary tract, respiratory system, wounds, or blood (bacteraemia).  

Bacterial isolation, speciation and antimicrobial susceptibilities for each isolate were 

conducted using standard automated microbiologic protocols at the VGH central lab.  

Antimicrobial susceptibilities for each isolate were then determined using standard 

automated methods of broth microdilution on Gram negative rod panels (MicroScan®, 
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Siemens, Munich, Germany).   Isolates identified as E. coli and confirmed to be 

producing extended-spectrum beta-lactamases (ESBLs = Cefotaxime MIC > 32µg/mL 

and MIC lowering > 4 two-fold dilutions for Cefotaxime/clavulanic acid and/or 

Ceftazidime MIC > 16µg/mL and MIC lowering > 1 two-fold dilution for 

Ceftazidime/clavulanic acid ), and/or AmpC-type beta-lactamases (AmpC-R = Cefoxitin 

MIC >16µg/mL), and/or exhibiting resistance to ciprofloxacin (Ciprofloxacin MIC > 

2µg/mL) and at least one other class of antimicrobial agent, were collected as pure 

cultures .   Non-duplicate cultures were sent to the National Microbiology Laboratory on 

swabs.   

Cultures were received and sub-cultured on plates of Trypticase Soy Agar (TSA) 

containing 5% sheep blood (Trypticase Soy Agar, BD, Sparks, Maryland, USA; Sheep 

Blood, Oxoid, Hampshire, England).  The plates were inverted and incubated in ambient 

air for 16-18 hours at 37°C.  After incubation, plates were examined to ensure purity and  

a sweep of pure colonies was  then transferred into Microbank vials (Pro-lab Diagnostic, 

Richmond Hill, Ontario) and stored in -80°C to await further analysis.     

 

2.3 Antimicrobial Susceptibility Testing 

 A more quantitative technique was used to determine accurate minimum 

inhibitory concentration (MIC) values for those isolates identified to produce ESBLs or 

AmpC producers.  This evaluation was a more specific confirmation of the ESBL and/or 

cefoxitin resistant phenotypes identified in the selected isolates.   Additionally, the 

determination of antimicrobial susceptibility profiles in a select group of ESBL-producers 
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provided the basis to evaluate which resistance characteristics were plasmid-mediated, 

and therefore horizontally transferable, in those isolates as a sample group. 

 

2.3.1 Epsilometer Susceptibility Phenotype Confirmation (E-test®) 

 Minimum inhibitory concentrations for isolates initially deemed to be ESBL 

and/or AmpC producers were phenotypically confirmed using the appropriate 

antimicrobial Etest® strips and protocol (Figure 11).   Frozen stock cultures were sub-

cultured twice on plates of TSA containing 5% sheep blood (Trypticase Soy Agar, BD, 

Sparks, Maryland, USA; Sheep Blood, Oxoid Ltd., Hampshire, England), before being 

evaluated using the E-test. Multiple colonies were suspended in 1.8 ml sterile distilled 

water to an equivalent turbidity of a 0.5 McFarland standard.  A sterile, non-toxic swab 

was dipped into the suspension and excess liquid removed by pressing against the side of 

the test tube.    An evenly distributed lawn of the inoculum was swabbed onto the entire 

agar surface of Mueller-Hinton Agar (MHA) plates (Mueller-Hinton Agar, Oxoid Ltd., 

Hampshire, England) three times while rotating the plate approximately 60 degrees each 

time.   The plates were left to sit upright in ambient air at room temperature for 1 – 2 

minutes to allow the lawn to dry. 

 

 

 

 

 

 

70 
 



Figure 11.  ESBL ETest® growth inhibition patterns illustrating A) clear definition where 

CT/CTL = 1.5/0.047 = 32 (MIC ratio ≥ 8), B) a phantom zone of inhibition below  CT, 

and C) a deformed ellipse in the TZ zone of inhibition. All illustrations are indicative of 

ESBL production.  CT = cefotaxime; CTL = cefotaxime + clavulanic acid; TZ = 

ceftazidime; TZL = ceftazidime + clavulanic acid.    Adapted from AB Biodisk ESBL 

ETest® product monograph. (245) 
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2.3.1.1 Confirmation of ESBL Phenotype  

 Cefotaxime/cefotaxime + clavulanic acid (CT/CTL) and Ceftazidime/ceftazidime 

+ clavulanic acid (TZ/TZL) Etest® strips (Etest® for Detection of ESBL, CT/CTL and 

TZ/TZL, Cat. 51003228 and 51003258, respectively, AB AB BioMérieux, Solna, 

Sweden) were applied upright on the culture lawn with alcohol sterilized tweezers.  The 

strips were applied parallel to each other approximately 3cm apart with the ends 

containing clavulanic acid on each longitudinally opposite each other.  The plates were 

inverted and incubated at 37°C for 16 – 18 hours in ambient air to ensure visible bacterial 

growth.   American Type Culture Collection (ATCC) strain E. coli 35218 was used as a 

negative control with the following confirmatory MIC values: CT ≤ 0.25µg/mL , CTL 

0.016 – 0.064µg/mL, TZ ≤ 0.5µg/mL, and TZL ≤0.064µg/mL.  The positive control was 

ATCC strain K. pneumoniae 700603 with the following confirmatory MIC values: CT 1-

4, CTL 0.125 – 1µg/mL, TZ 8 - ≥ 32µg/mL, and TZL 0.125 – 0.5µg/mL.  The plates 

were observed visually for the point where the inhibition ellipse intersected the strip to 

indicate the MIC, or phantom zones of inhibition, or deformation of the ellipse.  ESBL 

positive isolates were demonstrated with a Cefotaxime MIC ≥ 0.5µg/mL and a CT/CTL 

ratio ≥ 8 and/or a Ceftazidime MIC ≥ 1µg/mL and a TZ/TZL ratio ≥ 8.  Those that 

demonstrated a phantom zone or a deformation of the ellipse were also deemed positive 

ESBL producers.  Isolates deemed to be negative for ESBL production demonstrated at 

least one MIC value below those stated above for either antimicrobial, and at least one 

ratio value below those stated above as well.  Isolates where no ellipses were evident (e.g. 

CT > 16µg/mL and CTL > 1µg/mL and TZ > 32µg/mL and TZL > 4µg/mL) were 
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considered non-determinable (ND) and further analysis for specific ESBL gene detection 

was used to characterize them. 

 

2.3.1.2 Confirmation of Cefoxitin Susceptibility Phenotype  

 A single Cefoxitin Etest® strip (Etest® for MIC Determination, FX Cefoxitin, 

Cat. 51000658, AB BioMérieux, Solna, Sweden) was applied upright on the culture lawn 

with alcohol sterilized tweezers.  The plates were inverted and incubated at 37°C for 16 – 

18 hours in ambient air to ensure visible bacterial growth.   E. coli ATCC 25922 was 

used as a negative control for reagent and protocol quality validation with an expected 

MIC range of 1 - 4µg/mL.  The plates were observed visually for the point where the 

inhibition ellipse intersected the strip to indicate the minimum inhibitory concentration.   

Susceptibility was interpreted as MIC values established by the Clinical and Laboratory 

Standards Institute (CLSI).  Isolates demonstrating an MIC ≤8µg/mL or ≥ 32µg/mL were 

deemed susceptible or resistant, respectively.  An MIC equal to 16µg/mL was deemed to 

be intermediate.  Only isolates demonstrating resistance were characterized further. 

 

2.3.2 Broth Microdilution Testing using Sensititre® 

Susceptibility testing for a select group of ESBL-producing isolates confirmed to 

be carrying the blaCTX-M-15 gene, and their subsequent transformants, was performed by an 

automated system equivalent to the CLSI broth microdilution methods employing 

antimicrobial panels routinely used in the Canadian Integrated Program for Antimicrobial 

Resistance Surveillance (CIPARS) for Gram negative microbes.(152)  Sub-culturing was 

performed twice on plates of TSA containing 5% sheep blood (Trypticase Soy Agar, BD, 
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Sparks, Maryland, USA; Sheep Blood, Oxoid Ltd., Hampshire, England), to ensure purity 

and isolation.   Multiple colonies were suspended in 7.2 ml sterile distilled water to an 

equivalent turbidity of a 0.5 McFarland standard.  10µL of the suspension were 

resuspended in 11mL of fluorogenic Mueller Hinton broth (MHB) base (Cation Adjusted 

Mueller-Hinton Broth with TES, Ref. T3462, Trek Diagnostic Systems Ltd., West 

Sussex, United Kingdom).  50 µL of the broth suspension were added to each well of a 

precisely dosed, freeze dried, antibiotic enriched  96-well panel (Ref. CMV1AGNF, 

Sensititre, Trek Diagnostic Systems Ltd., West Sussex, United Kingdom) using the 

Sensititre auto-inoculator (Auto-Inoculator, Sensititre, Trek Diagnostic Systems Ltd., 

West Sussex, UK).  Quality control was performed using ATCC strains E. coli ATCC 

25922 (negative control), Pseudomonas aeruginosa ATCC 27853 (positive control), 

Enterococcus faecalis ATCC 29212 (positive control), and Staphylococcus aureus ATCC 

29213 (positive control).  The panels were incubated at 37°C in an ambient air 

environment for 18 hours.   The Sensititre® AutoRead system (Automated Reading and 

Incubation System [ARIS] and SWIN software, Sensititre, Trek Diagnostic Systems Ltd., 

West Sussex, UK) then read the fluorescent product generated by the interaction between 

the surface enzymes of the bacterial growth and the substrate to produce a susceptibility 

report.  An endpoint of no detectable organism growth (no fluorescence) was established 

as the MIC as per CLSI standards.   

A panel of 15 antibiotics and 1 beta-lactam/beta-lactamase inhibitor was 

employed to test each of the selected strains as described in Table 1.  Pre-enriched, 

precision dosed microtitre panels contained 4 aminoglycosides, 5 beta lactams, 1 
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nitrobenzene derivative, 2 fluoroquinolones, 1 sulfonamide,  1 tetracyclines, and 1 folate 

pathway inhibitors.   
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Table 5. Antibiotics contained in CIPARS panels. 
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Antibiotic Class Antibiotic 
Aminoglycosides Amikacin 
 Gentamicin 
 Kanamycin 
 Streptomycin 
  
Beta-Lactamase inhibitor 
combinations Amoxicillin/Clavulanic Acid 
  
Beta-Lactams  
Penicillins Ampicillin 
Cephalosporins (1st Generation) Cephalothin 
                          (2nd Generation) Cefoxitin 
                          (3rd Generation) Ceftiofur 
 Ceftriaxone 
  
Nitrobenzene Derivative Chloramphenicol 
  
Fluoroquinolones Ciprofloxacin 
 Nalidixic Acid 
  
Sulfonamides Sulfadiazine 
  
Tetracyclines Tetracycline 
  
Folate Pathway Inhibitors Trimethoprim/Sulphamethoxazole 
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2.4 Pulsed-Field Gel Electrophoresis (PFGE) 

 All E. coli isolates confirmed relevant as per the selection criteria were 

characterized using the PFGE methods adapted from the Standard Operating Procedure 

for Pulsed-field Gel Electrophoresis of E. coli, No. E-MT-0200, of the Antimicrobial 

Resistance and Nosocomial Infections Laboratory. 

 

2.4.1 Casting PFGE Plugs 

 Frozen stock cultures were sub-cultured for isolation on plates of TSA containing 

5% sheep blood (Trypticase Soy Agar, BD, Sparks, Maryland, USA; Sheep Blood, Oxoid 

Ltd., Hampshire, England) for overnight growth in ambient air at 37°C.  Multiple 

colonies were lifted using a sterile swab and suspended in 1mL of cell suspension buffer 

(CSB) (TE buffer: 100mM Tris-10mM ethylenediaminetetraacetic acid [EDTA], pH 8.0, 

TE buffer stock in ddH2O:Tris-EDTA Buffer 100x Concentrate; Sigma-Aldrich, St. 

Louis, Missouri, USA).  Suspensions were adjusted to between 0.48 and 0.52 turbidity 

using a MicroScan Tubidity Meter (Dade Behring MicroScan Tubidity Meter, Dade 

Behring Inc., West Sacramento, California, USA).  Plug agarose solution was prepared as 

a one percent solution of SeaKem® Gold (SKG) agarose (SeaKem® Gold Agarose, 

Lonza, Rockland, Maine, USA) in TE buffer (10/1 TE buffer stock in ddH2O: Tris-EDTA 

Buffer 100x Concentrate, Sigma-Aldrich, St. Louis, Missouri, USA) by dissolving in a 

microwave oven, then a 10 per cent sodium dodecyl sulfate (SDS) (Sodium dodecyl 

sulfate, Sigma-Aldrich, Oakville, Ontario, Canada) solution was added to a total of 1% 

v/v.  The plug agarose solution was maintained as a liquid in a 55°C water bath until use.  

190µL of each cell suspension were added to a microfuge tube containing 10µL of 
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20mg/mL Proteinase K (Proteinase K stock in ddH2O: Proteinase K from Tritirachium 

album, Sigma-Aldrich, St. Louis, Missouri, USA).  The cell suspension was mixed with 

200µL of melted plug agarose and the plugs were cast by dispensing the mixture into two 

disposable plug molds (Disposable CHEF plug mold, BioRad, Mississauga, Ontario, 

Canada), approximately 100µl for each plug.  Molds were left to sit at room temperature 

for 3 minutes to allow plugs to solidify.  

 

2.4.2 Cell Lysis 

 Solidified plugs were placed in 5mL lysis buffer (50mM TE buffer stock in 

ddH2O (Tris-EDTA Buffer 100x Concentrate, Sigma-Aldrich, St. Louis, Missouri, USA)  

1% N-Lauryl-Sarcosine (N-Lauryl-Sarcosine, Sigma-Aldrich, St. Louis, Missouri, USA) 

v/v) with 40µl of 20mg/mL Proteinase K (Proteinase K stock in ddH2O: Proteinase K 

from Tritirachium album, Sigma-Aldrich, St. Louis, Missouri, USA) in 50mL tubes with 

filter caps.  The tubes were placed in a shaking water bath at 200rpm (0.29rcf) at 54°C 

for a minimum 2 hours (16 hour maximum).   

 

2.4.3 Washing Plugs 

 Bottles of sterilized ddH2O and wash buffer (10/1 TE buffer stock in ddH2O: Tris-

EDTA Buffer 100x Concentrate, Sigma-Aldrich, St. Louis, Missouri, USA) were warmed 

to 50°C in a water bath during plug lysis.  After 2 hours the temperature of the shaking 

water used for plug lysis was reduced to 50°C.  The tubes were removed from the water 

bath and the lysis buffer was decanted through the filter caps.  Approximately 10mL of 

warmed ddH2O was added to each tube and the tube was gently shaken for a few seconds 
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to rinse the plugs.  The water was discarded through the filter cap and the plugs were 

rinsed in the same manner two more times.  The plugs were then washed with a fresh 

10mL of 50°C ddH2O in a shaking 50°C water bath for 10 - 15 minutes.  The water was 

discarded through the filter caps and replaced with another approximately 10mL of fresh 

50°C ddH2O to repeat the washing step.  This step was then repeated an additional four 

times using approximately 10mL of 50°C wash buffer (10/1 TE buffer stock in ddH2O: 

Tris-EDTA Buffer 100x Concentrate, Sigma-Aldrich, St. Louis, Missouri, USA) each 

time.  Plugs were then transferred to 2mL microfuge tubes containing 500µL of 10/1 TE 

buffer (stock in ddH2O: Tris-EDTA Buffer 100x Concentrate, Sigma-Aldrich, St. Louis, 

Missouri, USA) and stored at 4°C. 

 

2.4.4 Restriction Enzyme Digestion of Plugs 

  An alcohol sterilized blade was used to cut a plug lengthwise into three 

equivalent sized slices.  A single slice (approximately 1 – 1.5mm wide) was placed in a 

mini microfuge tube containing 100µL of 1X H buffer (50 mM Tris-HCl, 10 mM MgCl2, 

100 mM NaCl, 1 mM Dithioerythritol [DTE], pH 7.5; stock in ddH2O: SuRE/Cut Buffer 

H for Restriction Enzymes; Roche Diagnostics, Mannheim, Germany).  Plugs were 

equilibrated at room temperature for 10 minutes on a shaker at 800rpm (60rcf).  The 

buffer was discarded and 100µl of restriction buffer (1X, 50 mM Tris-HCl, 10 mM 

MgCl2, 100 mM NaCl, 1 mM Dithioerythritol, pH 7.5; stock in ddH2O: SuRE/Cut Buffer 

H for Restriction Enzymes; Roche Diagnostics, Mannheim, Germany) containing 1X 

BSA (Purified BSA, New England Biolabs, Massachusetts, USA) and 40 – 80 units of 
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XbaI enzyme (XbaI, high conc., Roche Diagnostics, Mannheim, Germany) were added to 

tube.  The plugs were digested for 2 hours in a 37°C water bath.   

 Plugs of Salmonella Braenderup were prepared in the same manner as the 

standard control.  

 

2.4.5 Loading Plugs 

 A casting gel was prepared as a one percent solution of SeaKem® Gold (SKG) 

agarose (SeaKem® Gold Agarose, Lonza, Rockland, Maine, USA) in 0.5X TBE buffer 

(0.045 M Tris-borate, 0.001 M EDTA, Fisher, Ottawa, Ontario, Canada)  by dissolving in 

a microwave oven and keeping in a 55°C water bath until use.   Digested isolate and 

standard plug slices were placed onto the teeth of a 0.75mm gel comb which was then 

placed in a casting tray.  150mL of the casting gel were poured into the tray and left to 

solidify at room temperature for approximately 30 minutes.  The gel was placed into an 

electrophoresis cell (CHEF DR III or CHEF MAPPER™, Bio-Rad, Mississauga, Ontario, 

Canada) containing 2L of 0.5X TBE buffer (0.045 M Tris-borate, 0.001 M EDTA, 

Fisher, Ottawa, Ontario, Canada) and 50mM of thiourea (Thiourea, Sigma-Aldrich, St. 

Louis, Missouri, USA).  The electrophoresis conditions were: initial switch time = 2.2 

seconds; final switch time = 54.2 seconds; run time = 21 hours; temperature = 14°C; 

voltage = 6.0 V/cm; included angle 120°.   

 Gels were removed from the cell and stained in 0.5 mg/L ethidium bromide (Bio-

Rad Laboratories, Hercules, California, USA) on a gyrating shaker for 30 minutes 

followed by 15 minutes of destaining in distilled water. Gels were visualized under 

ultraviolet light using an AlphaImagerTM 2000 (Alpha Innotech Corporation, San 
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Leandro, California).  The gel images were saved as .tif files using AplhaEaseFCTM 

Software (Alpha Innotech Corporation, San Leandro, California). 

 

2.5 DNA Extraction 

 To characterize the genotypic resistance mechanisms DNA was extracted from 

each isolate for analysis via polymerase chain reaction (PCR).  Because of the impurities 

found to obscure the visualization of results when analyzing the Cefoxitin resistant 

strains, the phenol-chloroform extraction method was used instead of the much faster 

glass bead extraction method. 

 

2.5.1 Glass Bead Extraction Method 

 Frozen stocks of E. coli were cultured on plates of TSA containing 5% sheep 

blood (Trypticase Soy Agar, BD, Sparks, Maryland, USA; Sheep Blood, Oxoid Ltd., 

Hampshire, England) at 37°C over night in ambient air.  A sweep of growth was 

suspended in 600μl of neutralization buffer (30 mM Tris, pH 8.4: UltraPure™ Tris, 

Invitrogen, Carlsbad, California, USA; 2 mM EDTA, pH 9: UltraPure™ EDTA, 

Invitrogen, Carlsbad, California, USA) containing 50 μl of 0.1mm glass beads (Cell 

Disruption Media, Scientific Industries Inc., Bohemia, New York, USA) in 2mL 

microfuge tubes.  The tubes were placed in a heat block at 95-100°C for 2 minutes then 

cells were lysed by the beads with vigorous shaking using a vortex for 2 minutes.  The 

tubes were centrifuged at 845rcf for 1 minute to collect glass beads and cellular debris at 

the bottom of the tube.   Tubes were stored at -20°C. 
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2.5.2 Phenol Chloroform Extraction Method 

 The DNA for all E. coli isolates confirmed Cefoxitin resistant via Etest® was 

extracted using a method adapted from the Standard Operating Procedure for Genomic 

DNA Isolation – Gram negative No. E-MT-0500, of the Antimicrobial Resistance and 

Nosocomial Infections Laboratory.   

 A single bead from frozen stocks of E. coli was placed in 2mL of LB broth 

(Difco™ LB Broth, Miller (Luria-Bertani), Becton, Dickinson and Company, Sparks, 

Maryland, USA) for overnight growth in ambient air at 37°C with vigorous shaking 

(approximately 0.45rcf).  Approximately 1.5mL of the overnight culture was transferred 

to a 2mL microfuge tube and centrifuged for 2 minutes at 21000rcf.  The supernatant was 

decanted and the pellet was re-suspended in 600µL of 5mg/mL lysozyme (Lysozyme, 

From Chicken Egg White, Sigma-Aldrich, St. Louis, Missouri, USA) in phosphate 

buffered saline (PBS) (OmniPur® Sodium Chloride, EMD Chemicals Inc., Darmstadt, 

Germany; Sodium phosphate dibasic ACS reagent, Sigma-Aldrich, St. Louis, Missouri, 

USA; Sodium Phosphate Monobasic, Monohydrate, Crystal, J.T. Baker, Phillipsburg, 

New Jersey, USA).  The tubes were incubated for 30 minutes in a 37°C water bath.  The 

tubes were removed after incubation and 30µL of 20% SDS (Sodium dodecyl sulfate, 

Sigma-Aldrich, Oakville, Ontario, Canada) were added and gently mixed.  The tubes 

were then incubated in a 65°C water bath for at least 10 minutes, until the solution 

appeared clear.  Tubes of clarified solution were removed from the water bath and 600µL 

of phenol (UltraPure™ Buffer-Saturated Phenol, Invitrogen, Carlsbad, California, USA) 

were added to precipitate out cellular debris.  The tubes were vortexed for approximately 

one minute, until frothy, then centrifuged at 21000rcf for 5 minutes.  For each isolate two 
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empty 2.0mL Phase Lock Gel™ tubes (Phase lock Gel™ Heavy, 2.0mL, Eppendorf, 

Hamburg, Germany) were centrifuged at 21000rcf for 10 – 20 seconds to bring the gel to 

the bottom of the tube.  The aqueous (top) layer of DNA was transferred into a Phase 

Lock tube then 600µL of phenol:chloroform:isoamyl alcohol (P:C:I) 

(Phenol:Chloroform:Isoamyl alcohol 25:24:1, Sigma-Aldrich Chemie GmbH, Steinheim, 

Switzerland) were added to the same Phase Lock tube and shaken vigorously by hand.  

The tubes were centrifuged at 21000rcf for 5 minutes then the top layer was transferred to 

a new Phase Lock tube and 600µL of chloroform:isoamyl alcohol (Chloroform:Isoamyl 

alcohol, 24:1, Sigma-Aldrich, St. Louis, Missouri, USA) were added.  The tubes were 

shaken vigorously by hand then centrifuged at 21000rcf for 5 minutes.  The top layer 

(DNA) was transferred to a new 2mL microfuge tube and an equivalent volume of 

isopropanol (2-Propanol, Fisher Chemical, Fair Lawn, New Jersey, USA) was added.  

The tubes were inverted approximately 10 times to visualize the formation of a white 

emulsion then centrifuged at 21000rcf for 3 minutes.  The isopropanol was decanted off 

the pellet and 600µL of 70% ethanol (stock in ddH2O: Ethyl Alcohol 95%, Commercial 

Alcohols, Brampton, Ontario, Canada) were added to the pellet and the tubes were 

inverted 5 times to wash the DNA.  The tubes were then centrifuged for 3 minutes at 

21000rcf.  The ethanol was decanted then carefully pipetted off the pellet and discarded.  

The tubes were left to sit open in the fume hood for 3 – 5 minutes to ensure all alcohol 

had evaporated.  100µL of ddH2O were added to each tube and the tubes were incubated 

for 30 minutes in a 65°C water bath.  The tubes of DNA were stored at -20°C. 
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2.6 Polymerase Chain Reaction (PCR) Amplification  

 Gene amplification was employed to examine the presence and diversity of 

specific suspected resistance mechanisms among all putative ESBL and AmpC producing 

strains, and all Ciprofloxacin resistant strains of E. coli.   The presence of the O25b-

ST131 clone of E. coli was also determined using gene amplification. 

 

2.6.1 Detection of ESBL Genes 

 Isolates that demonstrated the ESBL-producing phenotype were screened for five 

commonly described bla genes using a multiplex PCR.   A set of universal primers were 

designed based on previous studies to detect blaTEM(153)(Table 6), blaSHV(154)(Table 6), 

blaOXA-1(153)(Table 6), blaCTX-M(114,116)(Table 6), and blaCMY-2 (155)(156)(Table 7) 

was used.  

 The reaction mixture contained 1X PCR buffer (10X QIAGEN Mulitiplex PCR 

Master Mix: proprietary mixture of Tris-HCl, synthetic factor MP, KCl, (NH4)2SO4, 

30mM  MgCl2, 2mM dNTPs, and HotStar Taq DNA polymerase; Qiagen, Mississauga, 

Ontario, Canada), 0.5X Q-solution (5X Q-Solution, Qiagen, Mississauga, Ontario, 

Canada),  0.3µM of the forward and reverse SHV and CMY-2 primers, 0.2µM of the 

forward and reverse TEM and OXA-1 primers, 0.4µM of the forward and reverse CTX-u 

primers (Tables 6 and 7),  and 50ng of template DNA.  A total reaction volume of 25µl 

was achieved by adding ddH2O.    The PCR cycling conditions began with an initial 

denaturation at 94°C for 15 minutes, followed by 30 cycles consisting of denaturation at 

94°C for 30 seconds, annealing at 63°C for 90 seconds, and extension at 72°C for 90 

seconds, with a final extension at 72°C for 7 minutes. 
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 Isolates with previously described genes for the relevant beta-lactamases from the 

National Microbiology Culture Collection were used as positive controls as follows: E. 

coli N00-666 (blaCTX-M-universal, blaCTX-M-15, blaTEM, blaOXA) E. coli N02-080 (blaCMY-2) 

and E. coli ESBL-152 (blaSHV). 

 

2.6.1.1 Detecting blaCTX-M Gene Groups 

 Universal primers for blaCTX-M were designed following a study by Boyd et al 

(114) (Table 6) in order to identify which phylogenetic cluster the product belonged to.   

The reaction mixture contained 1X PCR buffer (HotStar Taq™ Master Mix 2X PCR 

Buffer: proprietary mixture of Tris-HCl, KCl, (NH4)2SO4, 3mM MgCl2, 4mM dNTPs, 

and HotStar Taq DNA polymerase; Qiagen, Mississauga, Ontario, Canada), 0.5µM of the 

forward (CTX-u1) and reverse (CTX-u2) primers (Table 6), 50ng of template DNA, and 

ddH2O was added for a total volume of 50µl.    The PCR cycling conditions were as per 

Table 6. 

  Isolate E. coli N00-666 from the National Microbiology Culture Collection, 

known to harbour blaCTX-M-15, was used as the positive control. 

   

2.6.1.2 Amplification of ESBL Genes 

 Simplex amplification for each of the detected bla genes, excluding OXA-1, was 

performed to provide a sequencing sample for allele identification. 
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2.6.1.2.1 Amplification of TEM Beta-Lactamase Genes 

   Primers for blaTEM (TEM -1/2) were designed after studies by Speldooren and 

colleagues (153) and at the NML based on an insertion sequence found within the 

promoter region (TEM-IS1/5) (Table 6).   The reaction mixture contained 1X PCR buffer 

(10X PCR Rxn Buffer:150mM Tris-HCl, pH 8.0, 500mM KCl; Invitrogen, Carlsbad, 

California, USA), 3mM  MgCl2 (MgCl2 Solution, Applied Biosystems, Branchburg, New 

Jersey), 0.2mM of each dATP, dTTP, dCTP, and dGTP (Invitrogen, Carlsbad, California, 

USA ),  0.5µM of each of TEM-1 and TEM-2 or TEM-IS1 and TEM-5 (Table 6), as 

required, 2.5 units of AmpliTaq Gold® DNA polymerase (Applied Biosystems, 

Branchburg, New Jersey, USA), 50ng of template DNA and ddH2O was added for a total 

reaction volume of 50µl.  Reaction conditions were as per Table 6.  Isolate E. coli N00-

666 from the National Microbiology Culture Collection, known to harbour blaTEM, was 

used as the positive control for TEM 1/2 reactions; there was no known isolate available 

as a positive control for TEM-IS-1. 

 

2.6.1.2.2 Amplification of SHV Beta-Lactamase Genes 

  Primers for blaSHV were designed following a study by Nuesch-Inderbinen et al 

(154) (Table 6).  The reaction mixture contained 1X PCR buffer (HotStar Taq™ Master 

Mix 2X PCR Buffer: proprietary mixture of Tris-HCl, KCl, (NH4)2SO4, 3mM MgCl2, 

4mM dNTPs, and HotStar Taq DNA polymerase; Qiagen, Mississauga, Ontario, 

Canada),  1X Q-solution (5X Q-Solution, Qiagen, Mississauga, Ontario, Canada), 1.5mM  

MgCl2 (MgCl2 Solution, Applied Biosystems, Branchburg, New Jersey) (Note: final total 

reaction mixture  [Mg2+] = 3mM), 0.5µM of the forward (SHV-up) and reverse (SHV-lo) 
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primers (Table 6), 50ng of template DNA, and ddH2O was added for a total reaction 

volume of 50µl.    The PCR cycling conditions were as per Table 6.  Isolate E. coli 

ESBL-152 from the National Microbiology Culture Collection, known to harbour blaSHV, 

was used as the positive control. 

 

2.6.1.2.3 Amplification of CTX-M Beta-Lactamase Genes 

 Primers for blaCTX-M-1G (CTX-M-1 A/B), were designed following the study by 

Mulvey et al (116) while primers for blaCTX-M-9G (CTX-M-9 1/3’), and blaCTX-M-8G (CTX-

M-8 1/2) were designed at the NML based on a multiple alignment of 18 CTX-M gene 

alleles and the GenBank nucleotide sequence for CTX-M-8 (accession number 

AF189721), respectively.  1.2µM of each of the CTX-M-1 group forward and reverse 

primers were used in the relevant reaction mixture (Table 6).   Other mixtures contained 

0.5µM of the respective forward and reverse primers (Table 6).  All reaction mixtures for 

each allele contained 1X PCR buffer (HotStar Taq™ Master Mix 2X PCR Buffer: 

proprietary mixture of Tris-HCl, KCl, (NH4)2SO4, 3mM MgCl2, 4mM dNTPs, and 

HotStar Taq DNA polymerase; Qiagen, Mississauga, Ontario, Canada), 50ng of template 

DNA, and ddH2O for a total volume of 50µl.    Following sequencing, the DNA for 

isolates identified as belonging to CTX-M-9 group and suspected to harbour blaCTX-M-14 

was amplified using 0.5µM of each CTX-M-9-1 and CTX-M-14-3’ primers (Table 6), as 

designed at the NML, and the same above reaction mixture, for sequencing confirmation.  

All PCR cycles were as per Table 2.  Isolate E. coli N00-666 from the National 

Microbiology Culture Collection, known to harbour blaCTX-M-15 , was used as the positive 

control. 
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2.6.1.2.4 Detection of Other ESBL Genes 

 A single E. coli isolate that tested negative for all above plasmid-mediated ESBL 

genes was also analyzed to detect if 3 of the less common bla genes were present.   In-

house designed primers for blaGES, blaVEB, and blaPER were used in simplex reaction 

mixtures each containing 1X PCR buffer (10X PCR Rxn Buffer: 150mM Tris-HCl, pH 

8.0, 500mM KCl; Invitrogen, Carlsbad, California, USA), 3mM  MgCl2 (MgCl2 Solution, 

Applied Biosystems, Branchburg, New Jersey), 0.2mM of each dATP, dTTP, dCTP, and 

dGTP (Invitrogen, Carlsbad, California, USA ),  0.5µM of each of VEB-B and VEB-F, or 

GES-1 and GES-2, PER-F and PER-R (Table 6), as applicable, 2.5 units of AmpliTaq 

Gold® DNA polymerase (Applied Biosystems, Branchburg, New Jersey, USA), 50ng of 

template DNA and ddH2O was added for a total volume of 50µl.  Reaction conditions 

were as per Table 6.  Positive control Pseudomonas aeruginosa N08-1322 (blaGES) from 

the National Microbiology Culture Collection, and an ESBL-producing Acinetobacter 

baumannii (blaVEB), kindly supplied by Patrice Nordmann(157) , were used as positive 

controls.  There was no known positive control for blaPER available. 



Table 6. Primer set for the detection of extended spectrum beta-lactamases.   
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Primer Primer Sequence 
(5’ – 3’) 

PCR- 
Amplified 
Product  

Size (bp) 

Tm 
(°C) Gene 

Simplex  
PCR  

Conditions  Reference 

SHV-up CGCCGGGTTATTCTTATTTGTCGC 1016 73.9 

blaSHV 

Denaturation at 95˚C for 15 min;  
10 cycles of 94˚C for 30sec, 72˚C for 30 sec, 
72˚C for 1 min; 30 cycles of 94˚C for 30sec, 

67˚C for 30 sec, 72˚C for 1 min; Final 
elongation at 72˚C for 7 min 

(154) SHV-lo TCTTTCCGATGCCGCCGCCAGTCA  79.0 

TEM-1 (TEM-A) TTGCTCACCCAGAAACGCTGGTG 1079 75.3 

blaTEM 

Denaturation at 95˚C for 10 min;  
30 cycles of 94˚C for 30sec, 42˚C for 30 sec, 
72˚C for 1 min; Final elongation at 72˚C for 7 

min 

(153) 
TEM-2 (TEM-E) TACGATACGGGAGGGCTTACC  72.8 

TEM-IS1 AGACGTCAGGTGGCACTTTT 110 59.8 

blaTEM 

Denaturation at 95˚C for 10 min;  
30 cycles of 94˚C for 30sec, 55˚C for 30 sec, 
72˚C for 1 min; Final elongation at 72˚C for 7 

min 

unpublished 
TEM-5 TTTGAAAAAGGGGTCTGACGCTC  65.8 

CTX-u1 ATGTGCAGYACCAGTAARGTKATGGC* 593 72.9 

blaCTX-M 

Denaturation at 95˚C for 15 min;  
30 cycles of 94˚C for 30sec, 60˚C for 30 sec, 
72˚C for 1 min; Final elongation at 72˚C for 7 

min

(114) CTX-u2 TGGGTRAARTARGTSACCAGAAYCAGCGG*  75.2 

CTX-M-1-A TGGTTAAAAAATCACTGCG 876 61.1 blaCTX-M-1 type 
 

Denaturation at 94˚C for 15 min;  
30 cycles of 94˚C for 30sec, 57˚C for 30 sec, 
72˚C for 1 min; Final elongation at 72˚C for 7 

min 

(116) CTX-M-1-B ATTACAAACCGTCGGTGAC  65.4 
CTX-M-8-1 CAAGCGCATTTTTGTTTTTTAC 981 60.2 blaCTX-M-8 type unpublished CTX-M-8-2 CAGAGCGCTCCACATTTTTTAG  59.9 
CTX-M-9-3’ GAAGATGTATATCAAGAAAAGC 876 63.9 blaCTX-M-9 type unpublished 
CTX-M-9-1 ACACGGATTGACCGTATTG  65.4  unpublished 
CTX-M-14-3’ ATCTGATCCTTCAACTCAGC 876 66.2 blaCTX-M-14 unpublished 
PER-F CTGACGATCTGGAACCTTT 705 65.4 blaPER 

Denaturation at 94˚C for 10 min;  
30 cycles of 94˚C for 30sec, 60˚C for 1 min, 
72˚C for 1 min; Final elongation at 72˚C for 7 

min 

unpublished 
PER-R CAATRATAGCTTCATTGGTTCG 65.7 unpublished 
GES-1 ATGCGCTTCATTCACGCAC 620 67.6 blaGES unpublished 
GES-2 ATCAGCCACCTCTCAATGG 67.6 unpublished 
VEB-F CGACTTCCATTTCCCGATGC 643 70.3 blaVEB unpublished 
VEB-B GGACTCTGCAACAAATACGC 68.3 unpublished 
OXA1-F CGCAAATGGCACCAGATTCAAC 464 71.3 blaOXA-1 See multiplex reaction for Detection of ESBL 

genes (153) OXA1-R TCCTGCACCAGTTTTCCCATACAG  73.9  
* R = purine 
   Y= pyrimidine 
   K = G or T 
   S = G or C 



2.6.2 Detection of AmpC-Type Beta-Lactamase Genes 

 Phenol:chloroform extracted DNA from isolates that demonstrated Cefoxitin 

resistance was evaluated for the presence of 4 common AmpC-type beta-lactamases.  A 

multiplex PCR adapted from the work of Perez-Perez and Hanson (156) was performed 

to detect blaDHA, blaFOX, blaCMY-2, and blaENT.  Primer sets used were derived from studies 

by Mulvey et al(134), Poirel et al (48), and Harada et al (155) (Table 7). 

The reaction mixture contained 1X PCR buffer (10X QIAGEN Mulitiplex PCR Master 

Mix: proprietary mixture of Tris-HCl, synthetic factor MP, KCl, (NH4)2SO4, 30mM  

MgCl2, 2mM dNTPs, and HotStar Taq DNA polymerase; Qiagen, Mississauga, Ontario, 

Canada), 0.2µM of each of DHA 1/2 (DHA-1 and DHA-2) and ACT-1-A and ENT-B, 

0.4µM of each of FOX A/B (FOX-A and FOX-B),  0.1µM of each of CMY-2 A/B 

(CMY-2-A and CMY-2-B) (Table 7) and 50ng of template DNA.  A total reaction 

volume of 25µl was achieved by adding ddH2O.    The PCR cycling conditions began 

with an initial denaturation at 94°C for 15 minutes, followed by 28 cycles consisting of 

denaturation at 94°C for 30 seconds, annealing at 63°C for 90 seconds, and extension at 

72°C for 1 minute, with a final extension at 72°C for 7 minutes. 

 Isolates with previously described genes for the relevant beta-lactamases from the 

National Microbiology Culture Collection were used as positive controls as follows: 

Klebsiella pneumoniae N02-0026 (blaDHA), K. pneumoniae ESBL-199 (blaFOX), E. coli 

N02-080 (blaCMY-2), and Enterobacter cloacae N03-087 (blaACT-I/MIR-I). 
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2.6.2.1 Amplification of AmpC-Type Beta-Lactamase Genes 

 Simplex amplification for each of the detected bla genes was performed to 

provide a sequencing sample for allele identification.  Primers for blaDHA (DHA-1/2) 

were designed after studies by Poirel et al (48) and for blaCMY-2  (CMY-2-2/5) adapted 

from the studies of Harada et al (155) and Perez-Perez and Hanson (156) (Table 7).   

50µL reaction mixes for each gene contained 1X PCR buffer (10X PCR Rxn Buffer: 

150mM Tris-HCl, pH 8.0, 500mM KCl; Invitrogen, Carlsbad, California, USA), 3mM  

MgCl2 (MgCl2 Solution, Applied Biosystems, Branchburg, New Jersey), 0.2mM of each 

dATP, dTTP, dCTP, and dGTP (Invitrogen, Carlsbad, California, USA ),  0.5µM of each 

of DHA-1 and DHA-2 or CMY-2-2 and CMY-2-5 (Table 7), as required, 5 units of 

AmpliTaq Gold® DNA polymerase (Applied Biosystems, Branchburg, New Jersey, 

USA), 50ng of template DNA and the remaining volume was made up with ddH2O.   

Reaction conditions were as per Table 7.   Isolates K. pneumoniae N02-0026 (blaDHA), 

and E. coli N02-080 (blaCMY-2), from the National Microbiology Culture Collection, were 

used as positive controls for the relevant reactions. 

 

2.6.2.2 Detection of ampC Gene Promoter Mutations 

 E. coli isolates that were negative for the above ampC genes were then evaluated 

for any mutations, insertions or deletions of nucleotides (indels) in the ampC promoter 

region via PCR amplification and sequencing.  Primers used were designed following 

studies by Caroff et al (81)(Table 7).  A 50µL reaction mix contained 1X PCR buffer 

(10X PCR Rxn Buffer: 150mM Tris-HCl, pH 8.0, 500mM KCl; Invitrogen, Carlsbad, 

California, USA), 3mM  MgCl2 (MgCl2 Solution, Applied Biosystems, Branchburg, New 

94 
 



95 
 

Jersey), 0.2mM of each dATP, dTTP, dCTP, and dGTP (Invitrogen, Carlsbad, California, 

USA ),  0.5µM of each of AmpC1 and AmpC2 (Table 7), 2.5 units of AmpliTaq Gold® 

DNA polymerase (Applied Biosystems, Branchburg, New Jersey, USA), 50ng of 

template DNA and the remaining volume was made up with ddH2O.   Reaction 

conditions were as per Table 7.   Isolate E. coli ESBL-152, from the National 

Microbiology Culture Collection, was used as the positive control. 



Table 7. Primer set for the detection of AmpC-type beta-lactamases.   
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Primer Primer Sequence 
(5’ – 3’) 

PCR- 
Amplified 
Product  

Size (bp) 

Tm 
(°C) Gene 

Simplex  
PCR  

Conditions  Reference 

DHA-1 TTCTGCCGCTGATAATGTCGC 1047 70.8 
blaDHA 

Denaturation at 95˚C for 10 min;  
30 cycles of 94˚C for 30sec, 58˚C 
for 30 sec, 72˚C for 1 min; Final 

elongation at 72˚C for 7 min 

(48) DHA-2 GGCTTTGACTCTTTCGGTATTC  69.5 

FOX-A TGTGGACGGCATTATCCAG 877 67.6 blaFOX 
See multiplex reaction for 

Detection of AmpC-R type genes (134) FOX-B AAAGCGCGTAACCGGATTG  67.6 
CMY2-A TGATGCAGGAGCAGGCTATTCC 323 73.2 

blaCMY-2 
  

Denaturation at 94˚C for 10 min;  
30 cycles of 94˚C for 30sec, 62˚C 
for 30 sec, 72˚C for 1 min; Final 

elongation at 72˚C for 5 min 

unpublished 
  CMY2-B CTAACGTCATCGGGGATCTGC    72.8 

ACT-1-A TATCAAAACTGGCAGCCGC 
191 

67.6 blaACT-1/ 

MIR-1 
 

See multiplex reaction for 
Detection of AmpC-R type genes 

(134) ENT-B ATGCGCCTCTTCCGCTTTC 69.7 
AmpC1 AATGGGTTTTCTACGGTCTG 

191 
66.2 

ampC 
promoter 

Denaturation at 95˚C for 10 min;  
30 cycles of 94˚C for 30sec, 58˚C 
for 30 sec, 72˚C for 1 min; Final 

elongation at 72˚C for 2 min 
(81) AmpC2 GGGCAGCAAATGTGGAGCAA 70.3 

 

 

 

 

 

 

 



2.6.3 Detection of the O25b-ST131 Clone 

 E. coli isolates were screened for the presence of the pabB gene found only in isolates 

belonging to the O25b-ST131 clone.   A multiplex PCR and primer sets for pabB and the trpA 

internal control were adapted and designed following the studies of Clermont et al (158) (Table 

8).  The reaction mixture contained 1X PCR buffer (10X PCR Rxn Buffer:150mM Tris-HCl, pH 

8.0, 500mM KCl; Invitrogen, Carlsbad, California, USA), 3mM  MgCl2 (MgCl2 Solution, 

Applied Biosystems, Branchburg, New Jersey), 0.2mM of each dATP, dTTP, dCTP, and dGTP 

(Invitrogen, Carlsbad, California, USA),  0.6µM of each of O25b forward and reverse primers 

for the pabB gene,  0.7µM of each of trpA forward and reverse primers for the trpA gene (Table 

8), 5 units of AmpliTaq Gold® DNA polymerase (Applied Biosystems, Branchburg, New 

Jersey, USA), 150ng of template DNA and ddH2O was added to a total reaction volume of 50µL.   

The PCR thermocycling conditions began with an initial denaturation at 94°C for 4 minutes, 

followed by 30 cycles consisting of denaturation at 94°C for 10 seconds, annealing at 55°C for 

20 seconds, and extension at 72°C for 30 seconds, with a final extension at 72°C for 5 minutes.  

Isolate E. coli N00-666 (E. coli O25:H4), and E. coli ESBL-346 (E. coli O1:H15) from the 

National Microbiology Culture Collection, were used as positive and negative controls, 

respectively. 

 

2.6.3.1 Multilocus Sequence Typing for ST131 Detection 

The above PCR rapid sequence type detection provided no results for one E. coli study isolate.   

Therefore, multiple PCR reactions were performed using primers designed by the 2007 MLST 

Achtman schema (159) (Table 8).  Each 100µL reaction mixture contained 1X PCR buffer (PCR 
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Buffer, 10X: a proprietary mixture of Tris-HCl, KCl, (NH4)2SO4 and 15mM  MgCl2; at pH 8.7; 

Qiagen, Mississauga, Ontario, Canada), 0.2mM of each dATP, dTTP, dCTP, and dGTP 

(Invitrogen, Carlsbad, California, USA),  0.2µM of each of either adkF, adkR,, adkF1 and adkR1 

(adenylate kinase), or  fumCR1, fumCF, and, fumCR (fumarate hydratase), or gyrBF, gyrBR1, 

and  gyrBR  (DNA gyrase), or icdF, and  icdR  (isocitrate/isopropylmalate dehydrogenase), or 

mdhF, mdhR, mdhF1 and mdhR1 (malate dehydrogenase), or purAF1, purAF, and  purAR  

(adenylosuccinate dehydrogenase), or recAR1, recAF, recAF1 and recAR (ATP/GTP binding 

motif) (Table 8), 5 units of AmpliTaq Gold® DNA polymerase (Applied Biosystems, 

Branchburg, New Jersey, USA), 60ng of template DNA and the remaining volume was made up 

with ddH2O.  The PCR cycling conditions began with an initial denaturation at 95°C for 2 

minutes, followed by 30 cycles consisting of denaturation at 95°C for 1 minute, annealing at 

temperatures as specified in Table 8 for 1 minute, and extension at 72°C for 2 minutes, with a 

final extension at 72°C for 5 minutes.  Isolate E. coli N00-666, from the National Microbiology 

Culture Collection, was used as a positive control for each reaction.



Table 8. Primer set for the detection of E. coli sequence types.   
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Primer Primer Sequence 
(5’ – 3’) 

PCR- 
Amplified 
Product  

Size (bp) 

Gene 

 
 

Ta (°C) Reference 

trpA-R GCAACGCGGCCTGGCGGAAG 427 trpA 
 

55   
(158) 

trpA-F GCTACGAATCTCTGTTTGCC 
O25b-R GCGAAATTTTTCGCCGTACTGT 347 pabB O25b-F TCCAGCAGGTGCTGGATCGT 
adkF ATTCTGCTTGGCGCTCCGGG 

583 adk 

 
 

54 

(159) 

adkR CCGTCAACTTTCGCGTATTT 
adkF1 TCATCATCTGCACTTTCCGC 
adkR1 CCAGATCAGCGCGAACTTCA 
fumCR1 TCCCGGCAGATAAGCTGTGG 

806 fumC 
 
         54 
 

fumCF TCACAGGTCGCCAGCGCTTC 
fumCR GTACGCAGCGAAAAAGATTC 
gyrBF TCGGCGACACGGATGACGGC 

911 gyrB 
 
 
         60 

gyrBR1 GTCCATGTAGGCGTTCAGGG 
gyrBR ATCAGGCCTTCACGCGCATC 
icdF ATGGAAAGTAAAGTAGTTGTTCCGGCACA 878 icd 

 
         54 icdR GGACGCAGCAGGATCTGTT 

mdhF ATGAAAGTCGCAGTCCTCGGCGCTGCTGGCGG 

932 mdh 

 
 
         60 

mdhR TTAACGAACTCCTGCCCCAGAGCGATATCTTTCTT 
mdhF1 AGCGCGTTCTGTTCAAATGC 
mdhR1 CAGGTTCAGAACTCTCTCTGT 
purAF1 TCGGTAACGGTGTTGTGCTG 

816 purA 
 
         54 purAF CGCGCTGATGAAAGAGATGA 

purAR CATACGGTAAGCCACGCAGA 
recAR1 AGCGTGAAGGTAAAACCTGTG 

780 recA 

 
 
         58 

recAF CGCATTCGCTTTACCCTGACC 
recAF1 ACCTTTGTAGCTGTACCACG 
recAR TCGTCGAAATCTACGGACCGGA 

 



2.6.4 Detection of Chromosomal Quinolone Resistance Genes 

 Ciprofloxacin resistant E. coli isolates were examined to determine the nature of some 

possible contributing factors in quinolone resistance (i.e. chromosomal mutation and/or plasmid 

borne resistance genes).  The quinolone resistance-determining regions (QRDR) of the gyrA 

(DNA gyrase) and parC (topisomerase IV) were amplified by PCR to detect mutations via 

sequencing.   Primer sets for gyrA were designed following a study by Mammeri et al (160) and 

for parC at the NML based on the nucleotide sequence of the topoisomerase IV subunit of E. coli 

(accession number U28377) (Table 9).  50µL reaction mixes for each gene contained 1X PCR 

buffer (10X PCR Rxn Buffer: 150mM Tris-HCl, pH 8.0, 500mM KCl; Invitrogen, Carlsbad, 

California, USA), 3mM MgCl2 (MgCl2 Solution, Applied Biosystems, Branchburg, New Jersey), 

0.2mM of each dATP, dTTP, dCTP, and dGTP (Invitrogen, Carlsbad, California, USA ), and 

50ng of template DNA. The reaction for DNA gyrase subunit A required, 5 units of AmpliTaq 

Gold® DNA polymerase (Applied Biosystems, Branchburg, New Jersey, USA), and 0.8µM of 

each of GyrA-F and GyrA-R (Table 9).  The reaction for DNA topoisomerase IV subunit 

required 2.5 units of AmpliTaq Gold® DNA polymerase (Applied Biosystems, Branchburg, 

New Jersey, USA), and 0.4µM of each of  ParC-1 and ParC-2 (Table 9).  The total volume for 

each was made up with ddH2O.   Reaction conditions were as per Table 9.    

 American Type Culture Collection (ATCC) strain E. coli 25922 was used as a positive 

control for each reaction as well as the reference for a quinolone susceptible strain sequence. 
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2.6.5 Detection of Plasmid Borne Quinolone Resistance Genes 

 Ciprofloxacin resistant E. coli were also evaluated for the presence of plasmid mediated 

quinolone resistance (PMQR) genes qepA, aac(6’)-Ib-cr variant and  3 common qnr genes.   

 A multiplex PCR adapted from a study by Cattoir et al (161), including described primer 

sets, was used to detect the presence of qnrA, qnrB, and qnrS genes (Table 5).  The reaction 

mixture contained 1X PCR buffer (10X QIAGEN Mulitiplex PCR Master Mix: proprietary 

mixture of Tris-HCl, synthetic factor MP, KCl, (NH4)2SO4, 30mM  MgCl2, 2mM dNTPs, and 

HotStar Taq DNA polymerase; Qiagen, Mississauga, Ontario, Canada), 0.8µM of each of 

QnrAm F/R (QnrAmF and QnrAmR), QnrBm F/R (QnrBmF and QnrBmR)  and QnrSm F/R 

(QnrSmF and QnrSmR) (Table 9),  and 75ng of template DNA.  A total volume of 25µl was 

achieved by adding ddH2O.    The PCR cycling conditions included an initial denaturation at 

95°C for 10 minutes, followed by 35 cycles consisting of denaturation at 95°C for 1 minute, 

annealing at 61°C for 1 minutes, and extension at 72°C for 1 minute, with a final extension at 

72°C for 10 minutes. 

 Isolates with previously described qnr genes from the National Microbiology Culture 

Collection were used as positive controls as follows: E. coli N07-115 (qnrA), E. coli N07-117 

(qnrB), and Salmonella enterica N07-118 (qnrS). 

 

2.6.5.1 Amplification of qnrB/S Genes 

 Simplex amplification for qnrB and qnrS genes was performed to provide a sequencing 

sample for allele identification.   Primers for qnrB were designed following a study by Gay et al 

(162), and qnrS primers were derived at the NML based on the nucleotide sequence of the qnrS1 
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of Enterobacter aerogenes (accession number   FJ167861) (Table 9).  50µL reaction mixes for 

each gene contained 1X PCR buffer (10X PCR Rxn Buffer: 150mM Tris-HCl, pH 8.0, 500mM 

KCl; Invitrogen, Carlsbad, California, USA), 3mM  MgCl2 (MgCl2 Solution, Applied 

Biosystems, Branchburg, New Jersey), 0.2mM of each dATP, dTTP, dCTP, and dGTP 

(Invitrogen, Carlsbad, California, USA ),  0.4µM of each of QnrB-1 and QnrB-2 or QnrS-1 and 

QnrS-2 (Table 9), as required, 2.5 units of AmpliTaq Gold® DNA polymerase (Applied 

Biosystems, Branchburg, New Jersey, USA), 120ng of template DNA and the remaining volume 

was made up with ddH2O.   Reaction conditions were as per Table 9.   Isolates with previously 

described qnr genes from the National Microbiology Culture Collection were used as positive 

controls as follows: E. coli N07-117 (qnrB), and S. enterica N07-118 (qnrS). 

 

2.6.5.2 Detection of an Efflux Pump Gene 

 E. coli isolates were analyzed to detect the presence of the qepA quinolone low-level 

resistance conferring efflux pump gene.  A primer set for QepA-F and QepA-R were designed 

following a study by Yamane et al (163) (Table 9).  The reaction mixture was composed of 1X 

PCR buffer (10X PCR Rxn Buffer: 150mM Tris-HCl, pH 8.0, 500mM KCl), Invitrogen, 

Carlsbad, California, USA; 3mM  MgCl2 (MgCl2 Solution, Applied Biosystems, Branchburg, 

New Jersey), 0.2mM of each dATP, dTTP, dCTP, and dGTP (Invitrogen, Carlsbad, California, 

USA ),  0.6µM of each of QepA-F and QepA-R (Table 9), 5 units of AmpliTaq Gold® DNA 

polymerase (Applied Biosystems, Branchburg, New Jersey, USA), 50ng of template DNA and 

ddH2O was added to a total volume of 50µL.   Reaction conditions were as per Table 9.   Isolate 
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Escherichia coli N07-00043, from the National Microbiology Culture Collection, was used as 

the positive control. 

 

2.6.5.3 Detection of the Aminoglycoside Acetyltransferase Variant Gene 

 E. coli isolates were analyzed to detect the presence of the cr variant of aac(6’)-Ib that 

confers reduced susceptibility to Ciprofloxacin.  A primer set for AacIb-F and AacIb-R were 

designed following a study by Park et al (164) (Table 9).  The reaction mixture was composed of 

1X PCR buffer (10X PCR Rxn Buffer: 150mM Tris-HCl, pH 8.0, 500mM KCl; Invitrogen, 

Carlsbad, California, USA), 3mM  MgCl2 (MgCl2 Solution, Applied Biosystems, Branchburg, 

New Jersey), 0.2mM of each dATP, dTTP, dCTP, and dGTP (Invitrogen, Carlsbad, California, 

USA ),  0.5µM of each of AacIb-F and AacIb-R (Table 9), 1.25 units of AmpliTaq Gold® DNA 

polymerase (Applied Biosystems, Branchburg, New Jersey, USA), 120ng of template DNA and 

ddH2O was added to a total volume of 25µL.   Reaction conditions were as per Table 9.   Isolate 

E. coli N07-00036, from the National Microbiology Culture Collection, was used as the positive 

control. 



Table 9. Primer set for the detection of quinolone resistance genes 
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Primer Primer Sequence 
(5’ – 3’) 

PCR- 
Amplified 
Product  

Size (bp) 

Tm (°C) Gene 

Simplex  
PCR  

Conditions  Reference 

GyrA-F CGACCTTGCGAGAGAAAT 
626 

62.0 
gyrA 

Denaturation at 95˚C for 10 min;  
30 cycles of 95˚C for 30sec, 

57.5˚C for 30 sec, 72˚C for 1 min; 
Final elongation at 72˚C for 7 min 

(160) GyrA-R GTTCCATCAGCCCTTCAA 61.9 

ParC-1 CTGAATGCCAGCGCCAAATT 
188 

68.2 
parC 

Denaturation at 94˚C for 5 min;  
30 cycles of 94˚C for 20sec, 58˚C 
for 30 sec, 72˚C for 1 min; Final 

elongation at 72˚C for 7 min 

unpublished ParC-2 GCGAACGATTTCGGATCGTC 70.32 

QnrAm-F AGAGGATTTCTCACGCCAGG 580 66.5  qnrA1 – qnrA6 
 

See multiplex reaction for 
detection of plasmid borne 
quinolone resistance genes 

 
         (161) 

QnrAm-R TGCCAGGCACAGATCTTGAC 67.0 
QnrBm-F GGCATCGAAATTCGCCACTG 428 66.7 qnrB1 – qnrB6 QnrBm-R TTTGCTGTTCGCCAGTCGAA 67.4 
QnrSm-F GCAAGTTCATTGAACAGGGT  264 65.4 qnrS1 – qnrS2 QnrSm-R TCTAAACCGTCGAGTTCGGCG 69.4 
QnrB-1 GATCGHGAAAGYCAGAAAGG* 469 66.2 – 70.3 qnrB 

Denaturation at 95˚C for 10 min;  
28 cycles of 95˚C for 1 min, 62˚C 

for 1 min, 72˚C for 1 min; Final 
elongation at 72˚C for 10 min 

(162) QnrB-2 AACGARGCCTGGTAGRTGTC* 68.2 – 72.3 
QnrS-1 CTGCAAGTTCATTGAACAGG 340 66.2 qnrS unpublished QnrS-2 GTCTGACTCTTTCAGTGATG 66.2 
AacIb-F TTGCGATGCTCTATAGTGGCTA 

482 
66.1 

aac(6’)Ib-cr 
Denaturation at 94˚C for 5 min;  

34 cycles of 94˚C for 45 sec, 55˚C 
for 45 sec, 72˚C for 45 sec; Final 

elongation at 72˚C for 7 min 
(164) AacIb-R CTCGAATGCCTGGCGTGTTT 68.8 

QepA-F GCAGGTCCAGCAGCGGGTAG 
199 

69.6 
qepA 

Denaturation at 96˚C for 5 min;  
30 cycles of 96˚C for 1 min, 63˚C 

for 1 min, 72˚C for 1 min; Final 
elongation at 72˚C for 5 min 

(163) QepA-R CTTCCTGCCCGAGTATCGTG 65.2 

* R = purine 
   Y= pyrimidine 
   H = A or C or T



2.6.6 Replicon Typing 

 A convenience sample of 10 selected ESBL-producing E. coli deemed to carry blaCTX-M-15 and their 

respective transformants were analyzed for the presence of 20 plasmid incompatibility/replicon types using 

4 multiplex PCR reactions adapted from the studies of Cattoir et al (161) and Garcia-Fernandez et al(165) 

(Table 10).  Each reaction contained 1X PCR buffer (10X QIAGEN Multiplex PCR Master Mix: 

proprietary mixture of Tris-HCl, synthetic factor MP, KCl, (NH4)2SO4, 30mM  MgCl2, 2mM dNTPs, and 

HotStar Taq DNA polymerase; Qiagen, Mississauga, Ontario, Canada), 0.2µM of each of the forward and 

reverse primers for all replicon types with the exception of multiplex reaction 3 (0.3µM of each of the 

forward and reverse primers for I1, HI1 and F)(Table 10),  and 50ng of template DNA.  A total volume of 

25µl was achieved by adding ddH2O.   The PCR cycling conditions included an initial denaturation at 

94°C for 15 minutes, followed by 30 cycles consisting of denaturation at 94°C for 30 seconds, annealing at 

the temperature indicated in Table 10 (ta) for 90 seconds (1 min for Multiplex 4), and extension at 72°C for 

90 seconds (1 min for Multiplex 4), with a final extension at 72°C for 10 minutes.  The positive controls 

for each replicon type were Escherichia coli N06-538 (I1, A/C, K/B, and F), E. coli N06-637 (L/M), E. 

coli N06-603 (N and X), E. coli N06-538 (I1, A/C, K/B, and F), E. coli N06-539 (P), E. coli N06-500 (Y), 

E. coli N06-617 (FIIA), E. coli N06-449 (FIA and FIB), E. coli N06-457 (FIC), E.coli N08-2710 (HI1), K. 

pneumoniae plasmid N09-0047p (ColE), and Citrobacter freundii plasmid N10-0026p (R), from the 

National Microbiology Culture Collection. 
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Table 10. Primers used in multiplex PCR for replicon typing. 
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Primer Primer Sequence 
(5’ – 3’) 

PCR- 
Amplified 
Product  

Size (bp) 

Replicon 

 
 

Ta (°C) Reference 

Multiplex Reaction 1 

  
 

(161) 

KB-FW GCGGTCCGGAAAGCCAGAAAAC 
160 K/B 

 
 
 
 
 
 
 

61 
 

 
          

K-RV TCTTTCACGAGCCCGCCAAA 
B0-RV TCTGCGTTCCGCCAAGTTCGA 
FIC-FW GTGAACTGGCAGATGAGGAAGG 262 FIC FIC-RV TTCTCCTCGTCGCCAAACTAGAT 
AC-FW GAGAACCAAAGACAAAGACCTGGA 465 A/C AC-RV ACGACAAACCTGAATTGCCTCCTT 
P-FW CTATGGCCCTGCAAACGCGCCAGAAA 534 P P-RV TCACGCGCCAGGGCGCAGCC 
T-FW TTGGCCTGTTTGTGCCTAAACCAT 

750 T T-RV CGTTGATTACACTTAGCTTTGGAC 
Multiplex Reaction 2 

W-FW CCTAAGAACAACAAAGCCCCCG 242       W 

 
      61 

W-RV GGTGCGCGGCATAGAACCGT 
FII-FW CTGTCGTAAGCTGATGGC 270 FIIA FII-RV CTCTGCCACAAACTTCAGC 
FIA-FW CCATGCTGGTTCTAGAGAAGGTG 462 FIA FIA-RV GTATATCCTTACTGGCTTCCGCAG 
FIB-FW GGAGTTCTGACACACGATTTTCTG 702 FIB FIB-RV CTCCCGTCGCTTCAGGGCATT 
LM-FW GGATGAAAACTATCAGCATCTGAAG 785 L/M LM-RV CTGCAGGGGCGATTCTTTAGG 

Multiplex Reaction 3 
I1-FW CGAAAGCCGGACGGCAGAA 139 I1  

       
 
 
 
 
59 - 60   

I1-RV TCGTCGTTCCGCCAAGTTCGT 
Frep-FW TGATCGTTTAAGGAATTTTG 270 F Frep-RV GAAGATCAGTCACACCATCC 
X-FW AACCTTAGAGGCTATTTAAGTTGCTGAT 376 X X-RV TGAGAGTCAATTTTTATCTCATGTTTTAGC 
HI1-FW GGAGCGATGGATTACTTCAGTAC 474 HI1 HI1-RV TGCCGTTTCACCTCGTGAGTA 
N-FW GTCTAACGAGCTTACCGAAG 559 N N-RV GTTTCAACTCTGCCAAGTTC 
HI2-FW TTTCTCCTGAGTCACCTGTTAACAC 644 HI2 HI2-RV GGCTCACTACCGTTGTCATCCT 
Y-FW AATTCAAACAACACTGTGCAGCCTG 765 Y Y-RV GCGAGAATGGACGATTACAAAACTTT 

Multiplex Reaction 4 
ColE-FW GTTCGTGCATACAGTCCA 187 ColE  

 
 
     61 (165) 

ColE-RV GGCGAAACCCGACAGGACT 
IncR-FW TCGCTTCATTCCTGCTTCAGC 251 R IncR-RV GTGTGCTGTGGTTATGCCTCA 
IncU-FW TCACGACACAAGCGCAAGGG 

843 U IncU-RV TCATGGTACATCTGGGCGC 
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2.7 Agarose Gel Electrophoresis 

 All PCR products (amplicons) were visualized on either a standard horizontal slab or precast E-

Gel®.   

 

2.7.1 Manual Agarose Gel Electrophoresis 

 Amplification products resulting from less than 48 reactions at one time (i.e. less than half of a 96 

well reaction plate) were visualized manually by mixing agarose (Agarose, Fisher Scientific, Fair Lawn, 

New Jersey, USA) in a 0.5X TBE buffer (Tris-Borate-EDTA buffer, 10x Concentrate: 890mM Tris-borate, 

20mMEDTA, pH 8.3; Sigma-Aldrich, St. Louis, Missouri, USA) at a concentration of 1.5%.  The mixture 

was heated to completely dissolve the agarose then cooled to approximately 55°C and poured into the 

appropriate mould.  8μl of amplicon was mixed with approximately 0.5μl of bromophenol blue loading dye 

solution (0.25% w/v bromophenol blue [Bromophenol Blue, Sigma-Aldrich, St. Louis, Missouri, USA], 

40% w/v sucrose [Sucrose, Sigma-Aldrich, St. Louis, Missouri, USA]), and loaded into the wells alongside 

a 100 base pair ladder (DNA Molecular WeightMarker XIV, 100 base pair ladder, Roche Diagnostics, 

Mannheim, Germany).  Electrophoresis conditions were set at 120 volts/cm for 1 hour.  The gel was then 

stained in an ethidium bromide solution (0.5 mg/L in ddH2O) (Ethidium Bromide Solution, 10mg/mL, 

Sigma-Aldrich, St. Louis, Missouri, USA) for approximately 30 minutes and destained in ddH2O for an 

additional 10 minutes, if necessary.  Amplified products were viewed under ultra violet (UV) light using an 

AlphaImager HP Imaging System (Cell Biosciences, San Clara, California, USA) and the gel images were 

saved as .tif files using AplhaEaseFCTM Software (Alpha Innotech Corporation, San Leandro, California). 

 

2.7.2 Automated Agarose Gel Electrophoresis 

 When PCR amplification was performed en masse using 96 well reaction plates the plates were 

given to the DNA Core Facility (National Microbiology Laboratory, Winnipeg, Manitoba) to load the 

amplicons onto a DNA stain incorporated, precast 1.2% agarose E-Gel® 96 (E-Gel® 96, Invitrogen, 
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Carlsbad, California, USA) alongside a 100bp ladder (E-Gel® Low Range Quantitative DNA Ladder, 

Invitrogen, Carlsbad, California, USA) using the automated Biomek® FX (Biomek® FX Laboratory 

Automation Workstation, Beckman Coulter, Mississauga, Ontario, Canada).   The gel was run on an E-

Base® unit (E-Base®, Invitrogen, Carlsbad, California, USA) with an extension time of 2 minutes on the 

DNA program and gel images were aligned and saved as .tif files using E-Editor™ 2.0 Software (E-

Editor™ 2.0, Invitrogen, Carlsbad, California, USA). 

 

2.8 DNA Purification 

 Amplicons that were visualized manually were also purified manually by adding approximately 50 

µl of amplicon to an Amicon Ultra-0.5 Centrifugal Filter Device (Amicon Ultra 100k device, Millipore, 

Billerica, Massachusetts, USA) which was then centrifuged at a relative centrifugal force of 14,000 rcf for 

15 minutes.  The filter device was then placed upside down in a new microfuge tube and the purified 

amplicon was recovered by centrifugation for 2 minutes at 1000rcf.  The concentration of the purified 

DNA was measured using a NanoDrop reader (ND-1000 V3.1.0, National Instruments Corporation, 

Austin, Texas) and the final concentration adjusted to 50ng/µl with ddH2O.   

 Amplicons that were electrophoresed and visualized via automated methods were purified in the 

DNA Core Facility (National Microbiology Laboratory, Winnipeg, Manitoba) using the Agencourt® 

AMPure® XP PCR purification kit of magnetic particles (Agencourt® AMPure® XP, Beckman Coulter, 

Mississauga, Ontario, Canada) and the corresponding magnetic plate (SPRIPlate 96 Ring Super Magnet, 

Beckman Coulter, Mississauga, Ontario, Canada) with the automated Biomek® FX (Biomek® FX 

Laboratory Automation Workstation, Beckman Coulter, Mississauga, Ontario, Canada).    

 

2.9 Sequencing 

 The appropriate primers for the each gene to be sequenced were diluted to a concentration of 1µM. 

Primers and purified amplicons were submitted to the DNA Core Facility at the National Microbiology 
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Laboratory for sequencing.  Sequences received were edited by arranging the corresponding fragments into 

a more complete contig using SeqMan Pro 7.2.1 software (DNASTAR Lasergene®, Madison, Wisconsin, 

USA).  The contigs were then analyzed for homology using MegAlign 7.2.1 software (DNASTAR 

Lasergene®, Madison, Wisconsin, USA).  Sequences were then identified via comparison with the 

GenBank database using the basic BLAST suite of nucleotide and protein sequence alignment search 

programs (blastx, National Center for Biotechnology Information, http://blast.ncbi.nlm.nih.gov/Blast.cgi).  

   

2.10 Isoelectric Focusing 

 Because the PCR protocols above did not provide any identifiable ESBL-producing genes for E. 

coli isolate N09-00669, isoelectric focusing (IEF) was employed to determine the isoelectric point (pI) of 

the ESBL.   A single bead from the frozen stock of E. coli N09-00069 was placed in 30mL of LB broth 

(Difco™ LB Broth, Miller (Luria-Bertani), Becton, Dickinson and Company, Sparks, Maryland, USA) 

containing Cefotaxime (Cefotaxime sodium salt, Sigma-Aldrich, St. Louis, Missouri, USA) at a 

concentration of 10µg/mL for overnight growth in ambient air at 37°C with vigorous shaking 

(approximately 0.45rcf).  The overnight culture was centrifuged for 6 minutes at 1663rcf.  The supernatant 

was decanted and the pellet was re-suspended in the small volume of supernatant still remaining in the 

tube.  Approximately 1.5mL of the suspension mixture was transferred to a 2mL microfuge tube and spun 

down at 21000rcf for 2 minutes.  The supernatant was discarded and the pellet was re-suspended in 100µL 

of 1% glycine/50% glycerol (Glycine (aminoacetic acid), Fisher Scientific, Fair Lawn, New Jersey, USA; 

Glycerol, Fisher Scientific, Fair Lawn, New Jersey, USA).   The suspension was sonicated at 

approximately one-half full power, 3 times at 30 seconds each time with a 30 second pause on ice between 

sonications, using an ultrasonic cell disruptor (VirTis Virsonic Ultrasonic Cell Disruptor 100, Analytic 

Instruments, Golden Valley, Minnesota, USA) to create a crude protein extract.  The suspension was then 

centrifuged at 21000rcf for 2 minutes and the supernatant was transferred to a 1mL microfuge tube.  8µL 

of the protein extract was transferred to a PCR reaction tube and 25µL of 50µg/mL nitrocefin (Nitrocefin, 
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Oxoid Ltd., Basingstoke, Hampshire, England; 1% glycine/50% glycerol (Glycine (aminoacetic acid), 

Fisher Scientific, Fair Lawn, New Jersey, USA; Glycerol, Fisher Scientific, Fair Lawn, New Jersey, USA)) 

was added and then mixed by inverting the tube several times.  While mixing, the solution was observed 

for beta-lactamase activity as the solution turned pink and the time it took for the colour development was 

noted to help determine the volume of extract to load into the well.  Isoelectric focusing was performed 

using pre-cast acrylamide gel with a 3 to 10 pH gradient (Ready Gel IEF Precast Gel, Bio-Rad 

Laboratories, Mississauga, Ontario, Canada) in a Mini-Protean II electrophoresis cell, (Mini-PROTEAN II, 

Bio-Rad Laboratories, Mississauga, Ontario, Canada).  The middle chamber was filled with 1X cathode 

buffer (2.0mM lysine, 2.0mM arginine: IEF 10X Cathode Buffer, Bio-Rad Laboratories, Mississauga, 

Ontario, Canada), the wells loaded with 8µL of un-reacted sample alongside an IEF standard (pI range 

4.45 – 9.6; phycocyanin, β-lactoglobulin B, bovine and human CA, equine myoglobin, human 

haemoglobin A and C, lentil lectin, and cytC; IEF Standards, Bio-Rad Laboratories, Mississauga, Ontario, 

Canada), and the outer chamber was filled with approximately 200mL of 1X anode buffer (0.7mM 

phosphoric acid: 10X IEF Anode Buffer Bio-Rad Laboratories, Mississauga, Ontario, Canada).  

Electrophoresis was run at 100V for 1 hour, 250V for 1 hour and 500V for 30 minutes.  A molten solution 

of 3% agarose (Agarose, Fisher Scientific, Fair Lawn, New Jersey, USA) in 50mM phosphate buffer 

(Sodium Phosphate, basic heptahydrate, Fisher Fisher Scientific, Fair Lawn, New Jersey, USA), pH 7.5, 

containing dilute nictrocefin (Nitrocefin, Oxoid Ltd., Basingstoke, Hampshire, England) was poured over 

the gel to visualize β-lactamase activity as pink bands.  The gel was visualized under visible light using an 

AlphaImager HP Imaging System (Cell Biosciences, San Clara, California, USA).  A mixture of CMY-2, 

SHV-3 and TEM-1 extract was run in parallel with the sample as a positive control with known pIs (pIs = 

8.8, 7.0, and 5.4, respectively). 
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2.11 Plasmid Analysis 

 A convenience sample of 10 ESBL-producing, CTX-M-15 positive, E. coli was selected based on 

the relationships evident in the PFGE dendrogram for ESBL-producing isolates.  The plasmids in this 

sample set were characterized to determine what resistance phenotypes were carried on and transferred via 

mobile plasmids and what the genetic relationship was between plasmids in the selected group.  The 

process of characterization involved plasmid extraction from the relevant isolates.  The plasmids were then 

transformed via electroporation into the receptive (electrocompetent) well characterized bacterial strain, E. 

coli DH10B.  To confirm that the plasmid was taken up into the new cells (transformants) glass bead 

extraction (see 2.5.1) was used to isolate DNA that was then subjected to a multiplex PCR to confirm the 

presence of ESBL genes (see 2.6.1) as were found in the original clinical strains.  The resistance profiles 

for the transformants were then generated (see 2.3.2) and compared with those of their respective clinical 

strains to identify the resistance carried by the plasmid.  The plasmid in the transformant was isolated and 

digested with restriction enzymes, and electrophoresed generating fingerprints to determine the genetic 

relationship (restriction fragment length polymorphisms - RFLP).  The plasmid DNA was also used in a 

series of multiplex PCRs for replicon classification (see 2.6.6).  The steps involved in RFLP analysis are 

described below. 

 

2.11.1 Isolate Plasmid Purification 

 Multicopy plasmids were isolated from clinical strains following the manufacturer’s guidelines 

(QIAGEN® Plasmid Purification Handbook, Qiagen Inc., Mississauga, Ontario, Canada) using the 

QIAGEN® Plasmid Mini Kit (QIAGEN® Plasmid Mini Kit, Qiagen Inc., Mississauga, Ontario) as 

follows.   A single bead from the frozen stock of E. coli was placed in 2mL of LB broth (Difco™ LB 

Broth, Miller (Luria-Bertani), Becton, Dickinson and Company, Sparks, Maryland, USA) overnight 

growth in ambient air at 37°C with vigorous shaking (approximately 0.45rcf).  Approximately 1.5mL of 

the overnight culture was transferred to a 2mL microfuge tube and centrifuged at 21000rcf for 2 minutes.  
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The supernatant was discarded and the pellet was re-suspended, by pipetting and brief vortexing, in 300µL 

of Buffer P1 (50mM Tris.Cl, pH 8.0; 10mM EDTA; QIAGEN® Plasmid Mini Kit, Qiagen Inc., 

Mississauga, Ontario) containing 100 µg/mL RNAse A (proprietary mixture containing ribonuclease: 

QIAGEN® Plasmid Mini Kit, Qiagen Inc., Mississauga, Ontario) and LyseBlue (proprietary reagent for 

visualization of aggregated cells and neutralization: QIAGEN® Plasmid Mini Kit, Qiagen Inc., 

Mississauga, Ontario) at a 1:1000 dilution.  300µL of Buffer P2 (200mM NaOH, 1% SDS w/v: QIAGEN® 

Plasmid Mini Kit, Qiagen Inc., Mississauga, Ontario) were added and mixed by inverting the tube until the 

entire solution appeared blue (complete lysis).  The mixture was left to incubate at room temperature for 5 

minutes then 300µL of Buffer P3 (3.0M KAc, pH 5.5: QIAGEN® Plasmid Mini Kit, Qiagen Inc., 

Mississauga, Ontario) were added and mixed by inverting the tube until the blue colour was no longer 

visible (complete neutralization).  The mixture was incubated on ice for 5 minutes then centrifuged at 4˚C 

for 10 minutes at 15800rcf.  1mL of Buffer QBT (750mM NaCl; 50mM MOPS, pH 7.0; 15% isopropanol 

v/v; 0.15% Triton X-100 v/v/: QIAGEN® Plasmid Mini Kit, Qiagen Inc., Mississauga, Ontario) was added 

to a chromatography column (QIAGEN-tip 20, QIAGEN® Plasmid Mini Kit, Qiagen Inc., Mississauga, 

Ontario) to equilibrate it then the centrifuged supernatant was applied to the column and allowed to run by 

gravity flow.  The column was washed twice with 2mL of Buffer QC (1.0M naCl; 50mM MOPS [3-(N-

morpholino)propanesulfonic acid], pH 7.0; 15% isopropanol v/v: QIAGEN® Plasmid Mini Kit, Qiagen 

Inc., Mississauga, Ontario) then 800µL of Buffer QF (1.25M naCl; 50mM Tris.Cl, pH 8.5; 15% 

isopropanol v/v) were added to elute the plasmid DNA collecting the eluate in a 2mL microfuge tube.  

625µL of 100% isopropanol (2-Propanol, Fisher Scientific, Fair Lawn, New Jersey, USA) were added to 

the tube and the tube was inverted 10 times to mix the solution.  It was centrifuged at 4˚C for 30 minutes at 

15800rcf and the supernatant discarded.  1mL of 70% ethanol (Ethyl Alcohol 95%, Commercial Alcohols, 

Brampton, Ontario, Canada) was added to the tube with no mixing and then centrifuged at 4˚C for 10 

minutes at 15800rcf and the supernatant discarded.  The DNA pellet was left to air dry at room temperature 

for approximately 10 minutes then re-suspended in 50µL of RNAse free water by gently tapping the tube.  
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Plasmid DNA was electrophoresed on a 1% agarose gel (see 2.7.1) at 120V/cm for one hour alongside a 

1Kb DNA ladder (1Kb DNA Extension Ladder, Invitrogen, Carslbad, California, USA)  to visualize the 

approximate magnitude and size of plasmids extracted from each isolate.  The plasmids were stored at -

20˚C for future use. 

 

2.11.2 Transformation with ESBL Gene CTX-M-15  

 1mm electroporation cuvettes (Gene Pulser® Cuvette; E.coli Pulser® Cuvette, Bio-Rad 

Laboratories, Mississauga, Ontario, Canada) were chilled on ice for at least 5 minutes.  30µL of 

electrocompetent DH10B cells (ElectroMAX™ DH10B™ Electrocompetent Cells, Invitrogen, Carslbad, 

California, USA) were added to a chilled electoporation cuvette.  2µL (approximately 1 to 10 ng) of 

plasmid DNA was then mixed with the cells in the cuvette.  The cuvette was loaded onto an electroporator 

unit (MicroPulser™ electroporator, Bio-Rad Laboratories, Mississauga, Ontario, Canada) set on manual 

and an electronic current was pulsed at 2.25kV through the solution in the cuvette.  Immediately following 

the transformants were recovered by adding 900µL of SOC media (SOC media: 0.5% w/v yeast extract, 

2% w/v tryptone, 10 mM NaCl, 2.5 mM KCL, 10 mM Mg2Cl2, 20 mM MgSO4, 20 mM glucose; 

Invitrogen, Carslbad, California, USA) was to the cuvette and transferring the entire mixture in to 2mL 

microfuge.  Tubes were incubated in a 37°C water bath for 1 hour with no agitation.  Transformants were 

selected by spreading a 25µL aliquot of the incubated cells on MHA plates (Difco™ Mueller Hinton Agar, 

Becton, Dickinson and Company, Sparks, Maryland, USA) containing 60µg/mL ampicillin (Ampicillin, 

USP, Trihydrate, Sigma-Aldrich, St. Louis, Missouri, USA) and leaving them to grow inverted, overnight 

in ambient air at 37 °C.  A positive control using an ampicillin resistant pUC19 DNA vector (pUC 19 

DNA, Invitrogen, Carslbad, California, USA) was also prepared as above.  The negative control used was 

a non-transformed DH10B cell (ElectroMAX™ DH10B™ Electrocompetent Cells, Invitrogen, Carslbad, 

California, USA).    
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 A single isolated colony was selected and sub-cultured onto MHA plates (Difco™ Mueller Hinton 

Agar, Becton, Dickinson and Company, Sparks, Maryland, USA) containing 60µg/mL ampicillin 

(Ampicillin, USP, Trihydrate, Sigma-Aldrich, St. Louis, Missouri, USA) under the same conditions for 

colony proliferation.    Glass bead DNA extraction and PCR as described in sections 2.5.1 and 2.6.1, 

respectively, were used to confirm the transfer of the β-lactamase gene(s).   Confirmed transformants were 

stored in Microbank vials (Pro-lab Diagnostic, Richmond Hill, Ontario) and at -80°C. 

 

2.11.3 Transformant Plasmid Purification 

  To perform RFLP analysis plasmids from transformants were isolated on a larger scale using the 

Qiagen HiSpeed® Plasmid Midi Kit (HiSpeed® Plasmid Midi Kit, Qiagen Inc., Mississauga, Ontario).  

Tubes containing 2mL 60µg/mL ampicillin (Ampicillin, USP, Trihydrate, Sigma-Aldrich, St. Louis, 

Missouri, USA) in LB broth (Difco™ LB Broth, Miller (Luria-Bertani), Becton, Dickinson and Company, 

Sparks, Maryland, USA) were inoculated with 2 to 4 colonies of sub-cultured transformant growth 

confirmed to carry the ESBL gene(s) (see 2.11.2) and incubated for 6 to 8 hours in ambient air at 37°C 

with vigorous shaking (approximately 0.45rcf).  100µL of the suspension was transferred to an E. flask 

containing 50mL of 60µg/mL ampicillin (Ampicillin, USP, Trihydrate, Sigma-Aldrich, St. Louis, 

Missouri, USA) LB broth (Difco™ LB Broth, Miller (Luria-Bertani), Becton, Dickinson and Company, 

Sparks, Maryland, USA) and incubated overnight in ambient air at 37°C with vigorous shaking 

(approximately 0.45rcf).   Following incubation cells were harvested by centrifugation at 6000rcf for 15 

minutes at 4°C.  The supernatant was decanted off and the pellet was re-suspended by gentle shaking in 6 

ml of Buffer P1 (50mM Tris.Cl, pH 8.0; 10mM EDTA: HiSpeed® Plasmid Midi Kit, Qiagen Inc., 

Mississauga, Ontario) containing 100 µg/mL RNAse A (proprietary mixture containing ribonuclease: 

HiSpeed® Plasmid Midi Kit, Qiagen Inc., Mississauga, Ontario) and LyseBlue (proprietary reagent for 

visualization of aggregated cells and neutralization: HiSpeed® Plasmid Midi Kit, Qiagen Inc., 

Mississauga, Ontario) at a 1:1000 dilution.  6mL of Buffer P2 (200mM NaOH, 1% SDS w/v: HiSpeed® 
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Plasmid Midi Kit, Qiagen Inc., Mississauga, Ontario) were added and mixed by gentle shaking until the 

entire solution appeared blue (complete lysis).  The mixture was left to incubate at room temperature for 5 

minutes then 6mL of Buffer P3 (3.0M KAc, pH 5.5: HiSpeed® Plasmid Midi Kit, Qiagen Inc., 

Mississauga, Ontario) were added and mixed by gentle shaking until the blue colour was no longer visible 

(complete neutralization).  The mixture was poured into a plugged filter cartridge tube (QIAfilter™ Midi 

Cartridge, HiSpeed® Plasmid Midi Kit, Qiagen Inc., Mississauga, Ontario) and incubated upright at room 

temperature for 10 minutes.  4mL of Buffer QBT (750mM NaCl; 50mM MOPS, pH 7.0; 15% isopropanol 

v/v; 0.15% Triton X-100 v/v/: HiSpeed® Plasmid Midi Kit, Qiagen Inc., Mississauga, Ontario) was added 

to a chromatography column (HiSpeed™ Midi Tip, HiSpeed® Plasmid Midi Kit, Qiagen Inc., 

Mississauga, Ontario) to equilibrate it and the cell lysate was filtered into the column by removing the plug 

on the filter cartridge and using constant pressure on the plunger to push the solution through the filter.  

The filtered was allowed to run through the column by gravity flow then the column was washed with 

20mL of Buffer QC (1.0M NaCl; 50mM MOPS [3-(N-morpholino)propanesulfonic acid], pH 7.0; 15% 

isopropanol v/v: HiSpeed® Plasmid Midi Kit, Qiagen Inc., Mississauga, Ontario) via gravity flow.   

Plasmid DNA was eluted into a 15mL tube with 5mL of Buffer QF (1.25M NaCl; 50mM Tris.Cl, pH 8.5; 

15% isopropanol v/v) that had been warmed to 55˚C in a water bath.  3.5mL of 100% isopropanol (2-

Propanol, Fisher Scientific, Fair Lawn, New Jersey, USA) were added to the tube and the tube was 

inverted 10 times to mix the solution then left to incubate at room temperature for 5 minutes.  The solution 

was transferred to a 20mL syringe with a QIAprecipitator module (QIAprecipitator Midi module, 

HiSpeed® Plasmid Midi Kit, Qiagen Inc., Mississauga, Ontario) attached to it.  The mixture was filtered 

through the module using a plunger then the plasmid on the module membrane was washed with 2mL of 

70% ethanol (Ethyl Alcohol 95%, Commercial Alcohols, Brampton, Ontario, Canada) by removing the 

module, pulling out the plunger, re-attaching the module, adding the ethanol and pushing it through the 

module with the plunger.  The membrane was then dried by removing the module, reloading the plunger, 

reattaching the module and pushing air through the module with the plunger.  This was repeated to 
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effectively dry the membrane.  The tip of the module was blotted with paper towel to prevent ethanol 

transfer.  The module with the plasmid DNA attached to its membrane was then attached to a 5mL syringe.    

Plasmid DNA was eluted by passing 300µL of Buffer TE (10 mM Tris-Cl, pH 8.0; 1 mM EDTA: Qiagen 

Inc., Mississauga, Ontario) through the QIAprecipitator with a plunger over a 2mL microfuge tube.  To 

ensure a complete elution of plasmid DNA into the tube the module was removed, the plunger was 

removed, the module was reattached to the syringe, the plasmid DNA was poured into the syringe and the 

tube replaced under the QIAprecipitator, then it was all passed through the membrane again using the 

plunger. 

 To verify the isolation of only one of the multiple plasmids from section 2.11.1 plasmid DNA was 

electrophoresed on a 1% agarose gel (see 2.7.1) at 120V/cm for one hour alongside a 1Kb DNA ladder 

(1Kb DNA Extension Ladder, Invitrogen, Carslbad, California, USA)  for visualization and size 

estimation.  Additionally, PCR as described in section 2.6.1, was conducted to ensure proper isolation of 

the β-lactamase gene(s) was achieved.   The plasmids were stored at 4˚C for analysis of RFLP. 

  

2.11.4 Restriction Fragment Length Polymorphisms (RFLP)  

 25µL of purified transformant plasmid DNA was digested in a 600µL microfuge tube.  The 

digestion mixture consisted of 3μl of Buffer M (100 mM Tris-HCL, 500 mM NaCl, 100 mM MgCl2, 

10mM dithioerythritol, pH 7.5; SuRE/Cut Buffer M for Restriction Enzymes, Roche Diagnostics, 

Mannheim, Germany) and 2.5µL of 10 U/µl BglII enzyme (BglII, Roche Diagnostics, Mannheim, 

Germany).  The tube was gently tapped on its side to mix the solution and briefly spun down to ensure all 

of the mixture was at the bottom of the tube.  The mixture was incubated in a 37°C water bath for 4 hours.   

5 µl of bromophenol blue loading dye solution (0.25% w/v bromophenol blue, Sigma-Aldrich, St. Louis, 

Missouri, USA; 40% w/v sucrose, Sigma-Aldrich, St. Louis, Missouri, USA]) was added to the tubes to 

stop digestion.  Restriction digested fragments were electrophoresed on a 0.7% agarose gel prepared by 

mixing agarose (Agarose, Fisher Scientific, Fair Lawn, New Jersey, USA) in 0.5X TAE buffer (Tris-
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Acetate-EDTA buffer, 10x Concentrate: 0.4M Tris-acetate, 0.01M EDTA, pH 8.3; Sigma-Aldrich, St. 

Louis, Missouri, USA) and pouring it into a square casting tray while inside the electrophoresis chamber.  

The chamber was filled with 0.5X TAE buffer (Tris-Acetate-EDTA buffer, 10x Concentrate: 0.4M Tris-

acetate, 0.01M EDTA, pH 8.3; Sigma-Aldrich, St. Louis, Missouri, USA) and 25µl of digested sample was 

loaded in the wells alongside 1Kb DNA ladder (1Kb DNA Extension Ladder, Invitrogen, Carslbad, 

California, USA). Gels were run at 80 V/cm for 4.5 hours and then stained in an ethidium bromide solution 

(0.5 mg/L in ddH2O: Ethidium Bromide Solution, 10mg/mL, Sigma-Aldrich, St. Louis, Missouri, USA) for 

approximately 1 hour and destained in ddH2O for 1 hour.  Gels were viewed under ultra violet (UV) light 

using an AlphaImager HP Imaging System (Cell Biosciences, San Clara, California, USA) before and after 

destaining and the gel images were saved as .tif files using AplhaEaseFCTM Software (Alpha Innotech 

Corporation, San Leandro, California).  Images were loaded into and analyzed using BioNumerics 

software (BioNumerics v. 3.5, Applied Maths, Saint Martens-Latem, Belgium). 

 

2.12 Statistical Analysis 

 Statistical significance for analysis of variance (ANOVA) was evaluated using Fisher’s two-tailed 

probability test in GraphPad QuickCalcs (http://www.graphpad.com/quickcalcs/index.cfm). 
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3. Results 

 

3.1 Isolate Characteristics 

 A total of 5,500 isolates of Escherichia coli were collected and identified from clinical samples of 

the Vancouver Coastal Health Region during the one year period between June 1, 2007 and June 1, 2008.   

Three hundred and thirty-two isolates identified, via automated susceptibility testing, as potentially 

ciprofloxacin resistant and/or cefoxitin resistant and/or ESBL-producers were sent to the National 

Microbiology Laboratory (NML) for phenotype confirmation and characterization.  This resulted in a total 

of 315 E. coli isolates included in the study.  All E. coli isolates confirmed to be extended-spectrum β-

lactamase (ESBL) producers and/or cefoxitin resistant (FOXR) were included in the study.  Additionally, 

E. coli isolates resistant to ciprofloxacin (CIPR) and at least one other antimicrobial agent class, following 

CLSI guidelines (CLSI, 2007;M100-S17), were also included in the study.  Automated Microscan analysis 

(from the VGH laboratory), identified 299 CIPR isolates representing 95% (299/315) of all strains 

submitted.  E-test® confirmation identified 95 ESBL-producing phenotypes, 15 of which were 

ciprofloxacin susceptible (CIPS), and 33 FOXR isolates, three of which were CIPS, with 20 isolates (two 

CIPS) confirmed to produce both ESBL and FOXR phenotypes together. 

 A multiplex PCR was used to detect the pabB gene, with the trpA gene as an internal control, to 

confirm the O25b-ST131 clone identity among all 315 study isolates (Figure 11).  Over half (54.9% - 

173/315) were positive for the O25b-ST131 clone, which has been recently associated with increasing 

prevalence of ESBL-producing E. coli in Canada.(121,122)  Among non-β-lactamase producing CIPR 

phenotypes in this study, 58.5% (121/207) were associated with the ST131 clonal complex.   Nearly half 

(49.5% - 42/95) and 30.3% (10/33) of ESBL-producers and FOXR isolates, respectively, were observed to 

be positive for the pabB gene, five of these were isolates producing both β-lactamase phenotypes. 

 Patient ages were between 1 and 100 years with 58.4% (184/315) of the isolates collected from 

elderly patients (65+ years).  Adult patients (18 to 64 years) and paediatric patients (17 years and under) 
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comprised 41.0% (129/315) and 0.6% (2/315), respectively, of the total data set (Table 11).  The isolates 

collected from patients at VGH comprised nearly half (48.3%- 152/315) of the total data set.  Urine was 

the sample source for 87.9% (277/315) of the isolates followed by blood (7.0% - 22/315), wound (2.5% - 

8/315), sputum (1.3% - 4/315) and other sites (1.3% - 4/315), including cerebral spinal fluid (CSF) and the 

respiratory tract (Table 11).  Isolates were more frequently collected from female patients (62.9% - 

198/315) than males and 56.2% (177/315) of all study isolates were collected from acute care facilities. 
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Figure 12.  The O25b-ST131 multiplex PCR consists of two primer sets representing the pabB gene, 

specific to isolates belonging to the O25b/ST131 clone, and the trpA gene as a positive PCR control.    

Lanes 1 and 15 are the standard 100 base pair (bp) DNA ladders.  Lane 2 is the positive control consisting 

of TrpA-F/R (427bp), and O25b-F/R (347bp).  Lane 3 is the negative control containing the complete PCR 

mixture excluding DNA.  Lanes 5 to 10 are study isolates screened for these genes, all of which are 

positive for trpA (lanes 5 to 10), and three of which are positive for O25B (lanes 5, 6, and 9).  Band sizes 

are marked down the left side of the DNA ladder. 
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Table 11. Patient demographic of 315 E. coli isolates. 
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Total Isolates

n = 315 (%)

Gender Male 117 (37.1) 
Female 198 (62.9) 

Age 
≤ 17 2 (0.6) 
18 - 64 129 (41.0) 
≥ 65 184 (58.4) 

Patient Status 

Emergency 10 (3.2) 
Acute 177 (56.2) 
Long Term Care 45 (14.3) 
Rehabilitation 14 (4.4) 
Outpatient 69 (21.9) 

Facility 

Vancouver (VGH) 152 (48.3) 
Purdy 10 (3.2) 
Banfield  6 (1.9) 
Blenheim 1 (0.3) 
Evergreen 3 (1.0) 
Langley (LGH) 42 (13.3) 
GF Strong 13 (4.1) 
UBC 21 (6.7) 
Richmond (RGH) 45 (14.3) 
Prince George 
(PRGH) 1 (0.3) 
Powell River 1 (0.3) 
Minoru 1 (0.3) 
Pearson 5 (1.6) 
Other 14 (4.4) 

Specimen Site 

urine 277 (87.9) 
blood 22 (7.0) 
wound 8 (2.5) 
sputum 4 (1.3) 
CSF 1 (0.3) 
respiratory 1 (0.3) 
other 2 (0.6) 
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3.1.1 PFGE Analysis of Study Strains 

 The dendrogram in Figure 12 illustrates the genetic relatedness of all clinical E. coli isolates 

investigated in this study.  This includes isolates that were determined to be MDR and must include CIPR, 

and/or, confirmed ESBL-producers, and/or FOXR.  Adopting the parameters outlined by Valsesia et al 

(2010), groups of more than five isolates, formed at ≥ 80% Dice similarity cutoff on a dendrogram 

assembled by the unweighted-pair group method using average linkages (UPGMA) were categorized as 

members of a clone group or cluster.(166)  Phenotypic selection data was cross referenced to the PFGE 

data.  Ten clusters were identified.  Cluster 2 was the largest consisting of 156 CIPR strains, 96.2% 

(150/156) of which belong to the ST131 lineage.  There were also 41 ESBL-producers and eight FOXR 

phenotypes within the same cluster.  All of the strains in cluster 3 (n = 8) shared the CIPR phenotype and 

the ST131 clonal complex identity, one of which was an ESBL-producer.  Cluster 4 (n = 7) contained five 

ESBL-producers, one of which was CIPS, and a single FOXR isolate.  The occurrence of β-lactamase- 

producers or detected ST131 clones was sparse and intermittent in clusters 1, 5, 6 and 8, and did not occur 

at all in clusters 7, 9 and 10.  
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Figure 13. Dendrogram based on XbaI PFGE patterns of E. coli isolates selected for this study (n=315).  β-

lactamase production and O25b-ST131 clones are indicated for each strain.  Abbreviations used: ESBL – 

ESBL-producer; AmpC – cefoxitin resistant phenotype; BOTH – ESBL + AmpC, ST131 – O25b-ST131 

clone; S (red) – ciprofloxacin susceptible.  Similarity at 80% is shown by the blue dashed line and green 

boxes represent clusters of genetically similar strains. 
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3.2 Clinical Antibiotic Susceptibilities 

 Antibiotic combinations for Microscan® panels varied depending on the time of analysis resulting 

in complete susceptibility profiles for fourteen of the thirty (46.6%) possible antimicrobials assessed with 

no complete profile for any drugs in the nitrofurantoin class (Table 12).   A ciprofloxacin resistant 

phenotype was exhibited by 5.4% (299/5,500) of all E. coli isolates collected from June 1, 2007 to June 1, 

2008 for the region.  Confirmed ESBL-producers made up 1.7% (95/5,500) and FOXR isolates comprised 

0.6% (33/5,500) of the same total population.  The β-lactam, ampicillin, and the folate pathway inhibitor, 

trimethoprim-sulphamethoxazole (TMP-SXT), were found to have the highest resistance rates among the 

isolates at 98.4% (310/315) and 77.5% (244/315), respectively.  Resistance to first generation 

cephalosporins and tetracyclines was also relatively high at 66.7% (210/315) for cephalothin and 63.8% 

(201/315) for tetracycline.  Resistance to aminoglycosides, the second generation to fourth generation 

cephalosporins and the β-lactam/β-lactamase inhibitor combination classes were less common (Table 12). 

 The majority (63.6%) of the FOXR isolates were isolated from female patients and all but one of 

those was sourced from urine.  Urine was the specimen source for 90.9% (30/33) of all the FOXR isolates 

with a single wound, blood and other source for the remaining three strains.  More than half (57.6%) of the 

patients with FOXR isolates were elderly (≥ 65 years) and the remaining 42.4% (14/33) were all adults (18 

– 64 years).  None of the paediatric patients had FOXR E. coli infections. 

 Just over half (53.7% - 51/95) of ESBL-producing E. coli were collected from female patients.  

56.8% (54/95) of all the ESBL-producers were isolated from elderly patients, of which 57.4% (31/54) were 

female.  Isolates collected from adult patients comprised 42.1% (40/95) of all ESBL-producers in this 

study, with an even distribution between the sexes, and one isolate was collected from a male paediatric 

patient.  The most prevalent (86.3% - 82/95) specimen type for collecting ESBL-producing E. coli was 

urine, of which 56.1% (46/82) came from female patients.  The second most common sample site was 

blood (10.5% - 10/95), followed by wound (2.1%- 2/95) and a single respiratory sample.  The majority 

(71.6% - 68/95) of the ESBL-producing isolates were collected from patients in acute care facilities, 11.6% 
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(11/95) from individuals in long term care (LTC), 11.6% (11/95) were outpatients, 3.1% (3/95) were in 

rehabilitation, and 2.1% (2/95) were isolated from patients in the emergency room (ER). 
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Table 12. Antimicrobial susceptibilities of 315 E. coli clinical isolates obtained from Sensititre® broth 

microdilution.  MICs are based on CLSI guidelines (CLSI, 2007; M100-S17). %R = percent resistant, %S 

= percent susceptible, %I = percent intermediate 
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Antibiotic Class Antibiotic 

 Breakpoint 
MIC 

(µg/mL) 

 
%R 

 
%S 

 
%I 

Aminoglycosides      
 Gentamicin ≥16 36.2 63.2 0.6 
 Tobramycin ≥16 34.6 54.3 11.1
      
Beta-Lactamase 
inhibitor 
combinations Ticarcillin/Clavulanic Acid 

 
≥128 

 
6.0 

 
68.9 

 
25.1

      
Beta-Lactams      
Penicillins Ampicillin ≥32 98.4 1.6 0.0 
Cephalosporins 
 (1st Generation) Cephalothin 

 
≥32 

 
66.7 

 
12.0 

 
21.3

 Cefazolin ≥32 38.1 55.9 6.0 
  (2nd Generation) Cefoxitin ≥32 10.8 83.5 5.7 
 Cefuroxime ≥32 33.0 8.3 58.7
  (3rd Generation) Cefotaxime ≥64 24.2 75.2 0.6 
 Ceftazidime ≥32 10.2 85.1 4.7 
  (4th Generation) Cefepime ≥32 19.4 79.4 1.2 
      
Fluoroquinolones Ciprofloxacin ≥4 94.9 5.1 0.0 
      
Tetracyclines Tetracycline ≥16 63.8 35.6 0.3 
      

Folate Pathway 
Inhibitors Trimethoprim/Sulphamethoxazole

 
≥4 

 
77.5 

 
22.5 

 
0.0 

 



Table 13.  Phenotype profile of E. coli isolates selected for this study period.  The combined 

phenotypes are expressed as a percentage of the total number of isolates with the “parent” 

phenotype.   
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      “Parent”       

      Phenotype  

% (n) of isolates 

 (N = 5,500) 

Combination 

Phenotype 

      % (n) of “parent” 

phenotype isolates 

Ciprofloxacin (CP) 

Resistant 

 

       5.4 (299) 

 + CFX Resistant      10.0 (30)  

 + ESBL-Producer      26.8 (80) 

Cefoxitin (CFX) 

Resistant 

       0.6 (33)  + CP Resistant      91.0 (30) 

 + ESBL-Producer      61.0 (20) 

ESBL-Producer        1.7 (95)  + CFX Resistant      21.1 (20) 

 + CP Resistant       84.2 (80) 
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3.2.1. Multidrug Resistance 

Table 14 outlines the resistance phenotype, based on antibiotic class, of the 299 

strains that were ciprofloxacin resistant.  Because the antimicrobial components were not all 

consistent based on which panels were used at the time of analysis, only results for fourteen 

of the compounds were available for all of the isolates limiting observations to five drug 

classes in addition to the fluoroquinolone, ciprofloxacin.  None of the isolates tested against 

the fourteen antimicrobials were found to be resistant to all fourteen.  There were also no 

isolates tested that were susceptible to all fourteen agents.  Twenty one isolates (7.0%) were 

resistant to a single drug class in addition to ciprofloxacin, four (1.3%) of which were 

resistant to only one of the thirteen other agents tested.   The majority were beta-lactams 

(95.2% - 20/21) and one was TMP-SXT.  Resistance to three antimicrobial classes, 

additional to ciprofloxacin, was most common as observed among 38.5% (115/299) of the 

isolates.  Among this group resistance to a combination of beta-lactams and TMP-SXT was 

the most prevalent at 35.6% (41/115).  Six (2.0%) of all 299 isolates were resistant to all 

five classes of agents plus ciprofloxacin.  The parameters for selection of isolates in this 

study included isolates that exhibit resistance to two or more classes of antimicrobial agents 

(one of which must be ciprofloxacin).  Therefore all 299 isolates were considered MDR by 

this definition.          
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Table 14. Resistance phenotypes of 299 multidrug (including ciprofloxacin) resistant E. coli 

isolates. 
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Antibiogram 
% (n) of Ciprofloxacin Resistant Isolates

(N=299) 
AM 0.7% (2) 
CF 0.3% (1) 
T/S 0.3% (1) 
AM, CF 2.7% (8) 
AM, CFZ, CFT, CRM, CF 0.7% (2) 
AM, CFZ, FEP, CFT, CRM, CF 0.7% (2) 
AM, CFZ, FEP, CFT, CAZ, CRM, CF 0.7% (2) 
AM, CFZ, FEP, CFX, CAZ, CRM, CF 0.3% (1) 
AM, CFZ, FEP, CFT, CFX, CRM, CF 0.7% (2) 
AM, GM 1.0% (3) 
AM, TE 0.7% (2) 
AM, T/S 6.0% (18) 
TE, T/S 0.7% (2) 
AM, CF, TE 0.3% (1) 
AM, CF, T/S 3.3% (10) 
AM, GM, TO 1.0% (3) 
AM, CF, GM, TO 1.3% (4) 
AM, GM, TO, T/S 2.3% (7) 
AM, CFZ, CF, T/S 0.3% (1) 
AM, CFZ, CFX, CF, TE 0.7% (2) 
AM, CFZ, CFX, CF, T/S 0.3% (1) 
AM, CFZ, CRM, CF, TE 0.7% (2) 
AM, CFZ, CFT, CRM, CF, TE 0.3% (1) 
AM, CFZ, CFX, CRM, CF, T/S 1.0% (3) 
AM, CFZ, FEP, CRM, CF, TE 0.3% (1) 
AM, CFZ, CFX, CAZ, CRM, CF, TE 0.3% (1) 
AM, CFZ, CFX, CAZ, CRM, CF, TIM 0.3% (1) 
AM, CFZ, FEP, CFT, CRM, CF,GM 0.7% (2) 
AM, CFZ, FEP, CFT, CRM, CF, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CAZ, CRM, CF, TO 0.3% (1) 
AM, CFZ, FEP, CFT, CAZ, CRM, CF, T/S 1.0% (3) 
AM, CFZ, FEP, CFT, CFX, CRM, CF, TE 0.3% (1) 
AM, CFZ, FEP, CFT, CFX, CRM, CF, GM 0.3% (1) 
CF, TE, T/S 0.3% (1) 
AM, TE, TO 0.3% (1) 
AM, TE, T/S 13.7% (41) 
AM, GM, T/S 1.3% (4) 
AM, TO, T/S 0.3% (1) 
AM, CF, GM, T/S 1.3% (4) 
AM, CF, GM, TE 0.3% (1) 
AM, CF, TIM, T/S 0.3% (1) 
AM, CF, TE, T/S 6.4% (19) 
AM, GM, TO, TE  0.3% (1) 
AM, CF, GM, TO, TE 0.3% (1) 
AM, CF, GM, TO, T/S 2.3% (7) 
AM, CFZ, CF,TIM, T/S 0.3% (1) 
AM, CFZ, CF,TE, T/S 1.0% (3) 
AM, CRM, CF, TE, T/S 0.3% (1) 
AM, CFZ, CFX, CF, TIM, T/S 0.3% (1) 
AM, CFZ, CF, GM, TO, TIM 0.3% (1) 
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AM, CFZ, CF, GM, TO, T/S 0.3% (1) 
AM, CFX, CRM, CF, GM, TE 0.3% (1) 
AM, CFZ, CRM, CF, TO, T/S 0.3% (1) 
AM, CFZ, CFX, CRM, CF, TE, TIM 0.3% (1) 
AM, CFZ, CFX, CRM, CF, TIM, T/S 0.3% (1) 
AM, CFZ, CFT, CRM, CF, TO, T/S 0.3% (1) 
AM, CFZ, CFT, CRM, CF, TE, T/S 0.3% (1) 
AM, CFZ, CFX, CAZ, CRM, CF, TE, T/S 0.7% (2) 
AM, CFZ, FEP, CFT, CRM, CF, TE, TO 0.3% (1) 
AM, CFZ, FEP, CFT, CRM, CF, TE, T/S 2.3% (7) 
AM, CFZ, FEP, CFT, CRM, CF, GM, TO, TE 0.3% (1) 
AM, CFZ, FEP, CFT, CFX, CRM, CF, TE, TO  0.3% (1) 
AM, CFZ, FEP, CFT, CAZ, CRM, CF, TE, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CAZ, CRM, CF, TO, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CFX, CRM, CF, GM, TO, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CAZ, CRM, CF, GM, TO, TE 0.7% (2) 
AM, CFZ, FEP, CFT, CAZ, CRM, CF, GM, TO, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CFX, CAZ, CRM, CF, TE, T/S 0.3% (1) 
AM, GM, TE, T/S 2.7% (8) 
AM, TE, TO, T/S 0.3% (1) 
AM, CF, GM, TE, T/S 1.7% (5) 
AM, CF, TE, TIM, T/S 0.3% (1) 
AM, CF, TE, TO, T/S 3.0% (9) 
AM, GM, TO, TE, T/S 4.3% (13) 
AM, CFZ, CF, TE, TIM, T/S 1.0% (3) 
AM, CF, GM, TO, TE, T/S 3.7% (11) 
AM, CFZ, CRM, CF, TE, TO, T/S 1.0% (3) 
AM, CFZ, CF, GM, TO, TE, T/S 0.3% (1) 
AM, CFX, CRM, CF, GM, TE, T/S 0.7% (2) 
AM, CFX, CRM, CF, GM, TO, TE, T/S 0.3% (1) 
AM, CFZ, FEP,CRM, CF, TE, TO, T/S 0.3% (1) 
AM, CFZ, CFX, CRM, CF, TE, TO, T/S 0.3% (1) 
AM, CFZ, CFT, CRM, CF, TE, TO, T/S 0.7% (2) 
AM, CFZ, CRM, CF, GM, TO, TE, T/S 0.7% (2) 
AM, CFZ, CFX, CRM, CF, GM, TO, TE, T/S 0.3% (1) 
AM, CFZ, CFT, CRM, CF, GM, TO, TE, T/S 0.3% (1) 
AM, CFZ, CAZ, CRM, CF, GM, TO, TE, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CRM, CF, GM, TE, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CRM, CF, TE, TO, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CRM, CF, GM, TO, TE, T/S 2.0% (6) 
AM, CFZ, FEP, CFT, CAZ, CRM, CF,  TE, TIM, TO  0.3% (1) 
AM, CFZ, FEP, CFT, CAZ, CRM, CF, GM, TO, TE, T/S 2.7% (8) 
AM, CFZ, FEP, CFT, CFX, CAZ, CRM, CF, TE, TO, T/S 0.3% (1) 
AM, CFZ, CF, GM, TE, TIM, TO, T/S 0.7% (2) 
AM, CFZ, FEP, CRM, CF, GM, TO, TE, TIM, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CRM, CF, GM, TO, TE, TIM, T/S 0.3% (1) 
AM, CFZ, CFX, CAZ, CRM, CF, GM, TO, TE, TIM, T/S 0.3% (1) 
AM, CFZ, FEP, CFT, CFX, CAZ, CRM, CF, TE, TO, T/S 0.3% (1) 

 

a  Antibiogram colours indicate resistance to: one (black) antibiotic class, two (blue) antibiotic classes, three (purple) 
antibiotic classes, four (green) antibiotic classes, 5 (brown) antibiotic classes, in addition to ciprofloxacin.   
b Abbreviations used: AM – ampicillin; CFZ – cefazolin; FEP – cefepime; CFT – cefotaxime; CFX - cefoxitin; CAZ -  
ceftazidime; CRM – cefuroxime; CF – cephalothin; GM – gentamicin; TO – tobramycin; TE - tetracycline; TIM – 
ticarcillin/K clavulanate;  T/S - trimethoprim/sulfamethoxazole 
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3.3 β-Lactamase-Producing E. coli 

 

3.3.1 Detection and Identification of ESBL Genes 

 A total of 95 isolates were confirmed to produce the ESBL phenotype.  A multiplex 

PCR was used to detect the blaSHV, blaTEM, blaCTX-M, blaOXA, and blaCMY-2 gene(s) in all 

confirmed ESBL-producing isolates (Figure 13).   Isolates that were positive for a β-

lactamase gene were amplified individually, then sequenced and imported into BLAST to 

identify specific genotypes.   

 Table 15 illustrates which β-lactamase genes were detected and identified among all 

confirmed ESBL-producing E. coli.  The CTX-M gene type was found in 80.0% (76/95) of 

the ESBL-producing isolates.  Among these, 61.8% (47/76) were identified to be CTX-M-

15.  CTX-M-14 was found in 27.6% (22/78) of these isolates and between one to four 

isolates for each of CTX-M-3, -8, -24, and -27 genotypes were identified.  A single blaSHV-

12 and two blaSHV2a, one found in the same isolate with blaTEM-1b, were detected.  The 

majority (86.4% - 38/44) of the blaTEM genes detected were identified as TEM-1(b), and 

there were four where the entire gene could not be successfully amplified for subsequent 

sequencing, three of which were detected with other β-lactamase genes. The blaTEM gene 

was found to occur in the same isolate with other β-lactamase genes 86.4% (38/44) of the 

time.  Among the six isolates where blaTEM was the only β-lactamase gene detected two of 

those were determined to be blaTEM-52, and four were identified as blaTEM-1(b). Ten ESBL-

producers were found to carry blaCMY-2, 40% (4/10) of which were detected along with 

blaTEM.  Among all 95 confirmed ESBLs, blaOXA was detected 34.7% (33/95) of the time 

and always in combination with other β-lactamase genes.     
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 CTX-M β-lactamases occurred most frequently among isolates collected from 

elderly patients (56.5% - 43/76), males (51.3% - 39/76), acute care facilities (72.4% - 

55/76) and urine specimens (82.9% - 63/76).   The predominant genotype, CTX-M-15, was 

detected in isolates collected from male patients in just over half (53.2%) of the group.  

59.6% (28/47) were found among isolates collected from elderly patients, while a single 

CTX-M-15 was identified in a sample from a paediatric patient.  Nearly half (46.8% - 

22/47) of the CTX-M-15 identified were sourced from patients who had no documented 

surgeries or intensive care unit (ICU) stays in the 30 days prior to culturing, or any 

admission to acute, LTC or rehabilitation facilities in the 60 days prior to culturing.  A 

group of five isolates were observed to share 79.43% genetic similarity as determined using 

BioNumerics (BioNumerics v. 3.5, Applied Maths, Saint Martens-Latem, Belgium), three of 

which were found to be linked temporally and by care specialty (rehab).  Two of the three 

isolates were identified as CTX-M-15.   This was the only evidence of a potential outbreak 

identified. 

 One confirmed ESBL-producing isolate (N09-00669) carried a gene that was neither 

detectable by the multiplex PCR nor by simplex PCR for blaVEB, blaPER, or blaGES.  

Isoelectric focusing (IEF) was attempted to determine the β-lactamase responsible for the 

ESBL phenotype.  The isolate revealed a band near the wells of the gel, pI between 8 – 9, 

which is characteristic of CTX-M or CMY-2 (Figure 14).  
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Figure 14.  The ESBL multiplex PCR consists of five primer sets representing commonly 

observed β-lactamase genes: SHV, TEM, OXA, CTX-M, and CMY-2.  Lanes 1 and 19 are 

the standard 100 base pair (bp) λ DNA ladders.  Lane 2 is the positive control consisting of 

SHV-up/lo (1016bp), TEM-G/H (708bp), CTX-M-U1/2 (593bp), OXA1-F/R (464bp), and 

CMY2-A/B (323bp).  Lane 3 is the negative control containing the complete PCR mixture 

excluding DNA.  Lanes 4 to 12 are ESBL-producing isolates screened for these genes, one 

of which is positive for SHV-up/lo (lane 5), four of which are positive for TEM-G/H (lanes 

4, and 9 to 11), CTX-M-U1/2 (lanes 8 to 10 and 12), and OXA1-F/R (lanes 8, 9, 11 and 12), 

and seven of which are positive for CMY2-A/B (lanes 6 to 12).  Band sizes are marked 

down the left side of the λ DNA ladder. 
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Table 15.  The detection and identification of ESBL genes. 
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Gene  
Detected 

% (n) Found 
Among 

ESBL E. coli 
 N = 95 

Genotypes Identified 
(n) 

SHV 3.2 (3) -2a(2), -12(1) 
TEM 46.3 (44) -1[b](38), -52(2), UDa(4) 

CTX-M 80 (76) -3(1), -8(1), -14(21), -15(47), -24(2), -27(4) 
OXA 32  UDa(33) 
CIT 8 CMY-2(10) 

 

a  UD – The specific genotype was not sequenced for these isolates.   
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Figure 15. The isoelectric focusing (IEF) gel of an unknown ESBL-producing isolate with a 

pI between 8 and 9.  Lanes 1 and 10 are the IEF standards which consist of a mixture of 

native proteins with a pI ranging from 4.45 to 9.6.  Lane 3 contains the unknown isolate 

grown in broth containing 60µg/mL ampicillin.  Lane 5 consists of a ladder made up of 

CMY2, SHV and TEM with known pI’s.  Lane 9 contains the same unknown isolate grown 

in broth containing cefotaxime. 
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  1          2            3           4           5           6           7            8           9            10 

TEM-1, pI = 5.4 

SHV-3, pI = 7.0 

pI > 8 

Human haemoglobin C, pI = 7.5 

Human haemoglobin A, pI = 7.1 

Equine myoglobin (2 bands), 
 pI = 6.8, 7.0 

 

 

 

 

 

 

 

 

 

152 
 



153 
 

3.3.1.1 Epidemiological Typing of ESBL-Producing E. coli 

The dendrogram in Figure 15 displays the PFGE patterns and relationship of the 95 

ESBL-producing E. coli studied.  One large cluster (n = 41) was identified that illustrated 

fingerprints with 80.84% identity (BioNumerics v. 3.5, Applied Maths, Saint Martens-

Latem, Belgium).  The predominant gene (n=30) in this large cluster was blaCTX-M-15.  All 

but a single strain, which carried blaCTX-M-15, (n=40) in the cluster belonged to the O25b-

ST131 clonal complex.  All isolates in the cluster were CIPR.  A group of five isolates with 

79.43% (BioNumerics v. 3.5, Applied Maths, Saint Martens-Latem, Belgium) genetic 

similarity is identified in pink.  This group contains a potential outbreak of  three isolates 

(N09-01480, N09-01481, and N08-01444), linked temporally and by care specialty. 
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Figure 16. Dendrogram and XbaI PFGE patterns of E. coli isolates with confirmed ESBL-producing phenotypes (n=95).  β-lactamase 

genotypes for SHV, TEM, CTX-M and CMY-2,  and O25b-ST131 clones are indicated for each strain.  Abbreviations used: ST131 – O25b-

ST131 clone; S (red) – ciprofloxacin susceptible.  Similarity at 80% is shown by the blue dashed line and the green box represents the only 

cluster of genetically similar strains. 
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3.3.1.2 Plasmid-Mediated β-Lactamase Gene and Resistance Transferability 

 A convenience sample group of ten ESBL-producing isolates carrying the blaCTX-M15 

gene were selected for plasmid transformation to detail their plasmid and subsequent 

antimicrobial resistance mobility.  The sample set was selected to be genetically 

heterogeneous based on the PFGE relationship between all ESBL-producing E. coli (see 

Figure 15).  Plasmids containing blaCTX-M-15 were transformed into E. coli DH10B via 

electroporation and restriction enzyme and susceptibility profiles were generated from the 

transformants. 

A total of six different resistance and six different replicon profiles (see Section 

3.3.1.3) were identified among the transformants (Figure 16). The number of antimicrobial 

agents within a given plasmid resistance profile ranged from 4 to 10 with resistance to 

ampicillin observed among all ten.  A single plasmid was negative for all replicon types 

sought.  Two genetically unrelated isolates (< 40% similarity) shared the same replicon 

types (FIB, F) and antibiogram profiles (AmCfCxGeStSuTeTm).  These two plasmids were 

isolated from isolates collected from urine samples from male patients, one adult in ER and 

one elderly patient in acute care from the same facility.  

One plasmid provided two different resistance profiles depending on the presence or 

absence of selective pressure in the growth medium used for the transformant.  When the 

transformant was grown on 5% sheep blood TSA plates the only resistance observed was 

that of the DH10B recipient strain itself, that is, resistance to streptomycin.  When the 

transformant was grown on a plate of MHA containing 60µg/mL of ampicillin, it displayed 

resistance to ampicillin, cephalothin, and ceftriaxone, in addition to streptomycin.  This 

difference of resistance profiles was not observed among any of the other plasmids in the 

158 
 



159 
 

sample set.  The original clinical isolate (N08-00089) displayed the ESBL phenotype on 5% 

sheep blood TSA plates. 

 



Figure 17. Plasmid fingerprinting of a sample set of ten ESBL-producing strains all carrying blaCTX-M-15 cut with restriction enzyme 

BglII.  Replicon types, antibiograms for clinical and transformant strains, additional β-lactamase genes (TEM-1; TEM1b) detected in 

the clinical strains, and whether the clinical strain was confirmed as an ESBL-producer (ESBL) or both ESBL and FOXR (BOTH), as 

well as detection of the O25b-ST131 clonal complex (ST131) are indicated. In the isolate with differing resistance profiles dependent 

on growth media, the transformant antibiogram is indicated for both growth on blood (Blood – St) and 60µg/mL ampicillin MHA 

(Amp-AmCfCxSt). Resistance to streptomycin (St) could not be determined due to streptomycin resistance inherent in the recipient 

strain, E. coli DH10B.   
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– streptomycin; Su – sulfisoxazole; Te - tetracycline; Tm – trimethoprim/sulfamethoxazole 
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3.3.1.3 CTX-M-15 Sample Set Replicon Typing 

 Replicon typing was conducted on ten transformants and respective clinical 

isolates (Table 16) harbouring blaCTX-M-15.    F replicons (Frep, FIA, and FIB) were the 

most frequently isolated replicon types, not being detected in a single clinical and two 

transformant strains.  Replicon types found on clinical isolates included FIA, FIB, Frep, 

I1 and ColE.  Replicon combination types FIA- Frep and FIB-Frep occurred twice each 

among all ten clinical samples and the remaining six were each unique combinations in 

the set.   

 Replicon typing the transformant revealed that plasmids bearing blaCTX-M-15 were 

distributed among four different incompatibility groups: FIA, FIB, Frep, and I1. FIB-Frep 

was the most common (30.0% - 3/10) replicon combination found among the sample 

group followed by FIA-Frep (20.0%; 2/10), with a single occurrence of each of FIA-FIB, 

Frep, I1, and FIB.  There was also a single plasmid in which none of the 20 replicon 

types in the four multiplex panels were detected.   

162 
 



Table 16. List of clinical strains and their respective transformants with corresponding replicon type and antibiogram. 
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Isolate 
Replicon Type Antibiogram 

Clinical Transformant Clinical Transformant  
08-00049 FIA, F FIA, F AM, CP, KA, NA, SU, TE, T/S AM, SU, TE, T/S 
08-00076 FIB, F FIB, F AM, CT, CAX, CP, GM, KA, NA, SU, TE, T/S AM, CT, CAX, GM, SU, TE, T/S 
08-00087 FIA, FIB FIA, FIB AM, CT, CAX, C, CP, GM, KA, NA, ST, SU, TE, T/S AM, CT, CAX, C, GM, KA, SU, TE, T/S 
08-00089 FIB, F, ColE F AM, CT, CAX, C, CP, GM, NA, SU, TE, T/S AM, CT, CAX *** 
08-01424 I1, ColE I1 AM, CT, CAX, GM AM, CT, CAX, GM 
08-01485 FIB, F FIB AM, CT, CAX, CP, NA, SU, TE, T/S AM, CT, CAX 
09-00670 FIA, FIB, F NEG AM, CT, CAX, CP, GM, NA, ST, SU, TE, T/S AM, CT, CAX, GM 
09-00688 FIA, F FIA, F AM, CFX, CT, CAX, CP, NA, SU, TE, T/S AM, CT, CAX, SU, TE, T/S 
09-00707 FIB, I1, F FIB, F AM, CT, CAX, CP, GM, NA, SU, TE, T/S AM, CT, CAX, GM, SU, TE, T/S 
09-00720 FIB, F, ColE FIB, F AM, CT, CAX, CP, NA, SU AM, CT, CAX 

 

*** Antibiogram for transformant 08-0089 obtained from growth on 60µg/mL ampicillin MHA plate.  When grown without selective pressure transformant is susceptible to all 
antimicrobial agents on panel. 
a Abbreviations used: AM – ampicillin; CFX – cefoxitin; CT – ceftiofur; CAX – ceftriaxone; C – chloramphenicol;  CP – ciprofloxacin; GM – gentamicin; KA – kanamycin; NA – 
nalidixic acid; ST – streptomycin; SU - sulfisoxazole; TE - tetracycline; T/S - trimethoprim/sulfamethoxazole 

 

 

 



3.3.2 Detection and Identification of AmpC-R Genes 

 

3.3.2.1 Plasmid-Mediated ampC Genes 

 A total of 33 isolates were confirmed to be FOXR.  A multiplex PCR of primers was 

used to detect the blaDHA, blaFOX, blaCMY2, blaOXA, or blaENT gene(s) in these isolates 

(Figure 17).  BLAST sequence homology confirmed 42.4% (14/33) of the FOXR isolates to 

be carrying blaCMY-2.  There was a single (1) isolate found to contain blaDHA-1, and no other 

commonly known plasmid-mediated ampC genes were detected among these isolates. 

 All 14 blaCMY-2were identified in E. coli collected from patient urine.  More than 

half (57.1% - 8/14) were collected from female patients, and 64.3% (9/14) occurred among 

adults with none coming from paediatric patients.  Four of the patients, had surgery within 

the 30 days prior to culture collection, one of whom also had an ICU stay during that same 

time period.  Three other blaCMY-2 were collected from patients  that had been admitted to 

acute care in the six months prior to culture collection, and one of those patients had been 

admitted to a rehabilitation facility during that time period as well.  One E. coli harbouring 

blaCMY-2 was collected from a patient admitted to LTC in the six month pre-culture period.  

Less than half (42.9% - 6/14) of the blaCMY-2 were identified from FOXR isolates collected 

from patients without any documented surgeries or intensive care unit (ICU) stays in the 30 

days prior to culturing, or any admission to acute, LTC or rehabilitation facilities in the 6 

month pre-culture period. 

 The single blaDHA-1 was detected in an isolate collected from a 41 year old female 

patient in acute care having no record of recent surgery or admission to a health care 

facility. 
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Figure 18.  The AmpC multiplex PCR consists of four primer sets representing commonly 

observed Ambler Class C β-lactamase genes: DHA, FOX, CMY-2, and ENT.  Lanes 1 and 

15 are the standard 100 base pair (bp) DNA ladders.  Lane 3 is the positive control 

consisting of DHA-1/2 (1047bp), FOX-AB (877bp), CMY2-A/B (323bp), and 

ACT1A/ENT-B (191bp).  Lane 4 is the negative control containing the complete PCR 

mixture excluding DNA.  Lanes 5 to 12 are FOXR isolates screened for these genes, two of 

which are positive for CMY2-A/B (lanes 8 and 11), and six of which are negative for all 

genes (lanes 5 to 7, 9, 10 and 12).  Band sizes are marked down the left side of the DNA 

ladder. 
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3.3.2.2 ampC Promoter Sequencing  

The promoter region for the ampC gene was sequenced for all 18 FOXR isolates that were 

not found to contain any common mobile ampC genes.  The reference sequence used for 

comparison was a 141-bp fragment containing the promoter region and the first 40bp of the 

coding region for ampC from E. coli K12 (GenBank accession number U00096).  All 

isolates contained at least two nucleotide changes or insertions compared to the reference 

sequence.  Mutations were found at 16 different positions, two of which (+70 and +81) were 

within the coding region of the ampC gene.  There were eight unique mutation patterns 

observed with one type shared between 22.2% (4/18) of the sequences.  There was no 

prominent pattern as three sequences shared a second type, another three shared a third, and 

the fourth, fifth and sixth mutation patterns were each represented by two sequences.  There 

were also two individual sequences with mutation patterns dissimilar to any of the others 

observed.   

 A single strain (isolate N09-01478) included a thymine to adenine (T  A) mutation 

at position -32, altering the -35 box from TTGTCA to TTGACA to more closely resemble 

the E. coli consensus promoter.(134)  Two strains had a 2bp insertion in the spacer region 

increasing the distance to 18bp between the -35 and -10 boxes.  An alternative displaced 

promoter was found in two strains which both had a cytosine to thymine (C  T) change at 

position -42 changing CTGACA to TTGACA (alternate -35 box), in combination with a 

guanine to adenine (G  A) mutation at position -18 altering TGTCGT to TATCGT 

(alternate -10 box). 

 Mutations in the attenuator region (positions +17 to +37), presumed to increase 

transcription through a destabilized loop structure, were observed in six of the strains with 

five of the strains having the exact same four substitutions occurring simultaneously: C  T 
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at position +22, T  G at position +26, A  T at position +27, and G  A at position +32.  

One sequence type had a C  T mutation at position +31 and a guanine inserted between 

positions +34 and +35, increasing the length of the attenuator region by 1bp. 

  

 

 



170 
 

Figure 19.  Sequence alignment of E. coli ampC promoter regions for all 18 isolates with negative results for the AmpC multiplex PCR.  

Sequences were aligned against E. coli K12 using  MegAlign 7.2.1 (DNASTAR Lasergene®).  Nucleotides differing from E. coli K12 are 

highlighted in pink with the position number, as defined by Jaurin et al (85), indicated above the column.  The spacer (green) and attenuator 

(yellow) regions, and the wild type -35 and -10 boxes (blue) are also highlighted.  Isolates with the same mutation patterns are colour coded 

and are grouped together. 
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E.coliK12         CTGCTATCCTGACAGTTGTCACGCTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 

+22 +26 +27

attenuator 

-1 

-35 Box 

-28 -18

spacer -10 Box 

-32-42 

8-30                  CTGCTATCCTGACAGTTGTCACACTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
8-63                  CTGCTATCCTGACAGTTGTCACACTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
8-1409              CTGCTATCCTGACAGTTGTCACACTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
8-1439              CTGCTATCCTGACAGTTGTCACACTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
8-77                  CTGCTATCCTGACAGTTGTCACGCTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
9-689                CTGCTATCCTGACAGTTGTCACGCTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
9-745                CTGCTATCCTGACAGTTGTCACGCTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
8-86                  CTGCTATCCTGACAGTTGTCACGCTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCTGCCGTT 
8-1462              CTGCTATCCTGACAGTTGTCACGCTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCTGCCGTT 
9-688                CTGCTATCCTGACAGTTGTCACGCTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCTGCCGTT 
9-685                CTGCTATCTTGACAGTTGTCACGCTGATTGGTATCGT----TACAATCTAACGTATCGCCAATGTAAATCCGGCCCGCCTAT 
9-713                CTGCTATCTTGACAGTTGTCACGCTGATTGGTATCGT----TACAATCTAACGTATCGCCAATGTAAATCCGGCCCGCCTAT 
9-690                CTGCTATCCTGACAGTTGTCACACTGATTGGTGTCGTGTTACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
9-715                CTGCTATCCTGACAGTTGTCACACTGATTGGTGTCGTGTTACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
9-1477              CTGCTATCCTGACAGTTGTCACGCTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCTGCCGTT 
9-1485              CTGCTATCCTGACAGTTGTCACGCTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCTGCCGTT 
9-1478              CTGCTATCCTGACAGTTGACACACTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
9-1489              CTGCTATCCTGACAGTTGTCACACTGATTGGTGTCGT----TACAATCTAACGCATCGCCAATGTAAATCCGGCCCGCCTAT 
 
 
 
E.coliK12         GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAACGACGCTCTGCGCCTTATTAATTACCGCCT         
8-30                  GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAACGACGCTCTGCACCTTATTAATTACCGCCT         
8-63                  GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAACGACGCTCTGCACCTTATTAATTACCGCCT         
8-1409              GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAACGACGCTCTGCACCTTATTAATTACCGCCT         
8-1439              GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAACGACGCTCTGCACCTTATTAATTACCGCCT         
8-77                  GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAATGACGCTCTGCGCCTTATTAATTACCGCCT         
9-689                GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAATGACGCTCTGCGCCTTATTAATTACCGCCT         
9-745                GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAATGACGCTCTGCGCCTTATTAATTACCGCCT         
8-86                  GGCAGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAATGACGCTCTGCGCCTTATTAATTACCGCCT         
8-1462              GGCAGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAATGACGCTCTGCGCCTTATTAATTACCGCCT         
9-688                GGCAGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAATGACGCTCTGCGCCTTATTAATTACCGCCT         
9-685                GGCGGG--CCGTTTTGTATGGAAACCAGACCTTATGTTCAAAACGACGCTCTGCGCCTTATTAATTACCGCCT         
9-713                GGCGGG--CCGTTTTGTATGGAAACCAGACCTTATGTTCAAAACGACGCTCTGCGCCTTATTAATTACCGCCT         
9-690                GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAACGACGCTCTGCACCTTATTAATTACCGCCT         
9-715                GGCGGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAACGACGCTCTGCACCTTATTAATTACCGCCT         
9-1477              GGCAGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAATGACGCTCTGCGCCTTATTAATTACCGCCT         
9-1485              GGCAGG--CCGTTTTGTATGGAAACCAGACCCTATGTTCAAAATGACGCTCTGCGCCTTATTAATTACCGCCT         
9-1478              GGTGGGGCCGTTTTGTATGGAAACCAGACCCTATGTTCAAAACGACGCTCTGCACCTTATTAATTACCGCCT         
9-1489              GGCGGG--CCGTTTTGTATGGAAACCAGACCTTATGTTCAAAACGACGCTCTGCACCTTATTAATTACCGCCT         

attenuator
+32 +31 

ampC start
+58 +81+70



3.3.2.3 Epidemiological Typing of AmpC-Type β-Lactamase-Producing E. coli 

Figure 19 is a dendrogram illustrating the PFGE patterns and relationship of the 

33 FOXR E. coli studied.  A single cluster (n=8) was identified that illustrated 

fingerprints with 85.01% identity as determined byBioNumerics (Bionumerics v. 3.5, 

Applied Maths, Saint Martens-Latem, Belgium).  There was no predominant gene 

identified in this cluster.  Three blaCMY-2 were found, two of which were detected in 

combination with blaTEM, one blaCTX-M-15 and one blaCTX-M-3.  All strains in the cluster 

belonged to the O25b-ST131 clonal complex and were CIPR. 
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Figure 20. Dendrogram and XbaI PFGE patterns of E. coli isolates with confirmed FOXR phenotypes (n=33).  β-lactamase genotypes 

for TEM, CTX-M and CMY-2,  and O25b-ST131 clones are indicated for each strain.  Abbreviations used: ST131 – O25b-ST131 

clone; S (red) – ciprofloxacin susceptible.  Similarity at 80% is shown by the blue dashed line and the green box represents the only 

cluster of genetically similar strains. 
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3.4 Detection of Fluoroquinolone Resistance Genes 

 Among the three selection criteria used for this study one was E. coli found to be 

resistant to two or more classes of antimicrobial agents, one which must be ciprofloxacin, 

based on CLSI guidelines (CLSI, 2007).  Out of the total 315 isolates studied 299 

(94.9%) ciprofloxacin resistant isolates were identified and the resistance mechanisms 

were investigated.   

  

3.4.1 Chromosomal Fluoroquinolone Resistance Genes 

 Table 17 shows the amino acid changes resulting from mutations in the gyrA and 

parC genes.  Mutations in gyrA were observed in 98.3% (294/299) isolates, in which 

there was a mutation at codon 83 Ser  Leu.  A double mutation at codon 87 occurred in 

all but one of the 294 gyrA mutants as follows: Asp  Asn in 95.0% (284/299), Asp  

Gly in 1.3% (4/299), Asp  Tyr in 1.3% (4/299), and Asp  Ala 0.3% (1/299).  No 

mutations at codon 87 were observed without a mutation at codon 83. 

 Mutations in parC were observed at codon 80 in 96.3% (288/299) in of the 

isolates, in which 287 were Ser  Ile and one was Ser  Arg.  In 55.9% (167/299) of 

the isolates a second mutation in parC was observed at codon 84 Glu  Val.  Additional 

double mutants at codon 84 included Glu  Gly (4.7% - 14/299), and Glu  Ala (0.7% - 

2/299).  Double mutants for parC were also observed at codon 90 Ala  Val and codon 

108 Ala  Thr in 0.7% (2/299) and 0.3% (1/299) of the strains.  A single mutation at 

codon 84 Glu  Val was observed to occur in a single isolate. 

 No parC mutations were observed without mutations in gyrA.  There were also 

four CIPR isolates for which there were no changes in the amino acids of the QRDR 
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observed.  One of these isolates was found to carry the qnrS3 gene and a low level 

resistance aac(6’)Ib-cr gene variant.   

 Among the 16 CIPS isolates included in the study, nine were also observed to be 

mutants at codon 83 Ser  Leu.    

 

3.4.2 Plasmid-Mediated Fluoroquinolone Resistance Genes 

All 299 isolates resistant to ciprofloxacin (MIC >2µg/mL) were tested for the presence of 

qnrA, qnrB, or qnrS genes, the qepA efflux pump gene, and the aac(6’)-Ib-cr gene 

variant.   

 A multiplex PCR was used to detect the qnrA, qnrB, or qnrS gene in all CIPR 

isolates (Figure 20).   Isolates that were positive for a qnr gene were amplified 

individually, and the specific genotype assigned by BLAST analysis.   

 Table 17 illustrates which genes were detected and identified among all CIPR E. 

coli.  Plasmid-mediated genes were detected in 18.7 % (56/299) of the resistant isolates.  

The combination of qnrS3 and aac(6’)Ib-cr was detected without any chromosomal 

mutations in a single strain.  Two additional qnrS3 genes were detected without any of 

the other plasmid-mediated genes, as were qnrB4, and qnrB19.  Each was detected 

separately on a single isolate in combination with fluoroquinolone resistance-associated 

chromosomal mutations.  One CIPR strain was observed to carry qnrB6 and qepA along 

with mutations in gyrA and parC.  No qnrA genes were detected in all 299 isolates.        

 The qepA efflux pump gene was found in 1.3% (4/299) and the aminoglycoside 

acetyltransferase variant (aac(6’)-Ib-cr) in 16.1% (48/299) of all CIPR isolates studied.  

Among those positive for aac(6’)-Ib-cr 87.5% (42/48) were resistant to at least one of the 
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aminoglycosides tested. The two genes, qepA and aac(6’)-Ib-cr, were not found to occur 

together in the same isolate.   
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Figure 21.  The QNR multiplex PCR consists of three universal primer sets representing 

commonly observed qnr genes: A, B, and S. Lanes 1 and 8 are the standard 100 base pair 

(bp) DNA ladders.  Lanes 2, 3, and 4 are positive controls for the simplex PCR for qnrA  

B, and S, respectively.  Lane 6 is the positive control consisting of qnrA (580bp), qnrS 

(428bp), and qnrB (264bp).  Lane 7 is the negative control containing the complete PCR 

mixture excluding DNA.  Band sizes are marked down the right side of the DNA ladder. 
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Table 17. The detection and identification of chromosomal mutations and plasmid-borne fluoroquinolone resistance genes in 299 CIPR 

isolates. 
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% (n)  

of strains 
(N=299) 

Chromosomal Mutations Plasmid-Mediated Genes 
gyrA parC qnr 

qepA aac(6')Ib-cr Ser-83 Asp-87 Ser-80 Glu-84 Ala-90 Ala-108 B S 
1.3% (4) - - - - - - - - - - 
0.3% (1) - - - - - - - S3 - aac(6')Ib-cr 
0.3% (1) Leu - - - - - - - - - 
0.3% (1) Leu Asn - - - - - - - - 
21.4% (64) Leu Asn Ile - - - - - - - 
0.3% (1) Leu Ala Ile - - - - - - - 
1.3% (4) Leu Gly Ile - - - - - - - 
0.7% (2) Leu Tyr Ile - - - - - - - 
0.3% (1) Leu Asn Ile - - - B4 - - - 
8.4% (25) Leu Asn Ile - - - - - - aac(6')Ib-cr 
0.3% (1) Leu Asn Arg - - - - - - aac(6')Ib-cr 
0.3% (1) Leu Asn Ile - - - - S3 - - 
0.7% (2) Leu Asn Ile - - - - - qepA - 
0.3% (1) Leu Asn Ile - - - B6 - qepA - 
48.8% (146) Leu Asn Ile Val - - - - - - 
3.8% (11) Leu Asn Ile Gly - - - - - - 
0.7% (2) Leu Tyr Ile Gly - - - - - - 
0.3% (1) Leu Asn Ile Val - - B19 - - - 
0.3% (1) Leu Asn Ile Val - - - S3 - - 
6.4% (19) Leu Asn Ile Val - - - - - aac(6')Ib-cr 
0.3% (1) Leu Asn Ile Gly - - - - - aac(6')Ib-cr 
0.3% (1) Leu Asn Ile Ala - - - - - aac(6')Ib-cr 
0.3% (1) Leu Asn Ile Ala - - - - qepA - 
0.3% (1) Leu Asn - Val - - - - - - 
1.0% (3) Leu Asn - Lys - - - - - - 
0.7% (2) Leu Asn Ile - Val - - - - - 
0.3% (1) Leu Asn Ile - - Thr - - - - 

                 

 

 



4. DISCUSSION 

 Clinical surveillance contributes to a pool of data that can be extrapolated and 

applied locally, nationally and globally to provide warnings of epidemic trends.   In the 

last four decades only four new antibiotic classes have been released making it clear that 

antibiotic stewardship is necessary for effective treatment.(167)  Maintaining a 

knowledge base of resistance trends in a region can guide the prescription policies and 

practices among clinicians in the most effective empiric treatments for their patients.   

The study hypothesis was that ciprofloxacin resistance and ESBL-production among E. 

coli isolates would be observed to occur in 20 – 25% and less than 5%, respectively, of 

all E. coli isolates for the one year period from June 2007 to June 2008 in the study 

region.  Because there was no documentation of altered prescribing practices or policies 

in recent years for the region under study, resistance prevalence was expected to be 

similar for E. coli for the same area in the previous year of surveillance (2006 – 2007).  

This is also in line with national trends for ciprofloxacin resistant (23.0%) and ESBL-

producing (3.9%) E. coli for 2007 to 2009.(168)  

  The purpose of this thesis was to describe and characterize the resistance profiles 

of E. coli isolated from patients in the Vancouver Coastal Health Region.  The data 

collected describes the prevalence of multidrug resistance (which must include 

ciprofloxacin) in E. coli, and profiles the genetic background of those isolates with 

AmpC-type and extended spectrum β-lactamase phenotypes.  This thesis also surveyed 

the prevalence of the globally emergent clonal group ST131, associated with 

fluoroquinolone resistance and the blaCTX-M-15 gene.(46,101,121) 
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4.1 E. coli from the Vancouver Coastal Health Region 

 Ciprofloxacin resistance, in combination with at least one other antibiotic class, 

was observed in 5.4% (299/5,500) of all infectious E. coli isolated from the region.  In the 

previous year, for the VGH central laboratory alone, 3, 327 E. coli were processed and 

33% of those were quinolone resistant (data from Dr. E. Bryce and Dr. D. Roscoe).  

There were also reports of 10 – 15% quinolone resistance from other sites in the region 

(data from Dr. E. Bryce and Dr. D. Roscoe).  The 3,934 E. coli studied from Canadian 

hospitals for 2007 to 2009, displayed ciprofloxacin resistance in 23.0% of those 

isolates.(168)  Because the isolates evaluated in this thesis were required to display a 

combined resistance of antibiotic classes with ciprofloxacin for inclusion in this study, 

any isolates from the region displaying only ciprofloxacin resistance were not examined.  

Therefore, the speculation on the prevalence of ciprofloxacin resistance among all E. coli 

isolates collected for the region during the time of the study cannot be accurately 

evaluated from this data.  The hypothesized rates were based on observations from 

surveillance for the VCH region in 2006 – 2007. 

 In a similar comparison, the 2006 - 2007 year for the VGH central lab revealed 

that approximately 3% of E. coli were ESBL-producers, and the national prevalence was 

an average of 3.9% (155/3,934) for 2007 to 2009 (data from Dr. E. Bryce and Dr. D. 

Roscoe).(168)  Only 1.7% (95/5,500) of all E. coli isolates were confirmed to produce the 

ESBL phenotype in this study illustrating a decrease for the region and a prevalence 

below the national average.  Overall the hypothesis that less than 5% of the isolates 

would be confirmed to be ESBL-producers has been proven.  Whether a decrease or 

similar number was observed from one year to the next had not been hypothesized.  
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Cefoxitin resistance was confirmed in 0.6% (33/5,500) of E. coli for the region in the one 

year period from June 2007 to June 2008.   This rate is low in comparison with the 

national average resistance rate of 4% from 2007 to 2009 reported by Zhanel in the 

Canadian Ward Surveillance Study (CANWARD).(168) 

 It should be noted that in comparing prevalence data found in the CANWARD 

study versus the findings contained herein, isolate collection methodology differed 

between the two studies.   The CANWARD, data summarizes characteristics from eight 

provinces across Canada while this study focused on one specific geographical region of 

health care provision in British Columbia.  In Zhanel’s study a specific number of 

isolates were requested from each of respiratory, blood, urine and wound sources for each 

year, and each centre was asked to submit 20 ESBL-producing E. coli.  There were no 

such restrictions to the number of isolates collected in this study.   The national averages 

identified in the Zhanel analysis come from tertiary-care medical centres which are 

relatable to the health care units in this study.  The capacity to identify specific resistance 

trends within a health care region, by acquiring consistent surveillance data for that 

specific region offers greater value in enhancing clinical outcomes than national average 

data. 

 The presence of the E. coli ST131 clone in 54.9% (173/315) of all study isolates 

and 49.5% of all those confirmed to produce the ESBL phenotype, supports the same 

relationships previously observed globally in other studies.(120,169-172)   In specific 

comparison with the CANWARD study, the emergence of the ST131 clonal complex 

among ESBL-producing E. coli in the region at 49.5% is relatively similar to the national 

prevalence rate at 50.3%, and slightly higher than the 46% observed in a smaller sample 
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size of 209 ESBL-producing E. coli in an alternate Canadian study for the same 

year.(122,170)  This prevalence is also in line with observations in 2007 for the Calgary 

Health Region (54.5% - 12/22), though the prevalence of ESBL-producers among E. coli 

was higher at 5% (22/436).(121)  Among all ciprofloxacin resistant E. coli in the study, a 

ST131 correlative relationship was observed in 56.9% (170/299). This study rate is more 

than 10% higher than the 44% observed in a Canada wide study of UTI-associated E. coli 

from 2002 to 2004.  (173)  Johnson and colleagues also assessed the ST131 status of E. 

coli clinical isolates in the American data of the SENTRY and MYSTIC surveillance 

programs for 2007 identifying 42.5% (52/127) that were ST131 positive, all of which 

were also ciprofloxacin resistant.(174)  Though the prevalence of ciprofloxacin resistant 

and β-lactamase producing E. coli has dropped from the previous year and has stayed 

below current national average data, the association of these resistance phenotypes 

identified with the ST131 clone is greater than other observations in North American 

studies. 

 There was a single isolate (N09-00680) for which the trpA positive control gene 

examined in the PCR detection of ST131 was negative.  This could be due to nucleotide 

alterations (SNPs, insertions/deletions) in the PCR primer binding sites of the targeted 

region in this isolate. 

  

4.1.1 Epidemiologic Analysis 

 Ciprofloxacin resistant and β-lactamase producing E. coli were found to cause 

UTIs far more often than any other type of infection.  Reflective of similarly observed 

epidemiological trends, women (66.8% - 185/315) in the elderly population (63.8% - 
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118/185) were more commonly afflicted.(175,176)  Although certain risk factors 

associated with acquisition of ciprofloxacin resistant or β-lactamase producing E. coli, 

such as prior facility admission or invasive procedures (such as catheterization), were 

very low among patient data, information regarding previous antibiotic administration 

was unknown in 45.7% (144/315) of the patient data provided to the laboratory.  More 

patient information regarding previous drug administration (especially ciprofloxacin or β-

lactam) is essential to infer potential exposure-resistance relationships.  Information 

regarding admission dates for approximately 30% of the patients was unavailable 

hindering the ability to assess the likelihood of nosocomial versus community-associated 

infections. 

   

4.1.2 Antibiograms and Multidrug Resistance 

 E. coli is currently the number one ranked, most common organism isolated from 

patient infections in Canadian hospitals.(168)  The frequency of urine and blood sources, 

for this study, is in accordance with previous observations that E. coli is a common cause 

of these infections worldwide.(46,177)     

 Overall, amid ciprofloxacin resistant isolates, ampicillin (98.3%) and TMP-SXT 

(79.9%) were among the most prevalent resistant phenotypes found in this study, in 

which 99.7% were resistant to either one or both of these antimicrobials.  Among all 315 

isolates 98.4% were resistant to ampicilliln and 77.5% were resistant to TMP-SXT.   

Such rates are higher than susceptibility data recently published in Mexico (178) the 

United States(179,180), Canada, and Europe(168,177,181,182).  The increased resistance 

rates observed in this study are specific only to isolates screened to be either 
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ciprofloxacin resistant or β-lactamase producers, and does not represent rates for the total 

population of 5,500 E. coli collected for the year in this locale.  In most studies, the 

resistance rates reported are based on observations for individual agents and are not 

necessarily reported in combination with fluoroquinolone resistance.   TMP-SXT 

resistance was documented among 21.3% of E. coli isolates from 40 medical centres 

between the USA and Canada in the North American Urinary Tract Infection 

Collaborative Alliance (NAUTICA) study for April 2003 to June 2004.(182)  The same 

study saw 37.7% of all isolates demonstrating resistance to ampicillin.(182)  In the 

United States, from 1998 to 2007, increased resistance rates were observed where 

ampicillin resistance has gone from 32% to 53% and resistance to TMP-SXT has 

increased from 9% to 28%. (179,180)  Recent data from Mexico reports resistance rates 

of uropathogenic E. coli to ampicillin and TMP-SXT to be 74% and 60%, 

respectively.(178)   The proportion of resistance determined for TMP-SXT alone in the 

CANWARD 2007 – 2009 study was 27.2% while ampicillin was not an antimicrobial 

agent examined in their analysis.    Laupland et al (2008) observed reduced TMP-SXT 

susceptibility in 22% of E. coli isolated from blood in the Calgary Health Region from 

January 2000 to December 2006.(181)  Reduced ampicillin susceptibility was 

documented in 42% of all isolates in the same study.(181)    TMP-SXT was once 

Canada’s first-line treatment for UTIs and still is in countries where resistance rates are 

low.(183)  

 Nitrofurantoin is now among the first line therapy of choice in Canada followed 

by fluoroquinolones like ciprofloxacin, an expensive second-line treatment for UTIs and 

infections of other sites that is slowly losing its efficacy due to resistance.(183)  
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Resistance to nitrofurantoin was not consistently observed in this study.   From current 

national average data, nitrofurantoin still maintains therapeutic efficacy with only1.1% of 

resistance documented among clinical E. coli isolates.(168)   If the lower trends of 

nitrofurantoin resistance across the Vancouver Coastal Health region are consistent with 

the national average data, then nitrofurantoin would definitely be an effective choice for a 

first-line therapy.    In Europe, the European Antimicrobial Resistance Surveillance 

Network (EARS-Net) (177) collects validated susceptibility data from approximately 800 

laboratories, across 28 countries, for seven indicator species of bacteria.  Their first 

annual report was released in November 2010 to provide an overall picture of the 

antimicrobial resistance found in Europe in 2009.  Most countries reported resistance to 

aminopenicillins in 50% to 66.5% of E. coli with Austria and Estonia decreasing from 

already low trends. In 16 out of 28 countries fluoroquinolone resistance ranged from 20% 

to 43.4% and the most common dual resistance combination reported out of all countries 

was aminopenicillins and fluoroquinolones at 8.7%.  %.  In this thesis, the combination 

resistance to both ampicillin and ciprofloxacin, but none of the other examined agents, 

was seen in only two of the examined isolates which is 0.04% of the total 5,500 E. coli 

isolated for the one year period.  The dual resistance phenotype combination against at 

least one β-lactam with ciprofloxacin was observed in only 0.4% of all E. coli in the 

present study.  This is promisingly lower than the average currently witnessed in Europe 

but of greater concern for Canada is the prevalence of multiple combined antimicrobial 

resistances.  All but three ciprofloxacin resistant E. coli isolates collected from the VCH 

region for this study displayed a diversity of resistance combinations that included β-

lactams (only two of which did not include ampicillin).  Further surveillance and 
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molecular analysis of combination resistance patterns may indicate whether detection of 

resistance to one agent or class can predict resistance to others.  In terms of patient 

treatment, such validated predictions could save money and time in empiric health care 

by knowing in advance that the inefficacy of one drug class (e.g. cephalosporins) may 

also mean inefficacy for another (e.g. fluoroquinolones), and should therefore not be 

administered.    

 Among all isolates, resistance to the cephalosporins ranged from 10.2% for 

ceftazidime to 66.7% for cephalothin, and 6.0% were resistant to ticarcillin/clavulanic 

acid.  This rate is concerning when considering the CANWARD national average over 

three years was only 3.9% for ceftazidime and 1.0% for amoxicillin/clavulanic acid.(168)  

Elevated cephalosporin resistance rates suggest a possible dominance of cephalosporin 

administration in prescribing practices for the studied region, especially considering that 

there was no significant PFGE pattern to imply clonal expansion of any single strain.  

Regional prescribing practices are indicated in the diversity of the antimicrobial 

resistance combinations observed.  The British Columbia Annual Summary of Antibiotic 

Utilization for 2008 observed that there has been a continuous reduction in penicillin 

prescribing practices since 1996 in the VCH region but a minimal increase over time of 

cephalosporin usage, particularly among patients over 60 years of age.(184)  Therefore 

other antimicrobials, aside from cephalosporins, are replacing penicillin use in the 

clinical setting.  Evidence to support a correlation between prescribing practices and 

resistance trends is illustrated in this thesis. Among the 299 ciprofloxacin resistant 

isolates 98 different antibiograms were detected. 
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 Although the classic definition of MDR is concomitant resistance to ≥3 different 

antimicrobial classes, inclusion parameters for selection of isolates in this study were to  

include isolates that exhibited resistance to two or more classes of antimicrobial agents 

(one of which must be ciprofloxacin).  Thus all ciprofloxacin resistant isolates identified 

in this thesis were classified herein as MDR, but essentially 21 are not actually resistant 

to ≥3 distinct antimicrobial classes.  There were also ten ciprofloxacin susceptible 

isolates that would be appropriately classified as MDR by the above classic definition.   

Our specific interest in describing the fluoroquinolone resistance mechanisms defined the 

study selection parameters.  Subsequently, there were still 5,185 clinical E. coli that were 

not included so the MDR data is specific to a subset 16 times smaller than the actual 

population.   

 

4.1.3 Molecular Epidemiology of E. coli 

  A total of ten clusters with genetic similarity over 80% were identified using 

PFGE for macrorestriction analysis.  The largest cluster of 156 isolates all shared the 

ciprofloxacin resistant phenotype and the majority (92.6%) belonged to the ST131 

lineage but no dominant fingerprint pattern was revealed within any of the clusters and 

among all 299 ciprofloxacin resistant isolates 98 different antibiograms were detected.   

Diversity of resistance profiles among groups of isolates with the same clonal complex 

indicates the possibility of genetic recombination via horizontal transfer.    

 Patient data identified three ESBL-producing isolates from Cluster 4 (Figure 12) 

which shared a temporal and geographical relationship, yet none of them belonged to the 
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ST131 lineage and one was also ciprofloxacin susceptible.   Horizontal transmission 

would again, be the best explanation for similarities in ESBL-producing phenotypes. 

 

4.2 β-Lactamase Production 

Confirmation of ESBL-production or the FOXR phenotype was observed in a total of 108 

E. coli isolates, with 20 sharing both phenotypes.  In the year under study, the rate of 

ESBL-producing E. coli dropped in the region from the previous year.  It has also stayed 

lower than the national rate for Canada (170) and ten times lower than the global rate of 

18.0% reported by the Study for Monitoring Antimicrobial Resistance Trends 

(SMART).(185,184)  Therefore the 5% increase over the three year period (2007 – 2009) 

observed in the CANWARD study for the west coast is not yet obvious from the data in 

this thesis.(170)  The observation 0.6% AmpC-producing E. coli in this study is in 

accordance with similar data (0.8%) for Canada in 2007.(170) 

 

4.2.1 Cefoxitin Resistance 

 The molecular mechanism related to the AmpC-production phenotype was 

examined in this thesis.  Since 1999, studies in Canadian hospitals have demonstrated an 

increase in the prevalence of CMY-2.(134,146,186)  Among the 33 FOXR isolates 

examined, 45.5% were positive for plasmid-mediated AmpC (pAmpC) production.  Only 

a single pAmpC detected was identified to not be blaCMY2 (blaDHA-1).   The results of this 

thesis are contrary to some from other Canadian studies where the acquisition of pAmpC 

genes is the predominant mechanism for attaining AmpC-type resistance.(146,170,186)  

At the same time, other studies have found the opposite to be true.  In a study from 
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Toronto area hospitals, Forward et al (2001) characterized 30 FOXR isolates, in which 

only a single one contained a pAmpC.(132) Mammeri and colleagues (2008) analyzed 

AmpC-producing E. coli from a French hospital in 2006, and discovered that the 

production of chromosomal extended-spectrum AmpC (ESAC) β-lactamases was the 

emergent resistance mechanism and above that conveyed by pAmpC genes.(187)  

Promoter mutations were cited above all other explanations for the increased AmpC 

enzyme in the characterization work by Jorgensen et al (2010) in Denmark.  Similarly, 

Mulvey et al (2005) observed 90.7% of FOXR E. coli characterized from Canadian 

hospitals contained ampC attenuator and promoter mutations.(133,134)  

  In this study, the ampC promoter region was examined for mutations only if 

plasmid-mediated mechanisms were not discovered.  Although a common protocol for 

studies of AmpC production, assessing chromosomal mechanisms only in the absence of 

plasmid-mediated means may provide bias in reporting results for the presence of 

promoter mutations and prevalence comparisons between the two mechanisms.  Peter-

Getzlaff and colleagues (2011) have not only observed a similar European predominance 

of promoter mutations over acquired ampC genes in Switzerland, but also that the two 

mechanisms can occur in the same strain to produce the AmpC phenotype.(188)  

Unfortunately, the specific distribution of AmpC production due to either mechanism was 

not identified in this study. 

 Among ampC promoter mutations studied, there have been few publications to 

establish which mutations result in increased ampC transcription.  Importantly, Tracz et 

al (2007) identified that a direct correlation between ampC over-expression and the MIC 

of cefoxitin in clinical isolates cannot be made.(83)  Even though this research group was 
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able to confirm previous observations that the creation of a consensus -35 box by T  A 

transversion at position -32 or C  T transition at position -42 results in a strengthened 

promoter, and that the optimal distance between -35 and –10 boxes is 17 or 18bp for 

promoter strength, they concluded that ampC over-expresssion combined with strain-

specific factors ultimately affects the degree of resistance in individual strains.(81,83-

85,189)  The FOXR isolates examined in this thesis for ampC promoter mutations 

displayed eight unique mutation patterns with the most isolates sharing a single pattern 

being four.  Three isolates were found to contain the relevant creation of a consensus -35 

box that would result in increased expression.  An additional two isolates had insertions 

that provided the optimal 18bp distance between the -35 and -10 boxes.  Six isolates were 

observed to contain mutations within the attenuator region (+22, +26, +27, +32) 

hypothesized to result in destabilization of the hairpin structure that increases ampC 

expression by 1-2 fold, but which is  believed to have a negligible role in promoter 

strength.(83)   

 Molecular typing among the small group of 33 FOXR isolates revealed that they 

were genetically unrelated.  The single cluster of eight isolates that was identified (Figure 

19) demonstrates the genetic diversity among isolates all belonging to the ST131 lineage 

as three contained blaCMY-2 (two with blaTEM), two carried CTX-M β-lactamases (one in 

combination with blaTEM) and three had no plasmid-mediated β-lactamase genes detected 

at all.  This is also in accordance with the concept that strain-specific factors are involved 

in cefoxitin resistance of individual strains.(83)   The diversity among the FOXR isolates 

identified to have the ST131 clonal complex, particularly in the cluster of  eight isolates, 

may demonstrate the role of the ST131 clone in the spread of AmpC-type resistance as 
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recently postulated by Simner et al (2011) upon a similar identification of the clone in 

both AmpC-producing and CMY-2-producing E .coli.(170)  β-lactams can provide the 

selective pressure to induce chromosomal mutations that may result in ampC hyper-

production, and can also select for CMY-2 plasmids.(190,191)  The association of the 

ST131 clonal complex with fluoroquinolone resistance and CTX-M β-lactamases, 

highlights the therapeutic implications for the future.  If the clone is responsible for the 

spread of AmpC-type resistance then reduction in cephalosporin administration may not 

be enough to counter other possible selective pressures (i.e. fluoroquinolones) that 

maintain the clone and permit the transfer of the resistance phenotypes associated with it.   

  

4.2.2 ESBL-Producers 

 CTX-M β-lactamases, specifically CTX-M-15 alone or associated with OXA 

and/or TEM(-1) were the predominant enzyme observed among ESBL-producers which 

is in accordance with other reported observations across Canada and the expected 

outcome for this study.(122,170,192,193)  Consistent with nationally observed trends, 

association of the ST131 clone with ESBL-producers was greater than 50%.(122,170)  

The speculation that the predominant CTX-M would be found most commonly among 

the ST131 clone has therefore also been confirmed.  The two isolates producing TEM-52, 

were not associated with CTX-M but were genetically indistinguishable as determined by 

macrorestriction analysis (Figure 15) and were also detected among the ST131 lineage.  

Although the PFGE relationships (Figure 15) among ESBL-producing E. coli did not 

highlight a dominant macrorestriction pattern to indicate a clonal expansion of any 

individual ESBL, the association of ST131 with 60.5% of CTX-M-producers (mostly 
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CTX-M-15), within the single identified cluster, suggests a role for clonal spread in 

ESBL dissemination, which is in accordance with other Canadian reports.(122,170)  

Within the identified cluster (Figure 15), ST131 was also identified with CTX-M-27, 

CTX-M-3, CTX-M-14, CMY-2 and SHV-2a.  ST131 is rarely reported among SHV 

ESBL-producers, while it is observed most frequently with CMY when detected among 

AmpC β-lactamases. (124,139,194-197) 

 IEF revealed a β-lactamase with an approximate pI value of 8.3 for a single 

isolate that revealed none of the commonly sought β-lactamase genes (i.e. non-typable).     

From other reports, the pI value was suggestive of β-lactamases such as SHV, CTX-M, 

CMY or MIR, or a low level expression of the chromosomal AmpC.(198-201)  Isolation 

of the plasmid for sequencing or Southern hybridization with potential β-lactamase 

probes, or further PCR analysis with other β-lactamase bsed primers would have to be 

continued to characterize this unique ESBL.  Transformation analysis would also 

illustrate whether this gene is transferable or not. 

 Most of the blaTEM genes detected were in association with another β-lactamase, 

which is a common occurrence.(103,202)  The TEM-1 β-lactamase does not hydrolyse 

extended-spectrum agents cephalosporins but hyper-production of TEM-1, due to 

promoter mutations or unknown expression factors, has been previously reported to 

mimic ESBL phenotypes.(103,202-205)  This may be the case in the four isolates 

identified to carry only blaTEM-1(b).  Among the four isolates where the universal primers 

were able to detect blaTEM but the entire gene was not successfully amplified for 

sequencing and subsequent genetic homology analysis, two were detected along with 

CTX-M-15, and two with CMY-2, one of which also produced CTX-M-14.  Several 
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attempts were made to design primers outside of both the gene and the promoter regions 

for amplification, but whether there was an insertion sequence, a deletion or a mutation 

preventing primer binding within those regions, could not be determined as all attempts 

were unsuccessful.  Because each TEM was found in isolates producing other β-

lactamases, it is very likely that they were all TEM-1.(103)   

 

4.2.3 Plasmid Analysis and Replicon Typing 

 A stratified convenience sample of ten (21.7%) CTX-M-15 positive isolates was 

chosen from PFGE patterns (Figure 15) to represent the 46 CTX-M-15-producers found 

in the study.  RFLP results indicate that CTX-M-15 plasmids carried by E. coli in the 

Vancouver Coastal Health region lack a recognizable common evolutionary lineage.  All 

relationships observed shared less than 80% genetic similarity.  Resistance profile 

similarities were observed between plasmids with less than 50% similarity suggesting 

that the resistance profiles emerged from multiple plasmid backbones.   

 Four of the plasmids chosen were found in isolates belonging to the ESBL PFGE 

cluster (Figure 15).   These were all recovered from male patients in acute care at VGH 

with ages ranging from 30 to 79 years old.  Culture dates for these four fell between June 

10, 2007 and July 12, 2007.   Interestingly their relationships constitute the two most 

distant at 30% similarity and the second-most related pair at 75% similarity among the 

RFLP patterns and they all have unique resistance profiles from one another.  

Conjugation studies in combination with further analysis of the other plasmids from 

isolates within that cluster could provide data on additional relatedness between the 

cases. The observation of the ST131 clone prevalent within the isolates and the diverse 
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RFLP and antibiograms of their plasmids within the geographical and temporal 

relationship of the patients is suggestive of recombinant events and horizontal transfer 

within the clonal dissemination of ST131.   Similar observations have been reported in 

the UK and Italy.(206-208)   A study of ESBL-producing E. coli in the gut flora of 

nursing home residents in Belfast (2004 – 2006) illustrated that dissemination of the 

IncI1 plasmid involved both clonal spread of a variant, strain C, of the ST131 clone as 

well as horizontal transfer.(206)  The researchers found similar genes among multiple 

strains of CTX-M-3 and CTX-M-15-producing E. coli that did not evolve from each 

other but were variants of the ST131 clone reflective of independent genetic 

backgrounds.(206)  March and colleagues (2010) observed a similar clonal spread and 

plasmid transfer among metallo-β-lactamase producers harbouring IncN plasmids.   

 Four of the CTX-M-15 plasmids originally selected for the convenience sample 

could not be successfully transformed into the recipient strain.  None of these were from 

isolates within the ESBL PFGE cluster (Figure 15).   

 Replicon typing has been noted to enhance the accuracy of determining plasmid 

relationships.(209)  Clinical strains producing CTX-M-15 contained at least one of the 

FIA, FIB, Frep, I1 and ColE replicon groups.  The variety of replicon groups among 

transformant strains was decreased to at least one of FIA, FIB, Frep and I1.  Replicon 

typing involves the isolation of a single plasmid from a clinical isolate which usually 

carries multiple plasmids, hence a greater variety of replicons among clinical versus 

transformant strains is expected.  Among the sample group, F replicons (FIA, Frep, and 

FIB) were the most frequently detected replicon type in the clinical (79.2%) and 

transformant (93.3%) strains.  A study by Cao et al (2011) discovered that B/O, Q, A1, 
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Frep and I1 were most prevalent among CTX-M-14 and CTX-M-15-producing E. coli 

from Chinese hospitals.  (210)  Other studies of CTX-M-15-producing plasmids from E. 

coli have found F replicons (FIA, FIB and FII) to occur most often, similar to the findings 

of this study.(211-214)  It can also be expected that multi-replicon plasmids within such 

strains would be observed, as was found in 60% of the plasmids from the sampled 

group.(213,214)  This occurrence results from the co-integrative capture of smaller 

resistance plasmids, congruent with the idea that much horizontal transfer is being 

observed in the dissemination of CTX-M-producers.(215)  The diversity of plasmid 

fingerprints and resistance profiles provided no evidence of a relationship with their 

respective replicon types.  In fact there was no notable difference in mediated resistance 

patterns between multiple or single replicon types.  Most interesting was the observation 

that the plasmid from isolate N09-00670 was negative for all 20 replicon types and 

displayed resistance to ten out of the sixteen agents in the antibiogram panel, whereas 

some plasmids with two replicon types displayed resistance to as few as seven of the 

same agents.  Because plasmids are capable of gaining or losing resistance determinants 

it is not unusual that RFLP patterns and resistance profiles would display high variablility 

indicating the evolution of plasmid variation. 

 

4.2.4 Acquisition of Resistance Genes 

 Observations of a small pool of isolates with specific traits, (CTX-M-15 ESBL-

producing E. coli) from patients in a particular geographic region, allow speculation for 

possible acquisition sources of antimicrobial resistance.  But a densely populated area, 

such as the VCH region, which encompasses a culturally and economically diverse 
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human population, hinders the determination of specific sources for attaining 

antimicrobial resistance.   Though previous studies have suggested resistance acquisition 

related to the liberal use of antimicrobials in food producing animals as prophylactics and 

growth promoters, patient chart data did not include dietary habits or potential lifestyle 

and career exposures.   Ozaki et al (2011) noticed that resistance to ampicillin and 

ceftiofur was persistent in faecal E. coli strains even in the absence of antimicrobial 

administration among commercial broiler chickens between four different farms.(216)  

They acknowledged that the use of antimicrobials in feed for broiler parents was not 

obtainable and may have affected the prevalence of resistance even in the absence of 

antimicrobial administration.  Additionally, the use of ceftiofur in cattle was speculated to 

contribute to the resistance observed in livestock where this drug is in use.(217)  A study 

of farm animals and raw retail meat by Hiroi and colleagues (2010) also indicated that 

surveillance of food producing animals, specifically broilers, is suggestive of vertical and 

horizontal ESBL transfer between bacterial and subsequent animal species.(218)   The 

transmission of CTX-M-1-producing E. coli between pigs and farm workers across 

multiple E. coli lineages, suggested by Moodley and Guardabassi (2009), includes 

humans among all the species between which transfer has been observed.  Studies of 

human and animal waste water and environmental sampling illustrates that the whole 

community of an individual functions as a reservoir to contribute to the spread of 

antimicrobial resistance.(219-221)  Companion animals have also been implicated in 

horizontal resistance transfer to humans.  A study of kennel pups, by Harada and 

colleagues (2011), reported ampicillin and TMP-SXT among the top three antimicrobials 

that the faecal E. coli isolates displayed resistance to, without previous exposure to 

199 
 



antimicrobials among these animals.(222)  Davis et al (2011) have also observed that the 

resistant population is well distributed over an animal’s body to allow for routine contact 

with human handlers to suggest a potential route of transfer.(223)  In this thesis, 

resistance to ampicillin, ceftiofur and certriaxone was common among 90% of clinical 

and transformed strains from the CTX-M-15-producing sample group and ampicillin and 

TMP-SXT resistance was predominant in all E. coli examined, but patient demographic 

data for this thesis does not address a scope as large as animal ownership or contact.  

Finally, poor drug disposal methods can also be cited for the fact that although 

methodologies such as solid phase microextraction, and UV and chlorine inactivation and 

disinfection have been effective in removing many antimicrobials during waste water 

treatment, many commonly used pharmaceutical compounds can still be detected in 

groundwater at varying concentrations across geographic locations.(224-227)  If 

organisms are to survive in such selective environments they must obviously acquire the 

necessary mechanisms to do so, hence there is an additional route of transfer for 

antimicrobial resistance and exposure to the human population.   Patient data collected in 

this study does not permit more than conjecture for the above suggested routes of 

resistance acquisition, and would require a more in depth interview with patients is 

standardly conducted in most routine medical evaluations. 

 Of greater interest in this study was the immediate effect of selective pressure on 

a single transformant.  Clinical isolate N08-00089 demonstrated resistance to ampicillin, 

ceftiofur, ceftriaxone, chrloramphenicol, ciprofloxacin, gentamicin, nalidixic acid, 

sulfisoxazole, tetracycline and TMP-SXT (71.4% of the consistently screened agents).  

The isolated plasmid contained a single replicon (Frep) and was found to produce a 
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completely different resistance profile when transformed into the recipient host DH10B 

and grown without antimicrobial exposure than when exposed to 60µg/mL ampicillin in a 

single culture cycle.  Growth on 5% sheep blood TSA plates resulted in complete 

susceptibility to all antimicrobials, with the exception of the inherent streptomycin 

resistance of the recipient strain.  When grown on MHA plates containing 60µg/mL 

ampicillin, the transformant was resistant to streptomycin (naturally resistant DH10B 

recipient strain) as well as ampicillin, ceftiofur and ceftriaxone.  Attempts to sub-culture 

colonies from a non-selective blood plate to an ampicillin plate were successful in 

producing colonies that displayed the ampicillin-grown antibiogram with resistance to 

ampicillin and the two third generation cephalosporins.   PCR and sequencing confirmed 

the presence of blaCTX-M-15 in both ampicillin-exposed and unexposed transformant 

strains.  PCR also detected blaOXA and the IsEcp1 β-lactamase mobility and expression 

facilitating element in both transformant strains. An ETest® evaluation confirmed that the 

transformant grown with ampicillin displayed the ESBL-producing phenotype while the 

unexposed (blood) transformant did not, which would be expected in consideration of the 

antibiogram differences that first brought attention to this strain.  Fung and colleagues 

(2010) identified antibiotic tolerance mediated by nutritional starvation of E. coli K-12 

but since similar observations in antibiogram differences did not occur with other 

transformant strains between the two media, metabolic stresses are unlikely to be the 

cause.(228)  If this were the case, similar observations would be expected among all 

transformant strains under the two different culture conditions to indicate nutritional 

differences between the two types of media.  Lopez and Blazquez (2009) reported 

intrachromosomal homologous recombination in E. coli due to fluoroquinolone 
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stimulation but reported that it was not the case with ampicillin.(229) The concept of 

homologous recombination would also not explain how CTX-M-15 and OXA fail to 

produce an ESBL phenotype when they are both still present in the microbe without 

selective pressure.  To the author’s knowledge, this is the first documented observation 

implying an induction/repression-type of control mechanism for CTX-M β-lactamases in 

any bacterial species.   In a clinical laboratory there would be two thoughts on the matter.  

One issue is that β-lactamase production could go completely under the radar in analysis 

if selective pressure in screening is not used or the wrong selective agent is incorporated.  

This would follow through to inappropriate empirical therapy for the patient that could 

potentially activate a dormant resistance phenotype prolonging infection and creating the 

potential for horizontal transfer between strains within the body.  The second problem 

lies within the conundrum that this has been observed in vitro in a recipient strain and the 

clinical strain itself has a consistent ESBL-producing phenotype, but if it has not 

previously been sought out does that mean it does not currently occur in vivo?   

Generally, there are many undetermined, strain-specific factors in a clinical isolate that 

allow it to present a specific resistance phenotype.  It is cautionary to recognize that in 

vitro studies permit implications and speculations for the causes of in vivo observations; 

what is implied in this particular observation is the extent of resistance mechanisms yet to 

be discovered that may hinder ideal prescribing policies and practices for the clinician.  

 The plasmid from N08-00089 has been isolated from the resistant transformant 

and has been submitted for sequencing to identify a possible genetic explanation for this 

novel observation.   
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4.3 Fluoroquinolone Resistance 

 Fluoroquinolones are among the most commonly prescribed antimicrobials in 

clinical and veterinary infections due to their broad-spectrum activity and enhanced 

potency.(26,36,230)   Severe side effects such as spontaneous tendon ruptures and 

tendinitis, plus inappropriate prescribing practices resulting in increased fluoroquinolone 

resistance are now cited as reasons for upgraded product monograph warnings in North 

America and Europe.(230,231)  Recent detections of low level plasmid-mediated 

resistance mechanisms have suggested that CLSI breakpoints for fluoroquinolones should 

be reduced to values similar to those employed by the European Committee on 

Antimicrobial Susceptibility Testing (EUCAST).(232)  

 In this thesis, fluoroquinolone resistance rates, relative to a ciprofloxacin 

resistance of ≥4µg/mL (CLSI, 2007), were low (5.4%) among E. coli isolated from 

patients in the VCH region for 2006 to 2007.  This observed rate contrasts sharply with 

both the national average (23.0%) and the observations for the region from the previous 

year (10% - 33%)(data from Dr. E. Bryce and Dr. D. Roscoe).(168) 

 Resistance to fluoroquinolones among Enterobacteriaceae has been most 

commonly associated with chromosomal mutations in bacterial topoisomerase 

genes.(233)  Sequence analysis of the QRDR of gyrA and parC demonstrated that most 

isolates carried a double mutation in gyrA at codon 83 and 87, and many of those also 

carried a mutation in parC at codon 80 with occasional subsitutions at codon 84 as well.  

In E. coli double mutations in gyrA, commonly at codons Ser83 and Asp87, are necessary 

for high-level fluoroquinolone resistance as reported in Spain(234), the U.K.(235), and 

Taiwan.(236)   The observation that among the 16 ciprofloxacin susceptible β-lactamase 
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producing E. coli in this study, 56.2% were also found to carry the single Ser83Leu 

substitution agrees with those findings.  It has been reported that single mutations at 

codon 83 may be sufficient against nalidixic acid.(26,237)  For this reason nalidixic acid 

is a more appropriate agent, with a more sensitive breakpoint (32µg/mL) than 

ciprofloxacin, for detecting single resistance mutations and plasmid mediated 

mechanisms associated with reduced fluoroquinolone susceptibilities capable of resulting 

in clinical failure.(238)  Reduced binding between norfloxacin and the gyrase-DNA 

complex has also been observed with a Ser  Trp mutation at codon 83.(239)  The most 

common mutation observed in this study was at codon 83 as a Ser  Leu substitution.  

This is the most commonly observed mutation among E. coli resulting in more significant 

reduction in susceptibility to fluoroquinolones compared to a single mutation at codon 

87.(26,237)  No mutations of the gyrA QRDR or adjacent sequenced regions were 

observed other than in codons 83 and 87 in this study.  

 The secondary target for fluoroquinolones is topoisomerase IV which is less 

sensitive to fluoroquinolones than DNA gyrase.(26)  In accordance with previous studies 

no parC mutations were found without gyrA mutations in any E. coli 

isolates.(26,235,240)  Increased fluoroquinolone sensitivity resulting from gyrA 

mutations allows mutations in parC to occur subsequently creating highly resistant 

strains.(26,235)  This thesis did not determine specific ciprofloxacin MIC values for E. 

coli isolates to observe if this was the case in this study.  Downstream of the parC QRDR 

substitutions Ala90Val (two isolates) and Ala108Thr (one isolate) were identified, both 

of which were in combination with Ser83Leu, Asp87Asn, and Ser80Ile.  A study by 

Moon and colleagues (2009) reported an Ala108Thr substitution, while Cavaco et al 
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(2008) observed an Ala108Thr and an Ala108Val in their study, all of which occurred in 

combination with additional parC and gyrA mutations cited to increase the MIC value of 

ciprofloxacin in E. coli.(241,242) To the author’s knowledge, this is the first report of a 

mutation at codon 90 in parC.  The role this mutation plays in decreased fluoroquinolone 

susceptibility is probably similar to that of the role observed for mutations at codon 108.   

 Plasmid-mediated quinolone resistance mechanisms were observed with far less 

frequency than chromosomal mutations and none of these genes were found among the β-

lactamase-producing isolates that were susceptible to ciprofloxacin.   The pentapeptide 

repeat Qnr proteins are associated with mobile elements like IsEcp1 which facilitates 

expression of blaCTX-M.(233)  The presence of any qnr gene has been reported to increase 

fluoroquinolone MIC values between 4- and 128-fold in the absence of other 

mechanisms.(28)  The MIC values still tend to fall below CLSI breakpoints, leading to 

the suggestion that acquisition of plasmid-mediated mechanisms facilitates selection of 

mutants with greater fluoroquinolone resistance.(28)   The few detected qnr genes among 

the ciprofloxacin resistant E. coli isolates were found with chromosomal mutations in all 

but one isolate.  Other plasmid-borne mechanisms, such as the qepA and aac(6’)-Ib-cr 

genes have similarly been documented to augment fluoroquinolone 

resistance(36,163,164,243)  Comparable to other North American reports, very few qnr 

or qepA genes were detected, while the detection of aac(6’)-Ib-cr was relatively higher at 

16.1% among ciprofloxacin resistant isolates in this study.(164,243)  Pitout et al (2008) 

noted that aac(6’)-Ib-cr  was often associated with CTX-M-15 among 

Enterobacteriaceae and is emerging among fluoroquinolone resistant E. coli in the 

Calgary Health Region.(243)  A similar warning can be derived from this study where 29 
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ESBL-producers were found to carry aac(6’)-Ib-cr and 82.8% (25/29) of those also were 

confirmed to produce CTX-M-15.  In fact, 68% (17/25) of the CTX-M-15-producing E. 

coli carrying aac(6’)-Ib-cr were also detected to be ST131 clones.  The suggestion of 

concomitant antimicrobial resistance is evident in which the association of the ST131 

clone with β-lactamase production can also predict the selection of fluoroquinolone 

resistant mutants via a low-level resistance mechanism.   

 The increase in fluoroquinolone resistance, albeit at a level lower than CLSI 

breakpoints, may be sufficient enough for overall isolate resistance phenotypes when 

more than one low-level mechanism are simultaneously found in the same strain.  A 

single isolate was found to carry both qnrS3 and aac(6’)-Ib-cr yet no chromosomal 

mutations were detected.  Further to this theory are the four ciprofloxacin resistant 

isolates where none of the examined chromosomal or plasmid-mediated mechanisms of 

resistance were detected.  In the latter case resistance to fluoroquinolones may be 

mediated by a combination of factors not evaluated in this study such as mutations in the 

mar (multiple antibiotic-resistance) operon, the presence of the plasmid-borne OqxAB 

efflux pump, or the lack of the OmpF porin protein.(6)  These could also be working to 

enhance the low-level resistance of the mechanisms detected in the former isolate.  There 

may also be mechanisms yet to be determined that facilitate the resistance observed in 

these isolates.  A similar observation was recently reported by Sato and colleagues (2011) 

in Japan, where a fluoroquinolone-resistant E. coli isolated from a urinary catheter in an 

elderly female patient was negative for any mutations in the QRDR of gyrA, parC, parE 

or gyrB but positive for qnrS and oqxAB.(244) 
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4.4 Thesis Limitations 

 Limitations in this thesis are inherent in the use of in vitro methodologies and the 

selection criteria used for isolate inclusion.  Mentioned above, it is always necessary to 

recognize the restrictions in translating in vitro data for application in vivo.  In a clinical 

setting the in vitro resistance phenotype suggests the efficacy of empirical therapies but it 

is ultimately the clinician’s own training and experience that is necessary to effectively 

apply reported trends to prescribing practices. 

 Some patient demographic data was incomplete preventing the determination of 

nosocomial versus community-acquired infections based on admission and culture dates.  

It would also have been interesting to observe if there was any correlation between 

antibiotic exposure to rates of resistance (e.g. ciprofloxacin) if the information was 

known for all patients from whom ciprofloxacin resistant isolates were collected for this 

study and the previous year.   The results presented only are only reflective of the overall 

patient demographic and specimen types received for the study.  Whether susceptibility is 

more prevalent in a specific population, or if a particular demographic (e.g. age, or 

gender) makes up a greater percentage of the population in care facilities resulting in the 

acquisition of the bulk of infections is only open to speculation based on the available 

data for this study. 

 The agents employed in the antibiograms used for screening isolates were 

inconsistent so that the spectrum that could be compared between all isolates was limited 

to fourteen agents from five drug classes.  The selection criteria also limit the scope of 

the data solely to E. coli that produce β-lactamases or are ciprofloxacin resistant such that 

MDR observations may not truly represent the complete E. coli population (as a whole) 

207 
 



for the region during the time period and made relevant comparisons to prevalence data 

very difficult. 

 The findings in this study are specific to a relatively small Canadian region and 

caution should be exercised in assuming any resistance rates observed herein are 

reflective of patterns elsewhere in the country. 

   

5. Future Work 

 Some interesting observations made in this study could lead to the 

implementation of related projects to expand the scope of current knowledge on the 

mechanisms and dissemination of fluoroquinolone resistance and β-lactamase production. 

 Work that is being continued focuses on the explanation behind the appearance of 

the ESBL-producing phenotype based on selective pressures in transformant growth.  

Sequencing the N08-00089 plasmid will expose any specific mutations, deletions or 

insertions within or adjacent to blaOXA, blaCTX-M-15, or IsECp1.  Similar plasmid analysis 

for the remaining ESBL-producing E. coli may expose if this is more than a singular 

case.  An examination of the plasmid analysis methodology itself, respective of media 

choices, could expose whether this is a new mechanism that has recently evolved or if the 

prevalence indicates a consistent presence that has gone undetected until now. 

 Continued surveillance in combination with the collection of prescribing practices 

(medications released through hospital and community pharmacies) for the region would 

provide more conclusive evidence for the association of drug administration with 

increased resistance.  Additionally, generating a more detailed patient history inclusive of 

travel, relevant dietary habits, animal exposure(s) and previous prescriptions (perhaps not 
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just limited to antibiotics), would aid in connecting patient data with molecular analysis 

and better determining risk factors. 

 The fluoroquinolone resistance displayed by isolates where no commonly 

expected gyrase or topoisomerase IV mutations could be detected, demonstrates the need 

for more thorough examination of plasmid-mediated mechanisms and/or perhaps an 

expansion of the current definition for the quinolone resistance determining region.  

There may be mutations outside the commonly examined QRDR that mediate the 

resistance or it could be that plasmid-borne mechanisms play a bigger role in quinolone 

resistance than previously assessed. 

 Finally, the ESBL-phenotype was conferred by undefined mechanisms in a few 

isolates wherein the ESBL has not been molecularly defined though it was detected by 

IEF, or blaTEM was not successfully identified through sequencing, or blaTEM-1 may be 

overexpressed.  Plasmid sequencing could provide the identity of the unknown and 

potentially novel ESBL as well as what may have prevented the successful amplification 

of blaTEM in some isolates and identify their TEM type.  Other ESBL-producers have 

been found to produce only TEM-1 in this study as observed in other reports(103,202-

205) and it would be interesting to find out what else is contributes to the resultant 

phenotype in these isolates. 

  

6 Conclusion 

 The objectives of this investigation were to determine the extent of 

fluoroquinolone resistance and β-lactamase production among E. coli in the selected 

community, long-term and acute care centres; characterize the resistance mechanisms at 
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the molecular level, and examine them for relationships in terms of resistance.  

Monitoring trends in antimicrobial resistance is necessary to ensure the efficacy of 

empirical treatments.  In order to manage and preserve the utility of antibiotics for future 

use, clinicians should be informed of current and changing susceptibility patterns.  

Molecular mechanisms employed to attain resistance are at the heart of developing 

effective compounds.  Drug development requires information to overcome mechanisms 

such as drug inactivation, target site alteration, distorted metabolic pathways and reduced 

compound accumulation within the microbe.  The results in this thesis highlight the 

necessity for ongoing surveillance of antimicrobial susceptibility, the emergence of a 

dissemination-associated clone and the convergent and predictive relationship of 

resistance phenotypes and their molecular mechanisms. 

 It was promising to observe that the fluoroquinolone resistance rate is lower than 

initially hypothesisized among E. coli isolates for the region and in comparison to 

national trends.  Mutations in the QRDR were still the most common explanation behind 

the observed resistance, while a small group of plasmid-mediated and/or unknown 

mechanisms raises an alarm as to what mechanisms may be emerging and whether there 

may be clinical consequences.  Some β-lactams (cefoxitin, cefotaxime, ceftazidime and 

cefepime), and combinations with β-lactamase inhibitors remain relatively efficacious 

against most isolates examined.  Judicious use of these antibiotics is prudent to prevent 

increasing resistance rates to maintain the low level of β-lactamase-producers observed in 

this thesis. 

 The prevalence of ESBL production has also decreased compared to the previous 

year for the region as was initially hypothesized.    Following recent national trends, the 
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prevalence of CTX-M-15 and its association with the ST131 clone among ESBL-

producing E. coli was also observed, as hypothesized.  ESBL and AmpC phenotypes 

were also predominantly associated with resistance to ciprofloxacin.    CMY-2 was the 

most common acquired AmpC β-lactamase, while promoter mutations were more 

prevalent overall among AmpC-producing E. coli. 

 Plasmid analysis and genetic relationships between isolates demonstrated 

horizontal resistance transfer and recombination which was often associated with the 

dissemination of the ST131 clonal complex.  Patient data indicated a temporal and 

geographical relationship of three < 80% genetically similar ESBL-producing E. coli.   
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