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2 Abberations

AFLP Amplified fragment length polymorphism
CgA Clonal group A

DAEC Diffusely adherent E. coli

E. coli Escherichia coli

EAEC Enteroaggregative E. coli

ECOR E. coli reference collection

EHEC Enteroheamorrhagic E. coli

EIEC Enteroinvasive E. coli

EPEC Enteropathogenic E. coli

ETEC Enterotoxic E. coli

EUCAST European committee on antimicrobial susceptibility testing
ExXPEC Extraintestinal E. coli

HGT Horizontal gene transfere

IR Inverted repeats

IS Insertion sequence

ISCR Insertion sequence common region element
ISCR Insertion sequence common region element
MIC Minimum inhibitory concentration

MLEE Multi locus enzyme electrophoresis

MLST Multi locus sequence typing

MPC Minimal prevention concentration

NMEC Neonatal meningitis E. coli

PAI Pathogenicity island

PCR Polymerase chain reaction

PFGE Pulsed field gel electrophoresis

PMQR Plasmid mediated quinolone resistance genes
QRDR Quinolone resistance determining region
R-plasmid  Plasmids carrying antibiotic resistance genes
SNP Single-nucleotide polymorphism

ST Sequence type

UPEC Uropathogenic E. coli

UTI Urinary tract infection

WGS Whole genome sequencing



3 Introduction

Quinolones are synthetic bactericidal agents that bind DNA gyrase and topoisomerase IV and
inhibit DNA replication[1]. The first quinolone, nalidixic acid, was introduced for treatment
of uncomplicated urinary tract infections caused by enteric bacteria in the 1960s but resistance
soon developed in a number of organisms. Fluoroquinolones were introduced in the 1970-
1980s. These antibiotics differed from the first quinolones by exhibiting a broader spectrum
of antibacterial activity and decreased selection of resistant bacteria. Resistance to first
generation quinolones may be introduced by one chromosomal mutation in DNA gyrase or
topoisomerase 1V altering the drug target while clinical resistance to fluoroquinolones needs
two or more mutations [2]. Other resistance mechanisms like altered permeability to the

agents and enzymatic modifications are also described [3, 4].

Since the broad spectrum fluoroquinolone antibiotics were introduced in clinical practice,
resistant Escherichia coli (E. coli) strains have been isolated with increasing frequency. In
Norway, fluorogquinolone resistance in E. coli remains an emerging phenomenon, having
increased from 1.9% in 2003 to 11,7% in 2012, while in many other European countries,

such as Spain, it is now endemic, having increased from 21% in 2001 to 34.5% in 2011[5].

Urinary tract infections (UTI) are one of the most common bacterial infections in humans [6].
Symptomatic UTI is very common in women and 11 % of sexually active women aged 18 and
older reported at least one presumed UTI during the last 12 months. The majority of cases
occurred among women with recurrent UTI [7]. It has been estimated that 40-50 % of women
will experience at least one episode of UTI during their lifetime [8-10]. Uncomplicated UTI is
known as simple cystitis in an otherwise healthy patient where only the bladder is infected
and pyelonephritis where the kidneys are infected. Most urinary tract infections (80-90%) are
caused by E. coli.

Bacterial resistance to more conventional UTI therapeutics is increasing in Norway [11], and
the use of fluoroquinolones to treat UTI may be expected to increase. Monitoring quinolone-
resistance is given high priority by the NORM surveillance programme for antimicrobial
resistance in human pathogens and the Norwegian Reference Group on Antibiotic
Susceptibility Testing (AFA) [12].

Fluoroquinolone resistance among E. coli isolates is presumed to arise by selection of drug
resistance in the resident intestinal flora during fluoroquinolone therapy. This provides a

reservoir of fluoroquinolone resistant strains that may contribute to future infections [13].
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Johnson suggested that the use of antimicrobial agents in food animals may make a greater

contribution to such resistance than has previous been suggested [14].

In Norway the use of quinolones in veterinary medicine is limited but there is still some use in
fish farms where the total use of antimicrobial agents was reported to be 1.591 kg in 2012 of
which quinolones accounted for 88% [15]. In contrast to many other countries Norway does
not use quinolones in the poultry production [16].

Quinolone resistance is principally due to chromosomal mutations. In gram negative bacteria
mutations in the gene for DNA gyrase (gyrA) prevent binding of quinolone to the target
enzyme, while other mutations affect intracellular quinolone concentrations by up-regulating
transmembrane efflux pumps (for example marOR/acrR mutations, affecting the efflux pump
AcrAB-TolC) or reducing uptake (for example ompF mutations) [17, 18]. While only a single
gyrA mutation is required for high level nalidixic acid resistance, two mutations in gyrA are
required for clinical levels of fluoroquinolone resistance. Resistance mutations accumulate in
a stepwise fashion. Recent studies indicate that quinolone resistant E. coli isolates are
hypermutable, and mutators can drive the evolution of fluoroquinolone resistant E. coli [2,
19].

Marcusson et al examined drug-susceptibility and fitness in isogenic strains carrying
combinations of five commonly occurring mutations known to cause fluoroquinolone
resistance including efflux mutations. They found that efflux mutations significantly
decreased bacterial fitness while some additional mutations increased fitness. Their data
suggests that natural selection for improved growth in bacteria with low- level resistance to
fluoroquinolones could in some cases select for further increase in resistance. Thus increased
resistance to fluoroquinolones could be selected even in the absence of further exposure to
drug [20].

Quinolones induce the SOS-response, which generates changes that decrease porin-mediated
influx and increase efflux [21-23]. The SOS response also leads to increased recombination

and mutagenesis. It has been reported that the antibiotic induced SOS-response promotes the
transposition activity of pathogenicity islands (not uncommonly leading to their loss) and the

mobilization of integrating conjugative elements and plasmids[2, 19]. Thus, it seems possible



that quinolones may facilitate the development of quinolone resistance by stimulating

mutagenesis and the mobilisation of other resistance determinants.

Low-level quinolone resistance may be mediated by transmissible factors. Plasmid mediated
quinolone resistance elements encoding a protein protecting DNA gyrase from quinolone
inhibition were first described by Luis Martinez-Martinez et al. in the late 1990s [24]. Several
other transferable quinolone resistance elements were discovered while the present project

was ongoing [3].

3.1 Escherichia coli

Escherichia coli belong to the Enterobacteriaceae family which belong to
Gammaproteobacteria in the kingdom Eubacteria. E. coli is gram-negative, facultatively
anaerobic and non-sporulating. The cells are rod-shaped and measure about 2 um in length
and up to 1 um in diameter. E. coli exhibits a very high degree of phenotypic and genotypic

diversity and their core genome represent averagely 2/5 of the total genome [25].

3.1.1 Habitats of E. coli

The primary habitat of Escherichia coli is the lower intestinal tract of warm-blooded animals.
The secondary habitat is soil and water where its half-life is just a few days [26]. E. coli is one
of the most studied bacteria in the intestinal microflora although the facultative anaerobic
bacteria such as E. coli and enterococci constitute only 0.1-1% of the intestinal bacterial

population [27].

The normal intestinal microflora is a complex ecosystem arising after birth when exposed to

maternal faecal flora [28] and flora from other individuals in their environment [29].

E. coli strains in the intestinal flora can be divided into resident strains which stay in the flora

for an extended time and transient strains unable to colonize long term [30-32].

3.1.2 Population structure

The population structure of bacteria is more or less defined by the balance between
recombination and mutation, shifting from a clonal structure when recombination is low and
there is very strong linkage between alleles to a non-clonal structure when recombination is

high with weaker linkage between alleles [33].



The population structure of E. coli is predominantly clonal [33] built up of a core genome of
only about 2000 conserved genes shared by all strains. The rest of the genome represents
accessory genes and the average E. coli genome contains a total of 4721 genes [25].

Multi locus enzyme electrophoresis (MLEE) using 38 enzymes identified four main
phylogenetic groups (A, B1, B2 and D) [34, 35] and two accessory groups (C and E) [36, 37].
Multi locus sequencing technology (MLST) analysis based on 8 housekeeping genes (4095
nucleotides in total) recovered these groups with exception of group C. Sequencing 1878
genes of the Escherichia spp. core genome and the 2.6 million nucleotides of the
chromosomal backbone recovered the five groups from MLST. The use of Escherichia
fergusonii, the closest relative of E. coli, as the out-group allowed a robust phylogeny to be
built; the first split in E. coli phylogenic history leads to one branch containing B2 and a
subgroup of D with another branch containing the remaining strains. The remaining strains of
group D emerged from the second branch, followed by group e and at last A and B1 groups
appear as sister groups (figure 1) [25, 38, 39]. The high genetic diversity among the B2 group
indicates its early emergence and suggests that it has subspecies status [40].

Certain specific genes are found to be characteristic for the phylogroups and form the basis of
PCR-based characterisation of phylogroup A, B1, B2 and D [41], see chapter 1.2.4.

g F (subgroup of D)

—D

E

|—B1
-

Figure 1: E. coli phylogeny based on sequences of 8 housekeeping genes (4095 nucleotides in
total) in 72 strains from the E. coli reference collection (ECOR) rooted on Escherichia

fergusonii.
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3.1.3 Uropathogenic clonal groups

While phylogroup defines the ancestral relationship of the bacteria, typing of pathogenic
bacteria often address the investigation of a local outbreak or a more long term or global
epidemiology of pathogenic bacteria. Different types of molecular methods and methods to
investigate epidemiology and phylogeny of E. coli are described in chapter 3.2.

Below the level of phylogenetic group a number of global and local “clonal groups™ are

recognized.

Two fluoroquinolone-resistant clonal groups, 015:K52:H1 (phylogenetic group D) and
025:H4 (ST131, phylogenetic group B2) in Europe have been reported to account for
approximately one third of fluoroquinolone resistant uropathogenic E. coli [42]. A related
clonal group, Clonal group A (CgA) (Phylogenetic group D) is uropathogenic and globally
distributed [43, 44]. The methodological basis for defining these clonal groups varies.
015:K52:H1 and CgA have been screened for by SNP-PCR while ST131 is defined by multi

locus sequence typing.

015:K52:H1

Although urinary tract infection was not usually thought of as a disease associated with
community wide outbreaks, E. coli 015:K52:H1 caused an outbreak of community-acquired
cystitis, pyelonephritis, and septicaemia in South London in 1987 and 1988 [45]. Later this
uropathogenic multidrug-resistant clone was shown to be endemic and cause urinary tract
infections worldwide [46]. O15:K52:H1 belongs to phylogenetic group D and clonal complex
ST31[47, 48].

Clonal group A (CgA)

CgA was first recognized in the 1990s and accounted for up to 50% of trimethoprim-
sulfamethoxazole resistant UTI Escherichia coli in U.S. women with acute uncomplicated
cystitis and pyelonephritis [45, 49, 50]. The clonal group exhibited a stereotypical virulence
factor profile and a conserved multidrug antimicrobial resistance phenotype, i.e., to
ampicillin, chloramphenicol, streptomycin, sulphonamides, tetracycline, and trimethoprim
(ACSSuTTp), which was conjugally transferable on a large plasmid [45, 49]. This clonal
group is globally distributed and belong to phylogenetic group D and clonal complex ST69
[43, 51-53].

11



ST131

A single E. coli clonal group, ST131 (025:H24) (phylogenetic group B2) disseminated
rapidly among humans all over the world in the 2000s. This clone accounts for a large
proportion of the antimicrobial resistance in E. coli and is known to exhibit extended-
spectrum cephalosporin (ESC) resistance through the production of CTX-M-15, an extended-

spectrum beta-lactamase [47, 54-57].

3.2 Typing methods

E. coli was first typed based on the elements that can elicit an immune response in the host;
the O-H-K-antigen system [58, 59]. This typing has since been supplemented or in part
replaced by genetic methods.

Genetic typing methods may be classified according to whether they address the core genome
or the entire genome and according to the resolution. Methods that address the core genome
are likely to be more phylogenetically valid while methods addressing the entire genome have

a greater resolution at strain level and therefore may be more epidemiologically informative.

Techniques used to study E. coli population genetics at core genome level include multi locus
enzyme electrophoresis (MLEE), multi locus sequencing typing (MLST), ribotyping, and
phylogenetic grouping by triplex-PCR.

Methods investigating genetic differences spanning the whole genome include Pulse field gel
electrophoresis (PFGE) and Amplified Fragment Length Polymorphism (AFLP). Clonal
analysis by PFGE and AFLP are therefore methods frequently used for outbreak investigation

were there is interest in a high sensitivity to changes in the whole genome.

In the last decade methods to investigate the entire genome at a higher level of sensitivity
have evolved. Microarray and next generation whole genome sequencing (WGS) techniques
are now used to investigate the entire genome either by genome study or expression studies.
These techniques are expected to give us a lot of new information about the population
structure and epidemiology of the bacteria and WGS has already been used for
characterisation of bacterial isolates in several large outbreaks, among others the large
outbreaks of the German enteroaggregative E. coli outbreak strain [60].

12



3.2.1 Serotyping

Serotyping was developed in the 1940s by Kauffman [58] and Orskov [59]. Serotyping is
based on the combinations of 173 O antigens, 80 K antigens and 56 H antigens and an
extremely high number of serotypes have been described [61]. The O antigens are the
repeating oligosaccharides of the lipopolysaccharides (LPS) on the outer membrane of the E.
coli cell. The O antigen is encoded by the rfb gene cluster. The K antigens are acidic capsular
polysaccharide (CPS) surrounding the bacterial cell in a thick, mucous-like, layer. The H
antigens are the flagella on the outside of membrane and capsule allowing the cells to move
[62].

Molecular alternatives based on PCR have now been developed, especially for the typing of O
antigens [63].

3.2.2 Multilocus enzyme electrophoresis (MLEE)

In the 1980s multilocus enzyme electrophoresis (MLEE) for studying bacteria was developed.
MLEE is the characterization of several water-soluble housekeeping cellular enzymes by their
relative electrophoretic mobilities. Mobility variants of an enzyme can be equated with alleles
at the corresponding locus [35] although a single electrophoretic allele may encompass many
sequence variations at the DNA level. The combination of alleles at the various loci defines
an electrophoretic type, and the relatedness of isolates can be visualized on a dendrogram
produced from a matrix of pairwise comparisons between the electrophoretic types [39].
Analysis of MLEE data can also be used to assess the relative importance of recombination

and mutation in bacterial evolution [33].

3.2.3 Ribotyping

Ribotyping identifies bacterial isolates by polymorphisms in the chromosomal regions of
rRNA operons. Principally the whole chromosome is digested by restriction enzymes,
fragments are separated by gel electrophoresis, blotted onto a membrane, denaturated and
hybridized with probes complimentary to rRNA operon (16S and 23S rRNA) [64-66].

3.2.4 MLST (multilocus sequence typing)

MLST is analogous to MLEE with DNA sequence alleles replacing electrophoretic alleles. In
the late 1990s, multilocus sequence typing (MLST) emerged as a powerful tool for bacterial
population genetics where the nucleotide sequence of several housekeeping genes was

determined for each isolate. MLST distinguishes more alleles per locus than MLEE and gives

13



unambiguous results, thus allowing high levels of discrimination between isolates by using
half of the loci that are typically required for MLEE. MLST results are directly comparable
between laboratories without the need for normalization [67, 68].

3.2.5 Phylogenetic grouping by triplex PCR

Phylogrouping by triplex PCR allows strains to be assigned to one of the four main
phylogenetic groups (A, B1, B2 and D) [41]. This is a simple and rapid method widely used
since its introduction in 2000. The method uses a combination of three genes: chuA, an outer-
membrane hemin receptor gene; yjaA, which encodes an uncharacterized protein; and a
putative lipase esterase gene, TSpE4.C2. The use of these three markers as a method to assign
the strains to their correct MLST-based phylogroup is good with an accuracy of 80-85% [69].

Table 1 shows the decision matrix to determine the phylogenetic groups.

chuA yjaA TspE4.C2
Phylogroup A - -/+ -
Phylogroup B1 | - -/+ +
Phylogroup B2 | + + -/+
Phylogroup D + - -+

Table 1: Decision matrix to determine phylogenetic groups by triplex PCR [41].

3.2.6 PFGE (Pulse Field Gel electrophoresis)

PFGE is restriction analysis of the entire genome using restriction enzymes that cut rarely and
generate very large fragments. To keep the genomic DNA from sheering, the bacteria are
moulded in agarose gel before lysis and restriction digestion. Slices of agarosegel containing
the chromosomal DNA fragments are inserted into the wells of an agarose gel and fragments
are resolved into a pattern of discrete bands in the gel by an apparatus that switches the
direction of the current. Separation is based on the time DNA fragments of different size take
to reorientate themselves in an alternating electric field [70-72]. The DNA restriction patterns
of the isolates are then compared with one another to determine their relatedness. PFGE is
expected to be sensitive to large scale changes in chromosome structure and the loss or gain
of genomic elements that would not be detectable by methods such as MLST. Tenover

presented rules for interpretation of PFGE-patterns in outbreak investigations in 1995 [73].
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3.2.7 Amplified Fragment Length Polymorphism (AFLP)

Amplified Fragment Length Polymorphism (AFLP) is another method where bacteria are
differentiated by cutting genomic DNA using restriction enzymes followed by ligation of
oligonucleotide adapters and amplification of fragments using the adapter and restriction site
sequence as target site for primers. The fragments are separated in polyacrylamide gels and

the resulting band patterns are compared [74].

3.2.8 Antibiotic resistance pattern

Antibiotic resistance pattern in E. coli is often used to describe different outbreak strains.
Horizontal transfer of antibiotic resistance genes and resistance mutations may rapidly change
these patterns. Antibiotic resistance in E. coli is described in chapter 3.4. Antibiotic resistance

patterns are clinically relevant but phylogenetic uninformative.

3.3 Mobile Genetic elements

Although sexual reproduction does not occur in bacteria, genetic exchange between cells does
occur. This is referred to as horizontal gene transfer (HGT). Horizontal gene transfer is a
highly significant phenomenon and among single-celled organisms perhaps the dominant
form of genetic transfer [75, 76]. HGT is the primary reason for the spread of antibiotic

resistance in bacteria and transmission of virulence.

Horizontal gene transfer happens through transformation, transduction and conjugation.
Transformation is the genetic alteration of a cell resulting from active uptake and
incorporation of exogenous DNA from its surroundings through the cell membrane [77]. This
process does not occur naturally in E. coli. Conjugation is the transfer of genetic material
between bacterial cells by direct cell-to-cell contact via a bridge-like connection between two
cells [78, 79]. Transduction is transfer of bacterial DNA from one bacterium to another by a

virus [80]. Conjugation and transduction occur in E. coli.

3.3.1 Plasmids

Plasmids are major agents of horizontal gene transfer. They are very frequent, diverse and
widespread in all species of bacteria. Plasmids are (usually) circular genetic elements able to
replicate independently of the chromosome. Plasmids vary in size from 1 to over 1000
kilobase-pairs and in copy number from one to several hundred per cell [81]. When two
plasmids are able to replicate together in one cell, they are compatible. Plasmids which belong

to the same compatibility group cannot replicate together in the same cell [82].
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Plasmids may also be classified by their ability to transfer to other bacteria. Conjugative
plasmids harbour genes encoding proteins involved in DNA transfer and others that function
in mating pair formation (tra region). Some conjugative plasmids can integrate into the
chromosome and mobilize the transfer of chromosomal DNA from one cell to another [81].
Mobilizable plasmids lack genes to initiate transfer but these plasmids may be transferred

with conjugative plasmid present in the same cell [83].

An enormous range of genetic functions including nutritional factors, heavy metal resistance,
virulence factors and antibiotic resistance is carried on plasmids. Plasmids carrying antibiotic
resistance genes are known as R-plasmids. Plasmids may acquire new genetic elements
through the action of transposons, insertion sequences, integrons and insertion sequence

common region elements [81].

3.3.2 Transduction via bacteriophage

Bacteriophages are viruses that infect bacteria and use the replication, transcription and
translation machinery of the bacteria to produce new viruses (lytic cycle). The virus may also
integrate into the chromosomal DNA of the host or form plasmids in the host (lysogenic
cycle). Bacteriophages capable of both cycles are called temperate phages. Generalized
transduction is the process when bacterial DNA is packed in some of the virus particles and
transferred to a new bacteria while specialised transduction is when temperate virus excise
imprecisely from the bacterial genome and bring some of the adjacent bacterial genes into the
virus particles. Generalized transduction allows low frequency transfer of all chromosomal
genes while specialized transduction can be extremely effective for a very small number of

genes [81].

3.3.3 Transposons

Transposons, also known as "jumping genes," are DNA sequences that actively move from
one location in the genome to another and may include accessory genes coding for antibiotic
resistance, pathogenic factors or other traits. Transposition is a rare event occurring 10°-10""

times per generation [81].

Transposons without additional genes are known as insertion sequences (IS). Insertion
sequences (~1000 base pairs) code for transposases which catalyses the enzymatic reaction
allowing the IS to move and regulatory proteins which either stimulate or inhibit the
transposition activity. The coding region in an insertion sequence is usually flanked by
inverted repeats (IR) [81].
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Horizontal exchange of transposons may occur either by plasmid-conjugation or transduction.

Some transposons are able to mediate their own transfer (Conjugative transposons) [84].

E. coli harbour a wide range of transposons conferring resistance to antibiotics and virulence

factors [85]. The transposons may harbour integrons capable of picking up new genes [86].

3.3.4 Integron

Integrons are genetic elements that capture genes. They are built up of three components; the
gene capture by integrase (intl) and recombination site (attl) and a gene cassette. The gene
cassette was initially discovered in relation to genes coding for antibiotic resistance. Integrons
may be found in plasmids, chromosomes and transposons and they are subject to horizontal

gene transfer [87].

3.3.5 Insertion Sequence Common Region Element (ISCR)

ISCR elements differ from IS elements by lacking terminal inverted repeats and are thought to
be transposed by a mechanism defined as rolling-circle transposition [88]. ISCR elements, as
a novel gene capturing system, are capable of mobilizing any piece of adjacent DNA [89].
Nineteen members of the ISCR family have been discovered until now in many Gram-
negative pathogens. The majority of these elements are found to be closely associated with
antimicrobial resistance genes [90]. ISCR elements are now recognized gene capture and
movement systems that also possess the ability to construct extended clusters of antibiotic

resistance genes on plasmids as well as on chromosomes [91].

3.3.6 Genomic Islands

Genomic islands are large (10 to 200kb) genomic regions encoding different genes associated
with various functions of bacteria. Genomic islands harbouring large clusters of virulence
genes are called pathogenicity islands (PAIs). PAls are associated with transposons, integrons

and phage genes participating in horizontal gene transfer of the islands [92, 93].
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3.4 Antimicrobials: antibiotics, chemotherapeutic agents and drug

resistance
Antimicrobials are agents that kill or inhibit the growth of microorganisms. The term
antibiotic was first used by Waksman et al in 1942 and defines antibiotics as substances that
are produced by microorganisms and are antagonistic to other microorganisms. The definition
does not include antimicrobials that are synthetic substances. The term chemotherapeutic
agents refers to synthetic antimicrobials [81]. In modern practice it is common to refer to both

as antibiotics.

The basic parameter of susceptibility testing is minimum inhibitory concentration (MIC)
defined as the lowest concentration of an antimicrobial that will inhibit the visible growth of a
microorganism after overnight incubation [94]. Clinical MIC breakpoints are for use in
clinical laboratories to advice on patient therapy. European Committee on Antimicrobial
Susceptibility Testing (EUCAST) [95] distribute lists breakpoints as sensitive (S),
intermediate (1) and resistant (R) and update the lists ones a year. EUCAST do have a

procedure for harmonizing and defining breakpoints in Europe.

Antimicrobials mainly target the bacterial cell envelope, DNA replication and protein

synthesis, see Table 2.

The first sulphonamide and first commercially available synthetic antimicrobial agent was
introduced in 1937 and resistance was reported shortly after. Penicillin (a -lactam) was
introduced as a therapeutic agent several years later. Isolates capable of inactivating the drug
had been identified even before the introduction of B-lactams this lead to the production of
synthetic variants of the drug resistant to cleavage by B-lactamases. Use of streptomycin
(introduced in 1944) was followed by isolation of mutant strains of Mycobacterium
tuberculosis resistant to therapeutic concentrations in patients after treatment. As other
antibiotics have been discovered and introduced into clinical practice, a similar course of
events has ensued, see table 2 [81]. The discovery of genetically transferable antibiotic
resistance in 1950s was unexpected and introduced the concept of spread of antibiotic

resistance genes by bacterial conjugation [96].
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Antibiotic class Introdused Example(s) Target Mode(s) of resistance
to marked
Penicillins 1942 (benzylpenicillin) Peptidoglycan | Hydrolysis, efflux, altered target
(B-lactam) biosynthesis
amphenicols 1949 Chloramphenicol Translation Acetylation, influx/efflux, altered
target
Macrolides 1952 Erythromycin Translation Hydrolysis,glycosylation,
phosphorylation, efflux, altered
target
Glycopeptides 1955 Vancomycin Peptidoglycan | Reprogramming peptidoglycan
biosyntesis synthesis
Tetracyclines 1955 Chlortetracycline Translation Monooxygenation,
efflux, altered target
Cationic peptides 1958 Colistin Cell Altered target, efflux
membrane
Nitrofurans ~1960 Nitrofurantoin Inhibition of Inhibition of nitrofuran reductase
DNA, RNA,
protein and
cell wall
synthesis
Pyrimidenes 1961 Thrimethoprim Folat Efflux, altered target
synthesis
Sulfonamides 1961 Sulfamethoxazole Folat Efflux, altered target
synthesis
Cephalosporins 1964 (cefalotin) Peptidoglycan | Hydrolysis, efflux, altered target
(B-lactam) biosynthesis
Aminoglycosides 1964 Gentamicin, Translation Phosphorylation, acetylation,
Kanamycin nucleotidylation, efflux, altered
target
Rifamycins 1967 Rifampin Transcription ADP-ribosylation, efflux, altered
target
Quinolones 1967 Nalidixic acid DNA Acetylation, influx/efflux, altered
1987 Ciprofloxacin replication target
Lincosamides 1968 Clindamycin Translation Nucleotidylation, efflux, altered
target
Carbapenems 1985 (imipenem) Peptidoglycan | Hydrolysis, efflux, altered target
(B-lactam) biosynthesis
Oxazolidinones 2000 Linezolid Translation Efflux, altered target
Monobactams (aztreonam) Peptidoglycan | Hydrolysis, efflux, altered target
(B-lactam) biosynthesis
Streptogramins Synercid Translation C-O lyase, acetylation, efflux,
altered target
Lipopeptides 2003 Daptomycin Cell Altered target
membrane

Table 2: Discovery, modes of action and resistance mechanisms for the major classes of

antibiotics.

Antimicrobial agents for UTI treatment should ideally have primary excretion routes through
the urinary tract. Sulphonamides were introduced in the 1940s as the first antimicrobials used
in the oral management of acute, uncomplicated UTI. In the 1970s, new therapeutic agents

were included: nitrofurantoin, nalidixic acid, cephalexin, trimethoprim-sulfamethoxazole and

19



amoxicillin. More recently fosfomycin, mecillinam and second generation fluoroquinolones

were included to the oral management of UTI.

Resistance towards these antibiotics has emerged to different degrees; Sulphonamide is no
longer recommended as single treatment because high level of resistance [97]. Trimethoprim-
sulfamethoxazole has been an option for treatment of UTI in 25 years with a significant
increase of resistance, mecillinam have been used especially in Nordic countries and there
have been little evidence of resistance development while resistance to cephalosporin which
not is considered first line therapy for treatment of UTI is increasing. Nitrofurantoin has been
an option for treatment of UTI for more than 50 years with a continued low rate of resistance

[98]. Aminoglycosides may be used in treatment of E. coli and resistance is still low.

Second generation fluoroguinolones have been available in Norway since 1984 and resistance

is increasing.

3.5 Multiresistance
Bacteria that are resistant to one member of class of antibiotics are often resistant to other

members of the same class. This is referred to as cross resistance. Bacteria may also be
resistant to more than one class of antibiotics. This is referred to as multiresistance, although
the term is usually reserved for resistance to a substantial number of different antibiotic
classes. In this study we have defined bacteria resistant to more than five antibiotic groups as
multiresistant [99].

3.6 Quinolones; mechanism of action

The quinolones inhibit bacterial DNA synthesis by interfering with the action of two essential
bacterial enzymes, DNA gyrase and topoisomerase 1V. Quinolones bind the DNA-enzyme
complex of topoisomerase and the resulting drug-complex is trapped at the DNA cleavage
stage thereby preventing strand re-joining [100]. In gram positive bacteria topoisomerase 1V
is the primary target while topoisomerase 11 (DNA gyrase) is the primary target in gram
negative bacteria [100].

There are several proposed mechanisms of quinolone action. Drlica et al propose chromosome
fragmentation as a cause of rapid death: Quinolone lethality can be described as a two-step
process in which the first step is reversible (bacteriostatic) formation of cleaved complexes.
This step blocks bacterial DNA replication, induces the SOS response, and leads to cell
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filamentation. Although these events do not appear to be rapidly lethal, their involvement in
slow death has not been ruled out. In a second, lethal step that requires higher quinolone
concentrations, DNA breaks are released from constraint by at least two processes. The
relative contribution of each pathway to cell death depends on quinolone structure, with the
older quinolones requiring protein synthesis and some new fluoroquinolones functioning
without it [101]. Toxin-antitoxin modules have also been proposed to contribute to quinolone
lethality [101].

3.7 Quinolone resistance mechanisms

Quinolone resistance is mainly due to chromosomal mutations altering the drug targets or
reducing the drug accumulation in the cell by up regulating efflux or down regulating influx.
Resistance arise in a stepwise manner and multiple mutations are often required to generate

clinical resistance [102].

Plasmids harbouring genes coding for quinolone resistance have been known since the 1990s
[24].

3.7.1 TARGET-ENZYME RESISTANCE

The quinolone binding region in the target enzymes DNA-gyrase and topoisomerase 1V is
termed the “quinolone-resistance-determining region” (QRDR). Mutations in this region may
lead to decreased binding of quinolones or impair target enzyme function reducing the
formation of enzyme-DNA complex [103].

In E. coli DNA-gyrase is more susceptible to quinolones than Topoisomerase 1V and
resistance mutations arise first in the GyrA subunit of DNA-gyrase between amino acid
positions 51 and 106 with hotspots at amino acid position 83 and 87. The resistance builds up
in a stepwise manner. Once a first-step mutation has reduced the susceptibility to quinolone,
additional mutations in GyrA, GyrB (subunit of gyrase) and ParC (subunit of topoisomerase
IV) have been shown to further increase the minimal inhibitory concentration (MIC) of
quinolones. In E. coli, single mutations in gyrA hardly increase the MICs of fluoroquinolones
and clinical level of resistance appears with a second mutation in gyrA or a mutation in parcC.
In general, the more resistant a clinical isolates, the more quinolone resistance—associated

mutations it contains [103].
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3.7.2 INFLUX-EFFLUX RESISTANCE

Resistance towards quinolones may be caused by increased efflux or decreased influx,
resulting in lower intracellular quinolone concentrations. E. coli can regulate membrane
permeability by altering expression of the passive diffusion proteins of the outer membrane
proteins (OmpF). Meanwhile the AcrAB-TolC efflux pump plays a major role in quinolone
efflux. This efflux pump has multiple controls and mutations in genes coding for these
controls may increase pump activity. Such mutations may simultaneously decrease translation

of OmpF and passive diffusion [103].

3.7.3 PLASMID-MEDIATED RESISTANCE

Low-level quinolone resistance may also be mediated by Plasmid-mediated quinolone
resistance genes (PMQR). Plasmid mediated quinolone resistance was first described by Luis
Martinez-Martinez et al. in the late 1990s. Three classes of genes, gnr, aac and gep are
recognized [104].

Qnr:

Plasmids carrying gnr genes vary widely in size and associated resistances but almost all
carry multiple resistance determinants. The gnr genes (gnrA, B, C, D, and S) code for
pentapeptide-repeat family proteins a large protein family whose functions are poorly
understood [104]. On the plasmids that have been studied, gnr has been mapped in an
integron or integron-like structure near an element called “orf513.” Orf513 is believed to be a

recombinase involved in site-specific acquisition of resistance genes [103].

The gnr genes by themselves provide only a low level of resistance to quinolones. However,
the presence of gnr genes widens the mutant selection window by increasing the minimal
prevention concentration (MPC) of ciprofloxacin by 10-fold (see 3.7.4), thus facilitating the

selection of additional resistance mutations [103].

Aminoglycosidase acetyltransferase (aac):

The aac genes code for aminoglycosidase acetyltransferase. The aac(6°)-1b-cr gene encodes a
variant aminoglycosidase acetyltransferase that inactivates hydrophilic quinolones such as
ciprofloxacin in addition to aminoglycosides [105, 106].

QepA:
QepA is a plasmid-mediated fluoroquinolone efflux pump found in E. coli [107].
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3.7.4 Mutation rate and MPC

Minimal prevention concentration (MPC) is the concentration that allows no mutants to
emerge. During antibiotic therapy resistant mutants may develop using antibiotic
concentration between the MIC and MPC named the mutant selection window by Zhao and
Drlica in 2001[108].

Bacteria harbouring mutations leading to elevated MIC but no clinical resistance will have an
elevated minimal prevention concentration (MPC) thereby making the acquisition of higher-

level resistance easier. Hence, prior quinolone use is a risk factor for the later development of
clinically significant resistance, and repeated use of the same agent increases the likelihood of

therapeutic failure.

3.8 Multiresistant Fluoroquinolone resistant E. coli

Fluoroquinolone resistance in E. coli is associated with multiresistance [47, 99, 109-111]. The
reason for this association is not completely investigated. Johnson et al conclude in their study
from 2009 that resistance to tetracycline and fluoroguinolone has a prominent clonal
component, with the 015:K52:H1 clonal group and especially E. coli ST131 being the major
contributors. These clonal groups appear to be more virulent than comparably resistant
isolates, possibly contributing to their success as emerging multi-drug-resistant pathogens
[47]. In Australia, a large proportion (42%) of fluoroquinolone-resistant extra-intestinal E.
coli isolates from humans are represented by three major globally disseminated clonal groups,
predominantly ST131 and the majority of the isolates were multiresistant [111]. In Italy
heterogeneity of MLST types was observed, with ST131 strongly predominant in human
ciprofloxacin-resistant strains (58/135, 43.0%) [110].

In this study we found a strong correlation between quinolone resistance and multiresistance
among E. coli from UTI. This association were found to be primarily non-clonal phenomena
and the tendency to multiresistance applies also to quinolone resistant isolates that are not

ciprofloxacin resistant [99].

3.8.1 SOS-driven evolution to antibiotic resistance
The SOS-response was discovered and named by Miroslav Radman in 1975 [112] and
involves an error prone DNA-repair mechanism in bacteria in reaction to DNA damage. SOS-

response leads to cell cycle arrest and DNA repair. The SOS-response is induced by
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accumulation of ssSDNA leading to recA activation by formation of filaments around the

sSDNA and cleavage of LexA, the repressor of the SOS operon [113].

The regulation of integrase genes (Intl) involves the SOS response and SOS induction
controls the rates of cassette recombination. Under normal conditions, repression of intl
maintains integron cassettes in a steady state. Induction of the SOS response increases the

exchange and recombination of gene cassettes.

Antibiotics known to induce the SOS response, such as trimethoprim, quinolones, and B-
lactams, promote integrase expression and horizontal dissemination of antibiotic resistance
genes [114, 115]. It has also been shown that ciprofloxacin, as one of the known
antimicrobials that trigger the SOS-response, increase the frequency of mutations and thereby

the chance for mutants resistant to ciprofloxacin [116].

A study by Da Re et al has demonstrated that ciprofloxacin induces expression of plasmid-

borne quinolone resistant (gnr) genes in the Enterobacteriaceae via the SOS-response [117].

3.9 Virulence and virulence factors

Although E. coli is normally harmless, it is often diagnosed to be the cause of infection in
patients suffering from diarrhoea, urinary tract infections, gastroenteritis and neonatal
meningitis/sepsis. Pathogenic E. coli can be grouped into eight different pathovars broadly
classified as either diarhoeagenic or extraintestinal E. coli (EXPEC). Diarhoeagenic;
enteropathogenic (EPEC), enteroheamorrhagic (EHEC), enterotoxic (ETEC), enteroinvasive
(EIEC), enteroaggregative (EAEC) and diffusely adherent (DAEC). Extraintestinal;
uropathogenic (UPEC) and neonatal meningitis (NMEC). Other pathovars not as well studied
have been described [118].

Pathogenic E. coli harbours certain factors associated with disease described as virulence
factors. Each of the pathovars has its own mechanisms for attaching and overcoming the host
defences and thereby causing disease. Adhesion to host cells is required in all infections
caused by E. coli except EIEC. Adhesion is often achieved by appendages called fimbria or
pili. Pathogenic E. coli also express certain traits to subvert host cell processes by secretion of
proteins [119, 120].
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4 The study
4.1 Aims

The primary aims of the following study are as follows:

e Survey clonal composition of quinolone resistant Escherichia coli

e Survey the nature of resistance mechanisms in quinolone resistant Escherichia coli

e Investigate the relationship between development of quinolone resistance and
multiresistance in Escherichia coli

e Evaluate various methods for typing of Escherichia coli

4.2 Hypothesis

The following hypotheses have been tested:

e Quinolone resistant Escherichia coli are more clonal than quinolone sensitive isolates.

e Quinolone resistant Escherichia coli are more multiresistant than quinolone sensitive
isolates.

e Multiresistance in quinolone resistant Escherichia coli is driven by linkage to plasmid
mediated quinolone resistance.

e Multiresistance can be explained by multidrug resistant efflux mutations.

e Multiresistance in quinolone resistant Escherichia coli is associated with horizontal
gene transfer.

e Multiresistance in quinolone resistant Escherichia coli can be explained by clonal
spread of multiresistant strains.
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4.4 Summary of material and methods

Table 3: Summary of materials and methods in this study.

Materials Clonal affinity Virulence MIC Resistance mechanisms

AFLP PFGE | Ribo Phylo CgA E-test Agar QRDR PMQR | Efflux Tran
sfer

Russian UTI X X X X* X X

E. coli 2001

(N=31)

Norwegian UTI X X X X* X X

E. coli 2001

(N=31)

Intestinal X 20%* | 20** | X* 20%* 20%*

E. coli 2001

(N=138)

ciproR UT! X X X X X* X X X X X X

E. coli 2003

(N=35)

NalS UTI E. coli X X X* X X X 20***

2005 (N=43)

NalR UTI E. coli X X X* X X X A4Q***

2005 (N=150)

X, all isolates, X*, All phylo D, 20**, 20 different clones identified by unique PFGE patterns, 20***, mic cipro 0.016-0.032, 40*** , 20 mic

cipro 0.25-1.0 and 20 mic cipro 16-250 mg/L

Materials:

1. Russian UTI E. coli: 31 Russian E. coli from uncomplicated urinary tract infections;
isolated in 2001.

2. Norwegian UTI E. coli: 31 Norwegian E. coli from uncomplicated urinary tract

infections; isolated in 2001.

3. Intestinal E. coli: 138 intestinal isolates from ten healthy women collected during

colonoscopy screening; isolates in 2001.

4. CiproR UTI E. coli: 35 Norwegian ciprofloxacin resistant E. coli from uncomplicated

urinary tract infections; isolates in 2003.

5. NalS UTI E. coli: 43 Norwegian nalidixic acid sensitive E. coli from uncomplicated

urinary tract infections (MIC Nal < 16 mg/L); isolated in 2005.

6. NalR UTI E. coli: 150 Norwegian nalidixic acid resistant E. coli from uncomplicated

urinary tract infections (MIC Nal > 16 mg/L); isolated in 2005.

7. Other strains/Control strains
- gnrA positive strain, J53 pMG252 (Jacoby) [125].
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- gnrB/S positive strain (L. Poirel and P. Nordmann, Cattoir et al 2007) [126].
- aac(6’)-1b-cr positive strain (L. Poirel and P. Nordmann, Cattoir et al 2007) [126].
- E. coli reference ATCC 25922 for quality control MIC.

Methods:

1)

2)

3)

4)

Clonal affinity

a) AFLP (Amplified fragments Length Polymorphism) [74].

b) PFGE (Pulse Field Gel electrophoresis): Xbalrestriction patterns were compared
using GelComepar 11 software (Applied Maths) [72].

¢) Ribo (Ribotyping): EcoRlI ribotype patterns were compared using GelCompar 11
software [66].

d) Phylogenetic group: triplex PCR (chuA, yjaA, and TSPE4.C2) [41].

e) CgA (Clonal group A): fumC C288T detection by PCR [127].

Virulence
Type 1 fimbria, P fimbriae, Dr Heamagglutinin, S fimbriae, K1 capsule, K5 capsule,
aerobactin and haemolysin detection by multiplex PCR [128].

Minimal inhibition concentration (MIC)

a) E-test (AB Biodisk, Solna, Sweden): The sensitivity to mecillinam, trimethoprim,
nitrofurantoin, ampicillin, sulphonamide, ciprofloxacin, nalidixic acid,
chloramphenicol, tetracycline and gentamicin/kanamycin agent was tested.

b) Agar (Agar dilution): The sensitivity to mecillinam, trimethoprim, nitrofurantoin,
ampicillin, sulphonamide, ciprofloxacin, nalidixic acid, chloramphenicol, tetracycline
and gentamicin/kanamycin agents were tested on iso-sensitest medium (Oxoid,

Basingstoke, England).

Resistance mechanisms

a) Quinolone resistance determining regions (QRDR): gyrA mutation detection by
Sanger sequencing [129].

b) Plasmid mediated quinolone resistance genes (PMQR): gnrA/B/S and aac(6°’)-1b-cr
were detected by PCR [130, 131].

c) Increased efflux: upregulated AcrAB-TolC efflux pump was assesed by organic

solvent tolerance [132].

28



d) Transferable resistance (transfer): Cross-streak mating was used as a measure of

resistance- plasmid transferability [122].

4.5 The main results
Antibiotic resistance in Escherichia coli:

e Norwegian UTI E. coli were frequently resistant to ampicillin, tetracycline and
sulphonamide but otherwise mostly sensitive to antibiotics [133].

e UTI isolates were more resistant to ampicillin, tetracycline, sulphonamide and
ciprofloxacin than intestinal isolates[133].

e Ciprofloxacin MIC followed a trimodal distribution peaking at 0.032 mg/L (nalidixic
acid sensitive isolates), 0.5 mg/L and 64 mg/L (nalidixic acid resistant isolates) [99].

¢ Quinolone resistant isolates were much more resistant to other antibiotics than
quinolone sensitive isolates [99, 134].

e Strains were much more multiresistant than quinolone sensitive isolates [99, 134].

e Isolates expressing upregulated multidrug resistant efflux were not significantly more
multiresistant [135].

e There was no apparent association between clonal affinity and resistance patterns [99].
Phylogenetic distribution:

e UTI E. coli belonged mainly to phylogroup B2 and D, whereas intestinal strains
predominantly belonged to group A and B1[133].
e Quinolone resistance was positively correlated with phylogroup D and negatively

correlated with Phylogroup B2 [99].
Clonal relationship detected by PFGE:

e UTI E. coli were genetically heterogeneous with 125 unrelated PFGE patterns found
among 183 isolates (nalidixic acid sensitive and resistant isolates from 2005) [99].
e 43% (78/183) of these isolates were associated with a clonal group defined by PFGE
[99].
o The two largest clonal groups contained 12 isolates each.
o One of these clonal groups belonged to phylogroup D and was identified as
CgA.
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o The other group belonged to phylogroup B2 and included four isolates from a
suspected outbreak at a home for elderly.
o PFGE group correlated 100% to the phylogroups.
e Five clonal groups persisted from 2003 to 2005. The two largest clonal groups from
2005 were among the persistent clonal groups [99, 136].
e Some clonal groups were associated with quinolone resistance [99].
e Some clonal groups were associated with quinolone sensitivity [99].
¢ No clonal groups encompassed highly ciprofloxacin resistant isolates and quinolone
sensitive isolates [99].
e Quinolone resistance was not preferentially associated with clonal isolates [99].
e Quinolone resistant isolates were not more clonal than quinolone sensitive isolates
[99].

Clonal group A:

e The globally distributed urovirulent clonal group A (CgA) was detected for the first
time in Norway [134].

e 19% (N=31) of Norwegian E. coli UTI from year 2001 were CgA; none were resistant
to quinolones [134].

e The first reported quinolone resistant CgA isolates worldwide were found among
ciprofloxacin resistant UT]I isolates from 2003 [134].

e Some CgA isolates were multiresistant [99, 134].

e CgA isolates shifted from 100% quinolone sensitive in 2001 to 100% quinolone
resistant in 2005 [99].

Ribotyping [134]:

e Ribotyping was performed on 117 isolates (Russian UTI and Norwegian UTI and
intestinal isolates).

e The 46 ribotypes could be grouped into seven clusters (ribogroups). Four groups (A,
B, C and G) dominated.

e Phylogroup was strongly but not absolutely correlated with ribotype and ribogroup.

e CgA isolates were found in three of the four main ribogroups, mainly ribogroup G.

e One of the dominant ribogroups (ribogroup C) carried significantly more virulence

factors than the other groups and most of these isolates belonged to phylogroup B2.

30



e No dominant resistance pattern could be seen within the various ribogroups.
e Norwegian UTI isolates were preferentially ribogroup C, Russian UTI ribogroup B
and ciprofloxacin resistant UTI ribogroup A. Intestinal isolates were more evenly

distributed between the ribogroups.

AFLP (Annex 1):

e AFLP profiles contained 50 to 85 fragments in the size range 35 to 450 base pairs.
e All but two of the 35 profiles were different.
e Profiles clustered into 29 groups at a 95% similarity level.

e |Isolates with similar AFLP patterns had similar PFGE patterns. Some isolates had

similar PFGE patterns but dissimilar AFLP patterns.
Quinolone resistance mechanisms [135]:

e Sequencing of gyrA revealed the recognized resistance mutations 83 Ser and 87 Leu in
all the 35 ciprofloxacin resistant isolates from 2003.
e Plasmid mediated quinolone resistance was uncommon.
o aac(6’)-Ib-cr was found in three of thirty five ciprofloxacin resistant isolates
from 2003.
o gnrS was found in one of one hundred and fifty nalidixic acid resistant isolates
from 2005.
e 27% of the ciprofloxacin resistant UTI isolates showed organic solvent tolerance
consistent with upregulated efflux activity.

e Only ciprofloxacin resistant isolates showed organic solvent tolerance.
Transferable resistance [135]:

Transferable resistance was detected at a high rate (15/55) among ciprofloxacin resistant
isolates.
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4.6 Discussion and conclusion

Selection of materials: The materials in this study are primarily from urinary tract isolates.
Urinary tract infections are common and E. coli is the most frequent cause. However, UTI
isolates have been less intensively studied than enteropathogenic and invasive isolates. Most
of the isolates are from females with the most prevalent group of patients with urinary tract
infections [8-10].

The selection of strains in this study is local, from a single county in Norway; and collection
periods were during a five years period from 2001 to 2005. The prevalence of
fluoroquinolone resistance among invasive isolates in Norway during this period was very
low compared to southern European countries [5]. This is thus a study of fluoroquinolone
resistance in its emerging phase. However, its direct relevance to the present-day situation
may be questioned. Most others have investigated fluoroquinolone resistant E. coli from a
wider area and the prevalence of fluoroquinolone resistance has been high.

As isolates were collected locally and consecutively this study is optimised for finding local
outbreaks. This increases the likelihood of detecting clones.

The largest collected material from 2005 included isolates sensitive to nalidixic acid, resistant
to nalidixic acid but sensitive to ciprofloxacin and isolates resistant to ciprofloxacin to make it
possible to investigate if fluoroguinolone resistant isolates were more clonal and

multiresistant and to make statements about the quinolone resistant mechanisms.

The reference group of intestinal isolates was collected in connection with colonoscopy of
healthy women. Many samples yielded little or no E. coli colonies, which suggest that only a
selected subset of the E. coli population survive preparations for colonoscopy.

The Russian isolates were from younger women and from patients with a broader range of

clinical conditions compared to the Norwegian and may not be strictly comparable [133].

Antibiotic resistance:
Fluoroquinolone resistance in E. coli is highly prevalent in many European countries while in

Norway it remains an emerging phenomenon [5].

We investigated resistance to classes of antibiotics: B-lactams (ampicillin and mecillinam),
tetracyclines (tetracycline), sulphonamide (sulfamethoxazole), trimethoprim, amphenicols
(chloramphenicol), aminoglycoside (gentamicin or kanamycin) and nitrofurantoin in addition

to the quinolone nalidixic acid and fluoroquinolone ciprofloxacin. These antibiotics were
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investigated either because they are used in treatment of E. coli infections or because they are
frequently associated with genetic elements encoding multiresistance. MIC (minimum
inhibitory concentration) was measured by E-test and agar dilution. E-test is a commercial test
easy and fast but greater precision may be achieved by using agar dilution which is further
one of the method of reference. For larger collections of isolates agar dilution may also be a

more effective method to measure MIC.

We found that intestinal isolates are less resistant than UTI isolates. An explanation for this
might be that the UT] isolates, being pathogenic, are more likely to have been previously

exposed to antibiotics.

The high sensitivity to antimicrobials in Norwegian E. coli UTI compared to countries in
southern Europe [5] may be explained by the low consumption of antibiotics, controlled use
and limited use as growth promoters in agriculture resulting in low selection pressure.
Underlying diseases, quality of hospital care, immunization rates and social factors may also
explain the difference in rates of resistance [5]. Consumption of antibiotics in Norway have

increased but still remains low compared to countries in southern Europe [137].

We observed a trimodal distribution of ciprofloxacin resistance with an intermediate peak
ranging from 0,125 to 4 mg/L including isolates sensitive, intermediate and resistant to
ciprofloxacin and nalidixic acid resistant. Thus, isolates with ciprofloxacin MICs as low as
0.125 are nalidixic acid resistant and, according to the stepwise model of ciprofloxacin
resistance [103, 138], have the potential to evolve to full resistance. A similar pattern has been
reported for Salmonella isolates [139]. EUCAST guidelines mention poor treatment response
for invasive infections for Salmonella isolates with ciprofloxacin MICs > 0.125 and that such
isolates should be regarded as potentially ciprofloxacin resistant [95]. Our results suggest the
same may apply to E. coli. A study by Marcusson et al in 2009 suggests that mutant E. coli
with low level of fluoroquinolone resistance may evolve to high level resistant isolates by

natural selection for improved growth rate without further exposure to fluoroguinolones [20].

Phylogenetic distribution:
E. coli has six recognized phylogroups of which A, B1, B2 and D are the most common and
these are the phylogroups investigated in this study.
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Virulent extra-intestinal strains of E. coli belong mainly to phylogroups B2 or D, whereas
commensal strains belong predominantly to groups A and B1 [44, 127]. Norwegian UTI
isolates conformed to this pattern [136].

As in other studies, we find a significant correlation between quinolone resistance and
phylogenetic group, with phylogenetic group D being positively correlated with quinolone
resistance, as previously observed by Johnson et al [140, 141] and phylogenetic group B2
being negatively correlated, as observed in all previous comparisons [140-142]. However, in
contrast to the other studies we do not find a significant positive correlation with phylogenetic
group A. In view of the moderate magnitude of the correlations observed and the moderate
sample sizes, differences between studies are not unexpected. We find that correlation
between ciprofloxacin resistance and phylogroup is confined to non-clonal isolates, which
implies phylogroup-specific differences in propensity to acquire ciprofloxacin resistance,

rather than an effect of clonal spread, as previously suggested [42, 136].

The phylogenetic typing used in this project is based on three single loci used as surrogate
markers for phylogenetic relationship [41]. This is a fast and easy way to investigate
phylogenetic background of the isolates but MLST involving sequencing of seven
housekeeping genes or whole genome sequencing would have been more accurate methods.
MLST provides a large amount of highly comparable information (sequence of about 500
basepairs in seven housekeeping genes) giving the method greater phylogenetic depth and higher

power of discrimination [68, 143].

Typing methods:

Ribotyping is a restriction fragment length polymorphisms analysis (RFLP) of the highly
conserved ribosomal RNA genes and their flanking DNA. Bouchet et al argue that that
ribotyping is a good typing method for investigating phylogenetic relationship because the
flanking genes are typically neutrally evolving housekeeping genes [144]. Different ribotypes
are assumed to evolve through random point mutations in the genes flanking the ribosomal
operons and thereby resulting in gain or loss of restriction sites [144]. E. coli is known to
harbour seven operons of ribosomal genes and ribotyping patterns will therefore reflect the

position of restriction sites in the various flanking genes [144].

In this study we have used an automated version of Ribotyping (Riboprinting) [66] where E.
coli isolates showed 10 to 15 bands ranging from 1 to 50 kbases per isolate. Norwegian and

Russian UTI E. coli, ciprofloxacin resistant E. coli and intestinal E. coli isolates grouped into
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four dominating ribogroups (95% internal similarities) comprising 82% of the isolates. One
group was dominated by Norwegian UTI, one by Russian UT]I, one by ciprofloxacin resistant
isolates and one by isolates belonging to the globally distributed clonal group A. This
indicates that Russian UT]I isolates are phylogenetically distinct from the Norwegian isolates
and that ciprofloxacin resistant isolates have evolved from strains phylogenetically distinct
from sensitive UT]I isolates in Norway. This is also indicated by our clonal analysis by PFGE
where no clones were shared by nalidixic acid sensitive and ciprofloxacin resistant isolates
[99]. Intestinal isolates were more phylogenetically diverse distributed among ribogroup A, B
and C.

The four main ribogroups were compared to the four phylogenetic groups A, B1, B2 and D;
Ribogroup A contained 48% phylogroup B2, ribogroup B 91% phylogroup A, ribogroup C
61% phylogroup B2 and ribogroup G 85% phylogroup D.

73% (8/11) of the CgA isolates belonged in ribogroup G but unexpectedly some CgA grouped
in other ribogroups.

Exactly identical ribotypes may belong to different phylogenetic groups. This phenomenon
indicates either that ribotyping is not well suited for detecting phylogenetic genetic
relatedness or that triplex PCR used for phylogrouping is not as specific as earlier validations
have estimated [41]. In contrast to ribotyping every PFGE class was entirely homogeneous
with respect to phylogroup, even though more isolates were analysed by PFGE. This indicates
that ribotyping is less well suited for analysing genetic relatedness. Furthermore, ribotyping
does not discriminate as well as PFGE. All CgA isolates belonged to the same PFGE clonal

group; this was not the case for ribotyping.

Methods such as identification of CgA by the fumC C288T are single locus methods and it is
thus natural to suspect their reliability. However, Johnson et al reported 100% sensitivity and
specificity for detection of CgA using fumC C288T detection compared to ERIC2 PCR and
random amplified polymorphic DNA (RAPD) analysis of 138 diverse clinical and reference
E. coli isolates [127]. The triplex PCR for phylogenetic grouping was evaluated by testing
230 strains that had already been grouped by using reference methods and obtained an
accuracy of more than 99% compared to the reference method [41]. This seems to be borne

out by our PFGE results.
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AFLP separates isolates based on differences in distribution of close pairs of restriction
enzyme sites over the total genome modulated by selective primer sets for amplification by
PCR. The restriction enzymes we used (Msel, four cutter and EcoRl, six cutter) were pre

optimised for E. coli by others [145].

Typing of 35 ciprofloxacin resistant isolates by AFLP resulted in amplification of 50 to 85
bands per isolate with good resolution of band patterns. AFLP gave the highest discriminating
power of the techniques we used and only two of the isolates shared identical band patterns.
AFLP have been reported as highly reproducible and a typing method with high
discriminating power by others [74, 145].

We found the large number of bands and the appearance of uncertain band made the analytic
work relative complicated and time consuming. Decreasing the number of bands can be done
by adding bases to the selective primers [145].The reasons for uncertain bands might possible
be due to poor DNA quality leading to partial cutting by the restriction enzymes, unspecific
amplification or variable amplification efficiency.

PFGE differs from conventional agarose gel electrophoresis in the use of periodic switching
of the electric field during electrophoresis which allows separation of large fragments of
DNA. The whole genome was cut with restriction enzyme with low frequency cut sites using
Xbal which have been evaluated for E. coli by others to give about 20 bands ranging from 10
to 700 kbases [73].

We defined a clonal group as all the isolates differing by six bands or less from the first band
pattern investigated in the group [73]. This way of including isolates in clonal groups may
exclude some single members or lead to separation of two clonal groups which in nature are

in closely related.

A drawback of PFGE was that not all isolates were typable. 30% of the 35 isolates resistant to
ciprofloxacin in 2003 were degraded and could not be typed by PFGE. This phenomenon has
been reported in other studies as well [145-147] and studies by Silbert et al 2001[146] report
that adding thiourea in the buffer during electrophoresis increase the typing ability. According
to Ray et al [148] the increased typability by adding thiourea indicate that the degradation of
DNA is because of degradation by tris radicals during electrophoresis and not by proteinase K
resistant DNases or other proteins involved in the DNA-stability. Ten isolates were non-

typable by PFGE despite adding thiourea during electrophoresis [99].
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Clonal relationship

We tested two typing methods for clonal analysis; PFGE and AFLP. PFGE was the method
we choose to use for clonal analysis as it gave more, larger clonal groups and was easier to
analyse. Our goal was to look for related isolates rather than exactly identical ones.

Doing outbreak investigation would call for typing methods separating down to identical
isolates and exact clones. AFLP separated the isolates best and would then be the preferred

method.

We have previously proposed that fluoroguinolone resistant isolates are more clonal than
sensitive isolates on the basis of a clonal analysis of ciprofloxacin sensitive UT]I isolates from
2001 and 35 isolates resistant to ciprofloxacin from 2003 [136]. Analysis of the material from
2005 using a more comparable control group of quinolone sensitive isolates showed that the
degree of clonality among quinolone resistant and sensitive isolates was equal. There were
some clonal groups associated with quinolone resistance even though quinolone resistance

was not preferentially associated with clonal isolates.

The four largest clonal groups among quinolone resistant isolates, clones 1, 2 (CgA), 3 and 5
belonged to the uropathogenic phylogenetic groups B2 and D and comprised 25% of the
isolates. The clonal groups did not display uniform resistance patterns, although 100% of
clone 3 and 66% of clone 2 (CgA) isolates were trimethoprim-sulphonamide resistant.
Cagnacci et al. assigned 34% of 148 ciprofloxacin resistant isolates to two clonal groups using
multilocus sequence typing (MLST) [42]. This is apparently a higher degree of clonality than
we observe despite their collection being trans-European and collected over a four year
period. MLST can however detect lower levels of clonal similarity than PFGE.

In our material, CgA comprised 19% (6/31) of ciprofloxacin sensitive UTI isolates from
2001, which suggests that it may be a significant cause of urinary tract infections in our
locality. In contrast, just one of forty-eight Swedish E. coli isolates from 2001 belonged to
CgA, although the proportion of UTI isolates in that material was not reported [44]. In 2003
we found two CgA isolates among ciprofloxacin resistant UTI E.coli and both were highly
multiresistant. The change to quinolone resistant CgA isolates was further confirmed by
investigating isolates from 2005 where all the CgA isolates were resistant to quinolones. Most
of the isolates belonging to CgA showed intermediate resistance to ciprofloxacin, making
them possible candidates for natural selection for improved fitness and thereby increased

resistance towards fluoroquinolones as described by Marcusson et al [20].
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CgA was one of the most prevalent of the clonal groups associated with quinolone resistance
in our material. The CgA group has primarily not been described as resistant to quinolones.
This study is the first to demonstrate the shift from quinolone sensitive to quinolone resistance
that Johnson anticipated by analogy with the closely related 015:K52:H1 clonal group [44]. A
quinolone resistant CgA isolate is also described in a table by Johnson et al in 2009 although

this is not remarked in the text [47].

Interestingly the isolates non-typable by PFGE despite adding thiourea were all ciprofloxacin
resistant, phylogroup D, and lactose non-fermenting; they are thus phenotypically similar to

isolates of the 015:K52:H1 clonal group described by Cagnacci et al [42].

Some of the globally distributed clonal groups have been associated with specific resistance
patterns, but there are few of these clones associated with quinolone resistance, except
detection of clonal groups associated with fluoroquinolone and multidrug resistance in Italy
by Giufre et al [110]. In our material some of the most abundant clones were associated with
quinolone resistance. However, the efficiency of detecting clones is expected to increase with
the number of isolates, so we cannot exclude the possibility that this is a statistical artefact

resulting from more quinolone resistant than quinolone sensitive isolates being investigated.

Resistance to other antibiotics did not correlate with the clonal groups and this may be
explained by the fact that isolates of the clones we have detected have been separated some
time ago and loss and gain of genetic elements and possible mutations have taken place after
their separation. Resistance patterns are often reported to be related to certain clonal groups
[45] but this may partly be due to the fact that projects often look for clonality in specific

groups of isolates with resistance towards these specific resistance patterns.

Existence of clones:

Certain clonal groups are more abundant than others indicating that these are well adapted to
the environment where we have isolated them and that they are capable of spreading between
individuals harbouring them. The specific factors and routes for spreading are not known but
transmission through animals, wastewater and humans has been proposed [14, 43, 110, 149-
152]. We [99, 136] and others have reported evidence of clonal outbreaks of UTI among
humans [13, 43, 44, 46, 47, 50, 111]. Abundant clonal groups isolated from UTI would be
expected to harbour certain virulence factors making them capable of moving up the urinary

tract and staying there.
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Five of the quinolone resistant PFGE clones persisted from 2003 to 2005. CgA was not
surprisingly one of the most abundant and persistent clones in our material because this clone
is known to be global distributed and found among UTI isolates since 1990[43]. Persistence
of UTI clones indicate that there are some “well suited” clones that may be spread and cause
infection in different individuals. It may be suggested that these well adapted clones will
frequently experience exposure to antibiotics. Bacteria undergoing mutations leading to
resistance would be selected and eventually multi-resistant isolates would arise.

Quinolone resistance mechanisms:

Fluoroquinolone resistance develops in a stepwise matter where mutations of DNA-gyrase is
supposed to be the first step [102]. The sequence of the quinolone resistance determining
region (QRDR) of gyrA confirmed the presence of commonly formed substitutions S83L and
D87N in 32/35 ciprofloxacin resistant isolates. The remaining three ciprofloxacin resistant
isolates had S83L accompanied by D87G, D87Y and D87H respectively [4, 153, 154].
Membrane permeability may also contribute to fluoroquinolone resistance. E. coli regulate
membrane permeability by altering expression of passive diffusion proteins in the outer
membrane or increasing efflux by upregulating the AcrAB-TolC efflux pump. Mutations in
the control region for expression of these genes may increase efflux. Increased efflux by
AcrAB-TolC leads to increased tolerance to cyclohexane [4, 103]. We measured tolerance for
cyclohexane in isolates sensitive to quinolones, intermediate resistant and highly resistant to
ciprofloxacin. Increased efflux was found among 27% (15/55) of the isolates highly resistant
to ciprofloxacin and not among other isolates. This observation is in accordance with earlier
reports that mutations which affect the regulation of influx/efflux happen after the initial
mutations in DNA-gyrase/topoisomerase IV [103]. Up-regulated efflux pumps carry
significant fitness costs and further mutations may increase both fitness and ciprofloxacin
resistance without antibiotic pressure [20]. Our results showed that all the isolates with up-
regulated efflux also had two mutations in gyrA. And insofar as the results of Marcusson et al
[20] may be considered to apply to all strains of E. coli, we might expect a fourth or fifth

mutation giving rise to even higher fluoroquinolone resistance and improved fitness.

A similar argument applies to our strains with intermediate resistant to ciprofloxacin which
might be expected to evolve higher degree of resistance through fitness compensation without

further selection pressure.
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Plasmid mediated quinolone resistance (PMQR) was discovered in the late 1990s and is
known to provide a low level of resistance to quinolones which widens the mutant selection
windows and facilitating selection of additional resistance mutations. We screened for
plasmid mediated qnrA, B and S in addition to the aminoglycosidase acetyltransferase gene
coding for a variant that inactivate hydrophilic quinolones (aac(6\)-1b-cr) and found a very
low abundance. Thus plasmid mediated quinolone resistance in the Norwegian quinolone
resistant isolates cannot account for the increasing quinolone resistance in UTI isolates in
Norway. The low abundance of PMQR in Norwegian isolates was confirmed by Karah et al
[155]. In other countries where quinolone resistant E. coli is endemic, the abundance of these
plasmids is much higher [3, 104, 156, 157]. The low abundance of PMQR in Norway may
narrow the population based mutation window and partially explain the low prevalence of

clinical quinolone resistance.

Multiresistance:

This study confirms earlier reports [47, 109, 110, 136, 158, 159] of an association between
ciprofloxacin resistance and resistance to other antibiotics, frequently in the form of
multiresistance. We explicitly addressed this phenomenon in this project. We have also
investigated the multiresistance among isolates with intermediate resistance to ciprofloxacin
or other fluoroquinolones.

Association was found with resistance to ampicillin, tetracycline, sulphonamide, trimethoprim
and chloramphenicol. This applies not only to ciprofloxacin resistant isolates but also to
nalidixic acid resistant isolates with low ciprofloxacin resistance levels. This indicates that
multiresistance arises at an early stage in the stepwise development of ciprofloxacin
resistance. As far as we are aware, association between nalidixic acid resistance and

multiresistance has not previously been reported [99].

Multiresistance may result from elevated efflux by the AcrAB-TolC multidrug efflux pump.
27% of isolates highly resistant to ciprofloxacin showed organic solvent tolerance indicating
elevated efflux. However isolates showing intermediate resistance did not show elevated
efflux. Multiresistance among the latter isolates cannot be explained by elevated efflux and
up-regulated efflux therefore seems to be a late event in the development of fluoroguinolone
resistance. Elevated efflux was not significantly correlated with multiresistance [135].

Plasmid mediated quinolone resistance have been coupled to plasmids harbouring other

resistance genes [104, 160]. These plasmids could therefore explain why quinolone resistant
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isolates are multiresistant. The low abundance of plasmid mediated quinolone resistance in
our isolates indicates that these plasmids cannot explain the multiresistance among our
isolates.

Genes coding for resistance are often located on plasmids and these plasmids can be
transferred from one bacterium to another [81]. We investigated the prevalence of transferable
plasmids in isolates resistant to ciprofloxacin by cross streak mating and found that 40% of
the isolates harboured transferable resistance-plasmids. The high prevalence of transferable
resistance indicates that this mechanism is important in development of multiresistance in
quinolone resistant isolates. We have not yet investigated the rate of transferable resistance
among the isolates intermediate resistant to ciprofloxacin which would be of great interest to
know in view of the fact that multiresistance is an early event in building up resistance

towards quinolones.

The most prevalent multiresistance pattern displayed (ampicillin, tetracycline, sulphonamide,
trimethoprim and chloramphenicol) is typically associated with transposable elements
suggesting an association between quinolone resistance and transposable elements. This
association lends credence to the idea that multiresistance arises by the mobilisation of
transposable elements caused by induction of the SOS response during quinolone therapy, an
effect that has been suggested by Walsh [161].

The predominant multiresistance phenotype resembles the resistance pattern described in
outbreak strains of 015:K52:H1 and CgA. The resistance genes giving the dominant
resistance phenotype have been located in a chromosomal integration hot spot in CgA by
Lescat and coworkers [162]. Three of 12 CgA isolates in this study exhibited this phenotype.
Other authors also have reported resistance against streptomycin as one of the dominant

resistances [45, 49, 162]. We have not tested for this antimicrobial agent.

CoA isolates are known to be typically multiresistant [45, 49, 162], and fluoroquinolone
resistance is also associated with multiresistance, which makes the question of the potential
for super resistance in fluoroquinolone-resistant CgA pertinent. The quinolone resistant CgA
isolates in our material were not more multi-resistant than other quinolone resistant isolates
although two isolates from 2003 were in fact superresistant, and one was fully resistant to all
antimicrobials tested except mecillinam, to which it was only intermediately susceptible.
Should such isolates become widespread they may cause serious problems for the treatment of

urinary tract infections [134]. Superresistant CgA was also found in 2005 in one isolate [99].
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4.7 Main conclusions/further work

The following hypotheses were confirmed:

- Quinolone resistant Escherichia coli are more multiresistant than quinolone sensitive
isolates

- Multiresistance in quinolone resistant Escherichia coli is associated with horizontal gene

transfer
The following hypotheses were rejected:

- Quinolone resistant isolates are more clonal than quinolone sensitive isolates

- Multiresistance in quinolone resistant Escherichia coli is driven by linkage to plasmid
mediated quinolone resistance

- Multiresistance in quinolone resistant Escherichia coli can be explained by clonal spread of
multiresistant strains

- Multiresistance can be explained by multidrug resistant efflux mutations

Conclusion:
Phylogroup:
- Quinolone resistance was positively correlated with phylogroup D and negative correlated
with phylogroup B2.
- Ribotype was not closely correlated with phylogroup; Ribotyping separated the isolates into
four main ribogroups representing:

1. Russian UT] isolates mostly phylogroup A

2. Norwegian UT] isolates, mostly phylogroup B2

3. Ciprofloxacin resistant UTI isolates, belonging to diverse phylogroups

4. CgA, mostly phylogroup D.

Clonality:

- AFLP discriminated more than PFGE but PFGE enable better grouping of clonal related
isolates.

- Clonal analysis by PFGE revealed some abundant clones coupled to quinolone resistance,

one of which was the globally distributed CgA.

- CgA in our materials has evolved from nalidixic acid sensitive in 2001 to resistant in 2005.
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Quinolone resistance mechanisms:
e Two genomic mutations in gyrase previously shown to give clinical resistant
phenotypes were found in isolates resistant to ciprofloxacin.
e Increased efflux was detected among 27% of the ciprofloxacin resistant isolates.
e No increased efflux was found among the isolates intermediate resistant to
ciprofloxacin.

e Plasmid mediated quinolone resistance was not abundant.

Multiresistance in quinolone resistant isolates:
e Arises in isolates resistant to nalidixic acid before the isolates become resistant to
ciprofloxacin.
e Is not explained by multiresistant clonal groups.
e Is not explained by multiresistance plasmids harbouring quinolone resistance.
e Is not explained by increased efflux.

e May be explained by the high degree of transferable resistance.

Further work:

Surveillance of quinolone resistance

This study was done using isolates from 2001 to 2005 where the prevalence of
fluoroquinolone resistant E. coli isolates were lower than today. The prevalence has increased
from 1,3% in 2001 to 11,3 % in 2012 in Norway [5]. It is important to follow up with
prevalence studies of quinolone resistant isolates like the one done by European Centre for
Disease Prevention and Control (ECDC) [5]. It would also be of great interest to survey the
prevalence of plasmids harbouring quinolone resistance genes (PMQR), spread of clonal

groups and multiresistance among pathogenic E. coli in Norwegian isolates today.

Clonal spread

We showed that the international clonal group A (CgA) were one of the most prevalent clonal
groups in Norway. Using MLST, recently a more standardized typing method, might help us
to identify more known pathogenic clonal groups found in Europe and rest of the world [42,
43, 47, 52].
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Plasmid characterization

The fact that quinolone resistant isolates were much more resistant to other antibiotics is an
important finding. The reason for this was investigated in our study but we did not resolve the
question fully. We found that multiresistance arose at an early stage in the development of
quinolone resistance and that the isolates showing a high degree of fluoroquinolone resistance
harboured significantly more transferable resistance plasmids than sensitive commensals. Our
results would be more complete if we knew the degree of transferable resistance in pathogenic
isolates sensitive or intermediate resistant to fluoroquinolones and further investigated the

plasmids found among the multiresistant isolates.

Investigation of the plasmids in quinolone resistant isolates by incompatibility typing or
plasmid-sequencing would give an opportunity to further understand why the isolates are

multiresistant.

Mobilization of resistance plasmids

We found that plasmids were transferred between E. coli isolates by selection of other
antibiotics than quinolones, but investigate plasmid mobilization by quinolone treatment
would tell us even more. Quinolone is one of the antibiotics known to trigger the SOS
response [22]. The SOS response leads to increased horizontal gene transfer and it would be
of great interest to do in vivo investigation of horizontal gene transfer during treatment with

ciprofloxacin.

CgA as prototype for development of quinolone resistance and multiresistance

CgA were prevalent among E. coli from UTI in Norway in 2001. All the isolates were
sensitive to quinolones and not multiresistant. In 2003 and 2005 CgA were only found among
quinolone resistant isolates and showed increasing resistance to other antibiotics. This gives
us a unique opportunity to compare these two different groups of CgA to investigate
resistance mechanisms, plasmids and transfer mechanisms. Comparing sequences of genome
and plasmids from isolates belonging to the two CgA groups to look for the differences would

most likely be possible when belonging to the same clonal group.
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Appendix 1

Molecular typing of Escherichia coli by amplified length fragment
polymorphism

Amplified length fragment polymorphism (AFLP) is a PCR based typing method where two
different restriction enzymes are used to cut the entire genome into hundreds of fragments.
Adapters are ligated to the fragments and these function as annealing sites for PCR primers.
During selective amplification the forward and revers primer anneals to each of the cut sites
respectively leading to amplification of the fragments with different cut sites in each end.
Primers with one or more nucleotide in extension of the 3-prime end will selectively decrease
the number of fragments amplified. The fragments are separated on a polyacrylamide gel and
can be detected via fluorescence marked primers using ABI PRISM 310 Genetic Analyser a

capillary electrophoresis system.

This typing method was first used for plant genomes [1] but later used for molecular typing of

bacteria among other E. coli [2-5].

The aim of this study was to validate the use of AFLP as a typing method to investigate the

clonal relationship among uropathogen E. coli resistant to ciprofloxacin.

Material and method

Material:

35 Norwegian uropathogen E. coli isolates from patient with uncomplicated urinary tract
infection (UTI) resistant to ciprofloxacin. The isolates were picked from blood/CLED agar
and defined by Hajna [6].

Method:

pT™

The whole protocol from point 1-5 below was according to the AFLP '™ Microbial

fingerprinting protocol (Applied Biosystems 2002) [3].

1. Colonies picked from overnight cultures were inoculated in salt water to 10° cells/ml
(ODggo = 0.5). Genomic DNA was extracted by QIAmp DNA Mini Kit (Qiagen,
Hilden, Germany).



2. Restriction digestion by 5U EcoRI (Promega Madison WL, USA) and Msel (Promega
Madison WL, USA) and ligation of adaptors with 1U T4 DNA Ligase(Promega
Madison WL, USA) were incubated overnight using 10 ng of genomic DNA
(A260nm/A280nm between 1.7 and 2.2).

3. The restriction and ligation mix was diluted 1:20 in 1XTE-buffer before pre
amplification with EcoRI and Msel primers. The pre amplified products were diluted
1:20 before selective amplification with primers EcoRI+A (adenine) and Msel+C
(cytosine). The EcoRI+A primer was marked with FAM (5-carboxyfluorescein).

4. The fragments were separated on a 4% POP 4-polymer (Applied Biosystems,
Warrington, USA) using 10x Thermophilic DNA polymer EDTA buffer (Promega
Madison WL, USA) on ABI PRISM™ 310 Genetic analyser (Applied Biosystems,
Foster City, CA). 1 ul of the amplified product was loaded on the gel together with 24
pl of formamide and 1 pl GeneScan-500 size standard. The product was denaturated at
95°C for five minutes and held on ice before loading.

5. Diagrams were produced using GeneScan Collection Software (PE Biosystems).

6. The diagrams were converted to bands by CrvConv (Bionumerics) and the fingerprint
from each isolate was normalized using the bands in the internal size standard
GeneScan-500.

7. The bandpatterns were analysed using UPGMA cluster analyses and Dice coefficient

in GelCompar (Bionumerics).

Results

All the isolates were typable by AFLP and the bandpatterns of each isolate contained from 50
to 85 bands in size range 35-450 base pairs. Figure 1 shows the result from GelCompar. Two
isolates had identical band patterns; the band patterns of the remaining isolates were unique.
The 35 isolates grouped into 29 AFLP classes at the 95% similarity level. 26 of the AFLP
classes were singletons while the other three classes contained four, three and two isolates

respectively.



% Similarity Isolate

Figure 1: Dendrogram of the AFLP band profiles of 35 ciprofloxacin resistant E. coli using
Gelcompar Il analyse program (Bionumerics, Belgium). The two fingerprints representing
isolate 15 and 42 (outlier group) represent Citerobacter freundii.



Discussion and conclusion

AFLP is known to be a molecular typing method with high discrimination power [1-5]. We
used the two restriction enzymes EcoRI (six basepair recognitions sequence) and Msel (four
basepair recognition sequence) and selective PCR primers annealing to each of the restriction
enzymes sites with one extra nucleotide 3-prime (EcoRi+A and Msel+C) which gave 50 to 85
fragments in size range 35-450 base pairs after separation on 4% polyacrylamide gel using
ABI PRISM™ 310 Genetic analyser (Applied Biosystems, Foster City, CA). We found the
method to discriminate all but two of the ciprofloxacin resistant isolates and the clones
including isolates with 95% similarity correlated with the PFGE clones except that two further
clones were identified using PFGE. We wanted identify related isolates and PFGE was
therefore the typing method that we preferred for further studies. In addition AFLP was rather

time consuming and not as well established in our laboratory.
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