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Summary of Contents/ Abstract

This thesis is divided into three sections. Each section focuses on occurrences of
b-lactamase/ ESBL mediated resistance in Salmonella and the role that plasmids

play in the dissemination of same.

Section 1 of this thesis investigated the genetic basis of a novel ESBL phenotype

(6cefepi mased) . Thi s phenod$ yypmunuens obser

from Kenya, Ireland and Malawi. All isolates harboured a c. 39kb plasmid
termed pFEP39Plasmid pFEP391dr confered resistance to cefepime with
significant inhibition by CA. Sequencing results identifidilaoxa.1 in
conjunction with an nusual promoter combination directly upstreanblabxa-1.
TheRpr omoter was unusual i n that there
10 signal. The O0cefepimased phenotype

which blapxa-1 Was the onlyp -lactamase gene present.

Section 2of this thesisinvestigated ESBL production in sevéh Kentucky
isolates from poultry samples in Irelarl.Kentucky is a common serovar from
poultry in Ireland. Four isolates harboureolasyy.12 and 3 harbouredlacyy-

2. All 7 isolates harboured 2 plasmids. All isolates were similar but
distinguishable by PFGHhis thesis rported the emergence of plasmid
mediated broadpectrum cephalosporin resistanc&iientucky in poultry.

Section 3 of this thesis invégited the comparison of S1 nuclease PFRABE
alkaline lysis for analysiof plasmid DNA. The aim was to compare the
reproducibility, accuracy and convenience of both the AL andPBGE
methods.S1-PFGE was concluded to be more accurate and reproducdoie th
AL. Plasmids were more clearly defined and better separated usiRfGH.

The S1IPFGE procedure is more convenient to perform than AL and the
availability of agarose plugs for other PFGE analysis is an advantage.

The final section of this thesithediscussion, reflects on the individual chapters.
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Chapter 1

11  The Salmonellae

The genus Salmonella contains Gramnegative, nossporulating bacilli,
facultatively anaerobic, oxidase negative, mixed acid fermgratimd are motile

due to the presence of flagella. The gent@mprises a group of clinically
important microorganisms that cause a spectrum of disease in a variety of hosts.
Salmonellaeare not part of the normal human micro flora and are usually

pathogenidor humans and warthlooded animals.

1.11 Disease caused by Salmonella

Salmonella entericaubspeciegntericavaries in its virulence towards animal
species with some serotypes exhibiting a narrod ssme a broad host range.
Hostspecific serovars dbalmonella tend to cause more geveystemic illness.
Broad hostrange Salmonella are associated withontyphoid salmonellosis
(NTS) in humans and the hespecific serovars with enteric/ typhoid fever.
lliness in animals and humans can range from-lgeifing bacterial enteric
illness (nortyphoidal salmonellosis) to invasive disease (e.g. Typhoid fever
caused byS. entericasubspeciegntericaserovar Typhi and paratyphoid fever
caused bys. entericaserovar Paratyphi 8 and C). NTS can lead to loitgrm

health problems such as irritable bowel syndrome and reactive afttritis

In order to cause infection, Salmonella must be ingested in sufficient quantities.

The infective dose canraagrom 21 00 col ony f or fijwitly uni t s
an incubation period of generally -¥2 hours for NTS. Noityphoid
salmonellosis (NTS) in most humans is an uncomplicated gastroenteritis with
diarrhoea (in 87% of cases), abdominal pain (in 84% cases), fever (in 75% of
cases), nausea (in 65% of cases), muscle pain (in 65% of cases), vomiting and

headaches (in 25% of cases) occurfitjg

In approximately 5% of case®f nontyphoid salmonellosis, invasive
salmonellosis with bacteraem@n occuif2]. The elderly, infants and immune
compromised individuals are more at risk of developing an invasive Salmonella
infection. Bacteraemia and septicaemia caused by Salmonella presents with fever

which may or may not be accompanied by diarrhoea. Complications associated
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with invasive Salmonella infection include meningitis, osteomyelitis, and
infections in the lungs, kidneys, spleen, endocardium and large blood vessels. In
addition, septic arthrgi caused by NTS has been reported, however this is quite
rare (<1% of NTS caseEJ].

Salmonellacells can continue to be shed in the faeces of children (<5 years) for
up to 20 weeks, in adults shedding continues for at leGsivdeks and in some
cases shedding may occur forolonged periods (> 1 yed#d]. Chronic carriage

of NTS is less common than chio carriage oBalmonellaryphi[2].

Patients with aguired immune deficiency syndrome (ABDare at a greater risk
of developing NTS bacteraem[i§]. In blood specimens from Al®patients in
subsaharan Africa(SSA) NTS are the most frequently isolated pathoden.
addition, in 2003 a SENTRY stutlyeported that Salmonellspp. ranked 13
among the genera most frequently assted with blood stream infections in the

cohort of Europe, North America, AsRacific and Latin Americgb].

1.1.2 Epidemiology of nontyphoid Salmonellosis

It is estimated that there are approximately 1.3 billion cases of human
salmonellosis annually worldwide, with apgimately three million deathfl].

The most common route of transmission in humans is through the consumption
of contaminatedood. The food products involved in outbreaks can be quite
diverse ranging from milk, eggs, poultry, meat, ablate, potato crisps, spices,

bean sprouts and frJit].

In 2007 it was estimated that the annual cost of food borne illSeds@nella
dataspecifically isnot available) to the lrise c onomy ( ROl ) was 010
[8]. However, this is not an entirely @agate reflection of the costs to the Irish
economy as many cases of food borne illness go unreported. There are no studies
presenting a calculation/ multiplier for the correction of under reporting of

salmonellosis cases in Irelandn Australia, for evey case of laboratory

! The SENTRY Antimicrobial Surveillance Program (SENTRY) was initiated in 1997 and was designed to
monitor the spectrum of microbial pathogens and antimicrolséteace trends for both nosocomial and
communityacquired infections on a global scale, by using validated identification and susceptibility testing
methods in designated central laboratories
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confirmed salmonellosis an estimated 7 casesuareported in the community
[9]. Therefore, a multiplier of 7 was applied to estimate the actual number of
food borne illnesses attributable to salmonellosis in Australia. In the United
Kingdom the most recent mydtier was calculated to be 3[20]. However, in

the USA a multiplier of 39 was estimated in 1988 and again in px042].

In Ireland Salmonella inéction is a notifiable diseasgl3]. Data relating to

notifiable diseasearerecorded in the computerised infectious diseagernting

(CIDR) databaseSince 2004the health protectiorsurveillance centre (HPSC)

has monitored, collated and interpreted infectious disease data received from
clinicians and laboratory directors within Ireland. lineland there are

approximately 35850 cases of salmonellosis reported each year which is a

markedd ecr eas e compar ed 7tasesbemgreppre®i®i®83, wi t h
[14]. The reduction in cases of sal monell o
coincides with tk trend observed across other European countries. This may be
attributed to the introduction of national Salmonella monitoring and control
programmes i n [15hThe ihcadnee raiod Slthdnslloss in

Irelandhas remained relatively constant since 2000, with approximately 10 cases

per 100,000 each year thereaff@d]. Indigenous cases dafalmonellosisin
Irelandaregenerally associated with Typhimurium infection(38.8% d¢ cases)

rather thanS. Enteritidis infection (18.6% of casey S. Enteritidis accourstfor

the majority of travelhssociated infection (43.3%ith S Typhimurium

accountingfor 19.7% of travehssociated cases sdlmonellosis. However, the

country of orgin for S Typhimurium infections was k&nown in 33% of

recorded casdq44).

In relation to Salmonella in animals intended for human consumpbani
products are considered the most frequenurce of transmission ofS
Typhimutium in the food chain with 49.4% of SalmoneHlaositive pok
carcasses being contaminated wg&hTyphimurium[16]. Salmonella enterica
serovars @llinarum and Pullorum are hespecific serovars that account for the

majority of systemic disease in poulti@olonizationof poultry byserovars of
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Salmonellacan occur by vertical tremission, transvarial transmissioﬁ[l?,

18] through contaminated feed or through the environment. A recent European
Food SafetyAuthority (EFSA report stated thatS. Typhimurium is not a
common serovar @dated from broilers in the Ey19]. S. Gallinarum andS
Pullorum serovars had been virtually eradicated in poultry produiti&urope
and the USA by t he 1 9of dtéssanddsiaghtdr systemh e
[20]. Therefore, nowadays serovars Gallinarum and Pullorum are rarely isolated
from poultry. There has been legislation implemented for the reduction of
Salmonellaserovaran poultry populations in EU member staf@d], [22]. The
purpose of this legislation is to implement control programmes in order to reduce
the levels ofSalmonellain general in poultry populations and to reduce human

cases of@monelbsis.

S. Enteritidis is identified in 66.4% of Salmonella positpaultry / egg samples
[23]. The contamination rates of poultry wiBalmonellaare 25.4% in Poland,
14.4% in Spain, 10.4% in Portugal, 3.6% in the United Kingdom, 11.2% in
Ireland, 14.5% in Germany, 7.4% krance and 2.3% in Switzerlaf@9]. The
scale of poultry farming in a particular country is worth considering when
analysing these levels. Variation in the lewélSalmonellain poultry between
countries may be due to factors such as intertditgampling schedules in a
particular country. For example, the EFSA recently reported that Ireland,
accounting for only 1.2% of the total number of broilers slaughtered in the EU in
2008, has a prevalence $&lmonellacontaminated poultry of 11.2949]. This

is higher than the UK wbh slaughtered 15.1% of broilers in the EU in 2008

with a prevalence dbalmonellacontaminated poultry of 3.694.9].

A controversial issue in poultry farming is the use of antimicrobials to prevent
mass infection in flocks and the use of antimicrobials to inje¢tatohed eggs to
engure survival of chickd24]. These antimicrobial prescribing praets were
highlighted by the Public Health Agendy Canadan response to the growing

2 Vertical transmission results from asymptomatic sheddir@gtrhonellarom the intestines of
poultry leading to contamination of eggs.
Transovarial transmission results in transmissiorsafmonellato eggs by contaminated ovaries.
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level of cephalospar-resistant Salmonella isolated from poultry in the country
[24].

SalmonellaKentucky is the most frequently isolated serovar from poultry in two
EU countries Ireland and the UK[19]. The Central Veterinary Laboratory
(CVRL) is the National Reference Laboratory (NRL) for Salmonella in food,
feed and animalsn Ireland The CVRL report for 2008 highlighted th&
Kentucky was the mosfrequently isolated Salmonella serovar from poultry
carcasses in Ireland, accounting for 72% of poultry isol&8ls S. Kentuckyis

the third most common serovar isolated from poultry carcasses in the entire EU,
afterS. Infantis ands. Enteritidis[19].

S.Kentucky was first identified in 1937 from the intestinal tract of a chiake
state of Kentucky, USA26]. In 201Q the FDA reported thatS. Kentucky
accounted for4d5% and 25%of Salmonella isolated from chickecarcasses
during commercial processing afrdm retail chicken breasts respectivgB,
28]. S. Kentucky is not a common cse of human salmonellosis cas#se
serovar accounted foon average 62 cases of human salellosis per year
between 1992006 and 123 cases of human salmonellosis in P261n light
of this S. Kentucky was thought to be a relatively insignificaniman pathogen
[27-29]. Other common serovars identified from animals w@reSeftenberg
(3.6%),S. Virchow (2.7%) and. Indiana 2.7%)[30].

In SubSaharan Africa (SSA) transmission of rAtyphoid Salmonella (NTS),

particularly certain strains oS Typhimurium may be maintained between

humans and not only zoonotic (foalborne) diseasg1]. Up until recently data

on incidence rates and epidemiology of NTS in Africa were sparse. The
incidence of NTS in humans in different geographical locetiwithin SSA was

repored to be 17888 cases per 1@MNO children with an incidence rate of

20008500 cases per 1@MO among an adult HIV cohdr82, 33]. However, a

recent report by Mackenziet al. into the incidence of NTS in ddren in

Gambia (Fajara and Basd®s shown a decline in numb¢ggl]. The incidence

of NTS in children had fallen from 6005 cass/ 100, 000 i n 19800s
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29/100000 in 2008.) The serovars most commonly associated with
salmonellosis are the same as those observed in Ireland and tlgekedally
that isserovarsTyphimurium and Enteritididn Malawi, 75% of NTS cases were
attributed toS Typhimurium withS. Enteritidisaccounting for 21%[35]. Other
less common serovars (accounting feB% of NTS cases) identified in Malawi
wereS. BovismorbificansS. CholeraesuisS. SeftenbergS Augustenberg anfl
Norwich[35].

1.1.3 The application of typing to Salmonellaspp.

Discrimination between bacterial isolates is important for outbreak investigation,
surveillance, epidemiology, understanding transmission and pathogenesis of
disease. The typing methods utilised as parhisf thesis are plasmid profiling,
pulsal field gel electrophoresis (PFGE), multi locus variable number tandem
repeat (VNTR) analysis (MLVA) and multi locus sequence typing (MLST).

Plasmidsare extrachromosomal, doublstranded autonomously seéplicatng

mobile elements of DNA. Plasmid profiling is valuable in order to categorise

plasmids and to analyse their distiion and evolutionary historyThe first

plasmid typing/ categorisation method was employed by Datta and Hedges in

1971 and wasmter imedodpa¢t inh988 doutwigrandr oupi n
colleagues developed a plasmid typing scheme based on Southern blot
hybridization using cloned replication regions (replicons) of sequenced reference
plasmids as probes. A plasmid replicon is defiaesl t he O0smal |l est pi e
that i s able to replicate autonomously a
replicon is a constant genetic unit consisting of an origin of replication and its
associated control elements. In plasmids the origin of replicgbo) is a

defined segment of DNA several hundred base pairs in length. In 2005 Carattoli

and colleagues developed a PCR Based Replicon Typing (PBRT) scheme for the

identification of the most common incompatibility groups found in members of

% Plasmid incompatibility is defined as the inability of two related plasmide forbpagated

stably in the same cell line, i.e only compatible plasmids belonging to different incompatibility

groups can be recovered from transconjugant.cells



Chapter 1

the Enterobateriaceae However, the most accurate method to determine the
plasmid incompatibility group and to characterise the plasidltimately

sequencing of the entire plasnjiRb].

Pulsel field gel electrophoresis (PFGE) was first describg&chwarz and

Cantor in 198437]. PFGE is the most widely used method for molecular typing

and epidemiological surveillance $&lmonellaPFGEallows resolution of much

larger DNA fragments on agarose gels when compared to standard gel

el ectrophoresis. DNA fragments of O40kb i
separated by applying a constant unidirectional electric field as in standard gel
electromor esi s. Therefore, regardless of the
all migrate at the same speed. This problem is solved by PFGE. Alternating

electric fields at different angles are applied to the gel during PFGE. The theory

behind alternating electritelds is that larger DNA fragments will take longer to

respond to the changes in electric field direction than shorter DNA fragments.

With each alteration in the direction of the electric field relative to the gel,

shorter DNA fragments will begin moving the new direction more quickly

than the longer DNA fragments. This results in the longer DNA fragment lagging

behind, therefore allowing longer DNA fragments (that by conventional

electrophoresis would not separate) to be separated efficiPRBE ofbacterial

DNA (e.g.S Typhimurium) begins with immobilisation of a defined
concentration of genomic DNA +n agarose |
immobilised cells are then lysed using sodium dodecyl sulphate (SDS) and are

subject to a series of washistgps to remove cellular debris. Native DNase,

RNase and cellular proteins are degraded by treating the test DNA with

proteinase K (a broad spectrum serine protease), hence preventing DNA
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degradation during the PFGE procedure. The DNA immobilised in tigeipl
cleaved using a restriction endonuclease/ restriction enzym®, Tgphimurium

this can be eithexbal or BInl. A specific banding pattern is generated by this
typing method which is termed a Pulsed Field Profile (PFP) and thus enables
P F P 6 s latesfto be aompared for outbreak investigation and epidemiological
surveillance. Application of computer software programmes such as
BioNumerics (Applied Maths, Kortrijk, Belgium) permits precise size
determination of individual band#hereafter generath of percentage

relatedness of isolates based on an algorithm called UPGMA (un weighted pair
group method with arithmetic averages) is performed. UPGMA is an algorithm
which permits hierarchical clustering with the creation of phylogenetic trees
(dendograns). The dendograms generated using this algorithm make outbreak
surveillance and identification much more accurate and comparable between

laboratories.

The protocols for PFGE for many of the enteric pathogens have been
standardised and validated by t@entre for Disease Control (CDC), Atlanta,
Georgia[38, 39]. The CDC PulseNet system enabland facilitates this peess

[40]. The presence of plasmid DNA has implications for interpretation of PFGE
banding patterns for test isolates. Larger plasmids can be mistaken for a fragment
of cleaved chromosomal DNA. This can be overcome by carrying out plasmid

profile analysis alongside PFGE.

Multi Locus VNTR (Variable Number Tandem Repeat) Analysis (MLVi&\a
powerful typing tool for sultyping Salmonellaserovars such & Typhimurium
[41] [42] [43]. MLVA typing schemes have been developed for other serovars of
S. entericaincluding S Typhi [44] and S. Enteritidis [45]. Linstedt and
colleagues, in 2003, recognised the potential for an alternative to PFGE for

subtypingS. Typhimurium DT104.
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A VNTR is a locus in a genome where short nucleotide sequences are repeated in
tandem. A tandem repeat is basically a region of DWwere variations of two or

more nucleotides are repeated directly after each other, with variations in length

between genomes e.g. AGCTCAGCTCT- AGCTCT- AGCTCT- a four

tandem repeat of OAGCTCTO6. VNTR are pres:c
contain a highevel of genetic polymorphisms (i.e. presence of two or more

relatively common alleles of a particular VNTR, the more alleles, the greater the
polymorphism) and therefore a high discriminatory capability in application to

bacterial typing. VNTR evolve @ much faster rate compared to housekeeping

gene nucleotide sequences (as targeted in MLST) and this is why they have been
identified as an especially useful tool for strain discrimination. When multiple

di fferent VNTRGO6s ar e dtueersgaldad®dtilbcosr anal ysi

VNTR Analysis or MLVA.

The VNTR are flanked by conserved non repetitive sequences, this allows the

specific VNTR locus to be amplified by PCR. The forward primer used for PCR

is fluorescently labelled, enabling detection anldssguent size determination of

the VNTR by automated high resolution capillary electrophoresis. The use of

multiple fluorescently labelled primers allows multiplexing of dispersed target
VNTROs from across a bacteriadbmgojenome,
similar size. The number of repeats per particular locus in the VNTR typing

scheme is calculated by subtracting the known length of the flanking sequence

(on each side of the VNTR, termed O6o0ffse
length and divitchg the result by the known length of each individual VNTR

repeat sequence.

In the MLVA typing scheme foiS. Typhimurium the VNTR are designated
OSTTRG6, t hi s SaknonelalypaicurieonTamdent Repeat. There
are 5 STTR analysed in MLVA & Typhimurium: STTR3 (of which there are

10
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two variations 27 bp and 33bp repeats), STTR5 (6 bp repeats), STTR6 (6 bp
repeats), STTR9 (9bp repeats) and STTR10
on a serovar specific plasm@BLT and consist of 6 bp repeatshd order in

which they are reported is always in the form of the allelic strB§TRS
STTR5STTRG6STTR10piSTTR3[46] [41]. The loci areamplified by multiplex

PCR using primers incorporating fluorescent dyes. Once the amplification is
complete the size of the fluorescently labelled amplicons can be analysed more
efficiently and accurately using a DNA sequencing machine. The MLVA allelic

profile/ string once constructed can be entered into Bionumerics system (Applied

Maths, Kortrijk, Belgium) for analysis.

There is a standard approach to MLVA in Europe SoTyphimurium, with
Larsson and colleagues recently suggesting a nomenclatunelen to allow
simple and ratiocal assignment of MLVA profile$43]. The Institut Pasteur in
Paris is in the process of trying to hmmise existing MLVA databas¢d7] in
use at presentybthe introduction of a systefd8] allowing storage of the raw
data as well as the analysis tools provided by other itesbsuch as:

http://mlva.upsud.fr/ http://www.mlva.euandhttp://www.miruvntrplus.org.

Multi Locus Sequence Typing (MLST) is ahet typing tool available. MLEE

(Multi Locus Enzyme Electrophoresis) is an epidemiological typing tool that was
the phenotypic predecessor of MLST. With MLEE analysis, enzyme
polymorphisms are detected between test strains by analysing the different
electiophoretic abilities of a variety of cellular enzymes on a gel. A panel of
enzymes are chosen to use in a particular MLEE typing protocol. Each enzyme is
analysed according to its electrophoretic mobility on a starch gel. The rates of
migration are determed by using enzyme standards and staining solutions that
include enzyme specific substrate;emmeymes, cofactors and dyes. Differences

in electrophoretic mobility of the same enzyme amongst a set of test study
bacterial isolates results when there isfeetence in charge of the enzyme

caused by substitutions in its amino acid coding region. This infers changes in
the underlying DNA encoding the polypeptide. Each target enzyme in each study

bacterial isolate is allocated a number according to its eldxireppc mobility.

11
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Therefore, each study isolate will have a series of numbers which act as a
fingerprint or MLEE profile. The major draw back with MLEE was that it

determined phenotypes not genotypes.

Isolate characterisation by multi locus sequencentypMLST) is based on the
determination of the DNA sequence in a predefined set of housekeeping,
ribosomal or virulence genes for isolate characterisatsmhate characterisation

by MLST is based on the determination of the DNA sequence in a predséned

of housekeeping, ribosomal or virulence genes. It was developed in 1998 by
Maiden and colleagues using the human pathddeisseria meningitidigs a
model organisni49]. MLST is capable of identifying Bhucleotide sequence
changes, including nucleotide sequence changes that do not necessarily result in
amino acidchanges. The frequency of these synonymous chhegasalso be

used to estimate the evolutionary timasof bacterialgroupings by comparns

with a molecular clock ta [50-52]. The molecular clock hypothesis is a method

of analysing rates of molecular change in order to be able to estimate doeerge
within a population (i.e. species, taxa). The molecular clock is also referred to as

an 6evolutionary <c¢l ockd.

An MLST scheme for subyping S. enterica was set up by Kidgell and
colleagues in 2001This typing scheme uses seven house keepemps as
targets for analysisT@ble 1.1) [50]. The MLST process is outlined Figure
1.1

“A 6silentd substitution, a nucleotidedchange
sequence

12
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Table 11 MLST housekeeping genes utilised for MLST ofSalmonella

enterica
Gene Size of PCR MLST internal fragment Gene function
product sequence size
thrA 852bp 501bp Aspartokinase & homoserine dehydrogenas
pur 510bp 399bp Phasphoribosylaminoimisazole carboxylase
SUCA 643bp 501bp Alpha ketoglutarate dehydrogenase
hisD 894bp 501bp Histidinol dehydrogenase
aroC 826bp 501bp Chorismate synthase
hemD 666bp 432bp Uroporphyrinogen Il cosynthase
dnaN 833bp 501bp DNA Polymerase llbeta sub unit

13
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Figure 1.1 MLST workflow utilising Bionumerics software, (Applied Maths,

Kortrijk, Belgium)

PCR ampiliication of seven housekeeping (HK) genes

l

Sequence internal fragment of HK gene

}

Trace file/ chromatogram generation by sequencing machine

!

Import trace file to Bionumerics

!

Automatic identification of strain number and gene name from trace file nai

}

Automatic forward and reerse strand trimming and assembly

l

Detailed quality report generated by Bionumerics using colour codes for qu
nucleotides

!

Quality checked sequences assembled and passed by Bionumerics syst

l

Query sequences manually edited

l

Enter consensus sequences into MLST database to generate the allelic num
thereafter thelkelic string for each study isolate

}

Sequence Type (ST) for the study isolate determined, enter into MLST data
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According to the MLST database (central MLST database) hosted at
http://pubmlst.org/databases.shtmés of 09/0R012 there are 1554sequence

types (SB) and 4892 isolates &almonella entericavalable for comparative
analysis. Tis data is stored and maintained by the iEovmental Research
Institute (ERI) at University College Cork on tige entericaMLST database
[53]. MLST is very valuable in evoationary analysis of bacteridb4], however

MLST may be less discrimatory than PFGE for subtypir§5].

1.2  Antimicrobial agents

1.2.1 An introduction to antimicrob ial agents and mechanisms of action

Antimicrobial therapeutic agents play a major role in clinical, veteyirand

agricultural sectorsThey can be classified as (a) original natural produybls

products derived or chemically synthesised from naturaldymots or (c)

chemically synthesised products. Natural antimicrobials or antibiotics are
produced by a wide variety of bacteria and fungi enabling them to kill or inhibit

gr owt h of ot her mi croorgani s ms. The t e

throughout thighesis to include all of these agents.

The O6antibiotic eradé began in 1928 with
antimicrobial agent which inhibited the growth $faphylococcus auretghis

antimicrobial produced by the fungu®enicillium notatumand was called

penicillin G. In 1945 penicillin was troduced into clinical practiceand
subsequently othenaturallyoccurring antimicrobials such as erythromycin and

streptomycin were identified.

The four major bacterial cell targets of commonlyduaatimicrobial classes are:
1 The bacterialcellwall: e.dp-l act ams and gl ycopepti deod:
1 Bacterial protein synthesis: e.g. tetracyclines, macrolides, glycylcyclines,
aminoglycosides and oxazolidinones
1 Bacterial DNA repair and synthesis mechanisms: e.g. quinolones and

fluoroquinolones.

15
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1 Bacterial metabolic pathwa: e.g. sulphonamides inhibit the bacterial

folate coenyzme pathway.

1.2.2 The cell wall

The differences between the cell wall architecture of Gpasitive and Gram
negative bacteria hinder the penetration of certain antimicrobials into the
bacterial ell. The Grampositive bacterial wall is more easily penetrated than its
Gramnegative counterparts as the cell is surrounded by a single layer of
peptidoglycan that is essential in maintaining bacterial cell structure and
integrity. The Grammegative cellhas this wall and an outer membrane layer
termed thelipopolysacchade layer (PS). The peptidoglycan layer in both
Gramypositive and Grarmegative bacteria fundamentally consists of orthogonal

(intersecting and lying at right angles) glycan and pepsticands.

The peptidoglycan layer is comprised of alternating chains (glycan chains) of the
monosaccharides N-acetyl glucosamine (GIcNAc or NAG) andl-acetyl
muramic acid (MurNAc or NAM) whichare both derivatives of glucase
GIcNAc and MurNAc unitsare ound t oget gerycloywifdi T bonds
1-4 glycosidic bonds are formed through the action of the enzyme
trarsglycosidase. In Gramegative bacteria MurNAc contains pentgeptide
side chain consisting dhe amino acids L-alanine, -alanine,D-glutamic acid
and Dtaminopimelic acid (DAP).The terminal portion of the precursor
pentapeptide side chain is made up of a repedanine -alanine segmentn
Grampositive bacteria the difference isllysine instead of DAPThe linear
peptide side chasare cross linked by atempeptidebond in Gramnegative
bacteria and amtemeptide bridge in Grarpositive bacteriaThis occurs by a
bond forming between the carboxyl gro€@®-) of -alanineand the amino
group €NH-) of DAP (Gramnegative) or LLysine (Grampositive). In Gram
positive bacteria the interpeptide bridge is formed by a peptide consisting of five
glycine molecules. This is a pentaglycine bridge. The interpeptide bridge/bond is
formed through the action of the enzyme transpeptidasetefimnal -alanine
-alanine is displaced from the carboxy terminus of the peptide chain prior to

cross linking of the penultimate-alanne with either DAP or Hysine. It is this

16
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rigid cross linking of the peptidoglycan structure that provides the front line

structuralbarrier in preventing lysis of the bacterial cell.

Aut ol ysins are the enzymes that4 ar e re
glycosidic bonds between GIcNAc and MurNAc units. In this way the MurNAc
and GIcNAc units can be added to a growing peptid@o chain. Therefore,

growth and division of the bacterial cell can occur.

1.2.3 b-lactam antimicrobial agents

b-lactam antimicrobia are versatile and today represent mdrant 60% of

antimicrobial usagg56]. This is due to their safety and efficacy and their

potential to be chemically modified to optimis@imicrobial activity. Theb-

lactam antimicrobials consist of the penicillins, cephalosporins, cephamycins,
monobactams and car b alpceam elassare clMeaatebised s o f

by a fourcarbonring structure.

b-lactans function by inhibiting te transpeptidation step of bacterial cell wall
synthesis by acting as a false substrate
lactam is an analogue of thealanine -alanine terminal portion of the peptide

side chain of the peptidoglycan MurNAc unitis prevents cross linkingGO-

NH- inter-bridges) of the peptide chains of the glycan strands. Therefore,
accumuléion of peptidoglycan precursoresults in activation of bacterial cell

wall autolysins causig degradation of the bacteriumamaining pepdoglycan.

The growing bacterium at this point is extremely susceptible to cell lysis and

death.

1.2.3.1The penicillins

The penicillin group is comprised of the fauri nlgctarf structure fused with a
five-membered thiazolidine ring. This makes up thar@inopenicillanic acid (6

APA) molecule Figure 1.2). The 6APA carries a variable fdcyl side chain at

position 6. Sié chains are chemically added tothe ® A’ mo |l ecul e on t h
group of the Nacyl side chain to produce a wide vayieof semisynthetic

penicillins.

17
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Figure12Gener al ¢ he mi c al-lactam clagscahtimicrebiale ddaptedhfeom Bssack 200157]
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The penicillin antimicrobials calpe sub divided into five groups:

(A) The natural penicillins: The group of natural penicillins are products of
fermentations of the mouldPenicillium chrysogerm and include
pentenylpenicillin (penicillin F)benzylpenicillin (penicillin G), heptylpenicillin
(K), phenoxymethylpenicillin (penicillin V), and -pydroxybenzylpenicillin
(penicillin X). These compounds differ based in the composition ofNtaeyl
side chain attached to theAPA molecule (also ef erred to as
Penicillin G has activity against Grapositive bacteria and some Gram
negatives (e.g. Meningococcial species and Gonococcal speclesyever,
penicillin G is susceptible to hydgsi s  {agtamaése enzymes produced by

many Grarmegative bacilli.

(B) The penidllinase-resistant penicillins: This is a group okemisynthetic
penicillins which are also referred to as argtaphylococcab-lactamasestable
penicillins. This group isamprised of meticillin (the first of the seraynthetic
penicillins to be dicovered), naficillin and a stdroup called the isoxazolyl

penicillins (e.g. oxacillin, cloxacillin, dicloxacillin and flucloxacillin).

(C) The extendedspectrum penicillins: The extendedpectrum penicillins are
comprised of two structurally distinct subgrouplse aminepenicilins and the
amidopenicillins [58]. The first of the amino penicillins to be developed was
ampicillin. Ampicillin has a sintar activity as benzylpenicillin against Gram
positive cocci with an extendexpectrum of activity against certain Gram

negative organisms such B@scoli, Salmonellaspp.

t

The amidepenicilinsares o cal |l ed as they pos-sess

postion of the side chain of the benzyl penicillin molecided aretherefore
termed 6 U-amidinopenicllinates. Mecillinam is an @o-penicillin with an
extendeespectrum of activity toward Grammegative organism$ut differs from
the aminepenicillins in that it has little activity against Grapositive

organisms.
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Ampicillin is not effective in the treatment of infection causedbHgctamase
producing Grammegative bacteria This restriction can be overcome by
combining ampicillin with another compound ¢ | eldctamaseinhibitor. This
combi natliaacn damdmadh inhibitor is an effective means of treating

inf ect i on s-lactamasgpm@dlciny ranmegative organisms.

(D) The extendedspectrum penicillins with activity against Pseudomoas

aeruginosa

There are three acyerivatives of benzylpenicillin exhibiting activity agairit

aeruginosa These are the carboxypenicillins &icillin and carbenicillin),

sulbenicillin, t h e acylaminopenicillinds (apal ci
acy |l urei dopenicillinods (azl ocidllhava, me z | «

activity againsP. aeruginosa.

( E)-lactbmase stable penicillis: Temocillin (6 Umethyoxypenicillin) was

first marketed by BeechafPh ar mac e ut i ¢ d99sTemocillintisa® 19800 s
Umethyoxy derivative of ticarcillin whicts administered parenterally.

Temceillin exhibits stability against CT>M, TEM, SHV and Amp(b-

lactamases. However, Temocillin is not active against Gram positives, anaerobes

or Pseudomonas aeruginasa

1.2.3.2The cephalosporins

The cephalosporiantimicrobials are slightly different irhat they contain a-6

me mber ed di hydr ot hi a zZactane ring fathey thanuhee d t o
thiazolidine ring (53membered) of penicillingFigure 1.2). The cephalosporins

are all semsynthetic derivatives of a compound called cephalosporin C that is
produced by the moul€ephalosporium acremoniunThe core cephalosporin

structure is faminocephalosporanic acid-ACA). As with 6APA, the ZACA

structure may be chemically altered at a number of locations to yield the different

cephalosporin agents.

The cephalosporins can be classified based on biological, microbiological,

pharmacological, chemicaind immunological attribute€lassification may be
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based upon whether tltempound is administered orally or by parenteral means
and also the stability omte c ompound t olactamngader endyrges i s
[60]. The cephal osporins are pa+#actamof
antimicrobials.Chemical classificatios basé upon the structure of the cephem
ring. Therefore, thecephems are sutlivided into the cephalosporins-§iilfur),

1-oxacephems, carbacephems, isocephems, cephamyciospabacins.

There are a number of microbiological classification schemes; on@iggothe
cephal ospor i no 4-5 basdd apordthgeespeetnura of antibacdedal
activity and t hlatamasmddecing Gamnegativa lgpetarian s t
[60]. Another accepted microbiological clagsition scheme distributes the
various cepal ospor i n agenMlsGroups i b ceghglosmomtnp s 6
belong to the category dimited spectruntephabsporins, groupll, IV & V to

the broad spectruntephalosporingroups VI & VIl to the narrow spdrum

cephalosporings0].

0 Group | cephe mo6 s :
This cephem group possessactivity similar to ampicillin when it comes to
treatment of infections caused by Graegative bacteria with a similar
hydr ol ysi-lctamase enkymds.yGrobp | cephems are the most active
against staphylococci anstreptococci[60]. Members of this group @iude

cephaloridine, cephalothin, cefazolin and cephadrine

0 Group Il cephems
The groupl | c e p hreanebup oftcephaosporingnd cephamycinsThere
are two sub groupsgroup IFA and II-B. Group IFA agents, for example
cefuroxime, are less activeath the group 1 cephems against staphylococci and
streptococci but more actiagainst Granmegative bacilliGroup IFB agents are

the cephamycins
The c e p h a my émethexycepHalosporins) are similar in structure to the
cephalosporins with the addiio of a met hoxy group- at

lactam ring of 7-aminocephalosporanic acidThe cephamycins include
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cefoxitin, and cefotetan. Due to theéJimethoxy group thé-lactam ring of the
cephamycins is resistant to cleavage by the Ambler Chask-lactamase

enzymes.

U Group Il cephems
The group 1l cephems are diverse in their chemical structure, antimicrobial
activity and pharmacokinetic properties. Thieup Il cephems are comprised of
subgroupsA to E [60]. The members possess two or more attributes:
1. Either a 2amino5-thiazolyl or a 5amino2-thiadiazolyl ring at the C7
position.
2. Broad antimicrobial spectrum of activity.
3. Stabk to hydrolysis by many manidmediatedb-lactamase enzymes
such as TEML.
4. Anti-pseudomonal activity.
5. MICgy values of less than 1.0mg/Lfor members of the
Enterobacteriacea¢hat do not possess Clasb-lactamase or extended

spectrunb-lactamase enzyméeefer tosection 1.3.

The Group III-B cephems comprissompounds possessing @a@ino5-thiazolyl

ring and an alkoxyimino side chain at C7. The oxiisesubstituted with either a
methyl group (cefotaxime and ceftriaxone) or a cariEogropyl group
(ceftazidime). The molecule tathe C3 position in these agents differs, for
example; ceftazidime possesses a pyridinium molecule, ceftriaxone a triazine
molecule and cefotaxime an acetoxymethyl group at C3. The greBpadients

are more actie than the group 4A agents against thEnterobacteriaceaand

are also stable to hydsdis by plasmiemediatedb-lactamase enzymes. Group

[II-A, [II-C Group llII-D and Group IHE cephems are not widely used.

Group IV cephems
The group |V cephems I94andlé-2daseliupontieed i nt o

position (C3 or C7) of the quaternary ammonium moiety. Grou@ 8re the C3

®0Oxi mebs are any class of nitrogen containing com
X/YIC=N-OH, where X and Y are hydrogen atoms or organic groups derived from an organic
compound.
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quaternary ammonium cephems luting cefepime and cefpiromé&roup IV
cephems are active against staphylococci and Gegative bacteria including
P. aeruginosaThe® agents are relatively stalo hydrolysis by many plasmid

mediatedb-lactamase enzymes.

At presentcefepime isnot authorised for human use by either thedpean
MedicinesAgency (EMEA)or the Irish MedicinesBoard (IMB). Cefepime is

FDA approved for the treatment of moderate to severe infections such as
pneumonia, unaoplicated and complicataginarytractin f ect i ons (UTI1 &6s)
and soft tissue infections, intedbbdominal infections and febrile neutropenia

[61].

Cefepime is a zwitterionfo x y mi-lacam Wwith an aminthiazole side chain.

In contrast tothe earlier cephalosporins, cefepime penetrates the bacterial cell
more rapidly.The major mechanism of resistancec&epime in Granmegative
bacteri a i s -labtymdhge ehzyres athougly cefépime escapes the
effects of many chromosomal and ptad-me d i alactachaséenzymes due to
their low affinity for this cephalosporifi62]. The cefepime molecula possesses a
methylpyrrolidinium group which confers a zwitterionic charge. The zwitterionic
charge is bactericidal in &b it ensures rapid penetration of the
methylpyrrolidinium group through the outer membrane porins of Gram negative

bacteria.

The group V, VI and VII cephems are not directly relevant to this thesis and will

not be discussed.

1.2.3.3The monobactams anccarbapenems

The monobact amdactanragenta which aseumonooydlitglre
12. Thi s i s i n-lagamragentavhich ate fused to & secondbry
ring structure. The monobactams are natural products of bacteria not fungi or
actinomycetedNaturally occurring monobactams exhibit poor antimicrobial

acitivity. However, modification of the monocyclic monobactam results in a

® A zwitterionic molecule is a molecule that carriggh a positive and negative charge.
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potent antibacterial agent. This modification is achieved by the addition of an
aminothiazoleoxime side chain to positonC8a t he adeédnethaxon of an
group to position-@&tafm trimethgrygrdigh ssc tUam b
protects th4 amodmmbacmhagmf-lnctamasednamesage by
Member s of tlastansinclgde aztrgpnam.fAztreonam is active

mainly against aerobic and facultatively anaerobic Gnageative bacteria.

The carbapenems are the most recently develspbdlass ofb-lactam agents

and exhibit the broadest spech of antibacterial activityThese agents have

been isolated from thiermentation products of a variety SfreptomyceteShe

most commonly administered members of the carbapemechsde meropenem,

imipenem, doripenem and ertapenem. The carbapenems differ from the
penicillins by a carbon atom in place of a sulphur atotherfive membered ring

and a double bond between C2 and E&ure 1.2). Theseagents have a
hydroxylethyl group at the C6 position which is in contrast to the aminoacyl
group found at t his posi flactamagentsThet he maj
carbapenemds exhibit antimicrobial activ
positive and Grarmegative aerobes and anaerolheshe past,iiese agents have

been st ab lHatamase enmonpstowever carbapenemases that are

capable of hydrolysing carbapenem agents acetning increasingly important.

1.2.3.4b-lactamaseinhibit ors- a focus on clavulanic acid

One of the main mechanisms of resistahce -ladlam antimicrobials is the

produ c t i o-lactamdse eémzymed. ¢ o mb i n adactammragent fsuchaas b

amoxi cil |l in or-laceampgert thdt it capablenof itihtb i an gb t he b
lactamase enzyme can overcome this resistdhéee mo st commonl y ut |
lactamase inhibitors are clavulanic acid and the penicillanic acid sulphones

sulbactam and tazobactam.

Clavulanic acid was discovered by Brown and colleagues i 494 product of
the bacteriaStreptomyces clavuligerusn relation to its chemical structure,
clavul anic aci d i dactanrstruature Witb gn oxyden atdme b a s i

substituted for a sulphur atom, and therefore an oxazolidine ring strunture i
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place of a thiazolidine ring. This similarity in chemical structure enables

clavul anic aci d tlactamaseactigity. an i nhi bitor of

Clavulanic acid has low intrinsic activity agaimsbstGrampositive and Gram

negative bacteria and therefockavulanic acid itself is not useful as a sole

therapeutic agent. Instead, clavulaadid is formulated witha broesip e c t-r um b

| actam agent e.g. amoxicil |l i-lactamagencar ci | |
IS S uUsC e-jadtamase enzymes. b ul ani ¢ acid binds an
| actamase that woul d ot-laceamwe.g. amoxidilimact i v at
resulting in amoxicillin having an expanded spectrum of activity. This activity is

possible as clavulanic acid acts as an irreversible iinhito r -lactafmaseb
enzymes t hat de glactard antinacrobialsi nacti vate D

Cl avul ani c acid was t-lacemadeinhibisot to b i ni cal |
described and is an irreversildles ui ci ded i nhi bitor (a compc¢
the normal substte for an enzyme, but which interacts with the enzyme to form

a covalent bond and t hu slaciamasecinhibitorad es t he
be successful clinically it needs to hav
lactamase enzyme but also tepable of readily penetratingtanthe bacterial

cell periplasm[63]. Farmer and colleagues illustrated that penetration into the
periplasm by <clavul anic aci dlactamaase f ar S L
inhibitors such as sulbactam, tazobactaw BL42715 (a penem inhibitof$3].

1.3 Db-lactamase and extendedped r u #actédmase (ESBL) enzymes
There are a variety of mechanisms of resistance to commonly used
antimiac obi al s sluaccht [6dhB5kt h e b
1 Enzyme productiorcauses degradation and/ or modification of an
anti micr+attdamase. e. g. b
1 Efflux pumpsresult in the rapid expulsion of an antimicrobial from
the cell, e.g. MexABOprM efflux pump system iR. aeruginosaand
AcrAB TolC efflux pump systenm E. col..
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1 Existence of modified transpeptidases that are not susceptible/less
suscepti bl e {aotams e.d pehicillinibindmg gooyeinsb
(PBPO&6s) .

1 Impermeability of the outemembrane to antimicrobials, e.guter
membrane porin loss so that the antirobial is unable to penetrate

into the periplasmic space

131 Cl assi ficat i on Hactanmseemyresat ur e of b
b-lactamase enzymes are the predominant method of resistaficdtam

antimicrobial agents among tEmterobacteriaceaeA website setp in 2001 by

Karen Bush and Gege Jacoby at the Lahey Clink dedicated to tracking and

recording dl n dastanfases discoverg@6]. The two most commonly used

classi ficat i odactanade enmanss afe the Antbleresché&me and

the Bu$-JacobyMedeiros scheme (BJMb7]. The Ambl er scheme cl
lactamases based on theiofgin homology whereas the BJM scheme classifies

b-lactamases based on their substrate and inhibitor profiles.

U The Ambler classification scheme
The Ambl er Cl alactamaies ar€ termed derbidactdmases as
they possess an active site serine s i d u e t olactam rind. ThedcClagsh e b
B -lactamases are termed zinc metallo enzymes as they possess active site zinc

ions.

0 BJM scheme 1995 and updated Bush Jacoby scheme 2010
There has been much debate as to the exact definition of an ESRirdikecto
the BJM 1995 scheme an ESBL is defined a
cl ass A, c | a v uldc@mmaset whichi carh hybrolysee akyimino
cephal osporins at rates at l[@Bla[67F4. 10% of
However, this definition excluded all othe -ldatamase enzymes with an
extendeespectrum of hydrolysis (clavulanic acid inhibitable or otherwise) such
as t he otanased, plasmimediated AmpC enzymes, OXA
carbapenemases, Class A carbapenemases and the Class Bhvlatalilmases
( MBL 6ls@r. e fTo r 4actamasehatrwgs nét inthe BJM Group 2be (1995
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classification)/ Ambler class A wasxcluded from the definitionHowever,

many of these excluded enzymes are bbpaf hydrolysing the extended

spe t r ulactanb antimicrobials.Recognigng the need to correlate ESBL
classification with the phenotype observed in clinical isolates, Bush and Jacoby

have recently published an update teitii995 classification schenjig9]. This

scheme dsignates a number of new sub groups based on the increasing
knowl edge in the field of ESBLOS over t
proposed are Groups le, 2bece, 2de and 2df The hydrolysis profile and

inhibition characteristics of the updateddBulacoby 2010 groupings angtlined

in Table 1.2

U Giske and colleagues classification scheme
l denti fying a need for a more comprehens
lactamase enzymes in the clinical setting and policy domain, Giske and

colleagues put forward a revised nomenclatar&eSBL enzyme$68].

This revised nomenclature divides ESBLinto tree main groupsESBLa,
ESBLy and ESBlcarga. Adattamdise enzymes of Ambler Class A/BJM
Group 2be are represented by the term CAaESBLs or ESBla. OXA-ESBLs
and plasmignedi at ed AmpCdés are to be termed
ESBLy. The carbapeneiny d r o | yastantage erfzymes are repreaed
under the designation ESBAgsa. The following operational definitions are
used:
1 ESBLa- 6 n @usceptibility to extendes pect rum cephal ospori
and clavul anate synergy®o
T ESBly-6nsmsceptibility to ESCbsmy-and phe
c) orgenotypic detection (ESBLp) 0
1 ESBlcarea-Onsmsceptibility to ESC6s and a
and ESBlcarsad et ect ed with phenotypic and/ or

There are further subdivisions within each of the main groupings for example
ESBLy is divided into ESBl.p and ESBly.c. ESBLyp represents those

mi scell aneous ESBLOGS bel on gd memesento Ambl e
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plasmidme di at e d ESBLOS bel ongi ng t o- t

lactamases.

For the purpose of clarification of its use throughto t hi s t hesi s,

will be used to discuss enzymes that confer resistance to one or more 'dbthe 3
4" generation cephalosporins and are inhibited by clavulanic &diése
enzymes will fall into Ambler class A & D, Bush Jacoby 2010 grazips, 2ce,

2de & 2e and Giske groups ESB& ESBLy.
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Tablel2Up dat ed

c | a s-kdtaimase entymes,ndata sourcedbfrom Bush and Jacoby 2010, Giskal 2009[68, 69]

Ambler  Giske et al. BJM BJ Distinctive Substrate  Inhibited by Defining characteristics Representative
2009 1995 2009 enzymes
CA or EDTA
TZB
C 1 1 Cephédosporins No No Greater hydrolysis of cephalosporins than benzylpenicilln; hydrolyse cephamycins CMY-2, ACT-1,
FOX-1
C NI le Cephalosporins No No l ncreased hydrolysis of celactamzi di me and of CMY-37
A 2a 2a Penicillins Yes No Greater hydrolysis of benzylpenicillin than cephalosporins PC1
A 2b 2b Penicillins, early Yes No Similar hydrolysis of benzylpenicillin and cephalosporins TEM-1, TEM2,
cephalosporins SHV-1
A ESBLa 2be 2be ES-Cephalosporins, Yes No Increasedhydrolysis of oxyiminie b-lactams (ceftotaxime, ceftazidime, ceftriaxone, cefepi TEM-3,  SH\-2,
monbactara azrtreonam) CTX-M-15
A 2br 2br Penicillins No No Resistance to clavulanic acid, sulbactam and tazobactam TEM-30, SHWV10
A NI 2ber ES-Cephalosporins, No No Increased hydrolysis of oxyiminid-lactams combined with resistance to clavulanic acid, sulba TEM-50
morobactams and tazobactam
A 2C 2C Carbenicillin Yes No Increased hydrolysis of carbenicillin PSE1, CARB3
A NI 2ce Carbenicillin, cefepime Yes No Increased hydrolysis of carbenicillin, cefepime and cefpirome RTG4
D 2d 2d Cloxacillin Variable No Increased hydrolysis of cloxacillin or oxacillin OXA-1, OXA-10
D ESBLu-o NI 2de ES-Cephalosporins Variable No Hydrolysis of cloxacillin or oxadin and oxyiminice b-lactams OXA-11, OXA-15
D NI 2df Carbapenems Variable No Hydrolysis of cloxacillin or oxacillin and carbapenems OXA-23, OXA-48
A 2e 2e ES-Cephalosporins Yes No Hydrolysis of cephalosporins, inhibited by clavulanic acid but n@4tseonam. CepA
A 2f 2f Carbapenems Variable No Increased hydrolysis of carbapenems, oxyimibdactams and cephamycins KPC-2, IMI-1,
SME-1
B (B1) 3a Carbapenems No Yes Broad spectrum hydrolysis including carbapenems but not monobactams IMP-1, VIM-1
B (B2) 3b Carbapenems No Yes Preferential hydrolysis of carbapenems CphA, Sfhl
Unknow - NI - - - - -
n

BJM= Bush, Jacoby and Medeiros, BJ= Bush and Jacoby,da&glanic acid, TZBtazobactam, EDTA=thylenediaminetetraacetic acid

NI= not included in this schem&S= Extendedpectrum
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13.2 St r uct dact@amasefenzymes

Each Amblerclasso f -laddlamasec ont ai ns a parti cewt ar 0si ¢
motif at the active sit¢70]. The three dimensional enzymatic structurebof

lactamases has not been studied extensivwelly Class A being investigated the

most to date. However, the exact catalytic mechanisms of these structures are not

fully understood and so far the functions of many of the catalytic residues are

only hypottesized 71-73].

1.3.3 Ambler class Ab-lactamases

0 TEM-ty p elactamases
The firstplasmidmediatedb-lactamase was discoveredEin coli in the 196® .s
The enyme was given the designation TEMafter the patientrom which the
bacteriumharbouring theenzyme was isolatedTemoniera[74]. The original
TEM-t y p-lactaimases (TEM, TEM-2 and TEM13) confer resistance to the
penicillinsas a group, the narregpectrum cephalosporins (e.g. cephalothin) and
ar e s us c-agamiinbibiters suah adavulanicacid. The TEM enzymes
are mat frequently reported irE. coli and Klebsiella spp. but with with
increasing reports of detection in othEnterobacteriaceade.g. Salmonella
enterica and Enterobacter species TEM-1 is also frequently found in
Haemophilus influenzaeTEM-1 and its devative TEM-2 possess the same
substrate hydrolysis profile; however, the two enzymes differ at position number
39 with a single amino acid substitution of lysine ghrtamic acid. TEM13 is
the other TEMtype b-lactamaseobserved with a nesw spectrum substrate
profile [75). These enzymes belong to the Ambler class A, BJM group 2b

classifications.

iU TEM-ESBLs
There are now morthan180 TEMtype b-lactamasenzymes disavered to date
with isoelectric po-6.5(66976((Qne d sgre amiaacn gi ng f
acid substitutions in the TEM enzymegsiencecausesalterations of the
substrate profile and result in hydrolysis of the expanded spectrum
cephalosporins. The TEMSBL enzymes retain the ability to hydrolyse the

penicillins; however, to a much lesser cegythan the parent TEM enzyifi&].
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The first TEMtypeESBLwWa s r epor t ed [78). Thisreezymeavdase 19800
originally designated CTX due to the enzymes ability to hydrolyse cefotaxime.

However, shortlyafterwardsghe enzyme was renamed TEMA range of amino

acid changes that associated with the ability to hydrolyse the oxyimino
ceplalogorins have been describdtlis important to point out that a number of

TEM-ESBLs have evolved from TEM and therefore harbour the lysine

glutamine amino acid substitution at position number 39, with additional amino

acid substitutions enabling hydysis of oxyiminocephalosporins. The
extendeespectrum TEM enzymes also confer resistance to aztreonam and are
susceptible tdb-lactamase inhibitors such as clavulanic acid. The TEM type

ESBLO6s belong to Ambl erés molecul ar cl as:

U Other TEM variants
In addition to the TEMypeb-lactana s e 6 s a nydp eT EElBeRla@ swvp
other clinicallyrelevant subgroups dhe TEM enzymes; thenhibitor-resistant
TEM (IRT) enzyms and complex mutant TEM (CMT) enzymes. Members of
the IRT sub groupconfer resistancdo the penicillins,are susceptible to
cephalosporins; however, importantlyey are less susceptible felacany b-
lactamase inhibitor combinationg9]. | RTés are Ambler Cl ass

group 2brb-lactanases.

The CMT enzymes possess the combined prdpe es of both | RT6s
[77]. These enzymes were shown to confer resistance to the oxyimino
cephalosporins (at a lesser déévthan the TEMESBLS) and tob-lactanase

inhibitors with hydrolysis of penicillinbeing less efficient thathmat of the TEM

1 enzyme[80]. The level of substrate hydrolysis depends on the particular

mutations encountered. Amino acid substitutions at two to five positions in the

TEM-1 enzyme accounfor the CMT enzyme variantsThere are 10 MT

variants identified to datgs6)]. CMT6s are Ambler Class A,
2berb-lactanases.
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U SHV-ty p elactamase
The designat i otme teareSdiNyaryl Varidbedr.s Tirhoiwas t e
employed to describe bhiochemical property of the enzymew known as
0 S H.\BAV-1 is present on the chromosomekofpneumoniaeand reportedly
accounts for 20% of ampitih resistance in this speci¢g7]. The enzyme was
originally discovered by Pitton in 1972 and was termed2Pih 1979 by
Matthew and colleagug81]. TEM-1 and SHV1 enzymes share 68% seqoen
identity [82]. Mobilization of theblasyy gene from the chromosome Kiebsiella
species has been associated with the rapid dissemination of the enzyme to other
members of thé&nterobacteriaceasuch a<st. coli, Enterobacteispp and other
nonEnterobacteriaceaeP. aeruginosaand Acinteobacterspp.[76, 77, 83, 84].
There are more than 130 SHype enzymes discoveredtodate t h pl 6s r angi
from 7.08.2[66]. The first SHV{type ESBL, SHV2, was reported in Germany
in 1983 inKlebsiellaozaenad76]. SHV ESBLs belong to Ambler Class A, Bush
Jacoby group 2be.

U Other SHV variants

I n addition, | i k e s theneee rareiddidamnaoeoad iphibicof E SBL 6
resistant variants of the SHV enzymes (IRS). To date there are three IRS
enzymes identifiedSHV-10, SH\WV49 and SHV5 6 . Al l three |1 RSOs

identified in clinical K. pneumoniaeisolates[85-87]. The hydrolysis profile
exhibited by IRS enzymes is similar to that of IRT enzymes. These enzymes
belong to Ambler Class A, Bush Jacoby group 2br.

U CTX-M type ESBLs
Thedesynat i o-M6oC&@Xers to 6cefotaxi masedo. Th
sequence homology with TEM and SHiflactamasd77]. Cefotaximase is a
term relating to the preferential hydrolytic activity of this group of enzymes for
cefotaxi me gl m@l6)s coémpared to ceftazidi
ceftazidime hydrolysis by CT-¥ enzymes generally does not result in high
l evel ceftazidi me resist8amgdanli)n dlti nisc alc
important to note that certain CIM enzymes have thebdity to hydrolyse

ceftazidime at varying rates. For example, ceftazidime resistance (at levels up to
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256¢eg/ ml ) c abythd@xM-16r&f-18 enzyene$88]. In addition,

certain CTXM enzymes have the capacity to hydrolysis cefepime at levels

( Ml C 6 © 8gy/ml) that confer resistand89]. The CT*M f ami by of b
| actamases ar e s us-aaamtnhititbre t o i nhi bi ti on

The first CTXM t ype ESBLGO6s were detected indepe
in Fran@ in 1987 and in Japan in 19B8)]. Originally the enzyme was termed

MEN-1 (E. coli stran MEN). CTX-M genes are plasmiencoded resistance
determinants and are believed to have arisen due to mobilisation of a

c hr o mo slactaradse gbne from thduyveraspecies. There are five sub

groups of the CTXM family based on amino acid sequence similarities: @1X

Group 1, Group 2Group 8, Group 9 and Group 25.

The Group 1 enzymes ar e-lactamaseu aturally a | | vy r
occurring inKluyveracryocrescensGroup 2 toK. ascorbata Group 8 and 25 to

K. georgiang with Group 9 CTXM6s s hown t o Haetamgs mi | ar t
isolated from &Kluyveraspp in Guyand88, 91]. At present there are over 100

CTX-M-type enzymes identédd with pls ranging from 7.0.0 [66]. CTX-M

ESBLO6s ar e mo sktcoliovitht GIXM vaonants aso idemtified in

other members of thEnterobacteriaceawith frequent identification occuring in

Klebsiellg Serratig EnterobacteiandSalmonellaspecies.

134 Ambl er ClactamasesB b

Cl as4 aBt fa mas e slactamasen diffeaftorh the ass A, C and D

s e r iactamases in that they require zinc ions to catalyze hydrolysis. Class B
b-lactamases can be salassed in to B1, B2 and B3. Salass B1 ad B3 are

broad spectrum i n tldctan antimicebialsithedr ol yz e mo:
carbapenems and alacemaseishibiors. Subldss B2ares er i ne |
strict carbapenemase enzymes and do not effectively hydrolyze the penicillins

nor the cephakporins. The functional characteristics distinguish eactckass.

Subclass B1 comprises both chromosomal and plasn@diated variants. Sub

class B2 and B3 are chromosomally encode:
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lactamase identified in 1966 and thiasxchromosomally encodedBacillus

cereuq92]. Additional chromosomal sub | a s slactBniaseb are BlaB

(isolated fromE. meningoseptigaand CcrA (isolated frorBacillus fragilig. The
plasmidmediated variants of ClassfBlactamases include IMPariants, VIM

variants, SIMvariants, SPMvariants and GIMvariants. In 1994 the first

plasmidme d i at e d-la@dmasesswasBdefified fh aeruginosd92]. In

addition the p-tastamaset ChasheBebhvironm
environmental bacteria, as dactamaser voir f

into bacteria of clinical significance.

Most r ecent-laggamasater@dd BNt BN & w -ldetarhake) b
has become a caus® concern. The gene was isolated froil@bsiella
pneumoniaésolate from a Swedish patient that was admitted previously to an
Indian hospita[93]. This gene confers resistance to thel dactam

antimicrobials and is generally carried on plasmids conferring resistance to other
classes of antimicrobial agents such as the fluoroquinolones and the
aminoglycosides. This gene has recently been reported in other countries such as
the WK, Pakistan and Indi§94].

1.3.5 Ambler Class Cb-lactamases

The first enzyme identified that was capable of destroying penicillin was
encoded by thampCgene. This gene was located on the chromosome Bf an
coli strain isolated in 194{B5. However, the actual sequence of this gene was
not determined until 1981.KHE results showed that thenpCgene was similar to
the TEM1 b-lactamasein possessing an active site serine residue. Other
organisms known to possess ampC gene on their chromosome include
Citrobacter spp., Enterobacterspp., Shigellaspp, Yersiniaspp, Acinetobacter
spp.and Pseudomonaspp.Organisms may pagss either an inducible or non
inducible chromosomampCgene. AninducibleampCgene is onghat is up
regulatel upon exposure to &-lactam agentP. aeruginosa C. freundij E.
cloaceaeand S. marcesangossess an induciblampC gene that may be
expressed at high levels in the presenceaob-lactam agen96]. E. coli,

Acinetobacter baumanniand Shigellapossess a neimducible ampC gene In
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organisms with chromosomampC (inducible or non inducible) mutations can

result is sustained high level expressighich is clinically sigrficant.

AmpC enzymes are capable of hydrolysing the cephalospants the
cephamycins (e.g. cefoxitinfhese enzymes are not inhibited by clavulanic acid,
tazobactam or sulbactam. AmpC enzymes are however inhibited by ioxacill
cloxacillin, cefepime and aztreonam. There are currently 107 AmpC enzymes
i dent i f i e deralyibding greaterGhein PE. The conserved catalytic
residues in ampC enzymes are serine at position 64, lysine at position 67,
tyrosine at position 150, asparagine at position 152, lysine at position 315 and
alanine at posibn 318. Amino acid substitutions at these sites reduce the

catalytic efficiency of théAmpCenzyme[97].

PlasmidmediatedampCgenes have originated from chromosoarapCgenes.
The plasmid mediate@mpCsare derived from the chromosonaaimp @b s
members of th&nterobacteriaceaecludingE. cloaceae, Citrobacterdundii
andMorganella morganii PlasmidmediatedcampCsexhibit a high degree of
sequence homology with chromosoraaipCgenes with minor difference in
sequence homology giving rise to the various plasmédiated AmpC families.
The plasmidmediatecampCgenes are found in both nosocomial and-non
nosocomial bacterial isolates with the genes being commonly found in
Enterobacteriaceathat do not possess an intrinsic AmpC.

In relation to the first regbin the literature on plasmichediated ampC, a
numberof reports are documented. In 1976 Bobrowski evllegaues reported a
plasmidmediatecampCin Proteus mirabilighat was indistinguishable from the
chromosomabmpCof E. coli. However, the plasmid was lost from the

mirabilis isolate before charactedtion on the enzyme was complg2€]. In

1982 Levesque and colleagues reportphamidmediated cephalosporinase in
Achromobacter specieBowever again characterization on the enzyme was not
completed as the bacterial isolate was [88}. In 1989 Baureinfeind and
colleagues identifieche first plasmiemediatecampCgene(CMY-1) in

Klebsiella pneumoniaisolated from a patient in South Korg®(. Plasmid
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mediatedampCs are most often found Enterobacteriaceaesolates that do not
possess a chromosonaahpCor, as in the case &:. coli, with a norinducible
ampC CMY is the most common plasmidediatedampCidentified. There are
64 plasmidmediated vaants of CMY [66]. Other plasmithediateca mp C 0 s
include DHA variants, ACC variants, MOX variants, FOX variants, LAT
variants, Bll-1, MIR-1 and ACF1.

1.3.5 Ambler Class Db-lactamases

Cl asd at@mamases, al siol Irierf ees & seddctamamesea SS e0roixna
designated by the acronym O0O0XAG. The OXA
oxacillin and cloxacillin compared to benzylpenicillin. OXA enzymes are unigue

due to their inhibitiorby sodiumchloride (NaCl)1071].

The Cl dastamades abe the most diverse of the four Ambler molecular
classes, with identities ranging from 16%% betweenindividual member
enzymeq102. Class D enzymes exhibit about 16% sequedertity with the

Class A enzyme$l103. There are over 190 OXAype enzymes identified to
date with pl 6s8.1f6@.nThd hydyolydisrpmfites &f .aks D
members range from narresvp e c t dactams, o extendessipect+ um b

lactams and to the carbapenems.

It is a key point in relation tahe work presented in this thesis thhetliterature
indicates that members of Class D are generally not inhibitedavulanic acid,
EDTA, tazobactam oisulbactam[104, 105. Exceptions to this are OXA,
OXA-18, OXA-45 and OXA53[104].

Genes encodin@XA enzymes can be found located on the chromosome with
chromosomal OXA gene ound excl usi weisiop ofiGramt he o0 s
negative proteobacteria. The firstganism identified to possess an intrinsic

occurring OXA gene waseromonagandeai(formerly A. sobrig and this was

the OXA-12 gend104q.
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Unl i ke c | as-actamasesBhoradimdric form$have been reported

for c | -lmcasasd®.g.bOXA 10 & 14[101, 107-109. of a-l | t he
| act amase cl-ladamass enzymds are probéblg thast studied

and understoodi11q [101]. A phlyogenetic study carried out by Barlow and

Hall in 2002 illustrated thaan ancestral OXA homologue originated in Gram

positive bacteria with the transition into Grarmagative occurring approximately

575520 million years ag¢11l]. Chromosomal OXA genes in Gramegative

bacteria have been mobilized to plasmids at least 3 different times peeiod

of ¢.150 million yearg111]. The first mobilisation event was estimated to have
occurred c. 116 million years ago, the second c. 42 million years ago with the

third mobilisation of OXA not able to be estimated accurately. Members that

arose during the first @nsecond mobilisation events include OXA 3 and GXA

OXAb6s resulting from recent mobilisati on
group 11l (OXA-1, 31), group Il (OXA2, 15, 34 & 32) and group | (OXAO0, 19,

28 & 35).

The acquired narrowpectrum clasB (N S ddotymades can be sdlivided
into[117:
1 Sub group| (OXA-10 Like) - Including OXA5, 7, 10, 11, 13, 14, 16,
17,19, 28. 35, 48, 54, 55, 56 & 101
1 Sub groupll (OXA-2- Like) - Including OXA-2, 3, 20, 2134, 36, 37 &
46
T Sub grouplil (OXA -1- Like)- OXA-1/30, 4, 31, 33 & 47
Sub group V- OXA-9, 12, 22, 29, 42, 43, 57, 59, AmpS and LoxA
LCR-1 Sub group V- LCR-1 only, grouped alone as very little
homology between LCR and other class D members; LARs weakly
relatedtoOXA53 (c. 40%). The O6LCRO6G acronym r
the patiat from which the bacteriunP( aeruginosa har bour i ng t h

lactamase was isolated fremC. The O RO6 st andi[bhlg. f or Or e

"Homo-dimeric enzymes are formed by the combination of two identical monomers, each
monomer having a separate active site. The dimeric form is more active kinetically than the
monomeric form of the enzyme and is forniedolution, at high concentrations (e.g. in stock
solutions).
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The acquired extendexipect r um c | alacemabes ¢ak [% ClBskified
as:
1 Point mutations of narrowpectt m c¢ | alactkamaBesob subgroup
I, OXA-2-like (this includes OXAl5 & OXA-32 which have an
extendeespectrum of hgrolysis compared to parent enzyme OXA
however, are they aret inhibited by clavulanic acid).
1 Extendedspet¢ r u m c llaatarasedDESR) notstructurally related
to narrows p e ¢ t r u mlactamasegthis ibcludes OXA18, 45 & 53
which are inhbited by clavulanic aciddXA-ESBLS).

U OXAOGs inhibited-OYBESBaA®s®l anic acid
OXA-18 was t h e-lactamase itlenti@ed Whicb was also significantly
inhibited by clavulanic acid (the first OXESBL). The gene was isolated from
the chromosomef a clinical P. aeruginosastrain[114, 115. The ceftazidime,
cef otaxi me and c ef-&8ppodueing M la€dgimosaivas r OXA
reported as 128ug/ml, 128ug/ml and 16pgant these wereeduced to 8ug/ml,
8ug/ml and 4pg/ml when each cephalosporin w@asbined with clavulanic acid

[114.

OXA-45 was identified on a 24kb plasmid in a muditug resistant clinicalP.
aeruginosastrain from Texas, USA[107. OXA-45 shares 65.9% sequence
homology with OXA18[104. The ceftazi di me, cefotaxim
for OXA-45 producingE. coli was reported as 128ug/ml, 4ug/ml and 4ug/ml

which were reduced to 0.12ug/ml, 0.03ug/ml and 0.03ug/ml when each
cephalosporin was conmed with clavulanic acifl102.

Most recently clavulanic aciohhibitable OXA-53 has been identified on a
plasmid in &S Agona isolate from Braz[l116. The ceftazidime, MIC for OXA
53 producingS. Agona was reportd as >32ug/ml which wasreduced to

1.5pg/ml, when the cephalosporin wamsmbined with clavulanic acid 16].
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U Class D carbapenemase®©XA carbapenemases
Carbapenenmydrolysing variants of OXA represent a sub group of enzymes
whi ch confer t he capabil ity -lacam hydr ol
antimicrobials. There are 9 sgiboups of OXA carbapenemases (class D
carbapenemases) which have beenabdished basd upon amino acid
homologies.The first OXA with carbapenemase activity (ARInow called
OXA-23) was identified in 1993 from a multidrug resistAntbaumanniisolate
from Scotland 105.

Carbapenemases are a growing public health problem at this time however they

are not central tthis thesis and will not be considered further.

1.35.1 A focus on OXA-1 b-lactamase

OXA-1 is also referred to as OX20 in some publications. The reason for this is
that there was a sequencing error in the original €Xamino acidsequene
deposited in GenBankL17]. The original OXA1 sequence was documented in
GenBank to possess an arginine residue at position 128. The30>§aquence

that was deposited into GenBank upon its discovery contained a glycine at
position 128. However, Suet al confirmed that OXAL actually possessed an
argnine residue at positioh28[101]. Therefore, OXAL is the same enzyme as
OXA-30. Her ealfd ewi,| 16 GbXeds thisemzaymet o d

OXA-1 was originally identified irE. coliand thereafter has been identifiedPin
aeruginosa in Shigellaspp., and in epidemic strains $almonella[101, 104].

The mobile genetic elemenmissociated with OXAL is the Ti2603 transposon

with OXA-1 generally iserted into a class 1 integr¢h04]. Various sudies

have reportedblapxa-1i N conj unct i o n-lactamasengenadedgi t i on all
blaoxa-1+ blarem-1, blaoxa-1 + blapsgi, blaoxa-1 + blapsgi+ blarem.1 [118 119
blapxa-1+ blactx-m-15+ blarem-1[120, blaoxa-1 + blactx-m-15[121] andblagxa-1 +
blactx-m-37+ blarem-e3[127).

OXA-1 is capable of hydrolysing amino and ureido penicillins aerdain
cephalosporins. The published OXAhydrolysis profiles includes resistance to

ampicillin, b-l a c t 4aadm inbiibitor combinations (piperacillin/ piperacitin
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tazobactam, amoxicillin/ amoxicillilavulanic acid) and reduced susceptibility
to cefepimg123-129. OXA-1 is not capble of hydrolysing ceftazidimgL04].
High-level resistance to cefepime as a result of GXAs observed inP.
aeruginosa There have been sporadic repartt hi gh cef epi me
from OXA-1 expression in clinicak. coli strains from Singapore (Bpg/ml)
[130. In this study the effect of clavulanic acid inhibition when combined with
cefepime was not investigated. In addition, GXAexpression is reported to
increase the cefepime MIC f& Typhimurium (216pg/ml)[131]. Again, in this
study the effect of clavulanic acid inhibition @ combined with cefepime was

not reported.

Ml CO

Factors that may i-lacfalh MK mayeinclude ensertidns er v e d

elements acting as additional promoters btaoxa-1, hyperproductin of efflux
pumps (e.g. MexABOprM in P. aeruginosa[1l32 and alteration in outer
membrane porirthannels, e.g. loss of Onip[133-135. Despite these factors,
cefepime is recommeerd for empiric treatment of OXAarbouring
Enterobacteriaceaeand P. aeruginosain the USA [13€. Cefepime is not

licensed for use in Europenyw.imb.ie, www.ema.europa.ej).

All reports of OXA-1 substrate hydrolysis prédiindicate that the enzyme is not
inhibited by clavulanic acifi72, 77, 101, 104, 11(. Recent work has identified
inhibition of the OXAl enzyme with sodium chloride, acyl phosphates,
phosphonates, penidilates and novel penem inhibitg2, 101, 110.

1.4 Treatment and clinical significance of bd lactamaseproducing
bacteria

There are a number of predictors that may be considered when it comes to the

clinical outcane of infections caused by ESRIroducing bacteria. These
predictors were recently discussed intadg carried out by Marchaimet al
[137]. These factors included 1) Patient factoesy.-age of the patient, eo
existence of chronic conditions, 2) Hospital related factag. - recent
hospitalisation or adission from a long term care facility (i.e. nursing home) 3)

Treatment related factqrs.g.- recent surgery, recent antimicrobial therapy and

40


http://www.imb.ie/
http://www.ema.europa.eu/

Chapter 1

4) Severity of condition upon admission to the hospital, e.g. severe sepsis or
multi-organ failure. Adverse otbmes vary from a delay in administration of
appropriate treatment to an increase in mortality rates wanthncrease in
associatd cost of care alsobeinga cause for concerfil37. Young Lee and
colleagues docuented increase in hospital costs and length of stapgteent
infected with an ESBiproducingE. colior Klebsiellaspecies when compared to

a patient with an infection from an organism other than an ESBL producer. The
costs were $16, 454igherand thelength of stay 21 dayengerfor an ESBL:
positive patient compead to an ESBL negative patienf13§. In addition, the
clinical failure rate forpatients infected with an ESBhroducingE. coli or

Klebsiellaspp. was 52% comparedttte control population of 149438 .

The treatment options for B&-producing bacteria include the carbapenems,
piperacillintazobactam, the aminoglycosidesluroquinolones, tigecycline,
cefepime, temocillin, colistinnitrofurantoin and polymyxin B[139. The
antimicrobials commonly used treat ESBEproducing bacterian complicatel

UTls and a list of the advantages and disadvantages outlined in a recent
paper[14(. Coexistence of ESBL genes on mobile genetic elements that also
harbour antimicrobial resistance genes for the fluoroquinolones and the
aminoglycosides is widely documented. This results in a decrease in the available
options forantimicrobial therapy if a patient possesses an organism that harbours

a plasmid containing multiple antimicrobial resistance genes.

1.5 Epidemiology and disseminatiorof b-lactamase enzymes

U Class A
Il n recent years the types of ESBLOS rep
derivatives towards the CFXI gr ou p 0[14] &8 B haé been stated
that only in North America are TEM and SHV variants still domirjad-144.
The class A ESBLOs most com@dbXaM-y2,i dent i f
3,9, 14, 15 & 32, TEM24 & 52 and SHY5 & 12 [141]]. The prevalence of
ESBL-producing isolates varies among countries. It was reported that 34% of
Klebsiella species in intensive care units in Portugal carry an ESBL gene

compared to only 3% in Swedefv6]. ESBL-producing isolates are also
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prevalent in the clinical sitg in North America, Australia, As, Africa and the
Middle Eastlt has been suggested that GWkt y p e E SyBatcoust formugp

to 50% of ESBLEpositive E. coli strains in European countri¢$4y. CTX-M

Group 1 enzymes are the most commonly encountered ESBLs in most of Europe
with CTX-M group 9frequently identified in Spairj144, 144.

Most TEM, SHV and CTXM ESBLs are carried on plasmids that alsorg
resistance genes targeted towards other classes of antimicrobials. TEM and SHV
producersgenerally exhibit cross resistance to aminoglycosides, tetracyclines
and sulphonamides. The majority of CNK producers also carry plasmid
mediated genes aiding resistance to thiguoroquinolonesdnr variants,aac6 -6

Ib-cr genes,qepA gene) [143 146. The emergence of CTXl variants in
Western Europe is of increasing concern, especially the rapid dissemination in
the community setting. In a recent study carried out by Morris and colleagues,
the most common ESBLs identified in the commynit Ireland are TX-M-
Group 1 and CTXM-Group 9[147]. Theblargy variant was present in 56% and
blasny in 18% of CTXM producingEnterobacteriacea@nalysed in this study

[147.

u Class C
In the USA the most commoplasmidmediatedampC are CMY-2, ACT-1,
DHA-1 and FOX5, in Korea CMY-1, CMY-10-like, CMY-18-like and DHA1,
in Greece LAT3 and LAT4, in the United Kingdom CHike, CMY-2, CMY-7,
CMY-21, CMY-23, ACClike, FOX-like and DHAlike and in Canada CM¥
predoninateq97].

u ClassD
Epi demi ol ogi cal dat a on t h-lactammpse® sr ap hi c a
lacking, perhaps due to the difficulty in their identification in the clinical
| aboratory. M alactgmase$ have lody b€eK repoibed on one or
two occasionsThe O X A -labtamases havaredominantlyoriginated in France

and Turkey[76,77].The number and cl i nilac@ahasesi gni f i c
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is becoming better recognisedspecially as their hosange broadens from

Pseudomonaspp. andAcinetobactespp to members of tHenterobacteriaceae

1.6 b-lactamasemediated antimicrobial resistance inSalmonella

1.6.1 b-lactamases andin Salmonellaof human origin

The firstreport of Salmonellaresistantto the extendedpectrum cephalosporins
was i n 1988 i -actahasen identified. wasTIiH and it was
harboured by &almonellawWien isdate from a neonatal care urt4g. Arlet

and colleagues in 2006 reed out a review of the published reports on the
prevalence ofSalmonellaresistant to extendespectrum cephalosporins from
different countries. This group found that the prevalencgationellaresistant

to extendeespectrum cephalosporins ranged fr@3.4% between continents
and this progressively increased year on year from 0.1% in 1996 to 1.9% in 1999
in the USA and from 0.4% ih999 to 1.5% in 2003 in Taiwgdd49. A similar

trend was observed in Belgium with the highest pexwe recorded in 2004 at
3.4%[149. In 2004, fortythree counies had reported having a pitbhealth
problem with extendedpectrum cephalosporins resistanc&aimonella[149.

The most common resistanaaechanisms were due to plasmigdiated
cephal osporinaseedAmp€ds amplCadsmi éa¢nd cl as
these mechanisms ghplasmidmediated CMY¥2 gene is the most widely

di s s e mi-lac@amased inSdmonellaspp. [149. S Typhimurium andS
Enteritidis are the most common epes associated with extenegaectrum

cephalosporinsesistance in human infectiofis49.

Non-typhoidal salmonellaeharbouring CTXM enzymes haveden reported in
Europe, South America,and Asia [150. CTX-M producing Salmonellahave
been detected in humans in the United Kingdom with areasing number
being detected in food animals in the UK and maeaegally in the European
Union [15]]. The most frequently isolated CTM genes inSalmonella fom
clinical sources are CTX1-15 (CTX-M Group 1) and CTXxM-9 (CTX-M
Group 9) with no reports to date of CIM Groups 8 or 25 like genes in
Salmonella.CTX-M Group 2 like ESBLs (CTXM-2, 4, 5) are less frequently
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detected inSalmonellaspp. Extendedpectrum cephalosporhesistance caused
by CTX-M-2 in SVirchow has been reported in Belgium from poultry and
human samples, with the authors theorising that the strains causing illness in
humans were introduced into the food chaincoyptaminated poultry products
[152. blactx-m-croup zlike genes have also been detectedSinTyphimurium
strains from Buenos Aires, Argentifd53, Russia and Belarugl54. In
addition, there have been isolated reports of o@EX-M genes occurring in
nontyphoidal Salmonellafrom clinical sample4149. Most recently CTX-M-

37 was detected iaS. Insangi froma paediatric patient iDurban South Africa
[155 and CTXM-57 wasdetected ira S. Typhimurium from a pent in the UK
with associated travel to Thailand56. ESBL-producing Salmonellafrom
humanswasfirst reported in Ireland in 2002. The serotypes identified producing
ESBLs wereS. Worthington (TEM1 + SHW12), S. Typhimurium (CTXxM-14),

S Typhimurium (CTXM-15), S Typhimurium (Unknown ESBL gene) ar&l
Concord (CTXM-15 + TEM-1) [157].

OXA-1 is commonlyreportedwithin the variable region (VR) of class 1 integron
cassettes in conjunction with the aminoglycoside resistance ag®el This
OXA-1-aadAl integron type has been reported in clinical isolates. abli [127]
[158 Shigellaspp[123 127, 128 and Salmonellaspp [118 159167 from
different countriescross theglobe.

162 b | act amas e s Samomtllad & Bnhl ®rigin n

The literatureindicates thatfood animals are increasinghgported asbeing
associated with pathog@harbouringé S B L[®6§]. In the United StateS.
erterica isolates with reduced susceptibility ¢eftriaxone have been detected in
cattle[169. In the UK the first report of an ESBL from livestock was reported in
2006 [15]1], with the ESBL responsible beinglactx-m 17118 from an E. coli
isolated from calves. The problem has also been detected in Portugal with the
observation oblactx.m ¢ In S. Virchow from laying hens an®. Enteritidis in
broilers, with blaspy-12 being identified inS. Rissen from pig$l70. Multidrug-
resistantS. Kentucky isolated fromthe carcasses oflaughtered pigswas
reported in Ethiopian 2006[171]].
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It is importantto highlight that cephalosporins are not licensed for use in poultry
production inlreland however, amoxicillin is used for the control of clostridia

and bacterial enteritis antherefore may generate a selective pressure for
possession and retention obdactamae Theoccurrence and persis
lactamaseproducing Salmonellaon farms may be related to antimicrobial
prescribing172-175.

1.6.3 The role of integrons and insertion sequencem dissemination ofb-
lactamasegenes

Integrons were initially discovered in bacterial isolates in the clinical setting,
however, it has since been established that approximately 10% of already
sequenced bacterial genesnharbour these genetic elemdaf&]. It is therefore
evident that integrons have been vital in microbial evolution and have enabled
bacteria to adapt and survive torieas environmental challenge§l77).
Integrons may be located on plasmids or on transposons and therefore possess
the capability for chromosomal insertion. Class 1 Integrons (C1l) are the most
common integons associated with antimicrobial resistance gene cassettes in the
EnterobacteriaceaeC1l are particularly relevant in the clinical context as their
gene cassettes commonly encode genes for resistance to commonly administered

antimicrobial agents.

C1l are the most common class of integrons detecte@almonella[17§.

During the lastd e ¢ a thaltddsug resistant (MDR)S. entericaof various

serotypes have spread across the globe. This trend has been seeéd with
Typhimurium DT104 with a MDR profile of resistance to Ampicillin,
Chloramphenicol, Streptomycin, Sulphonamide and Tetracycline (ACSSuT)
(encoded orSalmonellaGenomic Island, SGI1179, with S Choleraesius and

with monophasi& Typhimuirum carrying hybrid plasmids conferring resistance

and virulence traitfl78 180-183.Mor e recently Cl1l1 6s have b
many other serotypes & entericaincluding S. Enteritidis,S. Brandenburg, and

S.Virchow [167]].
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Class 1 Integrons harbouring the gene cassdtisia1/ aadAl have recently
emerged as important resistant determinantS. ilyphimurium in Spain, Italy

and Portugal. The first report of this integ profile was fromS Typhimurium

i solated from infants suffering acute
[184). There have only been sporadic reports of this integron profil& in
Typhimurium isolated in various Eopean countries since 19982, 161, 167,

178. However, a recemneport byPérezMorenoard colleagues stated that this
integron profileis becoming endemic in Spain andrépidly moving pandemic
SGl1-harbouringS. Typhimurium to seconglace[164, 185 .

Insertion sequences (I&)rm integral portions of bacteri@hromosomes, where
they have ben shownto participate in chromosome rearrangements and in
plasmid DNA integration/ recombination evenf48q. IS elements have been
shown to regulattéhe expression of neighbouring ger{éd86, 187]. Insertion into

the targeDNA sequence occurs upon recognition of a sequence which ifispec
for the IS element in questidi86. There are a variety of insertion elements
associated with antimicrobial resistance geneSaimonellaspp (IS elements
belonging to the following familieS6, 1S10, 1S26, 1S605 and ISAs]). For the
purpose of this review | will introduce those most frequently associated with
antimicrobial r e slactsarh amimnigobialsoinBamodedia t h e
ISEcpl and I Relements.

ISEcpl is a single copy insertion sequeernwhich is responsibfer mobilization

of certainbla genes, in particular this IS element has been identified upstream of
severalblactxw genes [188. More recently 1&cpl has been identified in
Salmonellastrains harbouring the ESBlblactx-m-15 in Kuwait [189 and the

ESBL blactx-vs in the USA [12]]. Interestingly, Lartigue and colleagues
illustrated that theblactx-m-2 progenitor in Kluyvera ascobata could be
efficiently mobilized and transferred to a conjugatikze coli plasmid by the

ISEcpl element with enhanced mobilization observed in the presence of
ceftazidime, cefotaxime, and piperacilld87. Insertion sequence common
regions (ILR6 s ) , whi ch are thought O9lke have

insertion elemets, are becoming more frequently linked with the mobilization,
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di sseminati on dattdmaseggnesersvariows mentérs ob the
EnterobacteriaceadSCRs wer e first discovered and re
as a DNA sequence of 2,154 bp thats found in two comple 1 | called In6

and In7[190. ISCR elements have been implicated in the formation of the MDR

region of theSalmonellaGenomic Island (SGI1) and its varianfBherefore

ISCRs have significance in the mobilization afljacent anthicrobial resistane

genesand potentially pose considerablehreat totreatment of infections

particularlythose caused b@ramnegative bacteria.

1.7 Antimicrobial susceptibility testing

1.7.1 Standardisation of antimicrobial susceptibility testing in clinical and
veterinary microbiology

In Europe there are approximately sevamtimicrobial susceptibility testing
standards and the particular standard adhered to is dependent on the &muntry
example: in the United Kingdom the British Society for Antimicrobial
Chemoherapy (BSAC) working party on Antimicrobial susceptibility testimg
France there is the Comit® de | 6ANnti bi o
Microbiologie (CASFM), in Germany the Deutsches Institut fir Normung
(DIN), in the Netherlands the Commissi&lRlijnen Gevoeligheidsbepalingen
(CRG), in Norway the Norweigan Working Group on Antibiotics (NWGAahd

in Sweden the Swedish Reference Group on Antibiotics (SRGHg CLSI
(formerly the NCCLS, National Committee for Clinical Laboratory Standards))

is accredited by the American National Standards Institute (ANSI)

(www.clsi.org.

In the absence of a national sysfemuntil recently a European systemrmany
laboratories in Europe have follow@l S| standard§191]. Therefore, there was
aneed for harmonisation of antimicrobial susceptibility standards in Europe with
clear concise interprative criteria available.The European Committee on
Antimicrobial Susceptibility Testing (HCAST) was established to meet this
need In 2009 EUCAST published its firstreakpoint tabledr interpretation of

MI C 6 s one diameter§l97, with the most recent version published in 201

[193.
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The clinical microbiology laboratory is important gletecting and reporting
EBSL-production; however in some instances staff may not be fully up to date
on the current methods fantimicrobial susceptibility testingA US study
reported that only 8% of clinical laboratories from rural hospitaasiroutinely
screened for ESBjroducing oganisms and in Italy 50% of clinical laboratories
mis-identified ESBL-producing isolateg143.

1.7.2 ESBL detection in the clinical laboratory

In the CLSI standard M10{2l the breakpoints fo cefazolin, cefotaxime,
ceftazidime, ceftizoxime, ceftriaxone and aztreonesere updated[194 in
accordance EUCAST andLSI views that there was a need to reduce many of
the cephalgsorin breakpoint§195. The EUCAST breakpoints fampicillin,
ampicillin-sulbactam,  amoxicillin, amoxicilliclavulanate,  piperacillin
tazobactam, cefotaxime, ceftibuten, imipenem and tobrantyamim also been

recently update{l193.

One of the major issues facing both the CLSI and EUCAST was whether or not
to recommend reporting antimicrobial susceptibility test (AST) regults to
confirming ESBL productionDelay in administering antimicrobial therapy can
have a significant impact on mortality rates and hospital stay &6 [143.

The CLSI in M100S2L statethat vhen using the newwnterpretative criteria
routine ESBL testing is no longer necessary before reporting cephalosporin,
penicillin or aztreonam result§.e, it isno longer necessary to edit results for
cephalosporins, aztreonam or penicillins from susceptible to resigiant).
EUCAST, Version 2.0 Note 1s t a tTlesceplialosporin breakpoints for
Enterobacteriaceae will detect all clinically important resistance rapidms
(including ESBL and plasmichediated AmpC). Some isolates that produce-beta
lactamases are susceptible or intermediate t§' ®r 4" generation
cephalosporins with these breakpoints should be reported as tested, i.e. the
presence or absence of anBESdoes not in itself influence the categorisation of

S U s c e p.tThetkefore, iadcording to EUCAST and CLSI, when following the
updated interpretative criteria, it is no longer necessary to confirm ESBL

production prior to reporting AST results for theurpose of guiding
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antimicrobial therapy.Leclercq and colleagues have recently published a
document entitled OEUCAST expert rules i
to supplemst the current EUCAST guidan§&97].

Both CLSI M106S21 and EUCAST Version 2.0 2012 recommend that ESBL
detection and characterisation is recommended for epidemiologicaifantion
control purposegl93 194.

In the 1980s it was realised that the same standardisation seen in human
medicine for AST was riired for veterinary practicgd]. In 1998, the CLSI
formed a subcommittee on Veterinary Antimicrob&alsceptibility testing (V

AST). TheV-AST of the CLSI begamvith the task of developing standardised
methods and interpretative criteria for AST testing of pathogens in veterinary
medicine[198]. The first of these ahdards were published in 19p09. This

has been recently replaced by the CLSI/ NCCLS M31Performancetandards

for antimicrobial disk anddilution susceptibilitytests forbacteriaisolated from
animals[200, 201].

1.7.2.1Phenotypic testingfor b-lactamase production

CLSI recomnend using at least one extendgmkbctrum cephalosporin, or for
improved sensitivity in detection of ESBL production, a panel of antirial®
(cefotaxime, ceftazidimegefpodoxime, aztreonam or ceftriaxone) for routine
screening of ESBLproductionin clinical isolates of. coli, K. oxytocaand K.
pneumoniae Ceftazidime and cefpodoxime exhibit the highest sensitivity in
screening for ESBL pauction as the majority of ESBLconfer resistance to
these antimicrobialg207.

The Health Protection Agency (UK SOP 51 st &he é&sal irtdibatot : 0
cephalosporin is one to which all ESBLs confer resistance, even when their
production iss ¢ a 2@3y @SOP 51 also states that TEM and SHV ESBLs are
generally phenotypically more easily detected when using ceftazidime;NTX
ESBLs when using cefotaxime with all ESBLs exhibiting resistance to

cefpodoxime. Inappropriate indicators are cefuroxime, cephalexin and
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cephradine. QSOP 51 recommends to use asifpodoxime or both cefotaxime
and ceftazidime when screening for ESBL production. An alternative suggestion
is that when testing community urine sampdephalexin and cephradine may be

used, howeve all positive results requifellow up confirmatory ESL testing.

1.7.2.2. ESBL confirmation based onclavulanic acid synergy

The CLSI confirmatory test (broth dilution/ disk diffas) involves using an
extendeespectrum cephalosporin (usually cefotaxime or ceftazidime) with and
without clavulanic acid. QSP 51 ESBL confirmatory testing recommends using
any of three following confirmatory tests: double disk diffusion tests,

combination disk test or Etest ESBL strips.

1.7.2.2.1 Combination disk diffusion and broth micro dilution

An increase 005 mm i diameteh @& the zone of inhibition for the chosen
extendeespectrum cephalosporin plus clavulanic acid compared to the diameter

for the extendedpectrum cephalosporin alone is considered indicative of ESBL
production when using the CLSI disk diffusion mei d . A decrease
doubling dilutions(i.e. at least 8 foldjn an MIC of the chosen extended
spectrum cephalosporin plus <c¢lav-ulanic
spectrum cephalosporin alone is indicative of ESBL production when using the
CLSI brah micro dilution protocol. It is, however, difficult in some instances to

detect the presence of ESBL in bacteria that simultane@xglsess arampC
gene.Because AmpC is not inhibited by clavulanic acid these enzymes may
mask the ESBL andherefore the isolate does not show clavulanic acid
enhancement. This is seenHn cloacae which produce an intrinsic AmpG-
lactamasé204].

Further complications that may arise in phenotypic ESBL confirmation is in
relation to K. oxytewa. Approximately 1620% of K. oxytoca possess a

c hr o mo slactaaaksealted K1. Hypetproduction of this enzyme results in
resistance to cefpodoxime and cefotaxime but sensitivity to ceftazidime. Synergy
with clavulanic acid is observed with cefepimalaeftotaxime (not ceftazidime)

in these situations and therefore a false positive remytbeobtained.
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1.7.2.2.2 AB Biodisk Etest® ESBL Strips

These are plastic strips that contain an increasing gradient of an extended
spectrum cephalosporin on orad and extendespectrum cephalosporin plus
clavulanic acid on the other (AB Biodisk, Solna, Sweden). Greater than or equal
to an 8fold reduction in the MIC of the ESC tested when compared to the
extendeespectrum cephalosporin in danction with clavilanic acid is
indicative of ESBL production. Theefepime (PM), cefepime/ clavulanic acid
(PML) Etes® synergy test (PM/PML)s generally reserved for screening for
ESBL production inisolates that c@ r o0 d u c e -l#&ctarpaSes.This is
because cefepime ielatively resistant to hydrolysis by Amplactamases
Sturenburgand colleaguesave reported that thePM/PML synergy testis
actually more sensitive than the cefotaxidl@vulanic acid(CT/CTL) and the
ceftazidimeclavulanic acid(TZ/TZL) Etes® synergy testsfor the detection of
ESBL praduction in a collection of ESBbroducingEnterobacteriacea¢205.
BSAC recommends usinthe PM/PML synergy tesn confirmation of ESBL
production inEnterobacterspp.,Morganellaspp, Providenciaspp, Citrobacter

spp. andSerratia spp (i.e. inducible chromosomal AmpC). The &G&M
recommends using PM/PML in dlnterobacterigceaethat possess a naturally
ocauring AmpC on their chromosomi®7]. Oxoid currently offer a similar
product to the AB Biodisk EteBt It is called the M.I.C. Evaluator (M.I.E)
strip. However, the only synergy test offered is the amoxicillin/ clavulanic acid
M.I.C.E strip.

1.7.2.2.3 Automated ESBL confirmation based on clavulanic acid

synergy

The Vitek 2 (bioMérieux, Hazelwood, Mo.) ESBL test allows simultaneous
assessmenof the inhibitory effects of cefotaxime, ceftazidime and cefepime
extendeespectrum cephalosporin alone and in conjunction with clavulanic acid.
The BD Phoenix ESBL test isimilar to the Vitek 2 ESBL systenThe BD
Phoenix (Becton Dickinson) is an autated AST platform that is based on
simultaneous assessment of the inhibitory effects of cefotaxime, ceftazidime,

cefpodixime and aztreonam (alone or in combination with clavulanic acid)
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cefotetan + boronic acid (AmpC test), and ceftazidime * clavulanit Aci

boronic acid (masked AmpC detection).

Phenotypic t est dactamasesdrnwdive claxacilinl sgnergy. AC b
major issue is the lack ofidely accepted phenotypic tedts detect Class D

O X A -labtamase producingnterobacteriaceaé the laloratory. OXA13 and
OXA-19 are inhibited by imipenentbut not by clavulanic acidand the
placement of mimipenem disk close to a cefsulodin disk enables the detection of
these enzymgd.04.

1.7.3 Molecular techniquesfor b-lactamase detection
Molecular methodsirerequired inorder to unequivocally confirm the presence

of a particular ESBtencoding gene in the test organism

The use of simplex or multiplex PCRG6s ¢ca
genes. Woodford recently published a chapter in Methods in Molecular
Microbiology outlining protocols for the detet i on of -lactamaser ous D
genes by multiplex PCR0q. One of these multiMpl ex PCR
E S Bd (droups 1, 2, 8, 9 & 25), another PCR targets the commonly encountered
metallob-lactamase genes (IMP, VIM, GIM, SPM & SIM) and there is also a

protocol for the detection of the commonly found OXA carbapenemases-(OXA

51-like, OXA-23-like, OXA-40-like andOXA-58-like). Dallenne and colleagues

have also recently published PCR protocols for the detection of routinely
encountered class A ESBLplasmidme di at ed A nipikedbsoad OXA

S p e c t-lactamasds, andass A, C & D carbapenemag@®97]. Multiplex one

of Dall ennebds protocol d et e c-tagamasksM, SHV
multiplex Il detects CTXM groups 1, 2, 8, 9 & 25, multiplex 3 detects plasmid

medi ated AmpCdés (ACC, MO X, FOX, DHA, CIT
VEB, PER & GESvariants, multiplex 5 detects GES variants & OX48, and

multiplex 6 detects IMP, VIM and KPC variants.

Grimm and colleagues in 2006 validated a DNA microarray to identify 96% of
the TEM variants based on singlacleotide polymorphisms (SNIP208. The
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total assay time, including PCR, hybridization, and image anat/#ss than 4
hours. Stuart and colleagues in 2009 presented their study at"tHeufdpean
Congress of Clinical Microbiology and Infectious Disease in Helsinki, Finland
on a novel DNA microarray for the rapid detection of TEM, SHV and &TX
ESBLs inEnterobacteriacea¢209. They concluded that the microarray was an
attractive and accurate option for rapid detection of TEWYV and CTXM
producing Enterobacteriaceaeleinberger and colleagues in 2009 (the same
group that developed the TENvariant microarray[208) also reported on
constructing and validating a DNA microarray for rapid detection and
genotyping of TEM, SHV and CTX1 genes inGramnegative bacteriaThis
microarray chip wa an advanced chip containing an updated version of the
TEM-microarray with additional regions for genotyping SHV and ENIDgenes
[21Q. This chip isable to detecbf isolates harboung multiple ESBL genes

within 5 hours. The sensitivity of the microarray was reported to be 93%.

Recently, @eckpointsBV (Wageningen, The Netherlands) have launctreal
commercially availablemicroarray platforms for detection of the most
commonly encontered b-lactamases htp://www.checkpoints.com/). One is
termed the CheeNMDR-CT101 array (for the detection of NDM KPC, CTX
M-groups TEM-variants SHV-variants CMY, DHA, FOX, MOX, ACC, MIR
& ACT) array andthe other the CheclMDR-CT102 array (for the detection of
NDM-1, VIM, IMP, KPC, OXA48, TEMvariants SHV-variants CTX-M-

groupy. Naaset al, Cohen Stuartet al, Endimianiet al. and Woodfordet al

have each independently evaluated e#dhese microaay platformg211-215.
These arrays were shown to be able to detect TEM/ $HAttamaseand
TEM/SHV-ESBL variants simultaneously present within the same isolate. In
addition the microarray platform allowed for identifyibgactamass/ESBLS in
isolates that c@roduced K1 K. oxytoca or chromosomal AmpC (e.g.
Enterobacter spp. The entire procedure can be carried out in less than 8 hours
for 50 isolates with a sensitivity/ specificity rate for SHV variants of 98.8%/
100%, for TEM variant®f 100%/ 96.4%andfor CTX-M and KPC variant®f
100%/100%4212. The check point array possesses regions for 95% of the TEM
variants [66] and regions for 75% of the SHV varianfs6] [211]. The
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Leinberger array encompassed regions for 99% of TEM variants and 94% of
SHV variants. However, as of yet, the Leinberger aisayot commercially
available[21(Q.

1.8  Shotgun cloning
A major objective of DNA cloning is to obtain discrete, manageable (small)
regions of a genetic element.The following information is based upon

information in Sambrook and Russell, MolecuZloning A Laboratory Manual

[216.

Restriction enzymes are endonades produced by bacteria that typically

recognise specific-8 base pair sequees called restriction siteEhe restriction

enzyme digests the DNA at this point. Restriction sites commonly are short
palindromic sequenc&sRestriction enzymes can makagdered cuts in a DNA
sequence at the recognition site which r
ends, e.gecoR . The tails on the fragments generated at a given restriction site

are complementary to all other fragments generated by the sametiozst

enzyme. These single stranded regions (6
other DNA fragments generated by the same restriction enzyme. Some restriction

enzymes cleave DNA to gener at eSmalr agment

Another emizyme involved irDNA cloning is DNA ligase. DNA fragments with

either O6stickydéd or Oblunté ends can be i
aid of DNA ligases. During normal DNA replication, DNA ligase catalyses the

end to end joining of (ligationpf short fragments of DNA called Okazaki

fragment&. For the purpose of cloning technology, purified DNA ligase is

utilised to covalently join the ends of a restriction fragment and vector DNA that

possess complementary ends. The vector and restrictigméra are covalently

8 A palindromic sequence is where the restriction site specific sequence is the same on each DNA
strand when3d ecidr e ot itdhe 50

° Nucleotides are added by a DNA polymerasetoeachgra g daught er36strand in t
direction during DNA replication. The Ol eadd stre
The o6l aggingd strand is synthesised discontinuous

periodically as each new regiontbe template parental DNA duplex unwinds. Elongation of
these RNA primers produces short fragments ter mec
discoverer Reiji Okazaki.
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| i gated t og e5toh ep h-adiesherHooodg bf DISAG In addition to
|l igating complementary O0stickyd ends DNF#

|l i gate any two O6bluntd ends.

Shotgun cloning is a cloning strategy that involvegesdtion of test DNA and the

ligation of the resulting randomly sized fragments into a vector. The outcome is a

large library of recombinant plasmids each containing a different fragment

Vector transfer into a host cell can be achieved in the laboratory by
electroporation. Electroporation involves exposing host cells to pulsed electric

fields in the presence of cloned DNA. There are several methods devised to
distinguish bacteria transformed by recombinant plasmids from those carrying

the wild type plasmidThe most durable and widely used of these methods uses a
nondestructive histe h e mi ¢ a | t e ¢ h-galagosidaset(emcodiek liye c t b
laczy activity in transf ecrommepd ememttartiiao.n. Thr
complementation procedure is used tetidguish colonies of cells that carry

recombinant plasmids from those that do not.

U-Complementation occurs when two inactive fragments Eof coli b-

gal actosi dase associate to form a functi
the lacZ gene generatea car boxy t er mi n-gdlactoBidaseg me n t C
enzyme call-adceépmpmteory forraglnent . An- ami no t
donor fragment) is generated by deletion or mutation ofat gene. Neither

the -aadcelbt or f r adpnoefragmemae renzytmhatieallylactive,
however, bot h can a s-galacosidaseeenzymm vittoor m an &
Many plasmid vectors carry a short segmentEofcoli DNA containing the

regulatory sequences and the coding information for the first 146 aminoo&cids

t h egaldztosidase gene. Embedded in this coding region is a polycloning site

that maintains the reading frame and results in incorporation of a small number

of amino acids into t hegalatosidase. Cloneng mi n a l
vectors with thiscoding region are used in host cells that express the carboxy

ter minal f r -gatpoiosidase enzimet Altheugtb neither the host cell

encoded nor the plasm&ncoded f r a g mealadtosidase fare t h e b

themselves active, they can associate tmfan enzymatically active protein. In
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most bacteri atcosnprd &imes t @aseaptorfiragméneis v/ U
encoded by the deletion mutdatZgoM1 5 , whi ch I|-4lc kesf- ctoldedo nfs
galactosidase gene. Thec" bact er i a t h aompemensatioh are f r om U
easily recognised as they form blue colonies in the presence of the chromogenic
substance >@gal (5bromo4-chloro-3-indolyl- b-D-gal act osi de) . T h e
galactosidase enzyme convertsgxl into an insoluble dense blue compound.

Insertion of a fagment of DNA into the poly cloning site of the plasmid vector

results in production of an amino terminal fragment that is no longer capable of
U-complementation. Bacteria harbouring these recombinant plasmids will appear

as white colonies on agar contaigi X-gal. Tre structure of the recombinant

plasmidcan be assessed by restriction analysis and sequencing of the inserted

fragments.

IPTG (isopropy b-D-thiogalactoside) is a nefiermentable analogue of lactose

that inactivates théacZ repressor and #nefore induces transcription of thee

operon (encodes genes responsible for the expression ofatHegene).

Structural analogues may induce or repress expression even though they
themselves are not substrates for the specific enzyme. IPTG is usettoular
cloning to induce synt h-gafactasidagsefenzyme.t h f r a
One of the most common plasmid vectors used in molecular cloning are those

derived and genetically engineered from the pUC vectors. The site of insertion of

foreign DNAinb pUC vectors occurs atdonorhe amin
f r a g me n t-galacfosidask genleloZ, the promoter associated with pUC

vectors is thelac promoter and insertion of foreign DNA into the multiple
cloning site -donp®éntatom ol i shes U
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1.9 Aim of Thesis

The primary aim of my thesis was to characterize the genetic basis for a novel

ESBL phenotype observed in a collection Sdlmonella entericasubspecies

enterica serotypeTyphimurium from Kenyalreland and Malawi A working

tem O6cefepimased was used to describe thi
Salmonellalryphimurium were defined as having resistance to cefepime, reduced
susceptibility to cefotaxime andusceptibility to ceftazidime Cefepimase

producers did not confirm a¥£SBL producers using the CLSI ESBL
confirmatory criteria (ceftazidime + clavulanic acid, cefotaximez clavulanic

acid). However, ESBL production wasuspecteddue to synergy observed

between cefepime arafavulanic acid.

A secondary aim of my researchwa® anal yse t hdactgmaseet i ¢ ba
resistance and epidemiological relatedness of a collection of geographically
distinct Salmonella entericaubspeciesntericaserotype Kentucky isolated from

poultry production sites in the Republic of Ireland.
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C hapter 2

Characterization of a
spechblraaeont amase phenoty]
1 expressioernterrbahbhmene
Typhi murium strains f

|l rel and.
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This chapter was published as a paper in Diagnostic dimiogy and
Infectious Disease 2011 Aug; 70(4):588.

2.1  Abstract

OXA-1 is reportedas notbeing inhibited by clavulanic acidln this study we
report an ESBLphenotype observed iBalmonella entericaesuling from the

high level expression ofblapxa-1. This phenotype was observed f&
Typhimurium isolates from Kenya, Malawi and Ireland. All African isolates
were identified as MLST sequence type ST313, with the Irish isolate identified
as ST19.

2.2 Introduction:

Extendedspectrunb-lactamases (ESBLS) confer resistance to the penicillins and
oxyimino-cephalosporins and are inhibited by thactamase inhibitors (e.qg.
clavulanic acid). ESBLs have been reported worldwide with increasing
frequency and diversity in members of theteobacteriacea@ndPseudomonas
aeruginosa ESBL production inSalmonellaspp. was first reported in 1988
[148 and is increasing in prevalence worldwidd7]. For further information

on Nontyphoid salmonellae refer ©hapter 1 Section 1.1.1.

For i nf o r-lacamaseimSalmonellé refer @hapter 1 section 1.61In
addition, as discussed i€hapter 1 section 1.7 there are a number of
phenotypic methods for detection of ESBL production. Although detection of the
mechanism may be less important for therapeutipgae now than formerly

detection remains useful for infection control and public health purposes.

We have identified a collection db. Typhimurium that exhibit preferential
resistance to cefepime (compared with cefotaxime or ceftazidime) and with
marked reduction of the cefepime MIC in the presence of clavulanic acid. In this
paper we describe the genetic basis for the emergence of this unusual resistance

phenotype.
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2.3  Materials and methods:
A detailedlist of the materialsequipmentand methodsisal for this workare

documentedinder Chapter2 Materials, methodsa n d e q udn pttachedt 6
CD disk

2.3.1 Bacterial drains:

A collection of 19 isolates ddalmonella entericaerovar Typhimurium showed
a phenotype of high cefepime MIC-82 pug/ml) rehtive to cefotaxime (0.23.0
png/ml) and ceftazidime MIC (0.5ug/ml). The cefepime MIC was markedly
reduced (0.0649.25 ug/ml) in the presence of clavulanic acid. The collection
comprised 17 isolates collecttdm blood cultures of patients Nairobi, Kenya
[218, one isolate from Malawi (RB052) and one (NSRL 227) isolated from the
faeces of a patient in Ireland, with associated travel to Andasd. It is
important to note that it inot known if the samples from Sub Saharan Africa
were obtained from AIDs patientRefer toTable 2.1 and Table 2.2for details

on the collectionof bacterial isolate$able 2.1 details the total number &
Typhimurium available for analysis, the numberk b-lactamase producers
possessing a normal phenotype and the numb8r Byphimuirum identified to
harbour a novel ESBL phenotypable 2.2presents detailed information on the

S.Typhimurium possessing the novel ESBL phenotype.
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Table 2.1 The total number of the total number®fTyphimurium available for
analysis, the numbers 6flactamase producers possessing a normal phenotype

and the number ofS Typhimuirum identified to harbour a novel ESBL

Origin Total numbers of Total number of Total Number of
S. Typhimurium b-lactamase 6cefepi masedc
isolated producers identified
identified
Ireland (20002011) 10, 500 57 1
Kenya (19942003) 300 17 17
Malawi (2002) 50 1 1
phenotype.
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Table 22 Bacterial test stram exhibiting t

phenotype
Serotype Year of Source Sample Phage

Isolate # isolation Country type

Typhimurium PB-1052 2002 Malawi Human Blood DT56 Var
Typhimurium 6 19942003* Kenya Human Blood Untypable
Typhimurium 23 19942003* Kenya Human Blood DT193
Typhimurium 27 19942003* Kenya Human Blood Untypable
Typhimurium 32 19942003* Kenya Human Blood Untypable
Typhimurium 47 19942003* Kenya Human Blood Untypable
Typhimurium 48 19942003* Kenya Human Blood Untypable
Typhimurium 93 19942003* Kenya Human Blood Untypable
Typhimurium 96 19942003* Kenya Human Blood Untypable
Typhimurium 100 19942003* Kenya Human Blood DT193
Typhimurium 119 19942003* Kenya Human Blood Untypable
Typhimurium 126 19942003* Kenya Human Blood Untypable
Typhimurium 127 19942003* Kenya Human Blood DT193
Typhimurium 165 19942003* Kenya Human Blood DT56var
Typhimurium 168 19942003* Kenya Human Blood Untypable
Typhimurium 177 19942003* Kenya Human Blood Untypable
Typhimurium 180 19942003* Kenya Human Blood DT22
Typhimurium 246 19942003* Kenya Human Blood Untypable
Typhimurium NSRL-227* 2005 Ireland Human Faeces Untypable

h e

* |solates were submitted to the NSRL for typing, data available upon submission to the NSRL is

that the Salmonellawere collectd during the period of 1992003. ** Associated travel to

Andorra
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2.3.2 Antimicrobial susceptibility testing:

ESBL production was confirmed by the combination disk method of CLSI using
cefpodoxime (30y), and cefpodoxime plus clavulanic acid rffyllng) and by

the ESBL Etest method using ceftazidime/ceftazidime plus clavulanic acid
(TZ/TZL); cefotaxime/cefotaxime plus clavulanic acid (CT/CTL); and
cefepime/cefepime plus clavulanic acid (PM/PML) Etesipstin accordance

wi t h t he ma n u f asc (AB rBedisk, 6 Solna,n Sweden).c Alli 0 n
0 cef ep pradacers dwere tested for susceptibility to the following
antimicrobial agents in accordance with CLSI disk diffusion methods: ampicillin
(10ng), chlorampenicol (30rg), streptomycin (19g), sulphonamides (30@),
tetracycline (3@y), trimethoprim (Bg), nalidixic acid (3@y), ciprofloxacin

(5ng), gentamicin (10g), kanamycin (38g), minocycline (3@y), aztreonam
(30mg), meropenem (1), cefpirome (36y ), cefoxitin (30ry ), cefuroxime

(30mg ), and rifampicin (36g) [219. All antimicrobial disks were receivdtbm

Oxoid, Basingstoke, U.KThe minimum inhibitory concentration (MIC) of
cefepime for al | Acefepi mased producers
broth micro dilution in accordance with h e CMlethdds for dilution
antimicrobial susceptibility tests for bacteria that grow aerdligica

Approved Standar&eventh Editiod[22(.

2.3.3 DNA extraction of bacterial isolates:

DNA extraction was carried out on all bacterial isolates ugiegdlAamp DNA

Mi ni Ki t (Qi agen 1l nc. Val encia Calif) i
instructions. DNA extracts were stored prior to molecular worRG@fC.

The DNA extraction protocoeHr oitsocddc u#melndt e
attached CD dls
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2.3.4 PCR amplification
PCR amplification conditionsused are documented in6 C h a pR_{PER

amplification conditionsd on attached CD

All confirmed ESBL producers were screened itarey, blasyy, andblacrx-m

by PCR using specific primers@ protocols reportepreviously Table 2.3). All

0 c e f e pproduagessewre additionally screened for the presence of Class |
and Class Il integrons aratiditionalb-lactamase encoding genes by PCR using
specific primers and protocols as previoustgscibed (Table 23). We
investigatedoy PCR if trere was a genetic link betweblapxa-1 and a variety of

i nsertion elements which havdédacthmasn repor
genes (I€RY IS1, 1S26 ISEcp]). Presence of th&almonellagenomic Island
(SGI) was assessed using previously described protf@ls227. Absence of
inhibitors of PCR was cornfined in all DNA preparations by amplification of the
16S rRNA and 23S rRNA spacer regi@#23. Strains encodin@lacrtx-m-9, m-1s,

M-25, M2, Dlarem-s, blatem-s, blaspy-3, blasyy-a, andblapxa-1 were used as positive
controls for relevant amplification experentsand were kindly provided to us

by Dr. Neil Woodford, Health Protection Agency, UK.
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Table23 Primers used in PCR anabBkyyhnuriumisolabtes ef epi maseo
Target Pri mer Se-B8wWeénce (56 Reference
16S rRNA  Spacer F: AGTCGTAACAAGGTAGCCG [223
region R: CT/CA/IGT/ICTGCCAAGGCATCCACC
blarem F: ATGAGTATTCAACATTTCCGTG [224
R: TTACCAATGCTTAATCAGTGAG

blaghy F: ATGCGTTATATTCGCCTGTG [224
R: GTTAGCGTTGCCAGTGCTCG

blacrxm croup 1 F: AAA AAT CAC TGC GCC AGTTC [225
R: AGC TTATTC ATCGCC ACG TT

blacrx-m aroup 2 F: CGA CGC TAC CCC TGC TAT T [225
R: CCA GCG TCA GATTTT TCA GG

blacrx-m croup 8 F: TCG CGT TAA GCG GAT GAT GC [225

blacrx-m Group o F: CAA AGA GAG TGC AACGGA TG [225
R: ATT GGA AAGCGT TCATCA CC

blacrx-m Group 25 F: GCA CGA TGA CAT TCG GG [225

blacTx-wcroup 8/25 R: AAC CCA CGA TGT GGG TAG C [225

blaoxa-1iike™® F: AGC CGT TAA AAT TAAGCC C [226
R: CTT GAT TGA AGG GTT GGG CG

Class lintegron F: GGC ATC CAA GCA GCA AG [227]
R: AAG CAG ACTTGA CCT GA

blaoxa-1oiike F: TCT TTC GAG TAC GGC ATT &C [226
R: CCA ATG ATG CCC TCA CTT TCC

blaoxa-2 ke F: GCC AAA GGC ACG ATA GTT GT [226
R: GCG TCC GAG TTG ACT GCC GG

Class llintegion F: CGGGATCCCGGACGGCATGACGATTTGTA [228
R: GATGCCATCGCAAGTACGAG

SGl F: AGCAAAATCGTGAGAAGGGA [221]
R : TGATGAGACACCTGACGAGC

SGI LJ ACA CCT TGA GCA GGG CAA AG [222
AGT TCT AAA GGT TCG TAG TCG

SGIRJ TGA CGA GCT GAA GCG AAT TG [222
AGC AAG TGT GCG TAA TTT GG

ISCR1 F: GCGAGTCAATCGCCCACT [229
R: CGACTCTGTGATGGATCGAA

blayes1 F: CGA CTT CCA TTT CCC GAT GC [226
R: GGA CTC TGC AAC AAA TAC GC

blages1 F: ATG CGC TTC ATT CAC GCAC [226
R: CTATTT GTC CGTGCT CAG G

blages2 F: ATG CGC TTC ATT CAC GCAC [226
R: CTATTT GTC CGT GCT CAG G

blagc1 F: ATG CGC TTC ATT CAC GCAC [226
R: CTATTT GTC CGT GCT CAG G

blagg,1 F: CCCAGTGGACATAAGCOGT [230
R: AACCATGTACACGGCTGSAC

blaria-1 F: GGACAAGCACTTCAGGOAAC [231
R: GGCAAAAGTCCTTTGAGICG

blagann- F: CCTGCGTAAAACAGCACTGA [232
R: TCAATAACCCTGCGTCACAA

blaceas F: CAGCATTTTCATTGGCTCAG [233
R: CCTGCAGTTCACTGCATC

blarecs F: GCGATAACGTGGCGATGAATAAGC [234
R: GTTGAGGCTGGGTGAAGTAAGTGA

blacars-4 F: TAA TAG AAA AGC AAG TAG GA [235
R: AAC TAT GAT TGGGGA TTG AG

blagrc4 F: CTCACGCTATCATTAAATGC [236
R: TCAAACGAGGCGTCTGTCTCTG

ISEcpl 1: AAA AAT GAT TGA AAG GTG GT [187, 237
2: AAT ACT ACC TTG CTT TCT GA
3: GCAGGTCTTTTTCTGCTCC
4: ATTTCCGCAGCACCGTTTGC

1S26 1: CTTACCAGGCGCATTTCGCC [187, 237
2: AGC GGT AAA TCG TGG AGT GA

IS1 F: CTTTGTCATGCAGCTCCACC [128
R: GGTGGAGCATGACAAAG

blapse: F: GAA TGA CCA ATT TTA ACA ATC GC [226
R: CGC TTT TAA TAC CAT CCG TGG

blasro1 F: GTTAATCCATTTTATGTGAGG [238
R

: CAGATACGOGGTGCATATCCC

10Linkages between IS elements dndyx, 1 Were examined using one primer spedifiche IS element of interest and one primerspechiatxa. 1.

65

pr



Chapter 2

Table2.3continued. Pr i mers used in PCR anaByyhnuriumisolates e f epi mas
Target PrimerSe quen<3ed )( 56 Reference
blages1 F: GAAAAACTCGAAGCCCTGCT [239

R: CCAGTCTTGTCGCCTACTG

blaoxa-1s F: ACTGGCGAATGCATCACAAC [24Q
R: ATC CTC GCA AAAA CCGACA
blaoxa-s F: AGC CGC ATATTTAGTTCTAG [235
R: ACCTCAGTTCCTTTCTCTAC
blaoxa-20 F: AGAGCGGTGACTACTGGATA [239
R: AAAGCATTGACGGATTGAAG
blaoxa-4s F: CGCGGTAAACACACTGTCAT [241]
R: AGAACCTTTTCGCGAGAICC
blaoxa-ss F: TGCGTGTCTTTCAAGTACGG [242
R: CCCTCACTTGCCATGATTT
blaoxa-o F: GAA CAC CAA CAT ATG CA [243
R: GGG ACA ATA ACG GCA AG
blaoxa.2s F: TGCGTGTCTTTCAAGTACGG [244
R: CCCTCACTTGCCATGATTT
blaoxa-s1iike F: TAATGC TTT GAT GGG CCT TG [249
R: TGG ATT GCACTT AT CTT GG
blaOXA.23.|ike F: GAT CGG ATT GGA GAA CCA GA [243
R: ATT TCT GAC CGC ATT TCC AT
blaoxa-241ike F: GGT TAG TTG GCC CCC TTA AA [249
R: AGT TGA GCG AAAAGG GGATT
blaoxa-ssiike F: AAG TAT TGG GGC TTG TGC TG [245
R: CCC CTC TGC GCT CTA CAT AC
blapgr1 F: AAT TTG GGC TTA GGG CAG AA [226
R: ATG AAT GTC ATT ATA AAA GC
blapgr2 F: TGT GTT TTC ACC GCT TCT GCT CTG [246
R: AGC TCA AAC TGA TAAGCC GCT TG
bla cr1 F: CCTTTG GTCTCT TTATTG CG [235
R: CGT CTT TGGCTATCTGCG TT
Primer Walking C1I F: CGGATGGTTTGAAGGGTTTA This Study
R: AGCCGAAGTTTCCAAAAGGT
Control primer #1 (1 CCATGATTACGCCAAGCGCGCAATTAACCCTCAC Stratagene
Control primer #2 (100 ngl) GTGAGGGTTAATTGCEGCTTGGCGTAATCATGG Stratagene
Del1214s TTTTCATGGCTTGTTATGACTGTTTTTTTGTACAGTCTATGCCTC This Study
Dell216as GAGGCATAGACTGTACAAAAAAACAGTCATAACAAGCCAT GAAAA This Study

66



Chapter 2

2.3.5 Characterization of strains

Phagetyping, plasmid profile analysis, pulséeld gel electrophoresis (PFGE)
and variable number tandem repeat (VNTR) analyseseweerformed on all
60 cef epprodeceged Typhimurium. Phage typing was performed in
accordance with the methods of the Laboratory of Enteric Pathogens, Health
Protecion Agency, Colindale, London, United Kingdd@47]. Plasmid number
and sie was determined by an alkaé lysis method as previously described
[216. PFGE was pdgormed using the CHEF Mapper XA (BRad, California)
system following the standardized protocol of PulseNet witda and Binl
(Roche, Basel, SwitzerlandB8]. MLST analysis was performeds reported
previously Table 24) [50]. MLVA analysis was performed in accordance with
previously described protocol$gble 25) [41].

Detailed protocols relevant to t-his sec
Protocol # 4, 5, 60 on attached CD di sk.
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Table 24 MLST Primer Sequences and expected amplicons sizes

Primer Name Sequercde 56 Amplicon Size
thrA:F GTCACGGTGATCGATCCGGT 852bp
thrARR CACGATATTGATATTAGCCCG

thrA:R1 GTGCGCATACCGTCGCCGAC

thrA:sF ATCCCGGCCGATCACATGAT

thrA:sR CTCCAGCAGCCCCTCTTTCAG

purEF ATGTCTTCCCGCAATAATCC 510bp
purER ATGTCTTCCCGCAATAATCC

purg:R1 TCATAGCGTCCCCGCGGATC

puresk CGAGAACGCAAACTTGCTTC

purE:sF1 CGCATTATTCCGGCGCGTGT

purE:sR CGCGGATCGGGATTTTCCAG

purEssR1 GAACGCAAACTTGCTTCAT

SucAF AGCACCGAAGAGAAACGCTG 643bp
SUCAR GGTTGTTGATAACGATACGTAC

hisD:F GAAACGTTCCATTCCGCGCAGAC 894bp
hisD:R CTGAACGGTCATCCGTTTCTG

hisD:Sf GTCGGTCTGTATATTCCCGG

hisD:sR GGTAATCGCATCCACCAAATC

aroC:F CCTGGCACCTCGCGCTATAC 826bp
aroCR CCACACACGGATCGTGGCG

aroC:sF GGCACCAGTATTGGCCTGCT

aroC:sR CATATGCGCCACAATGTGTTG

hemDF ATGAGTATTCTGATCACCCG 666bp
hemDF1 GAAGCGTTAGTGAGCCGTCTGCG

hemDR ATCAGCGACCTTAATATCTTGCCA

hemDsF GTGGCCTGGAGTTTTCCACT

hemDsF1 ATTCTGATCACCCGCCCCTC

hemDsR GACCAATAGCCGACAGCGTAG

dnaNF ATGAAATTTACCGTTGAACGTGA 833bp
dnaNR AATTTCTCATTCGAGAGGATTGC

dnaNR1 CCGCGGAATTTCTCATTCGAG

dnaNsF CCGATTCTCGGTAACCTGCT

dnaNsR CCATCCACCAGCTTCGAGGT

Note 1: For each PCR reaction 2 primers were used, forward and reverse. In a case where there was no amplicons one of
the alternative primers were used i.e if usimgA:F andthrA:R and there were ramplicons, the alternativerA:R1 was

used.

Note 2: For sequencing, each amplified gene was added to 2 wells of a 96 well plate. One well is to add the sequencing
forward primer and the other well is to add the sequencing reverse primer.

Note 3:ForsucAthe PCR primers are also used for sequencing.

Note 4:FordnaN the primerdnaNRL1 (if used in the PCR reaction, may not need to bealNF anddnaNR work) is

also used as the sequencing reverse primer.
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Table 25 MLVA Primer Sequences

Primer Name

Sequemrcde 50

STTR9F
STTR9R
STTR5seqF
STTR5segR
STTR6F
STTRG6R
STTR10GF
STTR10R
STTR3seqF
STTR3segR

AGA GGC GCT GCG ATT GAC GAT
CATTTT CCACAG CGG CAGTTTTTC
TTATTATTC TGAGCACCGC
TGATACGCTTTT GAC GTT GC

TCG GGC ATG CGT TGA AAA

CTG GTG GGG AGA ATG ACT GG
CGG GCG CGG CTG GAG TATTTG
GAA GGG GCC GGG CAG AGACAGC
GAA AAA CGC GCAAAACTCTC

GCC ACT GGT TGT CCT GTT CT
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2.3.6 Transfer of cefepime resistance

Conjugal transfer of cefepime resistance atisnptedby liquid, solid and filter

mating assays as previously descripeah, 248 249. A nalidixic acid resistant

plasmid free SalmonellaDu b | i n was used as recipien
producers representative of individual plagnprofiles were used as donors.

Mating mixtures were plated ontairia Bertani(LB) agar containinghalidixic

acid (50mg/ml) o r sodi um a z isupplemgntdd With céfepime

(4 gml) after 4, 7, 20 and 48 hours incubatio23iC, 30°C and37°C.

2.3.7 BamH1 Restriction fragment length polymorphism (RFLP)
These extracts were prepared using@prep® Plasmid Minkit. A detailed
protocolisd ocument ed u#Rdet oéBIl ot#cCDdisken attache

2.3.8 Southern blotting and hybridization

Plasmid extractions were run on a 0.7% TAE gel and visualisedethitium
bromide stainingSize was estimated usiraystandard curve constructed from
plasmids from straindCTC 50012 (72mDA), NCTC 50001(62mDA), NCTC
50083(126mDA) and NCTC 50005(26mDAlhe pEK499 plasmid harbouring

E. coliUK Strain A plapxa-1 positive) was used as a positive control in analysis
(Karisik et al 2006)Plasmid DNAwastransferred to aositively chargedylon
membrane Roche Diagnostigsby the Southerilotting techniqug216. DNA
wasthen UV crosdinked (Chef Mapper). A 98-bp PCRgenerated Digoxigenin
labelled probe (primers OXA Gp-llike F and OXA Gpl like R (Table 23)

was used to probgasmids for OXAgroup like Blactamases.

A detailed southern blot and Dif@belled hybridization protocol idocumented
under O-Protocol s# CBdiskon attached
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2.3.9 PCR Based Replicon Typing (PBRT)
PCR amplification conditionsused are documented iné C h a R{PER

amplification conditionsd on attached CD

PBRT was carried out using primers and protocols of Caratadli.[36], refer to

Table 26. In orderto generate PBRT positive controls, TA cloned replicons for

each of the 18 most common plasmid Incompatibility (Inc) groups identified in
Enterobacteriaceaavere electroporated into Topl0 electrocompetaiis and

grown on 50/ml ampicillinagar A purified 39kb plasmid (pFEP39), common

to all i solates with the fAcefepi mased ph
an agarose gel using tkdAprep® Plasmid Mini kit This plasmid was included

in all PBRT assays.

The extractsvere prepared g=rPr ot ocol # Cbhdiskon attached
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Table 26 PCR based replicon typing (PBRT) primer details

Primer Name Sequenr3cde 506 Target Amplicon Size PCR #
HI1 FW ggagcgatggattacttcagtac parA-parB 471bp MX 1
HI1 RV tgccgttcacctcgtgagta

HI2 FW tttctcctgagtcacctgttaacac iterons 644bp MX 1
HI2 RV ggctcactaccgttgtcatect

11 FW cgaaagccggacggcagaa RNAI 139bp MX 1
11 RV tcgtcgttccgeccaagttcgt

X FW aaccttagaggctatttaagttgctgat or i > 376bp MX 2
X RV tgagagtcaatttttatctcatgttttagc

L/M FW goatgaaaactatcagcatctgaag repA,B,C 785bp MX 2
L/M RV ctgcaggggcgattctttagg

N FwW gtctaacgagcttaccgaag repA 559bp MX 2
N RV gtttcaactctgccaagttc

FIA FW ccatgctggttctagagaaggtg iterons 462bp MX 3
FIA RV gtatatccttactggcttccgcag

FIB FW ggagttctgacacacgattttctg repA 702bp MX 3
FIB RV ctcecegtegettcagggceatt

W FW cctaagaacaacaaagcccccg repA 242bp MX 3
WRV ggtgcgeggceatagaaccgt

Y FwW aattcaaacaacactgtgcagcctg repA 765bp MX 4
Y RV gcgagaatggacgattacaaaacttt

P FW ctatggccctgcaaacgcgccagaaa iterons 534bp MX 4
P RV tcacgcgccagggcgcagec

FIC FW gtgaactggcagatgaggaagg repA2 262bp MX 4
FIC RV ttctcctcgtcgccaaactagat

A/IC FW gagaaccaaagacaaagacctgga repA 465bp MX 5
A/C RV acgacaaacctgaattgcctcctt

T FW ttggcctgtttgtgcctaaaccat repA 750bp MX 5
TRV cgttgattacacttagctttggac

FIIS FW ctgtcgtaagctgatggce RepA 270bp MX'5
FIIS RV ctctgccacaaacttcage

FrepB FW tgatcgtttaaggaattttg RNAI /RepA  270bp SX1
FrepB RV gaagatcagtcacaccatcc

K & B/O FwW gaagatcagtcacaccatcc RNAI 160bp SX 2/3
K RV tctttcacgagcccgecaaa RNAI SX 2
B/O RV tctgcgttccgecaagttcga RNAI 159bp SX 3

"k eaBiO FW, due tothe high level of homology between the K and B/O replicons the same
forward primer was used in both K and B#nplex PCRs.
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Table 2.7: Extended antibiogram, PCR, sequenceanalysis and molecular typingo f &6 c e f e pi masligphimyiumo duci ng

Isolate No.  Origin Resistance profile* b-lactamases Class 1 integrons 2kb VR 0.8kb  Plasmid Profile (kb) Xbal Binl MLST Sequence
VR PFGE PFGE type
NSRL 227 Ireland ACSSuTCpdMhCpoCxmRif OXA-1, TEM-1 1 Class lintegron (2kb) blagxa-1aadAl - 7.0, 39 M H ST19
PB-1052 Malawi ASSuWKCpdCnCpoCxmRi OXA-1, TEM-1 2 Class | integrons blapxa12adAl  aadB 8.8, 16.5, 39, 120 N | ST313
6 Kenya ASSuNaWKCpdCnCpoCxmRil OXA-1, TEM-1 2 Class | integrons blaoxa-12adAL aadB 8.8, 16.5, 39 A A ST313
23 Kenya  ASSuCpdCpoCxmRif OXA-1, TEM-1 2 Class | integrons blaoxa-12adAL aadB 8.8, 16.5, 32, 39, 60 B B ST313
105

27 Kenya  ASSuCpdCpoCxmRif OXA-1, TEM-1 1 Class lintegron (2kb) blagxa-1aadAl - 39, 120 B B ST313
32 Kenya  ASSuWKCpdCnCpoCxmRif ~ OXA-1, TEM-1 2 Class | integrons blapxan18adAl  aadB 8.8, 16.5, 39, 19 C C ST313
47 Kenya  ASSuWKCpdCnCpoCxmRif = OXA-1, TEM-1 2 Class | integrons, blapxa18adAl aadB 8.8, 16, 39, 105 D D ST313
48 Kenya  ASSuWKCpdCnCpoCxmRif =~ OXA-1, TEM-1 1 Class | integron (2kb) blaoxs12adAl - 39, 120 E E ST313
93 Kenya  ASSuWKCpdCnCpoCxmiR OXA-1, TEM-1 2 Class | integrons blapxa18adAl  aadB 8.8, 19, 39, 105 F F ST313
96 Kenya  ASSuWKCpdCnCpoCxmRif =~ OXA-1, TEM-1 2 Class | integrons blapxa12adAl  aadB 8.8, 19, 39, E F ST313
100 Kenya  ASSuWKCpdCnCpoCxmRif = OXA-1, TEM-1 2 Class | integras blapxa12adAl  aadB 8.8, 19, 39, E F ST313
119 Kenya  ASSuCpdCpoCxmRif OXA-1, TEM-1 2 Class | integrons blapxa18adAl aadB 8.8, 19, 39, G G ST313
126 Kenya  ASSuWKCpdCnCpoCxmRif OXA-1, TEM-1 2 Class | integrons blaoxa-1,2adAL aadB 39, 60, 135 H F ST313
127 Kenya  ASSuCpdCpoCxmRif OXA-1, TEM-1 1 Class | integron (2kb) blaoxa-1aadAl - 8.8, 39, 60, 135 | F ST313
165 Kenya ASSuNaWKCpdCnCpoCxmRil OXA-1, TEM-1 2 Class | integrons blaoxa-1,2adAL aadB 8.8, 39, 110 J F ST313
168 Kenya  ASSuWKCpdCnCpoCxmRif =~ OXA-1, TEM-1 2 Class | integrons blapxa12adAl  aadB 8.8, 16.5, 39, 105 K E ST313
177 Kenya  ASSuWKCpdCnCpoCxmRif =~ OXA-1, TEM-1 2 Class | integrons blapxa1aadAl  aadB 39, 110 | F ST313
180 Kenya  ASSuCpdCpoCxmRif OXA-1, TEM-1 2 Class | integrons blapxa18adAl  aadB 8.8, 39, 110 L F ST313
246 Kenya  ASSuWKCpdCnCpoCxmRif =~ OXA-1, TEM-1 2 Class | integrons blapxa12adAl  aadB 8.8, 39, 110 F F ST313

* A= Ampicillin; C = Chloramphenicol; S = Streptomycin; Su = Sulphonamides; T = Tetracycline; Cpd =d@dfpe; Mh = Minocycline; Cpo = Cefpirome; Cxm = Cefuroxime; Rif = Rifampicin;
Na= Nalidixic Acid; W = Trimethoprim; K = Kanamycin; Cn = Gentamicin)

VR= Variable region of class 1 integron
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2.3.10 Isoelectric focusing (IEF)

Enzyme extractions were carried out ol igolates using a freeze thaw
procedure. Enzyme extracts were loaded onto Amersham Biosciences 1mm
Polyacryalamide Ge{pH3.59.5. Focued gels were overlaid with 54M filter
papersoaked in nitrocefinQ.5mg/m). To determine the isoelectric point (jl)

the enzymes standard curve was constructed using colfitlohctamase extracts

of TEM-3 (pl 6.3), TEM4 (pl 5.9), TEM12 (pl 5.25), SHV3 (p! 7.0) and SHV

5 (pl 8.2) Figure 2.1).

The detailed IEF protocol is o cument ed urPdert oé BH 0 t#0 cDA s
attachedCD disk.
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Figure 21  Standard curve used in determination of the plbdactamase enzymes isolated fraimc e f epi mas&dé prod

Typhimurium- pl versus distance migrated fromaale, generated using the knowngs of t he TEMAZ SHM3angnzy me s
SHV-5.
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2.3.11 Cloning and sequencing of resistance plasmid

pFEP39 was transferred into Top10 electrocompetent cells by electroporation for
propagation. pFEP39 was digested vBanrH1/ Xbal and fragments cloned into

the coresponding sites of the kanamycin resistance{aBRKY expression vector
(Stratagene) followed by transformation into TopELCcoli cells. Transformants
were selected onLB agar containingcefepime (4ug/ml) and kanamycin
(25ug/ml) containing LB agar. A nureb of clones were selected for further
study including the cefepime resistant clone ef2009. PlasmidoFEP391dr

was extracted from eNLRO09 and a c. 5kb insert was sequenced using T3/T7

primers,flanking the multiple cloning site of the pBEMV expressbn vector.

2.3.12 Site directed nutagenesi{SDM)

The role of a tripl et blaaohEdctamasesiritidleu e up st
cloned segment 6ldrdédwas investigated by
carried out by developing primers (del1214 and deliPA¥6as) containing the
desired mutati on ( deucleotide positiorol2140&EHEG6 t r i p
pFEP391dr) for incorporation into pFEP3Bdr (Table 2.3). The QuikChange

XL site directed mutagenesis (Stratagene) kit was utilised for this investigation.

Primers were developed to amplify the sequence of interest {SREind SDM

Rv) with subsequentsequéena g of t he amplicon to confir

The QuikChange XL site directed mutagenesis protocaoisumented under
OPr otPorcootloscol # 106 on attached CD di sk.

2.3.13 Sequencing
Sequencing ofall amplicons was performedn both strandsusing pimmers
homologous to those used for PCR on ABI 3730 capillary sequencers by

Sequiserve, Vaterstetten, Germany.

The PCR product purificati on -frotocbloc ol i s
# 206 on attached CD di sk.
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2.3.14 Nucleotide sequence accessiommber
The nucleotide sequence data reporiedthis paper is logged itGenBank

nucleotidesequence databasader accession nGU119958

24 Results:

Results are summarised Trable2.7, 2.8 and 29.

Seventeen isolates (é8. Typhimurium) had cefeme MICs of 8 to 3&g/ml

falling to 0.064 to 0.25m/ml in the presence of clavulanic acid, cefotaxime

MICs of 0.25 to 2 g/ml falling to 0.064 to 0.128y/ml with clavulanic acid and

ceftazidime MICs of OBmy/ml (Table 28). Four different antimicrobial

resistance profiles were observed with all isolates resistant to ampicillin,
streptomycin, sulphonamides, cefpodoxime, cefpirome, cefuroxime and
rifampicin. The combination disk method using cefpodoxime and cefpodoxime

plus clavulanic acid failed to confirmfESBL production in any of the
Afcefepi maseo producer s. | daot@mmases withi ¢ f oc
isoelectric points (plsp f 5.2 and 7. 2produgetsiharboweel f e pi ma :
blarem-1 andblapxa-1,(@s confirmed by PCR and amplicon sequencarg)were

negative for all otheb-lactamase genes tested. All 19 isolates harboured a Class

| integron of 2kb. Fifteen isolates also harboured a Class | integron of 800bp and

all were negative for Class Il integrofigable 2.7).

All isolates withblapxa-1 aso were positive for ISR1 PFGE analysis gave 14
and 9 distinguishable DNA banding patterns witha and BInl respectively
Figures 2.2 and 23). All African ESBL producers assigned to ST313 and the
Irish ESBL producer assigned to ST1®Bable 27). Therdore, Xba PFGE
results suggest a level of genetic diversity -{0®% similarity on PFGE
dendogram, see Figure 3.3) within ST31%ofyphimurium.

VNTR analysis generated3 al | el e pr ockfepimasgprofiuciogm t he 1
isolates Table 29). Thirteen different plasmid profiles of 2 to 5 plasmids and
with plasmids ranging from 7 to 135kb were recogniZzeab(e 27). Southern

hybridization of plasmid gels revealed an OXA Group 3 like gene on a plasmid
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of a c.39kb (pFEP39) n al | 0 c ef e.follonang kgdid npating @tu c er s
25°C the transfer of pFEP3®%as & soci at ed wi td¢cfepirmaséer o
phenotype tdS. Dublin JEO66 Table 2.8). On PBRT analysis pFEP39 was a

multi replicon plasmid of IncW and HI2 type. Inc W and HI2 PCR products were
confrmedby sequenci ng .isolatds tontdining thee39kb plassid 6

were positive on PBT for IncW and HI2 replicons.ncFlls plasmids
(Salmonellavirulence plasmid) were also present in &llTyphimurium. Other

Inc groups identified were IncFlM 6 isolates, IncK in 3 with Incll, IncX and

IncA/C identified in 3 separate isolates. ClustalW2 alignment revealed 100%

identity to published Inc W and IncHI2 sequences.

Shotgun cloning of pFEP3@to the Xba/ BamH restriction site of expression

vector pBK-CMV resulted in recombinant plasmids with inserts of circa 5kb,

7.5kb, 9kb and 10kb. The plasmid containing the insert of c.5kb (pFE®39

was associated with the fAcefepimaseodo phe
electrocompetenk. coli cells. MICs of transformants are detailed Tiable 2.8.

Sequencing of a 4.937kb insert from recombinant plasmid pFE&39

conf i r méadamastbleoxab s0a s t h e-lacmmalseyprefent in the

transformed Topl0 cells. Thaaoxa-1/ 30 was located on 8amH restriction

fragment of c. 5 kb (pFEPZEdr) from all pFEP39 plasmids isolatefrom

0 c e f e pprodueessEigure 2.4).

The cloned sequence revealed an unusual Class 1 integron promoter combination
upstream oblaoxa-1 (Figure 2.5). The Rn/P. promoter combination identified in

i nsert TGEGACABTAAGETS (-35-10 sequence), downstream of which

there was a QP promoter combination of TTGTTATACAGT (-35+10
sequence). Deletion of the ®Hhe&B@&gontripl et
of P, by site directed mutageneqiSDM) resulted inlos® f t he &écef epi m:

phenotypefigure26) . Thi s mut at ed 'ppHPa9%dmi d was nam
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DNA sequencing results and associated analyses/ alignments etc. related to the
Afcefepi masedo producers is documented
designations:

1 Chapterz DNA sequencing resutSEM & OXA

1 Chapterz DNA sequencing resukMLST

1 Chapter DNA sequencing resuk$BRT

1 Chapter DNA sequencing resukpFEP391dr
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Table 2.8 Minimum Inhibitory Co n ¢ e n t $(MICs) af stréins(e g /) ml

Isolate No. MIC(e g/)ml b-lactamases present
TZ/ TZL CT/CTL PM/ PML PM
NSRL-227 0.5/0.38 1.5/0.125 16/0.19 16 blapxa.1, blarem-1
PB-1052 0.5/ 0.25 1.5/0.125 >16/0.19 32 blapxa.1, blarem-1
6 0.5/0.25 2/0.125 16/0.19 16  blaoxa.1, blarem1
23 0.5/0.38 1.5//0.125 12/0.19 12 blapxa-1, blarem1
27 0.5/0.25 1/0.094 16/0.19 16  blapxa-1, blarem1
32 0.5/0.25 2/0.125 >16/0.125 32 blagxa.1, blarem-1
47 0.5/0.25 2/0.125 >16/0.25 32 blaoxa-1, blarem-1
48 0.5/0.38 2/0.125 16/0.25 16 blagxa-1, blarem-1
93 0.5/0.25 1/0.094 16/0.19 16 blagxa-1, blarem-1
96 0.5/0.25 2/0.094 16/0.19 16 blagxa-1, blarem-1
100 0.5/0.25 2/0.094 16/0.19 16  blapxa-1, blarem1
119 0.5/0.25 0.25/0.094  16/0.064 16  blapxa-1, blarem1
126 0.5/0.25 1.5/0.094 12/0.19 12 blapxa-1, blarem1
127 0.5/0.25 1.5/0.094 16/0.19 16 blagxa-1, blarem-1
165 0.5/0.25 1.5/0.125 16/0.19 16 blaoxa-1, blarem-1
168 0.5/0.25 1/0.094 8/0.125 8 blagxa-1, blarem-1
177 0.5/0.25 2/0.125 12/0.19 12 blagxa-1, blarem-1
180 0.5/0.25 1.5/0.125 8/0.125 8 blaoxa.1, blarem.1
246 0.5/0.38 1.5/0.125 12/0.19 12 blapxa-1, blarem1
ToplO0 Native <0.5/<0.064 <0.25/<0016 <0.25/<0.064 0.06 -
S. Dublin recipient  <0.5/<0.064 <025/<0016 <0.25/<0.064 0.06 -
TCSD pFEP39* <0.5/0.064 0.5/0.032 8/0.064 8 blagxa-1, blarem-1
eNUI-2009 0.5/0.25 1.5/0.094 16/0.19 16 blaoxa-1
pFEP391dr**
XL10 native <0.5/<0.064 <0.25/<0.016 0.06/0.06 0.06 -
XL10 pFEP391dr  0.5/0.25 1.5/0.094 16/0.19 16 blagxa-1
XL10 <0.5/<0.064 <0.25<0016 0.5/0.03 0.5 blapxa1
od pFEP391dr+**

* TransconjuganalmonellaDublin with pFEP3%lasmid
**Topl0 electrocompetent cells with recombinant plasmid pFER8%onferring phenotype
***X1L10 ultra competent cells harboring pFEP39d r mu) amt t hqp6d6 GGGd triplet

immediately upstream of 2P promoter
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Table 2.9 MLVATresults of o6 cef epi masTgpbimyiumoduci ng
Isolate STRR9-8bp STTR5-bp STTR6-bp STTR10-bp STTR3-bp Allelic string*/ MLVA profile number
VNTR fragment size
6 161.16 259 329 359 403.5 02-13-11-08-0010
23 161.67 265 324 358 403.5 02-14-10-08-0010
27 161.67 259 330.25 359 403.5 02-13-11-08-0010
32 161.67 259 336.75 359 404.5 02-13-12-08-0010
47 161.16 271 329 358 403.5 02-15-11-08-0010
48 161.67 271 330.25 359 403.5 02-15-11-08-0010
93 161.67 271 336.75 366.25 404.5 02-15-12-09-0010
96 161.67 265 324 359 403.5 02-14-10-08-0010
100 161.16 265 324 359 403.5 02-14-10-08-0010
119 161.16 271 330.25 359 404.5 02-15-11-08-0010
126 161.16 259 330.25 359 404.5 02-13-11-08-0010
127 161.16 265 324 359 404.5 02-14-10-08-0010
165 161.16 259 306 372 403.5 02-13-07-10-0010
168 161.16 265 324 359 403.5 02-14-10-08-0010
177 161.16 259 342 359 404.5 02-13-13-08-0010
180 161.16 259 336.75 359 404.5 02-13-12-08-0010
NSRL-227 179.09 266 348 358 479.5 04-14-14-08-0409
246 161.67 259 329 359 404.5 02-13-11-08-0010
PB-1052 161.16 257 336.75 363 404.5 02-13-12-09-0010
* Larsson et al 2009[43 as per revised MLVA nomenclature
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Figure 2.2 BInl PFGE clusteranalysiso f o6 cef e pi masTgphimypiumoduci ng
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Figure 2.3 Xbal PFGE cluster analysisof o6 cef e pi masTgpbimyiumo duci ng
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Figure 2.4  BamH1 RFLP and DIG-Labelled OXA-1 probing of BamH1 Southern blotsof pFEP39
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Figure 2.6: Comparison of upstream sequencesop® omot er (del et ed 6 &EBERB9Ldrkessesrcongotinod N mu t

mutated plasmid pFEP39

@ pFEP39- 1dr GGCCGCCAATGCCTGACGATGCGTGGAGACCGAAACCTTGCGCTCGTTCGCCAGCCAGGA 60
pFEPControl ~ GGCCGCCAATGCCTGACGATGCGTGGAGACCGAAACCTTGCGCTCGTTCGCCAGCGAGGA

Cﬂ pFEP39- 1dr CAGAAATGCCTCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGAAACG 120
pFEPControl CAGAAATGCCTCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGAAACG 120

Cﬂ pFEP39- 1dr GATGAAGGCACGAACCCAGTGGACATAAGCCTGTTCGGTTCGTAAGCTGTAATGCAAGTA 180
pFEPControl GATGAAGGCACGAACCCAGTGGACATAAGCCTGTTCGGTTCGTAAGCTGTAATGCAAGTA 180

Cﬂ pFEP39- 1dr GCGTATGCGCTCACGCAACTGGTCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGC 240
pFEPControl GCGTATGCGCTCACGCAACTGGTCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGC 240

*

g pFEP39- 1dr AGTGGCGGTTTTCATGGCTTGTTATGACTGTTTEFRITGACAGTCTATGCCTCGGGC 297
pFEPControl  AGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGGGGACAGTCTATGCCTCGGGC 300

* *kkkk K*kkkkkkkkkkkk

g pFEP39- 1dr ATCCAAGCAGCAAGCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGA 357
pFEPControl ~ ATCCAAGCAGCAAGCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGA 360

gt pFEP39- 1dr TGTTACGCAGCAGGGCAGTCGC 379
pFEPControl  TGTTACGCAGCAGGGCAGTCGC 382

Fkkkkkkkkkkkkkkkkkkkkk
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2.5  Discussion:

The main focus of this work was -to ident
lactamase phenotype conferring matladevation of the cefepime MIC (relative

to cefotaxime or ceftazidime) associated with significant inhibition by clavulanic

acid. Other than the single isolate associated with travel to Andorra, we have not
observed this phenotype in otH&rentericaisolates in the database of National

Salmonella Reference Laboratory of Ireland (including the & 33phimurium

isolates received at NSRL since its establishment in 2000). We are not aware of

prior reports of this phenotype from elsewhere.

Members of theCTX-M family of b-lactamases have been associated with-high
level resistance to cefepime together with high level resistance to cefotaxime
[25(0]. However, oun sol ates did not exhibidt high c
repeatedly negative for knownacrx.w genes Table 27 and Table 2.8). Hyper
production of SHV5 hasalsobeen associated with elevated cefepime MICs but

in association with high level resistance to cefotaxime (MIC = Ifiéhl) and
ceftazidime (MIC = 128 gfml) [25]] and agairblasyy genes were not detedte

in this collection ofisolates T h elactamase gendsargy.; andblaoxa-1/z0were
readily identified on PCR and th4d s was ¢
lactamase enzymes (pl 5.2 corresponding to TEBNhd 7.2 corresponding to
OXA-1) on isoelectric focusinglhe OXA family of b-lactamases is extremely
diverse and can be divided into 5 groups based on amino acid sequence
homology [226]. Cefepime resistance together with moderate resistance to
cefotaxime and susceptibility to ceftazith has been reported in association
with Group 11l OXA which comprises OXAL, 4, 30 and 3lhowever n all such
reports inhibition with clavulanic acid was weak or abgé2y, 252. OXA-9,

18, 45 and 53 are the only OXA enzymes reported to be significantly inhibited
by clavulanic acid104]. Our initial hypothesis was that some other uncommon
b-lactamase may be present to account for the phenotype. For examplegPotron
al. [236 has described a similar phenotypeAninetobacter baumanuue to
production ofblarrc4. However, neitheblagrc4 Nor any othebla genes were
identified and the phenotype was transferre&.t®ublin and to ToplC. coli

cells in association with plasmid pFEP39 on which the bitdygene detected
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was blapxa1z0. A 39 kb IncHI2/ IncW multireplicon plasmid was present in all
isolates studied. The phenotype was also expressed by Teptoli cells
transformed with a recombinant plasmid (eN2009) containing a c. 5 kb insert
(pPFEP391dr) from pFEP39 includindplapxa-1/30 and an activated B./P. T P

Class | integron promoter combination upstreamblabxa-1/30 (Figure 2.5).

XL10 gold cells contaiing the pFEP39ldr have cefepime & cefepime/
clavulanic acid MICsof 16ug/ml and0.19ug/ml respectively compared to
0.06pg/ml and0.06ug/ml respectivelyfor XL10 native cells. The R/J/P:
promoter has been associated with a dramatic increase in theflexgpression

of the proximal gene in the integron cassette afi2y3255 e.g. aadAl
expression increased by approximately 20 falslg|. However, to the best of our
knowledge this is the first report of this combination resulting in increased
expression of -1 act amas e ¢ e-lasamase hyperploductibonywas b
highlighted by Brizioet al when a hyper producing IMB spreading among
clinical isolates oP. aeruginosadue a Class 1 integron with a point mutation in

the R promoter-35 hexamer) was idéfied [257). A similar phenomenon was

also observed in blarey-1 hyperproducingShigella flexnerisolate fran Hong

Kong resulting from a point mutation in th&0 hexamer of the pribnow box
[258.Inthefic e f e pi ma s exhaddeeh acvatdd ibyotime ,presénce of a
triplet O60GGGO6 i mmed0 saghat Taygeted maetion ofahe o f
0GGG6H6 triplet I mmebd $ita Diredted Mutagendsis (BN o f
(to gi ve IpFER39IMI) @sulted in a 32 fold decrease in cefepime MIC

(to 0.5ug/mlandreducedurtherto 0.03ug/ml in the presence of clavulanic acid).
There is therefore persuasive evidence that the phenotype observed is related to
plasmid encodedigh level expression dflapxa-1/30 Kinetic studies are planned

to further define the enzyme substrate and inhibition profile.

In association wittblapxa-1/30 we also identified ISR1 an element with which
variousbla genesincluding blactx-m, blacmy, blapua-1, blaves, blayox-1, blaper

3, have previously been associaf@®(. Such elements have the potential to act
as pr omot e r-kctamase§lod 250264 and ardbbedived in certain
cases to increase expression or hyper production of thg 2@4266. This was
not the case in our collection as in our recombinant plasmicaicamy insert

0 1 dbtadxa-1 Was not cloned in conjunction with CR1, therefore confirming
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that the phenotype is not resultant of hyper production due to this insertion

element.

Although the number of isolates is relatively small the chromosomaeidiy of

the collection (heterogeneous on PFGE and MLVA typing) suggests that the
plasmid has disseminated extensively witlinTyphimurium. Multi replicon
plasmids have been reportedSalmonellapreviously including IncH plasmids
carrying ESBL genefl20, 267]. However, to the best of our knowledge this is
the first report of a novel multeplicon plasmid with the Inc HI2 /IncW replicon
combination. IncW plasmids exhibit a broad host range includég

Typhimurium[26§].

All isolates harbored a c. 39kb plasmid (pFEP39). The purified plasrtratex

of pFEP39 was replicon Inc HI2 and Inc W positive upon PBRT analysis. The
pFEP39 plasmid is therefore a mukplicon Inc HI2/ Inc W plasmid. The Inc
HI2/ Inc W pFEP39 plasmid was transferable by conjunction with the

6cef epi mased pdonermaatey ipterecipied coliJal ofS.
Dublin JEO66. All IncH12 and Inc W amplicons exhibited 100% sequence
identity. Furthermore, the size of IncH12 plasmids that have been previously
sequenced is generally >200 kb (A. Carattoli, personal conuautimm).

Therefore, it may be hypothesised that the replicon scaffold is mostly IncW that
have been fused to an IncHI2 replicon resolving the structure in a way that it
maintained the replicon from the HI2 (A. Carattoli, personal discussion and

communicatn).

BamHL restriction profiles of pFEP39 isolated from each transconjugant yielded

6 BamHL restriction profiles. Thblapxa-1/ 30gene was located onBamH

restriction fragment of c. 5 kb (pFER38r) from all pFEP39 plasmids isolated

f rom 0 c eprodycdarsmid prefiles were similar in their restriction pattern

by BamHL RFLP, however were not identical. UpgamHL RFLP analysis the

size of each plasmid conferring the O6cef ¢
not be exactly 39kb. It is importattt point out that the method of plasmid

analysis used for sizing plasmids for this portion of my PhD research was

alkaline lysis. This method is prone to errors in sizing of plasmids (refer to
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chapter 4 for further information and discussion on this topicgrefore, it is
possible that there could be subtle variation in the size of the plasmid conferring
the O0cefepi mased PhpFBEPSIplagmedswerePERRch donor .
positive forblapxa-1, blarem -1, INcCHI2 and IncW. All sequences were 100%
identical between all pFEP39 plasmids. This further supports the similarity of all

pFEP39 plasmids (from each donor).

It would be interesting to further characterize each pFEP39 plasmid from each
transconjugant. A method to further characterize these plassrpdgLiST1

plasmid MLST. The choice of genetic markers to be used dphfigsT

includes those encoding maintenance and replication plasmid functions. In
addition, these genetic markers are relatively were well conserved but also show
significant nucleotidelifferences that are potentially useful in subtyping
plasmids. pMLST may be applied as a second tier of analysis to gain more
knowledge on the diversity amongst the nineteen pFEP39 IncH12/ IncW multi
replicon plasmidgarryingblaoxa-1 (with the promoter ambination) presented in
this thesis. The information on pFEP39 in this thesis can hypothezsihe

plasmid may be derived from a single IncHI2 ancestor plasmid that was
subjected to different rearrangement events. The diversity seenBarthidl

RFLP profles of the pFEP39 IncH12/ IncW plasmids suggests-jpiaamid

evolution of these elements by multiple recombinatorial events.

pFEP39 is present in botime multi drug resistant invasiv& Typhimurium
ST313 clonal group and in a singeeTyphimurium 19 clone recovered from

an Irish patient following travel to Andorra. ST19 is the most commonly
identified Typhimurium ST and is recovered globally, with ST313 being a single
locus variant (SLV), specifically localised to the sub Saharan region of Africa
[269. Kingsley et al. highlighted that ST313 and ST1S. Typhimurium are
circulating simultaneously in Kenya, but ST313 is the only ST tifiet in
isolates recovered from Malawi, it is likely that ST313 has begureptace
ST19 as the predominanlone in this regiorj269. Co-circulation of two STs
present the opportunity for genetic exchange and could potentially explain the
dissemination of the pFEP39 plasmid among the two clonal groups. The presence
of the phenotype was checked in a collectiod@f500S. Typhimurium isdates
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collected from lIrish patients between 2000 and12®dm our laboratory. The

ST19 clone was the isolate that exhibited this phenotype and was associated with
travel to Andorra. This highlights the prebh of the air travel generation.irA

travel albws for rapid dissemination of new disease variants globally and thus
requires better communication between public health authorities in reporting new
emerging diseases so that governments can better prepare for and monitor the

spread of diseases globally.

As the collection of isolates is predominantly from Kenya this resistance
phenomenon may be relatively restricted to parts of-Sahmran Africa.
However, it is important to note thegcommendations for confhation of ESBL
production thatdvocate th use of cefotaxime and ceftazidime or cefpodoxime
with and without clavulanic acid may result in failure to detect such iscdates
ESBL producer$203 219, 270, 271]. The cefepimeclavulanic acid ESBL Etest

strip is generally reserved for screening for ESBL pradadn isolates that co
produce Amph-lactamase$203. Sturenlurg et al. reported that the cefepime
clavulanic acid ESBL Etest strip was more sensitive than the cefotaxime
clavulanic acid and ceftazidinavulanic acid ESBL Etest strips for detection

of ESBL production in a collection of ESBL producirgnterobactermceae

[205. In addition it is important to note that the recent CLSI M20 standard
states that when using the updated M21 guidelines (which include revised
cephal osporin MICG6s) it i s no SBlonger
confirmation before e por t i ng c e p[h%! Toisip aso thenstalté C 6 s
taken in the recentuidelines publised by EUCAST193. Therefore according

to CLSI and EUCAST guidelinesonfirmation of ESBL production utilising
clavulanic acid synergy with™generation cephalosporins is no longeguired

prior to administration of antimicrobial therapy, however it is imperative that
ESBL production continues to be screened for and confirmed for epidemiological

and infection control purposes.
36  Conclusion

The occurrence of this phenotype amoggnetically diverseSalmonella

Typhimurium from Kenya, Ireland and Malawi highlight the potential for

91



Chapter 2

widespread dissemination of such a resistance threat. However, to the best of our
knowledge, this is the first study to report the observation of an EBBhotype
resulting from expression tlaoxa-1 due to the simultaneous presence of a Class

1 integron B,/ P. promoteraccompanied by an activated promoter.Further
studies are required to determine the extent of geographic dissemination of this
resigance phenomenon iB&lmonellaentericaand to determine if the plasmid

has disseminated into otheénterobacteriaceae
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C hapter 3

First report of extended pect-r um D
lactamase producing Salmonella Kentucky

Isolated from poultry in Ireland
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This Chapter was published as a paper in the Journal of Antimicrobial Agents
and Chemotherapy 2010, Volume 54, No.1, Pages531(Appendid)

3.1  Abstract:

This work reports the emergence of plasmid mediated broad spectrum
cephalosporin resistance @& Kentucky isolated frompoultry specimens in
Ireland. In February 2009 we reported the first occurrencédath Extended
Spectrumb-lactamaseroducing ad AmpC producing Salmonella isolated from
poultry products in Ireland. Further analysis revealed the ESBL,-EB2Yb be
present in 4of 7 S Kentucky with the plasmithediated AmpC, CMY2,
detected in 3 o SKentucky A previous report of a similar phemenon with
SVirchow from poultry products in France, Belgium, The Netherlands and
Ireland reinforces the public health significance of this findid 52 168. The
occurrenceof such plasmignediated antimicrobial resistance determinants
highlights the potential for transfef such determinants thugh the food chain

and into humans.

3.2 Introduction:

The spread of aetiological agents of infection via the food chain persists as one of
the most widespread public health problems not only in the develogirid but

also in the developed world. Theast majority (86%) of human cases of
salmonellosis are documented to be attebld to foodborne transmissipa77].
Salmonella are an important cause of human food borne infection worldwide.
Although antimicrobiak are not usually recommended in cases of salmonella
enterocolitis, they become an essential part of management if the infection
spreads beyond thgastrointestinal tractComplications of invasive disease
include meningitis, arthritis, and dpeseated abscessasdare more common in

infants, the elderly anenmunc-compromised.

b-lactamase enzymseare the predominant method msistance tdb-lactam
antimicrobial agents among tlmterobacteriaceaeRefer toChapter 1 section
131f or t he d eldctamasea and extenolddp ebc t -tactamasds
(ESBLs) past and present. Bhe bacteria possessing an ESRBte resistanto

the 3% and 4" generation cephalospns, however bacteria possessing the ESBL
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gene remainsuscepti bl e t o Plasmdmede ah & my cAmpdG
lactamase enzymes confer resistance to thgeBeratiorcephalopsorins and the
cephamycinods, i-me da dad ietdi-lavtamagEl eatpmes are
resistant t-lactamasé inhibitotsuch as clivylanib acidnd only

weakly hydrolyse #' generation cephalosporins such as cefepime. Salmenella

do not possess a chromosomahpC b-lactamase and therefore its presence is

due to acquisition of mobile genetic elamse coding these enzymga73. The
first r epor t-lactamaseAjlagmG) ptesemce in Balmonella was
descibed in 1988[148; thereafter the prevalee has dramatically increased

[122 274.

It is hypothesised that the eradication of the poultry specific serovars Pullorum
and Gallinarum have exposed an ecological niche for othethosinspecific
serovars such aS. Enteritidis, S Kentucky andS. Typhimurium [272. Of
further concern is the emergence and dissemination of antimicrobial resistance
determinantssuch asblacuy-2, amongSalmonella strains e.& Newport from
cattle in the USAS Heidelberg from poultry in Canad@75. In addition, inter
species transmission of plasmids harboubtegmy-2 has been reportd@74. In

this study Poppe and colleagues reported that an IncA/C plasmid hagoour
blacuy-2» was transferred from a.coli strain to aS. Newport within the same
chicken. IncA/Cplasmids of animal origin have been identified in humans
infected withS. Newport andS. Typhimurium[277, 278. A recent study by
Subbiah and colleagues highlighted that even though IncA/C plasmids are
particularly successfulat dissemination within Salmonella andther
EnterobacteriacegdncA/C plasmidsmpose a fitness cost to the host bacterium
in the absence of a selecting agf2it9. The use ofb-lactams in the animal
industry is hypothesised to select for these plasmids and aid in their
dissemination. This was illustrated by Subbiah and colleaguesrwitto and
in-vivo through the use of @eofur as the selecting agef?279. The withdrawal

of ceftiofur in these studies resulted in the same straiGalofionella persisting,
howeverthe IncA/C plamids were eventually logtom the particular population
[279. A recent study by Martin and colleagues has reported blagiy-2

harbouring plasmids are quite promiscuous with IncA/C, Incll, IncK and IncFIB
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shown to harbour and aid in the disseminatioblagyy., amongS. entericaand
E.coli[28(0.

Recently, aSalmonellaTyphi isolate possessing an IncA/C plasmid harbouring
blacwy-2 was identified from the blood culture of a childlindia[28]]. This is a
cause for concern as the dissemination of extesgedtrum cephalosporin
resistance amondsalmonella Typhi further limits the therapeutic options
available for the treatment of Typid fever. The authors hypothesised that the
IncA/C harbouringblacuyy-2was acquired from a multidrug resistant member of

the Enterobacteriaceaf281].

Prior to 2002S. Kentucky was mainly isolateddm poultry, seafood and cattle
[282] and was considered not a major contributor to the total number of cases of
gastroenteritiscaused by Salmonella serovdi29]. However, sice 20@2 S
Kentucky has increased in prevalence as aecafiggastroenteritis in humans
[283 [282 [284. S Kentucky is now ranked in the top ten serovaddated

from humans in Europg82. Compounding this is the emergence of multidrug
resistantS. Kentucky belonging to the S98& lineage. The ST198 lineage 9f
Kentucky is resistant to ciprofloxacin. A recent study by Hello and colleagues
highlighted that in the study group of France, England, Wales and Denmark the
number of cases of ciprofloxacin resist&Kentucky increagkfrom 3 in 2002

to 174 in 2008[283. A study by Bonalli and colleagues highlighted tigat
Kentucky is nowranked 8-10 of the most common serovars isolated from
humans in Switzerlandvhereas it was not in the top 20 in 200@JyOone of 106
S.Kentucky strains isolated in Switzerland from 2&BD9 harboured an ESBL
although 58% wre resistant to ciprofloxacii282. In contrast, in the USA, of

679 stains of S. Kentucky reported to the CDC from 20@R08, none wre
resistant to ciprofloxacif283.

Foreign travel to Africa combined with the import of spices and raw vegetables
from areas of endemicity may be contributing tioe dissemination of
ciprofloxacin resistantS. Kentucky across Europg283. The spread of
ciprofloxacin resistan®. Kentucky within countries such as Egypt, Morocco and
Nigeria is linked to intensive poultry farming, the usk fluroquinolones in
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farming, and consumption of contaminated shellfidie(towater contaminated
through poultry or humang283. Individuals infected with multi drug resistant
S. Kentucky strains are more likely to be hoapgied than those infected with
pan susceptible strains 8fKentucky[283.

3.3  Materials and methods:
A detailedlist of the materialsmethods an@quipment used for this wodse
documentedinderdhapter3 Materials, ad e g u i op attached €D disk

3.3.1 Bacterial strains

Between January 2000 and September 2008 the Irish National Salmonella
Reference Laboratory (INSRL) received and analysed S#Bonella enterica
subsp.enterica serovar Kentuckyof both human andénimal origin, withall

being susceptible to cephalosporiBetween Octber 2008 and February 2009,
115 S. Kentucky isolates were received. Seven of the Bl¥Kentucky strains
exhibited resistance to the cephalosporiims.October 2008, the first ESBL
producingS. Kentucky (081060) was isolated with a furthe(®8-1259, 09031,
09-060, 09061, 090135 and 09171) isolated between @tober 2008 and
February 2009All were frompoultry. (Table 3.1, Figure 31).
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Table 3.1
S u mma r y-lacmrhasebproducingS. Kentucky isolates included in this
thesis
Farm Isolate Date isolated Specimen
F1 081060 07/10/2008 Wholechicken
F2 081259 25/11/2008 Chickenneckskin
F3 09031  16/01/2009 Poultrybroiler dust
F3 09060  03/02/20®@ Whole chicken
F4 09-061  03/02/2009 Whole chicken
F5 09135  18/02/2009 Poultrybroiler dust
Unknown 09171  06/03/2009 Whole chicken
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Figure 3.1 Location of poultry farms in Ireland from whidhlactamase producing Kentudky were isolated

Breeder Farm

Isolate # Farm #
08-1060 F1
08-1259 F2
09-031 F3
09-060 F3
09-061 F4
09-135 F5
09171 Unknown
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3.3.2 Serotyping:

Upon receipt ofSalmonellaisolates serotyping was carried out to confirra th
serovar. Serological analysis of the somatic or cell wall (O) antigens and flagellar
(H) antigens ofSalmonellavas carried out on all isolat@s accordance with the
KaufmannWhite classification scheme, Pasteur Institute, Paris using
commercially avadble anitsera. A pure culture of the isolate was used for O
antigen detection and a broth growth from the bottom of an agar slope was
utilised for H antigen detection. Positive and negative control antiserum was

used during analysis.

3.3.3 Antimicrobia | susceptibility testing:

All isolates were tested for susceptibility to the following antimicrobial agents in
accordance wh CLSI disk diffusion methodg219: ampicillin (1Qrg),
chloramphenicol (3®g), streptomycin (16g), sulphonamides (30@),
tetracycline (3@y), trimethoprim (Brg), nalidixic acid (3@y), ciprofloxacin
(5ny), gentamicin (106g), kanamycin (30g), minocycline (3@y) and cefoxitin

(30ng). All antimicrobial dsks were received fro@xoid, Basingstoke, U.K.

3.3.4 Confirmation of ESBL production

Isolates wre screened for ESBL production in accordanwéh Clinical
Laboratory Standards Institute (CLSI) disk diffusion methods using cefpodoxime
(10ng), cefotaxine (30y) and ceftazidime (3@) [219. Suspect ESBL
production was confirmedy the combination disk method of CLSI using
cefpodoxime (30y), and cefpodoxime plus clavulanic acid ifh0lng) andby

the ESBL Etest method using ceftazidime/ceftazidime plus clavulanic acid
(TZ/TZL); cefotaxime/cefotaxime plus clavulanic acid (CT/CTL); and
cefepime/cefepime plus clavulanic acid (PM/PML) Etest sthip accordance

with the manufacturers6é6 instructions (AB

3.3.5 DNA extraction of bacterial isolates:

DNA extraction was carried out on all bacterial isolates using the QlAamp DNA

Mini Kit (Qiagen Inc. Valencia Calif) in accordare wi t h t he manuf ac
instructions. DNA extracts were stored prior to molecular work2@tC. The
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DNA =extraction protocol iPs odocaime nrtt eldd u
attached CD disk.

3.3.6 Pdymerase Chain Reactior(PCR):
PCR primers and annéag temperatures usedre documented id Ch a B-t e r

PCR Primers and amplification conditions:

The PCR was carried out on &blatesusing specific primers fdslargy, blaspyy

and blacTx-m croups 1, 2, 8, 9 &5, plasmidmediatedblazmpc, Salmonella Genomic

Island 1 (SGI1) and Class 1 Integromsbsence of inhibitors of PCR was

confirmed in all DNA preparations by amplification of the 16S rRNA and 23S

rRNA spacer regiofi223. Positive and negative controlgere included in each

PCR cycle Sequencing of positive amplicénwas performean both strands

using primers homologous to those used for PCR on ABI 3730 capillary
sequencers by Sequiserve, Vaterstetten, GernfdreyPCR product purification
protocol is documPBmottoed!| umdeerd ohr attd aclhse d

3.3.7 Pulsed Field Gel ElectrophoresigPFGE):

PFGE of DNA digested with the enzytme&Xbat and BInl was carried out in
accordance with PulseNgptotocol [38] using a CHEFMAPPER system (Bio
Rad Laboratories, Hercules, CA). Isol@®&A wasrun on a 1% SeaKem gold
agarose gel at 6.0 V/cm with an angle of 120° at 14°C fdra2@s. Initial switch
time was 2.16 seconds with a final switch time of 54.17 seconds. Gels were
staired with 10mg/ml ofethidium bromide and photographed. PFGE patterns
were imported agIFF files into Bionumerics software (Applied Maths, Sint
MartensLatem, Belgium) and wermterpreted accordingly. Denagrams were
constructed using the Dice similariépefficient andhe unweighted pair group
method with arithmetic averages (UPGMA). Relaisolateswere defined as
having PFGE profiles with a >85% similgr[285.

3.3.8 Plasmid analysis:
Plasmid DNA was extraed from isolates using an Alkaline Lysisethod as
previously describedi216. Test DNA was run on a 0.7% gel for 5.5 hours at

70Volts. After electrophoresis, plasmid DNA was visualised by staining in
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1mg/ml ethidium bromide and the imagas captured using the BiRad Gel
Doc systemA standard curve was constiad using contrgblasmidextracts of
NCTC 50012(72Mda C1 R64),NCTC 50001(62mDA- C2 R1),NCTC-50083
(126Mda C3 Rtsl) andNCTC 50005(26Mda C4 R6K). The standard curve

was used tgize test plasmids.

3.3.9 Conjugation experiments:

Conjugation wascarried out using the method of Hasmeainal 2005 [125].
Recipientand donor Salmonellavere grown overnight in 10mL Brain Heart
Infusion (BHI) medium at37°C with shaking. A plasmittee amoxicillin
susceptiblanalidixic acid and rifampicin resista Dublin isolate, was used as
the reipient for matig experimentsFrom overnight culturesn BHI broth
incubated aerobically at 37°C, 100 df each ESBLpositive isolate was
transferred to 5 mL of fresBHI broth and incubated at 37°C for 4 haurs
Thereafter 500 pL of each ESBdolate was mixed with 500QL of the recipient
and theentire volume was inoculated on a fresh Mueller Hinton agar plate
containing 5% Sheep Blood@he blood agar plates were incubated aerobically
for 5 h at37°C. Transconjugants were recovered by pipetting 1 mL of fresh BHI
broth an the blood agar plates. After gentle mixih@,uL, 50puL and 100uL was
transferred to selective LB agar plates containgedoxitin (32 mg/L) and
nalidixic acid (50 mg/L) or ampicillin (32mg/Land nalidixic acid (50 mg/L).
Transconjugant plates were it@ied overnight aerobically aB7°C.
Transconjugant colonies were sub cultured on selective plates and thereafter
frozen at-80°C for further analysis.

34 Results:
Results are summarisedTiable 32.

3.4.1 Antimicrobial susceptibility p rofiles:

Four d sevenS. Kentucky exhibited antibiogram 1, multi drug resistance with
particular resistance to ampicillin, choramphehisulphonamides, tetracycline
and ceftazidime with intermediate resist&n observed to cefotaxime
(ACSuTCazCtx). ESBL production imése isolates was confirmed by TZ/ TZL

Etest. The remainder exhibited antibiogram 2, resistance to ampicillin,
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ceftazidime, cefotaxime and cefoxitin (AmpCazCtxFox). The presentiaai,c

was indicated in these cefoxitin resistant isolates and was cedfionPCR.

3.4.2 Genes responsible for ESBL production
DNA sequencing data ar @DNddo cuuanewnd readi nignd
attached CD disk.

Four of seven isolates (antibiogramwmigre shown to harbounasyy.12 with three
isolates (antibiogram 2) hasbringblacuy-2. All seven isolates were negative for
the left and right junctions of the integrative element termed Salmonella genomic

Island 1 (SG'll), b|aTE|v| andeaCTx_M Groups 1, 2, 8, 9 &5-

3.4.3 Class 1 integron content:
DNA sequencing data ard oc ument ed FDNN A6 Gheagputeenrc i 8 g 0
attached CD disk.

The Class 1 mtegrords identified in each isolate was determined to be unrelated

to the ESBL phenotype observé&lll ass 1 I ntegronds (Cll 6s)
i s ol a-10é0asd 0ALBL. Onesolate (081 259) har boured C1l1 6s
variable regions of 763bp (resistance gene casset®RGBA) and 638bp

(resistance gene cassettdRBCB). Three isolates harboured RBGlone (09

031, 060 & 061). RGCA containing thaadB gene confersresistane to

kanamycin and gentamicin and RGCB containingstitagyene confersesistance

to streptothricin

3.4.4 PFGE of Salmonellakentucky ESBL -isolates

In order to examine the clonatlation$ip between these isolates PFGE first

usingXbal and later usin®Inl was carried outHijgures 3.2 & 3.3). All isolates

analysed byxbal ex hi bi ted 09 2 %eyiwere mot identigal h owe v e
(Figure 3.2). BInl PFGE provided limited additional discrimination amongst the

collection fFigure 3.3).
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3.4.5 Plasmid analyss and transfer of ESBL/ AmpC resistance

All S Kentucky isolates had identical plasmid profiles regardless of ESBL
AmpC phenotype. Each harboured two plasmids of 4.9kb and 1@lgore

3.4). All isolates readily transfered tHelactam resistancphendype to theS.
Dublin recipient. However, upon plasmid analysis of the transconjug§ant
Dublin both 4.9kb and 130kb fror8. Kentucky donors were ewansferred,;

therefore at the moment it is uncertain which plasmid is conferring the resistance.
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Table 3.2 Summaryofe sul t s f r o-dacteanase predacing Kewotdcky.b

Farm Isolate  Date Specimen Antibiogram Xbal Binl b- Classl Variable SGI  Plasmids Resistance
Isolated PFGE PFGE lactamase Integron”  region Transfer
sequence

F1 081060 07/10/2008 Whole ACazCtxFoxCpd A A CMY-2 ND - -ve  4.9&130kb Yes
Chicken

F2 081259 25/11/2008 Chicken Neck ACSuTCazCtxCpd B B SHV-12 763&638  (adBd -ve 4.9 &130kb  Yes
Skin Gad’

F3 09-031 16/01/2009 Poultry ACSuTCazCtxCpd D C SHV-12 638 Gat -ve 4.9 &130kb  Yes
Broiler Dust

F3 09-060 03/02/2009 Whole ACSuTCazCtxCpd C D SHV-12 638 Gatd -ve  4.9&130kb Yes
Chicken

F4 09-061 03/02/2009 Whole ACSuTCazCtxCpd C D SHV-12 638 &Gab -ve  4.9&130kb Yes
Chicken

F5 09135 18/02/2009 Poultry ACazCtxFoxCpd D E CMY-2 763 @adB® -ve 4.9 &130kb  Yes
Broiler Dust

Unknown 09171 06/03/2009 Whole ACazCtxFoxCpd D E CMY-2 ND - -ve 4.9 &130kb  Yes
Chicken

* The values shown indicate the presencéa®bp and638bp variable regions, the 638 variable region only, or the 74 variable
region omy. ND, Class 1 integron not detected.

** aadBgene confers resistance to kanamycin and gentamicisadgdne confers resistancestoeptothricin
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Figure 3.2  Xba PFGE cluster analysis f -ladlamase producing. Kentucky
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Figure 3.3  BInl PFGE cluster analysis f -ladbamase producing.Kentucky
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Figure 34  Plasmid profile of CMY-2 and SHW-12 producing S.

Kentucky isolated from poultry in Ireland

L 1 2 3 4 5 6 7 8 9 10 11

L. Super coiled DNA Ladde2-16kb7. PB4 189kb

1.PB1 108kb 8.09-061 SH\Z12

2.08-1060 CMY-2 9.09-135 CMY-2

3.08-1259 SHV12 10. 09171 CMY-2

4.PB2 93kb 11.PB5 39kb

5.09-031 SHV12 L. Super coiled DNA Ladder-26kb

6.09-060 SH\W12
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3.5 Discussion:

In this study we have found ESBL produciSgKentucky in a vaety of samples
isolated frompoultry farns in Ireland over a five month period. Resistance
transfer was readily achieved in the laboratory highlighting the ease of spread of
this resistance determinia We do not have any data relating to the health of the
birds from which the samples came or on the use of extesmhkairum

cephalosporinen thesdarms.

Class 1 Integrons were nassociated witla specificESBL gene in our isolates;
howevertvo Cl ass 1 i nt egr on &aamyonngerdamicim n g
and streptothricin were identified. Streptothricin acetyltransferasa) (has
previously been detected 8almonellahowever is still thought to be quite rare

[286.

The seovar S. Kentuckyhas been regarded as uncommoimumans however,

the serovahas beemeported frontlinical sample$287]. Collard and colleagues

in 2007 highlighted the consequences of multi drug resisamitentucky in
humars [29]. TheS Kentucky in these clinical specimens was shown to harbour
blactx-m-1. In addition this particularS. Kentucky clinical isolate was resistéaot
ciprofloxacin and cdrimoxazole This report documented treatment failtweall

the recommended antimicrobidts treatment of Salmonellosighis highlights

the potential mortality associated with emerging multi drug resistant serovars of

Salmonellagven thosgreviously thought to be unsuccessful human pathsgen

Upon revew of the literature it is evident that food animals are increasingly
associated wih pat hogens h[@d68blo the Umtgd SRIESB L 6 s
entericaisolates with reduced susceptibilitydeftriaxone wee detected in cattle
[169. S Kentucky resistant to the quinolones was reported in Ethiop2®06

from the carcasses dasightered pig§l71]. The problem has also been detected

in Portugal with the observation blactx.m 9in S Virchow from laying hens and

S Enteritidisin Broilers withblagpy.12isolated fronS Rissenfrom pigs[170. A
previous report of a similar phenomenon w&hvirchow from poultry products

in France, Belgium, The Netherlands and Ireland reinforces the publit hea
significance of my researdHd, 152, 16§. In the UK the first report of aBSBL
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from livestock was in 2006yith the ESBL responsible b@ blactx.m 17/18from
anE. coliisolated from calvefl5]]. Furthermore, a Spanish group has reported
the presence of ESBL producikdebsiella pneumoniae cooked chicken and
ESBL producingE. coli in saladg[288. Inter species transmission of plasmids
harbouring blacmy-2 from an E.coli strain to aS. Newport within the same

chickenis further cause for concefa7q.

The transmission of bacteria containing antimicrobial resistgy@nes such as
ESBLs is of concern to public health. A potential source for transmission of
antimicrobial resistance genes, and bacteria harbouring samieyumans is
through the food chain, exampletail chicken medf289, 297. A recent study

by Overdevest and colleagues has highlighted that the predominant ESBL genes
detected among retail chickeansples ancamonghospitalised patients from in
the Netherlands were identid@9]]. In addition, MLST highlighted thdt. coli
isolated from retail chicken anfrom patient samples in the Netherts
clustered closely togethdf91]. This was a similar finding to Vient and
colleagues in Montréal, Canad&92. Vincent and colleagues presented
evidence that. coli isolated from retail chicken was indistinguishable from
E.coliisolated from patiens wi t[BOA.UTI 06 s

In the 1980s it was realised that the same standardisation seen in human
medicine for AST was riired for veterinary practicgt]. In 1998, the CLSI
formed a subcommittee on Veterinary Antimicrobial Susceptibility testing (V
AST). TheV-AST o the CLSI begarwith the task of developing standardised
methods and interpretative criteria for AST testing of pathogens in veterinary
medicine[19§. The first of these ahdards were falished in 1999199. This

has been recently reqged by the CLSI/ NCCLS M3A3-Performancetandards

for antimicrobial disk anddilution susceptibilitytests forbacteriaisolated from
animals [200, 201]. A recent paper by Schwarz and colleag details the
shortcomings of antimrobial susceptibility testing of bacteria isolated from
animals[293. In addition Schwarz and colkgues highlight the importance of
adhering to thenostcurrent \ersion of applicable standar{03.
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There were 4 and 5 pulbdield profiles determined yoXba and Binl PFGE
respectively. It would benteresting to carry out MLST on the collection to
establish if the strains belong to a successful clones.oKentucky. The
importance ofsuccessfubacterial tones in the dissemination of antimicrobial
resistancadeterminantamongst Gram negative bagéewas recently discussed

in a pullication by Woodford and colleags[294].

To date there have been no reports or investigations on the source $f the
Kentucky in most countriesdm which humarinfection has been reported. The
most likely vehicle of transmission of such pathogenic strains is through the food
chain, with poultry being the main cause for concern and to the best of our
knowledge, this is the first report of ESBL harbouridentudy isolated from
poultry samples. It is therefore essential that firstly we continue to monitor
antimicrobial susceptibility among human, food and food aniS8elmonella
isolates in Ireland and secondly to ensure that we have an efficient and vigilant
suneillance system in place to deal with such resistance threats once they are

identified in the food chain.

3.6  Conclusions
These results and other publications elucidate the importance of monitoring food
animals and food products for the presence of actibial resistant pathogens

and implementing appropriate control reeees to protect public health.
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C hapter 4

A comparison of S1 pulddeld gel
electrophoresis (PFGE) and alkaline lysis

for routine plasmid analysis
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4.1  Abstract:

Plasmid analysis is useful for comparison of isolates for epidemiological
purposes and in understanding transfer of antwbiet resistance determinants.
This section of my PhD compares alkaline lysis (AL) agaB$&PFGE for
plasmid analysisS1-PFGE allowsfor more accurate size determination and

greater reproducibility and is more convenient than alkaline lysis.

4.2  Introduction:

Plasmids are important extra chromosomal genetic elements. The ability of
plasmids to transfer rapidly within and between tbaal species/genera is
important in the dissemination of antimicrobiakistance and virulence
determinants, in particular among thenterobacteriaceae[12(. Plasmids
harbouring antimicrobial resistance determinants such as the exspeltdim
b-lactamase (ESBL) genblacrx.m-15 have been implicated in a number of
outbreaks over the past decdd@0, 295. In addition, plasmids are associated
with virulence determinants. For examypliecF plasmids, frequently identified in
Salmonella enteriga Shigella spp and E. coli often encode virulence
determinants such as bacteriocins, siderophoystoxins and adhesion factors
[296. Plasmid profiles may also serve as a useful adjunct to other typing
methods in determining relationships betwesalates from a confirmed or

suspected outbreak.

Alkaline lysis (AL) is a traditional methair isolation of plasmid DNAAL was
introduced in1979 by Birnboim and Doly [297]. The principle of the AL
procedure involves separatinglasmid DNA from chromosomal DNA by
manipulating the pH of protocol reagents. Plasmid DNA is subsequently
precipitated using phenol: chloroform: isopropyl alcohol. Linear electrophoresis
is used to separate the plagrextracts on an agarose gdbwever,there are a
number of limitationsof the alkaline lysis methodFirstly, the plasmid
conformation may be altered during the procedure which can impact on
reproducibility because the mobility of nicked, linear and super coiled DNA
conformations e differet in an agarose ggR9g. Secondly, carrpver of

fragmented chromosomal DNA can mask the identification of plasmids similar in
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size to fragmented htcomosomal DNA. Thirdly, the extraction and size

determination ofdrger plasnds is not accuraf9g.

S1-PFGE was first described for plasmid extraction and analysis by Barton and
colleagues in 199%298. An agarose plug with cells of the test organism is
prepared. The cellandergo lysis within the agarose plug to release the DNA.
The agarose plug is treated with S1 nuclease which converts plasmid DNA into
linear molecules. S1 nuclease is unique in that it can identify a single stranded
portion present in the conformation alf super coiled plasmids and cleae
plasmid DNA at this poin{299. S1 nuclease has a skihiting action and
therefore it makes ¥ cleavages in chromosomal DN29§. The plug is placed

in an agarose gel and subjected to electropiwies PFGE chamber. Following
separation the linearized plasmid DNA is observed as bands in a very faint
genomic DNA background. This method has been successfully applied in the
isolation and detection of large plasmids, however, the method is alsergffic

for the isolation andetection of smaller plasmidi83)].

Although both methods have been in use for some years we have not been able to
identify a report of a direatomparison of the methods in terms of ease of use,
accuracy and reprodidity of size determinationThe aim of this study was to

compare the relative performance of these methods in these terms.

4.3  Materials and methods:

A detailedlist of the matgals, equipmentand methodsised for this worlare
documentedinder&ChapterdMat er i al s, r e c onpatashedchGDd equi p
disk

4.3.1 Bacterial strains:

Five quality control (QC) laboratory strains harbouring plasmids of known
molecular weight weranalysed irtriplicate by both methodS he strains were
PB1 (108kb); PB2 (93kb); PB3 (189kb); PB5 (39kb); NCTC 50192 (7kb; 38kb;
66kb; 154kb). Plasmid frele. coli J53 was included in all analyses as a negative

control.
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4.3.2 Plasmid analyss by alkalinelysis methodology

Plasmid DNA was extracted from isolates using an Alkaline Litashod as
previously described216. Test DNA was run on a 0.7% gel for 5.5 hours at
70Volts. After electrophoresis, plasmid DNA was visualised by staining in
1mg/ml ethidium bromide and the imag&s captured using the BiRad Gé
Doc systemA standard curve was constructed using corglagmidextracts of
NCTC 50012(72Mda C1 R64),NCTC 50001(62mDA- C2 R1),NCTC-50083
(126Mda C3 Rtsl) andNCTC 50005(26Mda C4 R6K). The standard curve
was used tostimate the size dkst pasmids.Variation in size estimates within
runs and between runs was determined for the two metliagisrés 4.1 and
4.2). For within run variation2 lanes in one gel were analysé&ig(res 4.1 and
4.2).

Detailed protocols relevant to this section dr@ c ument ed wunder
Protocol # 60 on attached CD disk.

4.3.3 Plasmid analysis by SiPulsed Field Gel Electrophoresis(PFGE)
methodology.

For STPFGE agarose plugs of bacterial strains were prdpssiag the method

of PulseNef{38]. A 2.5mm slice of each agarose plug was excised and digested
with 1U of S1 nuclease enzyme (Rrega, Madison, USA). The Pulse Mark¥r
Hindlll digested Lambda DNA (SigmaAldrich, USA) was included as a size
marker for SIPFGE analysé& Each SIPFGE gel was run on a 1% Seakem
Gold agarose gel (Lonza, Rockland, ME, USA). The PFGE run conditions were
optimised for the detection of large and small plasmids using the CHEF mapper
system (BieRad laboratories, Hercules, CA, USA). Each run consisted of 13
hours, at 6V/cm, with an angle of 120°, a consistent run temperature of 14°C and
a switch time of 113 seconds Standard curves were generatelllicrosoft
Excelfor estimation of largex 38kb) and small plasmids (< 38kb) detected by
S1-PFGE.

12pylse Markef™ Hindlll (0.1kb-200kb)is a mixture of Lambda DNAindlll fragments,

Lambda DNA and Lambda concatamers embedded in a 1% low melting point agarose. For a
convenient reference point, the concentration of the Lambda DNA monomer (48.5kb) is
increased so it is the brightest bandhie teference marker.
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Detailedpr ot ocol s rel evant to this section
Protocol # 706 on attached CD di sk.

4.4  Results:

Results arsummarised ifable 4.1 and 4.

Plasmid size determination y1-PFGE was more accurate and reproducible
compared with the alkaline lysmmethod Table 4.1 and 4.2 In each individual
S1-PFGE run, the estimated size of plasmidsbbured by NCTC 50192
corresponded largely with the known plasmid siZable 4.1 and 4.2 In
contrast for AL, there was a large deviation between the estimated and known
plasmid size both within and between ruparticularly for plasmids>38kb
(Table 41 and 4.3. However, AL was more reproducible than-BREGE for
resolving the 7kb plasmid. Plasmids were more clearly defined and better
separated using SRFGE Figure 4.1).

116



Chapter 4

Figure 4.1 Representative gel of isolated plasmid DNA byFFAGE protocol

L C PB1 PB2 C PB4 PB5 J53 C L

L= Pulse Marker™ Hindlll digested Lambda DNAO.1kb194kb) PB1 (108kb); PB2 (93kb); RB(189kb); PB5 (39kb); C=NCTC
50192 (7kb; 38kb; 66kb; 154kb). Plasmid fieecoliJ53 was included in all analyses as a negative control
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Figure 4.2 Representative gel of isolated plasmid DNA Alkaline Lysis protocols

SCL C PB1 PB2 PB4 PB5 C s

SCL= Super coiled DNA ladder,-B6kb, PB1 (108kb); PB2 (93kb); PB(189kb); PB5 (39kb); C=NCTC 50192 (7kb; 38kb; 66Kb;

154kb). Plasmid fre&. coliJ53 was included inllaanalyses as a negative control.
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Table 4.1: Within run variability of plasmids isolated from NCTC 50192 using Alkaline Lysis (AL) and Faldsed Field Gel

Electrophoresis (SPFGE)

Alkaline lysis

Expected plasmid size NCTC 50192 Run 1 Lane A/B(kb) SD COV Run2LaneAB(kb) SD COV Run3LlLaneA/B(kb) SD cov
154kb 120/ 180 42.42 0.28 190/190 0 0 179/125 38.1 0.25
66kb 37/70 23.3 0.43  48/35 9.1 0.22 70/50 141 0.23
38kb 13/50 26.1 0.83  26/15 7.7 037 38/28 7.07 0.21
7kb 6/6.5 0.35 0.05 6.8/6.8 0 0 5.5 0 0
Expected plasmid size NCTC 50192 S1 PFGE

Run 1 Lane A/B (kb) SD COV Run2lLaneA/B(kb) SD COV Run3LaneA/B(kb) SD cov
154kb 156/156 0 0 156/156 0 0 157/157 0 0
66kb 63/63 0 0 63/65 14 0.02 64/64 0 0
38kb 37/37 0 0 37/37 0 0 34/34 0 0
7kb 717 0 0 717 0 0 717 0 0

SD= Standard deviation, COV= Coefficient of variation
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Table4.2

Between run variability of plasmids isolated from NCTC 50192 and PB1, PB2,

PB4 and PB5 using AlkalineLysis (AL) and S1 Pulsed Field Gel

Electrophoresis (SPFGE)
Alkaline lysis
Plasmid size Run 1 mean (kb) Run2mean (kb) Run3 mean(kb) SD COV AVE
NCTC 50192 154kb 150 190 152 225 0.13 164
NCTC 50192 66kb 53.5 41.5 60 9.3 0.18 52
NCTC 50192 38kb 31.5 20.5 33 6.8 0.24 28
NCTC 50192 7kb 6.25 6.8 55 0.65 0.1 6
PB1 (108kb) 120 140 130 10 0.07 130
PB2 (93kb) 84 100 92 8 0.08 92
PB4 (189kb) 180 155 170 125 0.07 168
PB5 (39kb) 26 45 40 98 026 37
S1 PFGE
Plasmid size Run 1 mean (kb) Run2mea (kb) Run3 mean(kb) SD COV AVE
NCTC 50192 154kb 156 156 157 0.57 0.003 156
NCTC 50192 66kb 63 64 64 0.57 0.009 64
NCTC 50192 38kb 37 37 34 1.7 0.04 36
NCTC 50192 7kb 7 7 7 0 0 7
PB1 (108kb) 129 137 126 56 0.04 131
PB2 (93kb) 103 110 96 7 0.6 103
PB4 (189kb) 182 192 178 72 003 184
PB5 (39kb) 31 38 38 4 0.1 36

SD= Standard deviation, COV= Coefficient of variation
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4.5 Discussion:

S1 nuclease isolated from the mosbergillus oxyzaes an enzyme that attes
single stranded DNA and RNEB0Q. The enzyme introduces nicks into single
stranded regions of plasmid DNA This results in the supercoiling being
relaxed and the plasmid DNA is converted to a linear form.

The S1 PFGE protocol was origihalemployed to extract and analyse large
molecular weight plasmids, generally ®QLkb, termed megplasmids[29].
However, this work illustrates that the technique can be successfully applied in
the extraction and analysis ofapmids as low a molecular weight as 7kb. The
S1-PFGE technique for extraction and analysis of plasmids is being reported
more frequently in the literature for the analysis of plasmids harbouring
antimiaobial resistance determinaj®01, 302 . S1-PFGE exhibits the potential

to allow plasmid extraction and analysis to be standardised between laboratories
aaoss the globe, facilitating the more accurate size determination of epidemic
plasmids responsible for the dissemination of antimicrobial resistance genes. The
ability to use agarose plugs for both PFGE and plasmid anahggisesult in a
reduced cost tthe laboratory and reduced time in plasmid analysis. The plasmid
extract on alkaline lysis is generally sufficient for one amty and therefore if

the plasmid gel needs to be repeated andtbshextraction is requiredyhereas

with S1-PFGE the agaros plug is prepared and stored and there is sufficient
quantity for two SAIPFGE and two standard PFGE runs per isolate agarose plug.

There are a number of aspects of thdPEGE technique that culminate in
greater reproducibility and accuracy compareth#&alkaline lysis technique for
the analysis of plasmids. These aspects include:

1 The method of plasmid extraction used IrFFGE: during this step, all
bacterial cells are immobilized in an agarose plug. Once the cells are
lysed all cellular debris and

1 The enzyme used in S1 PFGE=-RSdclease converts supercoiled DNA to
linear DNA. Therefore SPFGE is more efficient and accurate in

determining the size of a plasmid. A difficulty with alkaline lysis is that

13 plasmids possess a singleand initiation sitegs) for the priming of DNA replication. Thssi
has been located near i in plasmids
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different conformations of the same plasmid oasult in difficulty in
interpreting results and with reproducibility of the test.

1 The apparatus used in-FGE: SIPFGE using the CHEF Mapper®
apparatus enablagparation of large and small DNA fragments with
better resolution, speed, and accuracy thaditional electrophoresis
methods. SPFGE in particular is superior for the analysis of large
plasmids due to the incorporationtbé CHEF Mapper® apparatus.

1 The method of determining plasmid size infAGE: Standard curves
were generated in MicrogdExcel for estimation of large>(38kb) and
small plasmids (< 38kb) detected by-BEGE. This method of size
determination is more accurate than that employed for alkaline lysis.
With alkaline lysis, 4 cycle serhbg graph paper is used to manually
generge a standard curve with estimation of plasmid sizes generated from
same. This is subject to a certain level of human error.

1 Effect of chromosomal DNA in SBPFGE interpretation: The caroyver
of fragmented chromosomal DNA in alkaline lysis can mask the
identification of plasmids similar in size to fragmented chromosomal
DNA.

4.6 Conclusions

In conclusion, SPFGE is more accurate and reproducible for estimation of
plasmid size across a broad size rangemodides greater image claritgased

on the eperience of PulseNet it is likely that the -BEGE may be readily
standardised to achieve indaboratory agreement which is essential for
application of plasmid profiles in ingdgation of large outbreak$Ve suggest
that SIPFGE should be accepted &g preferred method in laboratories using

plasmid profiles for public health epidemiology.
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U Recap on he goals of my research:

There were three main findings of my PhD research. | have provided evidence
that with respect to cefepime as substradeXA-1 mediated resistancés
significantly inhibited by clavulanic acid. Prior to my research GX#vas not
reported to be significantly inhibited by clavulanic aditiis work represents the

first report in theiterature ofESBL and plasmigmediated ampC isalmonella
Kentucky isolated from poultryThis was a significant finding as it highlighted
the concern that the scientific communityshegarding poultry as a reservoir of
antimicrobial resistant Salmonelltn addition this finding elucidated concerns
regarding the role that poultry could play in dissemination of antimicrobial
resistant Salmonella; and in fa€nterobacteriaceaeén general; into the food
chain. Finally, my research validated an alternatimethod for plasmid
extraction and analysis in our Laboratory. Previous to this work there was no
published head to head comparison of alkaline lysis arBF&IE as plasmid
extraction/ analysis tools.

U b-lactamase mediated resistance iBalmonella enterica

Nontyphoid Salmonellosis (NTS) igenerallyuncomplicatedand seHlimiting.
There isgenerallyno clinical benefit of antimicrobial therapyntimicrobials
such as the third generation cephalosgrinmethoprimsulfamethoxazole or
ciprofloxacinare prescribed imvasive case of NTS and therefore antimicrobial

resistancesof clinical consequence in this situatif803.

Thereis a vast reservoir of netyphoid Salmonella in animals that pesesks

for dissemination to humank Europe the majority of NTS cases in humans are
attributed to zoonotic transmissi¢B04. SalmonellaEnteritidis andSalmonella
Typhimurium are the serovars most often associatiéidl animals intended for
food consumption that are linked with humiiness. Domestic petsare alsoa

source of salmuaellosis in their human ownef305-30§.

Resistance t®-lactam antimicrobial agents in a collection ®fTyphimurium
isolates represesithe major part of my work. The majority of tlgellection of

SalmonellaTyphimurium was from sul®aharan African and is of the MLST
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type ST313The one Irishsolate in thecollection was identified as ST2Mhich

i's one of t he mo sSaimanalaenencdMLST dasabasen t h e
ST19is the predeessor of ST213, ST302 and ST429 and is not closely related to
ST313.ST313 is a strain of. Typhimurium which has rarely been identified
outside of Sub Saharan Africl269. Salmonella Typhimurium ST313 is
associated withhacteraemia, and/ or meningitis amdgth septic arthritis also
reported. Gastroenteritis presents in only half tfie reportedcases. It is
suggested that infection with M®D Typhimurium ST313 may result in more
invasive disease with its predominant transmission from person to person
attributed to rapid adaptation to itsirhan host$269. S. Typhimurium ST313
differs from strains of STyphimurium (such as ST19)causing classical
gastroenteritis due to the presence of a novel selection of prophage elements
coupled with selective genomic degradation; both yieldinguccessful clonal
group that may continue to evolve in the way ®almonellalyphi, Paratyphi A

and Gallinarum have in order to adapt beit specific ecological nichg269.
Antimicrobial resistance in this clonal group may therefore be a particular cause

for concern.

Poppe and colleagues recently reported $hé&tewport can become resistant to
extendeespectrum cephalosporinand otler antimicrobials by acquiring a
conjugative drug resistanpégasmid fromE. coliin a turkeypoult intestinal tract
[276. Antimicrobial resistance isalmonellahasbeen reportedince the 1960s
[309. The occurrence and frequency of antimicrobial resistattonellaand

the types of antimicrobial resistance profiles vary betweenntries and
continents. Globally the most common serotypes associatbdawiimicrobial
resistance and that are frequently isolated from animals intended for human
consumption areS. Typhimurium, S. Enteritidis, S. Heidelberg,S. Hadar S.
Virchow, S Newport andS. Welteverder4]. Studies carried out in the United
Kingdom highlighted that the level of antimicrobiaésrstant Salmonella
increased by oveb0% from 1981 compared to 1988]. There is a clear
relationship between the presence of antimicrobial resistanSalimonella the
severity of disease and the outcome associated with such an infection. The CDC

for example reporte@ higher fatality rate in Salonellosis cases (19711983)
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where there was associated antimicrobial resistance when compared to fully
susceptible infectiong}.2% versus 0.2% respectivdly1(. Further analysis of
Salmonellosis cases during this period from the community and hospital setting
highlighted that 57% of cases infected with antimicrobial resissaitrnonella
required hospitalisation as opposed to only 24.5% requiring hospitalisatem w
infected with susceptible strainghis trend was confirmed in a more recent
review (19842002) of 24Salmonellaoutbreak carried out by the CD{310

317]. In addition a study carried out by Helms and colleagues in Denmark during
19951999 analysed the mortality rates associated with antimicrobial resistant
Salmonelld 312 313. The results of tlsi work highlighted that patients infected
with pan susceptibl& Typhimurium were 2.3 times more likely to die within 2
years (compared to control group) whereas patients infected ®&ith
Typhimurium DT104 (ACSSuT) wer4.8 times more likely to di@13.

Extendedspectrum cephalosporins are an important option for tesstrof
invasive salmonellosisthey are widely avadlble, costs have declined in recent
years, they are comparatively safe to use in adults and children and as they have
a broad spectrum of activity so that they are useful for empiric therapy when a
specific infecting pathgen has not yet been detectédquired resistance ta
member of this class of antimicrobiajents is therefore of conceffislactamase
mediated resistance has become prevalent in Salmonella serovars since the first
identification of SHV2 in SWien in the 19809148. In 2004, forty three
countries had reported having a public health problem with extesphkdum
cephalosporin resistance 8almonellg149. Unlike manyEnterobacteriaceae

Sal monel l a do not -laggammasptelsesr eaf ndaciamasa|iln sbh c
mediated resistance in Salmonella has been acquired through the dissemination

o f -ladblamase genes into the genus.

The role that plasmids and mobile genetic elements play in this situation is

apparent in the work presented hdreall of the ST313E Typhimurium isolated

from Sub Saharan Africa over a 10 year period and a distinct ST19
STyphimurium isolated from a patienn Ireland a common plasmid was
associated wi t h t he pF&R38)f Espg M@Rs baBed phenot
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replicon typing the pFEP39wasidentified asa novel IncH12/W plasmid. Muki
replicon plasmids have been reporte@aimonellgoreviously including I HI2
plasmids carrying ESBL gen¢$20, 267]. IncW plasmids exhibit a broad host
range intuding S. Typhimurium[268]. However this is the first report of a multi
replicon plasmid with the Inc HI2 /Inc W replicon combinatidulti-replicon
plasmids offer a significarddvantage over sifg replicon plasmids in terms of

an expanded host rangthe role that mobile genetic elements such as plasmids
play in the dissemination @lactamase mediated resistance determinants is also
apparent i n-ladtamase @aducid§y Kemtucky. All isolatesof S.
Kentucky were isolated from different geographical locations in Ireland from
different time periods and harboured similar sized plasnE88L blasyy.12 and
AmpC blacuy-2 genes were shown to be located on transferable plasmids
harboured bys. Kentucky.

Routine esting for ESBLin Enterobacteriaceaés no longerconsidered essential
for clinical purposes by either CLSI or EUCASiefer to Chapter 1 section
1.7.2 now that interpretive breakpoints for cephalosporins have been
substantially lowered However, ESBL confirmation remains highly

recommended for epidemiology and infection control purpogefer to

Chapter 1 section 1.7)The pr esence of -lactambhse enzyenast t y p e s

in Salmonella providechallenges irtharacterisinghese antimicrolal resistance
determinants in the laboratory. For example, confusion can occur when bacteria
possess both an ESBlene and a plasmighediated AmpC. In these instances
inhibitory tests using a third generation cephalosporin and an inhibitory
substance sucéas clavulanic acid are inconclusivefer to Chapter 1 section
1.7.2.2.1)

0 CMY -ldctamase (refer to Chapter 1 section 1.8)

Plasmidme di at e d aréd mesC 6ften found in nosocomial and non
nosocomial Enterobacteriaceadsolates that do not possess a chromosomal
ampCor, asin the case ofE. coli which have a nonrinducible ampC The
plasmidmediated AmpQCMY-2isaf r equent |l y enc-dactamt er ed

resistance in netyphoidalSalmonellan many countries across the glof#i4.
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The blacwy-2 gene is the most widely disserain e-ldctafmase in Salmonella
[149. The CMY group comprise the majority of thasmidme di at ed A mpCod s
with 64 variats identified to dat¢66]. In the USA the most commariasmid
medi at e d ardAOWVY20ACT-1, DHA-1 and FOX5, in the United
Kingdom CIT-like, CMY-2, CMY-7, CMY-21, CMY-23, ACGlike, FOX-like

and DHAlike ard in Canada CMY2 predominate§97]. The plasmid replicons
associated with CM¥2 dissemination is interesting. A recent study by Martin
and colleagues demonstrated that GERIMisseminationamongE. coli and
Salmonella isolated from food and food products in Canada was assodidted w

5 different replicon type$28(. Martin and colleagues have emphasized the
potential challenges that a diverse range of plasmids pose for containment of
antimicrobial resistaze determinants such as CMZY Prior to this wak;
however plasmidmediated ampC had not been reported in Salmonella from
poultry. The work ors. Kentucky presented here provides evidence that @MY
was successfully disseminated in poultry farms across Ireland between 2008 and
2009. It is a curious fiding the phenomenon then disappeared (personal
communication NSRL).

0 SHYV b-lactamase (refer to Chapter 1 section 1.3.3)

The SHV1 b-lactamase was originally identified on the chromosome of
KlebsiellaspeciesSince this, the SHV gene has mobilised from the chromosome
of Klebsiella and disseminated amongst other members of the
Enterobacteriaceae The dissemination of SHV frorKlebsiella species and
other members of th&nterobacteriaceaénto Salmonella by mobile genetic
elements have serious consequences for public health. The first report of SHV in
Salmonella in Ireland wass®ciated with foreign travdil57. The SHV12 gene
identified in this study was harboured 8yWorthington isolated from a patient
with assaeiated foreign travel to Indifl57]. In addition by documenting this
phenomenon in isolates from poultry it expands the range of species

demonstrated to harbo8r Kentucky producing SH\ype b-lactamase
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U OXA b-lactamase (refer to Chapter 1 Sections 1.3.5 and 1.3.5.1)

Epidemiological data on the geographb a | S pr e a-thctamnakes ©XA b
lacking, perhaps due to the difficulty in their identification in the clinical

| aboratory. M alactamaset havelbeen 1©@poéred @n one or two

i sol ated occasi ons. Many odactandseshaw® r e r ec
originated in France and Turk¢y6, 77]. The number and clinical significance

of O Xa&tanfases is increasing, especially as their host repertoire broadens

from Pseudomonasspp. andAcinetobacterspp to other members of the

Enterobacteriaceae

The OXA-1 enzyme has several notable differenc@sipared to the other Class

D -lactamases which have been assesshd OXA1l enzyme is a monomer

The OXA1 Y | oop possesses six addl0ti onal
(therefore OXA1 exhi bits a | onger Y |l oop, howev
than n Class A enzymes). OXA possesses an aspartate residue at position 66

(D®®), whichis buried in the floor of the OXA active siteThese residues are

known to play an important role in substrate specificity. Leonard and colleagues
hypothesize thainteractons betweerD®® and adjacent amino acidee required

for OXA-1 mediatedesistanceto the fourth generation cephalospocefepime

[71].

The Arg244 (R*) residue is a consemniCddhasmseAi due
lactamasedut is absent in the structure of OXIAand in Class ®-lactamases

[315. R*cani nt eract with the C3-lactams. Bhisxy!|l i ¢ a
residue is believed to be responsible for forming critical hydrogen bonds with the

C-3 carboxylate of clavulanic acid. However, there have been intense
speculations as to the exact role 6fRwith some groups disregarding its direct

i nv ol ve mlaaam hydrolysish and turnovei316, 317. It has been

suggested that mutagenesis studies to determine which exact residues are
essential forcl avul ani ¢ acid binding-lagtamdse hence
would not be easily achieved as the residue is most likely critical for enzyme

integrity and thexfore mutant enzymes cannot be read#jected316. There
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have been nsuchstudies to this effect to investigate the fime of residues in
t he q | &-4 enzymé in KhKing with thdavulanic acid molecule.

The OXA1 Y |l oop has t heK-ERN-N Kindtimapalysise si dues
illustrates that these residues do not allow GX# turnover extendespectrum
cephdosporins with large Cq[7) side chain$101]. Cefepime differs from these
cephalosporins as it has a less bulky chairthe C7 position, which enables

more efficient penetration of the Gram negative cell. GX& capable of more

efficiently hydrolysingcefepime as opposed to third generation cephalosporins

probably due to the less bulky side chain at position C7 ofctfepime
cephalosporin nucleu3he introduction of an oxyimino group into the side chain

at position 7 of the cephalosporin nucleus or at position 3 of the monobactam

nucl eus i1 s the maj -actamnbend fiosn hyaolysis byadhee ct i n g

s e r i-lactamabes.

Prior to this work there were no published reports stating that GXAvas
significantly inhibited by clavulanic acidThis initially caused confusion as the

data clearly suggested that the phenotype observed was one of an ESBL; one that
OXA-1 is not known to confeBased on thelata presenteldereand published,

it is suggested that depending on the substrate hydrol@sédl-1 is capable of
significant inhibition by clavulanic acid.

A recent study by Beceiro and colleagues reported aasipilenotype irkE.coli

isolated from a wound of a patient in Waterford, Ireland and tihe of a patient

from Scotland318. Both isolates exhibited nesusceptibility to cefepime and
cefpirome(4 and 8 mg/L) with significant inhibition in the presence of clavulanic

acid (32 fold reduction in cefepime MI@ presence of clavulanic acid). Both

strains were susceptible to ceftazidime and cefotaxime. Both strains harboured
OXA-1 and TEM1. The mechani sm of 0cefepi mased
attributed to two different mechanisms. One was attributed to (Scattsate)
overexpression of TEM due to a stron&5 promoter. The other (Irish isolate)

was attributable to overexpression of OAAcoupled with reduced expression of
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ompC The mechanism of over expression of GXAn this study was not

further examined.

From a diagnostic point of view the use of cefepime ctavulanic acid is
essential is detecting this phenotype in the clinical laborakbowever, this is
not often included inthe repertoire of ESBLdetection andconfirmation
techniques by most labatories therefore it is difficult and tccumulatedataon

the epidemiology o$uchresistance determinant

0 Mol ecul ar typing of Sodoyhniueumi mased prod:

In this study of 19 isolates of. Typhimurium, Xbal PFGE was most

discriminatoy (14 types) followed by MLVA (3 types) and MLST (2 types)

Foley and colleagues applied PFGE, R and a form of sequenced based

typing based on MLST to determine which typing technique offered the greater

level of discrimination when applied to a collectiof S Typhimurium[319.

They report the OMLSTO6 | i ke method as
finding is not comparable with the MOISmethod used in this project or most

published papers because they usedhmrse keepig gene sequencg3ly.

Similar to our findingSukhnanand and colleaguesportedthat MLST (using
housekeeping genes only) exhibits limited ability discriminae within
Salmonellaserotypes when compared tabstyping methds such as PFGE
[320. MLST offers significant advantages over PFGE when studyirg
phylogeny of bacteria; however, many scientists incorrectly continue to use
PFGE data for the construction of phylogenetic trees or evolutionary analysis

when the technique is clearly limited in tlagplication[321].

In relation toXbal PFGE, the digested genomic fragments in the region of c.

200kb- c . 1000kb wer e si mi [S&yphinaunuvonwih the | | 6cef
major differences in Pulse field Profiles attributed to the smaller molecular

weight fragments (< c. 200kb). This trend was also observed BlithPFGE

with a similarity in the fragment sizes between c. 400kb and c¢.1000kb and a

diversity noticed in the smaller fragments c. < 240kb. This observation is similar
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to that found by Kariukand colleagues in a study of the genetic diversit§.of
Typhimurium in Kenya over a ten yeperiod [21§. An explanation for the
diversity seen in the lower molecular weight fragments may be due to the

presence of plasids or prophage elements.

Cooke and colleagues highlighted that MLST compared to PFGE and MEVA
less discriminatory when applied to S. TyphimuriddT104 isolates[327.

Cooke identified that DT104. Typhimurium in their study were all ST19,
however all had distinct PFGE patterns, again with the majority of variation
occurring in the mid lower nolecular weight fragments. Cooke found that
certain DNA signatures (prophage elements)SinTyphimurium DT104 are
potentiallysubject to DAM methylatiortherefore protected frotdba digestion

For example the presence of prophage 3 generates a 43%khhaans present

on PFGE gels postbal digestion of genomic DNA. This was similar in a large
collection of DT104 isolatef322. The group also investigated the presence of
the prophage elements in BAM negative mutant LT2S. Typhimurium,
illustrating that this particular strain did not exhibit the banding pattern of the
Dam positive DT104S. Typhimurium (i.e. 439kbband representing prophage 3)
[322). The experiment was repeated with DT10 afdlDS. Typhimurium and

the 439kb prophage 3 element was absent, however a 389kb element was
detected, thought to be prophage[327. The presence of large plasmids was
also highlighted as a cause for PFGEadrii on i n Cook[8#&.s i nvest
Cooke hypothesized that this could b cause for PFGE pattern variation in

other strains o8. Typhimurium.

U Fact or s t h aldctansaserresigtancev e b

Antimicrobial resistant bacteria are spread by a complex interaction between
selective pressuté successful dissemination of bacteri#dnal groups and or
epidemic plasmids. Examples include the internationally dissemirtatembli

clone 025:H4ST131 harbouringblacrtx-m-1s. [323. Initially, the process

commences with the introduction of a resistant organism into a population

14 Selective pressure relates to the environmental conditions that permit an organisviveo s
and proliferate. Antimicrobial use is an example of selective pressure. The populations of
susceptible organisms are killed off, allowing the resistant population to predominate.
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whether thise in the health care setting or in the animal population. Thereafter,
selective pressure such as antimicrobial use in a healthcare setting/ veterinary
sector will permit proliferation o& resistant organism/ plasmigrom there the

next step is clonal dsemination. This can occur due to inadequate hygiene
practises, infection control inadequacies and/ or contaminated equip32&nt

324]. Antimicrobial stewardship is key in addressing the issue tinamobial

selective pressure.

U The gaps in our knowledgeof b-lactamase mediatedesistance

The role that antimicrobial prescribing practises have on the selection and
dissemination of ESBL resistance determinants within the food chain in Ireland
requires further analysis. Many of the cephalosporin agents licéosede in
Ireland inveterinary medicine haventy been in use since c. 200he effect

that their use has in selection and dissemination of antibacterial resistance
determinants within the farm environment, local environment and through the
food chain has not been assesdedthe USA a recent study by Singer and
colleagues found théE. coliisolated from the faeces of untreated cows were
susceptible to ceftiofur, witk. coliisolated post treatmemtith ceftiofur being
resistant[325. The authors did admit that the level of the study was not
sufficient to categorically state there was a causal link between antibacterial uses

and theemergence or amplification of antibacterial resistance.

Retrieval of exact data on the level of antimicrobial consumption in the
veterinary sector is difficult at the moment and the reported statistics in the

limited published work in this area needs®interpreted with caution. In 2009

the European commissiogave the European Medicines Agency (EMEA) a

mandate to take the role of collecting data on the sales and use of antimicrobials

in veterinary medicine. The EMEA has set up the Committee for Medici

Products for Veterinary Use (CVMP) and in 2009 coordinated an advisory

group Scientific Advisory Groupn Antimicrobials (SAGAM), wicth aided in

anal ysis of the use of ce[@2galheEMEATr i nds |
implemenéd a coordinated data collection effart 2011 with plannedeports

due by the end of 201[827]. This data will be essential to @t an accurate
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assessment of the occurrence of antimicrobial resistance in zoonotic and animal

disease agents and the potential link with antimicrobial consumption.

U Global approaches to antimicrobial resistage and the challenges of

antimicrobial development

The European Surveillance of Antimicrobial Consumpti(EBSAC) and the
World Health Organization (WHO) Third Global Patient Safety Challenge run
programmes that are vital in monitoring antimicrobial prescribing practices. Both
the ESAC and WHO play theipart in protecting currentlyapproved

antimicrobials from becoming obsolete.

The issue of growing levels of antimicrobial resistance worldwide in bacterial
pathogens is further compounded by the lack of new antimicrobials available on

the marke{328§. There are a number of antimicrobials in development to date in

the line of treating Gram positive infectiortéowever, there is minimal progress

in relation of development of drugs for treatment of Gram negative infections
Development of antibacterial agents targeted towards multi drug resistant Gram
negati veds ( MDRGN éimg lowhwith norageat wvithedoved N a | |
mechani sm of acti on ag arlegisgation MDOReEGBOO s bei n

years[59].

Some of these agents in developmend directedtowards MDRFGNG s ar e
analogues of existing molecules and therefore are not exactly novel approaches;
forexamplecef t azi di me | n -laacamaése inhébitor MXEHO04wi t h a ¢
The b-l a c t dactdmask inhibitor approach has negulted in a new product

since 1993when piperacillin/ tazobactamvere approved for clinical u4&29.

Other kamples of agents that are in the research and development stages are

| i popeptide agent ( bei nlactandpenicdlihbongnrgd by Cu
protein inhibitor (being developed by Novexel) and a membrane biosynthesis

inhibitor (being developetly Achaogen). All exhibit promising activity towards

the Enterobacteriacea¢329. Another interesting approach is that suggested by
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David Livermoe in his recent pblication6 Te moc i | | i[59). IlRthis i ve dod
work the author discusses that to meet the current demanceiratt i ng MDRGNOG s
weshouldree x ami ne ol der , 0f orgottend compound

One such compound is Temocillin.

There are, however, measures being taken to addresstleeof antimicrobial

resistanceln late 2009 a summit was held beénethe United States and the

European Uniorto establish a transatlantic task force &okte antimicrobial
resistancd33q0. The O0i mmedi ate goal & of this ta:

ten novel drugs by 20206. This may prove

U The limitations of my research

There area number of areathat were not pursued because of time constraints.
Firstly, in relationto the wok on t he O6cef ey sampeesét phenot
was fromSub Saharan Africa and Irelanthis collection was selectadhile we

were usinghe PM/PML Etest in our confirmation of ESBL detection. It would
have been valuable to collaborate with those thad leollections of relevant
isolates in other countries. It would have been of value to examine the outer
membrane proteins (OMR)f the isolates to determine dhanges in OMPs
(whether expressed or not) may have explained the varying resistance to
cefepimeamongst isolates ithe collection (83 2 ¢ g [refdr Jo Chapter 2

Table 2.8. In addition, it would have been valuable to investigate the MIC of
each transconjugant harbouring pFEP39 towards a panel of antimicrobial agents,
for example the agents used &sess the antibiogram in donor isolatefef to
Chapter 2 Section2.3.2. This experiment would illustrate if pFEP39 conferred
resistance to other classes of antimicrobials in addition t@laetams.Time
constraints prevented this work from beingrieat out.Kinetic studies of enzyme

i substrate and enzymseibstratanhibitor interactions would have helped to
clarify the interaction between cefepime, clavulanic acid and QXAlthough a
sequenceassociated with strong promoter activity was identifiggbtreamof
blapxa-1, therewas not sufficient time to study gene expression or levels of
enzyme productionCMY-2 was detected irBalmonellaKentucky as part of

Chapter 206s investigation, however, ther
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determineother plasmidmediated sMp C6 s pr esent I n Sal monel
phenotypic amp@roducers from the NSRL bank relation to the validation of

S1-PFGE as a method of plasmid extraction and analysis, a larger sample size

would have been more optimal toope the accuracy of the technigiee sizing

plasmids.

U Future work in this area

If | had more time on this project there
to complete:

U It would have been valuable to investigate the MIC of each
transconjugant hbouring pFEP39 towards a panel of antimicrobial
agents, for example the agents used to assess the antibiogram in donor
isolates, however time contrainsts preventing this being carried out.

U It would be interesting to carry ouinletic studies of the OXA enzyme
OXA-1 enzyme is not known to be inhibited by clavulanic acid. The
result of my thesis research has demonstrated that when cefepime is the
substrate, OXAL (in the genetic context identified in this thesis) is
significantly inhibited by clavulanic &t

U As the cefepime MIC of the individu&. Typhimurium inthe collection
studiedvaried it would be interesting to carry oRT-PCR to compare
the expressionf OXA-1 amongst my collection.

U It would be interesting to investigatiee effect that outer membranerim
(OMP) loss ha on the level of cefepime resistance amsinghe

collection ofS. Typhmurium.
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U In conclusion:

The research that | have executed as part of this PhD thesis has contributed to the
field of ESBL detection in Salmonella by:

1. My research identified aBSBL/ AmpC not previously reported almonella

from food animals in IrelandThis was the ifst report of plasmidmediated
cephalosporin resistande S. Kentucky from poultry. Dissemination of such
acquired resistance is a thréatboth animal and human health and should elicit
a vigorous response at matal and international levelThis finding further
highlights the importance of the Reference Laboratory in monitoring isolates and
alerting relevant authorities. Interestinglijetemergence and dissemination of
the ESBL/ AmpC phenotype inS Kentucky in Ireland has not since been
identified. This finding was published in the Journal of Antimicrobial Agents and

Chemotherapy ReferencéAppendix # 1

2. My research highlighted tha@a commonly encounterdutlactamaséelaoxa.-1,

has the potential in the appropriate context to be associated with an unusual
ESBL phenotype that is easily missed by stathaaethods for ESBL detection.

It is uncertain how impoaint this finding is for therap#ics in the contexof

recent updates on susceptibility test methoddswever it raises questions
regarding the accepted view of OXlAas notbeing inhibited by clavulanic acid

and the importance of this finding for theutine identification and confirmation

of ESBL producers irthe clinical laboratory and the research laboratory. This
finding was published in the Journal of Diagnostic Microbiology and Infectious
Diseasé ReferenceéAppendix # 2.

3. My research validated S1 PFGE for the extraction and analysis of plasmids as
more reproducible and accurate than alkaline Iy&iss finding is submitted for

publication inthe BioMed CentralJournal entitleddResearch Notés
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Therapy of invasive human salmonellosis is complicated by increasing antimicrobial resistance. Food
animals are the principal source of infection with nontyphoid Salmenella. We report the emergence of broad-
spectrum-cephalosporin resistance in Salmonella enterica serovar Kentucky in poultry in Ireland.

Increasing antimicrobial resistance among isolates of Salmo-
nella from food animals is a significant public health concern
because of the potential to cause human infection. Broad-
spectrum cephalosporins, together with fluoroquinolones,
were until recently considered reliable agents for empirical
therapy of invasive salmonellosis. Cephalosporin-resistant Sal-
monella enterica bacteria that disseminate in food animals
therefore have the potential to cause human infection, for
example, cephalosporin-resistant Salmonella enterica serovar
Virchow (poultry in France) and Salmonella enterica serovar
Newport (cattle in the United States) (1, 3, 5, 12).

Prior to 2008, resistance to cephalosporins was not reported
for isolates of Salmonella from food animals in Ireland. Ceph-
alosporin resistance has been detected in isolates from humans
associated with travel outside Ireland. From January 2000 to
September 2008, we analyzed 925 isolates of Salmonella en-
terica serovar Kentucky of human (n = 60) and animal (n
865) origin, with all isolates being susceptible to cephalospo-
rins. Between October 2008 and March 2009, 7 of 115 S.
Kentucky isolates were resistant to cefotaxime and ceftazi-
dime. Cephalosporin-resistant isolates were from chicken neck
skin, whole birds, and broiler house dust samples.

A number of human cases of S. Kentucky infection have
occurred during most years in Ireland, and human infection
has also been documented to occur elsewhere (5, 7). Collard
and colleagues in 2007 (9) reported on bla - p.,-CONtaining
S. Kentucky bacteria that were coresistant to ciprofloxacin and
cotrimoxazole. Other studies have discussed the importance of
emerging serovars of Salmonella to human health (7, 9, 17, 21).

Identification and serotyping of isolates were performed by
standard methods. Testing of susceptibility to 14 antimicrobial
agents was performed by Clinical and Laboratory Standards
Institute (CLSI) disk diffusion methods (8). Cephalosporin-
resistant isolates were assessed for extended-spectrum-p-lac-
tamase (ESBL) production by using cefpodoxime (30 pg) and
by using cefpodoxime plus clavulanic acid (10 pg/1 pg) and
ESBL Etests with ceftazidime, cefotaxime, and cefepime in

* Corresponding author. Mailing address: Department of Bacteriology,
National University of Ireland, Galway, Ireland. Phone: 35391544628,
Fax: 35391495514, E-mail: fiona.boyle@nuigalway.ie.
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each case with and without clavulanic acid (AB Biodisk, Solna,
Sweden). AmpC production was suspected in the absence of
clavulanic acid potentiation of cephalosporins and additional
resistance to cefoxitin. Pulsed-field gel electrophoresis (PFGE)
was performed by the PulseNet method with Xbal and Binl,
and the results were analyzed using Bionumerics software (Ap-
plied Maths, Saint-Martens-Latem, Belgium). Plasmids were
prepared as previously described (20) and visualized on 0.7%
Tris-acetate-EDTA gels by staining with 1 mg/ml ethidium
bromide. Size was estimated using a standard curve constructed
from plasmids from strains NCTC 50012 (72 MDa), NCTC 50001
(62 MDa), NCTC 50083 (126 MDa), and NCTC 50005 (26
MDa). Conjugation was carried out using the method of Hasman
et al. (13). A plasmid-free, amoxicillin-susceptible, and nalidixic
acid- and rifampin-resistant Salmonella enterica serovar Dublin
isolate was the recipient for mating experiments. Transconjugants
were selected on LB agar plates containing cefoxitin (32 pg/ml)
and nalidixic acid (50 pg/ml) or ampicillin (32 pg/ml) and nali-
dixic acid (50 pg/ml). Genomic DNA was extracted with a
OIAamp DNA minikit (Qiagen, Inc., Valencia, CA). Absence of
inhibitors of PCR was confirmed by amplification of 16S rRNA
and the 23S rRNA spacer region (2). PCR amplifications with
specific primers for blargy, blagyyy, and bla-_y groups 1, 2, 8,
9, and 25; plasmid-mediated bla,,- (sequencing of positive am-
plicons by using primers specific for the entire bla-y gene);
Salmonella genomic island 1 (SGI1); and class 1 integrons were
performed as previously described (11, 14, 15, 18, 22). Positive
amplicons were sequenced by Sequiserve, Vaterstetten, Ger-
many.

The results are summarized in Table 1. Plasmid-mediated
B-lactamase gene blacyy., Was detected in 3 isolates and
blagypy 15 10 4. blay > has been reported to occur in Salmo-
nella but has not previously been reported to occur in S. Ken-
tucky isolates from poultry. blag;,_,, has been reported to
occur in 8. Kentucky from a human isolate (7) but not in that
from poultry. All isolates contained two plasmids of ca. 4.9 and
ca. 130 kb. In all cases, cephalosporin resistance was readily
transferable, with cotransfer of both the ca. 4.9-kb and the ca.
130-kb plasmids in every case. blas; was detected by PCR in
the ca. 4.9-kb plasmid but not in the ca. 130-kb plasmid in
isolates with the SHV phenotype, while blay was detected
in the ca. 130-kb plasmid but not in the ca. 4.9-kb plasmid in
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TABLE 1. Results”

PEGE type

Farm Isolate Date isolated Specimen Antibiogram resut ——————  Beta-lactamase | Class 1 n Vzul'lable
Xbal  Binl integron(s) region(s)

A 08-1060 7 October 2008 Whole chicken ACazCixFoxCpd A A CMY-2 ND
B 08-1259 25 November 2008  Chicken neck skin ~ ACSuTCazCixCpd B B SHV-12 763, 638 aadB, sat
C 09-031 16 January 2009 Poultry broiler dust  ACSuTCazCixCpd D C SHV-12 638 sat
D 09-060 3 February 2009 Whole chicken ACSuTCazCixCpd C D SHV-12 638 sat
C 09-061 3 February 2009 Whole chicken ACSuTCazCixCpd  C D SHV-12 638 sat
E 09-135 18 February 2009 Poultry broiler dust ~ ACazCixFoxCpd D E CMY-2 763 aadB
Unknown  09-171 6 March 2009 Whole chicken ACazCrxFoxCpd D E CMY-2 ND

“ For all strains, the SGI was absent, plasmids of ~-4.9 and ~-130 kb were present, and resistance transfer was observed.
" The values shown indicate the presence of both the 763-bp and the 638-bp variable regions, the 638-bp variable region only, or the 763-bp variable region only. ND,

class 1 integron not detected.

isolates with the AmpC phenotype. The associations of
blasyy_,> with the ca. 4.9-kb plasmid from some isolates but
not others and of blacyy, with the ca. 130-kb plasmid from
some isolates warrant further analysis, such as PCR-based rep-
licon typing (PBRT) with subsequent sequencing, which will
allow us to establish the relatedness of the plasmids identified.
The Salmonella genomic island (SGI1-K) was not present, in
contrast to previous reports (15). A class 1 integron was de-
tected in 1 of 3 CMY-2-positive isolates and in all 4 of the
SHV-12-positive isolates.

The isolates were 92% similar on Xbal PFGE, with sets of 3
(type D) and 2 (type C) isolates indistinguishable. PFGE with
BlnI provided limited additional discrimination between the
isolates. Four isolates were from different broiler farms, with 2
isolates (different PFGE profiles) from the same broiler farm.
One isolate could not be traced. All the broiler farms are
stocked from one breeder farm. Comparison of PFGE patterns
with archived S. Kentucky patterns suggests that this group of
SHV-12- and CMY-2-producing §. Kentucky isolates is closely
related to a number of pan-susceptible S. Kentucky isolates
from human, poultry, and environmental samples (data not
shown).

The simultaneous emergence of broad-spectrum-cephalos-
porin resistance associated with two distinct plasmid-encoded
mechanisms (ESBL-SHV-12 and AmpC-CMY-2) in poultry
in Ireland as described in this paper is a cause for concern.
Previous experience indicates that such resistant Salmonella
isolates in food animals are to be associated with human dis-
ease (4). The route by which these resistant mechanisms
gained access to the multiple poultry farms involved is unclear,
but possibilities include colonization of stock received from
breeder flocks and/or inadequate biosecurity.

It is important to highlight that cephalosporins are not li-
censed for use in poultry production in Ireland; however,
amoxicillin is used for the control of clostridia and bacterial
enteritis and therefore may generate a selective pressure for
possession and retention of a B-lactamase (4, 6, 16), as it is
widely hypothesized that the introduction and persistence of
p-lactamase-producing Salmonella on farms may be sustained
due to selective pressure related to antimicrobial prescribing
(16). However, it has been demonstrated that the acquisition
and persistence of plasmid-mediated -lactamase in Salmo-
nella from commensal intestinal flora can occur even in the
absence of selective antimicrobial pressure (10, 19). The exact
mechanisms of dissemination and maintenance of resistance

plasmids in the absence of selective pressure merit further
investigation.

In conclusion, regular monitoring for Salmonella in food
animals must include adequate antimicrobial susceptibility
testing of isolates to ensure that new threats, such as broad-
spectrum-cephalosporin resistance, are recognized and ad-
dressed before they are widely disseminated. In the context of
poultry farming, breeder flocks, from which other farms are
stocked, require especially close monitoring because of their
potential to act as foci of dissemination of antimicrobial resis-
tance.
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Abstract

Salmonella enterica (S. Typhimurium) strains from Kenya, Malawi, and Ireland showing elevated cefepime MIC values carried blaoxa-1.
These strains were not detected by current guidelines for extended-spectrum f-lactamase production based on MIC values or clavulanate
inhibition, since cefepime is a preferred substrate for OXA-1 and this enzyme is reported to be resistant to clavulanate inhibition. blagyxa
was located within a class | integron and an activated P, promoter was identified upstream of blagx a-1. P2 was activated by the insertion of a
triplet ‘GGG’ upstream of the —10 signal. All African strains were ST313, prevalent in this continent, and the Irish isolate belonged to ST19.

© 2011 Elsevier Inc. All rights reserved.
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Specific detection of extended-spectrum [3-lactamase
(ESBL) production may become less important for the
purpose of treatment due to a consensus to lower the
breakpoint for categorization of Enferobacteriaceae as
resistant to cephalosporins (CLSI, 2010; EUCAST, 2009).
However, detection remains important for infection control
and public health purposes (Carmichael, 2004; EUCAST,
2011). There are several phenotypic methods that are
available to confirm ESBL production in the microbiology
laboratory. All rely on demonstration of synergy of a
(3-lactam (cefotaxime and ceftazidime or cefpodoxime) with
clavulanic acid (BSAC, 2008; CLSI, 2007a; Coudron et al.,
1997; HPA, 2006).
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We have identified a collection of 19 S. Typhimurium
that exhibit preferential resistance to cefepime (MIC of 832
pg/mL) compared to cefotaxime (MIC of 0.25-2.0 pg/mL)
and ceftazidime (MIC of 0.5 pg/mL). The cefepime MIC
was markedly reduced (0.064—0.125 pg/mL) in the presence
of clavulanic acid. The collection comprised 17 clinical
isolates collected from blood cultures of adult patients in
Nairobi, Kenya (Kariuki et al., 2005), 1 isolate from the
blood culture of an adult patient from Malawi (PB-1052),
and 1 (NSRL-227) isolated from the feces of a patient in
Ireland, with associated travel to Andorra (Morris et al.,
2006). Details on control bacterial strains utilized for
analyses are documented in previous studies published by
our group (Boyle et al.,, 2010; Morris et al., 2003).

Pulsed-field gel electrophoresis (PFGE) was performed
using the PulseNet protocol with Xbal and Binl enzymes
(Swaminathan et al., 2001). Analysis of the banding pattern
generated was performed using the Dice coefficient with
clustering by the unweighted pair group method with
arithmetic averaging. Isolates gave distinguishable PFGE
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Table 2
MICs of strains (pg/mL)
Isolate no. MIC ( pg/mL) (-Lactamases

TZ/ TZL CT/CTL PM/ PML PM present

NSRL-227 0.5/0.38 1.5/0.125 16/0.19 16 Blagx s, blaenss
PB-1052 0.5/ 025 1.5/0.125 =16/0.19 32 blagx a1, blatena
6 0.5/0.25 2/0.125 16/0.19 16 blagx a1, blatena
23 0.5/0.38 1.5//0.125 12/0.19 12 blaox a1, blaten-
27 0.5/0.25 1/0.094 16/0.19 16 blagx a1, blatena
32 0.5/0.25 2/0.125 =16/0.125 32 blagx a1, blatena
47 0.5/0.25 2/0.125 >16/0.25 32 blaox a1, blatem-1
48 0.5/0.38 20.125 16/0.25 16 blags a1 blaen
93 0.5/0.25 1/0.094 16/0.19 16 blagy a1 blaens
96 0.5/0.25 2/0.094 16/0.19 16 blags a1 blaens
100 0.5/0.25 2/0.094 16/0.19 16 blagy a1 blaens
119 0.5/0.25 0.25/0.094 16/0.064 16 blags a1 blaens
126 0.5/0.25 1.5/0.094 12/0.19 12 blags a1 blaens
127 0.5/0.25 1.5/0.094 16/0.19 16 blagy a1 blaens
165 0.5/0.25 1.5/0.125 16/0.19 16 Blagx a1, blaeny
168 0.5/0.25 1/0.094 8/0.125 8 blagx a1, blatena
177 0.5/0.25 2/0.125 12/0.19 12 blagx a1, blatena
180 0.5/0.25 1.5/0.125 8/0.125 8 blapx a1, blatem-1
246 0.5/0.38 1.5/0.125 12/0.19 12 blagx a1, blatena
Top 10 native <0.5/<0.064 <0.25/<0.016 <0.25/<0.064 0.06
S. Dublin recipient <0.5/<0.064 <0.25/<0.016 <0.25/<0.064 0.06
TCSD pFEP39* <0.5/0.064 0.5/0.032 8/0.064 8 blags a1 blaen
eNUI-2009 pFEP39-1dr” 0.5/0.25 1.5/0.094 16/0.19 16 blag a1
XL10 native <0.5/<0.064 <0.25/<0.016 0.06/0.06 0.06
XL10 pFEP39-1dr 0.5/0.25 1.5/0.094 16/0.19 16 blag s
XL10 A'pFEP39-1dr° <0.5/<0.064 <0.25/0.016 0.5/0.03 0.5 Blagx ar

# Transconjugant Salmonella Dublin with pFEP39 plasmid.

® Top 10 electrocompetent cells with recombinant plasmid pFEP39-1dr conferring phenotype.
¢ XL10 ultracompetent cells harboring pFEP39-1dr mutant (A") with GGG triplet deleted immediately upstream of P, promoter.

profiles (14 and 9 individual profiles with Xbal and Blnl,
respectively). MLST analysis was performed as reported
previously (Kidgell et al., 2002; Kingsley et al., 2009) with
all African ESBL producers assigned to ST313 and with
the Irish ESBL producer assigned to STI9 (Table 1).
Therefore, Xbal PFGE results suggest a level of genetic
diversity within ST313.

Antimicrobial susceptibility testing, ESBL production,
and cefepime MICs were confirmed by Clinical Laboratory
Standards Institute (CLSI) methods (CLSI, 2007a,b) and by
ESBL Etest method (AB Biodisk, Solna, Sweden). The
combination disk method using cefpodoxime and cefpodox-
ime plus clavulanic acid failed to confirm ESBL production
in study isolates. Four antimicrobial resistance profiles were
observed (Table 1). All confirmed ESBL producers were
screened by polymerase chain reaction (PCR) for (-
lactamase genes using specific primers as reported previ-
ously (supplementary Table S1). Iscelectric focusing (IEF)
was carried out as previously described (Matthew et al.,
1975). The only p-lactamase genes detected by PCR were
blarpn.; and blagxa._y, consistent with the detection of 2 3-
lactamase enzymes (pl 5.2 corresponding to TEM-1 and pl
7.2 comresponding to OXA-1) on [EF. All 19 isolates
harbored a class [ integron of 2 kb. Fifieen isolates also
harbored a class [ integron of 800 bp (Table 1).
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Plasmid extraction and PCR-based replicon typing
(PBRT) were carried out as previously described (Boyle
et al, 2010; Carattoli et al, 2005). A common
transferable ca. 39-kb plasmid (pFEP39) from all
transconjugants was associated with transfer of the
ESBL phenotype at 25 °C (Table 2). On PBRT analysis,
pFEP39 was identified as a multireplicon plasmid of
IncW and HI2 types.

BamH1/Xbal-digested pFEP39 fragments were cloned
into the pPBK-CMYV vector (Stratagene, USA) followed by
transformation into top 10 E. coli cells. Transformants
were selected on cefepime (4 pg/mL) and kanamycin (25
pg/mL) containing LB agar. Sequencing of a 4.937-kb
insert (insert ‘1dr’, yielding recombinant plasmid pFEP39-
1dr) from recombinant clone eNUI-2009 confirmed the p-
lactamase blagxa.1 as the only [-lactamase present. The
cloned 1dr insert was composed of a class [ integron with
2 gene cassettes in the variable region, the first being
blaqx s, with the second cassette being aadA41. A class [
integron promoter (P,,/P.—P>) upstream of blagys.; was
identified. The P,./P. promoter combination identified in
insert 1dr was TGGACA ;TAAGCT (—35/-10 sequence),
downstream of which there was a P> promoter combina-
tion of TTGTTA;TACAGT (—35/-10 sequence). P> had
been activated by the insertion of a triplet ‘GGG’
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immediately upstream of the —10 signal. The role of this
triplet GGG residue on the ESBL phenotype was
investigated by site-directed mutagenesis (SDM) using
the QuikChange XL SDM kit (Stratagene). The mutated
plasmid was named A'pFEP39-1dr. Targeted deletion of
the GGG triplet resulted in a significant change in the
ESBL phenotype, with a 32-fold decrease in cefepime
MIC observed (Table 2). There is persuasive evidence
that the phenotype observed in this study is related to
integron-encoded high-level expression of blapxa.1. A
recent study by Jove et al. (2010) investigated the relative
strengths of various P,,/P.—P> promoter combinations of
class I integrons. The GGG activated P, promoter was
shown to increase expression of the downstream gene
cassette (Jove et al, 2010). The 1dr nucleotide sequence
data reported in this article will appear in GenBank under
accession no. GUI19958.

Cefepime resistance together with moderate resistance to
cefotaxime and susceptibility to ceftazidime has been
reported in association with group III OXA which comprises
OXA-1, -4, and -31; however, in all such reports inhibition
with clavulanic acid was weak or absent (Dubois et al., 2003;
Miro et al., 2002; Oliver et al., 2002).

CLSI recommendations for confirmation of ESBL do not
include testing with cefepime/cefepime—clavulanic acid and
are likely to fail to identify isolates with hlagxa.; in the
genetic context described in this study as ESBL producers
(BSAC, 2008; CLSI, 2007a; HPA, 2006). The recent CLSI
(M100-S20) and European Committee for Antimicrobial
Susceptibility Testing (EUCAST, 2011) guidelines state
that when using updated criteria (which include revised
cephalosporin MICs) it is no longer necessary to carry out
routine ESBL confirmation before reporting cephalosporin
MICs (CLSI, 2010; EUCAST, 2011). It is appropriate to
note that, even with the current lower breakpoints, these
isolates would have tested susceptible to ceftazidime and
susceptible or intermediate to cefotaxime by both CLSI and
EUCAST criteria. All but 2 isolates are resistant to
cefepime by EUCAST criteria but most are susceptible or
intermediate to cefepime by CLSI criteria. Given that many
such isolates may not be categorized as resistant to
commonly used cephalosporins by widely used criteria, it
is possible that this pFEP39 plasmid is more widely
disseminated but unrecognized.

pFEP39 is present in both multidrug-resistant invasive
ST313 S. Typhimurium clonal group and the single S.
Typhimurium ST19 clone recovered from an Irish patient
following travel to Andorra. ST19 is the most commonly
identified Typhimurium sequence type and is recovered
globally, whereas ST313 differs only by 1 of 7 alleles
from ST19 and has been specifically localized to the sub-
Saharan region of Africa (Kingsley et al., 2009). Kingsley
et al. (2009) highlighted that ST313 and ST19 §.
Typhimurium are circulating simultaneously in Kenya.
Cocirculation of 2 sequence types presents the opportu-
nity for genetic exchange and could potentially explain
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the dissemination of the pFEP39 plasmid among the 2
clonal groups.

In conclusion, further studies are required to determine
the extent of geographic dissemination of this resistance
phenomenon in S. enterica and to determine whether the
plasmid has disseminated into other Enterobacteriaceae.

Supplementary materials related to this article can be
found online at doi:10.1016/j.diagmicrobio.2011.04.007.
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HVH, were assigned to the novel sequence fype designated
ST-326, and five isolates from HVH to the novel sequence type
ST-327. The third clonal cluster, comprising five isolates from
HSP and seven isolates from HVH, was identified as the ST-1
strain. Notably, isolates from ST-1 were found to persist at least
from 2005 to 2007, and isolates from ST-326 and ST-327, from
2007 w 2008. Moreover, representatives of ST-1 and ST-326
were detected in two different hospitals each, with ST-326
causing an outbreak at one of these. The remaining four isolates
represented the previously defined sequence types ST-147,
ST-37, ST-14 and ST-321 (Table 1).

The oxacillinase-encoding gene blagxa and the bifunc-
tional acetyltransferase-encoding gene aac(6’)-Ib-cr have been
detected previously in CTX-M-15-producing strains of E coli
and K. pneumoniae®' Tn our smdy, the blagys, and
aac(6' F1b-cr genes were detected in all ST-326 isolates
{pulsotype I) and in all but three ST-1 isolates (pulsotypes
VII and VIII). Additionally, all ST-326 isolates (pulsotype I)
but one also carried the wild-type gene aac(6' )-Ih. In contrast,
only one of the ST-327 isolates (pulsotype IV) carried the
aac{&' -Ib-cr gene (Table 1),

Moreover, we found that all isolates from ST-326 and ST-1
exhibited high-level resistance to quinolones and fluoroquino-
lones. Those isolates showed quinolone resistance-associated
predicted amino acid changes within the QRDR of both the
gyrd and parC genes. Notably, within the total population, 26 of
the 29 quinolone-resistant isolates carried the aac(6' )-Ib-cr gene,
whereas this gene was absent from all (but one) of the isolates
susceptible to quinolones and fluoroquinolones (Table 1). Since
all study isolates were PCR-negative for the gnr and gepA
genes, these results are consistent with the previously described
involvement of the AAC(6')-Ib-cr enzyme in the selection for
QRDR chromosomal mutations, resulting in clinically relevant
quinolone resistance levels.®

In conclusion, our findings document the dissemination and
persistence of three K. prewmonige clonal strains producing
CTX-M-15 in different hospitals within the Barcelona metropo-
litan area. Two of these clones, i.e. ST-326 and ST-1, exhibited
resistance to aminoglycosides and quinolones and were dissemi-
nated to at least two hospitals each. This report provides the first
description of an outbreak caused by such strains within our
country. These results may indicate that the observed seemingly
high frequency of hospital outbreaks mediated by these strains
may be a consequence of the stmins’ persistence within the
affected locale.
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Sir,

Several recent reviews have detailed how CTX-M B-lactamases
have become dominant among extended-spectrum B-lactamase
(ESBL)-producing Enterobacteriaceae (ESBL-PE) in many
European countries;'-* however, data from Ireland were lacking,
This study represents a nationwide survey of ESBL-PE collected
throughout Ireland over an 11 year period and highlights the pre-
dominance of CTX-M-producing strains.

From 1997 to 2007 inclusive, 812 isolates of Entero-
bacteriaceae werne received from 235 clinical laboratories (A-Y)
throughout Ireland, with 1-473 isolates submitted by individual
laboratories, predominantly from urine (n=483). ESBL pro-
duction was confirmed by CLSI disc diffusion and/or Etest in
506 (62%) isolates from 462 patients received from 18 clinical
laboratories (1-332 ESBL-PE per laboratory) [Table S1, avail-
able as Supplementary data at JAC Online (http:/jac.oxfordjour-
nals.org/)]. All analyses were performed on the first isolate
received per patient. The 462 isolates were predominantly
Escherichia coli (n=391; 84.6%) and from urine (n=318;
68.8%) [Table S2, available as Supplementary data at JAC
Online (http:fjac.oxfordjournals.org/)]. Antimicrobial suscepti-
bility testing revealed that all ESBL-PE were resistant to =1
antimicrobial agent, with 75% resistant to >8 of 16 antimicro-
bials tested. Of particular concern is the high proportion of
ESBL-PE co-resistant to nalidixic acid (82%), ciprofloxacin
{73%), trimethoprim (69%) and gentamicin (38%), as these are
frequently important alternatives to B-lactams for the treatment
of various infections [Table 83, available as Supplementary data
at JAC Online (http:fjac.oxfordjournals.orgf)]. This pattern of
co-resistance has been reported in other countries.”

PCR revealed that of the 462 isolates, 371 (80%) isolates har-
boured blacyyy [222 (60%) harboured a blacyya.goup1 208
and 149 (40%) harboured a PlacTxm-gopo genel, 260 (56%)
hatboured blarey and 81 (18%) hatboured blasgy [Table S4,
available as Supplementary data at JAC Online (http:#jac.oxford-
joumals.org/)]. Among 348 CTX-M-producing E. coli, PFGE
analysis using Xbal identified 126 individual pulsed-field pro-
files (PFPs) and 35 clusters based on a similarity of >85%.
These clusters comprised 2—37 members. All members of each
clonal group carried blacrx.ay genes belonging to the same phy-
logenetic group. Overall, 173 (50%) of 348 isolates belonged to
one of six major clusters (groups 1-6 comprising 13-37
members from 1-8 clinical laboratories) [Table 1 and
Figure S1, available as Supplementary data at JAC Online
(http:{jac.oxfordjournals.org/)]. Group 4 included 23 isolates
collected in the course of an investigation of an outbreak in a
nursing home* The UK epidemic ‘strain A’ clustered with
‘group 1" in this study (Figure S1), indicating that this clonal
group has disseminated widely in Ireland.” Denaturing HPLC
{(dHPLC) analysis was performed on 34 blacry.m-positive iso-
lates representative of 29 PFPs, which represent 254 (50%) of
all ESBL-PE. Twenty-two isolates representative of 17 PFPs

CTX-M-15 CTX-M-15
CTX-M-15 CTX-M-15

CTX-M-14 CTX-M-14
CTX-M-14 CTX-M-14

dHPLC*
CTX-M-15 CTX-M-15
CTX-M-15  not done

2
0
0
]
0
1

Blargwm  blagyy
10
8
16
a0
16
9

Bla type identified

blacrim

31 (CTX-M-group-9)
37 (CTX-M-group-9)

23 (CTX-M-group-1)
13 (CTX-M-group-1)

36 (CTX-M-group-1)
33 (CTX-M-group-1)

No. of individual antibiograms
13
14
13
9
9
10

o0 el = o e

presentative isolates of strain A, one of strain B, one of strain C, one of strain D, four of strain E and one of strain F.

quencing was performed on one represeniative isolaie of each of sirains A—F.

36
13

33
31
37

23

"Confirmation of dHPLC result by se

Table 1. Correlation of each of the six major PEGE groups of CTX-M-producing E. coli identified with antibiogram, Sla type, dAHPLC and sequence analysis

FFGE group No. of isolates per group  No. of referring clinical laboratories

“dHPLC analysis was carried out on two 12

talis K s =]
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(comprising 172 isolates) had peak profiles corresponding to
blactx.mas, 9 isolates representative of individual PFPs (com-
prising 78 isolates) had peak profiles corresponding to
blacry. g, 2 1solates representative of individual PFPs (com-
prising 3 isolates) had peak profiles corresponding to blacrsom.o
and 1 isolate had a peak profile corresponding to blacrxm.i.

The rapid dissemination of CTX-M-producing Entero-
bacteriaceae reported in a number of countries is a significant
public health concern."®7 In this study, members of CTX-M-
group-1- and CTX-M-group-9-producing isolates were both
common, accounting for 60% and 40% of isolates, respectively.
This is in keeping with what has previously been observed in
other European countries.">” CTX-M-14 accounts for most
CTX-M-group-9 enzymes in Ireland. This is similar to the situ-
ation reported from Spain, where CTX-M-14 is the predominant
group-% CTX-M enzyme, but contrasts with the neighbouring
UK where CTX-M-14 appears to be less common."” CTX-M-15
is the predominant group | genotype, again in concordance with
what has been observed in other European countries.'”

The dissemination of specific clones or clonal groups has
been central to the dmmatic increase in the prevalence of
CTX-M B-lactamases in Europe and worldwide. In this study,
six major clusters of related isolates comprising 50% of all
CTX-M-producing E. coli were defined by PFGE. Few health-
care institutions in Ireland have reported outbreaks of ESBL-PE
transmission. These data show evidence of inter- and intra-
hospital dissemination of clonal groups. We also identified the
presence of the UK epidemic ‘strain A’. which has recently
been confirmed as belonging to the internationally disseminated
clone 025:H4-8T131.°

The widespread dissemination of Enterobacteriaceae producing
CTX-M-15 and CTX-M-14 in Ireland may reflect introduction
via foreign travel, originally from areas where these genotypes
are common, and subsequent significant local spread. Spread may
be facilitated by levels of antimicrobial consumption. According
to a recent European Surveillance of Antimicrobial Consumption
n:pcu'i:,E the total outpatient use of antimicrobials in Ireland was
21.23 defined daily doses per 1000 inhabitants in 2006, represent-
ing mid- to high-range use compared with other European
countries. Although there is recent evidence of increasing public
policy emphasis on and public interest in the control of antimicro-
hial resistance, there is little evidence that measures taken to date
have lead to improved control of the dissemination of ESBL-PE
in the community and the principal routes of transmission in this
setting have not been defined.
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We describe 8 modification of the most probable number (MPN) method for rapid enumeration of antimi-
crobial-resistant Fscherichia coli hacteria in aqueons environmental samples. E. coli (total and antimicrobial-
resistant) bacteria were enumerated in efluent samples from a hospital (m = 17) and muonicipal sewers
upstream (n = 5} and downsiream (r = 5] from the hospital, effluent samples from thronghout the treatment
process (0 = 4), and treated efloent samples (n = 13). Efluent downstream from the hospital contained a
higher proportion of antimicrobial-resistant E. coli than that upstream from the hospital. Wastewater treat-
ment reduced the numbers of E. coli bacteria (total and antimicrobial resistant); however, antimicrobial-
resistant E. coli was not eliminated, and E. coli resistant to cefotaxime (including extended-specirum beta-
lactamase [ESEL] produocers), ciprofloxacin, and cefoxitin was present in treated efluent samples.

The emergence and dissemination of antimicrobial resis-
tance are well established as clinical problems that affect bu-
man and animal health. Eschenchia coli i= an important ele-
ment of the flora of the human and animal intestine and a
significant pathogen associated with gastrointestinal infection,
urinary tract infections, and a variety of other extraintestinal
infections (4). K. coli shed into the environment can survive for
significant periods (7, 14, 23). Detection of E. coli in water and
food = widely uwsed as a microbiological indication of fecal
contamination.

Data on the significance of enpvironmental contamination
with antimicrobial-resistant . coli for human health are lim-
ited. Previous reports have shown that antimicrobial-resistant
strains of bacteria are present in various efluents, such as
hozpital effluent discharge (8, 10, 16, 21), inflow efluent to a
wastewaier treatment plant {WWTP) (15), and outflow-treated
gffluent from a wastewater treatment plant (2, 12, 13, 18, 27).
A wastewater treatment plant treating effluent from hospitals
may be associated with discharge of relatively high levels of
antimicrobial-resistant E. coli compared with those of a plant
treating municipal efiuent that does not include hospital ef-
fluent discharge (22). There are few reports of quantitative
data on antimicrobial-resistant E. coli bacteria in efluent, re-
flecting the ladk of a convenient method for their enumeration
(12, 15, 22). Previous methods available for the detection of
antimicrobial-resistant E. coll in & water sample have generally
involved the isolation of E coli and the selection of some
iznlates for susceptibility testing. In such cases, the proportions

* Corresponding author. Mailing address: Foom 302, Department
of Bacierindogy, Clinical Science Insuinne, Mational University of Ire-
land, Gabway, Ircland. Phome: 35301 544628, Fax- 353-01 512514,
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of antimicrobial-resistant organisms are based only on those
isolates selected and are therefore not representative of the
entire population. By adding the antimicrobial agent of inter-
est to the water sample before testing, we have adapied a
commercial most probable number (MPN) method (the Coli-
lert system) for enumerating the total number of E coli iso-
lates resistant to that agent in a sample.

MATERIALS ANI) METHODS

Validation of the method with simulated samples. For walidation of the
method, suspensions of E ol ATOC 25922 (susceptible Lo all tzsted sgents) and
of antimicrobizl- resistand dinical £ coli strains (Table 1) were prepared o equal
a 05 McFadand standard (—15 3 10F CFLUml). Diletions were prepared in
sizrile distillzd water 1o give suspensions of E. ool wilthin the enemeration range
af the Colilent Quanti Tey2000 (IIEXX. Technopath, Limerick, reland)
{=2419.6 MPN0 ml). Suspensions of E coli ATCC 25922 alone and mixed
wilh defined proportions of antimicrobial-resisiant clinical strains were prepared.
Toalal E coli bacleriz emumerstion was performed oo a WH-mi aliquot of sus-
pension using Colilent Quanti-Trays (IDEXX, Technogath, Limerick, Ireland],
according 10 the manufacturer's instructions.

Sinck solulions of ampicillin, streplomyein, sulimesthoxezole, Letracycline,
cefoxilin, cefotaxime, and cproflomcin (Sigma, Dublin, Ireland) were preparsd.
A volume of stock sntimicrobial solution was added to a 100-md aliguat of the
agueous sample 1o achieve the required Gl concentrations of ampicillin (32
jug'ml), streploanycin (32 pg'ml), sulfamethomxale (256 pg'ml), tetmoycline (4
ug'ml), cefomitin (32 pgfml), cefotaxime (2 pgiml), and ciproflosacin (4 pg'ml).
The concentration of cefolaxime was selscted to Blitale detection of extended
specinem bela-hoiamase (ESHL)-producing £ cofi, for which elevation of the
cefotamime MIC may be modest (3). Following addition of the antimicrobizl
agent, the specimen was processed in Calilert Cuanti-Trys, according to the
manufaciurer’s instructions. Following incubation at 37°C (+{-17C) for 18 10
4 b, trays were read, according io the manufacturer’s instructions. The backs of
the trys were disinfecled with 7052 ethanal, and 1-ml aliquods were laken wsing
a sterile syringe and necdle (Sarstedt, Nambrecht, Germany). £, ool was solated
from these aliquols and identified wsing APl 2DE [bicMérieux, Inc, Marcy
IElnile, France]. Antimicrobial suscepiibility testing was peformed by wsing
Clinical Laboratory Standands Institule (CLSI) disc difusion methods 1o confim
that positive wells reflected growth of targeted antimicrobinl-resistant E coli (3).
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TABLE 1. Composition of arificially coniaminaned samples (E ool
sirains/phenorypes) for validation of method and resulis obained®

Antimicrobial Mo. ol resistsnt

E. coli in suspension nt {amt K. oli strains

e - |!:r|JI|- [ie (MIPM00 ml)f
ATCC 25022 Mo 344
ATOC 25022 Cefouazime (2) <1
ATCC 25022 Mo Bl
3 Mone Ele
ATCC 25022 amd 33° Cefowaxime (2) 345
ATOC 25027 and 257 Mone O
ATCC 25022 and 257 Cefoxinin (32) 570
ATOC 25022 apd 2284 Mone [
ATOC 25027 amd 2284 Ciprofloxacin i 4) 0K

2The anifically conlaminasted samples were consituled o have approxi-
malely 300 CFU00 ml of each simin nt in cach le [ iodz] of cinca S
CFU in samples containing 2 ﬂnh:.:l.m el

B1% cefolaxime-resisiant clinical strain of E. coli (2 pgiml) harbors
b&[n.u.ﬁ. H.I:I'nu.. and Fllmlﬂ irlip'l:.

£ 157, cefoxitin-resislant dlinical strain of E. coli (resistance mechanism
uncharacteried).

4 228, ciprofloxacin-resistant clinical sirzin of E. cofi (=32 pg/ml. cipro-
fliomacin resistance mechanism uncharscterized, ger negative) harbors B
wi-xy and Hllmnr

* Antimicrobial resilance was confirmed by antimicrobial-susceplibility
lesling of represeniative isolales.

Application to efivent samples. The wastewater treaiment planl studied is
located 1 km of the west coast of Ireland and has been in operation since May
A0y, The plant & a sscondary reatment facility with an average hydrulic
lnading in 2004 of 45,000 m* per day. The population served by the plant is
spprozimately TELOW people. The efluent treated by the plant includes eMwent
froam four hospitsk.

Efluent samples were collected dirsctly from the foul pump house smwer
lncated on the grounds of hospital A. Hospital A is a tertiary referml hospital
with 39 beds. Effwent from this sourne contains only efluent from hospital A
Fram this poind, £Huent joins the municipal city eBuenl before treximent al the
municipal wastewater treatmient Escility. Municipal efluemt was collected From
points in the sewerage system upsiream and downsiream from the hospital A
effluent discharge.

In intal, 44 eBuenl samples were collectad from hospital A (s = 17}, wpstream
[# = 5) and downstream (¢ = 5} municipal eBuvenl, secondary-treated eflwent
(2 = 13), and eBuent from throughout the treatment process (n = 4). The 17
hospital samples were oollected between Auguest 2006 and Sepiember T8
Municipal efluent samples were collecisd between November 2006 and June
A8, Treated zBuent samples were collected as follows: sk samples were col-
lected over 3 10-dey perind in AugstSeptember 2006, siv samples over a Lday
perind (hoth AM and PM) in Angust 2007, and fee samples on one sampling
nocasion from various siages of trestment in HHE. Samples were collected in
1-liter sterile bottles [Lennox, Dublin, Ireland) from either the direct ot fow
pipe of effluznt from the plant before being emitted oul o sea or 2 2 composite
sample, which consists of a continuous hourly collection of the finz] treated
effluent over 24 b

Cmantitative analysis. Samples were stored at £ unlil anabysk. IE wes em-
pirically deiermined that a 1:000MK) dilulion for the municipal and hospital
effluent discharge and 2 1:1, 000 dilution for the WWTF outflow yiglded levels of
E coli thal were within the mnge for enemenation in the Coliert Quanti-Tray.
A 100-pl aliquot of efluent was added to ™99 ml of sierile waler (121,000
dilution) in sierile 100ml pois (LIF, Gabway, Ireland). Further dilutions were
made as appropriale. Antimicrobial stock solutions were added, and trays were
incubaied and read = described shove. Aliguols were removed from selecied
positive wells at random for solation of E. ool and susceptibility testing was
carried ol on solates, as per CLE] guidelines (3). Tesling with the following
antimicrobial agents was performed: ampicillin (10 pg), chiommphenizal (30
pg). streplomycin (10 pg), sulbmehozzeole (300 pg), letaoydine (30 pg),
trimethoprim (3 pg), nalidizic acid (4 pg), kanamycin (30 pg), ciprofimacin (5
gk cefpodexime (5 pg), ceftaxidime {3 pg), cefoxitin (30 pgl gentamicin {10
pgk, minpoydine (30 pg), and cefoaxime (30 pg) (Oxoid, Basingsioke, United
Kingdom). E. coli ATCC 25972 was used as 2 control. ESBL production was
confirmed by the combination disk method of the CLS1 using cefpodoxime (10
kgl cefpodorime-davalanic acid {10 pgfl pg) and the following Elestc cefo-
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taxime, cefotaxime-clavebinic acid, czfepime, cefepime-chvulanic acid, cefiai-
dime, and cefizyidime-chvulanic acd, in acoordance with the manufaciurer's
nstructions [hicMérizux Inc., Marcy L'Eloile, France) (3). Kletmiela preu-
raopsize ATCC MGG was med 2 a posilive contral.

Hesistance determinamts and relationships between ESEL-producing £ osidi.
Bacterial [NA wes exiracied wsing an extraction kil ((Jagen, Wesl Swsex,
United Kingdom). Confirmed ESBL-producing E. ool Eolaies were tesied for
My, Bliegpy, and bla-y oy by PCE. using specific primers 2s described by
Lezung i al. [11a), Stapleton et al. {26), and Woodlord et al. (2£). Amplicons of
Mgy pq were sequenced (Sequiserve, (Germany), analyeed, and aligned wsing
basic local sequence alignment software (BLAST). ESBL-producing E coli were
typed by pulsed-ficld gel electrophoresis [FFGE) with Xbal (112), in accordance
with PulszMel protocols (24). Siatitical anabysis was carried oul using 555 15.0
software, with @ set at 0L05. Due io the low numbers, 2l data were analyned wsing
nonparametnic tests. Correlation wex caloulsted wsing Spearman’s coreelation
coefficient, and proportions were compared using the chi-square lest (Maniel-
Hzerered correction). Significant results should be inlerpreted as indicative only,
as multiple comparisons were made withowt applying (Bonfermoni) corrections.

RESULTS

Validation of method. (i) Artificially contaminated samples.
The numbers of antimicrobial-susceptible and antimicrobizal-
resistant [ coli strains in each artificially contaminated sample
are summarized in Table 1. The results confirm that only the
antimicrobial-resistant population of E. coli is enumerated in
the presence of the relevant antimicrobial agent. Testing on
isolates from the antimicrobial-containing trays confirmed that
the E. coli imolates growing in the tray were the antimicrobial-
resistant isolates. In artificially contaminated samples, cipro-
floxacin-resistant E. coli strain 228 was detected in suspensions,
in which it represented as littls as 0.0001% of the total E. coli
population (approximately 15 CFU of E coli 228 mixed with
L5 %107 E. coli ATCC 25922).

(i) Test samples. (o) Hospital eflwent discharge. Data arc
summarized in Table 2. Ampicillin-resistant E coli was de-
tected in every sample of hospital A effluent and was generally
present in higher proportions than other antimicrobial-resis-
tant £ coli, sccounting for 1009 of the total population in one
sample (HAL9). E cofi i=solates resistant to strepromycin, sul-
famethoxazole, and tetracyeline were also present at relatively
high levels in most samples. E. coli isolates resistant to the
cephalosporins and ciprofloxacin were present less consistently
and generally at lower levels. A higher proportion of E. ool
resistant to ampicillin is correlated to a high proportion of E
coli resistant to streptomycin (¢ = 0.8; P = 0U01). No other
correlation between the proportions could be observed.

fb) Mimicipel eflwent. The number of E coli isolates in
samples of effluent downstream from hospital A was signifi-
cantly reduced in comparison with the number of those isolates
in samples of effluent taken upetream (P = 0047). In munic-
ipal efluent downstream from the hospital efluent discharge,
the proportion of E coli resistant to all tested antimicrobial
apents was conzsiderably higher than the proportion of that in
the upstream samples, but this reached borderline statistical
significance for only one antimicrobial agent (sulfamethox-
arode) (P = 0UMT).

fc) Efffuent from wastewaier treatment plant. The number of
E. coli isolates (MFN/LOD ml) in the treated efuent sample
ranged from 5.76 3 10° to 1.55 107, representing an approx-
imately 1000 (3-log,p) decresse from those in municipal and
hospital effluent discharge samples; however, a large propor-
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TABLE 2 Mumbers of E. colf strains and percemage of amimicrobial-resisiant F. coli present in efleem samples

Mo of E. coli % of antimicrobial resitance’
Location Sample code® Sample date sirains
: (daymolyr) PN m) A 5 S T F P X
Effluent wpstream from Ua 15112006 3 = 14 159 10 1 1] 3 3
hospil A Ua 02 (4122006 22 = 1F 43 23 Th 18 0 LI (I
Ua 03 10T 2007 11 = 124 19 14 14 1] i i
Ua 04 (E05,200€ 200 17 13 3 15 1.5 015 05 1]
UA 05 18062008 03 = 1F 158 2D 143 Th i 03 ]
Mean 1.5 = 1F ™ 1.8 562 108 0.5 017 m
Hospinal A efluen Ha 07 14082006 63K« 10F 2 NT NT NT 3 3 40
Ha (8 14,0 200 108 = 10" 3 NT NIT NT no ] 10
Ha (% 2R 2006 4.73 = 10 30 NT NIT NT 1 13 7
Ha 10 302006 115 = 1P 17 6.5 i | 17 LT 1.7 e
Ha 1N 14111200 504 = 10 4K 1 i1 30 z 15 i
Ha 12 200112006 172 = 1 a5 4% 35 i 0T 1 a7
Ha 13 18122006 288« 1P 7 ] 7 7 4 1% (I
Ha 14 23 2007 ES Iy 1 n 1 1] 1] 1.7 i
Ha 15 15022007 9.1 = 10F 1 i 11 KR 1] i 1]
HA 16 102007 108 = 1 z 3 ] 5 0 LI (I
Ha T 53,2007 1491 = 1F 82 n | 4 n 5 i
Ha 1R 200032007 103 = 10 &7 il 0 3b n ] ]
Ha 10 0042007 TA3 = 1F 1 w 4 Kk 134 i i
HaA 20 ZEN52007 414 = 10F i 15 50 n 1] i i
HA D1 081052008 180 00° K| 3 2 5 2750 (I
Ha 22 10 2008 150 = 10° 1 51 7 53 15 1k 1.7
Ha 23 TN 200E 145 = 10F 51 1 1] 64 5 i 07
Mean 53K = 10 Kk 1585 1n 17 11 54 245
Effluent downsucam from A 15112006 9.1 = 10° 12 10K b4 64 i4 45 i
hospil A DA 02 04022006 135 = 00F g m 148 74 0 LI (I
4 03 10T 2007 24 = 10° i 124 1] 203 £3 i il
A 04 (052008 48 = 10 108 6.5 111 11 13 21 N |
DA 05 IEDG00E 146 = 10F 356 3[e 432 354 51 137 a2
Mean 3K = 1P 44 509 161 16.7 1K 41 3
Haw intake cHluem RIE 01 10208 88 = 10F 45 163 111 124 1 715 0N
Priman-ureated efffsem PRE 10 2008 ERIES [ 3 16.3 143 17 1.2 R 1.15
Post-rewrn eflsent FTE n 10 2008 25 = 1F 1% 10 164 112 1 1.7 i
Acration efflsem AEM 19162008 L = 10 125 Ll 125 30 1 Ll la
Final wreared efluem FTE 10 10 2008 14 = 1 105 14 R n L& 0T 0z
Final weated efluem (2006) FTE M ZENE 2006 576 = 1IF 30 NT NIT NT 2 i ]
FTE 02 208200 81 = 1F 12 NT NT NT 1 1 ]
FTE (3 0082006 11 = 1 2 NT NIT NT 1 1 1
FTE 4 311082006 LA L 15 NT NIT NT 1 1 ]
FTE 05 (52006 6.2 = 1P 14 NT BT NT 2 1 ]
FTE %4 (T 200 11K = 1 o NT NIT NT 1] 1 i
Mean 85 x 1P 53 117 06 014
Final weated efluem (2007)  FTE 07 (am) 15082007 155 = 11 16 18 5 14 13 07 .04
FTE 07 {pm} 15082007 345 = 1P L 10 0 11} n 111 03
FTE 08 {am) 082007 33 =P 12 7 13 1 1 (1T (I
FTE 08 (pm) 23082007 93 x 1P 18 8 M 0 i 2 i
FTE 09 {am) 311082007 EF S 1y 15 ] 13 j[1] 0E 03 |
FTE 0 (pm)  3AOK2007  192x 10 15 8 10 I 0 i il
Mcan 48 = 165 98 175 (] 051 07 .06

“ A = ampicillin; § = streplomycin; Su = sulfamethmamole; T = tetracyding; F = cefotaxime; F = ciprofloxacin; X = cefoxiting NIT = nol lested.
B LA = upstream From hospital Az HA = hospital A; DA = doenstream from hospital A; RIE = raw intzke efluent; FTE = primary-treated efflwent; FRE =
post-return efluent; AE = aeration efluent; FTE = fnal reated efiusent.
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tion of E coli resistant 0 each antimicrobial agent was de- J RR 2E _
tected in the treated efluent sample. EEE ::_;. S fHwTaTE Egg
Analysis shows that total E coll isolate counts at consecutive Bo CEL = E g_ E
sampling points through the treatment process show a signifi- R 13.3. &
cant decling (linear A% = 80.6%:; P = 0.039). This decline was H ;-E_ :E=' .
observed in the following order: raw intake effluent (stage 0), bE E; B g g s A %?
post-return efluent (stage 1), primary-treated efluent (stage a .Eg = b -
2}, aeration efluent (stage 3), and final treated efluent (stage E HE .
4). The percentage of antimicrobial-resistant E. ool in efiuent g r: T I.:.. Ef f E 5= I"'E
at sampling points throughout the treatment process showed F 3g |2 E e E E; -
no consistent pattern of increase or decrease using linear re- E 'EE‘ ST T==E
gression analysis. 3 i'a- g
As the numbers of efluent samples taken from throughout & EE E e g =
wistewater treatment were limited, these resulis are indicative E E; E SRSRAZE(T T
rather than conclusive. = n = »
Characterization of antimicrobial-resistant isolates. Afier = 19| @ s 15 s, e =
enumeration of total E. coli bacteria in efluent samples, 254 Fogl = Zxx =22 ;
izolates were collected from effluent samples from individual 4 F 2 g =osk E EE - E_
Colilert Quanti-Tray wells {Table 3). All isolates were resistant i “é? £
to the antimicrobial agent used in the corresponding Colilert - E ] i S s = §
(Juanti-Tray, thus confirming the specificity of the method for x eE E S E E [ 4 &
iznlation of the targeted antimicrobial-resistant B coli isolates. i E¢ 7
[solates were obtained from hospital A effluent samples (i = =] E’T:;, B rneslins B
106}, municipal cfluent samples upstream (1 = 36) and down- i oy T EEREcBI|x "
stream {n = 36) from hospital A, treated effluent samples g EFa - = 8= 5
(26 and 2007) g = 47), and efluent samples from through- E’ C: il
out the treatment process (n = 29). These iolates were ob- 5 E’? d :EEEi:E -l DET
tained from trays selecting for resistance to empicillin (x = &0; F e |3 EnRsocE | B
24%), streptomycin (n = 44; 17%), sulfamethoxazole (n = 44; e Fs - =z
17%}), tetracycline {n = 40; 16%) cefotaxime (n = 19; 7%), 2 RE(E me EEnCY £ E
cefoxitin (a = 12; 5%), and ciproflonacin (v = 35; 14%). As .'q;' Ei'f % EE:EEEE wlo |2
gxpected, a high correlation was observed among resistance o o % s - E T & E
antimicrobials of the same class, e.g., nalidixic acid and cipro- g 'T'i " £ -
floxacin. In some instances, correlations were also observed E gf |2 HaowEnzs2)_lP\E
mmong resistances to antimicrobial agents of diferent classes, 3 AR |2 SEESSSES £l
in particular,, for ampicillin, streptomycin and sulfonamide. = EE _ B |
Screening with cefotaxime and ciprofloxacin selected for E. coli 2 Enl|P #w==EE-EFE - 5|
izolates with overall higher levels of resistance to all antimi- g =g SER EE E b 5_ =
crobials tested than screening with older antimicrobial agents 11N . S
(Table 3). g ozd (2 HREEL-2) 155
Detection of extended-spectrom beta-lactamase producers. i 13 (B wcE E E g Sl= 2 E
Twenty-three ( 22) extended-spectrum beta-lactamase (ESBL)- & EE - HE - - ﬁ =
producing £ coli isolates were identified from the 254 total 2 E’E— _ _ =| g
iznlates studied (Table 4). These isolates were obtained from d E " E EE = E hafaganl 4
hospital A efluent samples (n = 5/106) and municipal efiuent -E Zx | = HEHALEE &
samples upstream (= 1/36) and downstream (g = 1/36) from E: ém s ) E
hospital A. From the 47 E. coli isolates obtained from treated :oEg |F BEBELcH g
efluent samples, one ESBL-positive isolate was obtained from g '-é-ﬁ & EE EEL: F": F e )
the intake efluent of a treatment plant, seven were obtained g 2 g 1= E
from secondary-treated effluent (2006 samples), five were ob- 'g "-'"E. -
tained from the secondary-treated effluent (2007 samples), one B %g = EE E E == E -
was obtained from primary-treated effluent (2008 sample), and 5 'g'_f E fagd E“ E =
two were obtained from secondary-treated efluent (2008 sam- § gE T
ple). The number of ESBL-producing E. coli isolates obtained i ::I!' = e it g
from treated effluent (n = 15; 6%) was higher than those iomEe [= R::IS o k.
obtained from nmontreated efluent (v = 8 3%). However, as -E 1 8 E =2 § =&
the total number of ESBEL-producing isolates was not enumer- = gé; - . _
ated, and the isolates for characterization were selected in an ; il |z Eo-awoa
unstructured way, statistical analysis to assess the apparent g fz |k SEHTAREE(T
diference was not carried out. g I =
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