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Abstract

Infections withSalmonella entericasually present as a self-limiting diarrhoeal dgse
Occasionally, antimicrobial intervention is requif®r invasive infection or patients with
underlying disease or at the extremities of ageadults the therapeutic agents of choice
are the fluoroquinolones, especially ciprofloxaeumjch is also used in addition to third

generation cephalosporins in children.

Fluoroquinolone resistance is rare and is mostlgaed in strains associated with foreign
travel. Nevertheless, reports from around the waddskcribing treatment failures with these

drugs in nalidixic acid-resistant isolates haverbi@ereasing.

To determine the levels of fluoroquinolone resistaim Scotland from 1990-2000, this
study examined a collection of 180 isolateSafmonella entericgolated from human,
veterinary and environmental sources. These weaxmcterised using the genotypic
methods of Plasmid Profile Analysis and Pulsedd~i&¢! Electrophoresis and levels of
resistance were determined for quinolone and figairmlone antimicrobials by the agar

dilution method.

By exposing susceptible isolates to subinhibit@myaentrations of fluoroquinolones,
resistant mutants were selected. Amplification seguencing of the topoisomerase genes
gyrAandparC was performed on a number of these mutants irttampt to characterize

the mutations.

The prevalence of the recently described plasmrtiooesistancgnr genes was
determined for a selection of 53 strainsSafmonella enterickkcom years 1997-2007

susceptible to nalidixic acid (40mg/L) but resistemnciprofloxacin (0.125mg/L) in
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addition to 17 strains @almonella enterickkom years 1997-2007 resistant to

ciprofloxacin (0.125mg/L) and cefotaxime (1mg/L).

The determined resistance levels indicated thdt thie exception of the isolates deemed
fully susceptible by breakpoint method, all otremlates examined were resistant to the
quinolone nalidixic acid. Resistance to fluoroquames was rare during this time as has

been previously reported.

With the exception of a single mutation in {erC gene, mutations, if present were
confined togyrA. Although significant increases in minimum inhilsii@oncentrations
(MICs) were observed between wild-type isolates sgldcted mutants, only single point
mutations were characterised. This, and the abs#noeatations in some mutants with
raised MICs compared to their wild-type, may intikcadditional mechanisms of

resistance such as increased efflux or porin cheangeinvestigated in this study.

Thirty-four from a total of 70 strains investigatied the presence afnr genes were

shown to harbougnrA, gnrB, orgnrS Twelve serotypes were represented, 7 of which
have not previously been shown to harbour thesegydtositive strains were from human,
environmental and veterinary sources; 58% of trerst of human origin were from

patients with a history of foreign travel.

Plasmid-mediated quinolone resistance has recdrgbn identified in isolates 08.
entericain a number of countries at low prevalence. Thiglg of Scottish isolates has
identified a higher prevalence gihr than expected and a wider disseminationgof

resistance genes among different serotypes.
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Chapter 1 INTRODUCTION AND REVIEW OF THE LITERATURE

1:1  History of the Genus Salmonella

In 1885, an American veterinarian named Daniel EI8@mon and his colleague,
bacteriologist Theobald Smith discovered what theljeved to be the causative agent of
hog cholera (Salmon & Smith, 1886). The micro-orgamthey described was ultimately
identified as the cause of the secondary infectvaimsh were often associated with the
disease, which was eventually shown to be of wargin. The generic designation
Salmonellavas coined in 1900 as a tribute to the veterinaaad the newly described

bacillus was given the nangalmonella choleraesuis.

Other bacilli displaying similar phenotypic chamistics were subsequently added to the
genus. These included organisms which, prior tactkation of theSalmonellagenus, had
been given names describing the disease they causled host from which they were first
isolated. As time progressed, these names becaaeeintly inaccurate and so the practice
of naming the organism after the geographic locatiovhich it was first isolated was

adopted.

1:2  Characteristics of the genus Salmonella

The genussalmonellaconsists of non-sporing, Gram-negative, faculeyianaerobic
straight rods that conform to the general definitod the familyEnterobacteriaceaéNith
the exception o8. Pullorum ands Gallinarum, which are always non-motile, these

organisms are usually motile due to peritrichoagélla which exhibit diphasic variation
1



(Le Minor, 1984). They produce hydrogen sulphiderfririple sugar iron agar and can use
citrate as their sole carbon source. They prodasdm@m glucose, mannitol and usually
sorbitol, an important exception bei8gTyphi which never produces gas. They rarely

ferment sucrose, lactose or adonitol and are weaskindole-negative.

These biochemical characteristics are used foiddification ofSalmonellao
subspecies level. Serologic identification of tlagtlerial surface ‘O’ and ‘H’ antigens is
then used to distinguish serotypes as describdiKauffmann-White scheme (Popoff &

Le Minor, 1997).

1:3 Nomenclature

Initially, Salmonellanomenclature was based on a one serotype-onesspEticept
introduced by P.B. White in 1929 and later modifilgdKauffmann in 1966. Each

serotype, based on its antigenic structure anchbioacal characteristics, was considered a
separate species. Following the development ofteelaniques such as DNA-DNA
hybridisation (Crosegtal, 1973), it was demonstrated that all serotypeewlosely

related at the species level with the exceptiosublspecies V, which appeared to have
evolved sufficiently to be significantly differefrom all the other subspecies (Ree\as,

al, 1989).

The nomenclature most frequently used in todatesdiure is based on the system devised
by Le Minor and Popoff of the World Health Orgarisa Collaborating Centre for
Reference and Research$®almonellaat the Institut Pasteur, Paris. In 1987, theaugr
made a proposal as a “Request for an Opinion”aaJtidicial Commission of the

International Committee on Systematic Bacteriolgy Minor & Popoff, 1987) that the
2



genusSalmonellaconsist of a single species and that the name wahntil that time
wassS. choleraesujde changed t8. entericasince “choleraesuis” was the name of a
serotype as well as the name of the species. ‘ieatecoined by Kauffmann and Edwards
in 1952, had no serotype (Kauffmann & Edwards, J9%8e Commission denied their
proposal (Judical Commission of the Internationainthittee on Systematics of
Prokaryotes, 2005). In 1999, J.P. Euzéby made &mded request th& entericadbe
adopted as species name, while conserving the Saingnella typhas an exception

(Euzéby, 1999). The request was successful.

Euzéby proposed that the ger8s@monellaconsist of two specie§,. entericathe type
species an&. bongoriwhich was formerly subspecies V (Reeetsl 1989). S. enterica
is divided into six subspecies; 8, entericasubspeciesnterica Il, S entericasubspecies
salamaellla, S entericasubspeciearizonae lllb, S entericasubspeciediarizonae IV,

S entericasubspecieloutenageVI, S.entericasubspeciemdica).

In 2004, a new species was identified through mhggical and phylogenetic analyses and

was namedalmonella subterranaghelobolinaet al, 2004).

The serotypes belonging & entericasubspeciegntericaare written in Roman (not
italicised) and the first letter is capitalised;, &xampleS. entericasubspeciegnterica
serotypelyphimurium. Serotypes belonging to other subsgeaie designated by their

antigenic formulae.

There are currently 2,463almonellaserotypes, with the majority of these belongingto
entericasubspeciegnterica(Popoffet al, 2000. New serotypes are listed in annual

updates of the Kauffmann-White scheme.



This thesis will use the nomenclatiBalmonella entericaubspeciegntericaserotype

Typhimurium and the shortened vers®almonellalyphimurium orS. Typhimurium.
1:4  Salmonella Pathogenicity

Salmonellas a genus of zoonotic bacteria that is capabtmaging disease in a wide
range of species. In humans, infection is a redufigestion of contaminated food or
water. There are three types of infection assatiaiéh Salmonellagastroenteritis,

systemic disease and a carrier state.

Gastroenteritis is usually associated with acutéfild enteritis with a short incubation
period of 6-72 hours after the ingestion of contaated food or water. For disease to occur
in healthy humans an infective dose as low &ofiganisms must be ingested (Blaser &
Newman, 1982). They must reach the stomach whesedte exposed to gastric acid and a
pH of 1-2. Viable bacteria must then pass to thalkimtiestine where they must compete
with normal microbial gut flora, and adhere to thiestinal epithelia. Factors that reduce
gastric acidity such as antacids or underlyingaiseimmature or compromised humoral

and cellular immune responses all aid the passhie dacteria to the small intestine.

The non-systemic infection of the intestinal tnagults in varying degrees of nausea and
vomiting followed by abdominal pain and mild to sex diarrhoea. The disease is self-
limiting and normally subsides within seven daylecEolyte and water loss may lead to

more severe disease in young children and thelglder

Severe systemic diseases fall into three main oat=g enteric; bacteraemic and focal.
The bacteria cross the intestinal epithelium torétieulo-endothelial system where they

are phagocytosed by macrophages. The bacilli nykghin the cells of the liver, spleen,



lymph nodes, gallbladder, bone marrow, lungs addéys. After intracellular

multiplication, the bacilli re-enter the bloodstneaesulting in bacteraemia.

Bacteraemia occurs in approximately 5% of intestioa-typhoidal gastroenteritis cases.
It is a serious and potentially fatal illness tisatore likely to occur in immunologically

compromised patients (Hohmann, 2001).

Focal lesions may occur, mainly in immunocompra@&dipatients, at any anatomical site
after Salmonellabacteraemia and include meningitis (Varagyal 2001), septic arthritis
(Sarguna, 2005), osteomyelitis (Khan, 2006) andipraia (Samonist al, 2003).

Clinical symptoms depend largely on the site afdctlthough most patients present with

spiking fever in the absence of enteritis.

Faecal shedding of non-typhoidal salmonellae has bemonstrated to be resolved
approximately 12 days after a positive culture itg&irinavinet al, 2003), much shorter
than previously believed (Buchwald, & Blaser, 1984)long-term &lmonellacarriage,
sufferers are usually asymptomatic and may contiowxcrete organisms from the

gallbladder, one of the sites of persistent intecti

Enteric fever caused by eith®rTyphi or S.Paratyphi, is a severe and debilitating iliness.
An infectious dose of approximately“@rganisms must be ingested with sufficient
numbers surviving long enough to reach the intaktimucosa. The incubation period is
between 7 and 14 days during which time the typbaicllli must penetrate the intestinal
mucosa and translocate to the lymphoid follicles #e reticuloendothelial cells of the
liver and spleen. After multiplication within theomonuclear phagocytic cells, they are
released into the bloodstream (Paetyal 2002). The patient is largely asymptomatic

during the incubation stage however; once the baaler the bloodstream symptoms

5



include remittent fever in the range of 38°C-40fitalaise, myalgia and headache. In
untreated cases, once typhoid fever has resoloedatescent faecal excretion is seen in
approximately10% of acute infections for up to 3nting, with 1-4% becoming long-term

carriers (Parrgt al, 2002).

A manifestation of the disease seen frequentinimals that is of great economic
importance is the ability of some serotypes to aedabortionS. Dublin, a host-adapted
serotype, primarily infects cattle including calveausing enteritis and/or systemic
disease. Fever and anorexia due to severe diardvesdually lead to death. Milder
infections result in acute diarrhoea and abortiopregnant cows; it also induces abortion
in sheep, usually accompanied by death of the &meguet al, 2000).S. Dublin has the
ability to cause systemic disease in humans, eéisulting in bacteraemia and metastatic

sites of infection, especially in immunocompromisedividuals (Fang & Fierer, 1991).

S.Choleraesuis is another host-adapted serotypésthainly associated with disease in
pigs. It causes severe systemic disease in weagedgtween 2 and 4 months of age.

Septicaemia, fever and chronic wasting generadly k® death, with abortion induced in
pregnant sows (Uzzaat al, 2000).S. Choleraesuis is associated with bacteraemia and

extraintestinal focal infections in immunocomproedsumans (Cheet al, 2007).

1.5 Epidemiology of Salmonella

Salmonellae are essentially intestinal parasitdgiafans and animals including domestic
pets, farm animals, birds, reptiles and rodentgyTdre found in the environment and have
been isolated from rivers, sewage and soil wherdeuthe correct conditions, they can

survive for many years. They have been detectedimal feeds as well as food such as



fruit and vegetables. The vast majority of salmtwsé$ cases are a result of consumption

of contaminated food (including milk) or water,lor direct faecal-oral spread.

Members ofSalmonellaentericaare primarily associated with warm-blooded verdtds,
while members of the other five subspecies &nldongoriare usually isolated from the

environment, cold-blooded animals and exceptionallynans.

Many serotypes such as Typhimurium and Enteriadésubiquitous, inhabiting a wide
range of host species, while others known as haeptad serotypes are restricted to
infecting a single host species. For exam$ld,yphi is almost exclusively associated with
systemic disease in humans aS.i&allinarum in fowl (Barrow, 1994). Some host-adapte
serotypes are able to cause disease in more tleanost specieS.Dublin normally
associated with systemic disease in cattle has $fs@nn to cause abortion in pregnant

ewes (McCaughegt al, 1971).

To avoid confusion in the literature, it has beermppsed that ubiquitous serotypes be
referred to as “un-restricted serotypes”, serotygewst exclusively associated with a
particular host species be referred to as “hogticesd serotypes” and lastly, serotypes
usually associated with a particular host spedigslso able to cause disease in at least

one other, be referred to as “host-adapted serstypzzauet al, 2000).

16 Review of Typing methods used in investigating Salmonella epidemiology

There are many typing methods to help scientistsstigate the origins and relatedness of
isolates ofSalmonella During outbreak situations, these methods angaéé

epidemiological tools that help in locating the m@uof the infection. Typing methods



should fulfil four main criteria; high discriminatppower (the ability to separate
epidemiologically-unrelated organisms), reproduitib{the same conclusion should be
reached upon repeat testing of an organism), tylitgalall isolates should be assigned a
“type” by the method applied) and transportabifitye ability to replicate the method and

achieve the same results in different laboratories)

Bacterial typing methods fall into two categoriphenotypic and genotypic methods. The
former includes traditional methods such as sermtypacteriophage typing and
antimicrobial sensitivity testing. These methodareleterize the products of gene
expression and therefore are capable of greattiaridepending on growth conditions,
growth phase and spontaneous mutation. Genotypicanie such as plasmid profile
analysis, plasmid restriction analysis and pulseld jel electrophoresis investigate the
genetic structure of the organism and are theréésiesubject to natural variation. They
can, however, be affected by loss or gain of pldsmnsertions and deletions of DNA into
the chromosome or mutations that result in eitheddss or the gain of a cutting site by

restriction endonucleases.

1:6:1 Phenotypic methods

Serotyping

Serotyping ofSalmonellas used to identify the isolates at subspeciesllévseries of

antibodies is used to identify the O (somatic) Endlagellar) antigens on the bacterial cell

8



surface. In those isolates that possess a capsaleadl envelope, a third antigen Vi, is
also identified. The Kauffman-White scheme is thisad to identify the serovar based on

the antigens present (Popoff & Le Minor, 1997).

Bacteriophage typing

This method is based on the principle that isolaf€zalmonellaare susceptible to

infection by bacteriophages. Bacteriophages aresgs that specifically infect bacteria and
either cause lysis of the cell or lysogeny in whithy remain inside the cell. This provides
a means of further differentiating certain serovased on their susceptibilities to these
bacteriophages. A phage agar plate is flooded avithcterial culture and allowed to dry at
room temperature. Using a multipoint inoculatoedes of bacteriophage specific to the
serovar is inoculated onto the agar plate. Upomsxie, some (or in some phage types,
all) of the bacteriophage lyse the organism creaditysis pattern that can be interpreted to
give the phage type. Phage typing schemes havedasefoped for, among othefs;
Enteritidis (Wardetal 1987);S. Typhimurium (Andersoet al1977);S. Typhi (Craigie &

Felix, 1947);S. Infantis (Kasityeet al1978) andS. Virchow (Chamberst al 1989).



Figurel:1  Typical phagereactionsof astrain of S. Enteritidis PT 1b.

Antimicrobial sensitivity testing

Antimicrobial sensitivity testing can provide vahla information for clinicians to use
when prescribing antimicrobial therapy and may @dsased in surveillance as a means of
observing trends in sensitivity patterns amongédragtisolates. Resistance patterns are
very changeable mainly due to the methods througbhwesistance arises such as

mutation and plasmid-mediated resistance.

There are various methods used in different labaest to determine the R-type
(resistance pattern) of isolates. For therapeuatwica, the objective is to produce a readily
understood value that is both reproducible in gimtatory and relevant to the clinician
(Frost, 1994). Minimum Inhibitory Concentration (@) determination using a culture
grown on a non-selective medium to which an antiali@l-impregnated strips is a fast

and generally accurate method of obtaining suca. d&dwever, it can be very expensive if
10



large numbers of MICs need to be determined. Disks known concentrations can be
used in place of the antimicrobial strips. The zibmehibition around the disk is measured
and compared to published standards set by orgemmsauch as the British Society for
Antimicrobial Chemotherapy (BSAC) or the Clinicathoratory and Standards Institute
(CLSI-formally known as NCCLS). Testing by the adaution method is useful for
determining the MICs of a large number of isolassnultiple isolates can be tested on a
single plate using a multipoint inoculator. Thigegarded as labour intensive and MICs
might be difficult to interpret when they requiradr discrimination than the usual two-

fold serial dilutions provide.

For epidemiological and surveillance purposesMI@ of resistant isolates tends not to be
so important. It is sufficient to determine whetismiates are sensitive or resistant. For
such information, a breakpoint method is very ulséfuthis method a known
concentration of antimicrobial is incorporated iatgar such as Isosensitest agar or
Diagnostic Sensitivity agar and bacterial cultuaes spotted onto the agar plates using a
multipoint inoculator. In this way numerous sensiigs/resistances can be determined

against multiple antimicrobials with the minimumaedfort and time.

1:6:2 Genotypic methods

Plasmid Profile Analysis

In most bacteria plasmids are extrachromosomallenthg-closed supercoiled circular
pieces of DNA that are capable of autonomous ratin. Many encode products and/or
functions that are beneficial to the bacterial hostistance to antimicrobials or virulence

factors are important examples. During cell divisioopies of any plasmids present within

11



the cell are distributed among the daughter cllthis way, members of the same clonal
line should have identical plasmid profiles. Howewe the serovars Enteritidis and
Typhimurium, the virulence plasmids are presemhany different phage types (Broweh

al, 1993). Plasmids are mobile and can transfer fambacterial cell to the next usually
by means of conjugation, which requires cell-td-cehtact as DNA passes from one
bacterial cell to another via a sex pilus. Plasrtids transfer antimicrobial resistance by
conjugation are known as ‘R-factors’ and were fidsintified by Watanabe in 1963
(Watanabe, 1963). Plasmids can also be “lost”ptueterial host may eliminate the
plasmid from the cell when it is no longer needrd;h as in response to the withdrawal of

antimicrobial selective pressure (Brownal, 1991).

Pulsed Field Gel Electrophoresis

Standard electrophoresis is unable to resolve feagsnof DNA greater than 120kb
therefore the technique of pulsed field gel elgutiaresis (PFGE) was developed. It first
used in 1984 in the examination of yeast chromo$@N#A (Schwartz & Cantor, 1984).
PFGE is a highly reproducible genotypic typing noethit has excellent discriminatory
power and can be used for almost all bacteria. bdipg upon the organism being
investigated, methods vary, however they all follmagic principles. Bacterial cells are
embedded in agarose and formed into plugs befong Ibhesed, allowing the isolation of
the chromosomal DNA. EDTA and detergents are usédhibit nucleases and Proteinase
K is used to digest cellular proteins. The plugstaen washed repeatedly to remove
unwanted cell components, leaving only the chromm@d®NA embedded in the agarose.
The plugs are cut to the required size and digdstedrestriction endonuclease that

ideally cleaves the chromosomal DNA infrequentibal is the most frequently used
12



enzyme in the study ofdBmonellaas it is inexpensive and has good discriminatorygro
However, some very closely related strains, fomgxa the commonly isolated
SalmonellaEnteritidis PT4, may require a second enzyme sa&pda andBInl. These
enzymes are much more expensive but often thegtdeeto distinguish between those
strains that give identicaba profiles. Once digested, the plug slices areeskaito the

wells of an agarose gel and subjected to pulsédidiectrophoresis.

The PFGE apparatus CHEF (contour clamped homogeziecsic field) separates the
DNA fragments into straight lines. The gel is plhoe the centre of the electrophoretic cell
between three sets of electrodes that form a hexagmnd it. These electric fields
alternate; flowing from one direction for a setdémof time before switching and flowing
from another for the same period. This is knowthasswitch time which, in addition to
other parameters such as voltage, running timegeangderature must be optimized.
Depending upon the specifications of the CHEF ageit, the angle between the electric
fields is fixed at 120°C. Some models with greatecifications allow the angle to be
varied. When the first electric field is appliedetDNA fragments migrate through the gel
in the new direction. When the second electridfislapplied, the fragments re-orientate in
that direction. Larger molecules take longer torentate and therefore migrate through
the gel to a lesser extent. Increasing switch tithesughout the run allows increasingly
larger fragments to migrate, thereby resultinggpasation of fragments dependent upon

size.

The fragments of DNA can be visualized by stainiiiy a chemical such as ethidium
bromide and illuminating on an ultraviolet sour¢bey form a pattern of bands that is
known as the pulsed field profile. These pulseldifpFofiles can be compared with those

of other strains for genetic relatedness. Guidslmethe interpretation of the banding
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patterns have been published (Tenaateal, 1995). The advent of computer software such
as Bionumerics (Applied Maths, Kortrijk, Belgiumasgreatly enhanced the analysis of
these data. Gel images are converted to TIFFdihesanalysed by the software using
statistical formulae. From the results, a Dendrognaay be constructed reflecting the

degree of similarity between the patterns obtained.

PulseNet Europe is a collaboration between a numf@edical and veterinary
laboratories around Europe. Its purpose is the barzation of protocols and running
parameters for the PFGE $&lmonellaAs each country runs PFGE using identical
protocols data may be shared and compared, allogpidemiological investigation to be
run Europe-wide. PulseNet Europe has also establialdatabase to which, the member
laboratories submit the pulsed field profiles. Atral curator checks the pattern and, if it
is novel, assigns a unique PFGE pattern designaimexample of which would be:
SENTXB.0001. The letter “S” in the first positioesignates the gen@almonellaThe

next three letters, in this case “ENT” representmgeritidis, designate the serotype using
codes preordained by PulseNet Europe. The “XB”ag@nts the enzyme used to generate
the patternXbad. A full stop separates these characters fronfitta four numerical
characters which are used to distinguish the idd& pattern for any particular serotype
using any particular enzyme. As a result, laborasoacross Europe are able to access this
database in order to identify their pulsed fieldfies and assign agreed pattern

designations.
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1.7  History of Quinolones and Fluoroquinolones

Development of the quinolones began with the actalaliscovery by George Y. Lesher
of a by-product of the synthesis of the anti-maladrug chloroquine that exhibited some
antibacterial activity (Lesheat al, 1962). The resulting 1,8-naphthyridine derivativas
named nalidixic acid and was used to mainly treaintGnegative urinary tract infections
after it's introduction in the U.S.A. in 1963 arttetU.K. in 1964. The next ten years saw a
number of related molecules, termed first-genenaginolones, developed. Based on the
4-guinolone nucleus, compounds with minor modifmas such as pipemidic acid,

oxolinic acid and cinoxacin were all synthesizede3e compounds generally displayed
increased activity against aerobic Gram-negativdna but due to poor serum and tissue
kinetics were restricted to treatment of urinaactrinfections and sexually transmitted

diseases. They still lacked activity against GravaeHive and anaerobic bacteria.

In the early 1980's it was discovered that modtimas to the C6 and C7 positions of the
4-quinolone nucleus significantly enhanced the giigm and the activity of these
compounds. The addition of a fluorine atom at tleep@sition significantly increased the
DNA gyrase inhibitory activity and facilitated peraion into the bacterial cell (Domagala
et al, 1986). This, in addition to a cyclic diamine pigeine at position C7, resulted in the
compound norfloxacin-the first fluoroquinolone, samed because of the fluorine atom at
C-6 (Hooper & Wolfson, 1985). These modificatioasulted in antibacterial activity
against aerobic Gram-positives and improved agtagfainst Gram-negatives but made no

difference in the activity against anaerobic baater

Since this discovery, chemical modification of thenolone nucleus has resulted in a
broad variety of useful antimicrobial agents. Cifmxacin was the result of replacing the

N-1 ethyl group of norfloxacin with a cyclopropylayip. This second-generation
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quinolone was the first to be useful in treatinigations other than those of the urinary

tract and sexually transmitted diseases.

Third- and fourth-generation quinolones have bemretbped through increasing structural
novelty and complexity. These newer compounds hareased activity against Gram-

positive cocci and potent activity against anaesdiBeightly & Gootz, 2000).

Although attempts to further chemically modify tlelass of drugs continues, the number
of ideas for new compounds appears to be relatsmigll. One of the most promising new
ideas is based on the notion of removing the fhatom from C6-resulting in “6-
desfluoro” compounds (Moellering Jr., 2005). Gawaacin is a 6-desfluoroquinolone that
has broad spectrum activity against both Gram-megjahd Gram-positive bacterial
infections, including anaerobic organisms (Ameyahal, 2003, Noviellcet al, 2003,

Hoellmanet al, 2001).
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Figure 1:2: Structure of nalidixic acid, ciprofloxacin, ofloxacin, norfloxacin and

moxifloxacin.

All diagrams courtesy of http://www.chemblink.com.
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1:8 TheUseof Fluoroquinolonesin the Treatment of Human Infections

Fluoroquinolones are broad-spectrum antimicroleé#fisctive in the treatment of a wide
variety of clinical infections. They are highly etttive in uncomplicated urinary tract
infections and gonorrhoea and are the drugs otehwhere bacterial resistance
compromises routing-lactam therapy (Nicolle, 2000). The modern fluaroglones,
including moxifloxacin and gemifloxacin all posseagstanding activity against
respiratory pathogens, methicillin-susceptible Byégpcocci and a variety of important

Gram-negative bacilli (Moellering Jr., 2005).

Fluoroquinolones are the drugs of choice for treatnof invasive gastrointestinal
infections in adults worldwide. Norfloxacin or cgftoxacin has been found to be
comparable to trimethoprim-sulphamethoxazole inttbatment of diarrhoea caused by
Shigellaspecies, enterotoxigenit. coli or Campylobacter jejuniNorfloxacin has been
found to be superior to both trimethoprim-sulphdm&azole and doxycycline in the

treatment oWibrio choleraeinfection (Oliphant & Green, 2002).

The fluoroquinolones have proved to be an invakiabbl in the treatment of moderate to
severe enteric infections (Akalin, 1995). Theywaidely used in the oral management of
typhoid fever, reducing complication, relapse aodvalescent excretion rates to a greater

extent than traditional first-line drugs (Paatyal, 2002).

Salmonella gastroenteritis is usually a self-lingtdiarrhoeal disease and antimicrobial
therapy is usually only indicated when the patismtnmunocompromised, has an enteric
fever, has an extra-intestinal infection or longvtesalmonella carriage. In many such

cases, ciprofloxacin is often the drug of choice(sitou, 2007, Ridhat al, 1996)
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1:9 TheUseof Fluoroquinolonesin Veterinary Medicine

The fluoroquinolones have been used to treat iifiestin food-producing animals since
the early 1990s. The regulation and use of thesgsdraries greatly between countries. In
Europe, none of the fluoroquinolones used in teattment of human infections are
licensed for use in infections in animals. Nevdehs, there is still concern regarding any
usage of this group of antimicrobials in veterinargdicine due to the fear of increasing
resistance. Several European countries have repagnificant increase in the resistance
of Salmonellao quinolones after their use in livestock wasraped (Froset al, 1996;
Malorny et al, 1999; Aarestrupt al, 2000).In vivostudies have shown that enrofloxacin
selectsSalmonellamutants resistant to nalidixic acid and fluorogquames. It has been
hypothesized that animals may act as reservoinethrced susceptibility mutants that,
upon further exposure to fluoroquinolones, may leeakligh-level resistance (Giraed al,

1999).

1:10 Quinolone Mechanism of Action

The targets of quinolone action are two bactenalees that are essential for cell growth
and division-DNA gyrase and topoisomerase IV. Bothtetramers composed of two pairs
of identical subunits, GyrA and GyrB encodeddyyA andgyrBin DNA gyrase and ParC
and ParE encoded IparC andparE in topoisomerase IV (Drlica & Zhao, 1997gyrase
controls DNA supercoiling and relieves topologistikess arising from translocation and
replication complexes along the DNA; topoisomela&ses a decatenating enzyme that
resolves interlinked daughter chromosomes folloviiNA replication (Drlica & Zhao,

1997). DNA gyrase is the primary target of quin@smn Gram-negative bacteria with
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topoisomerase IV acting as a secondary targetetrerse is true for Gram-positive

bacteria (Li, 2005).

Quinolones act by binding to complexes that forrmieen DNA and gyrase or
topoisomerase V. Shortly after binding, the quamas induce a conformational change in
the enzyme. The enzyme breaks the DNA and the tpnagrevents re-ligation of the
broken DNA strands. The enzyme is trapped on th& Dé#sulting in the formation of a
guinolone-enzyme-DNA complex. Quinolone-enzyme-Ddbmplex formation rapidly
inhibits DNA replication and is consistent with gge acting ahead of replication forks
(Hawkey, 2003). However, inhibition of replicatibg quinolone-topoisomerase IV-DNA
complexes occurs slowly, consistent with the enzieiag located behind the replication

forks (Khodursky & Cozzarelli, 1998).

It is thought that cell death arises by more tha® mechanism. The release of DNA ends
from the quinolone-gyrase-DNA complexes, whichtaeeequivalent of double-strand
breaks are thought to induce bacterial apoptasis.also believed that quinolone
molecules may be able to force gyrase-DNA complayast, releasing DNA ends. It is
thought that this second mode occurs when cells@aged with high concentrations of

fluoroquinolones such as ciprofloxacin (Drlica &ath 1997).
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Figure1:3. DIAGRAMATIC REPRESENTATION OF GYRASE ACTIVITY AND

QUINOLONE INHIBITION.
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1:11 Resistanceto Fluoroquinolones

Before the early 1990s, resistance to fluoroquinesowas rarely witnessed in clinical
isolates of Gram-negative bacteria. Successfulntrelat outcomes resulted in an increase
in their use which, in turn, led to an ever incregsate of resistance (Jacoby, 2005). In
the United States an increase in the use of fluonmdpones of around 40% led to a

coincident doubling in the rate of resistance fyafloxacin among Gram-negative bacilli
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isolated from intensive care units in hospitalsyhiuseet al, 2003). In other parts of the
world too, increased rates of resistance are beipgrted. In Spain, fluoroquinolone
resistance had become such a problem that, by ith@980s, they were not first choice in
the treatment oE. coliurinary tract infections (Oteet al, 1999). In Beijing during 1997-
1999, approximately 60% &.coli strains isolated from hospital-acquired infectians
approximately 50% of community-isolat&dcoli strains were resistant to ciprofloxacin

(Wanget al, 2001).

Treatment failures attributed to fluoroquinolonsiséance have been reported in cases of
typhoid fever. Strains db. Typhi with reduced susceptibility to fluoroquinokshave
been reported from amongst others, Vietnam (Ratra, 1998), the Indian subcontinent

(Nathet al, 2000) and Africa (Kariuki, 2004).

High-level resistance to fluoroquinolones is refaly uncommon among isolates of non-
typhoidalSalmonellaalthough a Finnish study associated an increasgrofloxacin

MIC in S. entericasolates with travellers returning from SoutheasiaAHakanert al,
2001). Danish scientists also found that quinol@séstance in isolates from patients with
a history of foreign travel was more prevalent tharse with domestically acquired

infections (Molbaket al, 2002).

Despite the early promise that came with the lizenef the fluoroquinolones thirty years
ago, scientists today are calling for cautiouspenestricted, use of these antimicrobials

(Bakken, 2004).
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1:12 Mechanismsof Quinolone Resistance

There are essentially four types of mechanism biglwbacteria evade the action of
quinolone antimicrobial agents. They may work iretggently or in combination,
conferring degrees of resistance from reduced ptibdéy (not always detected by

current antimicrobial susceptibility tests) to aially relevant resistance.

1:12:1 Mutationsin Topoisomer ase Genes.

Resistance to quinolones is mainly mediated byrabsmmal mutations that alter the
targets of these antimicrobials, namely DNA gyraiseé topoisomerase IV. In Gram-
negative bacteria, gyrase, or more specificallg gyrA subunit, is most frequently the
primary target, with topoisomerase IV being therany target for Gram-positive
organisms. The point mutations most often occuhniwithe highly conserved domain of
the N-terminus of thgyrA gene known as the ‘quinolone resistance-determirgggpn’
(QRDR) (Piddock, 1999). This region occurs on thidAEbinding surface of the enzyme
near the putative active site tyrosine 122 (Piddd&99). These mutations give rise to
amino acid changes and,kncoli, include amino acids between positions alaninar@¥
glycine 106 with mutations at serine 83 and aspaeag/ being the most common. A few
mutations have been detected outside the QRDRIahina to valine substitutions has
been detected im-vitro mutants at position 51 (Friedmanal, 1997) and in salmonellae,

mutations at Alal31, Glu139 and asp144 have ali ble¢ected (Eavet al, 2002).

A few mutations have been mapped to the N-termafitisegyrB gene located between
amino acids Asp426-Lys447. This region is knowth@asQRDR in thegyrB gene and all

of the mutations give rise to amino acid substitugi Once a first-step mutation has
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decreased susceptibility in a Gram-negative organéslditional mutations igyrB may

serve to further increase the resistance.

Point mutations have also been detected ip#n€ andparkE genes of Gram-negative
bacteria but remain much rarer thgywA mutations. Although Lingt aldetected garC
mutation in the absence ofysrA mutation in a strain ddalmonellgLing et al, 2003); it is
generally believed thgtarC mutations arise later thayyrA mutations because in Gram-

negative bacteria, gyrase rather than topoisomévamsethe preferred target of quinolones.

1:12:2 Alterationsin Efflux

Increased expression of non-specific, energy-degrarefflux systems allow bacteria to
prevent the accumulation of effective concentraiohquinolones inside the cell by
actively pumping out the drug. B coli, the AcrAB-TolC efflux pump plays a major role
in quinolone efflux and studies suggest that thay fme the primary mechanism of
fluoroquinolone resistance BalmonellaGiraudet al, 2000). It is thought that these

efflux systems cause low-level resistance to quine$ that can become clinically-relevant
when combined with mutations in the target enzy(rleoper, 1999) or alterations in the

outer membrane (Girauwgt al, 2000).

1:12:3 Alterationsin the Outer Membrane

Gram-negative bacteria can regulate membrane pérlingay altering expression of
outer membrane porin (omp) proteins that form cle&nfor passive diffusion. Loss or

reduced levels of OmpF has been implicated in aatohial resistance (Toret al, 1990),
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but in later studies the role of OmpF in reduceele of quinolone accumulation was less

clear with no loss or reduction in levels detecfeididocket al, 1993 ; Ruizt al, 1997).

1:12:4 Plasmid-mediated Resistance

A natural transferable plasmid encoding low-lesistance to quinolones was isolated
from a clinical strain oKlebsiella pneumoniadhe 56kb plasmid, named pMG252, had a
broad host range that included other members dEtherobacteriaceae aRdeudomonas
aeruginosgMartinez-Martinezt al, 1998) TheqnrA gene from the plasmid encodes a
protein of 218 amino acids that belongs to the ggeeptide repeat familyn vitro studies
demonstrated that Qnr protected Ehecoli DNA gyrase from inhibition by ciprofloxacin
but did not protect topoisomerase IV (Tetral, 2005). Further molecular studies
demonstrated thamr was collocated with other resistance determinantull-type
integrons (Rodriguez-Martinest al, 2007). The presence gfr has frequently been found

in strains producing extended spectiiiactamases (Hatt al, 2005).

In 2005, scientists in Japan discovered anathegene gnrS(now designatednrS), in a
plasmid from a strain dbhigella flexnerkb (Hataet al, 2005), and in 2006 a thighr
genegnrB1, was isolated from strains Kf pneumoniadrom India. These two genes
share 41% and 59% amino acid identity with theinalggene, now designategrAl
(Nordmann & Pairel, 2005). The sixth variantgpirAl, qnrA6, has recently been
identified and a variant with 91% homologydgorS1has been identified in the United
States and designatgqdrS2(Gayet al, 2006).qnrB2 andgnrB5 were identified in non-
typhoidalSalmonella entericésolates from the United States (Gatyal, 2006), and in
GermanygnrB12has recently been identified in poultry isolate€drobacter werkmanii

(Kehrenberget al, 2008).
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The presence afnr genes themselves do not appear to confer resistamgenolones;
however their importance lies in the augmentingafbf thesenr genes and other
resistance mutations and facilitating the seleatibhigher level quinolone resistance from

strains harbouring the plasmid than those withb(Martinez-Martinezt al, 1998).

1:13 Aimsof thisstudy

Fluoroquinolones are being increasingly used inttd&ment of invasive gastrointestinal

infections. Reports of treatment failures are atsoeasing. This study aimed to:

1. Determine the levels resistance to quinolone amardéiquinolone antimicrobials in

strains of non-typhoidéalmonellasolated in Scotland.

2. To attempt to select fluoroquinolone-resistant mtgdollowing exposure to

subinhibitory concentrations of these drugs.

3. To establish the capacity of susceptible strairfSatimonellato develop resistance

and to determine whether this capacity is equalliserotypes examined.
4. To investigate the capacity of certain antimicrédbta select for resistance.

5. To compare the findings to the results of previowgstigations into laboratory-

selected fluoroquinolone-resistant mutants.

Chapter 2. Characterisation of strainsto point of inclusion in this study
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2:1 Introduction

The general procedures for the typing of isolateSadmonellahave been outlined in
Chapterl. In this chapter, the origin of the ssaised in this study is given together with
the methods used in the Scottish Salmonella Referkaboratory (SSRL). The
characterisation of strains used in this studydestribed in this chapter comprises
identification to reporting stage with the exceptaf the antimicrobial sensitivity data

which are given in Chapter 3.

All isolates ofSalmonellaof human, veterinary and environmental originased in
Scotland are submitted to the SSRL for phenotyp&genotypic characterisation. Each
isolate is given a unique identifying number. A swdrom this original culture is then
inoculated onto a MacConkey agar plate that ishated overnight at 37°C. A single
colony is selected from this plate and inoculatetb@ Dorset’'s Egg slope, which is
incubated overnight at 37°C. Inoculated Dorset’g Elppes are stored at room
temperature for future reference. It is from thsr&et's Egg that all subsequent work is
performed. Isolates are routinely serotyped, phgoed (where applicable), tested for
sensitivity against a panel of fourteen antimicatdyi plasmid profiled and pulse field
profiled. Data from these procedures are then dtioréhe SSRL database and appropriate
portions reported to clinicians, Health Protect®ootland (HPS) and the Pulse Field Gel
Electrophoresis (PFGE) data are filed with Pulsdfebpe. These data were available for

each strain prior to selection for this study.

27



2:2 Materials and Methods

The materials and methods described in this Chagter to routine procedures operation
in the SSRL and of relevance to the study as aeviidiey were used to confirm the

properties on file for the isolates $&lmonellaselected in two laboratory studies.

2:2:1 |solates of Salmonella

The procedure for acquisition, identification, repay and archiving strains &almonella

entericahas been outlined above in the introduction.

The SSRL received a total of 58,576 isolates inydees 1990-2000. For the purposes of
this study quality control strains and duplicatmples were excluded and only a single

isolate from epidemiologically-related outbreaks baen included.

These isolates were divided into four subsets basdte following criteria:

MDR (resistant to multiple antimicrobials) - thaselates resistant by
breakpoint method to four or more antimicrobialg(tof these being quinolone
or fluoroquinolones).

*  FQR (Fluoroquinolone resistant) - those isolatdg msistant by breakpoint
method to nalidixic acid 40mg/L and ciprofloxacib@g/L.

* NCpL (nalidixic acid and low-level ciprofloxacingistant)-those isolates only
resistant by breakpoint method to nalidixic acidfL and to low-level
ciprofloxacin 0.125mg/L.

* FS (Fully susceptible)-those isolates showing sestance by breakpoint to

any antimicrobials tested.
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Inclusion in the final selection was then basedduarther set of criteria, namely serotype,
phage type, source and year received, to giverasdva collection of strains as possible.
As a result 180 isolates 8almonella entericbormed the basis of these studies. The
serotype and source distribution of the selecteldies are shown ifables 2:1 and2:2,

respectively and their original breakpoint desigreg are given iAppendix .
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Table 2:1. Serotype distribution of Salmonella isolates studied.

Serotype MDR FQR NICp* FS Total
Enteritidis 5 45 23 5 78
Typhimurium 12 1 1 10 24
Mbandaka 6 13 2 1 22
Hadar 14 0 1 0 15
Virchow 3 0 4 1 8
Dublin 0 0 2 5 7
Senftenberg 1 0 3 0 4
Thompson 1 0 3 0 4
Liverpool 0 0 3 0 3
Binza 0 0 1 1 2
Blockley 2 0 0 0 2
Brandenburg 1 0 0 1 2
Kottbus 0 0 2 0 2
Antarctica 0 0 1 0 1
Bovismorbificans 1 0 0 0 1
Indiana 1 0 0 0 1
Java 1 0 0 0 1
Monophasic Group C1 1 0 0 0 1
Montevideo 0 0 0 1 1
Oranienberg 1 0 0 0 1
Total 50 59 46 25 180

?Resistant by breakpoint testing to 4 or more amtiafiials including nalidixic acid and ciprofloxacin
P Resistant by breakpoint testing to ciprofloxaciBig/L and nalidixic acid 40mg/L.
¢ Resistant by breakpoint testing to nalidixic aclig/L and ciprofloxacin 0.125mg/L.

4 Fully sensitive by breakpoint testing.
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Table 2:2. Sourcedistribution of Salmonella isolates studied.

Source MDR FQR NICp® FS' Total
Human 31 25 29 13 98
Poultry 11 29 11 3 54
Environmental 4 4 3 0 11
Bovine 1 0 2 4 7
Porcine 0 0 0 1 1
Pheasant 1 0 0 1 2
Canine 0 0 1 0 1
Ovine 0 0 0 1 1
Porpoise 0 0 0 1 1
Canary 0 0 0 1 1
Feline 0 1 0 0 1
Unknown 2 0 0 0 2
Total 50 59 46 25 180

?Resistant by breakpoint testing to 4 or more amtiafiials including nalidixic acid and ciprofloxacin
P Resistant by breakpoint testing to ciprofloxaciirg/L and nalidixic acid 40mg/L.
¢ Resistant by breakpoint testing to nalidixic aclung)/L and ciprofloxacin 0.125mg/L.

¢ Fully sensitive by breakpoint testing.

2:2:2 Study 1: Plasmid Profile Analysis of the selected strains

2:2.2:1 Materials

Test organisms detailed in sectib@: 1
Cysteine Lactose Electrolyte Deficient (CLED) agar Oxoid CMO0301
Brain Heart Infusion Broth (Dehydrated) Oxoid G225

31



TE 50:1: Trizma base
Ethylenediaminetetraacetic acid

disodium salt dihydrate (EDTA)

10X TBE Buffer

Phenol Chloroform Isoamyl

Kado & Liu Lysis Buffer: Trizma base
Sodium Dodecyl Sulfate (SDS)

Sodium Hydroxide

Redipac GP agarose

Ethidium Bromide

E. coli Control strains, 39R861 & V517

Sigma T6066

Sigma E5134

Invitrogen 15581-044

Sigma P2069
as above
Sigma L4390
BDH 191533K
Mast GP500
Sigma E1510

H.P.A. Colinddismgland

Preparation of working solutions can be foundppendix I.

2:2:2:2 M ethods

Preparation of Plasmid DNA

Four colonies from an overnight CLED plate werecuated into 5ml BHI and incubated

shaking at 37°C overnight. 0.8ml culture was diseeninto a Treff tube and centrifuged at

13,000 rpm for 5 minutes. The supernatant was rexhawnd the pellet was resuspended in

20ul of TE 50:1 buffer by vortexing. 100ul of Kadod Liu lysis buffer was added and

mixed by inversion. The tubes were transferred %6 & waterbath for 30 minutes. 100ul
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of phenol-chloroform-isoamyl was added to each i vortexed. Tubes were
transferred to a microcentrifuge and centrifugeti@&a®00g for 15 minutes. 40ul of
supernatant was carefully transferred to a cleaiff Twbe to which 6l of gel loading
solution was added. The control straing&estherichia coli39R861 (Threlfaletal, 1986)
and V517 (Macrina, 1978), were also prepared irstme way. These contain plasmids of
known sizes and can be used to size the plasmitthe dést isolates. The plasmid

preparations were stored at 5°C until needed.

Preparation of Gel

The gel was prepared by dissolving 0.7g of gerargbose agarose in 100ml of 1X TBE
buffer by heating in a microwave oven and thendfaming to a 56°C waterbath. The
ends of the gel casting tray were sealed usingckawe tape. A twelve well comb was
inserted before pouring the cooled agarose intaélséng tray. Once the gel was set, the
comb and the autoclave tape were removed and thveageplaced in an electrophoresis
tank (Bio-Rad) containing 1X TBE buffer to a lesshm above the gel surface. 25ul of
each plasmid preparation was added to wells 2-hilew wells 1 and 12 the controls,
39R861 and V517, were loaded. The gel was run fay8s at 100V and then stained in a
1.25pg/ml solution of Ethidium Bromide for 20 mieat The gel was then de-stained for a
further 20 minutes before being visualized and py@phed using a U.V. transilluminator

and a Kodak EDAS 120 Digital Camera System (BRIle Oiechnologies).

Calculation of plasmid sizes

Plasmids migrate at different speeds due to theleaular size and so included on every

electrophoresis gel are two standard plasmid pagipas with plasmids of known
33



molecular size. The firsE. coli V517 contains 8 plasmids ranging from 2.1kb up4kb
while the secondk. coli 39R861 has 4 plasmids ranging in size from 7kboup4 7kb.
Plasmid molecular weights were estimated accorttintbe method of Rochelkt al

Briefly, a standard curve of log molecular weighog relative mobility was generated for
the reference plasmids. Relative mobility was daked for the unknown plasmids and

this was used to extrapolate their molecular waigtam the standard curve.

2:2:2:3 Results

Plasmid profile results are tabulateddppendix I1.

Seventeen different plasmid profiles were idendif@nong the 78 strains 8f Enteritidis
examined. The most common profile consisted ohglsiplasmid of approximately 57kb,
with 44 strains sharing this profile. Twelve stsalmarboured a single additional plasmid of
2.1kb and three strains, a single additional pldsmhilOOkb or 110kb. Eight strains
harboured varying numbers of plasmids that rangesizie from 2.1kb to 70kb in addition
to the 57kb plasmid while the remaining 11 strdiad profiles that did not include the
57kb plasmid including 4 strains which possessedisiplasmids of 120kb, 5.2kb or 2.1kb
(2), one strain that harboured 3 plasmids of 48a6d 4.5kb and 6 strains that harboured

no plasmids and were termed plasmid-free.

Of the twenty-four strains & Typhimurium, twenty possessed a plasmid (or pids)rof
approximately 90kb, eight of which had additionklgmids in the range of 2.0-145kb. One
strain ofS Typhimurium RDNC (Reacts but Does Not Conform$gessed five plasmids

ranging from 2kb up to 145kb. Three strains weesplid-free.
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The plasmid profiles of th& Mbandaka strains varied considerably. The twénty-
strains yielded nineteen different profiles, ramggirom one to six plasmids. Plasmid sizes

ranged from 2.1kb to 90kb. No strain®MMbandaka was plasmid-free.

Of the severs. Dublin strains examined, two were plasmid-fred five possessed a single

plasmid of approximately 80kb.

The fifteen strains 0b. Hadar all possessed a small plasmid of 2.1khadtition to this,
thirteen strains had between one and five largesmpids ranging from 3.2kb to 45kb. Of
the remaining thirty-four isolates examined, nirerevplasmid-free. With the exception of
three strains 0% Liverpool which had identical plasmid profiledl, & the serotypes with

greater than one isolate resulted in differentrpldgrofiles.

2:2:3 Study 2: Pulsed Field Gel Electrophoresis studies of the selected strains

2:2:3:1 Materials

Test organisms detailed in sectib@: 1

Cystine Lactose Electrolyte Deficient (CLED) agar as in sectior2:2:2:1

Sodium Chloride BDH 102414Y

ES Buffer  N-lauryl-sarcosine (Sarco3)L30) BDH 442753R
EDTA as in sectiog:2:2:1
Sodium hydroxide solution 40% w/v BDH 191533K
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Proteinase K (stock solution 50mg/ml)

Pulsed Field Certified Agarose

10X TBE Buffer

TE (PFGE) Wash Buffer Trizma Base

EDTA

Ethidium Bromide (10mg/ml solution)

Xba Restriction Enzyme

React 2 10X Buffer

Roche 08 832 044

Bio-Rad 162-0137

as in sectich2:2:1

as in sectian?2:1

as in sectio®:2:2:1

as in sectib@: 2:1

Invitrogen 15226-038

supplied wikbal.

Preparation of working solutions can be foundppendix I11.

2:2:3:2 M ethod

Four colonies from an overnight CLED plate werecuated into 5ml BHI and incubated
shaking at 37°C overnight. 0.8ml culture was diseeninto a Treff tube and centrifuged
in a microcentrifuge at 13,000 rpm for 5 minutelse Bupernatant was removed and the

pellet was resuspended in 1ml 0.85% saline. Atteghér centrifugation, the supernatant

was again removed and the pellet was resuspende8rm 0.85% saline. The cell

suspensions were then transferred to a 40°C healtieg and left to equilibrate for 15

minutes.
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2% agarose was prepared by dissolving 0.4g Pulisdd Eertified agarose in 20ml 0.85%
saline in a microwave oven and allowing it to cwob6°C in a waterbath. A plug mould

was prepared by sealing the underside with autedizpe.

Agarose plugs were prepared by adding 0.5ml coadgdose to the cell suspension and
mixing well. An aliquot of 120ul was then dispenseid a single well of the plug mould.
Once all the wells were full, the mould was theaicpd at 5°C to allow the plugs to set.
Plugs were lysed by transferring each plug to & Tube containing 1ml ES buffer to
which 20ul of 50mg/ml Proteinase K solution hadrbadded. The tubes were then placed

in a 56°C waterbath overnight.

After lysis, the plugs were transferred to stedikgposable 5ml plastic test tubes containing
3ml TE (PFGE) wash buffer. The test tubes weregalan a shaking waterbath at 56°C for
30 minutes. Using fresh wash buffer, this step regeated 6 times after which, the plugs

were stored in 3ml wash buffer at 5°C until digesti

Using a sterile disposable scalpel, a 1mm sligaelud was taken from each plug and
placed into a Treff tube containing 90l of stevilater and 10ul React 2 10X buffer, and
left at room temperature for 1 hour. This was reetband replaced with 85ul sterile
water, 10ul React 2 10X buffer and 5¢ba restriction enzyme. Plugs were incubated for

4 hours at 37°C.

The gel was prepared by suspending 1.3g Pulsed Ewsttified agarose in 130ml 0.5X
TBE buffer. The agarose was dissolved by heatiragrimcrowave oven and then placed in
a waterbath to cool to 56°C. The gel casting mowdd assembled and wiped with
methylated spirits. A thirty-well comb was insertagfore the cooled agarose was poured

into the mould. Approximately 1.5ml agarose wasanmetd to the waterbath for later use.
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Once the gel was set, the comb was removed arslitkes of agarose plugs were removed
from the restriction mix and inserted into the welf the gel using two small spatulas. The
remaining agarose was removed from the waterbatluaed to seal the plugs inside the

wells.

PFGE was performed using a CHEF-DR Il system fraoifad. 2.2L of 0.5X TBE buffer
was added to the tank. The cooling module and tmepgpvere switched on and set to 14°C
and 70 - 80 respectively. The gel and the buffenevieft for approximately one hour until
both had reached the running temperature of 14h€.gel was run for 22 hours using the

parameters 6V, initial switch 2s and final switets6

The gel was removed and stained in a 1.25ug/mtkitm Bromide solution with gentle
shaking for approximately 30 minutes and then destl in distilled water for a further 30
minutes. The gel was visualized by U.V. transilloation and photographed as previously
described. Images of the gel were stored electatipias Tiff files and analysed using
Bionumerics software. Where possible, they weremigesignations applied to identical
banding patterns held in the PulseNet Europe datal#ay pulsed field profiles (PFP) that
failed to match named patterns in this database gi@en designations unique to this

study and are preceded with the letters AM.
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2:2:3:3 Results

All 180 isolates oSalmonellavere analysed by PFGE using the parameters oéRets
Europe and analysed using Bionumerics software plieed field profiles are listed in

Appendix V.

Using the Bionumerics software, a Dendrogram wasicacted of the 78 strains 8f
Enteritidis investigated in this studligure 2:1). Fifty-five (70%) proved to be identical
and were given the designation SENTXB.0001, thetmasimon pulsed field pattern
(PFP). Seven strains gave PFPs that differed freMTXB.0001 by the deletion of the
same single band and were assigned the desigr&fENiT XB.0014. Another strain also
possessed this deletion but had a smaller singld &ad was given the designation
AMENTX7.The remaining 15 strains & Enteritidis were divided into a further ten
groups some of which, for example, SENTXB.0019, baly one representative. The
SENTXB.0001 designation was common among twelvib@thirteen different phage

types of Enteritidis.

A discrepancy arose with the Bionumerics analykisvo strains ofS. Enteritidis assigned
the designation SENTXB.0005. On visual comparisentivo PFP looked identical, and
when analysed they both matched the PulseNet deggrSENTXB.0005 and have 98%
similarity with each other. However when t8eEnteritidis Dendrogram was constructed,
the two PFPs were separated into different clust@sous ways of correcting this very
obvious discrepancy were tried but the two PFP neeaain separate clusters. The reason
for this occurrence is unclear but, as these twars were run on different gels it may be
due to temperature fluctuations during the runimg, slight differences in DNA content
of the plugs resulting in heavier or lighter bandperhaps the normalisation step during

the Bionumerics analysis where the gels are steeton compressed to ensure that the
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assigned bands of the reference lanes match thregsponding reference positions.

Despite this, it is highly likely that these twaeashs are of clonal origin.

Of the serotypes with multiple exampl&Enteritidis ands. Dublin showed least
variation by PFGE usingba, with the seventy-eight strains of the formerareped into
just thirteen pulsed field patterns and six ofgbeen strains d. Dublin resulting in

identical profiles with the seventh only differibg a single bandrigure 2:2).

Twenty-four strains 08. Typhimurium resulted in fourteen different PFPgg(re 2:3).
However, among these fourteen different PFPs, thueréwelve different phage types, the
predominant one being DT104, with 9 strains, allvbfch, when analysed, resulted in the

most common Typhimurium PFP-STYMXB.0001.

The Dendrogram for the twenty-two strainsSoMbandaka resulted in thirteen different
PFPs the most common of which, was AMMBA3 (a PFigumto this study)Rigure
2:4). Only one strain had an identical pattern inRloéseNet Europe database, while

twelve of the fifteen strains &. Hadar were identified as SHADXB.000Ri gur e 2:5).

Discrimination among seven strains®Virchow resulted in 4 different PFP with one,

designated AMVIR1, demonstrating only 60% similati the other straing-{gure 2:6).

In the remaining six serotypes with multiple exaespfFigure 2:7), only S. Liverpool
demonstrated 100% identical PFPs and of thoseypa®tvith only a single exampls,

Java was the only one to have an identical PFRePtilseNet database.
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Figure2:1
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The PFPs of four strains 8f Enteritidis (19901754; 19935599; 19940871; 19%@2 hre
not included in this dendrogram as their files wasgrupted during analysis in the

Bionumerics program.
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Figure2:2  Dendrogram fos Dublin

Dice (Opt:1.00%) (Tol 1.3%-1.3%) (H>0.0% S>0.0%) [0.0%-100.0%)
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Figure 2:3 Dendrogram fos. Typhimurium
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Dice (Opt:1.00%) (Tol 1.3%-1.3%) (H>0.0% S>0.0%) [0.0%-100.0%]
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Figure2:5 Dendrogram fos Hadar

Dice (Opt:1.00%) (Tol 1.3%-1.3%) (H>0.0% S$>0.0%) [0.0%-100.0%]
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‘ ‘ ‘ H ‘ \ \ \ W .19990515 Hadar ApCpNaSSuTeLCp Human AMHAD3
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Figure2:6  Dendrogram fofs Virchow
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Figure2:7
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2:3 Discussion

The 180 strains ddalmonellacomprised 20 serotypes selected primarily forrthei
phenotypic resistance types (R-types). The analysdermed in studies 2:2:2 (Plasmid

profile analysis) and 2:2:3 (PFGE) provided moferimation.

2:3:1 Study 1 Plasmid profile analysis

In this study 320 plasmids were isolated from 1#88iiss ofSalmonella20 were plasmid-
free). The plasmids varied widely in terms of numbanging from strains harbouring
single sized plasmids to strains harbouring 6 wbffiésized plasmids, and size, from 2.0kb
up to 160kb however, very few strains possessadja plasmid and of the thirteen that

did, eight were resistant to four or more antimicads.

High molecular-mass plasmids (that is, greater &@0kb) represent a considerable
biosynthetic burden to the organism as they magtttoite up to 5% of the total genome
(Rychlik et al, 2006). These plasmids are potentially unstabfeamtenance and

replication functions. When present, it is mosgelkthat they bestow a selective advantage
through encoding beneficial phenotypes for the lssth as resistance to antimicrobials

(R-plasmids) and heavy metals (Martiretzal, 2007; Ghoslet al, 2000).

A total of 78 of the strains studied harboureceast one low molecular-mass plasmid,
there appeared to be little correlation betweenrtiidual strains. For example, a 2.1kb
plasmid appeared to be the most frequently isolateall plasmid, being present in 38 of
the eight-one strains (being the sole plasmidxnrstances). Although low molecular-
mass plasmids are more prolific and diverse thgh molecular-mass plasmids, little is
known about their biological function. One suchsptéd has been shown to influence

resistance to phage infection in isolateSdEnteritidis whilst another, designated as pRF-
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1, was found to confer resistance to sulphathianoisolates ofs. Choleraesuis (Rychlik
et al, 2001; Hanedat al, 2004). As this 2.1kb plasmid was present in selréarent
serotypes (and different phage types where appéitabth various R-types, there is no

obvious phenotypic marker associated with it.

Whilst the plasmids ofalmonella enterichave the ability to transfer between organisms,
the mere presence or absence of these extrachromabpeces of DNA can be of
epidemiological importance. Although the resultplaismid profile analysis can yield
plasmids of varying size and number, for thosdrsirthat are suspected of being part of
an outbreak, a distinctive plasmid profile can jdevan essential link. In one case, the
absence of a plasmid linked an outbreak.denftenberg in infants to the consumption of

one brand of baby cereal (Rushdy, 1998).

The most intensively investigated group of plasnaidsthe serotype-associated plasmids
(SAPs-also known as the virulence plasmids$ afyphimurium,S Enteritidis,S. Dublin,
S Choleraesuiss Gallinarum,S. Pullorum ands. Abortusovis the first three of which

have been examined in this study.

The 90kb, 57kb and 80kb plasmidsSfTyphimurium,S. Enteritidis ands. Dublin
respectively are very stable. A study examiningrairs of S. Enteritidis demonstrated that
there was no loss or genomic rearrangement oftkke plasmid during a 2.5 year period
under different storage conditions (Olsaral, 1994). Similarly, studies on a collection of
enterobacteria from the pre-antimicrobial era, kn@s the “Murray collection”,
demonstrated no differences to isolates from regeats (Jones & Stanley, 1992); findings
reflected in this study with 86% & Enteritidis strains harbouring the 57kb SAP; 836

S Typhimuium harbouring the 90kb SAP and 71%&&fublin harbouring the 80kb SAP.
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These plasmids, usually between 50-100kb, are itapbas they encode genes that
contribute towards the virulence of these serotypesexample, when a 22kb region of
the 90kb virulence plasmid & Typhimurium was cloned into a mobilization vectibre
resulting recombinant plasmid restored full virderio a plasmidless strain in a mouse
model (Norelet al, 1989). A 7.8kb regiorspy, which is required for bacterial
multiplication in the reticulo-endothelial systeis common to all the virulence plasmids
(Rotger, 1999).The virulence plasmidsSEnteritidis,S Typhimurium ands. Dublin also
contribute to the invasiveness of these strairtsastbeen demonstrated that only the SAP
containing strains of these serotypes were capdbierading the livers of orally-infected
mice. The virulence properties of other serotypk mo associated plasmid could not be

correlated with their heterogeneous plasmid pomriat(Helmuth, 1985).

The ability of some isolates &almonella entericéo cause disease, survive in the
presence of antimicrobials and heavy metals arnistriegection by bacteriophages can all
be attributed to the presence of certain plasntids.obvious that the acquisition of
plasmids allow their host to survive in environngetitat would otherwise prove fatal and
that the plasmids must continually evolve to mbet thallenge, as demonstrated by the
140kb self-transferable plasmid &fTyphimurium encoding both the characteristic
Salmonellavirulence plasmid genes and the genes coding foraimphenicol and

tetracycline resistance (Gueertal, 2002).
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2:3:2 Study 2 Pulsed Field Gel Electrophoresis

Nine strains of. Enteritidis were unable to be subtyped by phagaty PFGE in this
instance, usingbal, was only slightly better at differentiating bet@n the strains,
separating just 2 strains (SENTXB.0014 & AMENT ®rfr the others (SENTXB.0001).
The difference between SENTXB.0001 and SENTXB.0@44 the loss of a single band
of approximately 57kb, in the latter. This is, atf, the virulence plasmid & Enteritidis
which is remarkably stable (Olsen, 1994). This timeplies that the single band difference
between SENTXB.0001 and SENTXB.0014 is significamd had this been an outbreak
situation, this difference may have been intergrei®indicating different strains.
AMENT?7 is also lacking a single band of approxinhateZkb; however this strain has an

additional smaller band compared to SENTXB.0014dylteng in a new PFP designation.

Discrimination between the remaining 69 strainS.dEnteritidis using only)Xba was not
much better with only a further 10 PFP being défderated. This was applicable to some
of the other serotypes also. Twenty-four strainS. dfyphimurium resulted in 14 different
PFPs however 9 strains had the commonest PFP STYQOQR. Of the fifteen strains of
S Hadar, twelve had an identical profile. This va#so the situation i&. Dublin where,

from a total of seven strains, six strains wereésiiaguishable by PFGE.

The results fos. Enteritidis ands Typhimurium DT104 were somewhat expected due to
the clonal nature of these strains (Daatisl, 2002), although, still an improvement on the
other typing methods such as plasmid analysis ilotlyping (Ridleyet al, 1998). The
results forS. Hadar ands. Dublin were disappointing. Using a second andh@es even a
third restriction endonuclease in combination waualdease the discriminatory power of

this technique. This would especially be an appab@measure for the previously
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mentioned common pulsed field typesSoEnteritidis orS. Typhimurium such as
SENTXB.0001 and STYMXB.0001 as it is imperativébabsolutely certain that the
high incidence of these strains does not mask aigemutbreak and fd& Dublin which

has important economic implications in the farmimgustry.

Twenty-two strains 08. Mbandaka were divided into thirteen distinct peefiusingXbal.
Fourteen strains were divided into twelve sepgpatéles. This is a good example of the
discriminatory power of PFGE. As these Mbandakairs$roriginated mainly from poultry
sources, the PFGE results provide reassurancéhihatcidence of Mbandaka is not due to
clonal spread. Eight strains 8fMbandaka had a unique PFP, AMMBAddure 2:4).
These strains were isolated over a period of 7syaiad all were of poultry origin with the
exception of one environmental isolate which w&gtarom a poultry farm. All have
similar R-types which, when added to the unique BEgyests that these strains were of

clonal origin.

The purpose of PFGE in this study was merely tly tharacterize the strains and not to
identify epidemiological relationships. It was tefare considered sufficient to employ

only a single restriction endonuclease.
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Chapter 3: Phenotypic determination of resistance

31 I ntroduction

Each isolate the Scottish Salmonella Reference ratuy receives is routinely tested
against a panel of 14 antimicrobials, includingdigic acid and ciprofloxacin, by an in-
house breakpoint method. This generates epidenm@aliognd surveillance data which are
reported to Health Protection Scotland. An agartaih method was used to confirm these
breakpoint designations and determine the Minimahibitory Concentrations (MIC) for
nalidixic acid, ciprofloxacin and 3 other fluorogoiones, using first Diagnostic

Sensitivity agar and then Mueller Hinton agar.

3:1:1: Study 1 Materials

Test organisms detailed in sectib: 1

CLED agar as in secti@i2:2:1

Diagnostic sensitivity (DST) agar Oxoid CM0301

Mueller Hinton (MH) agar Oxoid CMO0337

BHI broth as in sectiokr2:2:1

Sterile distilled water In-house

Antimicrobial powders Nalidixic acid Sigma N-438
Ofloxacin Sigma 0-8757
Norfloxacin Sigma N-9890
Ciprofloxacin provided courtesy of Bayer
Moxifloxacin provided courtesy of Bayer
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3:1:2 Method

MIC determination was performed using the technidescribed by Frost, (1994). Stock
solutions of 1024mg/L were made for each of the &mtimicrobials. Nalidixic acid,
ciprofloxacin, norfloxacin and moxifloxacin werduwtied with sterile distilled water to
achieve the desired concentration. Ofloxacin regluihe addition of sodium bicarbonate
before dilution with sterile distilled water. A ses of two-fold dilutions was carried out on
each of the stock solutions until a series of gdgties with final concentrations ranging
from 512mg/L to 0.03mg/L were prepared for ciprg#oin, norfloxacin, ofloxacin and
moxifloxacin by adding an aliquot of each antimlwiad to sterilized Diagnostic Sensitivity
Agar (DST) that had been cooled to 50°C. For nabidicid the concentration of the agar
plates ranged from 512mg/L to 8mg/L. Excess stotht®n was stored at -85°C.The
plates were allowed to set at room temperaturerbdfeing stored at 4°C. All agar plates

were used within one week to ensure stability efahtimicrobial.

A single colony from an overnight CLED plate wasdualated into 3mis of BHI broth and
incubated on a shaker at 37°C for two hours. Odirsterile saline was aseptically
dispensed into a well of a Perspex blockul1df culture was then added to the well. The
agar plates containing known concentrations ohaiotobial were placed in an incubator
at 37°C for 1 hour before use. They were then ilabed with the cultures from the
Perspex block using the Lidwell multipoint inoculaaind allowed to dry at room
temperature. The plates were then stacked andatedilat 37°C overnight. The next day
the plates were removed from the incubator anddselts recorded. The lowest
concentration at which there was no visible growrttthe plate was recorded as the MIC

for that antimicrobial.
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3:1:3 Results

MIC results are tabulated hable 3:1. All but one of the 25 strains selected as “fully
susceptible” (FS) by breakpoint method were fullgceptible to nalidixic acid. Twenty-
four strains had an MIC of 8mg/L, the exception hadntermediate MIC of 16mg/L.
Seventeen had MICs of 0.03mg/L-0.06mg/L of cipmefloin; the remaining 8 strains had
reduced susceptibility at a concentration of 0.1g¢&mThe strains showed varying
degrees of susceptibility to the three remainingrbquinolones. The majority of MICs of
ofloxacin ranged from 0.03-0.5mg/L, with the exdeptof a single strain d& Dublin
which was inhibited at a concentration of 2mgrbe majority of strains demonstrated
reduced susceptibility to norfloxacin with 19 stimhaving an MIC of 0.125mg/L and a
further 4 with a MIC of 0.25mg/L. The aforementidngrain ofS. Dublin was also
resistant to norfloxacin, again at a concentratib2mg/L. The MICs of moxifloxacin
ranged from<0.06-0.25mg/L, with a single strainresenting each extreme. The majority

of strains had MICs of 0.03mg/L.

Of the 46 strains selected as resistant to natidigid at 40mg/L and low-level
ciprofloxacin at 0.125mg/L (NCpL), 44 were resigtamnalidixic acid at MICs of
256mg/L or above, with two strains showing redusestceptibility at a concentration of
16mg/L. The same two strains were fully susceptibleiprofloxacin with MICs of
0.06mg/L while the remaining 44 strains had MIQsgiag from 0.25-2mg/L. The MICs
of ofloxacin and norfloxacin ranged from 0.5-4mg@éhd 0.25-4mg/L respectively,
however in both cases, the predominant MIC was Pmigie majority of the strains were
resistant to moxifloxacin, with 40 being resistaht concentration of 1mg/L. Two were

resistant at 2mg/L, with only a single strain sysitde at 0.25mg/L.
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Fifty-nine strains were selected as both resigtanalidixic acid and to ciprofloxacin at a
concentration of 0.5mg/L (FQR). All of the stragsamined were resistant to nalidixic
acid at a concentration eb12mg/L. They were also resistant to ciprofloxaerith MICs
ranging from 1-8mg/L. The strains were also cr@ssstant to the three other
fluoroquinolones, with MICs ranging from 2-32mg#rfooth ofloxacin and norfloxacin,

and between 1 and 8mg/L for moxifloxacin.

For the 50 strains selected as resistant to meléiptimicrobials (MDR), the most
prevalent MIC of nalidixic acid was >512mg/L, wil strains being inhibited at this
concentration. Six strains demonstrated an MICnby 8mg/L. MICs of ciprofloxacin
ranged from 0.06-32mg/L however, only 2 strains/ptbto be susceptible (<0.5mg/L)
with the majority demonstrating MICs between 1-2m@/ICs of ofloxacin and
norfloxacin ranged from 0.125-256mg/L, while the@dlof moxifloxacin were slightly
lower at 0.125-32mg/L. The majority of these MDRaBts were however, resistant to

these three fluoroquinolones at concentrationsvd/8 or 4mg/L respectively.
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Table: 3.1: MIC results for strains db entericato nalidixic acid, ciprofloxacin, ofloxacin, norftacin and moxifloxacin using DST agar.

SSRL Serotype Phage Source (?erggi;%(:iig‘; Naallgz(ic Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin

Reference type

19900377 Enteritidis 4 Human FQR >512 1 8 8 1
19900497 Enteritidis RDNC Poultry FQR >512 4 8 4 2
19900633 Enteritidis RDNC Poultry FQR >512 2 8 8 2
19900813 Enteritidis 4 Human FQR >512 1 4 4 1
19900828 Enteritidis 4 Human FQR >512 2 4 8 2
19901024 Enteritidis 4 Poultry FQR >512 1 8 8 1
19901059 Enteritidis 4 Poultry FQR >512 2 4 2 2
19901127 Enteritidis Untypable  Poultry FQR >512 2 4 4 2
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SSRL Serotype Phage Source Eregkpo?nt NaIidjxic . . . . . _
Reference type esignation  acid Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19901135 Enteritidis Untypable  Poultry FOR >512 2 4 4 2
19901221 Enteritidis Untypable  Poultry FOR >512 2 4 4 2
19901257 Enteritidis Untypable  Poultry FOR >512 2 8 4 2
19901259 Enteritidis 4 Poultry FQR >512 2 4 4 1
19901289 Enteritidis Untypable  Poultry FOR >512 2 8 4 2
19901301 Enteritidis Untypable  Poultry FOR >512 2 4 4 2
19901442 Enteritidis RDNC Poultry FQR >512 1 8 8 2
19901527 Enteritidis RDNC Poultry FQR >512 2 8 4 2
19901602 Enteritidis 4 Poultry FQR >512 1 8 8 1
19901733 Enteritidis Untypable  Poultry FQR >512 2 4 4 2
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SSRL Serotype Phage Source (IjBregkpo?nt NaIidixic . . . . . _
Reference type esignation  acid Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19901754 Enteritidis Untypable  Poultry FOR >512 1 2 4 1
19901928 Enteritidis 4 Poultry FOQR >512 1 2 4 2
19902644 Typhimurium 66 Human FOR >512 2 8 8 2
19903116 Enteritidis RDNC Human FQR >512 2 4 4 2
19903865 Bovismorbificans Human MDR >512 4 16 4 8
19903993 Enteritidis Untypable  Poultry FOR >512 1 8 8 1
19910646 Mbandaka Poultry FQR >512 4 8 8 4
19910665 Enteritidis 4 Poultry FQR >512 2 4 8 4
19910748 Virchow Not stated MDR >512 2 8 4 8
19911165 Enteritidis 4 Poultry FQR >512 2 4 4 2
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SSRL

Phage

Breakpoint Nalidixic

Reference Serotype type Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19911537 Enteritidis 4 Human FQR >512 1 8 8 1
19912067 Mbandaka Poultry FQR >512 1 8 8 2
19921643 Mbandaka Poultry FQR >512 2 8 8 4
19932001 Oranienburg Human Poultry MDR >512 8 4 2 4
19932300 Hadar Poultry MDR 8 32 16 16 4
19933184 Enteritidis 4 Human FOR >512 1 4 4 2
19933339 Enteritidis 4 Human FOR >512 1 8 4 1
19933344 Typhimurium 204c Human MDR 8 32 256 256 16
19933488 Mbandaka Environment FQR >512 2 8 8 4
Poultry FOR
19934878 Mbandaka >512 2 8 16 2
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SSRL

Phage

Breakpoint Nalidixic

Reference Serotype type Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19935442 Hadar Human MDR 256 32 32 32 16
19935599 Enteritidis 4 Human FQR >512 2 4 4 2
19940240 Hadar Human MDR 256 8 32 32 32
19940784 Enteritidis 4 Human FOQR >512 1 8 8 2
19940871 Enteritidis 4 Human FQR >512 2 8 8 2
19940880 Enteritidis 4 Human FQR >512 1 4 4 2
19941463 Typhimurium 204 Environment MDR >512 1 4 2 1
19941804 Mbandaka Poultry FOQR >512 2 4 4 2
19941864 Enteritidis 4 Human FQR 512 2 32 16 2
19943026 Enteritidis 4 Human FOR 512 1 8 4 2
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Phage Breakpoint Nalidixic

R;zzlﬁce Serotype type Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19950004 Typhimurium 2 Human MDR >512 2 4 4 4
19953743 Virchow Human MDR >512 1 4 8 2
19963399 Brandenburg Human MDR >512 2 8 8 4
19964025 Enteritidis 5c Human FOR >512 4 8 8 8
19965081 Enteritidis 1 Human FQR >512 4 32 16 4
19966072 Typhimurium 104b Bovine MDR >512 2 4 16 2
19970269 Enteritidis 7 Human FQR >512 8 32 32 8
19970646 Typhimurium 104 Human MDR >512 2 8 8 4
19970917 Typhimurium 104 Human MDR >512 2 8 8 4
19972895 Typhimurium 104 Environment MDR >512 4 8 8 4
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Phage Breakpoint Nalidixic

R;zzlﬁce Serotype type Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19982543 Enteritidis 4 Human FS 8 0.125 0.25 0.25 0.25
Monophasic group MDR
19982602 c1 Poultry 8 0.06 4 0.25 0.125
19982854 Liverpool Poultry NaCpL >512 1 4 2 1
10082886 ~ Mbandaka Poultry — NaCplL >512 2 4 4 2
environment

19983032 Senftenberg Poultry NaCpL >512 0.5 4 4 1
19983155 Dublin Human FS 8 0.06 0.25 0.125 0.03
19983351  Typhimurium RDNC Canary FS 8 0.06 0.25 0.125 0.03
19983458  Typhimurium 2 Human FS 8 0.125 0.25 0.125 0.03
19983717 Virchow Human FS 8 0.03 0.125 0.125 0.125
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SSRL

Phage

Breakpoint Nalidixic

Reference Serotype type Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19983922 Binza Canine NaCpL >512 2 2 2 1
19984026 Enteritidis 1 Human NaCpL >512 0.5 2 2 1
19990031  Typhimurium 104 Human MDR >512 4 4 0.125 4
19990095 Hadar Human MDR >512 4 8 8 4
19990203 Thompson Poultry NaCpL >512 1 4 2 1
19990341  Typhimurium 104 Human FS 8 0.125 0.25 0.125 0.06
19990380 Enteritidis 4 Poultry NaCpL 512 0.5 2 2 1
19990515 Hadar Human MDR >512 2 4 4 8
19990706 ~ Mbandaka enci(r’gmem kS 8 0.03 0.06 0.06 0.06
19990807 Enteritidis 8 Not stated MDR >512 2 4 8 4
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SSRL Serotype Phage Source Eregkpo?nt NaIidjxic . . . . . _
Reference type esignation  acid Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19990838 Blockley Human MDR >512 2 4 2 2
19990898 Mbandaka Poultry MDR >512 2 8 8 4
19990970 Mbandaka Poultry MDR >512 2 8 8 2
19990976 Mbandaka Poultry FOR >512 1 16 16 2
19990983 Virchow Poultry MDR >512 0.5 2 2 1
19991026 Hadar Human MDR >512 1 4 4 4
19991035  Typhimurium 104 Porpoise FS 8 0.06 0.25 0.125 0.03
19991073  Brandenburg Human FS 8 0.06 0.125 0.125 0.125
19991308 Enteritidis 4 Human FOR >512 1 4 4 1
19991452 Binza Pheasant FS 8 0.03 0.125 0.125 0.125
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SSRL Serotype Phage Source (IjBregkpo?nt NaIidixic . . . . . _
Reference type esignation  acid Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19991601 Virchow Poultry NaCpL >512 0.5 2 4 1
19991655 Enteritidis 21 Human NaCpL >512 0.5 0.5 1 1
19991657 Enteritidis 1 Human NaCpL >512 0.5 2 2 1
19991700 Enteritidis 4 Human FOR >512 1 4 2 1
19991711 Blockley Human MDR >512 1 4 4 1
19991722 Enteritidis 4 Human FQR >512 1 4 4 1
19991746 Thompson Poultry MDR >512 1 8 2 1
19991815 Enteritidis 1 Human MDR >512 2 8 16 4
19991817 Enteritidis 7 Human NaCpL >512 05 2 2 1
19991825 Enteritidis 4 Pheasant MDR 8 0.25 8 4 0.125
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SSRL Phage Breakpoint Nalidixic
Serotype Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin

Reference type

19991870 Enteritidis 5¢c Human FS 8 0.125 0.25 0.125 0.03
19991929 Enteritidis 1 Human FS 8 0.125 0.25 0.125 0.03
19992003 Kottbus Human NaCpL 256 0.25 2 2 1
19992070 Hadar Human NaCpL >512 1 4 2 2
19992150 Enteritidis 6a Human FS 8 0.125 0.5 0.25 0.03
19992252 Enteritidis 1 Human FOR >512 2 4 4 2
19992491  Senftenberg Poultry ~ — NaCpL 256 05 4 2 1

environment )

19992678 Virchow Human NaCpL >512 1 4 2 1
19992689 Hadar Human MDR >512 2 8 16 8
19992820 Hadar Human MDR >512 2 8 4 4
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SSRL

Phage

Breakpoint Nalidixic

Reference Serotype type Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
19992835 Typhimurium 3 Poultry NaCpL 16 0.06 2 2 0.25
19993033 Enteritidis 4 Human MDR >512 1 4 2 2
19993048 Indiana Human MDR >512 32 64 128 16
19993056 Dublin Bovine NaCpL >512 0.5 2 2 1
19993085  Thompson ensi?g:gem NaCpL 512 1 4 2 1
19993115 Enteritidis 4 Human NaCpL >512 0.5 2 2 1
19993539 Enteritidis untypable Human NaCpL >512 0.5 1 2 1
19993805 Dublin Bovine FS 8 0.06 2 2 0.125
19993807 Liverpool Environment NaCpL >512 0.5 2 2 1
19993849  Typhimurium 104 Human FS 8 0.06 0.25 0.125 0.03
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SSRL Phage Breakpoint Nalidixic

Reference Serotype type Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin

19993083  Mbandaka Poultry FQR >512 2 8 4 2
environment

19994076  Typhimurium 104 Human FS 8 0.06 0.25 0.125 0.03

19994609 Enteritidis 14b Human NaCpL >512 05 2 2 1

19995017 Enteritidis RDNC Human MDR >512 4 16 8 8

20000136 Dublin Bovine FS 8 0.06 0.125 0.125 0.125

20000139 Dublin Bovine NaCpL 512 0.25 2 2 1

20000283  Mbandaka Poultry MDR >512 2 4 2 2
environment

20000635  Mbandaka Poultry FQR >512 2 8 8 2
environment

20000672 Liverpool Poulry  NacpL 512 0.25 2 2 1
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SSRL Phage Breakpoint Nalidixic
Serotype Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin

Reference type

20000673  Senftenberg Poultry MDR 8 0.125 0.5 0.125 1
environment ' ' '

20000721 Hadar Poultry MDR >512 2 8 8 4

20000821 Mbandaka Environment  FQR >512 2 8 8 2

20000918  Typhimurium 104b Human MDR >512 2 8 8 4

20001054  Mbandaka Poultry FQR— >512 2 2 8 2
environment

20001058 ~ Mbandaka Poulry — MDR 512 1 8 4 A
environment

20001178  Typhimurium 104 Poultry FS 16 0.125 0.25 0.25 0.125

20001314 Enteritidis 4 Human NaCpL >512 0.5 2 2 1

20001526 Virchow Human NaCpL >512 0.5 0.5 2 1

20001735 Dublin Ovine FS 8 0.06 0.25 0.125 0.125
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SSRL Phage Breakpoint Nalidixic

Serotype Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
Reference type
20001797 Montevideo Bovine FS 8 0.03 0.125 0.125 0.125
20002001 Virchow Human NaCpL >512 1 4 4 1
20002014 Typhimurium 104b Human MDR >512 2 3 8 4
20002058 Typhimurium 104b Human MDR 8 0.06 0.25 4 1
20002113 Hadar Human MDR >512 1 8 4 4
20002195 Enteritidis 1 Human NaCpL >512 1 2 2 1
20002257 Typhimurium RDNC Human MDR >512 1 2 2 1
200022908  Mbandaka Poultry ~ — NaCplL 512 1 1 2 2

environment

20002399 Hadar Poultry MDR >512 1 4 8 2
20002427 Java Poultry MDR >512 1 4 4 1
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SSRL

Phage Breakpoint Nalidixic

Serotype Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin

Reference type

20002524  Mbandaka Poultry FQR - >512 2 8 4 2
environment

20002550 ~ Mbandaka Poultry FQR - >512 2 4 4 2
environment

20002563 Mbandaka Environment MDR >512 2 8 8 2

20002590 Enteritidis RDNC Human NaCpL >512 0.5 1 2 1

20002618 Enteritidis 21 Human NaCpL >512 0.5 2 4 1

20002621 Enteritidis 6 Human NaCpL 16 0.06 05 0.25 0.25

20002660 Enteritidis 1c Human NaCpL >512 05 2 2 1

20003052 Dublin Bovine FS 8 0.06 0.125 0.125 0.06

20003106 Hadar Human MDR >512 2 8 8 8

20003940  Typhimurium 40 Human FS 8 0.06 0.25 0.25 0.03
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SSRL

Serotype

Phage

Source

Breakpoint Nalidixic

Reference type designation  acid Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
20003957 Kottbus Human NaCpL 256 0.25 2 1 1
20003962  Typhimurium 10 Human FS 8 0.06 0.5 0.125 0.06
20004010 Hadar Human MDR >512 1 8 8 4
20004028 Hadar Human MDR >512 2 8 8 4
20004057 Enteritidis 1 Human NaCpL >512 0.5 2 2 1
20004078 Enteritidis 3 Human NaCpL >512 0.5 1 2 1
20004300 Enteritidis 4 Human FOR >512 2 8 8 4
20004338 Enteritidis 1c Human NaCpL >512 05 2 2 1
20004342 Enteritidis 6a Human NaCpL >512 1 2 4 1
20004447 Enteritidis 21 Human FS 8 0.125 0.25 0.125 <0.03
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SSRL

Phage

Source

Breakpoint Nalidixic

Reference Serotype type designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
20004592 Enteritidis RDNC Human NaCpL >512 0.5 1 2 1
20004594 Enteritidis 1 Human FOR >512 1 4 4 2
20004661 Mbandaka Poultry MDR >512 1 8 4 2
environment
20004730 Enteritidis 21 Human NaCpL >512 05 2 2 1
20004768 Enteritidis 1 Feline FQR >512 2 8 4 4
20004928 Antarctica Human NaCpL >512 0.5 2 2 1
20004947 Senftenberg Poultry NaCpL >512 0.5 1 2 1
20005031 Enteritidis 7 Human NaCpL >512 0.5 2 2 1
20005084 Enteritidis 4 Human NaCpL >512 0.5 2 2 1
20005141 Enteritidis untypable Human NaCpL >512 0.5 1 2 1
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Phage Breakpoint Nalidixic

R;zzlﬁce Serotype type Source  designation acid  Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin
20005189  Typhimurium 170 Porcine FS 8 0.06 0.5 0.125 0.03
20005212 Enteritidis 1 Human FQR nd 2 4 4 2
20005300 Enteritidis 1 Human FOQR nd 2 2 4 2
20005319 Thompson Poultry NaCpL >512 1 4 4 1

environment
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3:2:1: Study 2 Materials& Method

This experiment was performed using the materiadsraethod previously described.
Mueller Hinton agar (MH) was used instead of DSThaslatter was found to give

inaccurate MIC results (discussed in sec8dh1).

3:2:.2 Results

The MIC results are listed ihable 3:2. All FS strains tested were fully susceptible to
nalidixic acid with MICs of 8mg/L. MICs of ciprofkacin and moxifloxacin were 0.03 or
0.06mg/L with those of ofloxacin and norfloxacinasaring slightly higher at 0.125 or

0.25mg/L for most strains.

For the NCpL strains, the majority of the strairamined were highly resistant to
nalidixic acid at a concentration of 128mg/L or @boA single strain o& Typhimurium
DT 3 had an MIC of 16mg/L. Most of these strainmidastrated reduced susceptibility to
ciprofloxacin at concentrations of 0.125-0.25md3lstrains were susceptible with MICs
of 0.06mg/L. For the remaining three fluoroquina@enthe MICs ranged from 0.125-
0.5mg/L. An MIC of 1mg/L was recorded for a singteain for ofloxacin and

moxifloxacin however 8 strains had an MIC of 1mgk norfloxacin.

All FQR strains selected for this experiment weighly resistant to nalidixic acid with
MICs of 256mg/L or above. The MICs of ciprofloxacanged from 0.125-0.5mg/L, the
majority of strains having MICs of 0.25mg/L. Fota{acin, the MICs were either 0.5 or
1mg/L, with MICs of norfloxacin measuring higherlabr 2mg/L. MICs of moxifloxacin
were similar to those of ciprofloxacin with the eption of 5 strains whose MICs were 1-

2mg/L.
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The MDR strains were all resistant to nalidixicdaaiith MICs of 512mg/L and
demonstrated reduced susceptibility to ciprofloragith MICs of 0.125 or 0.25mg/L. A
single strain had an MIC of 0.5mg/L. MICs of ofl@a and norfloxacin ranged from
0.125-2mg/L. The MICs of moxifloxacin were consialelly higher, ranging from 0.5-

4mg/L.
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Table 3.2: A Comparison of the MICs of nalidixic acid, cipl@facin, ofloxacin, norfloxacin and moxifloxacinrfé5 strains ofs. enterica

using Diagnostic Sensitivity agar and Mueller Hmegar.

SSRL Serotype Phage Breakpoint DST MH MH DST MH

Reference type Designation Nal  Nal Cp Oflox Oflox Norflox Norflox Moxi Moxi
19900497 Enteritidis RDNC FQR >512 >512 0.25 8 1 8 2 0.5
19900633 Enteritidis RDNC FOR >512 >512 0.25 8 1 8 1 0.5
19900828 Enteritidis 4 FOR >512 512 0.25 4 0.5 8 1 0.5
19901024 Enteritidis 4 FOR >512 512 0.25 8 0.5 8 1 0.5
19901059 Enteritidis 4 FOR >512 256 0.125 4 0.5 2 1 0.5
19901127 Enteritidis  Untypable FOR >512 512 0.25 4 1 4 1 0.5
19901135 Enteritidis  Untypable FOR >512 512 0.25 4 0.5 4 1 0.5
19901259 Enteritidis 4 FOR >512 512 0.125 4 0.5 4 1 0.5
19901289 Enteritidis  Untypable FOR >512 512 0.25 8 1 4 1 0.5
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SSRL Serotype Phage Breakpoint DST MH DST MH DST MH DST MH DST MH
Reference type Designation Nal  Nal Cp Cp Oflox Oflox Norflox Norflox Moxi Moxi
19901442 Enteritidis RDNC FQR >512 512 1 0.25 8 1 8 1 0.5
19901527 Enteritidis RDNC FOQR >512 512 2 0.25 8 1 4 1 0.5
19901602 Enteritidis 4 FQR >512 512 1 0.25 8 1 8 1 0.5
19901928 Enteritidis 4 FQR >512 512 1 0.25 2 0.5 4 1 0.5
19902644 Typhimurium 66 FOR >512 512 2 0.5 8 1 8 2 2
19903116 Enteritidis RDNC FOQR >512 512 2 0.125 0.5 4 2 50
19903993 Enteritidis  Untypable FOR >512 512 1 0.125 8 0.5 8 1 0.5
19933339 Enteritidis 4 FQR >512 512 1 0.25 8 0.5 4 1 0.5
19933488 Mbandaka FOR >512 512 2 0.5 1 8 2 1
19940784 Enteritidis 4 FQR >512 512 1 0.25 8 0.5 8 1 0.5
19941463 Typhimurium 204 MDR >512 512 1 0.25 4 0.5 2 1 0.5
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SSRL Serotype Phage Breakpoint DST MH DST MH DST MH DST MH DST MH
Reference type Designation Nal  Nal Cp Cp Oflox Oflox Norflox Norflox Moxi Moxi
19940871 Enteritidis 4 FQR >512 512 2 0.25 8 1 8 1 2 0.5
19941804 Mbandaka FQR >512 512 2 0.25 4 1 4 1 2 1
19941864 Enteritidis 4 FQR 512 512 2 0.25 32 1 16 1 2 0.5
19943026 Enteritidis 4 FQR 512 512 1 0.25 8 0.5 4 1 1 0.5
19964025 Enteritidis 5C FOR >512 512 4 0.125 8 0.5 8 1 8 0.5
19982543 Enteritidis 4 FS 8 8 0.125 0.03 0.25 0.25 0.25 0.250.25 0.06
19982886 Mbandaka NaCpL >512 512 2 0.25 4 1 4 1 2 0.5
19983032 Senftenberg NaCpL >512 128 0.5 0.125 4 0.5 4 1 1.250
19984026 Enteritidis 1 NaCpL >512 512 0.5 0.125 2 0.25 2 1 10.25
19990341 Typhimurium 104 FS 8 8 0125 0.03 025 0.125 0.25 0.125 0.0606 O.
19990515 Hadar MDR >512 512 2 0.5 4 2 4 2 8 4
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SSRL Serotype Phage Breakpoint DST MH DST MH DST MH DST MH DST MH

Reference type Designation Nal  Nal Cp Cp Oflox Oflox Norflox Norflox Moxi Moxi
19990807 Enteritidis 8 MDR >512 512 2 0.5 4 2 8 2 4 4
19990976 Mbandaka FQR >512 512 1 0.25 16 1 16 2 2 1
19991655 Enteritidis 21 NaCpL >512 512 05 0125 05 0.25 1 0.125 1 0.25
19992003  Kottbus NaCpL 256 128 0.25 0.125 2 0.25 2 1 1 0.25
19992070 Hadar NaCpL >512 512 1 0.25 4 0.5 4 1 2 1
19992835 Typhimurium 3 NaCpL 16 16 0.5 0.06 2 0.125 2 0.25 0.25 0.125
19993033 Enteritidis 4 MDR >512 512 1 0.5 4 1 4 2 2 1
19993056 Dublin NaCpL >512 128 0.5 0.125 2 0.25 2 1 1 0.25
19993085 Thompson NaCpL >512 512 1 0.25 4 0.5 2 1 1 0.5
19993115 Enteritidis 4 NaCpL >512 256 0.5 0.125 2 0.25 2 1 10.25
19993983 Mbandaka FOR >512 512 2 0.25 8 1 4 1 2 1
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SSRL Serotype Phage Breakpoint DST MH DST MH DST MH DST MH DST MH
Reference type Designation Nal  Nal Cp Cp Oflox Oflox Norflox Norflox Moxi Moxi
19994609 Enteritidis 14b NaCpL >512 512 0.5 0.125 2 0.5 2 50 1 0.5
20000283 Mbandaka MDR >512 512 2 0.125 4 0.125 2 0.25 2 0.5
20001178 Typhimurium 104 FS 8 8 0.25 0.03 0.5 0.06 0.5 0.125 0.25 0.06
20001314 Enteritidis 4 NaCpL >512 256 0.5 0.125 2 0.5 2 05 1 0.25
20001526  Virchow NaCpL >512 256 05 0125 05 0.25 2 0.5 10.25
20002195 Enteritidis 1 NaCpL >512 512 1 0.125 2 0.25 2 0.5 10.25
20002660 Enteritidis 1c NaCpL >512 >512 0.5 0.125 2 0.25 2 50 1 0.25
20003940 Typhimurium 40 FS 8 8 0.06 0.03 025 0125 0.25 0.25 0.06 0.03
20004338 Enteritidis 1c NaCpL >512 512 0.5 0.125 2 0.5 2 05 1 0.25
20004592 Enteritidis RDNC NaCpL >512 512 0.5 0.125 1 0.5 2 50 1 0.25
20004928 Antarctica NaCpL >512 512 0.5 0.125 2 0.25 2 0.5 10.25
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SSRL Serotype Phage Breakpoint DST MH DST MH DST MH DST MH DST MH

Reference type Designation Nal  Nal Cp Cp Oflox Oflox Norflox Norflox Moxi Moxi
20005084 Enteritidis 4 NaCpL >512 512 0.5 0.125 1 0.5 2 05 1 0.25
20005141 Enteritidis  Untypable NaCpL >512 512 1 0.125 1 0.25 2 0.5 1 0.25

Table abbreviations: DST, Diagnostic sensitivitgiadMH, Mueller Hinton agar; Nal, nalidixic acidpCciprofloxacin; Oflox, ofloxacin;

Norflox, norfloxacin; Moxi, moxifloxacin
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3:3 Discussion
3:3:1 Agar dilution method using DST

The SSRL employs a breakpoint method for sengjtitesting as it is a very efficient
method of screening large numbers of isolates withimal time and effort. The data
generated are used for epidemiological surveillgnogposes and therefore it is perfectly
sufficient to know whether an isolate is sensitiasjstant or intermediate. Breakpoints are
determined by organisations such as the BritisheBoéor Antimicrobial Chemotherapy
(BSAC) or CLSI (Clinical Laboratory Standards Ihste). Recently national susceptibility
testing committees from Britain, France, The Nd#rats, Norway, Sweden and Germany
have collaborated on a project to harmonise antohial breakpoints including previously
established MIC values that differed between coesitiThe result is EUCAST (European
Committee on Antimicrobial Susceptibility Testinghich has produced a list of MIC
breakpoints for antimicrobials for which there Heeen international agreement. It is the
breakpoints produced by EUCAST that have been fmdthe interpretation of the results
of this experiment; resistant atlmg/L for ciprofloxacin, ofloxacin, norfloxacin and

moxifloxacin.

For the strains selected from the SSRL databa%elpssusceptible”, the agar dilution
experiment confirmed the breakpoint results fordralc acid, as all of the strains were
fully susceptible at 40mg/L. The current recommehblieeakpoint for nalidixic acid is
32mg/L; some strains in this study date back td0MBen the SSRL employed a
breakpoint of 40mg/L, therefore this value was emo®r the sake of consistency
throughout the experiment. The MIC results for affaxacin confirmed the susceptibility
of the majority of the strains however 8 strairet threre susceptible by breakpoint had
reduced sensitivity to ciprofloxacin at a concetraof 0.125mg/L. With the exception of
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a single strain o8 Dublin which was resistant to ofloxacin and nax#fcin at a
concentration of 2mg/L, all the strains were susbépto ofloxacin, norfloxacin and
moxifloxacin at the breakpoint of 0.5mg/L. With tarception of the 8 strains with
reduced susceptibility to ciprofloxacin, the breaiky data for the 25 “fully susceptible”

strains were confirmed by this experiment.

Two strains selected as resistant to nalidixic acid low-level ciprofloxacin by breakpoint
had reduced susceptibility to nalidixic acid with@®4 of 16mg/L. One was also
susceptible to all four fluoroquinolones, while thteer was additionally susceptible to
ciprofloxacin and moxifloxacin only. The remainifagty-four strains were as expected,
resistant to nalidixic acid at a concentration,tfe majority of these strains, of >512mg/L.
The MICs of ciprofloxacin were slightly higher thanticipated. As they had been selected
on the basis of reduced susceptibility, MICs oPGrhg/L were expected. Instead, 38 of
the 46 strains had MICs a0.5mg/L and 37 of these strains were resistantlbxacin at

>2mg/L while 43 were resistant to norfloxacire@mg/L.

The MICs for the strains selected as resistanbtb balidixic acid and ciprofloxacin
(0.5mg/L) confirmed that all 59 strains were rem$tto both antimicrobials and that they

also exhibited cross-resistance to ofloxacin, wadtin and moxifloxacin.

For the last group of strains, selected on theshafdiheir multi-drug resistance, 44 of the
50 strains were resistant to nalidixic acid at emations of 256- >512mg/L; 6 were
found to be fully susceptible with MICs of 8mg/Lefails of these 6 can be foundTiable

3:3.

The strain ofS. Typhimurium DT204c was resistant to an additidghahtimicrobials and

had very high MICs for three of the four fluoroqoiones, while a strain of monophasic
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group ClSalmonellaresistant to 13 of the 14 antimicrobials tested wnly additionally
resistant to ofloxacin with an MIC of 4mg/L. Fourtbese 6 strains are fully susceptible to
ciprofloxacin. On the basis of their MIC for nakd: acid it could be assumed that these
six strains do not have mutations in thigirA genes as usually even a single point
mutation is sufficient to confer reduced suscelfitybio quinolones (Levet al, 2004).

This does not explain the high MIC to ciprofloxad@monstrated in two of the strains.
MICs of this level are generally thought to require presence of gyrase mutations and
not be solely the result of increased efflux puroiivety (Chenet al, 2007). The MICs for
ofloxacin and norfloxacin were extensive and ranigech 0.25-256mg/L and 0.125-
256mg/L respectively. The MICs for moxifloxacin weeslightly lower ranging from
0.125-32mg/L. The “higher-than-expected” ciprofloxaMIC results for the NCpL strains
coupled with the very high MICs for ofloxacin andrfioxacin in the MDR strains
highlighted some discrepancies in this experim@fity were these MIC results so
different from the breakpoint results? In caserof experimental error, the experiment
was repeated but the same results were obtainést. @&fnsulting a member of the BSAC
committee (Dr. Jennifer Andrews), it was concludieat Diagnostic sensitivity agar may
not be suitable for use with fluoroquinolones astiflgh concentrations of magnesium and
calcium ions may have an inhibitory effect on thwifoquinolones causing raised MICs.
In light of this information, a random selection&# strains from the collection was

investigated for MIC on Mueller Hinton agar.
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3:3:2 Study2 Agar dilution method using MH

Of the 55 strains studied, 26 were from the gragistant to nalidixic acid and
ciprofloxacin at a concentration of 0.5mg/L, FQR;W&ere from the nalidixic acid and
low-level ciprofloxacin (0.125mg/L) group NCpL; Sene from the multi-resistant group

MDR and 4 were from the “fully susceptible” grouf.F

Once again the FS strains investigated were showe sensitive to all five
antimicrobials. The strain &. Typhimurium DT 104, with the intermediate MIC of
16mg/L for nalidixic acid using DST agar, provedtve the same MIC of 8mg/L as the

other FS strains using Mueller Hinton agar.

Nineteen of the 20 NCpL strains were confirmedeasstant to nalidixic acid and had at
least reduced susceptibility to the four fluoroguiomes. A single strain &. Typhimurium
DT 3 was susceptible to nalidixic acid and cipre#oin but had reduced susceptibility to
ofloxacin, norfloxacin and moxifloxacin. This suggethat the results of the breakpoint
testing were wrong and that this strain, since gusceptible to all the antimicrobials at

EUCAST breakpoints, should be classed as “fullyepsble”.

All 26 (FQR) strains exhibited resistance to nalicliacid, ofloxacin, norfloxacin and
moxifloxacin. Only one strain was cross-resistantiprofloxacin with an MIC of
0.5mg/L; the other 25 classed as having reducezkptibility with MICs of 0.125-
0.25mg/L. Although the majority of these strains elassed as resistant by EUCAST
standards, the highest MIC recorded was 2mg/L in five strains; not nearly as high as
those recorded when using DST agar. This is a gabdation of the inhibitory effect of
the DST agar when fluoroquinolone antimicrobiaks iacorporated for the purposes of

MIC determination.
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On the basis of these findings, the Scottish Saét@meference Laboratory conducted a
study into the agar used in the breakpoint metticlisceptibility testing. The results
indicated that Mueller Hinton and Isosensitest agae indistinguishable results therefore
the agar used in the routine susceptibility testipdpreakpoint method was changed from
Diagnostic Sensitivity agar to Isosensitest agaeasmmended by the BSAC

organisation.

The MDR strains investigated were all resistamtabdixic acid with MICs of 512mg/L
and, although the majority of the strains were gatised as resistant to the
fluoroquinolones (with the exception of ciprofloxaevhich exhibited reduced
susceptibility), they were not highly resistante$h results mirror those of a previous
study which found that a single point mutatiorgymA resulted in resistance to nalidixic
acid (MIC>128mg/L) and reduced susceptibility in ciprofloxa{MIC between 0.125 and
0.25mg/L). It was also discovered that the paresitaie of the strains &. Virchow under
investigation overproduced the AcrAB efflux pumpigh in this study would account for
the multiple resistances to the non-fluoroquinolangmicrobials (Solnik-Isaaet al,

2007).
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Table 3:3: Additional resistances of the six nalidixic asidsceptible multi-drug resistant strainsSaimonella

SSRL Serotype Phage Additional resistancés Na“d.'X'C Ciprofloxacin Ofloxacin Norfloxacin Moxifloxacin

Reference type acid

19932300 Hadar St;Te 8 32 16 16 4

19933344 Typhimurium 204c Ap;Cl;Ka;Sp;St;Sx;Te; Tm 8 32 256 256 16
Monophasic

19982602 Ap;Cl;Cp;Fz;Gm;Ka;Ne;Sp;St;Sx;Te;Tm 8 0.06 4 0.25 0.125
group C1

19991825 Enteritidis 4 Fz,Tm 8 0.25 8 4 0.125

20000673 Senftenberg Ka;Te 8 0.125 0.5 0.125 1

20002058 Typhimurium 104b Ap;St;Sx;Tm 8 0.06 0.25 4 1

& Antimicrobials: Ap, ampicillin; Cl, chloramphenigdCp, ciprofloxacin; Fz, furazolidone; Gm, gentaimjdNa, nalidixic acid; Ne,

netilmycin; Sp, spectinomycin; St, streptomycin; Sxilphamethoxazole; Te, tetracycline; Tm, trimetira.
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Chapter 4. Selection and study of Spontaneous M utants|

4:1  Introduction

With the incidence of treatment failures with floquinolones increasing, the occurrence
of Salmonellawith reduced susceptibility to these drugs has imeca real concern
(Hakaneret al, 2001; Mehteet al, 2001). The Luria-Delbruck dogma states that tasts
mutants occur spontaneously before the exposusaatéria to the antimicrobial. If this is
true, therSalmonelladeemed susceptible to antimicrobials may potdptierbour a

subpopulation of mutants with reduced susceptybilit

In Staphylococcus aureuthe presence in some strains, of heterogenesistaiece to
vancomycin has been noted. Hetero-Van-resisséaphylococcus auregVRSA) strains
are defined as those strains that contain non-ptisteesubpopulations at a frequency of
10°or higher(Jung, 200 It is possible that these hVRSA strains are pssms of
vancomycin-intermediate-susceptil@taphylococcuaureus strains, and therefore the
early detection of these strains is imperative.i@nty, the early detection of non-
susceptible subpopulations of bacteria in othersiseeptible strains &almonellas

imperative if an even higher incidence of treatnfaittires is to be avoided.

The purpose of these experiments was to investtgatpossibility that resistant
subpopulations of bacteria exist in ostensibly epsible strains oalmonellalf so, then
to calculate the frequency with which they appewf @ characterize the mutations, if any,

that are present.
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4:2  Study 1 Population analysis experiment

4:2:1 Materials

Test organisms

fluoroquinolones

MH agar

CLED agar

BHI broth

Glycerol

Sterile distilled water

Etests (ciprofloxacin)

Antimicrobials:

Ciprofloxacin powder

Ofloxacin

Norfloxacin

Moxifloxacin
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Strains $&lmonellasusceptible to

as detailed previously in secti@: 1

as in sectidhl:1

as in secti@én2:2:1

as in sectio?2:2:1

Sigma Aldrich G-6279

as in sectigri: 1

Biostat-51000686

as in sectigrl: 1

as in sectiodi1:1

as in sectiodi1:1

as in sectiog: 1:1



4:2:2:1 Method

MH agar plates were prepared by adding a 0.25mliatiof 2000mg/L antimicrobial stock
solution to 500ml of sterilized molten agar thatl teeen cooled to 50°C. From this 20
plates with a final antimicrobial concentration®®mg/L were poured and allowed to set
at room temperature. In addition, plates with fio@hcentrations of 0.125mg/L
ciprofloxacin and 1mg/L norfloxacin were similagyepared, as were non-selective plates

with no added antimicrobial.

Several colonies were taken from an overnight Cldidde, inoculated into 5 ml Brain
Heart Infusion (BHI) broth and incubated with shrakat 37°C overnight. The broths were
centrifuged at 18,0009 for 5 minutes and the pelket resuspended in 1ml BHI broth. The
culture was adjusted to an optical density of @1540nm, which is approximately

1CPcolony forming units (cfu) per ml.

Viable cell counts were determined by performirsgges of 1:10 dilutions. 0.1ml aliquots
of the dilutions were inoculated onto two non-sele&cMH agar plates for each dilution
and incubated overnight. The number of coloniemftbe non-selective plates where the
inoculum had yielded growth that was easily quaatileé was recorded and an average

cfu/ml was determined from the two plates.

Aliquots of 0.1ml were inoculated onto the antirolmial-containing MH agar plates in
duplicate and incubated at 37°C. The plates wemenaed after 24 hours. If no growth
was detected then the plates were replaced imthbator for a further 24 hours and re-
examined. If colonies were detected, they wereidensd to be mutants and were
subcultured onto MH agar containing the same cdraton of relevant antimicrobial to

confirm resistance. The plates were incubated &€ 3nd examined for growth 24 hours
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later. If the mutants had grown on the confirmatalates then the MIC of the selecting
antimicrobial was determined before being inoculateto 5mis BHI and incubated with
shaking at 37°C overnight before being stored @CG8n 15% glycerol. These were later
recovered and subjected to PFGE to ensure theyunmeleanged from the wild-type strain

before being sequenced.

The MICs of ciprofloxacin were determined by Etiesta number of mutants selected on

ofloxacin, norfloxacin and moxifloxacin.

4:2:2:2 Deter mination of MIC by Etest

Colonies taken from a fresh overnight CLED plateevesuspended in 3mL of sterile
0.85% saline to a turbidity of 0.5 McFarland uritsl inoculated onto Mueller-Hinton
agar plates using a cotton wool swab and a RP @tadyrplater (Denley, England).
Ciprofloxacin Etest strips were placed onto theégdawhich were then incubated at 37°C

for 18 hours. MIC values were determined accordiindpe manufacturer’s instructions.

4:2:2:3 Deter mining the frequency of spontaneous fluor oquinolone-selected

mutants.

The mutants were counted and the rate of spontamaatation was determined with
regards to the total cell population inoculatecbdhe antimicrobial-containing agar plates

determined by the viable cell count.

4:2:3 Results

A total of 46 spontaneous mutants with raised thgoinolone MICs were recovered from

6 strains ofSalmonella entericaAn isolate ofS. Typhimurium DT104yielded the highest
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number of mutants (n=33) recovered using norflax&eE16), ofloxacin (n=10) and
moxifloxacin (n=7). A strain o8. Dublin was the only other organism to have mgant
recovered using all three of these fluoroquinoloties numbers were smaller yielding just
2, 1 and 1 respectively. Five ofloxacin-selectedants were obtained from a strainf
Typhimurium DT40 with a further single mutant oloiedl from each of the strains &f
Typhimurium DT10 and. Virchow. TwoS. Typhimurium DT170 mutants were selected
using moxifloxacin (n=1) and ofloxacin (n=1). No tants were obtained when using

ciprofloxacin as the selecting fluoroquinolone.

Table 4.1 shows the frequencies of spontaneous mutantsraigbd MICs to norfloxacin,
ofloxacin and moxifloxacin. In the strain 8f Dublin, the frequency of mutants resistant to
norfloxacin was 4x18 which was the lowest frequency detected. Conwversieé highest
frequency of 1x18was detected in the mutants spontaneously reststarfioxacin in the

strain ofS. Typhimurium DT104.

All of the mutants selected on ofloxacin, norfloxaand moxifloxacin exhibited a

decrease in susceptibility to ciprofloxacin. Resalte tabulated imable 4:2.
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Table4:1. Frequencies of spontaneous mutants resistaiiotaoin, norfloxacin and moxifloxacin.

SSRL No.

Organism

Wild-type

No. Cells per Selecting Mutant MIC

ml inoculum antimicrobiaf

Frequency of
spontaneous FQ

mutatior?

19993849

20003940

20005189

20003962

19993805

19983717

S Typhimurium DT104

S Typhimurium DT 40
S Typhimurium DT170
S Typhimurium DT 10

S. Dublin

S Virchow

moxifloxacin

norfloxacin

moxifloxacin

norfloxacin

moxifloxacin

e i I i e

1x18
7x10
1.6x10
1x18
1.25x10
1.25x10
1.6x18
4x18
2x10
2x10
2x109

2All concentrations of selecting antimicrobial ar&mg/L except norfloxacin at 1mg/L

P Mutants resistant to fluoroquinolones at BSAC/EUJASeakpoints.
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Table 4:2. Ciprofloxacin MICs of spontaneous fluoroquinolamsistant mutants selected on ofloxacin, norflaxacid moxifloxacin.
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Res;‘irlzlr_me Mutant Organism anSti%eig:(i)nbgi]al WT Cp MIC (mg/L) I\/I\Illlgt?r?ltg%;
19993849 P13  S.Typhimurium 104 Moxifloxacin 0.012 0.38
20003940 P35 S Typhimurium 40 Ofloxacin 0.023 0.19
P36 - - - 0.38
2005189 P41 S Typhimurium 170 Ofloxacin 0.016 0.19
P42 - - - 0.25
20003962 P43 S Typhimurium 10 Ofloxacin 0.016 0.25
19993805 P47 S Dublin Ofloxacin 0.016 0.38
P48 - Norfloxacin - 0.19
P50 - Moxifloxacin - 0.5
19983717 P53 S Virchow Ofloxacin 0.016 0.5

Cp-ciprofloxacin

Dashes indicate identity to parameter above



4:3 Study 2: Amplification and Sequencing of gyrA and parC genesin selected

mutants exhibiting decr eased susceptibility to fluoroquinolones.

4:3:1 Materials

Test organisms
5 wild-type strains oSalmonella as detailed in sectiahi2: 1
9 mutants exhibiting decreased resistance to dgp@€in isolated in studg.2:

(19993849S. Typhimurium 104 (n=2); 20003948, Typhimurium 40; 20005189,
S Typhimurium 170; 20003968 Typhimurium 10; 1999380% Dublin (n=3);
19983717 S. Virchow)

Preparation of Template DNA

CLED agar as detailed in secti22:2:1

PCR grade water Sigma Aldrich-W3500

Polymerase Chain Reaction

Deoxynucleotide triphosphates (dNTPs) ABgene AB&1
Taqgpolymerase GE Healthcare27-0799-04
10X Reaction Buffer supplied witfaq

PCR grade water as detailed above
Redipac GP Agarose as detailed in se@i@r:1
10X TBE buffer as detailed in sectigr2: 2:1
Ethidium Bromide as detailed in sect@i2:2:1
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Superladder-Low 100bp ABgene SLL-100

6X Loading buffer supplied with ladder

Primers

The primers used in this experiment for the dedactif thegyrA andparC genes were

made by MWG Biotech (Milton Keynes, U.K.) and wearefollows:

gyrAPrimer 1 Forward-[5-TGTCCGAGATGGCCTGAAGC-37]
gyrA Primer 2 Reverse-[5’-CGTTGATGACTTCCGTCAG-3]

parC Primer 1 Forward-[5-ATGAGCGATATGGCAGAGCG-3']
parC Primer 2 Reverse-[5-TGACCGAGTTCGCTTAACAG-3]

These primers were described previously by Giretual 1999.

DNA Purification

QIAquick PCR Purification Kit. Qiagen 28104

4:3:2 Methods

4:3:2:1 Preparation of Template DNA

The organisms under investigation were inoculatéd €LED agar plates and incubated
at 37°C overnight. A single colony was then suspédnd a 1.5ml microcentrifuge tube

containing 1ml of sterile distilled water and pldan a heating block at 100°C for 12
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minutes. The tubes were then centrifuged at 18,8080 minutes. 8@ of supernatant

was transferred to a clean tube and stored at -@6fiCneeded.

4:3:2:2 Polymerase Chain Reaction

Reagents were prepared as a master mix in a “teanatory”, i.e. one that was free from
possibly contaminating DNA. This master mix comgds25pmoles of both forward and
reverse primer; 200uM dNTPs; 0.9@aq polymerase; 10X Reaction buffer (that included

1.5mM MgC}) and sterile water.

In the “dirty” laboratory, 20ul of the PCR masteixrwas aliquoted to 0.5ml PCR tubes.
After adding 5ul of template DNA the tubes were iathately stored on ice. To the
negative control, 5ul of sterile water was addethe&tube in place of DNA. This would
confirm that any amplification was the target DNdanot contaminating DNA. The tubes
were immediately transferred to the GeneAmp PCRefy9700, which had been pre-

programmed with the relevant parameters.

PCR Parameters

Following an initial denaturation step of 3 minug94°C, amplification was performed
over 30 cycles, each one consisting of 1 minu@&€C, 1 minute at hybridisation
temperature specific to the target gene (55°@yoA, and 52°C foparC) and 1 minute at

72°C, with a final extension step of 10 minute3 2tC.

Gel electrophoresis was performed on the resustinglicons using a 1.5% agarose gel in

1X TBE buffer at 80V for approximately 45 minut@é®0bp molecular weight marker was
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added to wells at regular intervals and used t® thie 470-bp and 412-bp products of the
QRDR regions ofjyrA, andparC respectively. The amplicons were visualised using

ethidium bromide.

4:3:2:3 DNA Purification

The PCR product was purified using the QIAquickifeation Kit according to the

manufacturer’s instructions.

4:3:2.4 DNA Sequencing

Sequencing of the PCR product was performed in dinéttions by GATC-Biotech, Lake

Constanz, Germany on an ABI 3730XL capillary segeen

4:3:2:5 Analysis of the sequence data

GATC-Biotech provided chromatogram files containthg sequence data in addition to
FAS files. The chromatogram files were checkedgisive software provided by GATC-

Biotech to ensure the correct oligonuclotide wasgred.

Both the forward and reverse complement sequeness eompared to the publishggrA
or parC sequences of an Enteritidis isolate (AccessionM@933172.1) andalmonella
Typhimurium LT2 (Accession No.AE006468.1) respeellyy using BLAST software

(available at http://blast.ncbi.nlm.nih.gov/Blagt)c

A point mutation was accepted as genuine if it pi@sent in both the forward and reverse
complement sequences of the isolate.
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4:3:3 Reaults

The results of the sequence analysis are listdcle 4.3. The 5 wild-type sequences
were identical to publisheglyrA andparC sequences. All 9 mutants examined in this
experiment had amino acid substitutions as a resglbint mutations within the QRDR of
gyrA. Four within Ser83 encoded phenylalanine residdiegthin Asp87 resulted in
substitutions to asparagine (2) and tyrosine (@dtees and one at Asp82 encoded an
asparagine residue. These substitutions have leseniloed previously. No mutants

selected contained mutations within the QRDRaniC.
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Table4.3: MICsfor wild-types and mutants and nucleotide changesin the QRDR region of gyrA with deduced amino acid

substitutions.
SSRL Phage Selecting WT Mutant
Reference  Mutants Serotype ¢ g antimicro  MIC MIC gyrA sequencingesults
yp bial  (mg/l) (mg/L)
Codons 80 81 82 83 84 85 86 87 88
CAC GGC GAT TCC GCA GTG TAT GAC AcCC
(His) (Gly) (Asp) (Ser) (Ala) (val) (Tyr) (Asp) (Thr)
19983717 P53 Virchow n/a Oflox 0.06 2 - - - - - - . TAC
(Tyn)
19993849 P13 Typhimurium 104 Moxi 0.125 2 - - - TTc - - - - -
(Phe)
- TTC
P20 - - Norflox 0.25 >2 - - - (Phe) - - - - -
20003940 P36 Typhimurium 40 Oflox 0.06 2 . AAT( - - - - - -
Asn)
20005189 b4 Typhimuium 170 Offfox  0.06 1 : i : .. . AAC
(Asn)
20003962 P43 Typhimurium 10 Oflox 0.06 1 - - - - - . AAC
(Asn)
19993805 py7 Dublin na  Ofox 0125 1 : . e :
(Phe)
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SSRL Phage Selecting WT Mutant
Reference  Mutants Serotype ¢ g antimicro  MIC MIC gyrA sequencingesults
yp bial  (mg/l) (mg/L)

B TTC
P48 - - Norflox 0.25 1 - - - (Phe) - - - -

TAC

- P50 - - Moxi 0.06 2 - - - - -
(Tyr)

Antimicrobial abbreviations: Cp, ciprofloxacin; ©R, ofloxacin; Norflox, norfloxacin; Moxi, moxifloacin

Dashes indicate identity to parameter above
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4:4 Discussion

4:4:1 Study 1 Population analysis

Spontaneous quinolone-resistant mutants were reed¥em only 6 out of 25 strains of
Salmonella entericalhis may be explained by a previous study whieimdnstrated that

in vivo, resistance mechanisms resulting in high-lewsrtbquinolone-resistance may be
deleterious, am vitro high-level fluoroquinolone resistant mutants eieib drastically
altered growth on solid media relative to the wijde organism (Giraudt al, 1999). The
46 mutants that were selected were obtained froammstthat were ostensibly susceptible
by the breakpoint and agar dilution methods of epsbility testing, to norfloxacin,
ofloxacin and moxifloxacin, and were selected oncemtrations of antimicrobial at least
twice their MIC. A selection of these mutants wagugenced to determine the mechanisms
responsible for the resistance and will be disaligs¢he next section. Whatever the
mechanism, their existence clearly has seriousitabns for the use of these
antimicrobials in clinical therapy. Suboptimal dggican enrich these resistant
subpopulations resulting in overall resistance Wwihicturn, has been shown to reduce the

efficacy of other members of the same class ofh@atobial compound (Drlica , 2003).

All three fluoroquinolones elicited low frequenciglsspontaneous mutation. Among the
six strains from which mutants were obtained, selraates were between 1xiand
4x10°. Previous studies have reported that spontaneamisrial mutants usually arise at a
low frequency between Toand 10 (Zhao & Drlica, 2001). Mutation rates can be
variable, and the lower frequencies of spontaneaustion obtained in this experiment
may have been a result of differences in experialgmbcess, as previous studies have

demonstrated. Experimental parameters such asitilierobial, the concentration of the
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antimicrobial, physiological conditions, bacteséless, the existence of mutations that
produce mutator phenotypes and the capability wfesantimicrobials to increase
mutability are all inconsistent factors that caméha significant effect on the rate of

selection making it difficult to achieve an acceravaluation (Martinez & Baquero, 2000).

The increase in cross-resistance to ciprofloxaxmbeted by the spontaneous ofloxacin-,
norfloxacin- and moxifloxacin-resistant mutants foons earlier reports that resistance in

one fluoroquinolone confers resistance to all otheroquinolones (Hopkinet al, 2005).

4:4:2 Study 2 Amplification and Sequencing of gyrA and parC genes

The mutants characterised were selected from amgibty susceptible population as
previously discussed. All were selected on agaepleontaining at least 3 doubling
dilutions of antimicrobial above their measured MI®e mutations have all been
observed in previous studies examining clinicallates (Escribanet al, 2004; Eavest al,

2004), however one of these strains was of pomiiggn and another of bovine origin.

Ser83-Phe, found in the strair® Typhimurium ands. Dublin, is the most common
mutation described and is frequently associatel fiibroquinolone resistance (Rwezal,
1995). In this instance, it was responsible forstasce to ofloxacin, norfloxacin and
moxifloxacin. Asp87-Asn and Asp8+Tyr, the mutations described in the strain&.of
Typhimurium DT 10S Typhimurium DT170 an&. Virchow were responsible for
resistance to ofloxacin, as was the less frequeletbgribed mutation Asp82Asn
responsible for resistance in a strairSoT yphimurium DT40. It may be noted that no
mutants were selected using ciprofloxacin whichlbeen the drug of choice in the
treatment of severe or systensialmonellanfections. This may be due to the fact that

resistance to fluoroquinolones usually requiresaitguisition of a number of mutations in
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gyrA (Casinet al, 2003). Perhaps the single mutations describ#usrstudy were just first
step mutations that required additional mutatigessibly in another of the topoisomerase

genes, before clinical resistance to ciprofloxamuald be achieved.

No mutants were selected from any strais.dEnteritidis examined. It has been noted in a
previous study that this serotype has the leasiappto generate mutants (Cebré&tral,

2003).
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Chapter 5. Selection and study of Spontaneous Mutants||

5:1  Study 1. Selection of ciprofloxacin-resistant mutants using an antimicrobial

concentration gradient.
5:1:1 Introduction

Due to the increase of multi-resistant isolateSaimonellafluoroquinolones are
considered to be the drugs of choice in the treatmokinfections where antimicrobial
intervention is warranted. Unfortunately in recgaars, resistance to this class of drugs
has developed and treatment failures are beingtexpwith increasing regularity (Boswell

et al, 1997; Chandel & Chaudhry, 2001).

In Salmonellaone mechanism aesistance is a result of a sequential accumulation
mutations in the topoisomerase genes. Most toldate been found to occur in a specific
region of thegyrA gene of topoisomerase Il which encodes the A subtigyrase, the
primary target of fluoroquinoloneparC andparE genes of topoisomerase IV are
considered to be secondary targets for fluoroqomelaction irsalmonellaand a number

of mutations have now been documented in thesesgene

The following two experiments were designed tostifate the progressive accumulation of
mutations and the concomitant decrease in susdeptib fluoroquinolones by repeated
exposure of a susceptible isolateSaimonellato subinhibitory concentrations of

antimicrobial. The third experiment characterizee mmutations of the selected mutants.
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5:1:2 Materials

Test Organisms

DST agar
Ciprofloxacin powder
Sterile distilled water
CLED agar

BHI broth

Glycerol

Etests (ciprofloxacin)

Mueller Hinton agar

5:1:3 Method

21 fully sensitive strainsSaimonella entericas
detailed in sectio@:2:1

as in secti@l:1

as in secti@nl:1

as in sectigri: 1

as in secti@?2:2:1
as in sectiox 2:2:1
as in sectiofi2:1

as in sectidr2: 1

as in secti8riL: 1

Antimicrobial gradient plates were prepared usimgaalified version of the technique of

Szybalski and Bryson (Szybalski & Bryson, 1952)0.Aml aliquot of a 100mg/L stock

solution of ciprofloxacin was added to a glass arsal containing sterilized molten DST

agar that had been cooled to 50°C, to give a tinatentration of 0.5mg/L. This was then

poured into a square Petri dish, 15cm x 15cm,Hhdtbeen raised to an angle of 5° at one

side and allowed to solidify at room temperaturéhm angled position. The Petri dish was

then levelled and a second 20ml amount of DST egataining no antimicrobial was

poured over the bottom layer. This was also allotwesblidify at room temperature. Plates

were left overnight to allow diffusion of antimidsial concentration gradients. Gradient
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plates with final concentrations of 0.25mg/L, 0. ¢Bmand 1.0mg/L were also prepared in

this way.

Several colonies were taken from an overnight Cldide and inoculated into 5 ml BHI
broth and incubated on a shaker at 37°C overniggihg a sterile cotton swab, the
bacterial culture was plated across the gradiexteph the direction of low to high
antimicrobial concentration. The plates were alldwedry and then incubated at 37°C
overnight. If strains failed to grow on the 0.5mgjfladient plates, they were re-inoculated
into BHI and again shaken at 37°C overnight fotiptaout onto a 0.25mg/L gradient
plate the next day. From those strains in whichviinadccurred, colonies growing nearest
the high concentration end of the plate were subieed into 5ml BHI and incubated
overnight on a shaker at 37°C. If no individualaoés were present, a small sweep was
taken using a plastic loop at the highest conceatr&nd of the growth streak. This
procedure was repeated until there was confluentityralong the entire concentration
gradient. At this point a plastic loop was useddmple the growth at the high
concentration end of the plate and subcultured3mbBHI, which was incubated on a
shaker at 37°C overnight. This was then plated argoadient plate with a final
concentration of 0.75mg/L ciprofloxacin. Plates &arcubated at 37°C overnight. The
experiment was repeated as many times as requirgatain confluent growth along the
concentration gradient. Once this was achievedetiperiment was repeated using

gradient plates with a final concentration of 1.0mgprofloxacin.

Once growth had been established at least 25% #hengponcentration gradient of the agar
plate MICs were determined using Etests for a nurabmutants selected on 0.25mg/L
(after 1 exposure), 0.5mg/L (after 1 and 2 expagu@75mg/L (after 2 exposures) and

1.0mg/L (after 2 exposures) gradient plates.
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Throughout the experiment, colonies that were siln@d for plating out onto the
gradient plates were also stored at -85°C in 15¢tegbl. These were later recovered and

characterised using PFGE to ensure the strainamethanchanged.

Deter mination of ciprofloxacin M1C by Etest

As detailed in sectioa:2:2:2

5:1:4 Results

Results can be found ihable 5.1. On the first exposure on the 0.5mg/L gradientepld

of the 21 strains examined grew near to the lowigsofloxacin concentration end. From
these, 5 individual mutant colonies and light coefit growth from the strain &
Typhimurium DT40 were selected for further exposamed.5mg/L plates. The 17 strains
that failed to grow were inoculated onto a 0.25mgypadient plate. As a result individual
colonies were obtained from a further 5 strains]endn sweep of confluent growth in

addition to single colonies was taken from the pftistrains.

Upon exposure on the 0.75mg/L gradient platesndividual colonies were obtained and
the growth was slight near the low concentratioth efnthe plate. On the second exposure,
good confluent growth was obtained along at le&&sbl the gradient plate for all the

strains.

The same pattern of growth was observed followkygpsure on the 1.0mg/L gradient
plates. Initially the strains failed to grow welitivonly slight growth, but upon the second

exposure, confluent growth was obtained alongastl&: of the gradient plate for most of
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the strains with only a single strain®fDublin still only growing slightly at the low

concentration end.

All mutants subjected to PFGE had pulsed fieldifgsfindistinguishable from their parent

strains.

The ciprofloxacin MICs were determined for the nmisaselected from each of the 21
strains. These results can be found able 5.2. In every case, the MIC of the mutant was
greater than that of the wild-type strain. Forraisis the difference is very slight with
wild-type MICs of 0.012-0.023 increasing to 0.094mup the mutants. Considerable
differences were seen in strainsSoEnteritidis PT21S. Typhimurium DT RDNC an&
Dublin, with mutant MICs of 0.75-1mg/L 10-fold gteathan the original wild-type MICs
of 0.016, 0.008 and 0.023mg/L respectively. Theamity of mutants had MICs ranging

between 0.125-0.5mg/L with their wild-type MICs gamg between 0.008-0.047mg/L.
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Table5.1: Mutants recovered from gradient plates usingagipracin as the selecting antimicrobial

Growth from

0.5mg/L plates

Growth from
0.25mg/L plates

Growth from
0.75mg/L plates

Growth from
1mg/L plates

Exp Exp Exp

SSRL Reference Serotype Phage type 1 5 3 Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp
19991929 Enteritidis 1 ng 1/g 1/g g G g G
19982543 Enteritidis 4 ng 1/g 1/g g G g G
19992150 Enteritidis 6a ng 2/g 29 g G g G
20004447 Enteritidis 21 ng 1/g 1/g g G g G
19990341 Typhimurium 104 ng 1/g 1/g g G g G
19993849 Typhimurium 104 ng 1/g 1/g g G g G
20001178 Typhimurium 104 ng 1 G g G g G
19983458 Typhimurium 2 ng 3 2/g g G g G
19983155 Dublin ng 1 G g G g G
19993805 Dublin ng 1/g 1/g g G g G
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Growth from
0.5mg/L plates

Growth from
0.25mg/L plates 0.75mg/L plates

Growth from

Growth from
1mg/L plates

Exp Exp Exp

SSRL Reference Serotype Phage type 1 5 3 Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp
20000136 Dublin ng 1/g 1/g g G g ng
20001735 Dublin ng 1/g 1/g g g g G
20003052 Dublin ng 1 g g G g G
19983717 Virchow ng 1/g 1/g g G g G
19990706 Mbandaka ng 1 G g G g G
19991073 Brandenburg ng 1/g 1/g g G g ol
19991452 Binza ng 1/g 1/g g G g g
19994076 Typhimurium 104 1 1 3 - g G g G
19983351 Typhimurium RDNC 1 1 3 - g G g G
20003962 Typhimurium 10 3 3 3 - g G g G
20003940 Typhimurium 40 40 g 1 1 - g G g G

Numerical value indicates number of single colomezovered from the gradient plate.

Exp, exposure; ng, no growth; g, light confluerdwth; G, heavy confluent growth.
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Table 5.2: MICs of mutants selected across ciprofloxacin catregion gradient

determined by Etest (mg/L).

SSRL

Phage Wild type

Reference Serotype type MIC 0.25mg/L 0.5mg/L 0.75mg/L 1.0mg/L
20003940  Typhimurium 40 0.023 n/d 0.047 0.094 0.094
19994076  Typhimurium 104 0.016 n/d 0.047 0.25 0.5
20003962  Typhimurium 10 0.016 n/d 0.047  0.064 0.094
19983351  Typhimurium RDNC 0.023 n/d 0.125 1 0.5
19993849  Typhimurium 104 0.012 0.064 - - 0.38
19983155 Dublin 0.008 0.012 - - 0.75
1999 0706 Mbandaka 0.008 0.064 - - 0.19
19992543 Enteritidis 4 0.016 0.064 - - 0.25
19983717 Virchow 0.016 0.047 - - 0.38
19991452 Binza 0.012 0.047 - - 0.125
19991929 Enteritidis 1 0.012 0.064 - - 0.094
19983458  Typhimurium 2 0.016 0.125 - - 0.5
19992150 Enteritidis 6a 0.047 0.064 - - 0.125
20004447 Enteritidis 21 0.016 0.125 - - 0.75
19990341  Typhimurium 104 0.023 0.06 - - 0.125
20001178  Typhimurium 104 0.023 0.125 - - 0.19
19993805 Dublin 0.016 0.06 - - 0.19
20001735 Dublin 0.016 0.06 - - 0.125
20003052 Dublin 0.016 0.06 - - 0.5
19991073  Brandenburg 0.032 0.125 - - ng
20000136 Dublin 0.023 0.06 - - ng

ng: no growth

-> mutants not stored
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5:2  Study 2: Selection of mutants by exposur e to subinhibitory concentrations of
fluoroquinolones.

5:2:1 Materials
Test organisms: 20000041, strainSoTyphimurium DT104 R-type ACSSXT [TyFh
3 “FS” strains previously detailed in sectiai2: 1

(199919298 Enteritidis PT1; 1999407& Typhimurium DT104 [Tyr;
19990706 S. Mbandaka)

DST agar as detailed in secti®a: 1
CLED agar as detailed in secti@: 2:1
PCR grade water as detailed in secfidnl
BHI broth as detailed in secti@r2:2:1
Glycerol as detailed in sectidr: 2

Antimicrobials:

Ciprofloxacin as detailed in sectidri:1
Ofloxacin as detailed in secti8ri:1
Norfloxacin as detailed in secti8ri:1
Moxifloxacin as detailed in secti@nl:1
5:2:2 Method

For each individual antimicrobial, an aliquot ab&t solution was added to a glass
universal containing sterilized molten DST agat tieed been cooled to 50°C to give final

concentrations of 0.125mg/L and 0.5mg/L atthe measured MIC for each antimicrobial
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determined for each one of tBalmonellasolates. Plates with no antimicrobial added

were also prepared as control plates. Experimeate performed in duplicate.

Several colonies were taken from an overnight Cldie and inoculated into 5ml BHI
broth and incubated on a shaker at 37°C overnigtg.culture was adjusted to an optical
density of 0.15 at 540nm, containing approximaféRcolony forming units (cfu). 0.1ml
aliquots of culture were plated out using a plasgiceader over the surface of a non-
selective DST plate and plates containing 0.5m@/125mg/L and the subinhibitory
concentration of antimicrobial. These were allow@adry at room temperature and
incubated overnight at 37°C. The entire growth iawvested from the subinhibitory plate
using a sterile cotton swab and resuspended irstamle saline. After vortexing to ensure
thorough resuspension, the culture was again &djust0.15 at 540nm. 0.1ml aliquots
were again plated out onto new plates and incubatechight at 37°C after drying. The
0.125mg/L and 0.5mg/L plated were examined for ghoWwhen growth was observed on
either plate, the complete population was subcedtimto 5Smis BHI and incubated on a
shaker overnight at 37°C. The MIC was measuredmws points and if determined to be
at least twice the original MIC value, was subjddiethree exposures in the absence of
antimicrobial to ensure stability of the mutatidiinis mutant was then characterized using
PFGE and stored at —85°C in 15% glycerol to awaihér investigation. This experiment
was repeated 18 times or if less, as many timescasred to obtain growth on the
0.125mg/L and 0.5mg/L concentration plates, indagpa reduction in susceptibility to the

antimicrobial.
5:2:3 Results

Antimicrobial susceptibility was found to be redddellowing repeated exposure to

subinhibitory concentrations of fluoroquinolonegsilts for the selection of mutants are
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recorded for growth on both 0.125mg/L and 0.5mgfafloxacin. The MIC results for a

selection of these mutants are showiiable 5:3 andFigure 5:1.

Confluent growth was obtained on each of the algdep containing the subinhibitory
concentrations of antimicrobial. Repeated exposurthese plates resulted in a decrease in
fluoroquinolone susceptibility in each of the 4agsts examined. Two strains &f
Typhimurium were included in this experiment. Batére indistinguishable by PFGE and
plasmid profile analysis. One was fully susceptibl@ntimicrobials (Tym) whilst the

other had the pentaresistant R-type (fyagommon tcS Typhimurium DT104. Both
strains showed a decrease in susceptibility to e&tie 4 fluoroquinoloned={gures 5:2

& 5:3). For ciprofloxacin, Ty required the shortest time before growing on the
0.125mg/L plates, taking just three exposuresgpldy a reduction in susceptibility from
an initial MIC of 0.012 to 0.25mg/L. After eighteemposures, 0.5mg/L was the highest
MIC recorded for the mutants tested. Although thigailly susceptible Tymhad a slightly
higher initial MIC of 0.016mg/L, it took five sulnibitory exposures before an increase in
MIC to 0.19mg/L was observed, however MICs of 1.Am@§.5mg/l, and 1.0mg/L were
recorded in mutants isolated from further subirtbityi exposures. For moxifloxacin and
ofloxacin, the MICs of both Tyrhand Tyn¥ increased from 0.064mg/L and 0.047mg/L
respectively, to 0.38mg/L after 16 exposures in T only 9 exposures in TYm
(0.25mg/L for moxifloxacin). The MIC of Tyfrose from 0.047mg/L to 0.25mg/L, while
that of Tynf rose from 0.125mg/L to 0.38mg/L, each after 11osxpes to subinhibitory
concentrations of norfloxacin. The strain®fEnteritidis PT1 increased from an initial
MIC of 0.012mg/L for ciprofloxacin to 0.38mg/L ingubinhibitory exposures, rising to
1mg/L after just 5 exposure3he MIC of theS. Kottbus, already resistant to low-level

ciprofloxacin (0.125mg/L) upon its introductionttds experiment, increased to 0.25mg/L
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after only 4 subinhibitory exposures. Despite tthig, MIC failed to increase beyond

0.25mg/L, with no colonies recovered from the 0.Anpgates.

All of the mutants were characterised by PFGE aaewonfirmed as having profiles
indistinguishable from those of the parent straxsept for those d& Mbandaka, which
had several band differences that appeared tadsuéd of contamination and were

therefore disregarded for the remainder of the exjant.
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Table 5.3. Selection of mutants using subinhibitory concatins of fluoroquinolones and the MICs achieved.

SSRL Organism S_el_ectin_g Selecting Nu_mb_e_r of Numbe_r of Parent strain Mutant MIC
Reference Antlmllcrobla Concentration subinhibitory golonles MIC(mg/L) (mg/L)
(mg/L) subcultures  isolated

19991929 S Enteritidis PT1 Ciprofloxacin 0.125 4 6 0.012 0.38

- - - - 5 8 - 0.38

- - - 0.5 5 4 - 0.75-1.0
19994076 S Typhimurium DT 104 Ciprofloxacin 0.125 4 2 0.016 0.19

- - - - 5 2 - 0.19

- - - 0.5 10 2 - 15

- - - - 12 2 - 1.0

- - - - 16 1 - 0.5

- - - - 18 1 - 1.0

- - Moxifloxacin 0.125 2 1 0.064 0.064

- - - - 3 1 - 0.19
19994076 S.Typhimurium DT104 Moxifloxacin 0.5 16 1 0.064 0.38

- - Ofloxacin 0.125 2 1 0.047 0.047

- - - 0.5 16 1 - 0.38
19994076 S.Typhimurium DT104  Norfloxacin 0.125 1 1 0.047 0.047

120



SSRL Organism Selecting Selecting Number of  Number of . Mutant MIC
Parent strain

Reference Antimlicrobia Concentration subinhibitory golonies MIC(mgi/L) (mg/L)
(mg/L) subcultures  isolated

- - - 0.5 11 1 - 0.25
20030041 S-Typh;rgz;ium DT Ciprofloxacin 0.125 3 1 0.012 0.25
20030041 S Typh:iLrSZarium DT Ciprofloxacin 0.125 5 2 - 0.25

- ) - - 6 2 - 0.25

- - - - 18 1 - 0.5

- - Moxifloxacin 0.125 4 2 0.064 0.064

- - - - 9 1 - 0.25

- - Ofloxacin 0.125 4 1 0.047 0.047

- - - - 9 1 - 0.38

- - - 0.5 9 1 - 0.25

- - Norfloxacin 0.125 1 1 0.125 0.125

- - - 0.5 11 1 - 0.38
19992003 S Kottbus Ciprofloxacin 0.125 4 16 0.125 0.25

- - - - 8 29 - 0.25

#Resistant to ampicillin, chloramphenicol, streptaimy sulphamethoxazole, tetracycline.; Dashesatdiidentity to the parameter above
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Figure5:1

Diagramatic representation of the decreasein suceptibility of 4 strains of S. enterica following
exposureto subinhibitory concentrations of ciprofloxacin.
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Figure5:2

Diagramatic representation of the decrease in susceptibility of 19994076 following exposure to
subinhibitory concentrations of moxifloxacin, ofloxacin & norfloxacin
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Figure5:3

Diagramatic representation of the decrease in susceptibility of 20000041 following exposure to
subinhibitory concentration to moxifloxacin, ofloxacin & norfloxacin
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5:3  Study 3: Amplification and Sequencing of gyrA and parC genesin selected

mutants exhibiting decr eased susceptibility to fluoroquinolones.

5:3:1 Materials

Test organisms
6 wild-type strains oSalmonella as detailed in sectiahi2: 1
12 mutants exhibiting decreased susceptibilityipoofloxacin isolated in experimebt1:

(19994076 S. Typhimurium DT104 (n=3); 1998335%, Typhimurium RDNC (n=3);
20004447 S Enteritidis PT21 (n=2); 19982548, Enteritidis PT4 (n=2); 199831585,
Dublin; 19983717S.Virchow).

All other materials as described in sectib8: 1

5:3:2 Methods

All methods previously described in sect#i3: 2

5:3:3 Results

The sequencing results can be found able 5.4. Mutations resulting in amino acid
changes igyrAwere found in 5 of the 12 mutants examined; thearemg 7 had
sequences that were identical to ¢iyeA of the wild-typeS Enteritidis. Two mutations
within the Asp87 codon of a strain &f Typhimurium DT104 encoded glycine residues
and 2 mutations in a strain 8f Typhimurium DT RDNC encoded tyrosine residues. A
fifth mutation at Ser83 in a strain 8f Dublin encoded a phenylalanine residue. All of

these substitutions have been described previously.

Only a single mutant of a strain 8fVirchow contained a mutation that encoded an amin

acid substitution at Thr5%4Ser within the QRDR gparC
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Table5.4: MICs for wild-types and mutants and nucleotide demin the QRDR region gfyrAwith deduced amino acid substitutions.

SSRL Selectin WT Mutant
Reference  Mutant Organism ecting  wic MIC gyrA sequencingesults
antibiotic
(mg/L)  (mg/L)
Codons 81 87 88
CAC GGC GAT GCA GTG TAT GAC ACC
(Gly)  (Asp) (Ala)  (val)  (Tyr)  (Asp) (Thr)
19994076 M2 Typhimurium 104 Cp 0.016 0.047 - - - - - - -
GGC
M10 0.25 - - - - - -
(Gly)
GGC
M52 0.5 - - - - - -
(Gly)
19983351 Typhimurium
M3 RDNC 0.023 0.064 - - - - - - -
TAC
M14 1 - - - - - -
(Tyr)
TAC
M54 1 - - - - - -
(Tyr)
20004447 M27 Enteritidis 21 0.016 0.125 - - - - - - -
M66 0.75 - - - - - - -
19982543 M22 Enteritidis 4 0.016 0.064 - - - - - - -
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SSRL Selectin WT Mutant
Reference  Mutant Organism ecting  wic MIC gyrA sequencingesults
antibiotic
(mg/L)  (mg/L)
19982543 M64 Enteritidis 4 Cp 0.016 025 - - - - -
19983155 M72 Dublin 0.008 0.75 - - - TTC(Phe) -
19983717  M77 Virchow 0.016 0.38 - - - - -

Antimicrobial abbreviation: Cp, ciprofloxacin;
Dashes indicate identity to wild-type codons above;

*Mutation Thr57-Ser detected in QRDR parC
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5:4 Discussion

5:4:1: Selection of ciprofloxacin-resistant mutants using an antimicrobial

concentration gradient.

The EUCAST MIC breakpoint for resistance to cipoaficin in strains ofalmonella
entericais 1mg/L, with a reduced susceptibility breakpaht0.5mg/L. Previous
susceptibility testing by breakpoint method andsEbead categorised the strains as
susceptible to ciprofloxacin. Heterogeneous popratof bacteria usually demonstrate
slight variations in susceptibility to antimicrob@mpounds. This study has demonstrated
that by exposing these susceptible strains to essdration gradient of ciprofloxacin,
mutants could be selected that demonstrated iitigiincreased MICs to be categorised
as intermediately-resistant and in one case resigiaiprofloxacin. This phenomenon
may account for the increasing number of reportseaitment failures with ciprofloxacin

in purportedly susceptible strains®fTyphi and other strains &almonellgRupaliet al,
2004; Changpt al, 2006). In these reports however, the strainsféilad to be resolved

with ciprofloxacin therapy were resistant to nalidiacid at a concentration of 32mg/L.
This is a well-documented occurrence in that tistsens usually have reduced
susceptibility to ciprofloxacin that is overlookbg current routine laboratory testing
methods (Oteet al, 2000; Albayralet al, 2004). Nevertheless, the strains in this study
were susceptible to nalidixic acid, which suggésés a minority of mutants with reduced
susceptibility to ciprofloxacin exist within theseeptible population. This has clinical
implications in that it would be imperative thaetborrect dosage of ciprofloxacin be given
in order to eradicate the less susceptible mutahis.would also be an argument in favour
of using the “mutant prevention concentration” (MR@en administering ciprofloxacin

for the treatment odalmonellanfections. The MPC is defined as “no colony resgv
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when 18° cells are applied to an agar plate” (Zhao & Drli2@01). A recent study has
proposed an MPC value of 0.25mg/L ciprofloxacinffdly susceptible strains &

Typhimurium andS Enteritidis (Randalét al, 2004).

5:4:2:  Selection of mutants by exposur e to subinhibitory concentrations of

fluoroquinolones

Resistance to fluoroquinolones mainly occurs assalt of an accumulation of mutations
in the topoisomerase genesSaimonellaMutants were selected following the repeated
exposure of susceptible strainsSaimonellao subinhibitory concentrations of a
fluoroquinolone. The strain & Enteritidis required the same number of expostares
show a reduction in susceptibility to ciprofloxaeis the three other strains examined.
Additionally, the MIC increased to 1mg/L in justdi exposures, making this serotype the
fastest to achieve resistance. This is contragygeevious study, which found that the
strain ofS. Enteritidis required more exposures than theratbeotypes studied (Cebriah

al, 2003).

Of the two strains o0& Typhimurium DT104 examined, the one with the pesdistant R-
type (Tnf) was the first to show a decrease in suscepititiditiprofloxacin but over
eighteen subinhibitory exposures the MIC did notéase beyond 0.5mg/L, whereas the
fully susceptibleS. Typhimurium (Tnf) took slightly longer to display a decrease in
susceptibility but the MIC increased to 1.5mg/Ljust eleven exposures. It may be that the
initial decrease in ciprofloxacin susceptibilitytime pentaresistant strain &f

Typhimurium was due to increased efflux as a previstudy has demonstrated that

increased efflux resulting in multidrug resistanta strain ofS. Typhimurium also
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resulted in an increase in unrelated antimicrotsatsh as quinolone/fluoroquinolones

(Abouzeeckt al, 2008).

The MIC of theS. Kottbus, although resistant to low-level ciprafain at the beginning
of the experiment, did not rise beyond 0.25mg/Lpitesbeing subjected to eighteen
exposures. This is reflected in the clinical stsaihS Kottbus received by the SSRL.
From a total of eighteen isolates received betwikeryears of 1990 and 2000, only one

additional isolate was classed as resistant tolémel ciprofloxacin.

Subinhibitory exposure of the two strainsfTyphimurium to the three other
fluoroquinolones all resulted in a decrease in spshility. With the exception of an
increase in moxifloxacin MIC for THhin four exposures, each the strains required more
exposures to the subinhibitory concentrations ohed the fluoroquinolones than for

ciprofloxacin, before displaying an increase in M@hich did not reach resistance levels.

This experiment was an attempt to mimic the cood#ibacteria are sometimes subjected
toin vivowhen dosing regimens are inadequate. In an atteng#termine the order in
which bacteria acquire the mutations that resulesistance, the QRDR regions of the

gyrAandparC genes of the mutants recovered were sequenced.

5:4:3: Sequencing of gyrA and parC genesin selected fluoroquinolone-r esistant

mutants.

Exposure of these susceptible strainSalimonellao either a concentration gradient or
subinhibitory concentrations of fluoroquinolonesuked in mutants being recovered with
reduced susceptibility to these antimicrobials.Useging of the QRDR of thgyrA gene
revealed five strains to each have one of the mmsimonly isolated mutations associated

with reduced susceptibility to fluoroquinolonegher Asp87Tyr or Ser83-Phe (Griggs
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et al, 1996) or Asp8%Gly (Ling et al, 2003). Compared to the wild-type MICs, the
elevated MICs for the mutants were cause for conicethat they were determined to be
>0.5mg/L; further, th&. Typhimurium RDNC mutants with MICs of 1.0mg/L weer
considered resistant by EUCAST breakpoints. Perimattss instance, the overproduction
of an active efflux pump worked synergistically kvifyrA mutations to result in
ciprofloxacin resistance (Girawd al, 2000). Alternatively it may be that additional

mutations were present in one or more of the dtfisomerase genes not examined.

The mutant ofs. Virchow which did not exhibit a mutation in tiggrA gene was the only
mutant to have parC mutation. The Thr5%Ser mutation is considered somewhat
unusual in that single point mutations in topoiscase |V genes are more common in
Gram-positive species and in Gram-negative spesgesnd-step mutations after those of
gyrase leading to high-level fluoroquinolone resmiste (Heisig, 1996). It may be that there
are mutations within thgyrB andparE genes which were not examined, however this
single mutation has been described previouslystraan ofS Virchow and no mutations
were detected in any other topoisomerase geneThtbd— Ser mutation oparC has

been thought not to be responsible for the decrieasgsceptibility to quinolones as it has
been detected in nalidixic acid-susceptible issl@®eill et al, 2006). This would suggest
that perhaps the increase in resistance to cip@adio may be a result of a different
mechanism of resistance such as the previouslyiomeut increased efflux or altered

membrane permeability.

Overall, these studies have demonstrated thahstcdSalmonella entericausceptible to
fluoroquinolones by both breakpoint and agar dilntmethod of sensitivity testing do
harbour mutants with decreased susceptibility és¢hantimicrobials. If exposed to

subinhibitory concentrations of these same antiohials, the bacteria will not be inhibited
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but will survive due to an enhanced fitness assalt®f previous acquisition of first-step
mutations and may, with prolonged exposure, costiouacquire mutations ultimately

resulting in resistance to fluoroquinolone antirakmals.
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Chapter 6. Amplification and Sequencing of plasmid-mediated resistance genes

gnrA, gnrB and gnrS.
6:1 Introduction

In Salmonellaguinolone resistance is mostly attributed to pointations within the
guinolone resistance-determining region (QRDRefdlyrA gene and to a lesser extent
thegyrB and topoisomerase IV genes. Other resistance msamamclude alterations in

efflux systems and outer membrane porins.

Plasmid-mediated resistance was first reporte®881n a clinical strain dflebsiella
pneumoniaavhich carried a plasmid termed pMG252 (Martinezriitaz, et al, 1998).
Thisplasmid was found to contain the gene, now tergredl that is responsible for
quinolone resistance. Since then a number of geitbs/arying degrees of similarity to
gnrAl have been discovereghrAl-6; gnrB1-20;qnrC; gnrD andgnrSL-4. Manyqgnr

genes have been associated with strair&abhonellahat produce extended-spectrgm
lactamases (ESBLSs) and have been identified cdkdoaith other resistance determinants
on sull-type integrons (Lavigres al, 2006; Garnieet al, 2006). This is cause for concern
as these mobile genetic elements could greatlgasa the dissemination gifir genes
whose clinical importance lies in their abilityfaxilitate the selection of quinolone

resistance mutations in the presence of bactetilgdeals of antimicrobial.

This purpose of this study was to determine theaemce ofgnr genes amon§almonella
isolates submitted to the Scottish Salmonella Refs Laboratory from human,

veterinary and environmental sources in the ye8@§-2007.
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6:2 Materials

Test organisms: Detailed inTable 6:1. 53 strains o6almonella enterica
susceptible to nalidixic acid (40mg/L) but with ueed
susceptibility to ciprofloxacin (0.125mg/L) by bigmint

method;

Detailed inTable 6:2. 17 strains oSalmonella enterica
resistant to ciprofloxacin (0.125mg/L) and cefotai

(Img/L) by breakpoint method.

Deter mination of MIC by Etest
Etests (ciprofloxacin) as detailed in secto 2:2

Mueller Hinton agar as detailed in sect®h: 1

Preparation of template DNA
CLED agar as detailed in sect@:2:1

PCR grade water as detailed in secfidnl

Polymerase Chain Reaction
lllustra PureTaq Ready-To-Go Beads GE Health2@r8558-01

PCR grade water as detailed in sectidnl
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Gel Electrophoresis
Redipac GP Agarose
10X TBE buffer

Ethidium Bromide

Superladder-Low 100bp ladder

6X Loading buffer

Primers

as detailed in se@iare: 1
as detailed in sectipr?: 2:1

as detailed in sectid: 2:1

as detailed inwedt3:1

supplied with ladder

The primers used for the detection of time genes were manufactured by VH Bio
(Gateshead, U.K.) and have been described preyi¢@slyet al, 2006) and were as

follows:

gnrA Forward 5-ATTTCTCACGCCAGGATTTG-3
Reverse 5'-GATCGGCAAAGGTTAGGTCA-3

gnrB Forward 5’-GATCGTGAAAGCCAGAAAGG-3’
Reverse 5'-ACGATGCCTGGTAGTTGTCC-3

gnrS Forward 5-ACGACATTCGTCAACTGCAA-3

Reverse 5-TAAATTGGCACCCTGTAGGC-3’

DNA Purification

QIAquick PCR Purification Kit.
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Table6:1

136

Strains ofSalmonella entericaith reduced susceptibility to ciprofloxacin (05kg/L) but susceptible to nalidixic acid (40mg/L)

SSRL No. ISS;)L?:Z Organism Name PT ApCx* CI Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp
19973002 Human Typhimurium 104 R R § § S S S S RRR S R
19974670 Human Hadar R s §$ §s § § § § S R S R S
19990154 Porcine Typhimurium RDNC R § § § § § S S &S R S R S R
19991811 Human Enteritidis 1 S S S S S S S S S SsSsss s R
20003353 Human Braenderup S s §$ § § § S S S S SSSS R
20003619 Human Braenderup S s §$ § § § S S S S SSSS R
20011005 Human Mucoid : eh :1,5 S S S R § S § §$ &S S S R R
20013147 Human Virchow R S S I R R R S R R R R R RR
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Isolate

ApCx! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp

SSRL No. Source Organism Name PT

20014543 Human Braenderup S s §$ § § § S S S S SSSS R
20023201 Poultry Non-motile groupC4 R R R S § S § S S S S S R R
20023466 Human Braenderup S s § I § § S S S S SSS S R
20023518 Human Enteritidis 4 S S S S S S S S S SsSsss s R
20030081 Environment Typhimurium 104b R S R R $ S S S R R R R R R
20032653 Environment Non-motile groupC4 s § § §s § S S S S S S s s R
20040636 Human Corvallis S S S R S S S S S S R R R R
20041345 Environment Rough :k :- s § § §$ § § S S &S S S R R
20042428 Human Enteritidis 13a s § §$ §$ §$ S R S §S$S8 S S R R
20050040 Human Typhimurium RDNC s §S S R §$ S S S SRR R S R



Isolate

SSRL No. Source Organism Name PT ApCx* Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp
20050075 Ovine Typhimurium Untypable(R S R | S S S S S S R R R R R
20050123 Human Typhimurium UntypabllRR S R R S S S S S S R R R R R
20050192 Ovine Typhimurium UntypableR S R R S S S S S S R R R R R
20050193 Ovine Typhimurium UntypableR S R R S S S S S S R R R R R
20050275 Bovine Typhimurium UntypableR S R R S S S S S S R R R R R
20050378 Human Corvallis s § S 1 § 8§ § S S S R R R R
20050446 Human Corvallis S § S R $ §$ § S S S S S S R
20050669 Human Stanley S S §$ § § § S S S R R R R R
20050682 Human Typhimurium RDNC S S S R § S S S S RSR R S R
20050875 Human Corvallis S s § § § § S § S S R R R
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Isolate

SSRL No. Source Organism Name PT ApCx* Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp
20051150 Human Corvallis S S S R § S S S S S R R R R
20051267 Human Corvallis S S S R S S S S S S S S S R
20052136 Human Corvallis S S S R S S S S S S S RS R
20052260 Human Corvallis S § S R $§$ §$ § S S S S S S R
20052592 Human Stanley S S R R S R R S S R R R R &
20060113 Human Newport S s § §$ § § § § S § S S S B
20060787 Human Corvallis S § S R $§$ §$ S S S S R R R R
20060807 Human Corvallis S s § §$ § § S § S S R R R
20060845 Human Typhimurium 120 R § S R S § S S S RSR R S R
20062459 Human Braenderup S s §$ § § § S S S S SSSS R
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Isolate

SSRL No. Source Organism Name PT ApCx* Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp
20062576 Human Corvallis S s § I § S S S S S R R R R
20062603 Human Braenderup S s §$ § § § S S S S SSSS R
20063292 Human Enteritidis RDNC R §$S S R S S S S S S S S R
20070289 Human Typhimurium 120 S S S R $ § S S SRSR R S R
20070308 Human Reading S §S$ S R S § S S S S sS s s B
20070317 Human Corvallis S § S R $§$ §$ S S S S R R R R
20070339 Human Bareilly S §S$ S S s S S s s s s s R
20070467 Environment Gaminara S §$ S R § S S S SSSS S S R
20070484 Human Blockley R §s S R S § S § § § S S S R
20070485 Human Corvallis S s §$ I § S S S S S R R R R
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Isolate

SSRL No. Source Organism Name PT ApCx! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp
20070494 Bovine Typhimurium 104b S S S §S§ S R R S R
200700598 Human Typhimurium Untypable S S S S R R R S R
20071604 Human Mbandaka R S § S S S RRR R
20071727 Human Java R s § § s § S § S
20071810 Human Mbandaka R S S S R R RRS R

'Cefotaxime sensitivity testing began in SSRL in9.99
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Table6:2 Strains ofSalmonella entericaith reduced susceptibility to ciprofloxacin (O5kg/L), resistant to cefotaxime (1mg/L).

SI\?EL Isolate Source Organism Name PT Agx ClI Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp
19992535 Human Virchow R R §$ S$ S S R R S R R R R R
20021751 Human Virchow R R s§$ S S § § R S S R R S R
20022460 Human Virchow R R s§$ sS$ S § §S§ R S S R R S R
20022461 Human Virchow R R s§$ s$ S § § R S S R R S R
20023201 Poultry Non-motile group C4 R R R S S S S S S S & S R R
20023730 Environment Non-motile group C4 R R R §$ S S S S § S S S R R
20031051 Poultry Non-motile group C4 R R R S R § S S S S & S R R
20032581 Human Haifa R R R R S R R R S R R R R R
20032864 Human Enteritidis 1b R R R R § § S R S S S S S R
20050127 Human Haifa R R R R S R R R S R R R R R
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SSRL

Isolate Source

Organism Name

PT

Agx Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp

No.

20061399 Poultry Java R R S R S S S R S R R S S R
20061425 Human Agona R R S R §$ R R R S R R R R R
20062244 Human Virchow R R S$ S R S R R S R R R R R
20070145 Human Typhimurium RONCR R R R S R S R S R R R R S
20070591 Human Rissen R R R I S R I S S S R R R S
20071213 Human Typhimurium 193 R R R R R R S R S R R R R R
20072161  Human Colindale R S S S S S R S S s s s s




6:3 M ethods

Determination of MI1C by Etest

Method previously described in sectidn?: 2:2

Preparation of Template DNA

Method previously described in sectid3:2:1

Polymerase Chain Reaction

All six primers, each at a concentration of 25pmare added to lllustra PureTaq Ready-
To-Go beads. After adding 1ul of template DNA atetile PCR grade water to give a
final volume of 25ul, the tubes were immediatetyrstl on ice. To the negative control, an
additional 1ul of sterile PCR grade water was adddte tube in place of DNA, this
would confirm that any amplification was the tar@®A and not contaminating DNA. A
touchdown PCR was carried out on a GeneAmp PCRe®y3700, with denaturation at
94°C for 45seconds followed by 32 cycles of 94°C for 45secpadamped annealing
step of 45seconds at 67.4°C to 53°C for 12 cy&83C for 20 cycles and elongation at

72°C for 60seconds. A final extension step of 781C7 minutes was carried out.

Gel electrophoresis was performed on the resuétinglicons using a 1.5% agarose gel in
1X TBE buffer at 80V for approximately 45 minut@é®0bp molecular weight marker was
added to wells at regular intervals and used t® thie 516bgnrA, 469bpgnrB and 417bp

gnrS products. The amplicons were visualised usinglietim bromide.

Purification

As detailed in sectiod: 3:2: 3.
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DNA Sequencing
As detailed in sectiod:3:2:4
Analysis of the sequence data

As detailed in sectioa:3:2:5

6:4 Results

Thirty-four of the 70 strains were found to harbgar genes. The MICs of ciprofloxacin
for these strains ranged from 0.125-1mg/L; thusvalle categorized as having either
reduced susceptibility or resistance to ciproflomadespite being susceptible to nalidixic

acid. These results can be foundamble 6.3.

The majority of these strains were of human origime strain o5 Gaminara was of
environmental origin and three strainsSoff yphimurium, untypable by phage typing,
were from ovine (2) and bovine sources. Of therstriom human sources, 58% of

patients had a history of foreign travel.

gnr genes were identified in twelve different serog/& Corvallis was the most common
with thirteen strains accounting for 38%, followgglnineS. Typhimurium (26%), and two
S.Stanley ands. Enteritidis (6%). The eight remaining serotyp®syirchow, S.Haifa, S.
Agona,S.GaminaraS.Blockley, S.RissenS.Colindale and a strain &.Java were

represented by a single strain (3%).

gnrAlwas identified in strains &.Virchow andS. Stanley.qnrB1lwas identified irfS.
Colindale, withgnrB2 being identified irS.Agona and S. HaifaynrB5was identified irS.
Gaminara . With the exception of these six straafipther qnr genes were identified as

gnrS1 Four of the seventeen cefotaxime-resistant stia@mboured|nr genes.
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Table 6:3. Details ofgnr-positive strains oBalmonella enterica

Salmonella Phage Number Year of Range of Cp qnr
serotvpe ¢ 3 of Source Foreign travel isolation MICs Additional resistances gene
yp yp isolates (mg/L) isolated
Virchow - 1 human Oman 2001 0.125 ApFzGmKaNeSpSeSxT Al
Haifa - 1 human - 2003 1 ApCxCIGmKaNaSpStSxTeTmB2
Malaysia(4),
Corvallis 9 human Cambodia (1), 5404 5007  0.125-0.5 StsxTe s1
Thailand (2),
Brazil/Chile(1)
Corvallis - 3 human Bali/Singapore(1) 2005 0.25 - 1S
Corvallis - 1 human Thailand 2005 0.25 Sx S1
Enteritidis 13a 1 human - 2004 0.25 ApGmSpStSKEM Sl
Enteritidis RDNC 1 human - 2006 0.5 Ap S1
Typhimurium RDNC 2 human Malaysia(1) 2005 0.25-0.38 StSxTe S1
Typhimurium Untypable 4 human,ovine(2) - 2005 0.25-0.5 ApCISpStSxTeTm S1
bovine
Typhimurium Untypable 1 human Singapore/Thailand 2007 0.38 StSxTe S1
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Salmonella Phage Number : Year of Range of Cp . . qnr
serotype type _ of Source Foreign travel isolation MICs Additional resistances _gene
isolates (mg/L) isolated
Typhimurium 120 1 human Singapore 2006 0.75 ApStSxTe S1
Typhimurium 120 human - 2007 0.38 StSxTe S1
Stanley - 1 human - 2005 0.125 SpStSxTeTm Al
Stanley - 1 human Thailand 2005 0.19 CIGmKaSpStSxTe S1
Agona - 1 human Egypt 2006 1 ApCxGmKaNaSpStSxTeTm 2 B
Gaminara - 1 environment - 2007 0.25 - BS
Blockley - 1 human Nigeria/Angola 2007 0.5 Ap S1
Rissen - 1 human Thailand 2007 0.125 ApCxCIGmSt®are S1
Java - 1 human - 2007 0.19 Ap S1
Colindale - 1 human - 2007 0.19 ApCx Bl

Antimicrobials inbold indicate intermediate susceptibility

Additional resistances: Ap, ampicillin; Cx, cefoitave; Cl, chloramphenicol; Cp, ciprofloxacin; Fzrdaolidone; Gm, gentamicin; Ka, kanamycin; Na,

nalidixic acid; Ne, netilmycin; Sp, spectinomycBt, streptomycin; Sx, sulphamethoxazole; Te, tgtlawe; Tm, trimethoprim.
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6:5 Discussion

The majority of strains harbourggirS1genes, witlgnrAl, qnrB1, gnrB2andqgnrB5
identified in only six strains. The thirty-fognr-positive strains belonged to twelve
serotypes, includin§ GaminaraS. RissenS. AgonasS. Haifa,S Blockley,S. Colindale
and a strain o%. Java which, at this time, have not previouslyrbeeind to harbougnr

genes.

Of the eighteen strains isolated from patients waithstory of foreign travel, sixteen were
identified aggnrS1 one waginrAland another wagnrB2 With the exception of one

from Brazil, allgnrStpositive strains originated from Thailand or Maley

Plasmid-mediated quinolone resistance has semopications for the use of this group of
antimicrobials in the future. More importantly, tfaet that these genes have been found on
integrons together with ESBLS supports the requargnfor ongoing surveillance of
resistance. Surveillance will be problematic andat thought that this problem could be
addressed by the recommendation that nalidixic diskl screening was indicative of
fluoroquinolone susceptibility (Hakenen, 1999). Hwar, as this experiment has shown,
isolates that are nalidixic acid-susceptible casspeginr genes and have a MIC as high as

0.75mg/L for ciprofloxacin.
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Chapter 7: General Discussion

71 General Discussion

This study was the first investigation into theid@nce of resistance to quinolone and
fluoroquinolone antimicrobials in strains 8&lmonella entericésolated from human,
veterinary and environmental sources in Scotlamdgetermine the capacity of the
fluoroquinolones to select resistant mutants is¢hsolates and to characterize some of
the genetic mechanisms through which any suchtaesis arises. In this chapter the

experimental results of this study and others blicompared and discussed.

All fluoroquinolones, whether used in clinical aeterinary medicine, have an identical
mechanism of action in that they inhibit the actadribacterial topoisomerase genes,
topoisomerase Il (DNA gyrase) in Gram-negative sggeand in Gram-positive species,
topoisomerase 1V, leading to the inhibition of DMeyplication and ultimately resulting in

cell death.

The emergence of resistanceSalmonellao this class of antimicrobials was first reported
in 1990 in strains o8 Typhimurium (Piddoclet al, 1990). Since then reports of resistance
to quinolones and fluoroquinolones have continweididrease from around the world
(Frostet al, 1996; Hakenemt al, 2001; Herikstad, 1997; Molbad al, 2002). Reasons
behind this increase in resistance are thoughtdiaide previous treatment with
ciprofloxacin (Muderet al, 1991) and the licensing of enrofloxacin (a ciforécin

analogue specifically for use in animal medicir@)dse in animal husbandry in 1993 in

the U.K. (Threlfallet al, 1999).
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At the start of this study in 2001, relativelylktivas known about the mechanisms of
quinolone and fluoroquinolone resistance in theug&almonellaPoint mutations in the
quinolone resistance-determining region (QRDRhefGyrA subunit of the

topoisomerase Il enzyme DNA gyrase (Yoshatlal 1990) were well documented and
were shown to result in high-level resistance tianac acid in addition to cross-

resistance to the fluoroquinolones (Crumplin, 19R6ynaet al, 1995), with the GyrB
subunit being implicated to a lesser degree (Yastagt al 1981). Despite several studies
(Ruiz, 1997; Piddockt al, 1998; Giraucket al, 1999) no mutations had been detected in the

subunits of topoisomerase IparC andparE.

In the following years, additional mutations botithin and outwith the QRDR of the
topoisomerase genes were described. Mutationsdeutse QRDR ofjyrA at codons,
Alal31, Glul39 and Aspl44 have been described g&tvad, 2002) in addition to
mutations within the QRDR regions of tharC andparE genes (Casist al, 2003; Linget
al, 2003). These mutations, and thosgyB are frequently isolated second to either one
or twogyrA mutations and are therefore considered secondystiggtions thought to be
required before high-level fluoroquinolone resis&oan be achieved (Hansen & Heisig,

2003; Baucheroet al, 2004). Some of the mutations to date are listéichble 7:1.
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Table7:1. Some of the mutations previously detected indpeisomerase genes of

Salmonellasolates
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Gene Amino acid substitution Referefhce

gyrA Ala67—Pro Reyna, 1995
Asp72-Gly Eaves, 2002
Val73—lle Eaves, 2004
Gly81—Ser Reyna, 1995
Gly81—Cys Yoshida, 1990
Gly81—Asp Piddock, 1998
Gly81—His Lindstedt, 2004
Asp82-Gly Allen, 2002
Asp82-Asn Eaves, 2002
Ser83-Phe Casin, 2003
Ser83-Tyr Eaves, 2002
Ser83-Ala Levy, 2004
Asp87—Asn Casin, 2003
AsSp87/—Tyr Eaves, 2002
Asp87—Gly Eaves, 2002
Asp87—Lys Miro, 2004
Leu98-Val Eaves, 2004
Alal119-Gly Eaves, 2002
Alal19-Ala Eaves, 2002
Alal31—-Gly Eaves, 2002
Glul39-Ala Eaves, 2002

gyrB Tyr420—-Cys Eaves, 2004
Arg437—Leu Eaves, 2004
Ser464-Tyr Gensberg, 1995
Ser464-Phe Casin, 2003



Gene Amino acid substitution Referehce
parC Tyr57—Ser Ling, 2003
parC Thr66—lle Eaves, 2004
Gly78—Asp Hansen, 2003
Ser806-Arg Casin, 2003
Ser80-lle Baucheron, 2002
Glu84—Lys Casin, 2003
Glu84—-Gly Miro, 2004
parkE Glu453-Gly Eaves, 2004
Ser458-Pro Ling, 2003
His461-Tyr Eaves, 2004
Ala498—Thr Eaves, 2004
Val512-Gly Eaves, 2004
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Other mechanisms of resistance to have been igghiifclude decreased accumulation
mediated by the active efflux pump AcrAB which usfes outer membrane protein TolC

as an extrusion channel with one study showingttieatjuinolone resistance and
decreased fluoroquinolone susceptibility of thaiss studied were highly dependent on
the AcrAB-TolC efflux system and that the singhgA mutations had little effect in
determining the resistance levels (Bauchezbal, 2004); and plasmid-mediated quinolone
resistance (PMQR). New variants of the ggnehave been described and a website at the
Lahey Clinic in the U.S.A has been set up to keagktas nevgnr sequences are

published kittp://www.lahey.org/gnrStudigs

One hundred and eighty strainsS#lmonella entericavere characterised using plasmid
profile analysis and PFGE. These techniques peddrnmisolation give limited

information about the strains being examined. ltsseful to know that strains harbour
multiple plasmids as this may prompt further inigegions such as antimicrobial
resistance determination but, if the strains omlysess the serotype-associated plasmid
(SAPs-as discussed in Chapter 2) then this knowledgy be of less value. This also holds
true for PFGE. Standardisation of protocol andahleanced analysis software now
available helps generate banding patterns thdiatereplicable and easily analyzed; and
while a unique pulsed field profile reflects genordiversity; certain serotypes suchSas

Enteritidis are clonal and very often result inigtchguishable pulsed field profiles.

Seventy-eight strains & Enteritidis were examined; forty-four possesseathgle
plasmid of approximately 57kb. Since this is thpragimate size of the serotype
associated plasmid (SAP), the 57kb plasmid ofghidy will be referred to as the SAP.
Thirty-four of these strains had the most comrSoRnteritidis pulsed field profile (PFP)

of SENTXB.0001, with a further twelve strains witle same PFP harbouring an
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additional plasmid of approximately 2.1kb. In thase the additional plasmid has had no
obvious effect on the PFP. In the instance of AP 8eing absent from the strain, as is the
case for nine of th& Enteritidis examined, the PFP changes to SENTBBi0vere due

to a single band deletion (this being the approkénse&ze of 57kb). The PFP can also be
different independent of possession of the 57kbmid. Nine strains possessed the SAP
yet had PFPs other than SENTXB.0001. This is amekaof the benefits of pairing these
two genotypic methods together to fully charactetle strains so that in subsequent
experiments, these profiles can be used as refestandards. While these data provided
details of genetic relationship, there was no imfation about the phenotypic resistance
levels to quinolone or fluoroquinolone antimicrdbjaherefore investigations into the

MICs were performed using an agar dilution method.

In 1990, 2% of all human, veterinary and environtakisolates oSalmonella enterica
received by the Scottish Salmonella Reference labor (SSRL) were found to be
resistant to nalidixic acid at a concentration @fg)/L. During 1997, the laboratory
introduced the testing of strains for cross-reastao low-level ciprofloxacin at a
concentration of 0.125mg/L, by which time the lesvet nalidixic acid resistance had risen
to 4.2%. Of these, 51.5% were cross-resistantveléwel ciprofloxacin. By 2000-01,
nalidixic acid resistance was demonstrated in 38iates, with 88% of these resistant to
low-level ciprofloxacin. Since 2003, any isolateihal to be resistant to nalidixic acid at a
concentration of 40mg/L and/or low-level ciproflaxa at a concentration of 0.125mg/L,

has been subjected to Etests to determine theflopagin MIC.

Diagnostic Sensitivity agar (DST) or Mueller Hintagar is the preferred basal medium
for the determination of MIC in some laboratoriestigularly in the United States (Frost,

1994); therefore investigations to determine MIGsewperformed using DST agar also in
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accordance with SSRL standard operating procedtihesfluoroquinolone MIC results,
listed in Table 3:1, obtained for the NCpL and MBlRains in particular, were inconsistent
with the breakpoint designations assigned to thedtlaerefore further investigation was
warranted. No literature could be found advisingiast the use of DST with
fluoroquinolones. On the contrary, the Internatiddantre for Science and High
Technology (ICS) recommended using DST in agauslifin susceptibility tests of
norfloxacin (Grimm, 1983) but information from BSASDggested that the high
concentration of magnesium and calcium ions praseDST may have an inhibitory
effect on the fluoroquinolones resulting in raidéiCs (Dr. Jennifer Andrews, personal
communication). Previous studies used Mueller Hirdggar when determining the MIC
values for quinolone and fluoroquinolones (Girau@l 2003; Kumar, 2002). Therefore,
the MIC by agar dilution method was determined ameNer Hinton agar for a random

selection of fifty-five of the strains previouslyamined.

These results confirmed the breakpoint designafimnthe FS strains as being fully
susceptible to nalidixic acid and the four fluorogplones tested. With the exception of a
single strain ofs. Typhimurium DT3 (MIC of 16mg/L), all of the othetrains were
confirmed as resistant to nalidixic acid with MIGs> 128mg/L. The NCpL strains

demonstrated reduced susceptibility to ciprofloramd the three other fluoroquinolones.

The majority of FQR strains did not confirm theddpoint designation in that they
exhibited only reduced susceptibility to ciproflakaand moxifloxacin; however
resistance to ofloxacin and norfloxacin was conidnThe breakpoint designations of the
MDR strains were also not corroborated for cipnodlon. As with the FQR strains,
reduced susceptibility was demonstrated for cippsatin, but the majority were resistant

to the other fluoroquinolones tested.

155



Cross-resistance to fluoroquinolones is a well doegnted phenomenon in multi-drug
resistant isolates. One study demonstrated thantsiselected with tetracycline or
chloramphenicol were cross-resistant to norfloxaeid ciprofloxacin. (Coheet al, 1989).
In that study norfloxacin MICs were higher thang@®f ciprofloxacin and overall
resistance of the mutants was attributed to deedediig accumulation due to outer
membrane changes and loss of OmpF. Since the Mi@arfioxacin were also higher than
those of ciprofloxacin, it may be that the mechand resistance of the MDR strains is
also decreased drug accumulation. Later studies t@vfirmed that active efflux pumps
such as the AcrAB-TolC system are responsible éarehsed susceptibility to
fluoroquinolones and that their increased expressiay serve as an initial step in
allowing the isolate to survive environmental exyres to fluoroquinolone selection

pressures (Cheet al, 2007).

None of the 31 strain that were resistant to hetel ciprofloxacin by breakpoint method
exhibited resistance to ciprofloxacin at EUCASTues. These results reflect the findings
of a recent study which suggested that high-lduelrbquinolone resistance is rare in
clinical strains ofSalmonella entericesolated in Scotland (Murrast al, 2005), however
all 31 were resistant to at least one of the dilmeroquinolones tested, which reinforces

the need for surveillance of these antimicrobialthe treatment ddalmonellanfections.

Nalidixic acid-resistance has been extensively @sean indicator of decreased
fluoroquinolone susceptibility in clinical isolates SalmonellagHakaneret al, 1999) and
the MIC data from this study appear to confirm thihile there was a consistent
relationship between the nalidixic acid MICs andsth of the fluoroquinolones studied in
that those strains resistant to nalidixic acid bied at least reduced susceptibility to the

fluoroquinolones, all of the MIC values for high4# ciprofloxacin indicated that the
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assigned breakpoint designations were incorreds Whuld corroborate the data that were
demonstrated in the original agar dilution expernimahere the MICs for all the strains
examined were very much higher than expected, wkath to the conclusion that DST
agar is inappropriate for the sensitivity testifigl@oroquinolones. It appears to give
accurate results for low-level ciprofloxacin buth@jher concentrations the agar in some
way inhibits the action of the antimicrobial, rasug in inflated MIC. This is also
applicable to the sensitivity testing by breakpongthod that is employed by the SSRL, in
that the breakpoint designations would result isefgositives at the high-level

ciprofloxacin concentrations.

On the basis of these findings the SSRL has chatigeagar used in its breakpoint

method for sensitivity testing and now uses Isosestsagar.

Comparison between the MIC values for these antohials and the source of the
Salmonellasolate does not reveal any significant correlabetween the two. MIC values
were generally identical or within one doublingudibn on Mueller Hinton agar when

isolates from different sources were compared withe same R-type category.

These MIC results for nalidixic acid and the fluguanolones complete the
characterization of the strains ®&lmonellaby both the phenotypic methods of serotyping
and phage typing and genotypic typing methodsadmid profile analysis and PFGE.
There is no apparent relationship between eitreepthsmid- or the pulsed field profiles

and the MIC results, nor do they give any indicats to the mechanism of resistance.

In order to investigate the mechanism of resistatiie experiment (see chapter 4) was
performed from pure cultures that were assumeae odpulations of identical cells. It is

possible that through spontaneous mutation, sotseeveghin a susceptible population
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acquire slightly elevated resistance to an antiofi@ even in the absence of the drug.
Without selection pressure these mutants may cst-exthin the larger susceptible
population to the point of being undetected durimgtine sensitivity testing. Once
selection pressure is applied by exposing the rttuan antimicrobial, these mutants are
able to out-compete the susceptible cells whichrdnibited whilst the mutants grow and
multiply. In this instance it is useful to assdss presence of spontaneous mutants within
ostensibly susceptible populationsS#EImonellaunder the selection pressure of different

fluoroquinolones and the frequency with which thesdants are selected.

Spontaneous mutants were selected on ofloxacifipracin and moxifloxacin, but no
mutants were recovered on ciprofloxacin. Four sgaifS. Typhimurium, one o8. Dublin
and one of. Virchow all yielded mutants with MICs more thawide those of their wild-
type. The frequency with which these mutants wetected varied between 4x1@and
1x10° for the six strains; there was little differenaveeen the rates of selection of the
three fluoroquinolonesT(@ble 4:1). Previous studies have suggested that it canfieutt
to achieve an accurate assessment of mutationdinetgs as many parameters such as
antimicrobial agent, concentration of antimicrobltscterial stress and physiological
conditions among others, need to be factored h@ekperiment (Martinez, 2000); one
study reports that spontaneous mutants arise &hiequency of 1 in 10to 1 in 18
cells (Zhao & Drlica, 2001). Two of the strains éited lower frequencies than this but
this may be due to the previously-mentioned diffies such as concentration of
antimicrobial, physiological conditions, bactestiless etcetera.

Each of the spontaneous mutants examined in tpisrerent resulted in a singhgrA
mutation T able 4:2), which have been previously described (Grigg®l 1996; Eavegt

al, 2002). The resulting increases in MICs of thesgamis, although demonstrative of
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reduced susceptibility, are not highly resistanthérefore seems reasonable to conclude
that these are all first-step mutations. This nag axplain the failure to select any
spontaneous mutants on ciprofloxacin as previaudieds have suggested that double
mutations ingyrA or one additional mutation in another of the tgpoierase genes are
required before ciprofloxacin resistance can beatet (Casirt al, 2003; Linget al,

2003).

It was not possible to select any mutants exhidpiteduced susceptibility to ciprofloxacin
from the majority of serotypes examined, includd:nteritidis. This may be due to the
selecting concentration of fluoroquinolones beiog high as high-level fluoroquinolone
resistance in clinical isolates 8&lmonellas uncommon (Giraudt al, 2006);

alternatively it may be that fluoroquinolone reaiste mechanisms have a prohibitive
fitness cost and thus limit the emergence of resisttrains (Lindgreet al, 2005; Giraud
et al, 2006). This may also explain why there are sogablished reports regarding
spontaneous fluoroquinolone-resistant mutants.

The overall result of the inability to select spamgous fluoroquinolone resistant mutants
from the majority of strains coupled with the rataty low frequencies of those that were
selected reinforces the previous conclusion theretivas little fluoroquinolone resistance
in strains ofSalmonellasolated in Scotland in the period of this study.

To determine the capacity of the fluoroquinoloreselect resistant mutants,
fluoroquinolone-resistant mutants were selectedxXposing susceptible isolates to
numerous cultures on subinhibitory concentratidrendéimicrobial and determining any
accompanying decrease in susceptibility (see Chaptés has been previously
discussed, high-level fluoroquinolone resistanaauiis in strains odalmonellasolated in
Scotland however; elsewhere treatment failures baea reported to occur during

ongoing treatment with these drugs (Piddethkl, 1990; Boswelkt al, 1997). Although an
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in vitro experiment cannot replicaite vivo conditions accurately, these experiments
attempted to detect and characterize the initiatadese in susceptibility of the isolate.

The susceptible strains were exposed to subinijbttoncentrations of fluoroquinolones

in two ways. Firstly, by exposure along an incregsioncentration gradient of
antimicrobial where only the growth at the highestcentration end was selected for
further examination and secondly, by exposure bondibitory concentrations of
antimicrobial where the entire plate population weseatedly cultured on successive days.
The former method only selected mutants with tighést resistance as they were taken
from the growth at the highest concentration batlétter method repeatedly exposed the
entire population to subinhibitory concentratiofish@ antimicrobial, thus potentially
selecting mutants with only slightly reduced susitdfy in addition to the more resistant
mutants.

One difference between these results and thogeegirevious experiment was that
mutants were selected on ciprofloxacin. It mayHze the lower concentrations of
ciprofloxacin the strains were exposed to in thegeeriments, while inhibiting the
susceptible cells, allowed mutants with slightlgmased susceptibilities to grow and
increase resistance gradually whereas the higmaeotrations of ciprofloxacin (0.5mg/L)
used in the previous experiment may have beenigtoand inhibited the entire cell
population.

From the 12 mutants examined onlgysA mutations were detected (Table 5:4); with one,
Asp87—Gly, being selected for the first time in this stuadthough this has, like the other
mutations, been described previously (Eaates, 2002). As in the previous section, only a
single mutation was determined in each of the natakithough noteworthy increases in
MIC were determined, none reached high-level rastt. Once again, first-step mutations

appear to have been detected, although in theafdke mutants o& Typhimurium
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RDNC, an MIC of 1mg/L suggests that perhaps antiahdil mechanism of resistance
such as an increase in active efflux, which has lseewn to be a primary mechanism of
resistance to ciprofloxacin in strains®fTyphimurium (Girauckt al, 2000), may be
involved.

The Thr57Ser mutation detected in tleVirchow mutant was the onjyarC mutation
detected in any of the experiments. This is soméwhasual in thaparC mutations are
usually second-step mutations in the acquisitionigii-level resistance to
fluoroquinolones in Gram-negative organisms (Baeletial, 1998) or first-step
mutations in Gram-positive organisms. Lieigal found that the presence of The5Ber in
addition to agyrA mutation resulted in higher resistance (L&t@l 2003) and a previous
study demonstrated that transformatiopafC mutants with wild-typgarC resulted in a
partial reversal of ciprofloxacin resistance. It ladso been reported that this single
mutation in ann vitro mutant had no effect on the quinolone suscepitmli the resulting
strain; although Baget al postulated that Thr58Ser is a stabilizing mutation that allows
high-level fluoroquinolone resistance to developdnes not itself confer a higher level of
resistance (Bageit al, 1999). In this instance the MIC of the mutanswlatermined to be
0.38mg/L, an increase from 0.016mg/L for the wijgd strain which suggests that, in the
absence of gyrA mutation, the Thr5%Ser mutation is a least partly responsible for the

decrease in fluoroquinolone susceptibility exhithiby this mutant.

No correlation between the mutation selected aadlttoroquinolone on which it was
selected could be found as, with the exceptiongg82->Asn which was selected only
once on ofloxacin, more than one fluoroquinoloreced for the same mutation.
Similarly, increased MIC could not be correlatedity one of the antimicrobials as

different fluoroquinolones selected for the sameation which resulted in the same
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increase in MIC. Only the identical Ser8®he mutations selected on norfloxacin in a
strain ofS. Typhimurium DT104 and a strain 8f Dublin resulted in different increases in
MIC; the MIC of theS Typhimurium mutant was more than double that se¢heS.

Dublin mutant.

Mutations at codon Asp87 were the most commonlgatet but these resulted in three

different amino acid changes amongst three difteserotypes.

Overall, the frequently isolated serotypesSoEnteritidis ands. Typhimurium developed a
decrease in susceptibility to ciprofloxacin far moeadily than less frequently isolated
serotypes such & Kottbus, exhibiting increased MICs of 1mg/L an@rhg/L, with the

latter only demonstrating an increased MIC of 0.gAm

Plasmid-mediated mechanisms have resulted in aesistto most classes of clinically
important antimicrobials, such as the sulphonamidesnoglycosides angtlactams
(Normark & Normark, 2002); and in 1998, the 56kbagmhid pMG252 was implicated in
the first report of plasmid-mediated resistancgumolones. It was 2002 before the
complete molecular mechanismapfr-mediated resistance was determined. The 218
amino acid protein product of the geyre belonged to the pentapeptide repeat family
(Tran & Jacoby, 2002)n vitro studies demonstrated that purified Qnr prote&iembli
DNA gyrase from inhibition by ciprofloxacin, by lding to gyrase holoenzyme and its
respective subunits GyrA and GyrB. This protecti@as shown to be proportional to Qnr
concentration and inversely proportional to thecamtration of ciprofloxacin (Tran &
Jacoby, 2002).

gnr itself confers little resistance and strains cagypMG252 would be classed as
fluoroquinolone-susceptible (Rodriguez-Martim¢al, 2003); nevertheless its clinical

importance lies in the fact that it facilitates geection of higher level quinolone
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resistance mutations that allow isolates to suremecentrations of antimicrobial that
would be otherwise be inhibitory.

Early studies suggested thair plasmids might be limited and remain uncommondidgc
et al, 2003; Rodriguez-Matrtinezt al, 2003) however this has proved incorrect. The
incidence ofgjnr-mediated resistance has continued to increaselwiolé (Cheunget al,
2005; Jonast al, 2005; Murray, 2008; Karlssaet al, 2009).

Previous studies have examined isolates resisiardlidixic acid and reduced
susceptibility to fluoroquinolones fanr. However this study investigated a more unusual
resistance phenotype- nalidixic acid susceptilmtates with reduced susceptibility to
fluoroquinolones. This R-type has been previodsglgcribed (Monoit-Villeet al, 1991;
Hakaneret al, 2005) but until now, never investigated for tmegence ofjnr (see Chapter
6).

Seventy strains dalmonellawith reduced susceptibility to ciprofloxacin analidixic

acid resistance (n=53) and resistance to cefotakimg/L) (n=17) were investigated for
the presence afnr. Thirty-four strains comprising 12 serotypes wienend to harbour the
genesgnrS1(28),qnrA1(2), gnrB1(1), gnrB2 (2) andgnrB5 (1); of these serotypes, 7 have
not previously been found to harbanr genes (Table 6:1). With the exception of one
environmental and 3 veterinary isolates, all wdreuman origin, 58% of which were

isolated from patients with a history of foreigawel.

The high incidence and wide range of serotypesduaiibggnr genes in this study
confirmed that the prevalence of plasmid-mediat@da@one resistance is increasing.
Recent studies have shown that rgwgenes, such agrB1Q gnrB12andqnrD, are
being continually described (Quirogaal, 2007; Kehrenbergt al, 2008; Cavacet al,

2009), with the most receghrS4 being described by Danish scientists (Torpaalal,
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2009).

In addition to these negnr genes, other plasmid-mediated resistance deterisihane
recently been describedlaq6’)-1b-cr is a variant of the gene encoding an aminogligt®
acetyltransferasaaq6’)-Ib that is responsible for resistance to the amircgides
kanamycin, amikacin and tobramycin. The enzymeaeslthe activity of ciprofloxacin by
N-acetylation at the amino nitrogen on its pipamgkzsubstituent (Robicsedt al, 2006).

As in the case dajnr, the level of resistance conferred is small bstleen shown to act
additively with other plasmid-mediated resistana@xhanisms such gsr, and also
facilitates the selection of more resistant mutam®ng a fluoroquinolone-exposed
population of bacteria (Robicsek al, 2006).

ThegepAgene was identified in a plasmid, pHPA (Yamahal, 2007), which encodes a
14-transmembrane-segment putative efflux pumpitita¢ases resistance to norfloxacin
and ciprofloxacin and enrofloxacin by decreasirggdbcumulation of antimicrobial in the
bacterial cell, whilst the MIC of other antimicralts and dyes known to be substrates for

efflux pumps remained unchanged (Périckbal, 2007).

Previous experiments in this investigation have aestrated that high-level resistance to
fluoroquinolones was rare in strainsSdlmonellaisolated in Scotland from 1990-2000,
however these new plasmid-mediated mechanismsistaace which are easily

transmissible, may pose the biggest threat touhed of this class of antimicrobial.

164



7:2  Limitationsof thisstudy

Despite several attempts, | was unable to gainsadrethe veterinary antimicrobial

enrofloxacin. It would have been useful to incldllis fluoroquinolone in addition to the
other fluoroquinolones used in the various invedians of this study. The results may
have helped gain an insight into how the use afrfiguinolones in veterinary medicine

impacts on human medicine.

The number of mutations selected by either examgithie entire population for
spontaneous mutants or those selected upon expossubinhibitory concentration of
fluoroquinolone were fewer than expected when aw@gig the increased MIC of the
mutant compared to the wild-type. It would therefbave been useful to examine all of
the topoisomerase genes to determine whether aondetep mutations were present in
gyrB or parE It may also have been useful to examine the ®elenutants for any
increase in the levels of efflux to determine wieetthis was a factor in the increases in
MIC determined. This would be especially importemtthose mutants with elevated MICs
but no mutations detected in either gyeA or parC genes. It would have helped if the
mechanism of resistance in the MDR and FQR stitzaisbeen determined as this would
have provided a means of comparison between mwtealg@stedn vivo and those selected

in this study.

Further investigations into the This/Ser amino acid substitution detected inplaeC
gene of the strain @& Virchow might confirm whether or not it was reggible for the

increase in MIC exhibited by the mutant.

It may have been useful to perform growth studiethe mutants selected, to determine

whether or not there was a fitness cost of incitassistance to fluoroquinolones.
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Further investigations may have been made intanitidence ofgnr genes in strains
exhibiting resistance to nalidixic acid as manydsta have done previously. This may
have provided a more accurate assessment of tigeioe ofgnr in strains ofSalmonella

entericain Scotland.

73 Final conclusions

The increasing reports of treatment failures witiofoquinolones and the discoveries of
new mechanisms of resistance, suggested that astigation into the incidence of

resistance in strains &almonella entericgsolated in Scotland was urgently required.

Comparison between MIC results obtained on DST agdmMueller Hinton agar revealed
that DST agar is unsuitable for use with fluoroglimes. Determination of the MIC
values of nalidixic acid, ciprofloxacin, ofloxacingrfloxacin and moxifloxacin for the
strains examined demonstrated that although naaliresistance to ciprofloxacin was
present in any of the R-types selected, reducezkptibility was exhibited by all but the
FS group. Resistance to the other three fluorodoimes was confined to strains exhibiting
multi-drug resistances or those designated agaesi® 0.5mg/L ciprofloxacin by

breakpoint method of susceptibility testing.

The isolates 06 Mbandaka all thought to be of clonal origin (§¥&apter 2), exhibited
MIC values within one doubling dilution, howeveapiid and pulsed field profiles did
not indicate any significant correlation betweenagpe, MIC value and source of isolate

for any of the other serotypes studied.
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Spontaneous fluoroquinolone-resistant mutants welected for the serotyp8s
Typhimurium ands. Dublin on each of the four fluoroquinolones, vehiinly ciprofloxacin
was capable of selecting for resistant mutants @nteritidis. This contrasts with the
population analysis study where ciprofloxacin fdite select any mutants. This suggests
that resistance to ciprofloxacin requires more tti@nsingle first-step mutations
characterized by sequence analysis of the mutatésted on the other three
fluoroquinolones; and that these three fluoroquinek, especially ofloxacin which
selected mutants from different serotypes fromeddiht sources in the population analysis

study, may be more capable at selecting for mutdunisg treatment.

There was no correlation between the mutation ssdeand the fluoroquinolone used. The
increased MIC could not be correlated to any onth@fantimicrobials as different
fluoroquinolones selected for the same mutatiorctvinesulted in the same increase in

MIC.

As spontaneous fluoroquinolone-resistant mutantg welected from less than 50% of the
FS strains, it seems reasonable to conclude tbatapacity to develop resistance to

fluoroquinolones is not equal in all serotypes.

The prevalence ofinr genes was higher in strains $almonella entericasolated in
Scotland than had been demonstrated in previodsestin other parts of the world. There
is also a wider distribution of these genes amoiffgrdnt serotypes than has been

previously demonstrated.

This study has demonstrated that for the periodstigated, fluoroquinolone resistance in
strains ofSalmonella entericésolated in Scotland reflected the findings of ilamstudies

from other parts of the world in that, althoughistsce to nalidixic acid was common and
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reduced susceptibility to fluoroquinolones was déidko this resistance, clinical resistance
to fluoroquinolone was rare. With the relativelyceat advent of plasmid-mediated
quinolone resistance, this may not apply for mwigér and surveillance of this class of

antimicrobial is needed more than ever.
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Appendix I: Original breakpoint designations

Strains termed “MDR”

fli.RL Isolate Source EpidemiologyOrganism Name PT Ap Cx'* Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19903865 Human Sporadic S.Bovismorbificans - S R R $ §$ S R S S S S R S
19910748 Human Sporadic S.Virchow - R S R R § S R S R R R R
19932001 Human Sporadic S.Oranienburg - R R R S S R R R RR R R
19932300 Human Sporadic S.Hadar - S S R S §S S R S S R S R S
19933344 Human Sporadic S.Typhimurium 204c R R R S S R R B R R R R
19935442 Human Sporadic S.Hadar - S S R §$ § S R S S R R R S
19940240 Human Sporadic S.Hadar - S S R §$ § S R S S R S R S
19941463 Environmental S.Typhimurium 204 R R R $ S R R S B R R R
19950004 Human Sporadic S.Typhimurium 2 S S R S S S R S SRS R
19953743 Human Sporadic S.Virchow - R S R R §S$ S R S S S S &
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PT

No. Isolate Source EpidemiologyOrganism Name Ap Cx* Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19963399 Human Sporadic S.Brandenburg - S R R R S R R S SS R S
19966072 Bovine S.Typhimurium 104b R R R S § S R S S S R B
19970646 Human Sporadic S.Typhimurium 104 R R R S S S R B R R R S
19970917 Human Sporadic S.Typhimurium 104 R R R $ S S R S RR R S R
19972895 Environmental S.Typhimurium 104 R R R S S S R S R R R S R
19982602 Poultry '(\Jﬂfréogrm?rigl?aroup - R S RR R R RRIRRRRURTI R R
19990031 Human Sporadic S.Typhimurium 104 R S S R §$ S S R BB R R S R R
19990095 Human Sporadic S.Hadar - S §$ S R S S S R S S R S SR R
19990515 Human Sporadic S.Hadar - R S S R §$ §S$ S R S S R RXR R
19990807 Not stated S.Enteritidis 8 R S R R S S S R S S S R S R
19990838 Human Sporadic S.Blockley - S S R R §$ S R R S S R K S R
19990898 Poultry S.Mbandaka - S S S R S S S R S S R S S s
19990970 Poultry S.Mbandaka - S S S R S S S R S S S S R s
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PT

No. Isolate Source EpidemiologyOrganism Name Ap Cx* Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19990983 Poultry S.Virchow - S S S R S S S R S S S R S R
19991026 Human Tunisia S.Hadar - R § S R § § § R § S R S R R
19991711 Human Egypt S.Blockley - S S S R S S R R S S R S B8 R
19991746 Poultry S.Thompson - s §$ S R S §$S S R S S S R S S
19991815 Human Sporadic S.Enteritidis 1 R S R R S S S R S $$S S S R
19991825 Pheasant S.Enteritidis 4 S S S R R 8§ S R S S S SR R
19992689 Human Sporadic S.Hadar - R S S R §$ § S R S S R SRR R
19992820 Human Spain S.Hadar - R s$S S R §$ § S R S S R R R S
19993033 Human Sporadic S.Enteritidis 4 s 8§ S R §$ S S R S SR S S R
19993048 Human Sporadic S.Indiana - S S S R R S R R S R RRR R
19995017 Human Sporadic S.Enteritidis RDNCS S S R S S S R S R R S R R R
20000283 Poultry S.Mbandaka - S S S R § S S R S S S S S R
20000673 Poultry S.Senftenberg - s §S S R §$ S R R § S S §S S R
20000721 Poultry S.Hadar - R §$ S R S § S R S S R S R S
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SSRL

PT

Ap Cx* Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?

No. Isolate Source EpidemiologyOrganism Name

20000918 Human Sporadic S.Typhimurium 104b R S R R S S S 88 R R R R S R
20001058 Poultry S.Mbandaka - R § S R S S S R S S R S R S
20002014 Human Sporadic S.Typhimurium 104b R S R R S S S R B R R R S R
20002058 Human Sporadic S.Typhimurium 104b R S S R S S S R &S R R S R R
20002113 Human Sporadic S.Hadar - R §$ S R §$ S S R S S S S S R
20002257 Human Sporadic S.Typhimurium RODNCR S R R S S R R S R R R R
20002399 Poultry S.Hadar - S S S R S §S S R S S R S R s
20002427 Poultry S.Java -S S S R $ S S R S R R S S R
20002563 Environmental S.Mbandaka - S S S R $ S S R S S R S S R
20003106 Human Spain S.Hadar - R s S R S § S R S S R R R S
20004010 Human Sporadic S.Hadar - R § S R §$ §S S R S S R SR R
20004028 Human Spain S.Hadar - R s §S R S § § R S S R S R S
20004661 Environmental S.Mbandaka - S §S S R $ S S R S S SRR R

173

R



Strains termed “FQR”

SSRL

No. Isolate Source  Epidemiology Organism Name  PT ApCx' Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19900377 Human Sporadic S.Enteritidis 4 S S R S S S R S SSSS S
19900497 Poultry S.Enteritidis RDNC S S R S S S R S § S S§ S
19900633 Poultry S.Enteritidis RDNC S S R S S S R S § S S§ S
19900813 Human Sporadic S.Enteritidis 4 S S R S S S R S SS S S
19900828 Human Sporadic S.Enteritidis 4 S S R S S S R S SS S S
19901024 Poultry S.Enteritidis 4 S S R S S S R S § § S § S
19901059 Poultry S.Enteritidis 4 S S R S S S R § S S S S S
19901127 Poultry S.Enteritidis UntypableS S R S S S R S S S S S S
19901135 Poultry S.Enteritidis UntypableS S R S S S R S S S S S S
19901221 Poultry S.Enteritidis UntypableS S R S S S R S S S S S S
19901257 Poultry S.Enteritidis UntypableS S R S S S R § S S S S S
19901259 Poultry S.Enteritidis 4 S S R S S S R § S S S S S
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No. Isolate Source  Epidemiology Organism Name  PT ApCx' Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19901289 Poultry S.Enteritidis UntypableS S R S S S R S S S S S S
19901301 Poultry S.Enteritidis UntypableS S R S S S R S S
19901442 Poultry S.Enteritidis RDNC S S R S S R S S S S S
19901527 Poultry S.Enteritidis RDNC S S R S S S R S § S S§ S
19901602 Poultry S.Enteritidis 4 S S R S S S R § S S S S S
19901733 Poultry S.Enteritidis UntypableS S R S S S R S S S S S S
19901754 Poultry S.Enteritidis UntypableS S R S S S R S S S S S S
19901928 Poultry S.Enteritidis 4 S S R $ S S R S S S s s s
19902644 Human Sporadic S.Typhimurium 66 S S R S S S R S &S S S
19903116 Human Sporadic S.Enteritidis RDNC S S R S S S R S S S S S
19903993 Poultry S.Enteritidis UntypableS S R S S S R S S S S S S
19910646 Poultry S.Mbandaka S S R S S S R S § S S S S
19910665 Poultry S.Enteritidis 4 S S R $ S S R S s S s s s
19911165 Poultry S.Enteritidis 4 S S R §$ S S R S S S s s s
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No. Isolate Source  Epidemiology Organism Name  PT ApCx' Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp’
19911537 Human Sporadic S.Enteritidis 4 S S R S S S R S SS S S
19912067 Poultry S.Mbandaka S S R S S S R S S S S s s
19921643 Poultry S.Mbandaka S S R S S S R S S S S
19933184 Human Sporadic S.Enteritidis 4 S S R S S S R S SSS S S
19933339 Human Sporadic S.Enteritidis 4 S S R S S S R S SSS S S
19933488 Environmental S.Mbandaka S S R S S S R S S S S SS
19934878 Poultry S.Mbandaka S S R S S S R S § S S S S
19935599 Human Sporadic S.Enteritidis 4 S S R S S S R S SS S S
19940784 Human Sporadic S.Enteritidis 4 S S R S S S R S SS S S
19940871 Human Sporadic S.Enteritidis 4 S S R S S S R S SS S S
19940880 Human Sporadic S.Enteritidis 4 S S R S S S R S SS S S
19941804 Poultry S.Mbandaka S S R S S S R § S S S S S
19941864 Human Sporadic S.Enteritidis 4 S S R S S S R S SS S S
19943026 Human Sporadic S.Enteritidis 4 S S R S S S R S SS S S
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Isolate Source

Epidemiology Organism Name

PT

ApCx' Cl Cp Fz Gm Ka Na Ne Sp

St

Sx Te Tm LCp?

No.

19964025 Human Sporadic S.Enteritidis 5a S S R S S S R S &S S S

19965081 Human Sporadic S.Enteritidis 1 S S R S S S R S SS S S

19970269 Human Sporadic S.Enteritidis 7 S S R S S S R S SS S S

19990976 Poultry S.Mbandaka S S S R S S S R § S S S S S
19991308 Human Sporadic S.Enteritidis 4 S S S R S S S R S §S S S R
19991700 Human Spain S.Enteritidis 4 S S S R S S S R S S SS S R
19991722 Human Gran Canaria  S.Enteritidis 4 S S S R S S S ® S S S S S R
19992252 Human Sporadic S.Enteritidis 1 S S S R S S S R S &S S S R
19993983 Poultry S.Mbandaka s §$ S R S S S R S S S S s s
20000635 Poultry S.Mbandaka S S S R S S S R § S S S S S
20000821 Environmental S.Mbandaka S S S R S S S R § S SSSS R
20001054 Poultry S.Mbandaka S S S R S S S R S S S S S S
20002524 Environmental S.Mbandaka S S S R S S S R § S SS S R
20002550 Environmental S.Mbandaka S S S R S S S R S S SSSS R
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No. Isolate Source  Epidemiology Organism Name  PT ApCx' Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
20004300 Human Tenerife S.Enteritidis 4 S S S R S S S R S &S S S R
20004594 Human Sporadic S.Enteritidis 1 S S S R S S S R S &S S S R
20004768 Feline S.Enteritidis 1 S S S R S S S R § S S S S B
20005212 Human Sporadic S.Enteritidis 1 S S S R S S S R S §S S S R
20005300 Human Sporadic S.Enteritidis 1 S S S R S S S R S &S S S R
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Strains termed “NaCpL”

SI\?EL Isolate Source Epidemiology Organism Name PT Ax! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19982854 Poultry S.Liverpool s § 8§ S S S S R S s s s s s
19982886 Poultry S.Mbandaka s § 8§ S S S S R S S s s s s
19983032 Poultry S.Senftenberg S S S S S S S R S S S S S K
19983922 Canine S.Binza S S S § S S S R § S S S S S
19984026 Human Sporadic S.Enteritidis 1 S S S S S S S R S SS S S R
19990203 Poultry S.Thompson S S S S S S S R S § S S S S
19990355 Canine S.Newport S S S S S S S R S S S S S S
19990380 Poultry S.Enteritidis 4 S S S § S S S R § S § S & R
19990905 Human Spain S.Enteritidis 1 S S S S S S S R S S SS S R
19991305 Human Sporadic S.Enteritidis 1 S S S S S S S R S S S S R
19991378 Human Family outbreak S.Enteritidis 1 S S S S S S S § S S S S R
19991459 Human Sporadic S.Enteritidis 21 S S S S S S S R S S S S R
19991601 Poultry S.Virchow s § § s S S S R S S s s s s
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SSRL

No. Isolate Source Epidemiology Organism Name PT Ax! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19991605 Human Sporadic S.Enteritidis 21 S S S § S S S R S SS S S R
19991655 Human Mediterranean S.Enteritidis 21 S S s §$ §s § B S § § S S S R
19991657 Human Sporadic S.Enteritidis 1 S S S S S S S R S &S S S R
19991668 Human Sporadic S.Enteritidis 21 S S S S S S S R S SSS S S R
19991697 Human Sporadic S.Virchow S S S S S S S R S S S S S R
19991754 Human Sporadic S.Enteritidis 1 S S S S S S S R S S S S R
19991760 Human Diarrhoea since T in S.Enteritidis 4 S S S S S S S R S S S S S S

the Park
19991817 Human Majorca S.Enteritidis 7 S S S S S S S R S SSSS S R
19991915 Human Sporadic S.Enteritidis 1 S S S S S S S R S S S S R
19991939 Human Turkey S.Virchow S S S S S S S R S S S S S B
19992003 Human Sporadic S.Kottbus S S S § S S S R S S S SSS R
19992070 Human Spain S.Hadar S S S § S S S R S S S S S S
19992196 Human Family outbreak S.Enteritidis 1 S S S S S S S § S S S S R
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Isolate Source

Epidemiology

Organism Name

PT

Ax! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?

No.
19992245 Human North Africa S.Enteritidis Untypables S S R S S S S S S R
19992327 Human Malta S.Virchow S S S S S R § S S § S B
19992365 Poultry Non-motile group S S S R S S S S S S R
C4 Salmonella
19992434 Human Majorca S.Enteritidis 1 S § S S S R S SSSS S R
19992465 Poultry Non-motile group S S S R S § S S S S R
C4 salmonella
19992491 Poultry S.Senftenberg S S S S S R S S S S S K
19992678 Human Sporadic S.Infantis S S S S S R S S SS S R
19992835 Poultry S.Typhimurium 3 S S S S S R S S S S $& R
19992934 Human Sporadic S.Hadar S § S S S R S S S S S RS
19993007 Human Sporadic S.Enteritidis 1 S S S S S R S S S S R
19993056 Bovine S.Dublin S S S S S S S R § S S S S S R
19993084 Environmental S.Thompson S S S S S R S S SSS S R
19993085 Environmental S.Thompson S § S S S R S S SSS S R
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No. Isolate Source Epidemiology Organism Name PT Ax! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19993086 Poultry S.Thompson s § 8§ S S S S R S S s s s s
19993115 Human Sporadic S.Enteritidis 4 S S S S S S S R S &S S S R
19993156 Human Turkey S.Virchow S S S S S S S R S S S S S B
19993222 Human Sporadic S.Enteritidis 1 S S S S S S S R S S S S R
19993411 Human Sporadic S.Enteritidis 1 S S S S S S S R S &S S S R
19993539 Human Sporadic S.Enteritidis Untypabl& S S S § S S S
19993553 Poultry S.Mbandaka S S S S S S S R § S S S S S
19993731 Poultry S.Senftenberg S S S S S S S R S S S S S K
19993739 Human Unknown S.Enteritidis 1 S S S S S S S R S SS S S R
19993787 Human Sporadic S.Enteritidis 4 S S S § S S S R S SS S S R
19993795 Human Spain S.Enteritidis RDNC S S S § S S S R § &S S S R
19993807 Environmental S.Liverpool S S S S S S S R S S SS$ S R
19994202 Poultry S.Senftenberg S S S S S S S R S S S S S K
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No. Isolate Source Epidemiology Organism Name PT Ax! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19994385 Human Sporadic S.Enteritidis 1 S S S § S S S R S SS S S R
19994455 Human Gran Canaria S.Typhimurium 104b S S S §$ §$ $S B §$S S S S S S R
19994609 Human Morocco S.Enteritidis 14b S S S § S S S R §$ $S S S R
20000139 Bovine S.Dublin S S S § S S S R § S S S S S
20000466 Environmental S.Thompson S S S S S S S R S S SSS S R
20000672 Poultry S.Liverpool s § 8§ S S S S R S s s s s s
20000923 Human Sporadic S.Enteritidis 21 S S S S S S S R S SSS S S R
20001314 Human Family outbreak S.Enteritidis 4 S S S S S S S § S S S S R
20001505 Human Lanzarote S.Enteritidis 1 S S S S S S S R §SS S S R
20001526 Human Thailand S.Virchow S S S § S S S R § § S § S R
20002001 Human Family outbreak S.Virchow S S S S S S S R 8§ S S S S R
20002138 Human Sporadic S.Virchow S S S S S S S R S S S S S R
20002195 Human Morocco S.Enteritidis 1 S S S § S S S R § §S$S8S S § R
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Isolate Source

Epidemiology

Organism Name

PT

Ax! Cl Cp Fz Gm Ka Na Ne Sp St

Sx Te

No.

20002216 Human Spain S.Enteritidis 1 S S S S S S S R S S SS S R
20002238 Human Sporadic S.Enteritidis 1 S S S S S S S R S &S S S R
20002261 Human South Africa S.Enteritidis 1 S S S § S S S R S S S S S R
20002298 Environmental S.Mbandaka S S S § S S S R § S SS S R
20002308 Environmental S.Mbandaka S S S S S S S R § S S8 S R
20002439 Human Sporadic S.Enteritidis 1 S S S S S S S R S &S S S R
20002542 Environmental S.Mbandaka S S S § S S S R § S SSS S R
20002590 Human Sporadic S.Enteritidis RDNC S S S S S S S R & S S S S R
20002618 Human Family outbreak S.Enteritidis 21 S S S §$S §$ & R S S S S S S R
20002621 Human Sporadic S.Enteritidis 6 S S S S S S S R S &SSS S S R
20002660 Human Ibiza S.Enteritidis 1c S S S § S S S R § SS S S R
20002675 Human Sporadic S.Enteritidis Untypabl&8 S S S S S S § §S S S S R
20002873 Human Sporadic S.Enteritidis 1 S S S S S S S R S &S S S R
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No. Isolate Source Epidemiology Organism Name PT Ax! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
20003149 Human Turkey S.Enteritidis 1 S § 8§ S S S S R S SSsSsSSsS s R
20003165 Human Family outbreak S.Enteritidis 1 S S S S S S S § S S S S R
20003184 Human Sporadic S.Enteritidis 21 S S S S S S S R S S§SS S S R
20003270 Human Lanzarote S.Enteritidis 1 S S S § S S S R §$SS S S R
20003558 Human Sporadic S.Enteritidis 4 S S S § S S S R S SS S S R
20003586 Human Lanzarote S.Enteritidis 21 S S S § S S S R $ §S S S S R
20003659 Human Sporadic S.Enteritidis 21 S S S S S S S R S SSS S S R
20003924 Human Gran Canaria S.Enteritidis 4 S S S § S S S R S S S S S R
20003957 Human Sporadic S.Kottbus S S S § S S S R S S S SSS R
20004057 Human Sporadic S.Enteritidis 1 S S S § S S S R S SS S S R
20004078 Human Ibiza S.Enteritidis 3 S S S § S S S R S S S S R
20004230 Human Morocco S.Enteritidis 1 S S S § S S S R § SS S S R
20004338 Human Spain S.Enteritidis 1c S S S § S S S R S SSSS S R
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Isolate Source

Epidemiology

Organism Name

PT Ax! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?

No.

20004342 Human Sporadic S.Enteritidis 6a S S S S S S S R S SS S S R
20004592 Human Sporadic S.Enteritidis RDNC S S S S S S S R &$ S S S S R
20004730 Human Lanzarote S.Enteritidis 21 S S S § S S S R $ S S S S R
20004763 Human Family outbreak S.Enteritidis 1 S S S S S S S § S S S S R
20004915 Environmental S.Mbandaka S S S S S S S R § S S8 S R
20004927 Human Tenerife S.Enteritidis Untypabl& S S S § S S S
20004928 Human Tenerife S.Antarctica S S S § S S S R S S$SSS S R
20004947 Poultry S.Senftenberg S S S S S S S R S S S S S K
20004972 Human Spain S.Enteritidis RDNC S S S S S S S R S &S S S R
20005031 Human Tenerife S.Enteritidis 7 S S S § S S S R § &$S S S R
20005084 Human Java S.Enteritidis 4 S S S S S S S R S S SSS S R
20005141 Human S.Enteritidis UntypableS S S § S S S S
20005226 Human Lanzarote S.Enteritidis 1 S S S S S S S R S S$SS S S R
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Ax! Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?

20005319 Poultry

S.Thompson

S

s § § § § §S R § S S S § S
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Strains termed “FS”

SSRL

No. Isolate Source Epidemiology ~ Organism Name  PT Bt Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?

19982543 Poultry S.Enteritidis 4 S S S S §S S S S S S S

19983155 Human Sporadic S.Dublin S S S S §$ S § S S S S

19983351 Canary S.Typhimurium RDNC S S S S §$ §S S S S S

19993458 Human Sporadic S.Typhimurium 2 S S S § SSS S S S

19983717 Human Sporadic S.Virchow S S S S § S S S S S S
Family o

19990341 Human S.Typhimurium 104 S S S S S § S S S S S S
outbreak

19990706 Poultry S.Mbandaka S S S S §S S S S S S S

19991035 Porpoise S.Typhimurium 104 S S S S § S S SSS S S
Family

19991073 Human S.Brandenburg S S S S §S § S S S S S
outbreak

19991452 Pheasant S.Binza S S S S § S S S S S S

19991870 Human Sporadic S.Enteritidis 5¢c S S S SSSS S S S
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SSRL

No. Isolate Source Epidemiology =~ Organism Name  PT &' Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?
19991929 Human Sporadic S.Enteritidis 1 s § §$ §$ §$ § S S SSS S s S
19992150 Human Sporadic S.Enteritidis 6a s § §$ §$ §$ S S S §S$SSS S S
19993805 Bovine S.Dublin S S§S S S s S S S S s s s s
19993849 Human Sporadic S.Typhimurium 104 s §S § §$ § § S S $S$ S S S s
19994076 Human Family S.Typhimurium 104 S S S S S S S S S S s s s
outbreak
20000136 Bovine S.Dublin S S S S S S S S S s s s s
20001178 Poultry S.Typhimurium 104 s § § §$ §$ § S S S S s S$ S
20001735 Ovine S.Dublin S s §$ s s § S § S S S S S
20001797 Bovine S.Montevideo s s s s § § § § S S S s S
20003052 Bovine S.Dublin S s §$ s s § S S S S S S S
20003940 Human Sporadic S.Typhimurium 40 s 8§ § § § S S S SSSS S s
20003962 Human Sporadic S.Typhimurium 10 S S S S S S §SSS S S
20004447 Human Ibiza S.Enteritidis 21 S s §$ § § § S § S SS S S
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No. Isolate Source Epidemiology =~ Organism Name  PT &' Cl Cp Fz Gm Ka Na Ne Sp St Sx Te Tm LCp?

20005189 Porcine S.Typhimurium 170 s 8§ § s § S S S S S S S s S

Antimicrobial abbreviations: Ap, ampicillin; Cx, fmaxime; Cl, chloramphenicol; Cp, ciprofloxacingfthg/L); Fz, furazolidone; Gm, gentamycin; Ka,
kanamycin; Na, nalidixic acid; Ne, netilmicin; Spectinomycin; St, streptomycin; Sx, sulphametholgzTe, tetracycline; Tm, trimethoprim; LCp,
ciprofloxacin (0.125mg/L).

! Sensitivity testing for cefotaxime began in 1998

2 Sensitivity testing for reduced susceptibilityciprofloxacin began in 1997
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Appendix Il:  Preparation of working solutions for Plasmid profile

analysis

TE50:1

0.61g of Trizma base and 0.04g of EDTA was dissblue’Oml of deionised water. The

pH was adjusted to 8 and the volume was made UpQmls. Stored at room temperature.

TBE buffer

500ml of 10X TBE buffer was added to 4500ml of avsed water.

Kado and Liu lysis buffer

3g of SDS and 0.6g of Trizma base were added &akdr on a magnetic stirrer,
containing approximately 70ml of deionised wateprabe from the Hydrus 300 pH
machine from Fisherbrand was inserted into the éreakd monitored the pH. Sodium
hydroxide solution was added slowly until a pH @f@.was achieved. The final volume
was adjusted to 100ml. The buffer was stored atufi needed, but as the SDS
precipitates while being stored, it is necessamlace the buffer in a 56°C waterbath until

the SDS has re-dissolved.

Ethidium Bromide (50mM stock solution)
10ml of Ethidium Bromide solution was added to 4(frdeionised water, to make 50ml
working solution and stored at 4°C. For stainingn@l of this was added to 500ml of

deionised water, which was sufficient to stain a2® gels.
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Appendix I11:

Plasmid profiles

R Serotype F;C‘;‘)gee Plasmid profiles (kb)
20004928 Antarctica 57
19983922 Binza 2.1
19991452 Binza Plasmid-free
19990838 Blockley 5.2;4.6
19991711 Blockley 8.2,5.2
19903865 Bovismorbificans Plasmid-free
19963399 Brandenburg 160;3.7
19991073 Brandenburg Plasmid-free
19983155 Dublin 80
19993056 Dublin Plasmid-free
19993805 Dublin 80
20000136 Dublin 80
20000139 Dublin Plasmid-free
20001735 Dublin 80
20003052 Dublin 80
19900377 Enteritidis 4 57
19900497 Enteritidis RDNC 57;2.1
19900633 Enteritidis RDNC 57
19900813 Enteritidis 4 57
19900828 Enteritidis 4 57
19901024 Enteritidis 4 57
19901059 Enteritidis 4 57
19901127 Enteritidis Untypable 57;2.1
19901135 Enteritidis Untypable 57;2.1
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. E?ZR;CG Serotype F;D‘:‘)gee Plasmid profiles (kb)
19901221 Enteritidis Untypable 57;2.1
19901257 Enteritidis Untypable 57;2.1
19901259 Enteritidis 4 57
19901289 Enteritidis Untypable 57;2.1
19901301 Enteritidis Untypable 57;2.1
19901442 Enteritidis RDNC 57;2.1
19901527 Enteritidis RDNC 57;2.1
19901602 Enteritidis 4 57;2.1
19901733 Enteritidis Untypable 57
19901754 Enteritidis Untypable 57;2.1
19901928 Enteritidis 4 57
19903116 Enteritidis RDNC 2.1
19903993 Enteritidis Untypable 2.1
19910665 Enteritidis 4 57;2.1
19911165 Enteritidis 4 57
19911537 Enteritidis 4 Plasmid-free
19933184 Enteritidis 4 57
19933339 Enteritidis 4 57
19935599 Enteritidis 4 57
19940784 Enteritidis 4 57
19940871 Enteritidis 4 57
19940880 Enteritidis 4 57
19941864 Enteritidis 4 57
19943026 Enteritidis 4 57
19964025 Enteritidis 5c 57
19965081 Enteritidis 1 57
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. E?ZR;CG Serotype F;D‘:‘)gee Plasmid profiles (kb)
19970269 Enteritidis 7 57
19982543 Enteritidis 4 57
19984026 Enteritidis 1 Plasmid-free
19990380 Enteritidis 4 57;4.4
19990807 Enteritidis 8 57
19991308 Enteritidis 4 57
19991655 Enteritidis 21 57
19991657 Enteritidis 1 57
19991700 Enteritidis 4 57
19991722 Enteritidis 4 100;57
19991815 Enteritidis 1 57
19991817 Enteritidis 7 57
19991825 Enteritidis 4 57
19991870 Enteritidis 5c 57;2.8
19991929 Enteritidis 1 57
19992150 Enteritidis 6a 57;55
19992252 Enteritidis 1 120
19993033 Enteritidis 4 Plasmid-free
19993115 Enteritidis 4 57
19993539 Enteritidis untypable 57
19994609 Enteritidis 14b 5.2
19995017 Enteritidis RDNC 70;57;3.0;2.1
20001314 Enteritidis 4 57
20002195 Enteritidis 1 57
20002590 Enteritidis RDNC 57
20002618 Enteritidis 21 57;4.9;4.6
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. E?ZR;CG Serotype F;D‘:‘)gee Plasmid profiles (kb)
20002621 Enteritidis 6 57
20002660 Enteritidis 1c 57
20004057 Enteritidis 1 57
20004078 Enteritidis 3 57
20004300 Enteritidis 4 45;6.0;4.5
20004338 Enteritidis 1c 57
20004342 Enteritidis 6a 110;57
20004447 Enteritidis 21 57;3.5
20004592 Enteritidis RDNC 57
20004594 Enteritidis 1 Plasmid-free
20004730 Enteritidis 21 110;57
20004768 Enteritidis 1 57
20005031 Enteritidis 7 57
20005084 Enteritidis 4 57;4.8
20005141 Enteritidis untypable 57;6.0;5.0;3.8
20005212 Enteritidis 1 57
20005300 Enteritidis 1 Plasmid-free
19932300 Hadar 6.1;3.3;2.1
19935442 Hadar 6.1;3.3;2.1
19940240 Hadar 6.1,3.2;2.1
19990095 Hadar 7.2;2.1
19990515 Hadar 15;7.4;3.2;2.1
19991026 Hadar 2.1
19992070 Hadar 2.1
19992689 Hadar 15;6.2;5.3;4.8;3.2;2.
19992820 Hadar 15;4.8;2.1
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. E?ZR;CG Serotype F;D‘:‘)gee Plasmid profiles (kb)
20000721 Hadar 8.2;6.0;5.2;4.0;3.2;
20002113 Hadar 8.2,3.2,2.1
20002399 Hadar 45;2.1
20003106 Hadar 10;4.2;3.8;3.2;2.1
20004010 Hadar 10;4.8;4.5;2.1
20004028 Hadar 10;3.2;2.1
19993048 Indiana 160;40;6.0;5.2;2.6
20002427 Java 20;4.5;2.0
19992003 Kottbus 2.1
20003957 Kottbus 8.0;3.2;2.1;2.0
19982854 Liverpool 5.1;4.3
19993807 Liverpool 5.1;4.3
20000672 Liverpool 5.1;4.3
19910646 Mbandaka 6.8;4.4;2.8
19912067 Mbandaka 4.8;3.4
19921643 Mbandaka 6.8;4.6;2.8
19933488 Mbandaka 4.6
19934878 Mbandaka 6.8;4.2
19941804 Mbandaka 6.8;4.2
19982886 Mbandaka 4.6,4.4
19990706 Mbandaka 90;3.6;2.8
19990898 Mbandaka 70;6.8;4.4
19990970 Mbandaka 90;6.8;4.4
19990976 Mbandaka 6.8;4.2
19993983 Mbandaka 6.8;4.8;3.6;3.4;2.]
20000283 Mbandaka 70;60;3.0;2.1

2.1
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. E?ZR;CG Serotype F;D‘:‘)gee Plasmid profiles (kb)
20000635 Mbandaka 70
20000821 Mbandaka 45;30;6.8;4.4
20001054 Mbandaka 70
20001058 Mbandaka 45;20;6.8;4.2
20002298 Mbandaka 4.6;4.4;3.0
20002524 Mbandaka 60;50;6.8;4.4;3.4
20002550 Mbandaka 50;6.8;4.4
20002563 Mbandaka 90;50;6.8;4.6;4.3;3.0
20004661 Mbandaka 90;50;6.8;4.6;4.3;3.0
19982602 Monophasic group C1 100;2.7

2000 1797 Montevideo 120
19932001 Oranienburg 160;147;120
19983032 Senftenberg 50;20;5.3;4.4;3.2;2.5
19992491 Senftenberg 50;2.1
20000673 Senftenberg 20;4.3;3.2
20004947 Senftenberg 50;5.3;4.4;3.2;2.5
19990203 Thompson 6.5;5.5;2.8
19991746 Thompson 7.2
19993085 Thompson Plasmid-free
20005319 Thompson Plasmid-free
19902644 Typhimurium 66 90
19933344 Typhimurium 204c 90;60
19941463 Typhimurium 204 160;90
19950004 Typhimurium 2 90
19966072 Typhimurium 104b 90;7.1
19970646 Typhimurium 104 90
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. E?ZR;CG Serotype F;D‘:‘)gee Plasmid profiles (kb)
19970917 Typhimurium 104 90
19972895 Typhimurium 104 90
19983351 Typhimurium RDNC Plasmid-free
19983458 Typhimurium 2 90
19990031 Typhimurium 104 90
19990341 Typhimurium 104 90;50
19991035 Typhimurium 104 90
19992835 Typhimurium 3 90;2.8
19993849 Typhimurium 104 90
19994076 Typhimurium 104 90
20000918 Typhimurium 104b 110;90
20001178 Typhimurium 104 90
20002014 Typhimurium 104b 90
20002058 Typhimurium 104b 90;30;6.7;6.0
20002257 Typhimurium RDNC 145;4.9;3.1;2.5;2.(
20003940 Typhimurium 40 Plasmid-free
20003962 Typhimurium 10 90
20005189 Typhimurium 170 Plasmid-free
19910748 Virchow 150
19953743 Virchow 100
19983717 Virchow Plasmid-free
19990983 Virchow 6.8;4.4,2.1
19991601 Virchow 4.5;2.5;2.1,1.7
19992678 Virchow Plasmid-free
20001526 Virchow Plasmid-free
20002001 Virchow Plasmid-free

p—4




Appendix | V: Preparation of working solutions for PFGE

0.85% Saline

4.25¢g of sodium chloride were dissolved in 500ndlistilled water and sterilized by

autoclaving.

ES Buffer

18.6g of EDTA was added to a Pyrex beaker contgiapproximately 70ml of sterile
deionised water, stirring on a magnetic stirreprébe from the Hydrus 300 pH machine
from Fisherbrand was inserted into the beaker aowitored the pH. Sodium hydroxide
solution was added to keep the pH above 8 to ath@\EDTA to dissolve. Once all the
EDTA was dissolved, the sodium hydroxide soluticasvadded drop by drop until a final
pH of 9.5 was achieved. The volume was adjustdd@ml| and stored at room

temperature.

Proteinase K

0.5g of Proteinase K was dissolved in 20ml of kateionised water. Aliquots of 200ul
were dispensed into sterile Treff tubes and franeghe —20°C freezer. When needed, the
required number of tubes would be removed fronfriezer and allowed to thaw at room

temperature.

TE (PFGE) Wash buffer
1.21g of Trizma base and 3.72g of EDTA were disstlv approximately 900ml of

deionised water. The pH was adjusted to 7.5. Thenve was made up to one litre and

sterilized by autoclaving. Store at room tempegatur
0.5X TBE buffer

250ml of 10X TBE buffer was added to 4750ml of dised water. Store at room

temperature.
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Appendix V: Pulsed Field Profiles
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SSRL Serotype Phage Pulsed'field
Reference type profile
20004928 Antarctica AMANT1
19983922 Binza AMBIN1
19991452 Binza AMBIN2
19990838 Blockley AMBLO1
19991711 Blockley AMBLO2
19903865 Bovismorbificans AMBOV1
19963399 Brandenburg AMBRN1
19991073 Brandenburg AMBRNZ2
19983155 Dublin AMDUB1
19993056 Dublin AMDUB1
19993805 Dublin AMDUB1
20000136 Dublin AMDUB1
20000139 Dublin AMDUB1
20001735 Dublin AMDUB2
20003052 Dublin AMDUB1
19900377 Enteritidis 4 AMENT1
19900497 Enteritidis RDNC SENTXB.0001
19900633 Enteritidis RDNC SENTXB.0001
19900813 Enteritidis 4 AMENT3
19900828 Enteritidis 4 AMENT1
19901024 Enteritidis 4 SENTXB.0001
19901059 Enteritidis 4 AMENT?2
19901127 Enteritidis Untypable SENTXB.0001
19901135 Enteritidis Untypable SENTXB.0001
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SSRL Serotype Phage Pulsed'field
Reference type profile
19901221 Enteritidis Untypable SENTXB.0001
19901257 Enteritidis Untypable SENTXB.0001
19901259 Enteritidis 4 SENTXB.0001
19901289 Enteritidis Untypable SENTXB.0001
19901301 Enteritidis Untypable SENTXB.0001
19901442 Enteritidis RDNC SENTXB.0001
19901527 Enteritidis RDNC SENTXB.0001
19901602 Enteritidis 4 SENTXB.0001
19901733 Enteritidis Untypable SENTXB.0001
19901754 Enteritidis Untypable SENTXB.0001
19901928 Enteritidis 4 SENTXB.0001
19903116 Enteritidis RDNC SENTXB.0014
19903993 Enteritidis Untypable AMENT7
19910665 Enteritidis 4 SENTXB.0001
19911165 Enteritidis 4 SENTXB.0001
19911537 Enteritidis 4 SENTXB.0014
19933184 Enteritidis 4 SENTXB.0001
19933339 Enteritidis 4 SENTXB.0001
19935599 Enteritidis 4 SENTXB.0001
19940784 Enteritidis 4 SENTXB.0001
19940871 Enteritidis 4 SENTXB.0001
19940880 Enteritidis 4 SENTXB.0001
19941864 Enteritidis 4 SENTXB.0001
19943026 Enteritidis 4 SENTXB.0001
19964025 Enteritidis 5c AMENT4
19965081 Enteritidis 1 SENTXB.004(

!

L
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SSRL Serotype Phage Pulsed'field
Reference type profile
19970269 Enteritidis 7 SENTXB.004(
19982543 Enteritidis 4 SENTXB.0001
19984026 Enteritidis 1 SENTXB.0014
19990380 Enteritidis 4 SENTXB.0001
19990807 Enteritidis 8 SENTXB.0009
19991308 Enteritidis 4 SENTXB.0001
19991655 Enteritidis 21 SENTXB.0001
19991657 Enteritidis 1 SENTXB.0001
19991700 Enteritidis 4 SENTXB.0001
19991722 Enteritidis 4 SENTXB.0001
19991815 Enteritidis 1 SENTXB.0001
19991817 Enteritidis 7 SENTXB.0001
19991825 Enteritidis 4 SENTXB.0001
19991870 Enteritidis 5c SENTXB.0001
19991929 Enteritidis 1 SENTXB.0001
19992150 Enteritidis 6a SENTXB.000!
19992252 Enteritidis 1 SENTXB.0014
19993033 Enteritidis 4 SENTXB.0014
19993115 Enteritidis 4 SENTXB.0001
19993539 Enteritidis untypable AMENT5S
19994609 Enteritidis 14b AMENT6
19995017 Enteritidis RDNC SENTXB.0114
20001314 Enteritidis 4 SENTXB.0001
20002195 Enteritidis 1 SENTXB.0001
20002590 Enteritidis RDNC SENTXB.0001
20002618 Enteritidis 21 SENTXB.0001

L

L
L

)
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SSRL Serotype Phage Pulsed'field
Reference type profile
20002621 Enteritidis 6 SENTXB.0001
20002660 Enteritidis 1c SENTXB.0001
20004057 Enteritidis 1 SENTXB.0001
20004078 Enteritidis 3 SENTXB.0001
20004300 Enteritidis 4 SENTXB.0001
20004338 Enteritidis 1c SENTXB.0001
20004342 Enteritidis 6a SENTXB.0001
20004447 Enteritidis 21 SENTXB.000%
20004592 Enteritidis RDNC SENTXB.0001
20004594 Enteritidis 1 SENTXB.0014
20004730 Enteritidis 21 SENTXB.0001
20004768 Enteritidis 1 SENTXB.0003
20005031 Enteritidis 7 SENTXB.0001
20005084 Enteritidis 4 SENTXB.0001
20005141 Enteritidis untypable  SENTXB.000
20005212 Enteritidis 1 SENTXB.0001
20005300 Enteritidis 1 SENTXB.0014
19932300 Hadar AMHAD1
19935442 Hadar SHADXB.0001
19940240 Hadar SHADXB.0001
19990095 Hadar SHADXB.0001
19990515 Hadar SHADXB.0001
19991026 Hadar SHADXB.0001
19992070 Hadar SHADXB.0001
19992689 Hadar SHADXB.0001
19992820 Hadar SHADXB.0001
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SSRL Serotype Phage Pulsed 'fi eld
Reference type profile
20000721 Hadar SHADXB.0001
20002113 Hadar SHADXB.0001
20002399 Hadar AMHAD2
20003106 Hadar SHADXB.0001
20004010 Hadar SHADXB.0001
20004028 Hadar SHADXB.0001
19993048 Indiana AMIND1
20002427 Java SPTJXB.0003
19992003 Kottbus AMKOT1
20003957 Kottbus AMKOT2
19982854 Liverpool AMLPL1
19993807 Liverpool AMLPL1
20000672 Liverpool AMLPL1
19910646 Mbandaka AMMBA1
19912067 Mbandaka AMMBAZ2
19921643 Mbandaka SMBAXB.001
19933488 Mbandaka AMMBA3
19934878 Mbandaka AMMBA3
19941804 Mbandaka AMMBA3
19982886 Mbandaka AMMBA3
19990706 Mbandaka AMMBA4
19990898 Mbandaka AMMBA11
19990970 Mbandaka AMMBA3
19990976 Mbandaka AMMBAS
19993983 Mbandaka AMMBA3
20000283 Mbandaka AMMBA3

NJ
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SSRL Serotype Phage Pulsed'field
Reference type profile
20000635 Mbandaka AMMBAG
20000821 Mbandaka AMMBA7
20001054 Mbandaka AMMBAS
20001058 Mbandaka AMMBA10
20002298 Mbandaka AMMBA9
20002524 Mbandaka AMMBAS
20002550 Mbandaka AMMBA3
20002563 Mbandaka AMMBA12
20004661 Mbandaka AMMBA12
19982602 Monophasic group C1 AMMPC1/1
20001797 Montevideo AMMVD1
19932001 Oranienburg AMORA1
19983032 Senftenberg AMSEN1
19992491 Senftenberg AMSEN2
20000673 Senftenberg AMSEN3
20004947 Senftenberg AMSEN4
19990203 Thompson AMTHO?Z2
19991746 Thompson AMTHO1
19993085 Thompson AMTHO1
20005319 Thompson AMTHO1
19902644 Typhimurium 66 AMTYM66/1
19933344 Typhimurium 204c AMTYM204c/]
19941463 Typhimurium 204 AMTYM204/1
19950004 Typhimurium 2 AMTYM2/1
19966072 Typhimurium 104b STYMXB.000]
19970646 Typhimurium 104 STYMXB.000]
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SSRL Serotype Phage Pulsed'field
Reference type profile
19970917 Typhimurium 104 STYMXB.000]
19972895 Typhimurium 104 STYMXB.000]
19983351 Typhimurium RDNC AMTYMRDN1
19983458 Typhimurium 2 AMTYM2/1
19990031 Typhimurium 104 STYMXB.000]
19990341 Typhimurium 104 AMSTYM104/!
19991035 Typhimurium 104 STYMXB.000]
19992835 Typhimurium 3 AMTYM3/1
19993849 Typhimurium 104 STYMXB.000]
19994076 Typhimurium 104 STYMXB.000]
20000918 Typhimurium 104b AMTYM104b/2
20001178 Typhimurium 104 STYMXB.000]
20002014 Typhimurium 104b AMTYM104b/]
20002058 Typhimurium 104b STYMXB.000:!
20002257 Typhimurium RDNC AMTYMRDN2
20003940 Typhimurium 40 AMTYM40/1
20003962 Typhimurium 10 AMTYM10/1
20005189 Typhimurium 170 AMTYM170/1
19910748 Virchow AMVIR2
19953743 Virchow SVIRXB.0001
19983717 Virchow AMVIR1
19990983 Virchow AMVIR3
19991601 Virchow AMVIR3
19992678 Virchow AMVIR2
20001526 Virchow AMVIR4
20002001 Virchow SVIRXB.0001
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