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Abstract

Tracking resistance genes based on specific structural features of class 1 integrons is an integral
part of clinical epidemiology. A class 1 integron is a gene capture and expression unit, most
frequently found in Gram-negative bacteria. They are known to be one of the greatest

contributors to the spread of multi-drug resistance genes within clinical isolates.

Recent studies indicate that certain insertion elements target specific regions of class 1 integrons
creating unique structures. Consequently, the resistance pool in such integrons goes unnoticed in
standard molecular screening methodologies, although they are equally efficient in expressing
and disseminating resistance genes. Examples of such class 1 integrons with atypical structures,
now realised to have widely disseminated within human and animal E. coli populations
worldwide, were generated by the insertion of a genetic element known as IS26. This project
aimed to determine the presence of such structures, as well as characterise the diverse complex
resistance loci (CRL) and virulence cargo of extraintestinal pathogenic E. coli samples in a
specific Sydney hospital. This was achieved by identifying the virulence-associated and
antimicrobial resistance gene pool harboured by these strains with a particular focus on insertion
or deleterious molecular events, discerning the locations of CRL within genome or plasmid

where possible and observing trends within clonal groups.

Targeted PCR, Sanger sequencing and next generation short and long read genome sequencing
techniques in conjunction with bioinformatic analyses were used to characterise clinical E. coli

samples from Sydney Adventist Hospital isolated between 2009 and 2011.

Our data suggests that antibiotic resistance is readily transferring between host populations via
lateral gene transfer of mobile elements in Sydney through the observation of unique molecular
signatures. Clonal groups were identified in the cohort which share virulence and antimicrobial
resistance traits, in some cases at seemingly differing stages of evolution. Large scale studies
such as this provide insight to the mechanisms and forces driving the dissemination of

antimicrobial resistance.



Contents

Certificate Of AUtNOTSRIP ...ooviiiiiiiiieie ettt ettt e 2
Peer Reviewed PubliCations..........cc.iiiiiiiiiiiiiieiececece ettt 3
Conference PreSENtatioNS.........ciiiiiriirieie ettt sttt sttt et st e b et sae e 4
AADSTIACE ...ttt h et a e bbbt bt e bt e a e e e he e bt et e bt et enees 5
ADDIEVIALIONS ...ttt ettt st b et eb e bt et sa e bt et e bt et et bt et et sae e 12
Chapter 1: Back@round ..........cc.oooiiiiiiiiieiie ettt et e e e e et e e eta e e eaaeessneeesnneeens 14
1.1 Antibiotics and the Evolution of Resistance.................cc...ccooiiiie, 15
1.2 Lateral Gene Transfer...........c.cocooiiiiiiiiii e 18
1.2.1 The COMCEPL.......oooeeieiieeeeeee ettt e e e et e e e e st e e e s nebeeeesnnraeeesnsaeeeennns 18
1.2.2 Homologous Recombination ................ccocooiiiiiiiiiiiiiiiiieeec e 20
1.2.3 Site-specific Recombination .................ccoooooiiiiiiiiiiiii e 21

1.3 Established Escherichia coli LLineages...................ccccocoviiieiiiiieeniiiiieeeiieeeeeieee e 21
1.3.1 Lateral Gene Transfer and Drug Resistance in E. coli................c.cccceevvueennnnne. 24

1.4 Mobile Genetic EICIENTS...........cc.cooiiiiiiiiiiiiiiiiicececeeece e 25
1o4 T PIASINEAS ...ttt sttt et ettt e 26
1.4.2 Transposons and Insertion Elements.................ccccccooiiiiiiiiiiniiiiniieeceee, 29
L3 IMEEGIOMS ...ttt ettt ettt e et e e st e et e e ab e e sabeesasbeessteesaseeenanes 30
1.4.4 Genomic ISIANdS ..ot 33
1.4.5 Complex ReSistance LOCI.............oooviiiiiiiiiiiiiiieccee e 33

1.5 Class 1 Integrons: Evolution and Zoonosis ................ccccoeevviiiieeiiiiieeiniiee e 37
1.6 Experimental Rationale and Approach .................ccooiiiiiiiiiiii e 40
1.6.1 List of Methodologies and Software..................ccccoiiiiiiiiiiiiiie e 41
Chapter 2: A draft genome of Escherichia coli sequence type 127 strain 2009-46 ..................... 44
ADSEFACE. ...ttt ettt ettt ettt e et e st e e 46



RESUIES ...ttt ettt e st e e e st e e st e e 46
COMCIUSION ...ttt et e st sb e e sabe e e as 46
BACKZIOUN .........oooiiiiiiiiieee et e et e e e et e e et e e e e st e e e e e nbaaeeeentaeeeannns 46
IMEEEROMS........ceeiiiiiee ettt ettt e be e st e e st e et e saneen 47
GeNOME SEQUENCIIE ........ooiiiiiiiiiieeiiee ettt et e et e e et eeesateesebeeeabeesbneesnsbeesaseeesnseeas 47
Assembly and annotation ...............c.occooiiiiiiiiiiie e 48
QUAlfY ASSUTANCE........ooiiiiiiiiiiiiiie ettt e et e et e st e e st e e sbteesabeeesaneeas 48
Imitial fININES ........oooi e e e 48
Antibiotic resistance Profile .................coooiiiiiiiiiiiii e 50
Future dir@CtiONS ..........cooiiiiiiiiii ettt st 51
Availability of supporting data...................ooooiiiiiii e 51
ComPeting INTETESTS .......ccocuiiiiiiiiiiieeiee et e et e e e et e e e estbeeeeesnsbeeeeenasaeeeennnses 51
Authors’ contribUtiONS ... e 51
ACKNOWIECAGEMENILS .........oooiiiiiiiiiiiiee et e et e e e et eeesnraeeeeensaeeeennns 51
REFCICIICES ...ttt ettt e st e st e s e e 55

Chapter 3: Multidrug resistant uropathogenic Escherichia coli ST405 with a novel, composite

IS26 transposon in a unique chromosomal loCAtION ..........c.ceeiieiieriiiiiieiiieiecie et 57
ADSTIACT. ...ttt ettt ettt ettt et enees 59

Lo INEFOAUCTION ..ottt ettt ettt e enees 60

2. Materials and Methods..............ooooiiiiiiiiiiee et 61
2. 1 Strains, isolation and culture conditions.................................. 61

2.2 DNA PUFIICALION.......cciiiiiiiiiiiie et e et e e e et e e e esnaaaeesensaeeeennns 61

2.3 Fosmid library construction, screening and PCR conditions.....................ccccceeen. 62

2.4 Amplicon and whole genomes SEqUENCING...............cceeeiiiiiiiiiiieeeiiiiee e eeaee e 62



BURESUILS ... ettt ettt 63
3.1 Genomic analysis of strains 2009-27 and 2009-30..............c.cccoovieeeriiieeeeriieee e, 63
3.2 Plasmid analySis .........cooooiiiiiiiiiiiiiiee e e aaaee s 64
3.3 Characterisation of the CRL in strain 2009-27.............cccccoiiiniininiieeeeenee 65
3.4 Prevalence of TIO242..........cocooiiiiiiiiiii et 66
3.5 Comparative phylogenomics of ST405 strains................cocoeeviiiiniiiiniieenieeeeee 66
3.6 Evolution of TNO242.........c.oooiiiiiiiiiiie ettt 67
3.7 Generation of laterally mobile translocatable units from Tné6242.......................... 68

G DIESCUSSION. ...ttt ettt e sb e st et st e bt e st e bt e sate e bt esaeeebeenaneens 68

ACKNOWIECAGEIMENILS .........oooiiiiiiiiiiiiee e ee e et e e et e e e e st eeesnraaeesensaeeeennes 70

AUthor contribDULIONS ..o 70

Conflict of INEErest .........c..ooiiiiiiii et 70

Ethics Statement ...........coooiiiiiiiii et 70

REFCICIICES ...ttt et st e st e s e e 75

Chapter 4: Whole genome analysis of ExXPEC ST73 from a single hospital over a 2-year period

identified different circulating clonal Groups.........ccceevieriiiiriieniii et 80
ADSTIACT ...ttt ettt ettt et et et e st etees 82
Data SUIMIMIATY ......oooiiiiiiiie ettt et e e st e et e eeabeestteesnateesabeeenanes 82
IMPact StAtEMENT ............ccooiiiiiiiiie ettt et e e s 83
INErOAUCHION. ..ottt ettt ettt e s e e e en 84
IMEEEROMS.......ooneiie ettt ettt et e e bt e st e st e s e e 85

Isolate source and culture CONdItions..............c..ccoooiiiiiiiiiiiiii e 85
Nucleic acid purification and whole genome sequencing.................ccocccvveeeviiiieeennnnennn. 86
Genome assembly and gene PreSenCe..............ooocviiieeiiiiieeiiiiee e e aee e 86



Archived sequence read Selection....................coovviiiiiiiiiiiii e 86

ST-PFGE QnalySiS..........cccooiiiiiiiiiiiiiiiie ettt e e e e e e et e e e eaaaeeeeensaeeeennns 87
SNP based phylogenetic analyses ..............ccccooviiiiiiiiiiiiiiiie e 87
RESUIES ...ttt ettt e sttt e st e e sabe e e 88
Assembly information and StatiStics...............cooiiiiiiiiiniiiii e 88
Public read high-throughput sequencing analysis................ccocccoviiiiniiiiniiinie, 88
Virulence profiles of Sydney Strains................coocveiriiiiniiiiniiieeee e 89
ANIDIOtIC FeSISTAIICE. ......o..eiiiiiiiiiiiiii ettt 90
Structure of class 1 integrons in ST73 strains from Sydney ..............ccccceviiiiniiinninnnn. 91
DIESCUSSION. .......eeiniiiiiiiiie ettt ettt et st e bt e st e bt e sate e bt e saeeebeenaneens 93
AULhOr SEATEIMENES ........ooiiiiiiiiiiiii ettt et 95
Funding information...............ccoooiiiiiiiiiii et e e et 95
ACKNOWIECAGEIMENILS .........oooiiiiiiiiiiiiiie ettt e e ettt e e e st eeeenbaaeesennraeeeannns 96
Ethical statement................ooiiiiiiii e 96
Conflicts OF INTETeSt........c..oiiiiiiii ettt 96
ADDIEVIATIONS ..ottt ettt e sttt 96
REFCIEICES ...ttt ettt e sb e e sttt e e eaaee s 103

ADSTIACT. ...ttt ettt st 110
Lo INEFOAUCTION ...ttt ettt be e eas 111
Materials and Methods..............cocooiiiiiiiiii e 112
2.1. Bacterial Strains ... 112
2.2. Calibrated dichotomous sensitivity (CDS) testing ...............ccocceeviiiiniiieniiiineenne 112
2.3. Whole-genome sequencing and analySes ................c.coooiiriiiiniiieniiieeniieenieeeeeee 113
2.4. Single nucleotide polymorphisms (SNPS) .........cocooiiiiiiiiii e 113



2.5. Nucleotide sequence acCeSSION NOS. ...........ccccueeeeiriuiiieiriiiiieeeniiieeeesiteeeeerareeeesnnneeeens 114

3. Results and DiSCUSSION..........coociiiiiiiiiiiiii et 114
3.1. Whole-genome sequencing and comparative genomic analyses............................ 114
3.2. Virulence-associated genes (VAGs) in STS8 strains.............cccccevvvviiieeiniiieennnnen. 115
3.3. Characterisation of the complex resistance locus in the Sydney STS8 strains..... 115
3.4. pSDJ2009-52F carries the TnZ721/Tn21 hybrid transposon................cc.ccceeeueenn. 116

4 CONCIUSION ..ottt et ettt ettt e st e e e e 117

ACKNOWIEAGIMENIES .........oooiiiiiiiiiiiiiii ettt e et e et e et e e e baeesabeeesasee s 118

FUNAING ...ttt e ettt e st e sttt e st e e sbeeesabeeesaneeas 118

ComPeting INEETESTS ..........cooiiiiiiiiiiiiie ittt e et ee et e et eeaeeesnbteesabeeesaneeenes 118

Ethical approval.............cooooiiiii et e e e e e s raee e 118

REFCICICES ...ttt ettt e sttt e e e as 123

Chapter 6: Molecular analysis of an IncF ColV-like plasmid lineage that carries a complex

resistance locus with a trackable genetic SIgNature............ccveeeviieerciieeciie e 125
ADSEFACE. ...ttt ettt ettt et s 127
INErodUCION: .......oooiiiiiii ettt 127
IMEEROMS: ...ttt sttt ettt e 129

Sequencing of PSDJ2009-52F ...........ooo e 129
Single Nucleotide Polymorphism (SNP) Analysis...........c.ccoooiiiiiiiiiiiniiieiieieee, 129
BEAST2 ANALYSIS ....coouiiiiiiiiiiii ettt ettt et e e s e e bee e 129
RESUIES: ...ttt st ettt et st e 130
Plasmid INformation ...t 130
Virulence and Antibiotic Resistance Gene Carriage................ccocccvvveeniiiieeennieeeennen, 130
Comparative SNP ANALYSES ..........ooooiiiiiiiiiiieeee e e e e aeee s 131
BEAST2 ANALYSIS ....coiiiiiiiiiieie ettt ettt ettt 132

10



Molecular SIGNALUIES ..............ooiiiiiiiiieeiiiee e ree e e st e e e e e s etaeeeeenbaeeesennens 132

DIESCUSSION. ...ttt ettt ettt e ettt e st e st e e st e e sabeeeeaaeeas 133
CREdIT Statement. .......c.c..ooiiiiiiiiiiiiie ettt ettt sb e e sbe e e saee e 134
Funding Statement..............cccooiiiiiiiiiiiee e et e e e e e e e e nraeeeenes 135
REFEIEIICES ...ttt ettt s 141
Chapter 7: General DISCUSSION. .......cccuiiriiiiiieiieeiieste ettt et iteebeesteesteeaeeebeenseessseenseessseeseas 144
7.1 Dominant Lineages in Clinical EXPEC and Trends in Antibiotic Resistance........... 145
7.2 1S26-mediated Insertion Signatures and Zoonosis ................cccceeeveeriiieniieeniieenieeen. 150
7.3.1 LIMIEATIONS ..ottt et ettt e 156
RETETEICES ...ttt sttt ettt st b et e e sbeetesaeens 158

11



Abbreviations

AIEC
APEC

CDS
CRL
CS
DAEC
EAEC
EHEC
EIEC
EPEC
ESBL
ETEC
ExPEC
GI
GIT
HC
HUS
Inc
IPEC
IS

kb

LB
LGT
MDR
MGE
MLST

adherent-invasive E. coli

avian pathogenic E. coli

base pair

calibrated dichotomous sensitivity
complex resistance loci/locus
conserved segment

diffusely adhering E. coli
enteroaggregative E. coli
enterohemorrhagic E. coli
enteroinvasive E. coli
enteropathogenic E. coli
extended spectrum B-lactamase
enterotoxigenic E. coli
extra-intestinal pathogenic E. coli
genomic island
gastro-intestinal tract
hemorrhagic colitis

haemolytic uraemic syndrome
incompatibility

intestinal pathogenic E. coli
insertion sequence

kilobase
Luria-Bertani/lysogeny broth
lateral gene transfer

multi-drug resistant

mobile genetic element

multi-locus sequence typing
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NMEC
nt
PCR
PFGE
SMAC
SMRT
SNP
SRA
ST

TU
UPEC
UTI
VAG

neonatal meningitis E. coli
nucleotide

polymerase chain reaction
pulsed field gel electrophoresis
sorbitol-MacConkey agar
single molecule real time
single nucleotide polymorphism
sequence read archive
sequence type

translocatable unit
uropathogenic E. coli

urinary tract infection

virulence-associated gene
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