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ABSTRACT

GENOMIC DIVERSITY AND VIRULENCE OF
ENTEROHEMORRHAGIC ESCHERICHIA COLI

By
Galeb Saif Abu-Ali

Enterohemorrhagic Escherichia coli (EHEC) strains have been shown to
vary considerably in their ability to cause disease, although they share common
sets of horizontally acquired virulence mechanisms. The basis for this variation
has been explained, in part, by studies of evolutionary relatedness, which have
resolved the EHEC pathotype into distinct genetic groups. Certain
subpopulations of serotype O157:H7, the sole variant of the EHEC 1 pathogenic
clone, have been associated with dramatically higher rates of severe human
disease compared to other O157:H7 subpopulations. In addition to human
infection, several serotypes of the EHEC 2 clone have also been implicated in
bovine disease. The overall goal of this research is to characterize the extent of
genetic variation among EHEC, and identify the differences in pathogenic
potential among EHEC subpopulations. The specific aims are to: 1) evaluate the
genomic diversity of the EHEC 2 pathogenic clone and its relatedness to EHEC
1; 2) identify differences in the colonization capacity and genome-wide
expression profiles of epidemiologically different 0157:H7 strains; and 3)
determine if the phenotypic and transcriptional differences between O157:H7
strains are associated with the inherent genetic variability among O157:H7
subpopulations. Under specific aim 1, the gene content of the EHEC 2 clonal

group was determined with comparative genomic microarrays, and the data were



subjected to phylogenetic analyses. In specific aim 2, infection of epithelial cells
with 0157:H7 was conducted to determine colonization phenotypes, and to
examine whole-genome expression of O157:H7 strains under conditions that
mimic the host-pathogen challenge. For specific aim 3, the colonization capacity
and transcriptional responses were characterized for population samples
representative of two distinct lineages of 0157:H7. The phenotypic and
transcriptional data were compared between O157:H7 strains of the same
lineage, as well as between lineages. Appreciation of the genomic diversity of
the EHEC 2 population will help focus future studies on EHEC 2 serotypes from
which hypervirulent lineages are more likely to evolve. Observed differences in
pathogenic potential between O157:H7 subpopulations will provide the basis for
studying genetic factors, specific to hypervirulent lineages of EHEC, that mediate

differential regulation of shared EHEC virulence mechanisms.



Copyright By
Galeb Saif Abu-Ali
2009



ACKNOWLEDGMENTS
| wish to thank my mentor, Thomas S. Whittam, for providing the resources and
opportunities for me to acquire a broad range of scientific skills, and for his
guidance, which was invaluable to the development of my intellectual courage. |
thank my committee members, Paul Coussens, Matti Kiupel, Martha Mulks,
Vincent Young, and my program director Vilma Yuzbasiyan-Gurkan for their
advice and help; specially Martha Mulks who has guided me in the final stages of

my studies.

My labmates have greatly helped my development with their positive attitude,
critical discussions and technical assistance. | thank Teresa Bergholz, Scott
Henderson, David Lacher, Shannon Manning, Adam Nelson, Lindsey Ouellette,
Weihong Qi, James Riordan, Amber Springman, Sivapriya Kailasan Vanaja, and

Lukas Wick.

My family has provided me with the support to complete my graduate studies. |
wish to thank my parents, Saif and Milica, my brother Viadimir, and my wife

Jovana, for their love and encouragement.



TABLE OF CONTENTS

LIST OF TABLES..........oo oottt eeertee e e ere e e e e eraae e e e rrae s s saaseesannaeeens viii
LIST OF FIGURES..........ooo o eeeeeeeeeccteeeeeteeeeeenaeeseesaees s naeeeeesssaesessneaesnnnns X
ABBREVIATIONS ...ttt e e e ree e e s e nree e e s ese e e s nnee e s sranaee s eannnes Xiii
Chapter 1. Literature ReVIEW ..............cccueericeiieieeeeeecccree s e 1
13100 To [1 ez (1o o PR 2
[ o = 2SS 5
Goals of current StUAY ..........ooooiiiiiiiiiir e 31

Chapter 2. Genomic Diversity of Pathogenic Escherichia coli of the EHEC 2

Clonal COMPIBXES...........uuuiiiieiiiiicieteie e secrrrreee e s e s ersrreee s e sesssassesaesessssnnanasenns 34
SUMMANY ...ttt se e e e e s ene e s sesaee s e s nneeesenseasanss 35
191 (oo [FTex (1o 1 FO TP SRTT RPN 37
Materials and Methods .............cooo i 40

In silico analysis of microarray probe specificity..........ccccccceeeeverriirnccnnaes 43
Data collection and analyses .............cccccceeeeeeiireccinieneeeeesnccrnreee e s ecsnnnees 44
Phylogenetic analyses .............ccccceeeeeieeneeieeeiienccrceeeeenee s secveeeeeeesesenannes 45
ROBSUIS .....cooieieititie e et re e e s e s annes e e ss s e s ssnnnerenesesessnsnnnaassssssnnnnns 47
Distribution of Sakai genes in the EHEC 2 clone.............ccccceerrvnnnneennn. 47
Genomic relatedness of EHEC 2 strains..........ccccccocueeeiriveierecinecnncenenn. 55
Prophages...........ccoeecveeiiiiciieieiieereesnres e et e s enre e s nr e s s sarenesaes 60
DISCUSSION .......eueeeriieeiieicreteree et e s e nee e e e e e s e s s s e sereresessese s nnaseesessssnnnnnns 70
AcCknNOWIBAGMENLES .........cooiiiiiieetcercerree e ceere e e ne e e e e s snneneeees 77

Chapter 3. Increased Adherence and Virulence Gene Expression of the Spinach

Outbreak Strain of Enterohemorrhagic Escherichia coli O157:H7....................... 78
SUMMEANY ..ottt erere e s s s e r e s e ss s e e s e s sseeessssnnnesasssaesssssnaassans 79
INEFOAUCTION.......ceeeereeeeeccceee e e e e s rnnrrre e e s e s e srneneeasssssnnnnns 81
Materials and Methods .............ccoiiiiiieiiiiiccc e s 84

MAGC-T CBIIS ......eeerieireecceeeccrree et sre e ee e s re e s sn e s sse e s nesennne 84
Fluorescent MIiCTOSCOPY ........ccvrevveeeiiiireereenirireererreereeereesssranressessneessans 86
ASSOCIAtIoN @SSAYS .........cccerriiiiiiieirenieere e e e s e e s 87
Microarray experiments and RNA extraction............cccccccerevevvicrennnicnnnes 88
Analysis of microarray data...............cccceeeeeieiiiiiiiieccr e 90
Validation of Microarray data with qRT-PCR...........ccccccvriiiiiiiniienrncnnen. 92
RESUILS ...t cenee e s e s snere s e e e s e s s s ssre e e e s e e s s s sssnnnaeesssennnnns 95
Interaction of O157:H7 with MAC-T cells ..........ccccoriiircvriiinieeeeeeenee 95
Microarray expression profiling ...........ccccceveeveiiiiivcenniniiee e 96
DISCUSSION ......cuuiieiertieiieiccrrrette et et e e e e e s s e s rerre e e e s ss s sannneeeeesssesannneesessnnns 11
AcCKNOWIEAgMENLES .........ooiiiiiiii e 116

Vi



Chapter 4. Hypervirulence of the Enterohemorrhagic Escherichia coli O157:H7

Clade 8 Subpopulation............ccooc et 117
SUMMANY ..ottt e sese e s s e e e s e eeesesae s e aeeesnnsensnnenen 118
131 (eTo [Tz (o o H RO 119
Materials and Methods ..o 121

Association and iNVasion assays .........c.cccccevveieeriecieciineeee e eans 124
Flow Cytometry..........cooiiciiiicececceete ettt s e s 125
MAC-T challenge experiments, microarray hybridizations and analysis
................................................................................................................... 126
RESUILS ..ottt rente e s e s e anr e ae e e e s e e asae e e e e e e annnneee 132
Interaction of clade 8 and 2 strains with epithelial cells......................... 132
Gene expression analyses of 0157:H7 subpopulations ....................... 139
DISCUSSION ........oeeiieiiiiccciiieee st ccritre e s ee s rnnaneeee s e e e e ssnaeeeeesessnnasssesesennsssenaens 1565
Acknowledgments ...........ccooi it e e 163

Chapter 5. Whole genome expression profiles of Esherichia coli O157:H7 Sakai

in response to treatment with preconditioned media..............cccccevecinriiiiicnnne 164
SUMMANY ..ottt s eee e s e s sse e e s e s san e e s s s see s e srasaneesenneeesessnsesennnnes 165
1311 e To 11 oz (o 4 U 166
Materials and Methods ... 169

Preconditioned media ............cccceeiiireeiiiiiiicee e 169
Induction conditions, and microarray hybridizations and analysis......... 169
RESUIES ...ttt ccetre e srcenre e e e e e e e e nnee e s e s e e s seeneesesenasnsnesessnnes 172
DISCUSSION ...ttt e e et ee e e e e e ee e e s e s e s e s e ss s s sensssssasteaasesesesenes 180

Chapter 6. Summary and Synthesis............ccccccceeiriirreeiecciieeeeeeee e 182
Future considerations.............cccoiiiiei i 187

APPENAICES ..........eeveiiiiiieiett e e e s e s e snnr e e e e e s e naaaeaees 189

REfEIENCES.............eeeeeeeeeeeeeee e e s e e ase e e e s s sanaeeees 195

vii



LIST OF TABLES
Table 1.1. Clinical and virulence features of various E. coli pathotypes.............. 6
Table 1.2. Confirmed outbreaks of non-O157 EHEC serotypes world-wide....... 13

Table 1.3. Nomenclature and properties of Shiga toxin variants found in EHEC

............................................................................................................................ 21
Table 2.1. Properties of strains used in this study sorted by serotype ............... 41
Table 2.2. Percentage of Sakai genes that are present, divergent/absent or

variably absent or present (VAP) in all 24 EHEC 2 strains........c.c.ccceccevennnnneen. 49
Table 2.3. Percentage of Sakai genes found in tested EHEC 2 strains ............. 52

Table 2.4. Conservation of 0157 LEE operons in a set of 24 EHEC 2 strains...69
Table 3.1. Primer sequences and annealing temperatures used for qRT-PCR .94

Table 3.2. Significant differences in expression of LEE and other adhesion

associated genes between Spinach and Sakai............c.ccecverieiiiiiicieiiienicinnen. 101
Table 3.3. Significant differential expression of non-LEE effector genes ......... 106
Table 3.4. Upregulation of flagellar genes in Sakai relative to Spinach............ 108
Table 3.5. qRT-PCR validation of microarray data.............c.cccccerriiiiicrcinnnninnns 109
Table 4.1. Clade assignment and Stx profiles of O157:H7 strains used .......... 122

Table 4.2. Primer sequences and annealing temperatures, used for qRT-PCR
.......................................................................................................................... 130

Table 4.3. Colony counts recovered from association assays of 24 O157:H7
1 (- 113 T J0 R 137

Table 4.4. Differences in LEE gene expression between clades 8 and 2, as
detected by MICrOAITaYS...........cccvveeeiiiiecirree et 143

Table 4.5. Relative differences in expression of genes associated with virulence,
as detected by MICrOAITays ............ccceevueiirieniiiniiniie e 162

Table 4.6. qRT-PCR validation of expression differences between clades....... 154

viii



Table 5.1. Number of genes differentially expressed in Sakai following PC media
treatMeNnt........... . e e e reae e e s e s e eas 176

Table A1. Distribution of phylogenetically compatible genes in EHEC 2,
determined with the clique program in the PHYLIP package .............cccccceeun... 191



LIST OF FIGURES
Figures in this dissertation are presented in color

Figure 1.1. Evolution of pathogenic E. coli from commensal strains via
acquisition of mobile genetic elements that encode virulence factors................... 4

Figure 1.2. Venn diagram of the relationships of diarrheagenic E. coli ................ 7

Figure 1.3. Human isolates of non-O157 STEC submitted to the USA Centers for
Disease Control and Prevention between 1982-2002 (n = 940)...............ccuueeee. 15

Figure 1.4. Proposed evolutionary model for emergence of the O157:H7
complex based on mutations in uidA, Stx production, SOR and GUD phenotypes,
and multilocus enzyme electrophoretic profiles of E. coli 0157:H7 and its
FEIALIVES........ceeeeeeeeeeeeeee e eeee e e e e e e e e e e e s e e e s s e s s e s annnran e e e e e e e e e e e eaees 17

Figure 1.5. Comparison of the O157:H7 Sakai chromosome with K12 MG1655 ...

Figure 1.6. The LEE and type three secretion system of O157:H7 .................... 25
Figure 2.1. Phylogenetic relationships of EHEC and EPEC sequence types.....48
Figure 2.2. Distribution of Sakai genes among individual EHEC 2 clinical isolates
Figure 2.3. Phylogenetic network representing the distribution of Sakai genes in

24 EHEC 2 Strains.........cceeiiieiiieeeeiecciicccciccsnnnnnneeieseesseessesessssse s sssssnnsnssssasanassens 55

Figure 2.4. Split decomposition analysis of compatible parsimony informative
genes and singleton genes in 24 EHEC 2 strains.........ccccccceeveviiiiiineinnciecnnnnee 57

Figure 2.5.A. Distribution of Sakai phage genes and the LEE island in EHEC 2
= - 63

Figure 2.5.B. Distribution of Sakai phage genes and the LEE island in EHEC 2
£ (=14 T PP 64

Figure 2.5.C. Distribution of Sakai phage genes and the LEE island in EHEC 2
=] (=111 T 7 N 65

Figure 2.5.D. Distribution of Sakai phage genes and the LEE island in EHEC 2
(- 13 T T PPN 66



Figure 2.5.E. Distribution of Sakai phage genes and the LEE island in EHEC 2
51 (7= 113 S P PP P 67

Figure 2.5.F. Distribution of Sakai phage genes and the LEE island in EHEC 2

1 (- 13 - T PRSP PPN 68
Figure 3.1. Average growth of E. coli O157:H7 strains Sakai and Spinach in
DMEM and MOPS minimal medium............ccccceeiiiiiiinneiiecerccrcereree e esceenneeeeees 85
Figure 3.2. Fluorescence micrographs of MAC-T cells infected with E. coli K12,
0157:H7 Spinach, and O157:H7 Sakai............cccccceeeeieciieieecccceeeeee s 97
Figure 3.3. Association of 0157:H7 Sakai and Spinach with MAC-T cells......... 98
Figure 3.4. Significant differential expression of 914 genes between Spinach and
SAKAI......ueiiieicereieee e s s s s e e s re e e e e s re e e e s e anaeesesnranesen 99
Figure 3.5. Heatmap of expression ratios of LEE genes between Spinach and
T 1 | PR 104
Figure 4.1. Microarray hybridization scheme ...............ccccciiriiiiiiniiiniceeee 128
Figure 4.2. Fluorescence micrographs of MAC-T cells infected with E. coli K12,
0157:H7 Spinach, and O157:H7 93111........riicreeecteeecceee e e 133
Figure 4.3. Association of 24 O157:H7 strains with MAC-T cells...................... 134
Figure 4.4. Association of 12 O157:H7 strains with MAC-T cells quantified by
fOW CYROMBLIY ... re e e e s e e e e e s s e s snmneneenesnas 135
Figure 4.5. Invasion of MAC-T cells by 12 O157:H7 strains.............ccccceuuueenne. 136

Figure 4.6. Heatmap of 363 genes that were significantly differentially expressed
between 4 groups (cladeg) of 0157:H7, based on Fs test analysis of ANOVA
gene expression eStMAtes ............ccccvvviieiiiiiinrrrete e e 148

Figure 4.7. Heatmap of pairwise contrast analysis of ANOVA estimates of
significantly differentially expressed genes between 4 groups of O157:H7 strains
.......................................................................................................................... 149

Figure 4.8. Heatmap of LEE expression differences between clades 8 and 2,
and between Spinach and Sakali............cccccveieieieeiiiinicccccree e 150

Figure 4.9. Differences in relative expression of Stx2 genes within and between
clades, as determined by QRT-PCR........coccooiiiriiiiiiiiercceer e 161

Xi



Figure 5.1. Connected double loop hybridization design................ccccvrenneenn. 171
Figure 5.2. Function summary of the 484 significantly differentially expressed

Figure 5.3. Expression profiles of 484 significantly differentially expressed genes
classified by QT clustering using the Pearson correlation..................cccccuuueeen. 174

Figure 5.4. Heatmap of the Sakai prophage-like element 1 (SpLE1) that contains
the tellurite resistance and adherence confering island (TAl) ...........c......uuuue.eee 178

Figure A1. M versus A plot for two-color hybridization of O157:H7 Sakai and K-
T2 MGIBES ...ttt s e s ae s 190

Xii



ABBREVIATIONS

AEEC
ANOVA
APEC
BSA
DAEC
DMEM
DMSO
EAEC
EHEC
EIEC
EPEC
ETEC
ExPEC
FAS
FBS
HC
HUS
LB
LEE
MAANOVA
MFI
MNEC

Attaching and effacing E. coli
ANalysis Of Variance

Avian pathogenic E. coli
Bovine serum albumin
Diffusely adherent E. coli
Dulbecco’s modified Eagle’s medium
Dimethyl-sulfoxide
Enteroaggregative E. coli
Enterohemorrhagic E. coli
Enteroinvasive E. coli
Enteropathogenic E. coli
Enterotoxigenic E. coli
Extraintestinal E. coli
Fluorescent-actin staining

Fetal bovine serum
Hemorrhagic colitis

Hemolytic uremic syndrome
Luria-Bertani

Locus of enterocyte effacement
MicroArray ANalysis Of Variance
Mean fluorescence intensity

Meningitis-associated E. coli

Xiii



ABBREVIATIONS

MOI
MOPS
PAI
PBS
PC
gRT-PCR
SSsC
STEC
Stx
TTSS
UPEC
UTls

Multiplicity of infection
morpholino-propanesulfonic acid
Pathogenicity island
Phosphate-buffered saline
Preconditioned

Quantitative real-time PCR
Sodium chloride and sodium citrate
Shiga-toxin producing E. coli
Shiga toxin

Type three secretion system
Uropathogenic E. coli

Urinary tract infections

Xiv



CHAPTER 1

Literature Review



INTRODUCTION

Escherichia coli, the most common representative of Enterobacteriaceae
in the intestinal microbiota, colonizes the gastrointestinal tract of humans and
animals shortly after birth, and thereafter, the host and E. coli derive a mutual
benefit. As a facultative anaerobe, E. coli persists in the mucous layer of the
large intestine, where the predominantly anaerobic bacteria facilitate intestinal
assimilation of some of the less digestible nutrients. Usually harmless,
commensal E. coli strains cause disease only in the immuno-compromised host
or when the mucosal barrier has been violated, allowing entry into sterile tissue
(83, 193). Within the species, however, exist multiple pathogenic forms that
cause a wide range of ilinesses in humans and animals (79), significantly
contributing to the clinical (212) and economic (287) burden of infectious disease
in the US.

The capacity of pathogenic strains of E. coli to cause disease is
attributable to their expression of a wide range of virulence factors, including
various adhesins, toxins, secretion systems, iron scavenging proteins
(siderophores), etc., that are otherwise absent in innocuous variants of the
species (164, 220). These determinants of disease have been introduced into
the E. coli genome mainly via horizontal transfer of pathogenicity islands (PAls),
DNA fragments of ‘foreign’ origin that confer virulence properties to the recipient
strain (131). The ability of E. coli to acquire and maintain exogenous genetic
material has earned this species a paradigm status for the evolution of microbial

pathogens from commensal bacteria (193). The en bloc exchange of DNA



fragments can occur within as well as between species (230), via bacterial
conjugation, phage transduction, or passive transformation, and, depending on
the virulence factor conferred, arbitrates the ability of the recipient to cause
different ilinesses (Figure 1.1).

Repeated acquisition of foreign DNA fragments has resulted in
considerable remodeling of the E. coli chromosome. Comparative genomic
analysis of 17 commensal and pathogenic E. coli strains reveals a remarkably
diverse species pan-genome, and indicates that the species ‘core conserved’
genome constitutes only about one-half the genome of a given E. coli isolate
(252). Successful combinations of virulence traits, which have been permanently
incorporated into the genome of certain strains, have resulted in the evolution of
several highly specialized and adapted pathogenic lineages of E. coli (158, 164).
Strains of pathogenic E. coli are differentiated by serologic typing of their O
(somatic) and H (flagellar) antigens (220); however, serotype classification does
not necessarily infer phylogenetic relatedness between strains nor does it
unconditionally imply a common mode of pathogenesis (158).

Pathogenic subpopulations that utilize a shared set of virulence
determinants and cause a similar disease are termed pathotypes, and the variety
of clinical manifestations that are caused by these pathotypes can be broadly
grouped into intestinal and extraintestinal disease (79). Extraintestinal

pathogenic E. coli (EXPEC) include uropathogenic E. coli (UPEC),
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Figure 1.1. Evolution of pathogenic E. coli from commensal strains via
acquisition of mobile genetic elements that encode virulence factors. Tn —
transposon, PAI — pathogenicity island, UTI — urinary tract infection; HUS -
hemolytic uremic syndrome. Adapted from (164).



which cause urinary tract infections (UTls), and meningitis-associated E. coli
(MNEC); avian pathogenic E. coli (APEC) cause respiratory infections,
endocarditis and septicemia in poultry. The intestinal pathotypes are: attaching
and effacing E. coli (AEEC), enteropathogenic E. coli (EPEC), Shiga-toxin
producing E. coli (STEC), enterohemorrhagic E. coli (EHEC), enterotoxigenic E.
coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC) and
diffusely adherent E. coli (DAEC); disease manifestations and major virulence
factors for the clinically most relevant pathotypes are reviewed in Table 1.1.
Grouping by pathotype is not a clear delineation in every instance, as certain
variants of pathogenic E. coli possess an arrangement of virulence factors that
coincide with two pathotypes (Figure 1.2). The pathogenic potential of E. coli is
extremely diverse and the continuous identification of new determinants of
disease leads to discovery of potentially new pathotypes of E. coli, such as the
recently proposed adherent-invasive E. coli pathotype that is associated with
Crohn's disease (66). This review will focus on EHEC, the virulence attributes of

which overlap between STEC and AEEC pathotypes.

EHEC
Pathotype attributes. According to a widely accepted definition, the main
virulence factors that characterize EHEC strains are Shiga toxins, a type three
secretion system (TTSS) and a 60-MDa plasmid (197, 198), which is also known
as the EHEC plasmid (pEHEC). The cytotoxicity of Shiga toxin was first

suggested by Kiyoshi Shiga, following an outbreak of dysentery in the late



Table 1.1. Clinical and virulence features of various E. coli pathotypesa.

Epidemiological Virulence factors
Pathotype Clinical features foatures
EPEC Watery diarrhea and  Infants in Bundle-forming pilus
vomiting developing countries TTSS for AJE
Efa-1/LifA adhesin
EHEC Watery diarrhea, Food & water borne Shiga toxins,
hemorrhagic colitis,  outbreaks in TTSS for AJE
HUS developed countries Efa-1/LifA, ToxB adhesins
StcE promotes adhesion
enterohemolysin
ETEC Watery diarrhea Childhood diarrheain  CFAs adhesins,
developing countries, LT, ST enterotoxins
traveler’s diarrhea
EAEC Diarrhea with Childhood diarrhea Aggregative adherence
mucous fimbriae,
ShET1 and Pet cytotoxins
EIEC Dysentery, Food-borne outbreaks IpaA, B, C, D, H invasins
watery diarrhea IcsA/VirG intracellular motility
ShET1/2 enterotoxins
aerobactin siderophore
UPEC Cystitis, Sexually active Pap fimbrial adhesin
pyelonephritis women IreA, IroN siderophores
hemolysin
cytotoxic necrotizing factor
MNEC Acute meningitis Neonates K1 capsule (antiphagocytic)
S fimbrial adhesin
IbeA,B,C and AsiA invasin
cytotoxic necrotizing factor
DAEC Diarrhea? Infants >12 months F1845 Dr fimbrial adhesin
Poorly characterized
STEC HUS, piglet edema Mostly sporadic cases  Shiga toxins
disease of food & waterborne
disease

a - this is not an exhaustive list of pathogenic E. coli pathotypes, but an overview of the most
relevant pathotypes; TTSS — type 3 secretion system, HUS — hemolytic uremic syndrome, A/E —
attaching and effacing. The data were summarized from (79, 164).



Diarrheagenic

E.coli pathotypes
EHEC ____
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Figure 1.2. Venn diagram of the relationships of diarrheagenic E. coli. Note that
EPEC are a subset of AEEC. Regions that overlap represent strains that share
characteristics of different pathotypes. Modified from (78).



19" century (60, 101, 283). Kiyoshi Shiga characterized the dysentery bacillus,
and described production of its cytotoxins, which was first named Shigella in the
1930 edition of Bergey’s Manual of Determinative Bacteriology (320). Recently,
analyses of evolutionary relatedness have shown that Shigella spp. are actually a
variant of EIEC (158) and, hence, represent the first pathogenic form of E. coli to
be identified. The ‘rediscovery’ of Shiga toxin was made in the 1970s (184),
when the ability of other, non-invasive, E. coli to produce Shiga toxins was
associated with a different life-threatening condition termed hemolytic uremic
syndrome (HUS) (168, 169, 185, 329).

Tight adherence to the intestinal mucosa via a type Ill secretion system,
which produces a histopathological lesion termed attaching and effacing (A/E), is
the defining property of AEEC; EPEC are also capable of inducing A/E lesions
and are, hence, a subset of AEEC (Figure 1.2). STEC strains that are capable of
AJE lesion formation are known as EHEC (78). From almost 500 serotypes of
STEC that have been identified, many were associated with iliness (25, 27, 29,
33, 34, 129, 167, 315), but only a handful are responsible for the majority of
outbreaks and sporadic cases of disease, and those are the serotypes that
belong to the EHEC pathotype. In addition to Shiga toxin production and A/E
lesion formation, several pEHEC-encoded ancillary virulence factors have also
been characterized and are discussed below.

Pathophysiology of disease. Both pathotypes, STEC and EHEC, can
trigger HUS and thrombotic thrombocytopaenic purpura in humans, and edema

disease in postweaning piglets, which is attributable solely to the cytotoxicity of



Shiga toxin. Conversely, only EHEC can induce hemorrhagic colitis (HC) in
humans and cattle (202), which is hypothesized to be a consequence of the
combined effects of A/E lesions on the intestinal mucosa and the destruction of
submucosal capillaries by Shiga toxin. Studies of human, bovine and swine
infections with STEC that do not cause A/E lesions report an absence of a
diarrheal prodrome (71, 146, 202, 247, 292, 322).

The pathognomonic lesion of HC includes edema and hemorrhage of the
submucosal intestinal wall, which, in advanced cases, can be accompanied by
inflammatory pseudomembranes that consist of focal necrosis and neutrophil
infiltration (121). Microscopic inspection of the intestinal mucosa reveals A/E
lesions, characterized by tight attachment of bacteria to enterocytes and
effacement of enterocyte microvilli (220, 245); EHEC do not invade the host cell,
in contrast to Shigella and other EIEC.

EHEC infections are not commonly accompanied by bacteriemia and
fever. It is not fully understood why one patient develops HUS and another does
not. Nevertheless, in approximately 15% of HC patients, HUS ensues within 5-
13 days after onset of diarrhea (305). Originally described by Gasser et al. (116),
HUS is characterized by thrombotic microangiopathy, non-immune hemolytic
anemia, and acute renal failure. Vascular injury, mediated by Shiga toxins, elicits
thrombin and fibrin formation, leading to thrombocytopenia; this is, in turn,
followed by erythrocyte lysis resulting in hemolytic anemia. Irreversible damage
of the glomeruli in the renal cortex, also mediated by Shiga toxins, constitutes the

third component of HUS (172). In certain patients, activation and deposition



of immune complexes in the renal cortex can further exacerbate the illness (227,
246). Neurological symptoms may appear in 20-30% of HUS patients, and are
prognostically ominous (315). Administration of antibiotics is not recommended
in case of EHEC infections, as it leads to increased production of Shiga toxin. In
fact, treatment is limited to supportive care, such as fluid management, and in
cases of bilateral end-stage renal disease kidney transplantation may be the only
option (227, 305).

Epidemiology. During the past several decades, EHEC pathogens have
emerged from a zoonotic background, and have infiltrated and spread into the
food supply of developed countries. Studies of patients with diarrhea in North
America demonstrate that, depending on the geographic location and population
investigated, EHEC are isolated at frequencies similar to those of other highly
prevalent enteric pathogens, such as Shigella and Salmonella species (22, 37,
226). It has been estimated that EHEC cause over 110,000 ilinesses and 90
deaths in the United States each year (212). The most serious sequelae of
EHEC infection is HUS, which is usually preceded with a prodromal phase of
hemorrhagic colitis (HC). HUS occurs most frequently in children under 10 years
of age (246, 305) and is a major cause of end-stage kidney failure in childhood
(122, 211).

EHEC, and other STEC, are transmitted mainly via the fecal-oral route;
meat (3, 8), fresh produce (6, 143), and fruit juiCe (328) are the most common
matrices that contribute to the dissemination of this foodborne pathogen.

Person-to-person transmission, although well documented in institutional settings
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(53, 256), mainly accounts for sporadic cases. Domestic ruminants, which are
typically asymptomatic, represent the principal reservoir of STEC strains (27, 28,
110, 186). Although no age or diet related differences in colonization
susceptibility have been determined in vitro (58), screening of dairy herds show
calves to have the highest level of shedding (57), which may be a consequence
of post-weaning stress.

The ability of E. coli serogroups 026, 0118, and O111 to produce Shiga
toxins was established in the 1970s, when Konowalchuk et al. compared the
cytopathic effect of five different E. coli toxins and identified one that had a
distinct and irreversible cytopathic effect on Vero cells (African green monkey
kidney cells) (183, 184). However, it was not until the 1980s that EHEC became
a public health problem of serious concern. In 1982, two outbreaks of
hemorrhagic colitis in Michigan and Oregon, which were traced to hamburger
patties contaminated with a then rare E. coli serotype O157:H7 (169, 259), were
the first incidents of iliness to gain widespread scientific and public interest in
EHEC.

Serotype O157:H7 has since then emerged, in the epidemiological sense,
as the most frequent serotype associated with EHEC disease in many parts of
the world. In the US alone, 0O157:H7 contributes to approximately 75,000 human
infections (212) and 17 outbreaks (250) each year. In Argentina, which has the
highest incidence of HUS in the world (12.2 cases/100,000 population), 0157:H7

is also the most common EHEC isolated from HUS patients (261). Serotype
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0157:H7 is also reported as the predominant variant associated with EHEC
infections in Europe and Japan (179, 225, 315).

Consecutive epidemiological surveys have, however, demonstrated that
non-0157 EHEC, namely serotypes 026:H11, O111:H8, 0121:H19, O103:H2
and O118:H16, also frequently cause sporadic cases of diarrhea and
hemorrhagic colitis, can cause severe iliness including HUS (13, 26, 30, 42, 96,
117, 147, 166, 200, 273, 319) and have been implicated in multiple outbreaks
(Table 1.2). The US Council of State and Territorial Epidemiologists included
infections caused by non-O157 EHEC in the National Notifiable Diseases
Surveillance System in 2000 (42).

Retrospective epidemiological examination of non-O157 EHEC indicated
that the perceived low frequency of non-O157 EHEC disease was due to
inadequate surveillance, and not a true presentation of non-O157 incidence
(Figure 1.3). Although O157:H7 is the leading cause of outbreaks of EHEC
disease in North America, reports of diarrheal cases imply that non-O157 EHEC
can be at least as prevalent as 0157:H7 in certain parts of the US (96, 156). In
addition, studies of EHEC carriage in cattle show that frequencies of non-O157
EHEC isolated from beef carcasses can be the same or higher than those of
0157:H7 (20, 150); this indicates that the potential for the dissemination of non-
0157 serotypes is equally threatening as that for 0157:H7.

In Europe, non-O157 EHEC are isolated with a median 4-fold higher rate
than O157:H7, however, although there is wide variation among studies (9).

Serogroups 026, 0111, 0103 and 0145 have been reported in 11, 11,7, and 5
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Table 1.2. Confirmed outbreaks of non-O157 EHEC serotypes world-wide.

Number HUS
Date Serotypea Location Vehicle® affected® (death)d Ref.
1986 O111:H- Japan ND 22/9 1 (1) (302)
1990 O111:NM OH, USA ND 5 - (18)
1992 O111:NM ltaly ND 9 9 (1) (50)
1994 0104:H21 MT, USA Milk 18/4 - 7
1995 O111:H8 Australia Sausage 23 23 (1) (1)
1996 0O118:H2 Japan Salad 126 - (134)
1996 O103:H2 Japan Calf- 3 - (268)
person
1997 026:H11 Japan ND 32 - (144)
1999 O111:H8 TX, USA ice 58/22 2 (2)
1999 0121:H19 CT, USA Water 11 3 (208)
2000 0O26:H11 Germany Beef 1 - (335)
2001 O111:NM SD, USA ND 3 - (52)
2002 0O26:H-  Austria Ra;/(v 2 2 (13)
mil
2002 O26:H11 Germany ND 3 3 (216)
2003 O26:H11/ Argentina Person- 14 1 (119)
0103:H2 person
2006 O103:H25 Norway Mutton 17 10 (275)
sausage 1)
a— NM, non-motile;

b — ND, not determined;

¢ - diarrhea and hemorrhagic colitis cases.

d — number of HUS and cases of death.
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European countries, respectively (51). According to the 2008 Annual Report
from the European Centre for Disease Prevention and Control, the proportion of
non-0157 EHEC associated with disease is continually increasing, accounting
for almost half of reported EHEC infections in Europe (4). In Australia, EHEC
serogroup 0111 is a much more important cause of human disease than
0157:H7 (88). The explanation for the differing serotype distributions is not
currently known; i.e. whether this is a consequence of improved and extended
surveillance measures or represents a true difference in the spread and increase
in the incidence of non-O157 EHEC lineages.

Probably the most striking epidemiological observation is that although
both O157:H7 and non-O157 EHEC persist in the bovine gut, only non-O157
EHEC have been implicated in overt disease in cattle, including diarrhea and HC.
Serotypes 026:H11, 0111:H8, 0118:H16, 0103:H2 and O5:H- have been linked
to both outbreaks and sporadic cases of calf diarrhea (scours) (126, 132, 195,
203, 214, 240, 339); isolates from bovine scours cases have been deposited in
the strain collection of STEC Reference Center, Michigan State University.

The pathogenicity of these serotypes has also been validated with
experimental infection of calves (217, 221, 278, 296). In Germany and Belgium,
for example, EHEC O118:H16 are the most prevalent STEC in calves (340), with
evidence of zoonotic transmission (26, 224). In contrast, 0157:H7 has been
shown to induce diarrhea only in experimentally infected colostrum-deprived

calves below 3 weeks of age (43, 69, 70, 342). The mechanisms that underlie
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the differences in the capacity of EHEC strains to cause disease in different
hosts are unknown.

Evolutionary aspects. Phylogenetic analyses of conserved metabolic
genes have revealed some of the basis for the variation in virulence among
EHEC strains. Analyses of multi-locus enzyme electrophoresis and of sequence
variation in conserved metabolic genes has classified EHEC into two distinct and
distantly related clonal complexes: EHEC 1, which includes serotype O157:H7
and its close relative 055:H7, and EHEC 2, which includes strains of several
serotypes (026, 0111, 0103, 0118, etc.). The shared genotype of strains
belonging to a particular clone is believed to be the result of recent descent from
a common ancestor (336). In the radiation and diversification of E. coli, EHEC 1
and 2 clonal groups are believed to have evolved independently and in parallel
through repeated acquisition of related sets of virulence genes (255). These 2
subpopulations of STEC have been associated with disease more frequently
than other STEC lineages (25, 221, 238, 304 , 337).

Genotypic and phenotypic studies have engendered a model of stepwise
evolution of E. coli 0157:H7 from a non-cytotoxigenic EPEC-like O55:H7
ancestor, involving multiple acquisition of mobile genetic elements (Figure 1.4)
(95). Comparison of genome sequences of outbreak strains of O157:H7, Sakai
and EDL 933, with the avirulent E.coli K12 MG1655 has revealed that O157:H7
strains possess approximately 1600 additional genes, which account for the 25%
larger O157 chromosome (Figure 1.5). Low G + C content and codon usage

analysis between the conserved ‘backbone’ and strain-specific genes provides
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(136).
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strong evidence of their foreign origin (136, 242). The bulk of these genes are
organized into coordinately regulated operons, many of which are associated
with virulence and constitute various pathogenicity islands (PAls).

Microarray comparisons have shown that the divergence in gene content
between O157:H7 and its most recent ancestor is ~140 times greater than the
divergence at the nucleotide sequence level (338). The radiation and divergence
of O157:H7 was reiterated in a recent assessment of the heterogeneity of this
serotype. Single nucleotide polymorphism (SNP) genotyping of > 500 clinical
strains has resolved the extant genomic diversity of the O157:H7 population into
genetically distinct groups (clades 1-9) (205). Epidemiological analysis of
0157:H7 outbreak severity indicate that these clades also differ in their ability to
cause overt disease (205). More importantly, the findings of this report warn
about emerging hyper-virulent lineages and the ‘relentless evolution’ (262) of
EHEC.

Shiga toxins. As previously mentioned, the Shiga toxin-producing
property of EHEC is conveyed by transfection with heterogeneous lambda-
phages that integrate its DNA into the chromosome of bacteria (phage lysogeny);
these phages can occupy different sites in the bacterial chromosome depending
on insertion site availability and alignment with the phage integrase sequences
(281). Induction of the Iytic cycle (phage replication), and subsequent toxin
release, is mainly stimulated by the bacterial SOS pathway in response to

various DNA damaging agents, such as antibiotics, or reactive oxygen species
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released by neutrophils following oxidative bursts (141); this is the reason that
antibiotic therapy is strongly contraindicated in STEC/EHEC disease.

Shiga toxin (Stx) is a two-component toxin with an A1-B5 holotoxin
structure, similar to that of the Vibrio cholerae toxin. The A subunit is the
cytotoxic enzyme, while the B subunit mediates receptor binding with the host
cell. Single copies of the A and B subunit genes are transcribed as a one unit,
but the B subunit is translated in multiple copies due to a stronger ribosomal
binding site. There are two main families of Stx, Stx1 and 2, with Stx1 being
virtually identical in amino acid and nucleotide sequence to the Shiga toxin of
Shigella dysenteriae, while Stx2 shares just over 50% homology with Stx1 and is
immunologically distinct (239). The nomenclature and sequence homology of Stx
variants is given in Table 1.3.

EHEC strains that harbor only Stx2 are more frequently associated with
severe disease, than strains that contain both or just Stx1 (91, 239). A recent
study of Stx phage biology implies that presence of more than one Stx-harboring
lambda-phage in the bacterial chromosome reduces phage lysis, which is
proportional to Stx production, thereby diminishing the virulence of the host
bacterium (280). The increased potency of Stx2 was indicated by in vitro
cytotoxicity assays using endothelial cells (155). Further, comparative toxicity
studies of Stx1 and 2 using mice demonstrated that the lethal dose (LDso) of Stx2
is 400 times lower than that of Stx 1, following intravenous and intraperitoneal
injection of purified toxin (313). Similarly, intravenous injection of non-human

primates with purified Stx2 induced progressive HUS and a strong cytokine
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response, while animals given Stx1 showed no clinical or histopathological signs
of overt disease (285).

Stx toxins enter the cell via receptor mediated endocytosis, following
binding of the B5 subunit to the Stx receptor globotriaosylceramide (Gbs) on the
surface of host cells. The A subunit is then separated from B5 and free to cleave
a purine residue from the 28S rRNA, analogous to the RNA N-glycosidase
activity of ricin, irreversibly inhibiting protein synthesis and ultimately leading to
cell death (272); as this process is enzymatic, a single Stx molecule can
inactivate many ribosomes.

Stx also trigger several facets of the immune response that directly and
indirectly contribute to renal failure. In response to Stx, renal proximal tubule
epithelial cells, mesangial cells, and macrophage/monocytes secrete
proinflammatory cytokines that induce increased expression of Gb; leading to
increased uptake of toxin. Moreover, these cytokines render the renal
endothelium more prothrombotic and adherent to neutrophils (15, 59). Studies of
autopsy and biopsy explants of renal cortices from HUS patients and of mice
renal samples following infection with E. coli O157:H7 demonstrated the ability of
Stx toxins to induce apoptotic cell death of renal cells (172). Apoptosis was
shown to be augmented following treatment of renal epithelial cells with tumor
necrosis factor alpha (172); this cytokine is induced with lipopolysaccharide
(LPS) of gram negative bacteria and leads to enhanced Stx toxicity, as
demonstrated in mice that were pretreated with LPS prior to injection with Stx

(234).

22



Several types of human cells express Gbs (40, 199, 227, 301), though,
endothelial cells, particularly those of the microcirculation, contain the highest
levels of Gb3 (40, 201, 229). As Stx localization is relative to the distribution of
Gbs, capillaries of the renal cortex, the Gl tract, and less frequently the brain
suffer the most damage. However, it is not clear why other organs with dense
capillary networks are not affected. Mice may be the most feasible animal
models to study the pathogenesis of HUS; however, murine renal pathology
following EHEC infection is more concentrated in the proximal tubules whereas
the primary site of Stx insult in human kidneys is the glomerular endothelium (86,
330, 331). Mapping of Stx distribution in mice, using radioactively labeled Stx,
imply that Stx1 localizes mostly in the endothelial cells of the lung, while Stx2
targets the epithelium of proximal tubules of the kidney (266).

Several other animal models of HUS have been suggested with varying
levels of success (113, 127, 171, 217, 234, 260, 285, 311, 321, 323).
Gnotobiotic piglets infected with E. coli O157:H7 develop diarrhea and neurologic
symptoms, but not HUS (17). With baboons as a model, the colitis phase of
disease is not consistent in its presentation, following infection with Stx, but renal
impairment is very similar to that in humans (311); however, using non-human
primates as a model may encounter ethical and fiscal problems. Rabbits
challenged with Stx react with non-bloody diarrhea and CNS signs, but do not
progress to HUS (258); except in the case of Dutch-Belted rabbits that following
a natural occurrence of EHEC O153:H- infection developed HUS that is very

similar to human HUS (113), and appears to be reproducible (112).
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Translocation of Stx from the gut into the bloodstream is not entirely clear.
Initial in vitro work implicates platelets and leukocytes in this process (148, 173),
but little progress has been made to elucidate the circulation of Stx in the blood
and its pathway from the gut that ultimately results in renal impairment.

Locus of enterocyte effacement. The ability of EHEC to induce A/E
lesions on the host epithelium is conferred by a laterally acquired PAI termed the
locus of enterocyte effacement (LEE). The LEE is composed of 41 genes,
organized into 5 coordinately regulated operons (lee1-5) (Figure 1.6), half of
which encode a TTSS that serves to export LEE- and non LEE-encoded effector
proteins. Also coded by the LEE are the adhesin intimin and the translocated
intimin receptor (Tir), the interaction of which is central to bacterial attachment,
and several LEE regulators. Intimin, which is transported to the periplasm by the
general secretory pathway and then inserted into the outer membrane, binds to
Tir that localizes on the host cell surface, following its translocation via the TTSS.
Intimin-Tir binding triggers filamentous actin rearrangements that resulit in
pedestal formation which abut the adherent bacteria , followed by the effacement
of absorptive microvilli (115).

Although the mechanism leading to of diarrhea in EHEC infections is not
entirely clear, studies of EPEC indicate that, in addition to A/E lesions, the TTSS
subverts the intestinal mucosa in a number of ways through the action of effector
proteins, ultimately leading to watery diarrhea and inflammation (115). The
hemorrhagic component of iliness originates from destruction of underlying

mesenteric capillaries by Shiga toxins. In EPEC interactions with the host cell,
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the cooperative action of translocated TTSS effectors Map, EspF, Tir, and the
intimin adhesin lead to inactivation of the sodium-D-glucose cotransporter, which
is responsible for the daily uptake of 6 L of fluid from the small intestine (68).
This process is not linked to effacement of the brush border, however, the
precise mechanisms of this process are not resolved. EPEC and EHEC LEE-
encoded effectors, Tir, Map, EspF, EspG, EspH, SepZ, and EspB, also disrupt
the intestinal epithelial tight junctions causing increased permeability of the
intestinal lining, disrupt transepithelial membrane potential and, stimulate
secretion of chloride ions by enterocytes (115).

Recently, additional 39 non-LEE encoded effectors that are translocated
by the LEE-encoded TTSS were identified in O157:H7 (317). Several of these
have been characterized, including TccP involved in actin accumulation beneath
adherent EHEC bacteria (114), the cycle inhibiting factor Cif (206), and NieA that
is indicated to have an important, but unidentified, role in virulence (123). The
function of the majority of non-LEE effectors remains unknown; these effectors
resemble those of the plant pathogen Pseudomonas syringae in nucleotide
sequence, inviting speculation that they target some unknown but conserved
aspects of the eukaryotic cell biology (317).

The LEE is postulated to have been acquired independently and in parallel
by different lineages of AEEC, including EHEC 1 and 2, and also, different
lineages of EPEC (255). This island has, subsequently, diversified in the
different backgrounds, with /ee 1-3 being more conserved while /ee4 and lee5

have diverged considerably among different lineages (54, 103). The latter two
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operons code for proteins that are exposed to the extracellular environment or,
more so, directly interact with the eukaryotic cell and, therefore, elicit an antibody
response in HC and HUS patients (170, 236). The co-variation of intimin and Tir
alleles is hypothesized to be a means of immune evasion, while retaining the
adhesin-receptor interaction (236). Despite its immunogenicity, attempts to
develop a LEE-subunit vaccine that would decrease persistence of EHEC in
cattie have not been successful (325). The allelic variation of intimin (190) has
also been implicated in mediating tissue specificity (97, 133).

Tissue tropism. Current knowledge of the tissue tropism of EHEC in the
human gut is not definitive and is based on data derived from animal models and
in vitro organ cultures (IVOC) of intestinal explants. Although the intestinal insult
caused by EHEC infection is concentrated in the colon, it is not clear whether this
pathology originates from adherent bacteria or is caused by Stx released into the
lumen. EHEC O157:H7 colonization studies with gnotobiotic piglets support the
assumption that the large intestine is the site of EHEC colonization (321).
Conversely, based on human intestinal IVOC studies, A/E lesions caused by
0157:H7 are limited to the follicle-associated epithelia (FAE) of Peyer's patches
in the terminal ileum (245).

This site-specificity was demonstrated to be dependent on the particular
gamma-intimin allele expressed by O157:H7; well over 20 alleles of intimin have
been identified in EHEC and EPEC so far (190), however only three have been
studied in the context of tissue tropism. EPEC serotype 0127:H6, for example,

has alpha-intimin and efficiently colonizes any region of the small intestine (97).
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EHEC 2 strains have a different intimin allele than that in EHEC 1, beta-intimin,
and initial ex vivo studies infer that tight attachment of EHEC 2 is also
concentrated on the FAE, with little adherence to non-FAE explants (56, 99).
However, extrapolating EHEC colonization trends from ex vivo studies to in vivo
conditions should not be categorical, as IVOC infection assays are monitored
over not more than 8 h. It is possible that Peyer's patches may serve as a site of
initial colonization from which EHEC then spread to surrounding tissue. FAE is
known to act as a ‘docking’ location for other Enterobacteriacae, including
Yersinia and Salmonella species (133), and Citrobacter rodentium (341).

In the gastro-intestinal tract of cattle, as in the human intestine, the FAE of
the recto-anal junction (rich in lymphoid follicles) is the preferred colonization
spot of 0157:H7 (222). EHEC 2 strains, however, were found to colonize and to
form AJE lesions in both the small and large intestine (126, 240, 295, 333); the
reasons for these differences are not fully understood. Studies using signature-
tagged mutagenesis to identify mutants of 0157:H7 and O26:H- unable to
colonize calves reiterate different site specificities and infer alternate colonization
strategies, but do not shed light on the molecular mechanisms that underlie the
differences in colonization capacity or pathogenic potential between the two
representatives of EHEC 1 and 2 (85, 326).

Intimin can, in addition to binding with Tir, also interact with eukaryotic cell
receptors. The binding of intimin to integrin (102) and nucleolin (286) per se is
still of unknown biological significance, however, the ability of intimin to interact

with host receptors likely plays an important role for site-specificity in the gut. It
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may represent an initial loose pairing of the bacterium with the host cell, allowing
bacteria to recognize a favorable site prior to tight attachment through Tir (104,
133). However, intimin type is not the only factor to mediate tissue or host
specificity. Several studies hint that EHEC 2 and EPEC strains from animals
may have an increased affinity to adhere to cells of animal origin over human
(98, 133, 228, 340).

Finally, site-specific colonization of the intestinal tract may be influenced
by intrinsic differences in the regulation of the LEE island. In addition to 3 LEE-
encoded regulators, this PAI is manipulated by multiple chromosomal and extra-
chromosomal (plasmid) elements that inherently vary among different lineages
and, consequently, alter LEE expression in assorted ways. Circuits that govern
LEE expression are finely tuned to distinguish and respond to a wide range of
stimuli, which can originate from the environment (pH, temperature, glucose,
osmolarity, electrolytes, etc.), are produced by bacteria (Qquorum sensing), or are
secreted by the eukaryotic host (epinephrine) (164, 265, 289, 327). Furthermore,
there is evidence, albeit weak, which support the hypothesis that LEE of
0157:H7 is expressed in a host-specific fashion (251).

Several important differences in LEE regulation have been detected
between O157:H7 (EHEC 1) and O127:H6 (EPEC 1) (289). One such distinction
is the necessity of the EPEC adherence factor (EAF) plasmid-encoded PerC
regulator for full activation of the /lee7 operon in EPEC, making LEE expression in
EPEC dependent on factors that activate the plasmid borne per regulon (162);

EHEC possess a homologue of this regulator that is located on the chromosome.
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Another dissimilarity is the suggested existence of a ‘checkpoint’, which is not-
LEE encoded, for fine-tuning the expression of /lee4 and /ee5 operons in EHEC
(264). This checkpoint, which is absent in EPEC, is hypothesized to allow
formation of the membrane-bound part of the TTSS but to restrict assembly of
the needle complex until further signals are received by the bacteria; signals
such as contact with the host cell (137). As EHEC 1 is phylogenetically more
distant from EHEC 2 than from EPEC 1 (304) and differs from EHEC 2 in the
insertion site of LEE (255), it would be interesting to learn more about the
regulation of LEE expression in EHEC 2. This will not be feasible until completed
genome sequences of EHEC 2 representatives become available.

EHEC plasmid. Sequencing of the pEHEC in O157:H7 identified 100
open reading frames (46), some of which encode proteins associated with
virulence. One such protein is enterohemolysin (EHEC-HlyA), a RTX (Repeats
in ToXin), B-hemolytic, pore-forming toxin encoded by the hlyCABD operon.
Lysis of red blood cells by EHEC-HIyA is suspected to provide iron necessary for
growth of EHEC in the gut; its cytotoxicity extends to other cell types and, EHEC-
HiyA has been shown to induce proinflammatory cytokine production (239, 303).
However, despite its cytotoxicity and detection of antibodies specific to EHEC-
HiyA in sera from patients recovering from HUS (276), the significance of this
factor to the pathogenesis of EHEC disease remains questionable (36).

The immuno-reactive StcE/TagA protease (237) has been implied to
increase intimate adherence of EHEC to epithelial cells, through its mucinase

and anti-inflammatory activity (124, 125, 194). StcE is secreted by the type ||
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secretion apparatus (194), which is another pEHEC element encoded by a 14-
gene etpC-O operon that by itself contributes to intestinal colonization (145).
Lastly, ToxB/LifA indirectly stimulates translocation of /lee4-encoded proteins
(294, 307). As with EHEC-HIyA, however, the in vivo importance of these factors
requires further investigation (294).
GOALS OF CURRENT STUDY

In the last two decades, the field of diarrheagenic E. coli studies has
greatly furthered our knowledge about the pathogenesis and evolution of the
EHEC 1 clonal group. Based on the incidence of disease caused by EHEC 2
serogroups 026, 0111, and 0118, and the distinct cladogenesis of this subset of
EHEC, it is clear that exploration of the genomic composition of EHEC 2 strains
is necessary. Working under the hypothesis that the acquisition of common
virulence genes on mobile elements accounts for similar ability of O157:H7 and
EHEC 2 to cause disease in humans, the first part of the research described here
is an evaluation of the overall genetic similarity of EHEC 1 and EHEC 2 clonal
groups. Also, the aim of this study is to understand how the distribution and
subsequent diversification of laterally acquired PAls have influenced the genomic
diversity of EHEC 2 lineages that are most frequently associated with human and
bovine disease.

A recent outbreak of 0157:H7 infection was characterized by a
remarkably high rate of severe disease, based on the frequency of HUS and
hospitalization, even though O157:H7 strains share the same arsenal of

virulence factors. The third chapter describes phenotypic and whole-genome
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expression differences of two outbreak strains, which vary considerably in their
epidemiological characteristics, under conditions that mimic the host-pathogen
challenge. The working hypothesis of this study is that differences in the clinical
burden between the two outbreaks are associated with differences in the
pathogenic potential between the outbreak strains, and not merely a
consequence of variable transmission rates in different food matrices, or host
predisposition.

The fourth chapter is a follow-up to the third and describes the
investigation of the pathogenicity of two distinct lineages of O157:H7, ata
population level. Based on epidemiological analysis, the O157:H7 clade 8
lineage is hypothesized to be hypervirulent compared to clade 2. This
hypothesis is tested by characterizing the colonization potential and virulence
gene expression of clade 8 and 2 populations that were exposed to epithelial
cells. Itis the aim of this study to determine whether the variation in virulence is
solely attributable to the presence of different Stx variants among EHEC
0157:H7 strains, or are there lineage-specific differences in colonization capacity
and in expression of shared virulence genes between clades of O157:H7.

The fifth chapter describes the gene expression of O157:H7 following
treatment with culture media that has been preconditioned with epithelial cells, or
with co-cultures of epithelial cells and EHEC or non-pathogenic E. coli. Since
quorum sensing is known to influence virulence gene expression, determining
whether O157:H7 can distinguish between signaling molecules that are secreted

following an infection of the host cell with 0157:H7, 026:H11, or non-pathogenic
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K12 can contribute to our knowledge of the dynamics of mixed infections.

Conclusions and future considerations are presented in chapter 6.
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SUMMARY
Background: Evolutionary analyses of enterohemorrhagic Escherichia coli
(EHEC) have identified two distantly related clonal groups: EHEC 1, including
serotype O157:H7 and its inferred ancestor O55:H7; and EHEC 2, comprised of
several serogroups (026, 0111, 0118, etc.). These two clonal groups differ in
their virulence and global distribution. Although several fully annotated genomic
sequences exist for strains of serotype O157:H7, much less is known about the
genomic composition of EHEC 2. In this study, we analyzed a set of 24 clinical
EHEC 2 strains representing serotypes 026:H11, O111:H8/H11, O118:H16,
01563:H11 and O15:H11 from humans and animals by comparative genomic
hybridization (CGH) on an oligoarray based on the O157:H7 Sakai genome.
Results: Backbone genes, defined as genes shared by Sakai and K-12, were
highly conserved in EHEC 2. The proportion of Sakai phage genes in EHEC 2
was substantially greater than that of Sakai-specific bacterial (non-phage) genes.
This proportion was inverted in O55:H7, suggesting that a subset of Sakai
bacterial genes is specific to EHEC 1. Split decomposition analysis of gene
content revealed that O111:H8 was more genetically uniform and distinct from
other EHEC 2 strains, with respect to the Sakai O157:H7 gene distribution.
Serotype 026:H11 was the most heterogeneous EHEC 2 subpopulation,
comprised of strains with the highest as well as the lowest levels of Sakai gene
content conservation. Of the 979 parsimoniously informative genes, 15% were
found to be compatible and their distribution in EHEC 2 clustered O111:H8 and

0118:H16 strains by serotype. CGH data suggested divergence of the LEE
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island from the LEE1 to the LEE4 operon, and also between animal and human
isolates irrespective of serotype. No correlation was found between gene
contents and geographic locations of EHEC 2 strains.

Conclusions: The gene content variation of phage-related genes in EHEC 2
strains supports the hypothesis that extensive modular shuffling of mobile DNA
elements has occurred among EHEC strains. These results suggest that EHEC
2 is a multiform pathogenic clonal complex, characterized by substantial intra-
serotype genetic variation. The heterogeneous distribution of mobile elements
has impacted the diversification of 026:H11 more than other EHEC 2 serotypes,
which suggests that this population is more likely to give rise to hyper-virulent

lineages.

36



INTRODUCTION

Enterohemorrhagic Escherichia coli (EHEC), the intersection of Shiga
toxin producing E. coli (STEC) and attaching and effacing E. coli (AEEC),
comprise a group of pathogenic E. coli that cause a variety of human and animal
illnesses ranging from diarrhea to hemorrhagic colitis (HC), and the multifactorial
hemolytic uremic syndrome (HUS) (78). Intimate adherence to the intestinal
epithelium resulting in characteristic attaching and effacing (A/E) lesions, and the
destruction of capillary walls via production of phage borne Shiga toxins (Stx 1, 2,
and variants) are hallmarks of EHEC pathogenesis. A/E lesion formation is
dependent upon a type three secretion system (TTSS), which is encoded on the
laterally acquired locus of enterocyte effacement (LEE) (164).

E. coli 0157:H7 is the dominant EHEC serotype in the United States,
Argentina, Great Britain, and Japan (5, 315). However, multiple reports have
shown that other EHEC, including serogroups 026, 0111, 0103, and O118,
frequently cause sporadic cases of human iliness (13, 26, 30, 96, 117, 166, 273,
319), and have been implicated in numerous outbreaks (2, 41, 50, 208, 216). In
Australia and parts of Europe, infections with serogroups 026 and O111 are
prevailing while the incidence of O157:H7-associated disease appears to be
declining (9, 32, 87, 88). In contrast to E. coli O157:H7, EHEC serogroups 026,
0111, 0118, 0103, and O5 are commonly linked to outbreaks and sporadic
cases of calf diarrhea (scours) and HC (126, 132, 195, 203, 214, 240, 339),
which has been validated from experimental infections in calves (217, 221, 278,

296). In Germany and Belgium, for example, EHEC O118 is the most prevalent
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type of STEC associated with diarrhea in calves (340), with evidence for zoonotic
transmission (26, 224).

Phylogenetic analyses of conserved metabolic genes have revealed some
of the basis for the variation among EHEC strains. Multilocus enzyme
electrophoresis (336) and partial sequencing of 13 housekeeping genes (304)
classified EHEC into two distantly related clonal groups: EHEC 1 includes
serotype O157:H7 and its inferred ancestor O55:H7, whereas EHEC 2 includes
numerous serogroups (e.g., 026, 0111, O118). The key virulence factors
shared between EHEC 1 and EHEC 2 clonal complexes were postulated to have
been introduced through multiple and parallel acquisitions of mobile elements
(255). A comparison of E. coli O157:H7 genomes has also revealed the extent
and significant impact of horizontal transfer on the evolution of virulence (136,
242). Furthermore, array comparative genomic hybridizations (CGH) have
shown that the divergence in gene content among closely related O157 strains is
~140 times greater than the divergence at the nucleotide sequence level (338).
Although recent evidence indicates the emergence of highly virulent lineages
among non-0157 EHEC, notably the O26 serogroup (32, 42), little is known
about the gene content, genetic diversity and evolution of virulence in members
of the EHEC 2 group.

The function of ancillary virulence determinants is somewhat
characterized in O157:H7 (164, 317), however, the relevance as well as the
distribution of these factors in EHEC 2 is not clear. To systematically investigate

the gene content variations within the EHEC 2 clonal group. we analyzed a set of
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24 clinical EHEC 2 strains representing serotypes 026:H11, O111:H8/H11,
0118:H16, 0O153:H11 and O15:H11 from humans and animals using array-based
CGH. Because there are no EHEC 2 genome sequences available, a multi-
genome spotted oligoarray containing probes for 5,978 ORFs from O157:H7
Sakai, O157:H7 EDL933, and K-12 MG1655 was used to examine the
distribution of these E. coli genes in our collection of EHEC 2 strains. The
findings of this study shed light on the diversification of horizontally acquired
elements in a group of pathogens that represent recent evolutionary branches of

EHEC clonal groups.
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MATERIALS AND METHODS

Bacterial strains and DNA isolation. Since genome sequences for
tested strains are not available, two-color hybridizations between sequenced
strains of E. coli 0157:H7 RIMD 0509952 (Sakai) (136) and K-12 MG1655 (35)
were used as references. A total of 24 EHEC 2 strains including serotypes
026:H11 (n=8), 0111:H8 (n=6), 0111:H11 (n=2), 0118:H16 (n=6), 0153:H-
(n=1), and O15:H11 (n=1), originally isolated from human and animal cases of
STEC-associated disease, were used in this study (Table 2.1) and were selected
based on the serotype and source. The study also included an EHEC 1 O55:H7
strain, isolated from a human diarrhea case. Bacterial DNA was prepared from
overnight LB cultures grown at 37°C using the Puregene genomic DNA isolation
kit (Gentra Systems, Minneapolis, MN).

Multilocus sequence typing (MLST) and Shiga toxin (Stx) genes. The
detailed MLST protocol and multiplex PCR conditions for characterizing the Stx
genes (stx1/stx2) can be found at the STEC Reference Center website
(http://www.shigatox.net). Briefly, MLST was performed on seven conserved
housekeeping genes (aspC, clpX, fadD, icdA, lysP, mdh, and uidA), and
sequence type (ST) assignments were made based on phylogenetic analyses of
the concatenated sequences.

Oligonucleotide arrays. The Qiagen (Valencia, Calif.) spotted muilti-
genome arrays containing probes specific for 5,978 ORFs from E. coli K-12
MG1655, 0157:H7 Sakai and EDL933 were utilized. Of these probes, a total of

5,943 were 70-mer oligonucleotides and 35 ranged from 41-69 bp. The probes
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Table 2.1. Properties of strains used in this study sorted by serotype.

. a b .. C d e Sourcef,
Strain Serotype Host Clinical~ Location Date” stx ST Ref.
DEC of 026:[h11] Human diarrhea USA,SD 1974 - 106 1, (140)
DEC 10e 026:H11 Calf scours USA,SD 1989 1 106 2, (254)
F5863 026:H11 Human diarrhea USA,NE 1998 1 106 3, (96)
97-3250 026:H11 Human HUS USA, ID 1997 12 104 4,(111)
413/89-1 026:[h11] Calf diarrhea Germany 1998 1 106 5,(72)
DA-22 026:[h11] Human diarrhea USA,DC 1999 1 106 6
03-ST-296 026:H11 Human b.d. USA, MI 2003 1 106 7, (204)
CB 7505 026:H11 Calf nodata Germany 1998 1 106 8, (196)
DEC 8¢ O0111:[h11]  Calf scours USA,SD 1986 1 107 2, (140)
DEC 8d O111:H11 Human diarrhea Cuba 1953 - 106 9, (157)
C408 0111:[h8] Calf diarrhea Scotland 1993 1 106 10, (100)
BCL71 0111:[h8] Calf diarrhea USA,CA 1993 12 106 11
ML178190 0O111:[h8] Human diarrhea USA,NE 1998 12 106 3, (96)
wW29104 0111:H8 Human diarrthea USA,NE 1998 12 106 3, (96)
EK34 0111:[h8] Human diarrhea USA, WA 1999 1 106 12, (180)
EK35 0111:H8 Human diarrhea USA, WA 2001 1 106 12, (180)
RW2030 0118:[h16] Calf diarrhea Germany 1994 1 106 5, (340)
RW1302 0118:[h16] Calf diarrhea Germany 1994 1 106 5, (340)
666/89 0118:H16 Calf diarthea Germany 1989 1 106 5, (340)
05482 0118:H16 Human HUS Gemany 1996 1 106 8, (84)
EK36 0118:H16 Human diarrhea USA, WA 2001 1 106 12, (180)
EK37 0118:H16 Human diarrhea USA, WA 2000 1 106 12, (180)
RDEC-1 015:[h11] Rabbit diarrhea USA,SC 1970s - 681 13, (254)
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Table 2.1, continued

Straina

Souroef,

Serotypeb Host  Clinical’ Location Dated stx ST° Ref.

02-3751
97-3256

0153:[h11] Rabbit HUS USA,MA 2002 1 104 14, (112)

055:H7 Human diarrhea USA, MI 1997 2 73 4,(111)

a.
b.

designations assigned to strains deposited in the STEC Reference Center
[h] - flagellar allele determined by fiiC gene sequencing; H - expression of
flagellar type confirmed by reaction to antisera. To avoid confusion in text,
flagellar type will be denoted as H, regardless whether it was determined by
sequencing or serologic typing.

b. d. - bloody diarrhea; HUS - hemolytic uremic syndrome; scours - neonatal
calf diarrhea.

Year of isolation.

ST - sequence type based on MLST of 7 housekeeping genes (aspC, cipX,
fadD, icdA, lysP, mdh, and uidA).

Strains were obtained from: 1 - CDC, 2 — Francis, D., 3-Fey, P., 4 -
O'Brien, A., 5 — Wieler, L., 6 — Acheson, D. W., 7 — Michigan Dept. of
Community Health, 8 — Beutin, L., 9 — Orskov, F., 10 - Hart, C. A,, 11 - Love,
B.C., 12 —Tarr, P, 13 - E. coli Reference Collection, 14 — Fox, J.

42



were printed in duplicate on UltraGaps glass slides (Corning Inc., NY) at the
Research Technology Support Facility at Michigan State University. The array
also contained 384 spots representing 12 randomized negative control 70-mer
probes. All probes were assigned ORF designations (b- =MG 1655, ECs- =Sakai,
or Z- =EDL933 numbers) or intergenic region labels based on the RefSeq
database available on the National Center for Biotechnology Information (NCBI)
website (14).

In silico analysis of microarray probe specificity. To verify the probes
with the up-to-date genome annotations, we compared all 5,990 probe
sequences against the three E. coli genomes (MG1655, Sakai, and EDL933) by
BLASTN available on NCBI, and recorded the two highest hits for every probe
(top hit and second hit) for each genome. A probe was considered to be specific
for a target when the top hit demonstrated >80% identity to the probe sequence
stretch in the strain. Probes with nonspecific hybridization and multiple target
hybridizations within MG1655 or Sakai DNA were excluded from the data
analysis of MG1655 and Sakai hybridizations. These included probes that had
multiple top hits with 75% overall identity or probes that had multiple top hits
between 50% and 75% of overall identity with alignments containing a stretch of
nucleotides with 100% identity, in which the stretch was 20% of the probe length.
With respect to the MG1655 and Sakai genomes, out of 5,978 probes, 12 had no
target (EDL933 specific), 731 showed nonspecific hybridization or had multiple
targets, and 5,235 matched single genome targets. Of these, 3,803 targeted

both genomes, with 1,002 targeting only Sakai and 430 targeting only K-12.
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DNA labeling and microarray hybridization. Genomic DNA was
sheared into 500 to 5,000 bp fragments in a cup sonicator (Heat Systems
Ultrasonics W-225, 20 KHz, 200W) and 250 ng of sheared DNA was labeled with
aminoallyl-dUTP (Sigma, St. Louis, Mo.) using the Invitrogen (Carisbad, Calif.)
DNA labeling system, as previously described (338). Equal amounts of DNA
from Sakai and test strains were suspended and combined in a final volume of
44 yL of SlydeHyb Buffer #1 (Ambion, Inc., Austin, TX). Qiagen E. coli spotted
oligo-arrays were hybridized and washed according to the manufacturer’s
instructions for hybridization using coverslips. Test strains were hybridized twice
with Sakai as a reference: once with the Cy5 labeled test strain and Cy3 labeled
Sakai and once with the Cy3 labeled test strain and Cy5 labeled Sakai to correct
for dye incorporation bias.

Data collection and analyses. Arrays were scanned with the Genepix
4000B array scanner (Axon Instruments, Union City, Calif.) and probe intensities
(median pixel intensities) were retrieved using Genepix 6.0 (Axon Instruments).
Data quality was assessed by viewing plots of M versus A [M = log,
(test/reference); A = log, (test x reference)] (Appendix Figure 1), and by checking
for spatial effects with Genepix 6.0 and GeneTraffic (lobion, La Jolla, Calif.) as
described previously (338). Because genome sequences of tested strains were
not available, microarray data were not normalized to avoid biasing the gene
content of tested strains. Instead, microarray images showing spatial bias were
discarded and hybridizations were repeated until control parameters were

appropriate. Duplicate probes for each gene were averaged prior to analyses.
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Probes with median pixel intensities higher than the median of the randomized
negative controls were analyzed as the distribution of the two-color signal ratios
using the “GACK” program (176). Analysis of the log; (test strain/reference
strain) distribution (GACK/) as well as of the reciprocal ratio, log: (reference
strain/test strain) (GACK_), were performed for Sakai versus MG1655
hybridizations to determine a cutoff. Genes with a GACK; value of 2 0.1 were
classified as present, whereas genes with a GACK; value of < 0.1 were classified
as divergent/absent. At this cutoff, maximum sensitivity (98.8%) and specificity
(96%) were achieved for the MG1655/Sakai dye-swap hybridizations, and
therefore, this cutoff was used to interpret the data from Sakai versus EHEC 2
hybridizations. The term ‘present’ is used to indicate that a gene was detected
by CGH, and does not necessarily imply that the whole gene is conserved or
functional; likewise, the term ‘divergent/absent’ indicates that a gene was not
detected by CGH.

Phylogenetic analyses. Strains were assigned to clonal groups based
on STs and bootstrap analyses as described previously (189, 304). A neighbor-
joining tree of the concatenated MLST sequences was constructed using the
Kimura 2-parameter distance method with 1000 bootstrap replications in MEGA
3.1 (187). The tree includes other enteropathogenic E. coli (EPEC) and EHEC
STs as well as the lab-derived K-12 (ST173) and the uropathogenic E. coli
CFTO073 (ST27) for comparison; an E. albertii strain was used as the outgroup.
For phylogenetic analyses of the microarray data, a total of 144 genes (from all

array hybridizations) with probe intensities below those of negative controls were
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excluded from the set of 4,944 genes. Neighbor-net phylogenies highlighting the
distribution of Sakai genes in EHEC 2 strains, for which the presence or absence
of genes was coded as 0 (divergent/absent) or 1 (present), were constructed
using the uncorrected p distance in Splitstree 4.3 (149). The number of Sakai
genes whose distribution in EHEC 2 was parsimoniously informative were
determined in MEGA 3.1 (187), and the set of Sakai genes in EHEC 2 whose
distribution was compatible with a single phylogeny was identified using the
clique module of PHYLIP (94).
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RESULTS

Sequence types (STs) and stx profiles of EHEC 2 strains.
Phylogenetic analyses of multi locus sequence typing (MLST) data grouped the
24 EHEC 2 strains (Table 2.1) into four STs. The most common was ST 106,
which was found in 20 strains, while the remaining three STs each differed from
ST 106 by a single nucleotide polymorphism (SNP) in almost 4,000 bp of the
concatenated MLST sequence. MLST data revealed a lack of nucleotide
sequence diversity in house keeping genes among these EHEC 2 strains. The
neighbor-joining phylogeny based on concatenated MLST allelic sequences
grouped the EHEC 2 strains into a distinct cluster, with 100% bootstrap support,
which was more closely related to the EPEC 2 group (100% bootstrap support)
than to members of EHEC 1 (Figure 2.1). Most of these EHEC 2 strains (n=17)
were PCR positive for only stx1, whereas four strains had both stx7 and stx2,
and three strains were negative for both stx genes (Table 2.1).

Gene content of EHEC 2 strains. Binary classification of genes as
present or divergent/absent, inferred by GACK analyses of the CGH data, was
used to determine the gene content of all 24 EHEC 2 strains (Table 2.2) and of
each individual strain (Table 2.3). Because all CGH experiments were performed
with Sakai as the reference strain, our analyses focused on probes targeting
genes present in the Sakai genome. The oligo probes were classified to
represent backbone genes (shared by Sakai and K-12), and Sakai-specific genes
(note that the term “Sakai-specific” is used here only in comparison to K-12).

The Sakai-specific genes were further classified in Sakai phage genes (phage-
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phylogenetic tree was constructed using the Neighbor-joining algorithm based on
48

the Kimura 2-parameter distance matrix of nucleotide substitution. Bootstrap
confidence values were based on 1000 replicates. Only those higher than 70%

The sequence types (STs) of EHEC 2 belong to a clonal group (CG 14), which is
are shown.

Figure 2.1. Phylogenetic relationships of EHEC and EPEC sequence types.
more closely related to EPEC 2 (CG 17), than EHEC 1 STs (CG 11). The



Table 2.2. Percentage of Sakai genes that are present, divergent/absent or

variably absent or present (VAP) in all 24 EHEC 2 strains.

Backbone genes Sakai specific genes

(shared with K-12)  phage-related bacterial

n = 3696 n=_814 n=434
Present 80.9% 5.8% 6.5%
Absent/divergent 1.1% 9.5% 53.0%
VAP® 18.0% 84.7% 40.5%

a - genes that were detected in at least one of the 24 EHEC 2 strains, but not in all EHEC 2
strains.
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related genes present in Sakai but absent in K-12) and Sakai bacterial genes
(non-phage-related genes present in Sakai but absent in K-12) (136). Of the
3,696 backbone genes, 80.9% were shared by all EHEC 2 strains, whereas only
5.8% of the Sakai phage genes (n=814) and 6.5% of the Sakai bacterial genes
(n=434) were found in every tested EHEC 2 strain. While 84.7% of the Sakai
phage genes were found in at least one of the 24 EHEC 2 strains, a whole 53%
of the Sakai bacterial genes were not found in any of the these strains (Table
22).

In each individual EHEC 2 strain, approximately 95% of the 3,696
backbone genes were found (Table 2.3, Figure 2.2), with little variation (95.5% +
1.2%, range 93% - 97%). In contrast, about 52% of the Sakai phage genes were
found, but with a much greater variability across EHEC 2 strains (52.1% + 8.2%,
range 30% - 65%); Sakai bacterial genes were found less frequently in EHEC 2
strains (22.7% t 2.3%, range 19% - 30%). Serotype 026:H11 showed the most
interstrain variation, whereas O111:H8 and O118:H16 were more uniform with
respect to Sakai gene distribution. The O55:H7 representative also had a high
percentage of backbone genes (96.6%). Furthermore, 33% of the 814 Sakai
phage genes and 70% of the 434 Sakai bacterial genes were conserved in
055:H7, suggesting an inverse trend relative to that observed in EHEC 2 strains
(Table 2.3).

Identification of potential EHEC-specific genes. From the 1,248 Sakai-

specific genes represented on the microarray, 152 (12.2%) were conserved in 23
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Figure 2.2 Distribution of Sakai genes among individual EHEC 2 clinical strains.
The three histograms represent distribution trends of three Sakai gene groups in
EHEC 2 strains: Sakai bacterial genes (left histogram — hatched bars), Sakai
phage genes (middle histogram, open bars), and backbone genes (right
histogram — hatched bars). The levels of Sakai gene content conservation were
calculated for each EHEC 2 strain by dividing the number of Sakai genes, from a
particular gene group, found in a strain by the total number of Sakai genes from
the respective gene group, represented on the oligoarray; these values were
expressed as percentages. Each bar represents the number of EHEC 2 strains
that were found to have the same percentage of Sakai gene content
conservation. Each strain is represented on each histogram and the bars in each
histogram add up to 24, the total number of strains investigated. One exception
is the bar representing Sakai phage gene content conservation in strain DEC9f,
which is hidden by the hatched bar representing the Sakai bacterial gene content
conservation in strain CB7505. As can be seen in Table 3, strain DEC9f has
30% of Sakai phage genes and strain CB7505 has 30% of Sakai bacterial genes,
causing the bars to overlap. Numbers above each plot represent the average for
each group of genes and the range of the distribution is given in parentheses.
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Table 2.3. Percentages of Sakai genes found in tested EHEC 2 strains.

Serotype  Strain Sakai genes Backbone Sakai-specific
on array (shared with K-12)  phage-related bacterial
n=4.944 n = 3,696 n=814 n=434

026:[h11] DEC of 78% 94% 30% 20%
026:H11 DEC 10e 82% 96% 51% 22%
026:H11 F5863 84% 97% 56% 25%
026:H11 97-3250 85% 97% 65% 23%
026:[h11] 413/89-1 83% 96% 56% 20%
026:(h11] DA-22 84% 97% 57% 24%
026:H11 03-ST-296 84% 97% 54% 22%
026:H11 CB 7505 84% 968% 59% 30%

Average 83% 96% 54% 23%
026:H11 a

Stan. Dev. 2.2% 1% 10.3% 3.2%
O111:[h11}] DEC 8¢ 82% 94% 55% 19%
O111:H11 DEC&d 77% 93% 31% 21%
O111:[h8] C408 82% 95% 49% 24%
O111:[h8] BCL71 83% 95% 58% 24%
O111:[h8] ML178190 82% 95% 52% 23%
0111:H8 W29104 81% 95% 48% 23%
O111:[h8] EK34 81% 95% 47% 24%
O111:H8 EK35 80% 94% 49% 23%

Average 82% 95% 51% 24%
0111:H8

Stan. Dev. 1% 0.4 4% 0.5%
0118:[h16] RW2030 84% 96% 58% 23%
0118:[h16] RW1302 82% 95% - 56% 19%

52



Table 2.3, continued

Serotype  Strain Sakai genes Backbone Sakai-specific
on array (shared with K-12)  phage-related bacterial
n=4.944 n = 3,696 n=814 n=434
0118:H16 666/89 83% 95% 57% 21%
0118:H16 05482 82% 96% 53% 22%
O0118:H16 EK36 83% 96% 53% 21%
0118:H16  EK37 84% 97% 55% 25%
Average 83% 96% 55% 22%
0118:H16
Stan. Dev. 0.9% 0.8% 2.1% 2%
0153:[h11] 02-3751 84% 97% 60% 24%
015:[h11] RDEC-1 80% 94% 42% 22%
0O55:H7 97-3256 84% 97% 33% 70%

a - Stan. Dev., standard deviation.
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of the 24 EHEC 2 strains; 102 of these were phage-related. Sixty-four genes
encode hypothetical proteins of unknown function, and the remainder consisted
mostly of genes responsible for various prophage and other mobile element
functions. Nucleotide sequences of these 152 genes were compared against
five non-EHEC pathogenic E. coli (636, APEC O1, B171, CFT073, UTI89) and
six Shigella (Sf2a 2457T, Sf2a 301, Sf5 8401, Ss046, Sb227, Sd197) published
genomes, using BLAST. With a minimum of 80% nucleotide sequence identity in
a minimum of 80% query coverage as the cutoff value to identify conserved
genes, 26 of the 152 genes were not found in any of the 11 queried non-EHEC
genome sequences. The 26 gene sequences were then “BLASTed” against the
entire GenBank database with the same cutoff value. Only three of these 26
genes were not found in any other organisms and therefore could be considered
as specific to EHEC strains: ECs1561 (Sakai prophage (Sp) 6); ECs1763, and
ECs1822 (Sp 9). All three genes encode hypothetical proteins of unknown
function.

Genomic relatedness of EHEC 2 strains. We used the split
decomposition method to infer the strain relatedness based on gene content
data. We first analyzed all the 4,800 genes whose probe intensities were higher
than those for negative controls. As expected, the analysis showed a network
like phylogeny (Figure 2.3), in which the parallel edges reflected incompatible
signals in the data that were indicative of parallel gene gain/loss due to multiple

transduction events or past recombination. All O111:H8 strains were clustered
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Figure 2.3. Phylogenetic network representing the distribution of Sakai genes in
24 EHEC 2 strains. The network was generated based on the distribution of
4800 Sakai genes among 24 EHEC 2 strains. 144 genes were excluded
because their probe intensities were below those of randomized negative
controls in the various Sakai/EHEC 2 hybridizations. Node labels refer to strain
names (listed in Table 2.1). Parallel edges represent phylogenetic
incompatibilities in the data set, which are indicative of parallel gene gain, loss, or
divergence events. The network was generated in Splitstree 4.3, using neighbor
net with the uncorrected p distance. Scale bar represents number of gene
differences (present or divergent/absent) per gene site.
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closely and branched away from the remaining EHEC 2 strains, which formed a
loose cluster without any recognizable concordance to serotypes, hosts, or
locations (Figure 2.3). The pairwise homoplasy index (PHI) (44), generated in
Splitstree, confirmed that there was significant evidence of recombination (p-
value = 0.0).

Among the 4,800 genes whose probe intensities were higher than those
for negative controls, 70.8% were found to be either present or divergent/absent
in all 24 strains, and therefore, phylogenetically uninformative. Compatibility
analysis of the 979 parsimoniously informative (Pl) genes identified 147 Pl genes
to be phylogenetically compatible with each other, but not compatible with the
rest of the Pl genes (the distribution of these genes is shown in Appendix Table
1). For the second split decomposition analysis, these 147 genes were
combined with 421 singleton genes (genes found present or divergent/absent in
only one of the 24 EHEC 2 strains). Singletons were added to generate terminal
edges of the network and to help distinguish strain-specific changes. The
analysis with this set of genes showed a more tree like phylogeny with a better
separation of EHEC 2 strains (Figure 2.4). Six O111:H8 strains and six
0118:H16 strains formed two tight and distinct clusters, while the twelve
026:H11, O111:H11, 0153:H11, and O15:H11 strains were dispersed
throughout the network. The O111:H8 cluster was visibly distinct from the rest,
reiterating its particular pattern of gene content conservation across all 4,800
genes (Figure 2.3). The two O111:H11 strains did not cluster with O111:H8

strains, which is not unusual since the O111 serogroup has been suggested to
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Figure 2.4. Split decomposition analysis of compatible parsimony informative
genes and singleton genes in 24 EHEC 2 strains. Gray ovals encompass
serotype-specific clusters of 0118:H16 and O111:H8 strains. Node labels refer
to strain names (listed in Table 1). The network was generated in Splitstree 4.3,
using neighbor net with the uncorrected p distance. Scale bar represents
number of gene differences (present or divergent/absent) per gene site. Percent
bootstrap confidence values based on 1000 replicates are shown for selected
edges.
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include several lineages (48). In this analysis, the O118:H16 strains appear to
be more closely related to most of the 026:H11 strains than any other EHEC 2
serotype. Nonetheless, there was a short edge separating the O118:H16
serotype from 026:H11, followed by strain-specific splits within O118:H16 that
were based on singleton genes. The eight O26:H11 strains did not cluster
together, suggesting that strains of this serotype are considerably more diverse
than O111:H8 and O118:H16 strains.

Prophages. To visualize gene content of the 814 Sakai phage genes
within the EHEC 2 clonal group, we classified these genes by Sakai phage
groups (Sakai prophages Sp1-18, and prophage-like elements SpLE1-6) and
sorted the genes in each group by chromosomal order (based on ECs numbers).
This classification does not necessarily infer that these genes are present in
EHEC 2 within the same phage or order as they are in Sakai, but simply allows
an assessment of gene content variation of laterally acquired genes known to be
linked in the Sakai chromosome. Dendrograms based on pairwise comparison of
gene content were used to identify EHEC 2 strains with similar gene content
(Figure 2.5). Overall, there was no common pattern of gene distribution for all
phage groups (Figure 2.5), which was also implied by additional split
decomposition networks (data not shown). Some similarity was detected among
0111:H8 strains for Sp5, Sp15 and Sp8 genes, with more Sp5 and Sp15 genes
being conserved in the O111:H8 serotype than in other EHEC 2 strains.
Conversely, Sp8 was well-conserved in all but the O111:H8 strains (data not

shown), in which Sp8 genes were virtually absent except for two short gene
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segments, ECs1638-43 and ECs1656-63, which encode tail and hypothetical
proteins, respectively.

Stx converting prophages. The CGH data confirmed the stx1/stx2
profile of the EHEC 2 strains determined by PCR. In Sp15 (stx71-prophage), a
block of genes at the beginning of the phage (ECs2940-2952) was conserved in
most strains (Figure 2.5). These genes encode tail proteins and the putative
outer membrane protein Lom precursor (ECs2942). Adjacent is a group of genes
(ECs2953-2963) encoding two tail proteins, a putative terminase large subunit
and several unknown proteins, which are fully conserved in O111:H8 strains but
almost completely divergent/absent in the rest. Two regions in the Sp15 phage,.
ECs2984-2988 and ECs2998-3006, were well conserved in all strains positive for
the stx1 gene, except in O111:H8 strains. Excisionase and integrase genes
(ECs3012 and ECs3013) were divergent/absent in most of the EHEC 2 strains.
Overall, the gene content of Sp15 in strains negative for the stx1 gene was
different from those in stx1 positive strains (Figure 2.5).

Strains positive for the stx2 gene, mostly representing serotype O111:H8,
had more Sp5 (stx2-phage) genes. Integrase and excisionase genes (ECs1160
and ECs1161), and the block of genes at the beginning of the phage, ECs1160-
1187, were missing from most strains. The rest of Sp5 genes, which encode
replication proteins O and P, NinE and NinG, Shiga toxin 2, antirepressor
proteins, antitermination protein Q, outer membrane precursor proteins,

terminases, tail proteins, and a number of hypothetical proteins, were present in
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five of the six O111:H8 strains as well as in the O26:H11 strain containing both
stx1 and stx2 (Figure 2.5).

Locus of enterocyte effacement (LEE) island. Of the 41 genes in the
Sakai LEE island that are located on SpLE4, all except escU were present in the
055:H7 strain. This includes genes that were categorized as present after the
initial GACK cutoff was relaxed by 20%. Since dye-swap genomic microarrays
represent competitive hybridizations between two populations of DNA, there
were instances when a small difference in the nucleotide sequence of the tested
strain resulted in weaker probe signal intensity. For example, both of the two
known SNPs present between the variable regions of y intimin in O55:H7 and
0157:H7 (210) are located in the middle region of the 70-mer probe for eae.
Hence the signal intensity for this gene was just below the cutoff (gray shading in
Figure 2.5). Based on the level of divergence of EHEC 2 LEE genes from 0157
LEE genes, strains clustered into two major groups (Figure 2.5). The top group
of the dendrogram is composed of human strains, which have a high level of
similarity to O157 LEE genes, whereas the bottom cluster represents 11 animal
and 3 human strains that have a lower level of similarity to the O157 LEE genes.
The level of divergence was also found to be heterogeneous between LEE
operons (Table 2.4). The genes that encode the type lll secretion system
(TTSS), escRSTUCJVNDF, were detected in 14 to 24 strains, with the exception
of escR and escC, which were found in 11 and 5 strains, respectively. The
needle filament gene, espA, was present in 23 strains, whereas espB and espD

were divergent/absent in all. The tir and y intimin genes were also
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divergent/absent in EHEC 2; the y intimin was conserved only in the O55:H7
representative, an expected result because the 70-mer probe was designed to
detect the variable (allele-specific) part of eae.

Other phage gene groups. Most genes form SpLE1, which encodes the
tellurite resistance and adherence island (TAl), were divergent/absent from two
EHEC 2 strains and from the O55:H7 representative, but present in the rest of
the EHEC 2 strains (Figure 2.5). The diverse trend in retention or loss of laterally
acquired genes was emphasized by the arrangement of Sp10 genes. CGH data
inferred three patterns of Sp10 gene content conservation in EHEC 2 (Figure
2.5). In the first 14 strains (top to bottom), Sp10 genes were found to be present
or divergent/absent in an en bloc fashion. The middle branch of the dendrogram
represents six strains in which virtually all Sp10 genes were present. In the
remaining five strains, Sp10 genes appeared to have a mosaic structure with
individual genes present or divergent/absent. In contrast, Sp18 was either
entirely divergent/absent or nearly completely present. There was no correlation
between the distribution of Sakai phage genes in EHEC 2 and geographic
location of the EHEC 2 isolates.

Non-LEE encoded effectors. The gene content of non-LEE encoded
effectors, which are predicted to be secreted by the LEE-encoded TTSS (317) in
EHEC 2, varied from totally divergent/absent to present in every strain. Genes
espY1, nleD, espX2, espY4, espL3’, espX3’, espL4, and nleB2-1 were
divergent/absent from EHEC 2, whereas a set of 15 genes (espX1, espX5,

espX6, espY3, espK, nleA, nleE, nleG, nleG2-2, nleG6-1, espM1, espM2, espR1,

61



espL1, and espW) were present in at least 22 EHEC 2 strains. The nleG7 gene,
which was recently found to be conserved in a group of non-O157 EHEC strains

(231), was also divergent/absent in all EHEC 2 examined in this study.
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Figure 2.5.A. Distribution of Sakai phage genes and the LEE island in EHEC 2
strains. Sakai phage genes inferred as present or divergent/absent were
grouped and sorted according to the Sakai annotation. Colormaps, with
dendrograms, of individual phages were generated in R software (v 2.4.0.), using
the ‘gplots’ package (v 2.3.2). Present genes are depicted as black,
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