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ABSTRACT

GENOMIC DIVERSITY AND VIRULENCE 0F

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 O157: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 O157: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 O157: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.
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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 immune-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 illnesses 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 illnesses (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. call (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 (UTIs), 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

Pathctype 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 features

EPEC Watery diarrhea and Infants in Bundle-fonning pilus

vomiting developing countries TTSS for NE

Efa-1lLifA adhesin

EHEC Watery diarrhea, Food 8 water borne Shiga toxins,

hemorrhagic colitis, outbreaks in TTSS for NE

HUS developed countries Efa-1lLifA, ToxB adhesins

StcE promotes adhesion

enterohemolysin

ETEC Watery diarrhea Childhood diarrhea in 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—home outbreaks IpaA, B, C, D, H invasins

watery dianhea IcsANirG intracellular motility

ShET1/2 enterotoxins

aerobactin siderophore

UPEC Cystitis, Sexually active Pap fimbrial adhesin

pyelonephritis women IreA, lroN siderophores

hemolysin

cytotoxic necrotizing factor

MNEC Acute meningitis Neonates K1 capsule (antiphagocytic)

S fimbrial adhesin

lbeA,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 8 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, AIE -

attaching and effacing. The data were summarized from (79, 164).
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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"1 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 III secretion system,

which produces a histopathological lesion termed attaching and effacing (AIE), is

the defining property of AEEC; EPEC are also capable of inducing AlE lesions

and are, hence, a subset of AEEC (Figure 1.2). STEC strains that are capable of

NE lesion formation are known as EHEC (78). From almost 500 serotypes of

STEC that have been identified, many were associated with illness (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 NE

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 NE 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 AIE 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 AlE

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 illnesses 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 foodbome pathogen.

Person-to-person transmission, although well documented in institutional settings

10



(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 0111 to produce Shiga

toxins was established in the 19705, 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 illness 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, O157: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), O157:H7

is also the most common EHEC isolated from HUS patients (261). Serotype

11



O157: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, O121:H19, O103:H2

and O118:H16, also frequently cause sporadic cases of diarrhea and

hemorrhagic colitis, can cause severe illness 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-0157 EHEC in the National Notifiable Diseases

Surveillance System in 2000 (42).

Retrospective epidemiological examination of non-0157 EHEC indicated

that the perceived low frequency of non-0157 EHEC disease was due to

inadequate surveillance, and not a true presentation of non-0157 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-0157 EHEC

can be at least as prevalent as O157:H7 in certain parts of the US (96, 156). In

addition, studies of EHEC carriage in cattle show that frequencies of non-0157

EHEC isolated from beef carcasses can be the same or higher than those of

O157:H7 (20, 150); this indicates that the potential for the dissemination of non-

O157 serotypes is equally threatening as that for O157:H7.

In Europe, non-0157 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

12



Table 1.2. Confirmed outbreaks of non-0157 EHEC serotypes world-wide.

 

 

 

Number HUS

Date Serotypea Location Vehicleb affectedc (death)d Ref.

1986 O111:H- Japan ND 22/9 1 (1 ) (302)

1990 O111:NM OH, USA ND 5 - (18)

1992 O111:NM Italy ND 9 9 (1) (50)

1994 O1041H21 MT, USA Milk 1.8/4 - (7)

1995 O1 1 1 :H8 Australia Sausage 23 23 (1 ) (1 )

1996 O118:H2 Japan Salad 126 - (134)

1996 O103:H2 Japan Calf- 3 - (268)

person

1997 026:H11 Japan ND 32 - (144)

1999 O1 11:H8 TX, USA ice 58l22 2 (2)

1999 O121:H19 CT, USA Water 11 3 (208)

2000 026:H11 Germany Beef 1 1 - (335)

2001 O111:NM SD, USA ND 3 - (52)

2002 O26:H- . Austria Raw 2 2 (13)

milk

2002 O26:H1 1 Germany ND 3 3 (216)

2003 O26:H1 1/ Argentina Person- 14 1 (1 19)

O103:H2 person

2006 O103:H25 Norway Mutton 17 10 (275)

sausage (1 )

a — NM, non-motile;

b - ND, not determined;

c - 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

O157: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-0157 EHEC lineages.

Probably the most striking epidemiological observation is that although

both O157:H7 and non-0157 EHEC persist in the bovine gut, only non-0157

EHEC have been implicated in overt disease in cattle, including diarrhea and HC.

Serotypes 026:H11, O111:H8, O118:H16, O103:H2 and 05: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, O157: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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Figure 1.3. Human isolates of non-0157 STEC submitted to the USA Centers

for Disease Control and Prevention between 1982-2002 (n = 940). A — *only 38

isolates were submitted between 1983-1994. Note the increase in frequency

after the introduction of Shiga toxin Enzyme lmmuno-sorbent Assay and

especially after non-0157 STEC infections were made reportable nationally. B —

breakdown of 940 isolates by serotype. Isolates are categorized as STEC in the

referenced article, but over 84% of these isolates tested positive for intimin and

86% for enterohemolysin, which classifies them as EHEC. Adapted from (42).
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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 O157:H7 from a non-cytotoxigenic EPEC-like 055: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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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 O157:H7 and its

relatives. Phenotypes of ancestors A1—A6 are shown; changes predicted to

have occurred are in bold. Representative isolates are given below each

electrophoretic type (ET). Strain with tracts of ancestor A3 (shaded circle) has

not been reported (95).
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Figure 1.5. Comparison of the O157:H7 Sakai chromosome with K12 MG1655
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and third circle represent ORFs transcribed in the clockwise and counter

clockwise direction, respectively. In green are ORFs conserved in K12 and in

red are ORFs absent in K12. The fourth circle depicts Sakai prophages (Sp1-

18). LEE — locus of enterocyte effacement, Stx — Shiga toxin. Modified from

(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

O157: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 lytic 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

19



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 Sb<2 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 (LD5o) 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

20
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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 (Gb3) 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. V

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 Gb3 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).
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Several types of human cells express Gb3 (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

Gb3, capillaries of the renal cortex, the GI 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 vitno 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 AlE

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. lntimin, 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.

lntimin-Tir binding triggers filamentous actin rearrangements that result 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 NE 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 illness originates from destruction of underlying

mesenteric capillaries by Shiga toxins. In EPEC interactions with the host cell,
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organization of 41 genes of the LEE into LEE operons, modified from (293).

Right, 3-D representation of the type three secretion system. Adapted from (235).
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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 chP involved in actin accumulation beneath

adherent EHEC bacteria (114), the cycle Inhibiting factor Cif (206), and NleA 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 lee1-3 being more conserved while lee4 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

cattle 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 vitno 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

O157: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 O127:H6, for example,

has alpha-intimin and efficiently colonizes any region of the small intestine (97).

27



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 Enterobacten'acae, including

Yersinia and Salmonella species (133), and Citrobacter mdentium (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 O157:H7 (222). EHEC 2 strains, however, were found to colonize and to

form A/E 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 O157:H7 and 026: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).

lntimin 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 (quorum 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

O157: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 Iee1 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 lee5 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-HlyA is suspected to provide iron necessary for

growth of EHEC in the gut; its cytotoxicity extends to other cell types and, EHEC-

HlyA has been shown to induce proinflammatory cytokine production (239, 303).

However, despite its cytotoxicity and detection of antibodies specific to EHEC-

HlyA in sera from patients recovering from HUS (276), the significance of this

factor to the pathogenesis of EHEC disease remains questionable (36).

The immune-reactive StcE/I'agA 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 ll
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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-HlyA, 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 O157: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, at a

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. It is the aim of this study to determine whether the variation in virulence is

solely attributable to the presence of different Stx variants among EHEC

O157: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 O157: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 055: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, 0111:H8/H11, 0118:H16,

O153:H11 and O15:H11 fromhumans 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 055:H7, suggesting that a subset of Sakai

bacterial genes is specific to EHEC 1. Split decomposition analysis of gene

content revealed that 0111: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 multifonn 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

fineages.
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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 (AlE) lesions, and the

destruction of capillary walls via production of phage borne Shiga toxins (Stx 1, 2,

and variants) are hallmarks of EHEC pathogenesis. AlE 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 O157: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 0118,

frequently cause sporadic cases of human illness (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 0111 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 05 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 0118 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 055:H7, whereas EHEC 2 includes

numerous serogroups (e.g., 026, 0111, 0118). 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 0157 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 026 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, 0111:H8lH11,

O118:H16, O153: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), O153: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 1 055: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 Sbt

genes (stx1lstx2) can be found at the STEC Reference Center website

(http:/Iwww.shigatox.net). Briefly, MLST was performed on seven conserved

housekeeping genes (aspC, cle, fadD, ich, 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 multi-

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 S°”'°ef'
StraIn Serotype Host CIInIcaI Location Date stx ST Ref.

DEC 9f 026:[h11] Human diarrhea USA, SD 1974 - 106 1, (140)

DEC 10e 026:H1 1 Calf scours USA, SD 1989 1 106 2, (254)

F5863 026:H1 1 Human diarrhea USA, NE 1998 1 106 3, (96)

97-3250 026:H11 Human HUS USA, ID 1997 1,2 104 4, (111)

413/89-1 026:[h1 1] Calf diarrhea Germany 1998 1 106 5, (72)

DA-22 026:[h1 1] Human diarrhea USA, 00 1999 1 106 6

03-ST-296 026:H1 1 Human b.d. USA, MI 2003 1 106 7, (204)

CB 7505 026:H1 1 Calf no data Germany 1998 1 106 8, (196)

DEC 8c 0111:[h11] Calf scours USA, SD 1986 1 107 2, (140)

DEC 8d 0111:H11 Human diarrhea Cuba 1953 - 106 9, (157)

C408 01 1 1 :[h8] Calf diarrhea Scotland 1993 1 106 10, (100)

BCL71 O111:[h8] Calf diarrhea USA, CA 1993 1,2 106 11

ML178190 0111:[h8] Human diarrhea USA, NE 1998 1,2 106 3, (96)

W29104 0111:H8 Human diarrhea USA, NE 1998 1,2 106 3, (96)

EK34 01 1 1 :[h8] Human diarrhea USA, WA 1999 1 106 12, (180)

EK35 0111:H8 Human diarrhea USA, WA 2001 1 106 12, (180)

RW2030 01 18:[h16] Calf diarrhea Germany 1994 1 106 5, (340)

RW1302 O118:[h16] Calf diarrhea Germany 1994 1 106 5, (340)

666/89 01 18:H 16 Calf diarrhea Germany 1989 1 106 5, (340)

05482 0118:H16 Human HUS Germany 1996 1 106 8, (84)

EK36 O1 18:H 16 Human diarrhea USA, WA 2001 1 106 12, (180)

EK37 0118:H16 Human diarrhea USA, WA 2000 1 106 12, (180)

RDEC-1 015:[h1 1] Rabbit diarrhea USA, SC 19705 - 681 13, (254)
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Table 2.1, continued

 

 

a b c d e Sourcef,

Strain Serotype Host Clinical Location Date stx ST Ref.

02—3751 O153:[h11] Rabbit HUS USA, MA 2002 1 104 14, (112)

97-3256 055:H7 Human diarrhea USA, MI 1997 2 73 4, (1 1 1)

 

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.

0. 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, cle,

fadD, ich, lysP, mdh, and uidA).

Strains were obtained from: 1 - CDC, 2 - Francis, 0., 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,

80., 12 - Tarr, P., 13 - E. coli Reference Collection, 14 — Fox, J.
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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- =MG1655, 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 sllico 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 280% 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

aminoallyI-dUTP (Sigma, St. Louis, Mo.) using the lnvitrogen (Carlsbad, 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 uL 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

40008 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 = I092

(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 (GACK1) as well as of the reciprocal ratio, log: (reference

strain/test strain) (GACKz), were performed for Sakai versus MG1655

hybridizations to determine a cutoff. Genes with a GACK1 value of 2 0.1 were

classified as present, whereas genes with a GACK1 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

CFT073 (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 MLSTaIIeIic 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 stx1 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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are shown.

more closely related to EPEC 2 (CG 17), than EHEC 1 STs (CG 11). The

confidence values were based on 1000 replicates. Only those higher than 70%

48

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

Figure 2.1. Phylogenetic relationships of EHEC and EPEC sequence types.

the Kimura 2-parameter distance matrix of nucleotide substitution. Bootstrap

phylogenetic tree was constructed using the Neighbor-joining algorithm based on
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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%

VAPa 18.0% 84.7% 40.5%

at- genes that were detected in at least one of the 24 EHEC 2 strains, but not in all EHEC 2

s rains.
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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

2.2).

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% :I:

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% :I: 8.2%,

range 30% - 65%); Sakai bacterial genes were found less frequently in EHEC 2

strains (22.7% :I: 2.3%, range 19% - 30%). Serotype 026:H11 showed the most

interstrain variation, whereas 0111:H8 and 0118:H16 were more uniform with

respect to Sakai gene distribution. The 055: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 DECQf,

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 DE09f 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 9f 78% 94% 30% 20%

026:H11 DEC 10e 82% 96% 51% 22%

026:H1 1 F5863 84% 97% 56% 25%

026:H1 1 97-3250 85% 97% 65% 23%

026:[h1 1] 41 3189-1 83% 96% 56% 20%

026:[h1 1] DA-22 84% 97% 57% 24%

026:H1 1 03-ST-296 84% 97% 54% 22%

026:H1 1 CB 7505 84% 96% 59% 30%

Average 83% 96% 54% 23%

026:H11 3

Sta" 0"“ 2.2% 1% 10.3% 3.2%

0111:[h11] DEC 8c 82% 94% 55% 19%

0111:H11 DEC 8d 77% 93% 31% 21%

O1 1 1 :[h8] C408 82% 95% 49% 24%

O1 1 1 :[h8] BCL71 83% 95% 58% 24%

O111:[h8] ML178190 82% 95% 52% 23%

0111:H8 W29104 81% 95% 48% 23%

01 1 1 :[h8] EK34 81% 95% 47% 24%

O1 1 1 :H8 EK35 80% 94% 49% 23%

Average 82% 95% 51% 24%

01 1 1:H8

Stan. Dev. 1% 0.4 4% 0.5%

01 18:[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-1 2) phage-related bacterial

n=4,944 n=3.696 n=814 n=434

0118:H16 666l89 83% 95% 57% 21%

O1 18:H 16 05482 82% 96% 53% 22%

0118:H16 EK36 83% 96% 53% 21%

01 18:H16 EK37 84% 97% 55% 25%

Average 83% 96% 55% 22%

01 18:H 16

Stan. Dev. 0.9% 0.8% 2.1% 2%

0153:[h1 1] 02-3751 84% 97% 60% 24%

O15:[h11] RDEC-1 80% 94% 42% 22%

055: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 (536, APEC 01, 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 0111: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.



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 uninforrnative. Compatibility

analysis of the 979 parsimoniously informative (PI) genes identified 147 PI 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 0111:H8 strains and six

0118:H16 strains formed two tight and distinct clusters, while the twelve

026:H11, 0111:H11, O153:H11, and O15:H11 strains were dispersed

throughout the network. The 0111: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 0111:H11 strains did not cluster with 0111:H8

strains, which is not unusual since the 0111 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 of01181H16 and 0111: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 0118: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 0118:H16

serotype from 026:H11, followed by strain-specific splits within 0118:H16 that

were based on singleton genes. The eight 026:H11 strains did not cluster

together, suggesting that strains of this serotype are considerably more diverse

than 0111:H8 and 0118: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 0111:H8 serotype than in other EHEC 2 strains.

Conversely, Sp8 was well-conserved in all but the 0111:H8 strains (data not

shown), in which Sp8 genes were virtually absent except for two short gene

58



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 (stx1-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

(E032953-2963) encoding two tail proteins, a putative terminase large subunit

and several unknown proteins, which are fully conserved in 0111:H8 strains but

almost completely divergent/absent in the rest. Two regions in the Sp15 phage,-

E052984-2988 and ECs2998-3006, were well conserved in all strains positive for

the stx1 gene, except in 0111: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 $er gene, mostly representing serotype 0111:H8,

had more Sp5 (stx2-phage) genes. lntegrase 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 0 and P, NinE and NinG, Shiga toxin 2, antirepressor

proteins, antitermination protein 0, outer membrane precursor proteins,

terminases, tail proteins, and a number of hypothetical proteins, were present in
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five of the six 0111:H8 strains as well as in the 026:H11 strain containing both

stx1 and 3er (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 ech 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 v intimin in 055:H7 and

O157: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 0157 LEE genes, whereas the bottom cluster represents 11 animal

and 3 human strains that have a lower level of similarity to the 0157 LEE genes.

The level of divergence was also found to be heterogeneous between LEE

operons (Table 2.4). The genes that encode the type III secretion system

(TTSS), escRSTUCJVNDF, were detected in 14 to 24 strains, with the exception

of escR and 9800, 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 fir and y intimin genes were also
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divergent/absent in EHEC 2; the v intimin was conserved only In the 055: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 055: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, est2, espY4, espL3’, est3’, espL4, and nleB2-1 were

divergent/absent from EHEC 2, whereas a set of 15 genes (est1, est5,

est6, espY3, espK, nleA, nleE, nleG, rileGZ-2, nle66-1, espM1, espM2, espR1,
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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-0157 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,

absent/divergent as white. Gray squares symbolize genes that have been

classified as present after the cutoff was relaxed for 20%, representing a ‘low’

level of gene divergence. Dendrogram labels refer to strain names (Table 2.1).

Panels: A — Stx1-converting phage; B — Stx2-converting phage, labels with

asterisks in the Sp15 and Sp5 colormaps refer to strains that were positive for

stx1 and stx2 genes, respectively; C — LEE island, labels with open boxes in the

LEE colorrnap represent animal strains, and arrows and numerals atop the LEE

colonnap represent operons and the direction of their transcription; D — TAl

island, E —- Sp10, F — Sp18. Sp — Sakai prophage, SpLE — Sakai prophage-like

element, TAl — tellurite resistance and adherence island.
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Figure 2.5.3. Distribution of Sakai phage genes and the LEE island in EHEC 2

strains.
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Figure 2.5.0. Distribution of Sakai phage genes and the LEE island in EHEC 2

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

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

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

strains.
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Table 2.4. Conservation of 0157 LEE operons in a set of 24 EHEC 2 strains.

 

lee 1 (9)3 lee 2 (6) lee 3 (7) lee 5 (3) lee 4 (8)

Iwmm? 88106 31:17 43:11 10100 44:05

Ammm° 32iL2 05:09 27:00 01:02 35100

a. The number of genes in each operon is given in parentheses.

b. Refers to the 10 human isolates in the top branch of the

dendrogram in the LEE image in Figure 2.5, not including

055:H7. Values represent average number of genes in an

operon, with standard deviation.

c. Refers to the 11 animal and 3 human isolates in the bottom

branch of the dendrogram in the LEE image in Figure 2.5.

Values represent average number of genes in operon, with

standard deviation.
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DISCUSSION

Comparative analysis of genomes from 17 commensal and pathogenic E.

coli strains has revealed a diverse species ‘pan-genome’, while the E. coli ‘core

conserved’ genome was calculated to be about one-half of the genome of a

given E. coli isolate (252). Although EHEC utilize similar virulence mechanisms,

this pathotype is comprised of phylogenetically distinct lineages that vary in their

ability to cause disease in both humans and animals. Clearly, the genome of a

single strain cannot reflect how the genomic diversity among EHEC strains

influences pathogenesis of the EHEC population. Because no strains from the

EHEC 2 clonal group have been sequenced, the genetic variability of 24 EHEC 2

strains were examined in relation to the distribution of genes from O157:H7

Sakai, which belongs to the EHEC 1 clonal group. The Sakai genome was used

in this study, as its annotation is suggested to include more strain-specific genes

compared to EDL933 (252). Genes specific to the EHEC 2 group have yet to be

described. Some genes shared with Sakai might have been missed in our study,

if the gene sequence had diverged to a point where the 70-mer oligonucleotide

probes and the stringency of competitive hybridization preclude detection.

Although this study allowed screening of known genes only, the gene content

data still offered new insight on strain relatedness and the distribution and

subsequent diversification of mobile elements within the EHEC 2 clonal group.

The CGH data presented here indicate that there are two distinct trends,

which reflect the bacterial (vertical) and phage (lateral) origin of genes, impacting

the genomic divergence of EHEC 2. Virtually the entire set of backbone genes
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was present within the EHEC 2 clonal group (Tables 2.2 and 2.3). CGH

inferences pertaining to the distribution of backbone genes can vary depending

on array type, sample size, and strain diversity (231). For example, Anjum et al.

have proposed that the 026 serogroup exhibits greater genetic homogeneity

than was observed in our study (16); however, the microarray platform used in

that study was limited to the genome of K-12 MG1655. Despite these

differences, the degree of conservation among backbone genes in this CGH

investigation was similar in previous studies (76, 107, 231). The distribution of

Sakai-specific genes in EHEC 2 was, not surprisingly, noticeably lower than that

of the backbone, which restates established findings about intraspecies genomic

variability (192, 334, 338). The conservation of Sakai phage genes was,

however, found to be more than 2-fold higher when compared to Sakai bacterial

genes (Figure 2.2 and Table 2.3). In 055:H7, the inferred ancestor of O157:H7

(95), the proportion of Sakai phage to bacterial gene conservation was opposite

from the proportion observed in EHEC 2; this suggests that Sakai bacterial genes

have been vertically acquired from the 055:H7 progenitor and are not

disseminated among the EHEC 2 clone. Cursory assessment of K-12-specific

genes suggests a homogenous distribution in EHEC 2, with less than half of the

genes present; most K-12 phage-related genes were found to be unifome

divergent/absent from the entire EHEC 2 population. Assessing the conservation

of K-12 specific genes was, however, beyond the scope of this study, as K—12

MG1655 is a non-pathogenic laboratory-derived strain that is distantly related to

EHEC (Figure 2.1).
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The increased presence of Sakai phage genes in the EHEC 2 group

compared to Sakai bacterial genes reveals independent acquisition and

exchange of similar mobile elements. For example, of the 152 Sakai-specific

genes present in EHEC 2, only 26 genes were not found in 11 completed non-

EHEC E. coli and Shigella spp. genomes. About one-half of the 26 "EHEC only"

genes were found in stx1-encoding phages BP-4795 and CP-1639 from STEC

O84:H11 and O111:H-, respectively (61, 62). Sakai genes identified by BLASTN

as present on BP-4795 are disseminated on phages Sp6, 9, 10, and 12, which is

in agreement with the evidence for recombination between phages (45).

Although the number of phage genes shared by all tested strains was low, the

percentage of those that were VAP was high (Table 2.2), which may reflect

sequence heterogeneity in prophage genomes with similar modular structures

(45, 61, 253), and not true absence of genes.

Phylogenetic network analysis implied a serotype-specific uniformity of

0111:H8 strains, unlike other EHEC 2 strains (Figure 2.3), which can also be

inferred from the arrangement of Sakai phage genes in 0111:H8 strains (Figure

2.5). Interestingly, these six EHEC 2 representatives are the only strains with the

9 intimin allele while the remaining eighteen EHEC 2 strains had I3 intimin, as

determined by PCR-based RFLP typing of eae; the method for eae typing was

described previously (190). By contrast, members of the EHEC 1 clonal group

(i.e., O157:H7 and 055:H7) typically had the y allele. Although intimin 6 has

been found in an atypical EPEC 055:H7 and a non-EHEC 2 strain (GenBank

Acc. No. AJ833638 and AF253561), 0111:H8 is, to the best of our knowledge,
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the only EHEC 2 serotype with this intimin allele, providing further support for the

hypothesis that 0111:H8 represents a distinct grouping.

Based on the distinguishing distribution of Sakai genes (Figures 2.3 and

2.4), serotype 026:H11 appears to be considerably more diverse compared to

the distinct and more uniform 0111:H8. This suggests that the genetic make-up

of 026:H11 is such that it allows more frequent lateral exchange of DNA

elements, which can result in acquisition of novel fitness and virulence genes by

026:H11 more commonly than by other EHEC 2. For example, 026:H11

possess the Yersinia spp. high pathogenicity island (HPI) that encodes the iron-

uptake siderophore yersiniabactin and the pesticin receptor, whereas other

EHEC serotypes, including O157:H7, O111:H-, O103:H2, and 0145:H-, do not

have this HPI (165). The diversity of 026:H11/H- has also been implied with

other methods (344).

A proportion of the EHEC 2 hybridization data (15% of the Pl genes) were

identified as genes that are phylogenetically compatible with each other, i.e.,

having no homoplasy. Although this represents a small number of genes, it is

remarkable that the distribution pattern grouped EHEC 2 0111:H8 and

0118:H16 strains by serotype (Figure 2.4). The pathogenic E. coli used in this

study represent tips of phylogenetic branches, where high frequencies of

recombination strongly impact the shaping of genomic content (128) and

eventually lead to erosion of the phylogenetic signal between clonal complexes

(93). Thus, the set of genes shared with EHEC 1 O157:H7 whose pattern of
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presence and absence in EHEC 2 infers compatibility and is not random, but

coincides with serotype, warrants further investigation.

The heterogeneity of Stx phages has been demonstrated (141, 253), even

within the O157:H7 lineage itself (109, 232), so it is not unexpected to find such

variation between different EHEC 2 strains. In addition, Ogura et al. propose that

Stx phages have alternative integration sites in EHEC 2 (231); this may explain

our lack of detection of integrase genes, as integration site specificity is

dependent on the alignment of the phage integrase with the attachment

sequence in the bacterial chromosome (281). Strains that were stx negative in

our study were, nevertheless, found to carry genes from the Sp15 and Sp5

phages, which is a common effect of frequent modular shuffling of sequences

between phages of related enteric hosts (45, 138, 139). The significance of the

unique conservation patterns of Sp10 and Sp18 phage genes is not clear. Sp10

is perhaps more conserved as it harbors non-LEE effector genes (317), all 3 of

which were detected in at least 22 out of 24 EHEC 2 strains. Absence of the

entire Sp18 was also detected among O157:H7 strains (232), one of which

belongs to a hyper-virulent lineage of the O157:H7 population (205).

lncongruent divergence of LEE operons has been previously suggested.

Studies indicate that this island is a dynamic region (271), and that different

selective pressures act on different parts of the LEE (54). The sequence

diversity of the LEE, both at the nucleotide and amino acid level, increases along

the length of the island from the LEE1 to the LEE4 operon (54, 103). A

comparable trend can be observed in the CGH data presented here, as there
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was greater conservation of the content of genes that encode the secretion

apparatus (LEE1—3). However, differences in the content of O157:H7 Sakai LEE

genes between human and animal EHEC 2 strains of the same serotype (Figure

2.5 and Table 2.4) suggest that the LEE has diverged between EHEC 2 strains in

a host dependent manner, possibly due to host species adaptive pressure. This

result was not expected and its implications are not supported by the current

literature. Multiple, parallel acquisitions of the LEE by different clonal groups

have been inferred (159, 241, 255, 308). Muniesa et al. suggest that the LEE

genes associated with serogroup 026 are present more commonly in STEC than

the LEE genes associated with EHEC O157:H7 or EPEC O127:H6 (219). Yet,

there is no clear evidence to support the hypothesis that LEE divergence within a

lineage results from positive adaptive pressure in different host species. In fact,

when several LEE genes from strain RDEC-1 were compared to those from other

AEEC, the variation appeared to be associated with evolutionary lineage and not

host specificity (345). Even so, given the heterogeneous diversification of this

island and the recent inference about host-specific expression of espA and eae

in 0157:H7 (251), it would be interesting to compare complete LEE sequences

from a larger sample of EHEC 2 strains of human and animal origin.
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CONCLUSIONS

Here, we present an assessment of the gene content of a set of EHEC 2

clinical strains of animal and human origin, isolated from the USA and Europe.

The small subset of phylogenetically compatible genes represent potential

markers that will aid in the investigation of the relatedness and cladogenesis of

the EHEC 2 clonal group. In this study, serotype O26:H11, the most frequent

EHEC 2 serotype associated with overt disease, represented the most diverse

EHEC 2 population. Compared to the more homogeneous 0111:H8 strains,

026:H11 strains may have an increased propensity to laterally exchange DNA,

which may ultimately give rise to hyper-virulent lineages within EHEC 2 026:H11.

Furthermore, the identification of several EHEC-specific genes could potentially

be used as novel genetic markers to identify strains belonging to this pathotype.
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SUMMARY

Background: The Escherichia coli O157:H7 TW14359 strain was implicated in a

multi-state USA outbreak in 2006, which resulted in remarkably high rates of

severe disease when compared to previous outbreaks of illness caused by E. coli

O157:H7. In this study, we hypothesized that the elevated pathogenic potential

of this strain is associated with increased virulence gene expression. To test this

hypothesis, we performed epithelial cell association assays and global gene

expression measurements, following O157:H7 challenge of epithelial cells, with

O157:H7 TW14359 and 0157:H7 RIM00509952 (Sakai), a well-studied outbreak

strain.

Results: Epithelial cell assays revealed a 2.47 :l: 0.27-fold increase in association

of the TW14359 strain relative to Sakai. Whole-genome microarrays detected

significant differential expression of 914 genes between the two O157:H7 strains,

206 of which had a fold change 2 1.5. In particular, the locus of enterocyte

effacement (LEE) was upregulated in TW14359, whereas Sakai overexpressed

flagellar and chemotaxis genes (fig and fli operons, and cheB, tar, and tsr),

suggesting unsynchronized expression of the LEE and flagella in the two strains,

possibly via the GrlA regulatory switch. The TW14359 strain also showed

elevated expression of Shiga toxin 2 mRNA as well as of several

p0157-encoded genes that promote adherence, including, type II secretion

genes, and their effectors stcE and adfO. Of the 24 non-LEE effector genes that

were differentially expressed, 16 were upregulated in Spinach. The relative
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expression differences of LEE, flagella, and Shiga toxin 2 genes were verified by

quantitative PCR.

Conclusions: This study revealed the overexpression of major and ancillary

virulence genes in the O157:H7 TW14359 strain, under conditions that mimic the

host-pathogen challenge. Moreover, the increased association of O157:H7

TW14359 with epithelial cells suggests that this strain is a more efficient

colonizer of the intestines. Altogether, these findings indicate that an increased

pathogenic potential exists for the O157:H7 TW14359 strain, and are consistent

with the severe post-infection sequelae of the 2006 USA outbreak. Since these

two strains were recently classified into genetically distinct O157:H7

subpopulations, this study also implies lineage-specific differences in the

regulation of shared virulence traits.
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INTRODUCTION

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 are food- and

waterborne pathogens of zoonotic origin that cause a range of clinical

complications that include diarrhea, hemorrhagic colitis and a grave systemic

condition termed hemolytic uremic syndrome (HUS). HUS is characterized by

the triad of thrombotic microangiopathy, hemolytic anemia and acute renal failure

(79, 305). EHEC 0157 contributes to 17 outbreaks (212) as well as 75000 cases

of sporadic illness (250) in the US each year. Variation in the frequency of

severe disease, as indicated by hospitalization and HUSrates, have been

reported between O157:H7 outbreaks (250). One recent example is the high

rate of hospitalization (51%) and HUS (15%) (92) observed in the 2006 outbreak,

linked to contaminated spinach, compared to the low rate of hospitalization (3-

5%) and HUS (0-3%) (205) in the 1996 outbreak in Sakai, Japan, associated with

contaminated radish sprouts. Although the Sakai outbreak affected roughly 25-

60 times more people than the spinach outbreak and is considered the largest

O157:H7 outbreak to date (108, 142, 215), the difference in the frequency of

severe disease between outbreaks is puzzling.

One explanation for the variation in disease severity between the Sakai

and spinach O157:H7 outbreaks could be ascribed to host susceptibility, or

different concentration of bacteria in the food vehicle (163). Alternatively, this

discrepancy may be attributable to intrinsic genetic variation between the two

outbreak strains. Evidence supporting the latter hypothesis comes from the

finding that the RIM00509952 (Sakai outbreak) and TW14359 (spinach
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outbreak) O157:H7 genomes differed by 10% in nucleotide sequence of 2,741

conserved genes that were examined (205). The spinach genome sequence

analysis also uncovered genetic material not present in the Sakai genome,

including a variant of the Shiga toxin 2 gene (StX2C) and the lysogenic

bacteriophage 2851 that encodes it (205).

The spinach and Sakai outbreak strains may vary in their ability to

colonize host epithelial cells as well as to express virulence genes. Both,

colonization of the intestinal mucosa via a type three secretion system (I'TSS),

and the production of Shiga toxin(s) (Stx1, 2, and variants) are critical for

O157:H7 disease pathogenesis (164). Shiga toxins are phage-bome, two-

component cytotoxins that block protein synthesis via depurination of eukaryotic

28S rRNA (89, 141, 272). Interestingly, Shiga toxin 2, the variant that is most

commonly associated with severe complications of O157:H7 infection (36, 91,

233), has been shown to be differentially expressed between different Shiga

toxin producing E. coli (67), as well as between distinct subpopulations of

O157:H7 (82). Similarly, expression of the laterally acquired locus of enterocyte

effacement (LEE) (209), which encodes the TTSS in O157:H7 and

enteropathogenic E. coli, is influenced by several distal regulators, chromosomal

and plasmid borne, which act on the LEE-encoded regulators Ler, GrlA, and GrlR

(164, 289). Together, these observations imply that the expression of integral

O157:H7 virulence factors can vary depending on differences in the genetic

background of O157:H7 strains.
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Coordinate regulation of LEE operons (lee1-5) is required to mediate

intimate attachment of O157:H7 to the mucosal epithelium. This process yields

attaching/effacing (A/E) lesions, which are characterized by formation of actin

pedestals that abut the bacteria and by effacement of the epithelial microvilli

(115, 181). Studies have shown that expression of O157:H7 LEE genes ls

downregulated following intimate adherence to the eukaryotic cell (23, 65).

Similarly, transcription of Salmonella enterica invasion genes is turned off

following macrophage invasion (90). This suggests that potential differences in

the transcription of colonization factors are more likely to be detected prior to

bacterial adhesion/invasion of the eukaryotic cell.

This study examines the ability of EHEC O157:H7 TW14359 (Spinach)

and RIM00509952 (Sakai) outbreak strains to associate with epithelial cells, and

investigates genome-wide expression patterns of the two strains following their

exposure, but preceding intimate adherence, to MAC-T bovine epithelial cells.

The overall goal is to determine whether these O157:H7 outbreak strains differ in

their potential to colonize the epithelium and in expression of virulence genes,

under conditions that mimic the host-pathogen challenge. Resolving phenotypic

and transcriptional differences among outbreak strains of O157:H7 will advance

our understanding of the molecular mechanisms that underlie the remarkably

variable epidemiology of O157:H7.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli O157:H7 strains

RIMDO509952 (Sakai), implicated in a radish sprout outbreak (215), TW14359

(Spinach), implicated in a spinach outbreak (6), and the lab-derived K12 MG1655

(35) were stored at -70 °C in Luria-Bertani (LB) broth + 10% glycerol. From

freezer stocks, strains were inoculated into 10 ml of LB broth and grown to 00500

= 0.1 - 0.15, allowing revival of cells in rich media prior to transfer to morpholino-

propanesulfonic acid (MOPS)-buffered minimal media. MOPS (10X) minimal

media was prepared as described by Neidhardt et al. (223). LB cultures of

O157:H7 strains were transferred to 50 ml of MOPS minimal media with 0.1%

glucose at a ratio of 1:100, and grown to stationary phase (00500 = 1) at 37 °C

with shaking. Cultures in MOPS were transferred to 100 ml of MOPS at a ratio of

1:200 and grown for 10 h. Prior to infection of MAC-T epithelial cells, O157:H7

cultures in MOPS were transferred to Dulbecco’s Modified Eagle’s Medium

(DMEM) (pH 7.4, without phenol-red, 0.45% glucose, 0.37% NaHCOa) (Sigma,

St. Louis M0) for adaptation, at a ratio of 1:40 and grown for 3 h ((5 :I: 0.5):‘108

CFU/ml) at 37 °C with shaking. Reproducible steady-state growth of O157:H7

cultures in MOPS minimal media and in DMEM was confirmed by optical density

(00500) readings, over time (Figure 3.1).

MAC-T cells. Bovine mammary epithelial (MAC-T) cells (151) are

commonly used in studies of adherent and invasive E. coli (77, 80), and E. coli

O157:H7 were previously shown to induce AlE lesions on this epithelial cell line

(207). MAC-T cells were cultured in 75 cm2 tissue flasks (Corning, Lowell MA)
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Figure 3.1. Average growth of E. coli O157:H7 strains Sakai and Spinach in

DMEM and MOPS minimal medium. Growth is plotted as the increase in cell

density, measured at 00500, over time. Error bars represent the standard

deviation of three independent cultures of each strain.
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and maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and

2% Antibiotic-Antimycotic solution (penicillin-streptomycin-amphotericin 100x,

lnvitrogen), at 37 °C with 5% 002. For microarray experiments, MAC-T cells

were grown to confluence in 75 cm2 flasks. Approximately 12 h before

(experiments, MAC-T cell monolayers were washed with fresh DMEM and the

culture medium was replaced with fresh DMEM without antibiotics and 2% FBS.

DMEM media was replaced again prior to experiments, with fresh DMEM without

FBS.

Fluorescent microscopy. The ability of Sakai and Spinach strains to

form A/E lesions on MAC-T cells was examined using the previously described

fluorescent-actin staining (FAS) test (181, 282), with modification. Approximately

5x105 MAC-T cells/well were seeded into 24-well plates (Corning Inc., Lowell

MA) containing one 12 mm glass coverslip (Fisher Scientific, Pittsburgh, PA) per

well and were incubated overnight at 37 °C with 5% 002. The following day,

MAC-T monolayers were infected with 100 pl of O157:H7 Sakai, Spinach, or K12

MG1655 culture in DMEM and incubated for 3 h at 37 °C with 5% 002. After

incubation, wells were washed three times in excess PBS to remove non-

adherent bacteria and cells were fixed and perrneabilized with chilled acetone (-

20 °C) for 2 min. Following three washes with PBS, a 30 min blocking step with

1% bovine serum albumin (BSA)IPBS was applied to inhibit non-specific staining.

After washing in PBS, cells were stained with phalloidin conjugated to Alexa

Fluor 488 (Molecular Probes, Carlsbad CA), according to the manufacturer’s

instructions, to detect filamentous actin. Cells were counterstained with
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propidium iodide (Molecular Probes), which stains nucleic acids. Coverslips

were mounted on microscope slides and samples were analyzed using a Zeiss

510 Meta ConfoCor3 LSM confocal laser scanning microscope with a 63x plan

apochromat numerical aperture 1.4 objective, with oil immersion (Carl Zeiss

Microlmaging lnc., Thomwood, N.Y.). Images were imported and handled with

Zeiss LSM Image Browser Version 3.2.0.115; confocal slices were merged in

Adobe Photoshop (version 6). The experiment was performed in triplicate for two

independent cultures of each strain.

Association assays. Association assays, a measurement of adherence

and invasion, were performed in 24-well plates by the method described

previously (75), with modification. Confluent monolayers of MAC-T cells (~1x106

cells/well) were washed with DMEM and infected with 1 ml of Sakai or Spinach

culture in DMEM at a multiplicity of infection (MOI), the ratio of bacteria to host

cell, of 500; cell counts of O157:H7 inocula were (5 :I: 0.4)x108 CFU/ml. After 30

min or 1 h of incubation at 37 °C with 5% CO2, wells were washed with excess

PBS and MAC-T were disrupted with 0.1 % Triton X-100 (Sigma-Aldrich, St.

Louis M0) for 30 minutes. Serially diluted Iysates were plated on LB agar with

the Autoplate 4000 Spiral Plater (Spiral Biotech, Bethesda, MD) and enumerated

following overnight incubation at 37 °C, using the Q-Count (Spiral Biotech). Each

O157:H7 strain was assayed in quadruplicate and the experiment was repeated

3 times. The CFU/ml of Sakai and Spinach recovered from all wells of a

biological replicate were normalized against the CFU/ml recovered from the first

well of the corresponding biological replicate infected with Sakai. Normalized
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data from 3 biological replications of the experiment were analyzed with a mixed

ANOVA model (SAS v9.1, Cary lnst., NC), relative association = strain +

replicate (strain) + error, where biological replicate was nested within the strain

effect. The difference in association was expressed as the mean :t standard

error of Spinach relative to Sakai.

Microarray experiments and RNA extraction. Monolayers of MAC-T

cells, maintained in 75 cm2 tissue culture flasks with 15 ml of DMEM, were

infected with 3 ml, at a concentration of (5 :I: 0.5)x108 CFU/ml, of O157:H7 Sakai

or Spinach culture in DMEM. The co—culture was incubated for 30 min at 37 °C

with 5% CO2 and with gentle rocking at 1.5 rpm on a rocking platform (VWR

lntemational, West Chester PA) to mimic gut peristalsis. After incubation, 8 ml

aliquots of non-adherent, suspended, bacteria were mixed with 1/10 volume of

10% phenolzethanol buffer to stabilize the RNA (31), and centrifuged at 4 °C,

4500xg for 30 min to pellet cells. The supernatant was decanted and cell pellets

were suspended in 5 ml of buffer (2 mM EDTA, 20 mM NaOAc, pH 5.2).

Suspended cells were mixed with an equal volume of acid-phenolzchlorofomt at

65 °C, pH 4.5 (with isoamyl alcohol, 125:25z1) (Ambion, Austin, TX) and

incubated at 65 °C for 10 min, with periodic vortexing, before centrifuging at

3200xg for 20 min. Supernatant was extracted again with an equal volume of

acid-phenol chloroform and then with an equal volume of chloroformzisoamyl

alcohol (24:1). RNA was precipitated overnight at -80 °C in 2.75 volumes 100%

ethanol and 1/10 volume 3M sodium acetate, pH 5.2. RNA samples were

purified and treated with DNase using the RNeasy kit (Qiagen). Integrity of RNA
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populations was verified by visualization of the 23S and 16S rRNA bands after

electrophoresis on fonnaldehyde-agarose gels. RNA isolation from O157:H7

Sakai and Spinach strains was performed from 5 biological replications of the

experiment.

cDNA conversion. cDNA samples for microarray hybridization were

generated by one-step aminoallyI-dUTP (Sigma) labeling of reverse transcribed

RNA. Reactions containing 6 pg RNA, 2 pg random primers (Invitrogen,

Carlsbad, CA), 1x first strand buffer (lnvitrogen), 10 mM DTT, 400 U Superscript

II (lnvitrogen), 0.5 mM each dATP, dCTP, and dGTP, 0.3 mM d‘I'I’P, and 0.2 mM

amino-allyl dUTP were incubated overnight at 42 °C. cDNAs were purified on

OIAquick PCR purification columns (Qiagen), using PB binding buffer (Qiagen)

and phosphate wash buffer (5 mM K2HPO4, pH 8.0, 80% ethanol) before elution

with 60 pl of phosphate elution buffer (4 mM K2HPO4, pH 8.5). cDNA was dried

and resuspended in 0.1 M sodium carbonate pH 9.3, and coupled with Cy3 or

Cy5 dyes (Amersham Biosciences, Piscataway, N. J.), according to the

manufacturer’s instructions. Following another on-column purification to remove

uncoupled Cy-dye, the concentration of cDNA and dye incorporation were

measured for each sample using a Nanodrop spectrophotometer (model ND-

1000) (Ambion). Dried cDNA samples were stored at -80 °C for no more than a

week prior to hybridization.

Oligonucleotide microarray. The previously described microarray

platform that probes for 5978 ORFs from E. coli strains O157:H7 Sakai and EDL

933, and K12 MG1655 (160), was upgraded to include additional 70-mer probes,
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spotted in duplicate, which target 110 ORFs from the 0157:H7 plasmid (p0157)

(46).

Hybridization conditions and data collection. Microarray slides were

prepared for hybridization by cross-linking (exposure to 6000 uJ of UV) and

blocking in 1% SDS, 5x SSC, and 1 mglmL BSA at 42 °C for 1 hour. After

washing twice for 5 min in 0.1x SSO, twice for 5 min in 0.1x SSC and twice for

30 s in H20, slides were dried and placed into hybridization cassettes (TeleChem

lntemational, Sunnyvale, Calif). cDNA samples were resuspended in 10 mM

EDTA, denatured for 5 min at 95 °C, mixed with 40 pl of SlideHyb buffer 1

(Ambion) and loaded under a coverslip onto the array slide. Each array slide

was loaded with a pair of alternately Cy-dye coupled cDNA samples from the

Sakai and Spinach strains. Dye-swap hybridizations were performed (e.g. Cy3-

Sakai and Cy5-Spinach, and vice-versa) to account for dye incorporation bias. In

total, 10 hybridizations, corresponding to 5 independent RNA extractions from

each Sakai and Spinach strains, were carried out. After 18 h of hybridization at

47 °C, arrays were washed in 2x SSC, 0.5% SDS at 37 °C for 5 min, than twice

for 5 min in 0.1x SSC, 0.1% SDS at 37 °C, and than twice for 2.5 min at room

temperature 0.1x SSC. Microarrays were scanned with an Axon 40008 scanner

(Molecular Devices, Sunnyvale, CA) and target intensities were retrieved with

Genepix 6.0 software (Molecular Devices).

Analysis of microarray data. Microarray data were analyzed as

described by Bergholz et al. (24). Lowess normalization (248) was applied to

raw intensity values (median pixel intensities) for all probes on each array, using
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the MAANOVA (version 0.98-8) package (249) in R software (version 2.2.1)

(312). As all probes were printed in duplicate, signal intensities from probes

were averaged prior to Iog2 transformation. Log transformed data were fitted to a

mixed model ANOVA in RlMAANOVA (yinmmy = Array + Dye + Strain + Sample

(Sample = biological replicate», which identifies fixed (Dye, Strain) and random

(Array, Sample) sources of variation that influence microarray measurements of

gene expression (63, 175). Differential expression of genes between Sakai and

Spinach strains was determined with the Fs test, which does not assume equal

variance between genes (64), using 1000 random permutations to generate p

values. P values were corrected for multiple comparisons using the Benjamini-

Hochberg step-up linear correction included in RlMAANOVA. Differences in

gene expression with an adjusted p value < 0.05 were considered significant.

cDNA synthesis for quantitative real-time PCR (qRT-PCR). RNA was

isolated from Sakai and Spinach strains following three independent replications

of the host-pathogen challenge experiment, as described in Microarray

experiments and RNA extraction. Reverse transcription of RNA was carried out

using the iScript Select cDNA synthesis kit (BioRad, Hercules, Calif.) with the

following protocol: 5 pl of RNA (200 ng/ul) was mixed with 2 pl of random primer

(BioRad) and 8 pl of RNase—free water (BioRad), incubated for 5 min at 65 °C

and chilled for 2 min on ice. Four microliters of reaction buffer (BioRad) and 1 pl

of reverse transcriptase (BioRad) were added to the reaction mix, and reverse

transcription was allowed to proceed in a thermal cycler (Applied Biosystems) at

42 °C for 30 min, and then at 85 °C for 5 min .
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Validation of microarray data with qRT-PCR. Gene-specific

oligonucleotide primer pairs were designed based on the published reference

genome sequence of E.coli O157:H7 Sakai using the Primer3PIus free software

(324), and synthesized commercially (Integrated DNA Technologies, Coralville,

IA). Primer pairs were tested using Sakai and Spinach DNA, in a PCR across a

10 °C gradient of annealing temperatures to determine which temperature is

optimal for amplification. Primer sequences and annealing temperatures are

given in Table 3.1. The primers for the stx2B gene were specifically designed to

discriminate between Stx2 and Stx20 variants of the B subunit gene. The

forward primer is not specific whereas the reverse primer anneals to 103-120 bp

downstream of the first nucleotide of the stx28 gene sequence; this is the

variable region of stx2B between Stx2 and Stx20 variants. qRT-PCR reactions

were performed in 25 pl reaction volumes containing 12.5 pl of SYBR Green

Mastermix (BioRad), 0.63 pl of each primer (10 mM), 9.24 pl water and 2 pl

cDNA template. cDNA amplification was carried out in the iCycIer I05TM

Multicolor Real-Time Detection System (BioRad) with the following conditions: 3

min at 95 °C, followed by 40 cycles 10 sec at 95 °C then 20 sec at specific

annealing temperature. qRT-PCR reactions were performed with cDNA

populations from 3 independent RNA extractions, from each O157:H7 strain, and

each cDNA sample was tested in quadruplicate, across five-fold serial dilutions

(1 x to 0.008x). Relative expression of the 168 rRNA (rrsH) gene was used as an

internal control for within-sample normalization of mRNA abundance (306).
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Relative differences in transcript levels between Sakai and Spinach strains were

determined with the Pfaffl method (244).
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Table 3.1. Primer sequences and annealing temperatures used for qRT-PCR.

 

 

Primer Sequence (5’ to 3’) Annealing temperature

eae-F GCCGGTAAAGCGACTGTTAG 55°C

eae-R ATTAGGCAACTCGCCTCTGA

tir-F ACTTCCAGCC'ITCGTTCAGA 57°C

tir-R TTCTGGAACGCTTCTTTCGT

espA-F GCTGATGTTCAGAGTAGC 56°C

espA-R ATCACCACTAAGATCACG

espB-F TCAGCATTGGGGATCTTAGG 57°C

espB-R CTGCGACATCAGCAACACTT

stx2A-F TATATCAGTGCCCGGTGTGA 55°C

stx2A-R TGACGACTGATTTGCATTCC

stx2b-F GAAGATG'I'I’TATGGCGGT 55°C

stx2b-R CACTGTAAATGTGTCATC

flgE-F CACGTTTAGCCTGAGCTTCC 60°C

flgE-R CAACCGTACCGTCATCATTG

cheB-F CAAACCGCAACTGGGTATTC 60°C

cheB-R CGACAATGGCTTATGTGCTG
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RESULTS

Interaction of 0157:H7 with MAC-T cells. The fluorescent actin staining

(FAS) test was carried out to ensure that MAC-T cells were an adequate

epithelial cell line for mimicking EHEC O157:H7 interactions with the intestinal

epithelium. Infection of MAC-T cells with both O157:H7 Spinach and Sakai

strains induced marked cytoskeletal rearrangement, characterized by pedestals

of filamentous actin emanating from MAC-T cells, which is typical of NE lesions

(Figure 3.2). Propidium iodide counter-staining of specimens allowed

co-localization of actin pedestals and bacteria. The FAS test also indicated

formation of densely packed bacterial micro-colonies on the surface of MAC-T

cells, a colonization pattern known as localized adherence. A/E lesions were not

observed on MAC-T cells following infection with E. coli K12.

Cell association assays were then used to quantify variation in the

interaction of O157:H7 strains with epithelial cells. At the 30 min timepoint, no

significant difference in association of Spinach and Sakai with MAC-T cells was

detected (p = 0.28). At the 1 h timepoint, challenge of MAC-T cells with Spinach

resulted in a significantly higher degree of association compared to Sakai (p =

0.02). Additionally, cell counts (CFU/ml) after 1 h of infection were 2.47 :l: 0.27

fold higher in Spinach compared to Sakai (Figure 3.3). Since the growth rates of

bacterial cultures were similar (Figure 3.1) and the CFU/ml of the starting

O157:H7 inocula varied by less than 10%, differences in association counts were

not merely a reflection of variation in growth phase or starting cell densities

among O157:H7 strains.

95



Microarray expression profiling. Increased association of the

O157:H7 Spinach strain with epithelial cells, compared to Sakai, implied that

there is a difference in the expression of LEE, and potentially of other genes

involved in O157:H7 pathogenesis, between the two outbreak strains. Since the

expression of LEE genes in EHEC 0157:H7 was previously shown to be

downregulated following tight attachment to epithelial cells (23), we sought to

compare transcriptomes of Spinach and Sakai prior to intimate adherence to

MAC-T cells. Therefore, O157:H7 Spinach and Sakai were exposed to MAC-T

monolayers for 30 min, and differences in gene expression were measured

between non-adherent, planktonic, populations of Spinach and Sakai, using

whole-genome microarrays. Transcriptional profiling at earlier timepoints was not

justified, as differences in association between Spinach and Sakai were not

significant at 30 min post-infection of MAC-T cells.

The Fs test found 914 genes to be significantly differentially expressed

between Spinach and Sakai (adj. p value < 0.05), 41 of which were encoded on

the p0157 plasmid (Figure 3.4). In the Spinach strain, 440 genes were

downregulated, and 475 were upregulated, relative to Sakai. Of the 914

significant genes, 388 encode hypothetical proteins of unknown function.

Relative differences in gene expression greater than 1.5 fold were detected in

206 of the 914 genes, 98 of which encode hypothetical proteins.

Differential expression of adhesion and motility associated genes. Of

major interest were the expression ratios of 41 LEE genes, 36 of which were
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actin nucleic acid merge

K12

0157:H7

TW14359

O157:H7

Sakai 
Figure 3.2. Fluorescence micrographs of MAC-T cells infected with E. coli K12,

O157:H7 Spinach, and O157:H7 Sakai. Filamentous actin was stained green

(Alexa Fluor 488), nucleid acid was stained red (propidium iodide). Merging the

green and red fluorescence demonstrated co-localization of actin pedestals and

bacteria. White scale bars in right column represent 10 um. Magnification, 63x

with 2.7x scan zoom for K12 and Spinach, and 1.8x for Sakai.
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Figure 3.3. Association of O157:H7 Sakai and Spinach with MAC-T cells. Error

bars indicate standard deviation of the average number of CFU/ml recovered

from 4 wells. Each plot represents an independent experiment.
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upregulated in the Spinach strain (adj. p value < 0.05) (Table 3.2), including the

positive regulators Ier and ngA. LEE genes were almost uniformly upregulated

from the LEE1 to the LEE4 operon (Figure 3.5), which encodes the EspADB

needle complex that inserts into the host cell and allows translocation of effector

proteins. The 5 LEE genes that did not have significantly elevated transcript

levels in Spinach were escT and ech that encode inner membrane-bound

constituents of the 'I'I'SS export structure, the negative LEE regulator grlR, and

two genes of unknown function, orf1 and rorf3. Significant differences in gene

expression ratios were validated for 5 LEE gene targets, with qRT-PCR (Table

3.5).

Together with the 7 LEE-encoded effector proteins (Tir, Map, EspF, EspG,

EspH, EspB, and SepZ), the ‘I'I’SS serves to export another 40 non-LEE

encoded effectors (317). Genes coding for 24 of these effectors were found to

differ in their expression between Spinach and Sakai. Specifically, 16 non-LEE

effector genes were found to be upregulated in Spinach while 8 were upregulated

in Sakai (Table 3.3).

Several genes relevant to adhesion, not associated with the TTSS, were

found to be significantly differentially expressed (adj. p value < 0.05) (Table 3.2).

The p0157 borne type II secretion system, encoded by the etpC-O polycistron, is

represented by 12 probes on the microarray, 9 of which (etpEFGHlJKMN)

indicated Upregulation in the Spinach strain. The type II apparatus secretes

several factors that influence colonization (270). The transcription of one such

gene, stcE/tagA, which encodes a StcE metalloprotease that contributes to

100



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

associated genes between Spinach and Sakai.

 

 

ECS #3 gene functionb fold changec

E0s4550 espF effector 1.60

E0s4551 orf29 unknown 1.23

E0s4552 escF needle protein 1.70

E0s4553 cesDZ chaperone for EspD 1.73

ECs4554 espB effector/translocator 1.83

E0s4555 espD translocator 1.70

E0s4556 espA translocator 1.70

E0s4557 sepL TTSS 1.44

E0s4558 escD TTSS 1.65

E0s4559 eae intimin adherence protein 1.72

E054560 cesT chaperone for Tir 1.64

ECs4561 tir translocated intimin receptor 1.76

E0s4562 map effector 1.54

E054563 cesF chaperone for EspF 1.61

E0s4564 espH effector 1.59

ECs4565 sepQ TTSS 1.65

E0s4566 orf16 unknown 1.32

E0s4567 orf15 unknown 1.75

E0s4568 escN TTSS 1.47

E054569 ech TTSS 1.58
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Table 3.2. continued

 

 

E03 #8 gene functionb fold changi

E054570 orf12 unknown 1 .55

E034571 sepZ effector 1 .77

E054572 mrfB Unknown 1 .72

E0s4573 est TTSS 1 .42

ECs4574 sepD TTSS 1 .31

E0s4575 escC TTSS 1 .41

ECs4576 cesD chaperone for EspD 1.36

E0s4577 grlA regulator, positive 1.42

E0s4582 escS TTSS 1 .28

E0s4583 escR TTSS 1 .35

ECs4584 orf§(escL) binds to escN 1.50

E0s4585 orf4 unknown 1.51

ECs4586 orf3 unknown 1 .69

E0s4587 cesAB chaperone for EspA and EspB 1.68

E054588 Ier regulator, positive 1.48

ECs4590 espG destruction of microtubules 1.38

p0157 stcE/tagA StcE metalloprotease 1.83

ECs1772 adfO putative colonization factor 1.22

p0157 etpE type 2 secretion 1.20

p0157 9th type 2 secretion 1.20

p0157 eth type 2 secretion 1.19
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Table 3.2. continued

 

 

ECs #8 gflie functionb fold Chang

p0157 etpH type 2 secretion 1.20

p0157 etpl type 2 secretion 1.21

p0157 eth type 2 secretion 1.14

p0157 etpK type 2 secretion 1.15

p0157 etpM type 2 secretion 1.14

p0157 etpN type 2 secretion 1.17

 

a - ECs, O157:H7 Sakai chromosomal gene numbers, numbers ECs4550

through E054590 denote LEE genes; p0157, plasmid encoded genes.

b - LEE protein functions adopted from (65, 115, 235).

c - positive values were found to be upregulated in the Spinach strain; adj. p

value < 0.05.
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intimate adherence (124), was elevated in the Spinach strain. Expression of

adfO (ECs1772), which encodes another type II secretion substrate that was

recently demonstrated to promote adherence of 0157:H7 to epithelial cells (145),

was also elevated in Spinach. Overall, these results indicate that the

transcription of major and accessory colonization factors, preceding intimate

adherence of O157:H7 to MAC-T epithelial cells, is higher in the O157:H7

Spinach strain relative to Sakai. This result is consistent with the increased

ability of Spinach to associate with MAC-T cells.

An unexpected result was the significant increase in expression of genes

related to motility in O157:H7 Sakai. Fourteen genes that mediate flagellar

biosynthesis (flgCDEFGK, fliCDHL, and fhiA) and chemotaxis (cheB, tsr, and tar)

were upregulated in the Sakai strain (Table 3.4). Relative expression differences

were confirmed by qRT-PCR for 2 representative genes, flgE and cheB (Table

3.5).

Upregulation of Shiga toxin 2 in the 0157:H7 Spinach strain. The

Sakai strain is lysogenized with Stx1 and Stx2-converting phages (215), while the

Spinach strain harbors Stx2 and Stx2c variants (205); the microarray used in this

study contains probes for stxA and 5th subunits of Shiga toxin 1 and 2 genes,

but not for the Shiga toxin 2c variant. As expected, the expression of genes

encoding Shiga toxin 1, stx1a and stx1b, were found to be increased in Sakai by

36.4-fold and 29.7-fold, respectively. The transcription of Shiga toxin 2, which is

shared by both strains, was increased in the Spinach strain, relative to Sakai, by

1.70-fold and 2.4-fold for stx2a and stbe respectively; this result was
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Table 3.3. Significant differential expression of non-LEE effector genes.

 

 

E05 # effector a fold chagng

E050472 EspY3 -1 .35

E051 127 EspV' 1 .45

E051567 EspO1-1 1.18

ECs1810/1 NIeG2—1' -1.26

E051812 NleA -1.30

ECs1814 NleH1-2 1.30

E051824 NleG 1 .23

ECs1994 NleGZ-Z 1 .59

E051996 NIeGS-1 1 .46

E052154 Nle05-2 1 .33

E052155 NIeG6-2 1 .36

E052156 Nle02-3 1 .43

E052226 NIeG7' 1 .26

E052228 NIeG3' 3.13

E052229 NIeGZ-4‘ 1 .51

E052714 EspJ -1 .34

E052715 chP -1 .40

E053485 EspM2 -1 .48

ECs3487 EspW 1 .20

E054642l3 EspL3' 1 .1 7

ECs4653 EspY4 1 .20

106



Table 3.3. continued

 

 

E05 # effectora fold changeb

E054657 E5pY5' -1 .25

E055048 Est5 -1 .20

E055295 Est6 1 .46

 

a — nomenclature adopted from (317).

b - positive values were found to be upregulated in the Spinach strain, negative

values indicate upregulation in the Sakai strain; adj. p value < 0.05.

107



Table 3.4. Upregulation of flagellar genes in Sakai relative to Spinach.

 

 

ECs # gene function fold charge:

E050256 fhiA flagellar, putative motility protein 1.13

E051452 flgC flagellar, cell-proximal portion of basal-body rod 1.51

E051453 flgD flagellar, initiation of hook assembly 1.16

ECs1454 flgE flagellar, hook protein 2.27

ECs1455 flgF flagellar, cell-proximal portion of basal-body rod 1.31

ECs1456 flgG flagellar, cell-distal portion of basal-body rod 1.60

ECs1460 flgK flagellar, hook-filament junction protein 1 1.15

E052662 fliC flagellar; flagellin, filament structural protein 1.23

E052663 fliD flagellar, capping protein for filament assembly 1.15

E052683 fliL flagellar biosynthesis 1.32

E052679 fliH flagellar, export of flagellar proteins 1.19

E052593 cheB response regulator for chemotaxis (cheA sensor) 1.58

E052596 tar methyl-accepting chemotaxis protein II 1.18

E055315 tsr methyl-accepting chemotaxis protein l 1.74

 

a - positive values indicate upregulation in Sakai, adj. p value < 0.05.
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Table 3.5. qRT-PCR validation of microarray data.

 

gene fold changea Eb

Spinach : Sakai

eae 1.94 1 0.2 1.93

 

tir 2.08 1 0.6 2.21

espA 2.13 1 0.3 2.10

espB 2.04 1 0.6 2.01

sepZ 1.80 1 0.3 2.02

5tx2A 4.86 1 1.4 2.06

stx28 4.3 1 0.2 2.08

flgE -8.33 1 1.8 2.00

cheB -3.41 1 0.5 2.02

 

a - mean 1 standard deviation of relative fold change differences in

expression between Spinach and Sakai strains; negative sign indicates

increased expression in Sakai.

b — average qRT-PCR reaction efficiency of both strains.
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confirmed by qRT-PCR (Table 3.5). Interestingly, the q antiterrninator (ECs1203)

of stx2 was also found to be statistically significantly upregulated in the Spinach

strain (1 .27-fold). The phage borne q antiterrninator, located upstream of stx2, is

critical for antitermination of stx transcription that initiates at the pR’ late promoter

site (332). Given the significance of Stx2 in the development of HUS and the

high frequency of this sequelae during the O157:H7 spinach outbreak, our results

suggest that, in addition to an increased capacity to colonize the epithelium, the

hyper-virulence of the Spinach strain is mediated, at least in part, by

overexpression of this key EHEC cytotoxin.
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DISCUSSION

The unprecedented increase in disease severity of the 2006 USA EHEC

O157:H7 spinach outbreak has led us to examine the virulence properties of the

Spinach strain and compare them to those of O157:H7 Sakai. Although

O157:H7 Sakai is responsible for the largest outbreak of O157:H7 infection, this

strain is associated with a low HUS frequency. The findings of this study indicate

that during infection of epithelial cells, the Spinach strain is characterized by

elevated levels of cell association, compared to Sakai, which was preceded by

an increase in transcription of virulence determinants,. ‘

It is well known that tight attachment of O157:H7 to epithelial cells occurs

through binding of the adhesin intimin with the translocated intimin receptor Tir

(115). This triggers actin rearrangements and the formation of pedestal

structures, representative of NE lesions. In this study, both O157:H7 strains

showed similar localized adherence patterns as visualized by the FAS reaction,

confirming that colonization of MAC-T cells is mediated through the intimin-Tir

interaction. Similar observations have been made regarding the interaction of

other O157:H7 strains with MAC-T cells (207), as well as several primary bovine

epithelial cell lines (75). However, quantification of the interaction with MAC-T

cells indicated that the Spinach strain associates with epithelial cells in

significantly greater numbers, within 1 h post—challenge. Colonization of the host

is a key initial step in the infection process, therefore early colonization of the

epithelium is likely to increase the ability of the Spinach strain to repel clearance

by host defenses and competitive exclusion by indigenous microbiota.
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Transcriptional profiling was carried out under in vitro conditions that

mimic the intestinal environment, including contact with epithelial cells (23) and

physiologic bicarbonate ion availability (10), as these conditions are considered

optimal for LEE expression. Also, gene expression was examined in bacteria

that have not yet intimately adhered to epithelial cells, because this is the time

when relevant virulence factors would be expected to be expressed. In support

of the MAC-T association findings, transcription ratios of the LEE island indicate

that the Spinach strain responds more efficiently to the presence of epithelial

cells by overexpression of its key colonization factor, relative to Sakai.

Regulation of the LEE is complex, and is influenced by multiple

environmental factors that act on several chromosomal regulators. In turn, these

global regulators fine tune LEE expression through LEE-encoded regulators, Ler,

GrlA, and GrlR (73, 289). Activation of Ler, the major LEE regulator, leads to

induction of operons lee2, Iee3, Iee5, and Iee4 (19, 130); however, GrlA can

activate expression from Iee2 and Iee4 independently of Ler (265), and can

stimulate Ler as well (73). Functional studies have shown that the promoter for

the Iee4 operon, which encodes the EspADB translocon, is also activated upon

bacterial contact with the eukaryotic cell (23), further supporting the argument

that its upregulation in the Spinach strain results in an enhanced interaction with

the host cell compared to Sakai.

Non-LEE effectors were previously suggested to antagonize host immune

defenses, including inhibition of host phagocytosis (55) and suppression of

proinflammatory cytokine production (135). Additionally, the expression of
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several of these factors was shown to be under the influence of the GrlA

regulator (73, 289). Although the contribution of non-LEE effectors, which were

differentially expressed in this study, to the pathogenesis of O157:H7 is not Clear,

their possible role in virulence warrants further investigation.

Increased adherence of the Spinach strain may have also been facilitated

by upregulation of the type II secretion machinery. Mutation of etpC, the first

gene in the etp operon, has been shown to result in a significant reduction of

0157:H7 colonization in an infant rabbit model of disease (145). Two known

effectors of type II secretion that are suggested to contribute to adherence, StcE

(124), and AdfO (145), were upregulated in the Spinach strain. The StcE

protease, the expression of which is positively influenced by Ler (194), is

hypothesized to promote adherence by cleaving proteins in the glycocalyx and

mucin layers atop the intestinal epithelium, allowing O157:H7 to come into close

contact with the intestinal mucosa (124). The contribution of AdfO to adherence

is not clear, as its mutation markedly decreases O157:H7 adherence to epithelial

cells, in vitro, but it does not attenuate colonization following oral challenge of

infant rabbits (145).

In Sakai, conversely, microarray measurements revealed the upregulation

of motility genes of the fig and fli operons involved in flagellar biosynthesis, and

of genes that encode chemotaxis proteins. In both enteropathogenic E. coli

(EPEC) O127:H6 (118) and Salmonella enteritidis (12, 74), flagella were

demonstrated to be important for initial contact with host cells. EPEC O127:H6

bacteria are flagellated in the early stages of adherence to epithelial cells, but
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flagella are retracted after pedestal formation and intimate attachment of bacteria

(343). Recently, lyoda et al. have shown that GrlA inhibits cell motility by

repressing flagellar gene expression in O157:H7 (152). Our finding of

upregulation of ngA and LEE genes in Spinach, with concurrent downregulation

of flagellar genes, is consistent with the study by lyoda et al. Strict regulation of

flagella and the TTSS is necessary for synchronized expression of motility and

attachment; as simultaneous expression of both flagella and the TTSS might

hinder efficient adhesion, and is energetically expensive. However, the reasons

for discrepant expression of LEE and flagella between Spinach and Sakai cannot

be explained by the transcriptional snapshot of O157:H7 described in this study.

A time course investigation of gene expression could clarify whether this

difference is merely a consequence of intrinsic overexpression of LEE in

O157:H7 Spinach, or if there is a temporal lag characterized by an

unsynchronized switch from flagellar to LEE expression between the two strains.

Shiga toxin is a key virulence factor of EHEC and can solely trigger HUS,

which is evident from the fact that LEE-negative Shiga toxin-producing E. coli

also cause HUS (129, 239). Stx2 has been associated with severe disease more

frequently than Stx 1 (36, 91), and toxicity studies with mice have shown that

Stx2 is 400 times more lethal than Stx1 (313). Therefore, an over 4-fold increase

in StxZ expression by the Spinach strain compared to Sakai, as detected by qRT-

PCR, suggests that Stx 2 may be an important contributor to the increased

frequency of severe disease in the 2006 spinach-associated outbreak of

0157:H7.
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CONLUSIONS

The results of this study support the hypothesis that the O157:H7 Spinach

strain is characterized by higher pathogenic potential relative to O157:H7 Sakai.

Increased ability of the O157:H7 Spinach strain to colonize the epithelium and

express Shiga toxin indicates the capacity of this strain to mediate more

fulminant disease. Thus, some of the basis for the striking increase in clinical

burden of the 2006 outbreak of O157:H7 may be attributable to the

hypervirulence of the Spinach strain. Intrinsic variation in the pathogenic

potential of O157:H7 strains has been described before. A previous study of

O157:H7 pathogenesis in gem-free mice, using several O157:H7 clinical strains,

also indicated an increased ability of the Spinach strain to cause severe disease

compared to Sakai (86). Furthermore, the variation in virulence of O157:H7 was

recently correlated with the existence of distinct genetic lineages within the

O157:H7 population (205). This study classified O157:H7 Sakai and Spinach

strains into distinct lineages that dramatically differ in epidemiological

characteristics. Functional genomic studies of a larger sample size will likely

reveal that the variation in the pathogenicity of O157:H7 strains results from

lineage-specific differences in the regulation of shared virulence genes.
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CHAPTER 4

Hypervirulence of the Enterohemorrhagic Escherichia coli O157:H7

Clade 8 Subpopulation
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SUMMARY

Outbreaks of enterohemorrhagic Escherichia coli O157:H7 infections are

characterized by dramatic variation in severity of disease, ranging from diarrhea

to hemorrhagic colitis and the multifactorial disorder termed hemolytic uremic

syndrome. Phylogenetic analysis of clinical O157:H7 strains has correlated the

variation in outbreak severity with the existence of genetically distinct lineages

(clades 1-9) within O157:H7, of which clade 8 is indicated to be hyper-virulent.

Using epithelial cell assays, we have quantified the association/invasion ability of

24 O157:H7 strains, from clade 8 and clade 2, and have examined whole-

genome expression profiles of the 24 strains, following their exposure to

epithelial cells. Adherence of 12 clade 8 strains with epithelial cells was found to

be 2.3 1 0.2 fold higher compared to 12 clade 2 strains. Transcriptional profiling,

using multi-genome E. coli microarrays, detected significant differential

expression in 604 genes, 186 of which had an increase in fold change > 1.5.

Expression of major virulence factors, including the LEE island, Shiga toxin 2,

and of several putative virulence factors was increased in clade 8 relative to

clade 2. Differential expression of 3 regulators, rpoS, griA, and gadX, is

consistent with the upregulation of LEE in clade 8. Expression ratios of 13

virulence genes and 3 regulator genes were confirmed by qRT-PCR. Altogether,

our data point to an increased pathogenic potential in the O157:H7 clade 8

subpopulation, in support of the hypothesis that this lineage of 0157:H7 is hyper-

virulent.

118



INTRODUCTION

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 is the most

prevalent EHEC serotype associated with outbreaks of food and waterborne

disease in the US (212, 250). Clinical manifestations of O157:H7 infection

include diarrhea, hemorrhagic colitis and the often fatal hemolytic uremic

syndrome (HUS). Colonization of the intestinal mucosa via attaching and

effacing (A/E) lesions, which are mediated by the type three secretion system

(TTSS) encoded on the laterally acquired locus of enterocyte effacement (LEE),

and destruction of the capillary wall due to secretion of phage borne Shiga toxins

(Stx1, 2 and variants) are hallmarks of EHEC pathogenesis (164).

Interestingly, outbreaks of O157:H7 infection show remarkable variation in

disease severity and HUS frequency (6, 211, 257, 305). Recently,

epidemiological analysis of O157:H7 outbreaks and assessment of the genomic

diversity of > 500 O157:H7 clinical strains, by means of single nucleotide

polymorphism (SNP) genotyping of 96 loci, has correlated the discrepancy in the

clinical burden of outbreaks with the existence of genetically distinct lineages

(clades 1-9) within O157:H7 (205). The clade 8 subpopulation of O157:H7

strains was shown to have been associated with HUS at significantly higher rates

compared to all other clades combined. Although the variation in virulence

among strains of 0157:H7 has been previously hypothesized to be attributable to

different combinations of Stx genes (36, 156, 243), strains that belong to clade 8

do not possess a uniform Stx genotype. Furthermore, clade 2, which is also

associated with severe sequelae, can either have a different complement of Stx
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converting phages compared to clade 8, or share the same Stx2 variant (205).

We have previously shown that O157:H7 outbreak strains differ in their capacity

to colonize the epithelium and express virulence genes (Chapter 3), and in their

ability to cause severe disease in gem-free mice (86). However, the variation in

pathogenic potential among O157:H7 strains has not been investigated in the

context of the SNP-inferred 0157:H7 clade phylogeny. It is, therefore, necessary

to determine the extent to which the outcome of O157:H7 infection is associated

with intrinsic differences between O157:H7 clade subpopulations, other than

variation of Stx type.

In this study, global gene expression patterns from 24 clinical clade 8 and

clade 2 strains, which possess either identical or different Stx genes, exposed to

MAC-T epithelial cells were analyzed. In addition, we assessed the ability of

these strains to colonize the epithelium, in vitro. The results reveal a clade

8-specific upregulation of determinants that are central to EHEC pathogenesis as

well as of ancillary virulence genes, under conditions that mimic the host-

pathogen interaction. The superior virulence gene expression profile of clade 8

was complemented with the finding that clade 8 strains possess a significantly

higher ability to adhere to epithelial cells, compared to clade 2. Altogether, the

findings of this study support the hypothesis that the O157:H7 clade 8

subpopulation is hyper-virulent. Furtherrnore, our results shed light on the theme

of alternative regulation of shared, horizontally acquired elements among distinct

lineages of O157:H7, and highlight the importance of studying bacterial

pathogenesis in a phylogenetic context.
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MATERIALS AND METHODS

Bacterial strains and culture conditions. From a formerly characterized

set of 528 clinically relevant EHEC O157:H7 strains (205), 24 were selected to

equally represent clades 8 and 2, with an even distribution of respective Stx

phages: 6 strains from clade 2 with Stx1 and 6 with Stx1, 2, and likewise, 6

strains from clade 8 with Stx2 and 6 with Stx2, 20 (Table 4.1). In addition, EHEC

O157:H7 RIMD 0509952 (Sakai) (136) was used as a common denominator for

MAC-T cell association and invasion assays. Upon revival of freezer stocks in

LB broth (00600 ~ 0.1 — 0.15), bacteria were physiologically normalized by growth

to stationary phase, in morpholino-propanesulfonic acid (MOPS) buffered

minimal media (223), containing 0.1 % glucose, pH 7.4; bacteria were grown in

MOPS media twice as described in Chapter 3. Preceding exposure to MAC-T

epithelial cells, for all experiments, bacteria were grown in Dulbecco’s Modified

Eagle’s Medium (DMEM) (pH 7.4, without phenol-red, 0.45% glucose, 0.37%

NaHCOa) (Sigma, St. Louis M0) for 3 h. After 3 h of growth in DMEM, bacterial

cell densities were (5 :l: 1) x 10° colony forming units (CFU)/ml, based on

enumeration of culture samples that were plated on LB agar media; the pH of

DMEM bacterial cultures ranged from 7.09 to 7.20. For flow cytometry analysis

of association/invasion assays, bacteria were grown in DMEM for 2.5 h. As

bacteria multiply during fluorescent labeling, growing them for 2.5 h prior to

labeling, instead of 3 h, ensured the same O157:H7 cell densities for flow

cytometry as for the association/invasion and microarray experiments.
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Table 4.1. Clade assignment and Stx profiles of O157:H7 strains used.

 

 

Strain Cladea stxa Localeb Datec Clinicald Source°

EK15 2 1,2 USA (WA) 6/2002 D Tarr, P.

F6854 2 1,2 USA (PA) 7/2004 no data. Smole, S.

93111 2 1,2 USA (WA) 6/1993 D Tarr, P.

MLVA-47 2 1,2 USA (CT) 7/2004 D Smole, S.

96M1006 2 1,2 Austr. (Qld.) 8/2005 BD Murphy, D.

DA-35 2 1,2 USA (OH) 3/2000 no data Acheson, D.

Ml02-57 2 2 USA (Ml) 6/2005 no data MDCH

M|02-1 2 2 USA (MI) 6/2005 no data MDCH

05EN000757 2 2 USA (Ml) 6/2005 no data MDCH

Ml02-68 2 2 USA (Ml) 6/2005 no data MDCH

Ml04-43 2 2 USA (Ml) 6/2005 no data MDCH

Ml01-29 2 2 USA (Ml) 7/2005 no data MDCH

Ml06-63* 8 2,20 USA (Ml) 9/2006 no data MDCH

E32511/O 8 2,20 no data 6/1991 HUS Cravioto, A.

EK27 8 2, 20 USA (WA) 6/2002 HUS Tarr, P.

1:361 8 2,20 USA (Ml) 1211997 D Acheson, D.

MT#9 8 2, 20 USA(MT) 9/2000 no data Tarr, P.

Ml03-72 8 2,20 USA (MI) 1/2004 no data MDCH

MI02-55 8 2 USA (Ml) 6/2005 no data MDCH

EK1 8 2 USA (WA) 612002 D Tarr, P.

EK2 8 2 USA (WA) 6/2002 D Tarr, P.

DA-11 8 2 USA (MA) 3/2000 BD Acheson, D.

M|03-35 8 2 USA (MI) 10/2003 no data MDCH
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Table 4.1. continued.

 

 

Strain Cladea stxa Localeb Datec Clinicald Sourcee

Ml06-31 8 2 USA (Ml) 712006 HUS MDCH

Sakai 1 1,2 Japan

 

* - 0157:H7 TW14359 (Spinach) strain implicated in the 2006 spinach outbreak

(205).

a - Clade assignment and stx gene profiles are based on the work of Manning

et al. (205).

b - location of isolation.

c — date that 0157:H7 isolate was deposited in the STEC Reference Center,

Michigan State University.

d - D, diarrhea; BD, bloody diarrhea; HUS, hemolytic uremic syndrome

e - contributors of strains; MDCH, Michigan Department of Community Health -

these strains were donated by Manning, 8. '
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Association and invasion assays. Bovine mammary epithelial cells

(MAC-T) (151) were maintained at 37 00 with 5% 002, using DMEM

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma, St.

Louis MO). The ability of O157:H7 strains Spinach (clade 8) and 93111 (clade 2)

to induce A/E lesions on MAC-T were observed using a modification of the

fluorescent actin staining (FAS) method described by Shariff et al. (282); for a

detailed protocol see Materials and Methods in Chapter 3. For the association

assay, approximately 10‘5 MAC-T cells/well were seeded into a 24-well plate

(Corning lnc., Lowell MA) and maintained overnight in DMEM (2% FBS). The

following day, MAC-T monolayers were washed with fresh DMEM and each well

was inoculated with 1 ml of bacterial culture grown in DMEM, at a multiplicity of

infection (MOI), ratio of bacteria to host cell, of 500:1. After 1 h of incubation at

37 °C with 5% C02, wells were washed with excess PBS and MAC-T cells were

lysed with 0.1 % Triton X-100 (Sigma-Aldrich, St. Louis M0) for 30 minutes.

Serially diluted lysates were plated on LB agar with the Autoplate 4000 Spiral

Plater (Spiral Biotech, Bethesda, MD) and enumerated following overnight

incubation at 37 °C, using the Q-Count instrument (Spiral Biotech). Each

O157:H7 strain was assayed in triplicate and the experiment was repeated 3

times. In each assay, O157:H7 Sakai (clade 1) was used as a control and

served as a common denominator to which other strains were compared. The

mean CFUlml of each strain recovered from three wells of a biological replicate

was normalized against the mean CFU/ml of Sakai recovered from three wells of

the corresponding biological replicate. Normalized data were analyzed with a

124



mixed ANOVA model, relative association = strain + replicate (strain) + error,

where biological replicate was nested within the strain effect. Analysis was

conducted using proc mixed in SAS version 9.1. Differences in association, the

combination of adhesion and invasion (75), between clades was expressed as

the mean :l: standard error of clade 8 relative to clade 2. For invasion assays,

following 1 h of incubation of O157:H7 with MAC-T, wells were washed with PBS

and inoculated with fresh DMEM containing 200 uglml of gentamicin to kill

extracellular bacteria. After 2 h of additional incubation at 37 °C with 5% C02,

bacteria were enumerated as described above. Invasion assays were performed

with 6 clade 8 and 6 clade 2 strains that yielded the highest association levels

with MAC-T, and analyzed as described above.

Flow cytometry. Association assays using strains from clade 8 (n = 6)

and from clade 2 (n = 6) that demonstrated the highest association levels with

MAC-T cells, as determined by plate counting, were repeated and quantified

using flow cytometry; the data from clade 8 and 2 strains were expressed relative

to that of O157:H7 Sakai (clade 1). Bacteria were labeled using the Vybrant®

CFDA SE Cell Tracer Kit (lnvitrogen), following the manufacturer’s

recommendations. Briefly, 4 ml aliquots of O157:H7 culture in DMEM were

centrifuged at 3200xg, 4 °C, for 10 min to pellet cells. The supematants were

decanted and pellets were suspended in 2 ml of fresh DMEM. Six microliters of

10 mM CFDA SE dye dissolved in dimethyl—sulfoxide was added to each

suspended pellet, for a final dye concentration of 30 uM. Following 20 min of

incubation in the dark at 37 °C, with gentle shaking, cultures were centrifuged at
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3200xg, 4 °C, for 10 min to remove the excess dye. Pellets were resuspended in

4 ml of fresh DMEM and incubated for 30 min at 37 °C, with gentle shaking, to

stabilize dye incorporation. After another step of centrifugation, pellets were

suspended in 4 ml of fresh DMEM and used to infect MAC-T cells at a MOI of

500, as described above. After 1 h of incubation at 37 °C with 5% 002, MAC-T

cells were washed twice with excess PBS and were detached from the wells by

incubating with 0.5 ml of trypsin (Sigma) solution (50 mg trypsin and 1 ml of 62

mM EDTA in 99 ml of PBS) for 10 min. Trypsin was inhibited by addition of 0.5

ml of DMEM to each well and cell suspensions were centrifuged in polystyrene

tubes (BD Biosciences, Bedford, MA) at 4 °C, 3200xg for 10 min. The

supematants were decanted, pellets were resuspended in 300 pl of flow

cytometry staining buffer (PBS containing 0.1 % sodium-azide and 1 % FBS),

and samples were analyzed with a FACS Vantage flow cytometer (BD

Biosciences). From each sample, 15 000 viable MAC-T cells were analyzed

after setting a live cell gate based on the forward and the side scatter profiles of

uninfected MAC-T cells. Each strain was assayed in duplicate and the

experiment was repeated twice. The mean fluorescence intensity (MFI) of test

strain-infected MAC-T was normalized against the MFI of Sakai-infected MAC-T

cells. The normalized MFI data were analyzed by the Student’s t-test to

determine statistically significant differences in association between clades.

MAC-T challenge experiments, microarray hybridization and

analysis. Previously described oligo microarrays (24), which target 5978 genes

from E. coli K12 MG1655 (35), O157:H7 Sakai (136) and O157:H7 EDL 933
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(242), were upgraded with additional probes that detect expression of 100 ORFs

from the Sakai p0157 plasmid. Three milliliters of individual O157:H7 cultures in

DMEM were inoculated into 75 cm2 tissue culture flasks containing confluent

monolayers of MAC-T cells with 15 ml of DMEM. After a 30 minute incubation at

37 °C and 5% C02 with gentle rocking at 1.5 rpm on a rocking platform (VWR

lntemational, West Chester PA) to mimic gut peristalsis, 8 ml culture samples

were taken from suspended, non-adherent O157:H7 populations and treated with

10% phenolzethanol buffer to stabilize the RNA (31). Following centrifugation at

4500xg for 30 min, 4 °C, supematants were decanted and cell pellets were

suspended in 5 ml buffer (2 mM EDTA, 20 mM NaOAc, pH 5.2). RNA was

extracted with hot phenol (pH 4.5, 65 °C) (Ambion, Austin TX) and purified using

a RNeasy kit (Qiagen, Valencia CA). cDNA synthesis, dye-swap hybridization

conditions and microarray scanning have been described (24). For the clade

comparison, hybridizations were performed between 4 groups with 6

strains/group (Figure 4.1), where each strain was regarded as an independent

biological replicate of its respective group. The microarray data were fitted to a

2-factor mixed ANOVA model (intensity = Array + Dye + Clade + Stx + CIade:Stx

+ Sample; random effects = Array + Sample) using the MAANOVA package

(version 098-8) (249) in R software (version 2.2.1) (312). Subsequent to local

Lowess normalization (248), significant differences in gene expression between

groups of strains were inferred by the Fs statistic in RlMAANOVA and by

painivise contrast analysis of the 4 groups, which utilizes the t-test, as explained

by Bergholz et al. (24). Expression estimates were considered significant if the p
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Figure 4.1. Microarray hybridization scheme. 24 O157:H7 strains were divided

into 4 groups based on clade (squares) and Stx variant (triangles). The 6 strains

of each group were considered as individual biological replicates of the particular

group; expression estimates of 6 strains from the same group were analyzed as

if they were 6 independent RNA extractions of the same strain. Randomized

hybridizations were performed between groups so that all 6 strains from one

group were compared to all 6 strains from another group, with dye-swaps. 6

hybridizations were performed between any 2 groups; RNAs from a different pair

of strains were compared for each of the 6 hybridizations. In total, 36

hybridizations were performed.
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value for the Fs statistic was < 0.05 after adjustment for multiple testing (24).

Quantitative Real-Time PCR. From the 24 strains, 12 were randomly

selected, including 6 from clade 8 (3 with Stx2, and 3 with Stx2, 20) and 6 from

clade 2 (3 with Stx2, and 3 with Stx1, 2). Three independent MAC-T challenge

experiments were carried out with these 12 strains, as described above, and

three independent RNA populations were extracted from each of the 12 strains.

Following reverse transcription using the iScript Select cDNA synthesis kit

(BioRad, Hercules, Calif), cDNA populations were subjected to SYBR Creen

(BioRad, Hercules, Calif) based qRT-PCR relative quantification of transcription,

using the 16S nsH gene for within sample normalization (24). Primer sequences

are given in Table 4.2; the primers for the stx2B gene were specifically designed

to discriminate between the B subunit of Stx2 and Stx20 variants and, the

forward primer for the q gene is specific for the q antiterrninator of the Stx2

phage. Each cDNA population was assayed in quadruplicate, with five-fold serial

dilutions ranging from 1x to 0.008X. As there is no means to justify which clade 8

strain is compared with which clade 2 strain, gene expression for each clade was

calculated as an individual data point, the mean :l: standard deviation (SD) of 6

strains, and the relative differences were expressed as the ratio of clade 8/2, as

explained by Schmittgen et al. (277).
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Table 4.2. Primer sequences and annealing temperatures, used for qRT-PCR.

 

 

Primer Sequence (5’ to 3') Annealing

temperature

eae-F GCCGGTAAAGCGACTGTTAG 55°C

eae-R ATTAGGCAACTCGCCTCTGA

tir-F ACTTCCAGCCTTCGTTCAGA 57°C

tir-R TTCTGGAACGCTTCTTTCGT

espA-F GCTGATGTTCAGAGTAGC 56°C

espA-R ATCACCACTAAGATCACG

espB-F TCAGCATTGGGGATCTTAGG 57°C

espB-R CTGCGACATCAGCAACACTT

ngA-F TAGAAAGTCCTGGAACAAC 56°C

grtA-R AGACTGTCCCACAATACC

Ier-F GACTGCGAGAGCAGGAAGTT 59°C

Ier-R CAGGTCTGCCCTTCTTCATT

escN-F GATGGCATAGGCAGACCAAT 55°C

escN-R GCCCTGACGCCAAGTATAAA

stx2A-F TATATCAGTGCCCGGTGTGA 55°C

stx2A-R TGACGACTGATTTGCATTCC

stXZB-F GAAGATGTTTATGGCGGT 55°C

stx28-R CACTGTAAATGTGTCATC

q-F CTATGAGGATGTTACATGG 56°C

q-R CAACACGTAATAATCAACC
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Table 4.2. continued

 

 

Primer Sequence (5' to 3’) Annealing

temperature

stx20-F CTGAACAGAAAGTCACAGTYI l IA 57°C

stx20-R GGCCACI I I IACTGTGAATGTATC

thA-F CCAGGAGAAGAAGTI'AGAG 56°C

thA-R CAGACCATGTATCCTTACC

tOXB-F AGAACTCCAACGCATCAGAGA 57°C

tOXB-R TGCAGGTATTCCTCCTATTGC

tagA/stcE-F CCAGAAGGACTTACCTATAC 56°C

tagA/stcE-R GAAGGCTATATCCTGACC

IpoS-F TTATCGAAGAGGGCAACCTG 55°C

rpoS-R G'ITCAATCGTCTGGCGAATC

gadX-F TI'ACAACCGAACATGCGAAC 59°C

gadX-R CAGACTTGGACTCATCAACAGC

rrsH-F CGATGCAACGCGAAGAACCT 55°C

nsH-R CCGGACCGCTGGCAACAAA
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RESULTS

Interaction of clade 8 and 2 strains with epithelial cells. The ability of

clade 8 and 2 representatives to yield A/E lesions on bovine mammary epithelial

cells (MAC-T) was confirmed by a positive FAS reaction (Figure 4.2), before

differences in the capacity to associate with MAC-T cells were examined among

clade 8 (n = 12) and clade 2 (n = 12) strains, by association and invasion assays.

Following 1 h of incubation, all strains were associated with MAC-T monolayers.

However, there were significant differences in association levels between clades

(Figure 4.3); 10 of the 12 clade 8 strains associated with greater numbers than all

clade 2 strains (CFUlml counts are in Table 4.3). Clade 8 strains had a 2.3 :l: 0.2

fold higher association with MAC-T cells relative to clade 2 (p val = 0.0001 ).

Flow cytometric analyses of association assays, which were repeated with clade

8 (n = 6) and clade 2 (n = 6) strains that associated with greatest numbers,

confirmed the significantly increased ability of clade 8 strains to associate with

MAC-T cells (p value = 0.00001) (Figure 4.4). These twelve strains were then

subjected to invasion assays to determine whether the increased association of

clade 8 is attributable to differences in invasion or adherence, or both. All twelve

strains invaded MAC-T cells with similar numbers (Figure 4.5), which was an

order of magnitude lower than association, and no significant differences

between clades were detected (p value = 0.22).
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Figure 4.3. Association of 24 O157:H7 strains with MAC-T cells. Association

levels of each strain were expressed relative to Sakai, which had an average of

1.9 x 105 :I: 5.4 x 10“ CFU/ml per well recovered from each assay. The symbols

indicate the mean :t standard deviation of three separate experiments.
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Figure 4.4. Association of 12 O157:H7 strains with MAC-T cells quantified by

flow cytometry. Differences in association were expressed as the ratio of MFI of

strain-infected MAC-T and the MFI of Sakai-infected MAC-T cells. Clade 8 (n =

6) and 2 (n = 6) strains with highest association levels, determined by plate

counting, were ranked in the same order as in Figure 4.3. Bars represent the

mean 1 S. D. of two separate experiments.

135

 



x 104 CFU/ml

 

 
    

o
‘- 0 (O V N O

I I l

l—O—l F—O—l ~co

.9

(D

>

2

'-l-C)-H do 5

.5

.9
o

o
(D
(I)

l——O—-—l l-O-l -'¢ ‘5

0
fl

0')

.E

E

.__.+OH 8-(f) o

to
.0

a)
x

S
b

I—l-O—OF—I .N a,

”N... .E

33$ ‘3
(“mm ""

623m ‘°

to che—i ..

to. O. to. O. to. o
N N ‘- v- 0 0

one: IBXBS/UWJIS

Figure 4.5. Invasion of MAC-T cells by 12 O157:H7 strains. Invasion levels of

clade 8 (n = 6) and clade 2 (n = 6) strains, which associated with MAC-T cells

with the highest numbers, were expressed relative to Sakai, which had an

average of 4.0 x 104 :I: 8.7 x 103 CFU/ml per well recovered from each assay.

Clade 8 and 2 strains were ranked according to their association levels. The

symbols indicate the mean :I: standard deviation of three separate experiments.
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Table 4.3. Colony counts recovered from association assays of 24 O157:H7

 

 

137

strains.

Strain clade stx CFU/mja Ratiob

average S.D (Strain/Sakai)

EK2 8 2 6.8 x 105 1.9 x 10‘ 3.54

Ml06-31 8 2 6.3 x 105 2.0 x 105 3.25

532511/0 8 2,20 6.1 x 105 9.5 x 10‘ 3.16

MI03-35 8 2 5.5 x 105 6.3 x 10‘ 2.63

MT#9 8 2,2c 5.0 x 105 1.1 x 105 2.58

EK1 6 2 5.0 x 105 6.6 x 104 2.57

MI03—72 6 2,20 4.3 x 105 1.0 x 105 2.24

DA-11 6 2 3.9 x 105 2.5 x 10‘ 2.04

Ml06-63 6 2,20 3.4 x 105 1.7 x 10‘ 1.77

1:361 6 2,20 3.2 x 105 8.6 x 10‘ 1.66

EK27 6 2,20 2.3 x 105 1.0 x 10‘5 1.20

Ml02-55 6 2 1.7 x 105 4.6 x 10" 0.67

DA-35 2 1,2 3.2 x 105 1.1 x 105 1.65

EK15 2 1,2 2.9 x 105 5.6 x 10‘ 1.51

Ml02-57 2 2 2.5 x 105 8.5 x 10‘ 1.30

96M1006 2 1,2 2.4 x 105 6.4 x 10‘ 1.22

93111 2 1,2 2.2x105 2.6x10‘ 1.13

F6854 2 1,2 2.0 x 105 3.3 x 10‘ 1.01

Ml01-29 2 2 1.6 x 105 3.3 x 10“ 0.92



Table 4.3. continued

 

 

Strain clade stx CFU/mla Ratiob

avera e 5.0 (Strain/Sakai)

MLVA-47 2 1,2 1.8 x 10 6.3 x 10r 0.92

Ml02-1 2 2 1.6 x 105 5.1 x 104 0.61

M|02—68 2 2 1.4 x 105 4.0 x 104 0.72

051551000757 2 2 1.2 x 105 2.6 x 104 0.61

Ml04-43 2 2 1.1 x 105 2.7 x 10‘ 0.59

 

a - average and standard deviation (S. D.) of three experiments.

b - the average and SD. CFU/ml of Sakai is 1.9 x 10 t 5.4 x 10‘.
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Gene expression analyses of O157:H7 subpopulations. To investigate

O157:H7 transcriptional responses associated with the host-pathogen challenge,

global gene expression analysis of O157:H7 upon a 30 min exposure to epithelial

cells was performed. Secretion of LEE proteins (174), and the preceding

expression of respective genes (23) was shown to be maximal under conditions

that mimic the host-pathogen interaction. However, tight attachment of EHEC

O157:H7 to the eukaryotic plasma membrane is followed by a decrease in

expression of LEE genes (23, 65). Similarly, transcription of Salmonella enterica

invasion genes is down-regulated following macrophage invasion (90). These

reports suggest that potential differences in the transcription of colonization

factors are more likely to be detected prior to bacterial colonization of the

eukaryotic cell. Our previous investigation of O157:H7 gene expression following

30 min exposure to MAC-T cells, confirmed the feasibility of this timepoint

(Chapter 3).

To analyze the effect of O157:H7 clade membership and Stx distribution

on global gene expression upon exposure to MAC-T cells, we compared

transcriptomes from 24 strains, classified into 4 groups based on clade and Stx

profile, so that each hybridization examined a random pair of strains that differed

by either clade or stx gene complement, or both (Figure 4.1). An overall Fs test

found 363 genes to be significantly differentially expressed (p value = 0.05)

among the 4 groups, and a dendrogram based on group column means clustered

the groups according to clade (Figure 4.6). To determine which genes are

differentially regulated between which groups, painivise contrast analysis of
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expression estimates from the 4 groups was applied. This analysis revealed a

remarkable difference in expression between groups from different clades,

whereas within clade differences were marginal (Figure 4.7). Only 4 genes were

differentially expressed within clade 2, including stx1A and 80118, a putative

prophage repressor and an unknown gene from the Stx1 prophage (Sakai

prophage (Sp) 15) (136); and 14 genes were differentially expressed within clade

8, most of which are unknown phage genes. Although the number of

differentially expressed genes between clades 2 and 8 varied between groups

with different Stx profiles, the ‘Clade : Stx interaction effect’ analysis of the 4

groups did not imply that the expression of any gene in either clade was

influenced by the presence of a particular Stx complement.

The “Clade effect’ analysis, which utilized the Fs test to compare

transcription profiles between clade 2 (n = 12) and 8 strains (n = 12), indicated a

significant difference in expression of 604 genes, with a fold change difference in

expression 2 1.5 in 186 genes; of the 604 genes, 265 code for hypothetical

proteins of unknown function. Sequencing of the 2006 USA Spinach outbreak

strain, MI06—63 (TW14359), has revealed that this strain and, by inference, clade

8, also differ in gene content of phage elements compared to sequenced

O157:H7 strains Sakai (clade 1) and EDL-933 (clade 3) (205). We therefore

performed BLASTN homology searches of 316 Sakai gene sequences,

corresponding to phage borne genes that were found to be differentially

expressed between clades, against a clade 8 (GenBank Acc. No.

ABHL00000000) and a clade 2 (GenBank Acc. No. ABHT00000000) genome
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sequence. Fifty-three ORFs in clade 8 and four ORFs in clade 2, which are

located on prophages (Sp) 18, 10, 5, 7, and 15 in O157:H7 Sakai, revealed little

to no homology with the clade 8 and 2 genome sequences, respectively, and

were not further considered.

The “Stx effect’ analysis found only stx1A and sbr1B to be differentially

expressed within clade 2, while no gene was influenced by the Stx effect in clade

8; the microarrays we used, though, do not probe for the 75 predicted ORFs from

the 2851 Stx20-harboring phage (297). Collectively, these analyses indicated

distinct transcriptional profiles within the O157:H7 population, under conditions

that mimic the host-pathogen interaction. In particular, the relative difference in

gene expression between O157:H7 strains was associated with the phylogenetic

divergence within the O157:H7 population, predicted by the SNP-resolved clade

phylogeny, and not with the carriage of different Stx phage combinations. We

conSider the relative differences in gene expression of virulence determinants

between clades 8 and 2, as follows.

LEE Genes. Twenty-nine LEE genes were found to be upregulated in

clade 8 relative to clade 2 (Table 4.4 and Figure 4.8), with a subtle decrease in

fold change from the lee 4 operon to lee 1. Apart from sepL, transcription was

highest in lee4 genes (1.92 :t 0.13-fold); especially that of the espADB

polycistron, which codes for the molecular syringae of the TTSS. The expression

of [695 effectors and chaperones was slightly lower (1 .72 1 0.13-fold), followed

by Iee3 (1.66 :t 0.14-fold) and lee2 (1.50 :1: 0.09-fold), which encode the

membrane-bound TTSS components. Genes of the [661 operon, which code for
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the Ler regulator, the CesAB chaperone, ORFs 3, 4, and 5, the EscRSTU inner

membrane proteins of the TTSS, as well as rorf1, grtR and orf29 were not

significantly differentially expressed (p val > 0.05). To validate LEE gene

expression differences, relative transcript levels of lee operon representatives Ier,

sepZ, escN, espA, espB, tir, and eae were measured by qRT-PCR (Table 4.6).

Microarrays also detected significant expression of 13 non-LEE effector genes,

11 of which were upregulated in clade 8 (Table 4.5); these genes are located on

various prophage elements that are dispersed throughout the O157:H7 genome

and code for proteins that are exported by the TTSS (115, 317). Collectively, this

transcriptional snapshot points to an enhanced expression of the LEE island in

clade 8 strains, relative to clade 2.
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Table 4.4. Differences in LEE gene expression between clades 8 and 2, as

detected by microarrays.

 

 

ECs #8 gene functionb fold changec

ECs4550 espF effector 1 .9

ECs4551 orf29 unknown 1 .2*

ECs4552 escF needle protein 1.7

ECs4553 cesDZ chaperone for EspD 2.0

ECs4554 espB effector/translocator 2.0

E0s4555 espD translocator 1 .8

ECs4556 espA translocator 2.0

ECs4557 sepL , TTSS 1.4

ECs4558 escD TTSS 1 .6

ECs4559 eae intimin adherence protein 1.6

ECs4560 cesT chaperone for Tir 1.8

ECs4561 tir translocated intimin receptor 1.8

ECs4562 map effector 1 .5

ECs4563 cesF chaperone for EspF 1.7

ECs4564 espH effector 1 .7

ECs4565 sepQ TTSS 1 .7

ECs4566 orf16 unknown 1 .5

ECs4567 on‘15 unknown 1 .9

ECs4568 escN TTSS 1 .5

ECs4569 ech TTSS 1 .8
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Table 4.4. continued

 

ECs #8 gene functionb fold changec

ECs4570 orf12 unknown 1 .6

ECs4571 sepZ effector 1 .4

ECs4572 m7f8 Unknown 1 .5

ECs4573 est TTSS 1 .5

ECs4574 sepD TTSS 1 .5

ECs4575 escC TTSS 1 .7

ECs4576 cesD chaperone for EspD 1.5

ECs4577 911A regulator 1 .5

ECs4578 grlR regulator 1 . 1*

ECs4579 rorf3 Unknown -1 .2

ECs4580 ech TTSS 1 .0*

ECs4581 escT TTSS 1 .3*

ECs4582 escS TTSS 1 .3*

ECs4583 escR TTSS 1 .3*

ECs4584 orf5(escL) binds to escN 1.4*

E0s4585 orf4 unknown function 1.3*

ECs4586 orf3 unknown 1 .3*

ECs4587 cesAB chaperone for EspA and EspB 1.3*

ECs4588 ler regulator 1 .3*

ECs4590 espG destruction of microtubules 1.6

ECs4591 orf1 unknown 1 .1*

 

a — Sakai gene numbers, b - gene functions adopted from (115, 235), c - negative sign indicates

increased expression in clade 2, * - adj p value > 0.05.
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Shiga toxin genes. Stx1 genes (Sp15), stx1A and stx18, were

upregulated in the clade 2 strains that harbor the Stx1 converting phage (Table

4.5), which was expected as Stx1 are not present in clade 8 strains. However,

microarrays also detected an increase in expression of stx2A and stxZB genes in

clade 8; qRT-PCR revealed these differences to be greater (Tables 4.5 and 4.6),

which was expected as microarray measurements are known to underestimate

gene expression levels (49). qRT-PCR also detected a relative difference in

mRNA abundance of stx2 genes within clades, that is, transcription of stx2A and

80128 was found to be higher in clade 8 and clade 2 strains lysogenized with only

the Stx2 converting phage, compared to super-infected strains that harbor both

S012 and Stx20, and Stx2 and Stx1 phages, respectively (Figure 4.9). Also found

to be upregulated in clade 8 was the phage borne antitermination gene q

(ECs1203), located upstream of 3er genes. qRT-PCR confirmed the increased

expression of q in clade 8 (2.60 :t 0.16 fold), but it also detected higher q

transcript levels, by almost 2 fold, in strains possessing both Stx variants relative

to strains harboring only 5012, in both clades; this likely reflects sequence

similarities of q anti-tenninators among prophages that could not be resolved by

sequence-specific primers. We then compared qRT-PCR expression estimates

in slx2-only strains from clade 8 and 2, and detected that q is upregulated in

clade 8 (Table 4.6).

Sequence divergence of the q anti-terminator has been associated with

variation in transcription of $er (182). Alignment of 2.5 Kb of sequence,

encompassing the start of the q gene to the end of stXZB, from O157:H7 strains
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Sakai (clade1), EDL 933 (clade 3), E04115 (clade 8), and TW14588 (clade 2)

revealed 100% identity in Sakai, EDL 933, and TW14588, and 4 polymorphisms

were detected in E04115. One SNP was detected in the pS tRNA promoter, a 2

bp deletion between tRNA-Ile and the first tRNA-A79, one SNP in the first tRNA-

Arg, and one SNP in the stxZA coding region. Sequences that are known to be

relevant to $er transcription efficiency (332), including those of the q

antiterrninator, pR’ stxZ promoter, qut site, tR’1 and tR’2 terminators, as well as

the stx28 sequence showed 100% identity in all strains (data not shown),

(GenBank Acc. No for clade 8 and 2 strains are CP001164 and ABKY00000000,

respectively).

Plasmid borne virulence genes. Two adhesion-associated genes that

were found to be upregulated in clade 8 are toxB and tagA/StcE (Table 4.5). The

product of the pO157-bometoxB was demonstrated to postranscriptionally

stimulate expression of LEE4 proteins and facilitate adhesion to epithelial cells

(294, 307). The increase in transcription of the tagA/StcE protease, in clade 8,

did not reach statistical significance (p value = 0.06), probably due to interstrain

variation; qRT- PCR, however, detected an over 2-fold upregulation of tagA/stcE

in clade 8 strains (Table 4.6). Differential expression of the etp plasmid-encoded

type II secretion system that directs the export of StcE was not detected. Another

p0157-home virulence gene that was found to be significantly upregulated in

clade 8 is thA (Table 4.5 and 4.6), which encodes the pore-forming RTX

(repeats in toxin) EHEC hemolysin A (EHEC-HlyA).
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Regulators. Three of the several genes that are known to directly or

indirectly influence expression of the LEE island (289), 71108, grlA, and gadX,

were significantly differentially expressed between clade 8 and 2 (Tables 4.5 and

4.6). Upregulation of the sigma factor 38 (rpoS) in clade 2, with the concurrent

down-regulation of LEE in clade 2, is in agreement with previous studies

demonstrating the RpoS—dependent negative regulation of LEE genes (153, 318).

Microarray measurements of gene expression pointed to a low, but statistically

significant, increase in gadX transcription in clade 2 (Table 4.5). qRT-PCR

validation indicated that the upregulation of gadX in clade 2 strains was indeed

greater than estimated by microarrays, however, with a higher standard

deviation, implying inter-strain variation within clade 2 (Table 4.6). In addition to

controlling acid resistance, gadX has been shown to negatively influence

transcription of virulence genes in enteropathogenic E. coli (284). The LEE-

encoded positive regulator, grlA, was also upregulated in clade 8 strains. Apart

from its stimulatory effect on LEE, grtA mediates expression of non-LEE encoded

effectors (73) and was recently shown to positively regulate the expression of

hlyA (269). These results are consistent with the assertion that clade 8 strains

likely possess a distinct regulatory circuit allowing more efficient utilization of

shared virulence determinants.
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Figure 4.9. Differences in relative expression of Stx2 genes within and between

clades, as determined by qRT-PCR. Labels on the ordinate represent clade and

stx (in parenthesis) profiles of examined strains. Differences in expression are

plotted as average fold change ratios, with standard deviations, of clade 8 (n = 6)

to clade 2 (n = 6) strains; for within clade comparison, averages of 3 strains per

group are compared.

151



Table 4.5. Relative differences in expression of genes associated with virulence,

as detected by microarrays.

 

 

2054* gene Functionb Fold change

(8/2) °

0848 nIeH1-1 Non-LEE effector, function unknown 1.1

1127 espV Non-LEE effector, function unknown 1.6

1814 nIeH1-2 Non-LEE effector, function unknown 1.2

1825 espM1 Non-LEE effector, function unknown -1.2

2226 nleG7 Non-LEE effector, function unknown 1.3

4653 espY4 Non-LEE effector, function unknown 1.4

1994 nIeG2-2 Non-LEE effector, function unknown 1.7

1996 nle65-1 Non-LEE effector, function unknown 1.5

2154 nIeGS-Z Non-LEE effector, function unknown 1.4

2155 nleG6-2 Non-LEE effector, function unknown 1.4

2227 nleG3. Non-LEE effector, function unknown -1.4

2229 nleGZ-4 Non-LEE effector, function unknown 1.4

1995 nIeGG-1 Non-LEE effector, function unknown 1.2

0350 hmwA HmwA-like adhesin 1.6

2973 sbr1B Shiga toxin I subunit B -15.0

2974 stx1A Shiga toxin | subunit A -11.5

1205 stxZA Shiga toxin ll subunit A 1.8

1206 stx2B Shiga toxin ll subunit B 2.0

1203 0 Q anti-terminator of Stx2 phage 1.8
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Table 4.5. continued

 

 

ECstlta gene Functionb Fold change

(8/2) °

1161 - Excisionase of Stx2 phage -1.2

1189 o Replication protein 0 of Stx2 phage -1.5

1190 p Replication protein P of Stx2 phage -1.5

1190 p Replication protein P of Stx2 phage -1.5

pO157p58 toxB Toxin B, adhesion-associated 1.3

p0157 tagA/stcE StcE protease, adhesion-assOciated 1.5

p0157 hlyA EHEC hemolysin A 1.5

3595 7:108 Sigma factor RpoS, global regulator -1.7

4577 grtA GrlA, LEE- encoded positive regulator 1.5

4396 gadX GadX regulator, acid resistance and LEE -1.1

1351 terZ Tellurite resistance -1.7

1352 terA Tellurite resistance -1.4

1355 terD Tellurite resistance -1.3

1356 terE Tellurite resistance -1.3

 

a - Sakai O157:H7 gene numbers.

b - description of gene function was adopted from Qiagen annotation and (317).

c - fold change difference in expression based on microarray measurements;

positive values were found to be upregulated in clade 8 negative sign indicates increased

expression in clade 2.
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Table 4.6. qRT-PCR validation of expression differences between clades.

 

 

gene fold changea Eb

clade 8 : 2

espA 5.90 1 0.65 2.00

espB 3.55 1 1.00 2.02

tir 2.43 1 0.39 1.99

eae 2.07 1 0.52 1.98

sepZ 1.72 1 0.08 2.12

escN 2.06 1 0.12 1.96

Ier 1.09 1 0.16 2.07

stxZA 5.19 1 0.55 2.06

stxZB 5.39 1 0.16 2.01

00 2.90 1 0.13 1.99

hlyA 5.04 1 0.49 2.04

toxB 2.64 1 0.27 1.96

tagA/stcE 2.34 1 0.06 2.01

grtA 3.45 1 0.11 2.02

rpoS -2.99 1 0.60 2.21

gadX -4.70 1 1.29 2.08

 

a — mean 1 standard deviation of relative fold change differences in

expression between clade 8 (n = 6) and clade 2 (n = 6) strains;

negative sign denotes increased expression in clade 2.

b - mean reaction efficiencies of 12 O157:H7 strains.

0 — relative difference in expression of the q antiterrninator is based on clade

8 (n = 3) and 2 (n = 3) strains that carry only stx2 genes.
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DISCUSSION

EHEC O157:H7 utilize a shared set of pathogenicity determinants and yet

the epidemiology of this pathogen is characterized by significant differences in

the clinical burden between outbreaks of disease. Phylogenetic analysis of

O157:H7 has explained some of the basis for the observed variation among

strains, by resolving the O157:H7 population into distinct genetic lineages (205).

Implications about clade 8 hyper-virulence, however, are based on

epidemiological analyses of clinical strains isolated mostly from a single state,

Michigan (205). To test the hypothesis that clade 8 is hyper-virulent regardless

of geographic location, we compared the pathogenic potential of clade 8 and 2

strains that were isolated from multiple states. Our results indicate that the clade

8 subpopulation of O157:H7 is characterized by a superior capacity to colonize

epithelial cells and by increased expression of shared virulence genes, upon

exposure to the epithelium, relative to clade 2, the most abundant lineage of

O157:H7.

Attachment to the gut mucosa is a key step in the pathogenesis of

O157:H7 disease, therefore, cell assays were used to examine the ability of

clade 8 and 2 strains to associate with MAC-T epithelial cells. MAC-T cells are

commonly used to study pathogenesis of adherent/invasive Escherichia species

(38, 39, 77, 81, 207), and their feasibility to mimic O157:H7 interactions with the

mucosal epithelium was confirmed with a positive FAS test. Higher association

levels of clade 8 strains with MAC-T cells suggest that this population has an

increased ability to colonize and persist in the intestinal tract, compared to clade
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2, the most frequent lineage of O157:H7. The capacity of O157:H7 strains to

associate with epithelial cells was also examined in the context of Stx genotypes,

as carriage and expression of StxZ was implied to contribute to the adherence of

O157:H7 to HEp-2 cells (263). No correlation was found between Stx genotypes

and association levels, i. e. differences between strains were not influenced by

any particular complement of Stx genes, but were instead clade-specific.

Invasion assays demonstrate that the twelve strains with highest association

levels, and, by inference, the other twelve O157:H7 strains used in this study,

enter MAC-T cells at similar rates. This is consistent with a previous study about

MAC-T invasion by O157:H7 (207), and indicates that the increase in association

of clade 8 lies in the inherent ability of clade 8 strains to adhere to epithelial cells

more efficiently. Although EHEC O157:H7 are regarded as non-invasive, they

were shown to invade a number of primary bovine cell lines (75), as well as

MAC-T cells and MDBK kidney epithelial cells (207).

Genome-wide gene expression analysis of O157:H7 strains revealed

significant differences in the transcriptional response of clade 8 and 2, following

their exposure to epithelial cells. Transcriptomes of 24 O157:H7 strains were

interrogated using a microarray hybridization scheme that was designed to

examine gene expression in the context of clade membership and Stx genotype,

as well as the interaction (combined) effect of both, clade and Stx variation, on

O157:H7 gene expression.

The LEE genes code for the central adhesion factor of O157:H7,

therefore, the upregulation of this pathogenicity island in clade 8 is in agreement
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with its increased adherence to epithelial cells. Although the DMEM media used

in our experiments was not supplemented with mannose to account for type I

fimbrial attachment, no significant increase in fimbrial gene transcription was

detected. That differences in LEE expression between clades were not greater

than observed is probably due to inter-strain variation within clade 8, which is

consistent with the finding that some clade 8 strains associate with epithelial cells

with greater numbers than other. In general, relative expression was highest in

genes that code for the needle complex (NC) of the TTSS (EspADB) and in

effector genes; transcription of genes that code for the basal membrane-bound

secretion machinery was slightly lower or was not significantly differentially

upregulated (Iee1 genes).

The finding that there was no difference in the expression of Iee1 genes,

including Ier, was unexpected. The Ler regulator directly activates transcription

of ngA, leeZ, lee3, lee5, and Iee4, which was demonstrated with electrophoretic

mobility shift assays (19, 130, 265) and reporter gene transcriptional fusions

(105). It is possible that our transcriptional snapshot was taken at the time when

LEE transcription has proceeded past the Iee1 operon. The assembly of the

TTSS is sequential, starting with the membrane-bound components, four of

which are located on lee1 (115) and, transcriptional analysis of O157:H7

adhering to the eukaryotic membrane indicates that polycistronic TTSS mRNAs

are not degraded at the same rate (65).

The regulation of LEE revolves mostly around the expression of Ler,

however, LEE operons can also be activated independently of Ler. Mutation of
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grtA in Citmbacter rodentium was shown to considerably reduce expression of

Ieez and lee5 genes (73). Russell et al. have recently reported that the O157:H7

GrIA regulator can be activated independently of Ler, by the QseA transcriptional

factor acting through an unknown intermediate (265); GrIA in turn activates leeZ

and Iee4 (73, 265). Increased expression of the LEE in clade 8 relative to clade

2 may also be associated with the upregulation of the rpoS transcription factor in

clade 2. Evidence about the contribution of this factor to LEE expression is

conflicting, with studies indicating that it can both stimulate (188) and repress

LEE activation (153). Our results agree with those of lyoda et al., which indicate

that RpoS negatively influences LEE expression via a regulatory cascade that

involves repression of Ier activators pchABC by an unidentified factor (153).

Lastly, upregulation of gadX in clade 2, which was shown to inhibit LEE

expression through downregulation of the plasmid encoded Per regulator in

enteropathogenic E. coli (284), can also contribute to the relative increase in LEE

transcription in clade 8.

Interestingly, none of the other factors that have been implicated in the

transcriptional control of LEE, including H-NS (47), Pch (154), SdiA (161 ), QseA

(291), CleP (153), IHF (105), BipA (120), were significantly differentially

expressed between clades 8 and 2. Although this may be ascribed to the

transient stability of regulator mRNA, further investigation is necessary to identify

the inherent differences in the complex regulatory circuits that govern LEE

transcription in clade 8; it is tempting to speculate whether these differences are
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attributable to point mutations that increase promoter efficiency, or may concern

novel positive regulators of LEE in the clade 8 subpopulation of O157:H7.

The enhanced transcription of adherence genes in clade 8 is also

reflected in the upregulation of two non-LEE adhesion associated genes, toxB

and tagA/stcE. ToxB is encoded on the p0157 plasmid and is a partial

homologue of LifA, lymphostatin, which is widely distributed in NE

Enterobacteria and is associated with the ability to inhibit lymphocyte activation

through inhibition of lL-2 interleukin activation (178). Mutation of IifA in C.

rodentium abolishes colonic inflammation in mice and leads to a significant

reduction of murine intestinal colonization (177). ToxB is required for a full

adherence phenotype in O157:H7, as mutation of toxB in O157:H7 results in

decreased adhesion to Caco-2 cells and reduced secretion of LEE effector

proteins, including EspA, EspB, EspD and Tir (294, 307). Similarly, deletion of

tagA/stcE results in decreased adhesion of O157:H7 to HEp-2 cells (124). The

TagA/StcE zinc metallo-protease is hypothesized to promote adherence by

cleaving proteins in the glycocalyx and mucin layers atop the intestinal epithelium

allowing O157:H7 to come into close contact with the intestinal mucosa (124).

The precise contribution of non-LEE effectors, which were detected in this

study, to the pathogenesis of clade 8 strains is not known. Previous reports,

however, indicate that non—LEE effectors play important roles in virulence of NE

pathogens, such as inhibition of host phagocytosis (55) and suppression of

proinflammatory cytokine production (135). The non-LEE effector NleA/Espl, for

example, plays a key, but unknown, role in virulence in a C. rodentium mouse
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infection model (123), and is more commonly found in EHEC strains associated

with severe disease, than in strains isolated from asymptomatic carriers (218).

Upregulation of non-LEE effectors in clade 8 may be directed by GrlA, as Deng

et al. have shown that overexpression of GrlA in C. rodentium increases

expression of at least seven non-LEE effectors (73).

Epidemiological analyses indicate that the association between O157:H7

clade 8 and the most severe sequelae of EHEC infection, HUS, is seven times

higher than that of all other clades combined (205). As Shiga toxin is the key

virulence determinant in the development of HUS (164, 305), the finding of a > 5-

fold higher transcription of sea, the most common Stx variant implicated in

severe disease (36, 91), in clade 8 was of major interest. Transcription of Stxz is

connected to prophage induction, which is initiated through the bacterial SOS

response pathway (141). Since no genes from the SOS regulon were

determined as differentially expressed, increased activation of the q

antiterrninator and subsequent upregulation of 3er expression in clade 8 cannot

be attributed to SOS-mediated amplification of lysogenic induction in clade 8.

Upregulation of $er in clade 8 is also not due to nucleotide polymorphisms in the

upstream sequence between the q antiterrninator and stx2. This phage region

contains elements that influence RNA polymerase efficiency and that initiate

transcription of stx2 (332), and is conserved among clades.

Discrepant transcription and production of Stx2 in different seropathotypes

of Shiga toxin-producing E. coli (67), as well as among two distinct lineages of

O157:H7 (82) has been recently observed. Furthermore, De Sablet et al. imply
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that increased transcription of StxZ could be mediated independently of the SOS

system, but instead, due to a high level of spontaneous phage induction (67).

Alternatively, unknown bacterial host factors may stimulate 3er expression (67),

which is a conceivable explanation of our results given the substantial genomic

divergence of clade 8 compared to clade 2 (205).

Increased transcription of stx2 in clade 8 and 2 strains harboring only the

Ser-phage, compared to strains that contain two Stx phages, is consistent with a

recent study reported by Serra-Moreno et al. (280). By incorporating two Stxz

prophages into the K12 chromosome, the authors observed a decrease of Stx2

production compared to K12 strains infected with only one StxZ prophage. This

reduction is hypothesized to be mediated by the Cl repressors of Sbr-phages

acting in trans, and ultimately leading to reduced pathogenicity of the host strain

(280).

The biological significance of the EHEC-HlyA in the pathogenesis of

O157:H7 is not clear (36), although it has been detected in sera from

reconvalescent HUS patients (276). Aldick et al. have demonstrated a cytotoxic

effect of the EHEC-HlyA to human endothelial cells, and suggest that this

putative virulence factor contributes to severe disease by destruction of the

microcirculatory endothelium (11), the primary tissue affected in HUS (305).

Together with increased expression of StxZ, the key agent of endothelial cell

damage, upregulation of EHEC-HIyA may, therefore, contribute to the

pathogenicity of clade 8.

161



The present study provides novel evidence that lends support to the

hypothesis that a phylogenetically distinct lineage of EHEC O157:H7 is hyper-

virulent, based on the enhanced adherence to epithelial cells and elevated

expression of virulence determinants. Further investigation is necessary to

resolve the intrinsic differences in the finely tuned regulatory networks that confer

more efficient adherence, as well as in the factors that determine increased

expression of toxin genes in the clade 8 lineage of O157:H7. In conclusion, our

findings invite questions that concern incongruent regulation of shared laterally

acquired virulence genes, by bacterial host elements, between subpopulations of

a highly specialized and adapted pathogen.
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CHAPTER 5

Whole genome expression profiles of Esherichia coli O157:H7 Sakai in

response to treatment with preconditioned media
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SUMMARY

Enterohemorrhagic Escherichia coli O157:H7 is responsible for numerous

outbreaks of foodbome illness throughout the world, with clinical manifestations

ranging from diarrhea, to hemorrhagic colitis and hemolytic uremic syndrome.

The low infectious dose that is characteristic of O157:H7 infection is

hypothesized to be mediated by quorum sensing of autoinducers (Al), which are

secreted by indigenous microbiota that reside in the lower intestines as well as

by host intestinal tissue. Al compounds stimulate expression of virulence factors,

notably LEE genes that mediate intimate adherence of O157:H7 to the intestinal

epithelium. In this study we examined the transcriptome of O157:H7, following

its treatment with four different preconditioned (PC) media that were used to

culture epithelial cells, or co-culture of epithelial cells infected with EHEC

O157:H7, EHEC 026:H11, or the lab-derived K12. Microarray analysis detected

484 significantly differentially expressed genes, 211 of which are of unknown

function and 273 are involved in various metabolic pathways. More genes were

upregulated in O157:H7 following treatment with co-culture PC media compared

to PC media from uninfected epithelial cells, but no significant difference was

observed between treatment with the 3 co-culture PC media. No virulence genes

were found to be differentially expressed between any of the treatments. Of

interest was the upregulation of iron scavenging and genes that confer tellurite

resistance and inhibition of phage infection in O157:H7 treated with co-culture

PC media, opposed to epithelial cell PC media. Potential flaws of the

experimental design that may have obscured our results are discussed.

165



INTRODUCTION

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 is an important

cause of food and water borne illness throughout the world. The most common

clinical manifestations of O157:H7 infection range between uncomplicated

diarrhea and pseudomembranous hemorrhagic colitis (HC) (220). In a proportion

of patients (~15%) (305), HC is a prodromal stage that precedes development of

the life-threatening hemolytic uremic syndrome (HUS) (246). Colonization of the

intestinal mucosa via a type three secretion system (TTSS) and elaboration of

cytotoxic Shiga toxins (Stx1, 2 and variants) are hallmarks of O157:H7

pathogenesis.

The ability of O157:H7 to colonize the mucosal epithelium is conferred by

a pathogenicity island termed the locus of enterocyte effacement (LEE), which

codes for a TTSS, effectors and chaperones, the adhesin intimin and its

translocated receptor Tir. Through LEE-encoded colonization factors, O157:H7

intimately adheres to the epithelium, which yields the pathognomonic attaching

and effacing (A/E) lesions (1 15).

Stx are phage-bome two-component toxins that enzymatically depurinate

the 288 ribosomal RNA, which blocks protein synthesis and leads to eukaryotic

cell death (89, 272). Expression and production of Stx is itself sufficient to

mediate HUS, the most serious complication of O157:H7 infection (164, 305)

EHEC O157:H7 disease is characterized by an unusually low infectious

dose, which is estimated to be under 100 bacterial cells (314); one outbreak of

O157:H7 was estimated to have resulted from ingestion of fewer than 50
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organisms (316). The ability of O157:H7 to cause overt human disease following

ingestion of so few bacteria is hypothesized to result from bacterial quorum

sensing (OS) of signals produced by non-pathogenic E. coli that reside in the

digestive tract (290). Bacterial cell-to-cell signaling is mediated via autoinducer

(Al) molecules that are produced by the quS gene, which is conserved across

Gram negative and positive bacteria, including Escherichia coli, Salmonella

typhimurium, Vibn'o spp., Enterococcus faecalis, Clostridium spp., and

Bacteroides spp. (274, 300). These Al compounds inform bacterial populations

of the cell density and the metabolic potential of the environment (299). It is

suggested that 08 serves to alert O157:H7 populations when it has reached the

large intestine, the major site of EHEC-induced intestinal insult, which is

abundant in microbiota that are capable of GS (291).

Through 08, Al molecules stimulate expression of LEE genes in O157:H7

and in enteropathogenic E. coli O127:H6, which was demonstrated by cultivation

of these pathogens in media preconditioned by growth of luxS+ E. coli K12, prior

to measurement of transcription and translation of LEE genes (290). The

quorum sensing system of O157:H7 can also detect eukaryotic signals, such as

the hormone epinephrine that was shown to increase LEE secretion through the

08 system (291).

Here we report whole genome expression profiles of O157:H7 following its

treatment with media that was used to sustain epithelial cells, or epithelial cells

that were infected with EHEC O157:H7, EHEC 026:H11, or the lab-derived K12.

The purpose of our study was to resolve whether the transcriptional response of
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O157:H7 differs between treatment with media preconditioned with epithelial

cells, a co-culture of epithelial cells and a pathogen, and a co-culture of epithelial

cells and a non-pathogen.
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MATERIALS AND METHODS

Bacterial strains. Escherichia coli strains O157:H7 Sakai (136), 026:H11

413/89-1 (72) and K12 MG1655 (35) were stored and cultured as described in

Chapter 3.

Preconditioned media. Confluent monolayers of MAC-T bovine

mammary epithelial cells (151) were sustained with DMEM media (without fetal

bovine serum), for 24-48 h. The preconditioned (PC) DMEM media was

collected and passed through a 0.22 pm filter (Millipore Corporation, Billerica,

MA). The filtrate was supplemented with 20x DMEM to a final concentration of

0.5x and the pH adjusted to 7.4. PC media was kept frozen at -80 °C and

thawed once prior to experiments. DMEM media was also preconditioned with

co-cultures of MAC-T cells and E. coli. Confluent MAC-T monolayers in DMEM,

which was not replaced for 24-48 h, were infected with DMEM cultures of

0157:H7 Sakai, 026:H11 413/89-1 or K12 MG1655 in a 1:50 volume ratio and

incubated for 3 h. The cell densities of DMEM bacterial cultures that were used

to infect MAC-T monolayers were ~ 5 x 105 CFU/ml. After 3 h of co-culture,

DMEM media was collected and processed as described above. Altogether, 4

different PC media were generated.

Induction condltlons, and microarray hybridizatlons and analysis.

Cultures of O157:H7 Sakai, which had been exponentially growing in 50 ml of

DMEM for 2.5 h at 37 °C with shaking, were inoculated with 50 ml of warmed

fresh DMEM (mock), or with one of the 4 PC DMEM media. Following additional

30 min of growth, 5 ml of Sakai culture were aliquoted for RNA harvesting, as
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described in the Materials and Methods section of Chapter 3. RNA was collected

from 5 independent biological replicates of each of the 5 induction experiments.

cDNA conversion, Cy-dye labeling, microarray slides and hybridizations were

described in Chapter 3. Hybridizations were performed according to the design

in Figure 5.1, which allowed direct comparison of any 2 treatments. In total, 50

hybridizations were carried out. As described in Chapter 4, microarray data was

fitted to a mixed model ANOVA in R software and the Fs test was used to infer

differentially expressed genes among the 5 treatments. Pairwise contrast

analysis was used to determine between which specific treatments were the

genes differentially expressed, as described in Chapter 4. Quality threshold (QT)

clustering of significantly differentially expressed genes, using the Pearson

correlation, was performed with the TMEV software version 3.1 (267), with a

diameter of 0.4 and minimum cluster size of 5.
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Figure 5.1. Connected double loop hybridization design. Letters A-E represent

induction of O157:H7 Sakai with the following PC media: A - MAC-T (24-48h),

B - MAC-T + K12 (24—48h 1 3h), C - MAC-T + O157:H7 (24-48h 1 3h),

D - MAC-T + 026:H11 (2M8h 1 3h), and E - Fresh DMEM (mock). Ten

hybridizations per loop were carried out, with alternate Cy-dye labeling of

samples among five biological replications of the experiments for each treatment.

In total, 50 hybridizations were performed.
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RESULTS

Analyses of expression ratios. Based on an overall Fs test, 484 genes

were found to be significantly differentially expressed between O157:H7 Sakai

cultures induced with the 5 treatments. Of these, 272 genes are shared between

Sakai and K12, and 212 are specific to Sakai. The 484 genes were assigned to

functional groups based on the O157:H7 gene function summary in the Qiagen

annotation of microarray probes. Almost half of the 484 genes code for

hypothetical proteins, whereas the other 273 genes code for proteins involved in

various physiological and metabolic functions (Figure 5.2). The majority of

differentially expressed genes with known functions are those that code for

proteins involved in energy production, transport of carbohydrates, amino acids,

ions, and transcription. To identify expression patterns of co-expressed genes,

which are indicative of co-regulation in response to a stimuli, expression

estimates of the 484 genes were subjected to QT clustering analysis. Most

genes were clustered into 9 clusters, and only 19 genes were not classified into

any cluster (Figure 5.3). In most clusters, genes upregulated in Sakai cultures

treated with PC media from a co-culture of MAC-T with E. coli had the same

direction of expression. This indicated that treatment with PC media from

infected MAC-T cells leads to similar transcriptional responses in Sakai, as

opposed to treatment with PC media from uninfected MAC-T monolayers or fresh

DMEM.
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Figure 5.3. Expression profiles of 484 significantly differentially expressed

genes classified by QT clustering using the Pearson correlation. In the bottom left

corner of each graph is the number of genes belonging to a particular cluster. Of

the 484 genes (p<0.05) 19 genes were not assigned to any cluster. The

horizontal axis represents different preconditioned media treatments.
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To determine specifically between which treatments were the genes

differentially expressed, pairwise contrast analysis of the microarray data were

performed. Table 5.1 summarizes the number of genes that were differentially

expressed between the 5 treatments. As indicated by the QT clustering, there

were considerable differences in gene expression of Sakai that was treated with

PC media from infected compared to uninfected MAC-T cells. However,

treatment of Sakai with the three co-culture PC media resulted in similar a

number of expressed genes. Furthermore, there were no genes whose

differential expression was specific to a particular comparison. Induction of Sakai

with PC media from uninfected MAC-T cells was virtually indistinguishable from

the mock treatment. Of the shared 50 genes that were found expressed in Sakai

in following treatment with PC media from MAC-T cells infected with O157:H7 or

026:H11, 36 genes code for unknown proteins and 16 are metabolic genes.

Similarly, of the 21 genes that were co-expressed in Sakai treated with PC media

from MAC-T cells infected with O157:H7 or K12, 14 were unknown of which 7 are

phage borne, and 7 code for metabolic enzymes.

None of the major virulence factors that mediate the pathogenesis of

O157:H7 disease, including the LEE island and Shiga toxin genes, were found to

be differentially expressed between any treatments. Differential expression was

also not detected in any regulators, putative virulence genes, flagella, or quorum

sensing genes (qseABC). Potentially interesting was the finding of upregulation

of genes involved in iron metabolism in Sakai treated with co-culture PC media;

including the entABCDEF operon that is involved for enterobactin synthesis,
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Table 5.1. Number of genes differentially expressed in Sakai following PC media

treatment.

 

PC No. of genes differentially expressed

media

compariso Total Specific to MAC-T vs 0157 and MAC-T vs 0157 and

n comparison MAC-T vs 026 MAC-T vs K12

(absent in MAC-T vs K1g (absent in MAC-T vs 026)

DMEM

vs 261 0

K12

DMEM

vs 6 0

MACT

DMEM

vs 384 0

O1 57

DMEM

vs 370 O

026

K12

vs 202 0 21

MACT

K12

vs 0 0

O1 57

K12

vs 0 0

026

MACT ‘

vs 295 0 50 21

0157

MACT

vs 266 0 50

026

0157

vs 0 0

026  
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the fepACDE operon that codes for enterobactin transport, fliuA encoding the

ferrichrome receptor, and the chuASTUWXYoperon that is involved in

heme/hemoglobin metabolism. Interaction of O157:H7 or O26:H11 with MAC-T

cells can lead to destruction of MAC-T cells, resulting in the release of iron

compounds into the PC media which activate iron scavenging genes. This

rationale, however, does not explain induction of said genes in Sakai by PC

media from a co-culture of MAC-T cells and K12, as this lab—derived E. coli is not

pathogenic.

The activation of tellurite resistance genes (terWZADEF) and the iha

adhesin in Sakai, following co-culture PC media treatment, was another

interesting finding (Figure 5.4). The far operon is located on the tellurite

resistance and adherence conferring island (TAI) in the Sakai prophage-like

element 4 (SpLE 4). In the past, tellurium compounds have been used as

antimicrobial chemotherapeuticals to treat tuberculosis, leprosy, skin, and eye

infections, which may explain the evolution of tellurite resistance in bacteria

(309). ter genes were, however, alsoshown to confer resistance to pore-forming

colicins and bacteriophage infections, as well as protection from host cellular

defenses (309). In Listeria monocytogenes, for example, a locus coding for

tellurite resistance was shown to protect bacteria from reactive nitrogen and

oxygen species produced by host phagocytes (21). Mutation of lmo1967, a ter

homologue in L. monocytogenes, resulted in decreased virulence, as

demonstrated by significant reduction in bacterial recovery from the murine
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spleen and liver following challenge with C57/BL-6 mice (21). Therefore,

interaction of the pathogen with the host may lead to secretion of innate host

defense mechanisms in the PC media, which in turn activated the ter locus in

Sakai. Alternatively, the host-pathogen challenge could have led to

bacteriophage induction, and upregulation of fer genes may have been induced

by bacteriophage surface structures in the PC media. The filtration of PC media

through a 0.22 urn membrane allows passage of small molecules such as phage

surface structures into PC media, which may have activated ter genes in Sakai.
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DISCUSSION

The present study is an attempt to identify O157:H7 virulence genes that

are expressed in response to preconditioned cell culture medium, which was

used to sustain epithelial cells or epithelial cells infected with E. coli. The idea for

this experiment stems from the finding that quorum-sensing is a phenomenon

that enables bacteria to modulate expression of virulence genes in response to

chemical signals from other bacterial populations as well as from the intestinal

tissue (291 ). We also sought to find whether O157:H7 responds differently

between PC media from co-cultures of epithelial cells with pathogenic and non-

pathogenic E. coli.

Our experiment did not yield expected results, which may have occurred

due to a flawed experimental design. One of the likely reasons may have been

insufficient stimulus from the PC media. PC media was collected from MAC-T

cells infected with E. coli for 3 h, which may have not been enough time to elicit

potent chemical secretion that would in turn induce quantifiable transcription of

O157:H7 virulence genes. Also, O157:H7 Sakai cultures were only ‘spiked’ with

PC medium that was not concentrated. Growing Sakai in concentrated PC

medium may have induced a detectable difference in transcription of virulence

determinants, between different PC media. Another possible flaw was the time

of exposure of Sakai cultures to PC media; harvesting of Sakai RNA at a different

time point may have revealed the expected differences in transcription of

virulence genes.
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Several findings did emerge from this research. Microarray

measurements indicated that gene expression of O157:H7 differs in response to

DMEM medium conditioned with uninfected epithelial cells, opposed to media

conditioning with epithelial cells infected with E. coli. The majority of differentially

expressed genes were unknown, but a considerable proportion of upregulated

genes are involved in different metabolic pathways, most notably genes that

code for iron scavenging mechanisms. In Pseudomonas aeruginosa, a

syderophore termed pyoverdine was shown to act as a signaling molecule in

regulating expression of major virulence genes, implicating iron uptake in

bacterial cross-talk (191). Also of potential interest was the upregulation of the

ter operon, which confers tellurite and colicin resistance, and inhibition of

bacteriophage infection. Given the importance of iron scavenging in pathogenic

bacteria, the conservation of tar genes across bacterial species (309, 310), and

their co-activation by PC media conditioned with infected epithelial cell, the role

of these genetic elements in EHEC pathogenesis warrants future investigation.
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CHAPTER 6

Summary and Synthesis
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The overall goals of the research described here were to assess the

genomic composition of EHEC 2 lineages, and to characterize the virulence

properties that are associated with the variation in severity of EHEC O157:H7

infections. The advantage of these studies is the use of multiple representatives

of EHEC lineages, which allows conclusions to be drawn at a population level.

There are numerous STEC serotypes that have never been associated

with illness. Even the LEE— and Stx2-positive 055:H7, the inferred O157:H7

progenitor, is seldom associated with disease and has never been implicated in

an outbreak. Comparative genomic analysis of EHEC 2 serotypes that are most

frequently associated with disease has advanced our knowledge about the

cladogenesis of this clonal complex, and its relatedness to the EHEC 1 clone.

To probe the genome content of the EHEC 2 serotypes, genomic

microarrays that target O157:H7 gene sequences were utilized. The

hybridization data was used to compare the genetic similarity between O157:H7

and EHEC 2, as well as the inter-strain relatedness within EHEC 2. This

assessment demonstrated a high level of similarity in genome composition

between O157:H7 and EHEC 2, which may account for the ability of EHEC 2 and

O157:H7 to cause similar disease in humans.

The O157:H7 ‘backbone’ (shared with K12) genes are virtually fully

conserved in EHEC 2, whereas the non-phage 0157:H7 ‘specific’ genes are

found in significantly lower numbers in this population. The latter is likely a

consequence of vertical transfer of genes that are specific to the EHEC 1 clone,

which is consistent with the inference of parallel evolution of EHEC 1 and 2
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clonal groups (255). The comparative genomic hybridization data also indicate

that the EHEC 2 population is diverse. The distribution of O157:H7 phage borne

genes was found to be heterogeneous among EHEC 2, implying that the

plasticity of the EHEC 2 pan-genome is significantly influenced by the

promiscuous exchange of foreign DNA.

Phylogenetic analysis of compatible genes, genes that are indicative of

vertical transfer, demonstrates a serotype-specific homogeneity of 0111:H8 and

0118:H16 strains, whereas O26:H11 strains are considerably more diverse.

Serotype 026:H11 is also characterized with the highest inter-strain variation in

phage borne gene content, compared to the more uniform 0111:H8 and

0118:H16. This suggests that the genetic make-up of the O26:H11 lineage is

such that it allows more frequent recombination of lateral elements, which can

result in acquisition of novel fitness and virulence genes by 026:H11 more

commonly than by other EHEC 2. For example, 026:H11 possess the Yersinia

spp. high pathogenicity island (HPI) that encodes the iron-uptake siderophore

yersiniabactin and its receptor, whereas other EHEC serotypes, including

O157:H7, O111:H-, O103:H2, and O145:H-, do not have this HPI (165).

Ultimately, a hypervirulent subpopulation of EHEC 2 is more likely to

evolve from 026:H11 rather than other EHEC 2 lineages. Researchers in

Europe already warn of the emergence of a potentially highly pathogenic EHEC

026:H11 lineage, which is associated with multiple outbreaks, has distinct

genotypic characteristics and, uncommonly for EHEC 2, produces only the $012

toxin (32).
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Variation in virulence of O157:H7. The in vitro model of the

host-pathogen interaction, which was used for transcriptional profiling of

O157:H7, represents a controlled environment that provides optimal stimuli for

inducing virulence gene expression in bacteria, such as contact with epithelial

cells, ion and nutrient availability. Harvesting bacterial RNA following infection of

epithelial cells with O157:H7, but prior to intimate adherence, allows investigation

of the early events of the bacterial infection process, at the transcriptional level.

The comparison of adherence potential and virulence gene expression

between the two O157:H7 outbreak strains has provided insight into the

pathogenic mechanisms that underlie differences in the ability of O157:H7 strains

to cause severe disease. Rapid adhesion of O157:H7 Spinach to the epithelium

may facilitate more efficient colonization of the intestine and evasion of

competitive exclusion by other intestinal microbiota, compared to Sakai. A 4-fold

increase in Shiga toxin transcription in O157:H7 Spinach, coupled with a superior

colonization phenotype, lends support to the inference that this O157:H7 strain is

capable of mediating more fulminant disease than O157:H7 Sakai.

The advantage of studying bacterial pathogenesis in a phylogenetic

context is that it helps identify common and unique strategies used by

subpopulations of microbial pathogens to colonize the host and mediate disease.

The work by Manning et al. has correlated the epidemiological variation in

severity of O157:H7 illness with the existence of multiple distinct lineages of

O157:H7 (clades 1-9) (205). Examination of the pathogenic potential of

population samples of clade 8 (n = 12) and clade 2 (n = 12) is in agreement with
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the epidemiological implications about the hypervirulence of O157:H7 clade 8.

Furthermore, the findings of this study supported the inference that the difference

in colonization capacity and virulence gene expression among O157:H7 strains is

associated with lineage-specific differences between 0157:H7 subpopulations.

Previously, variation in disease severity of O157:H7 infection was mainly

attributed to the presence of different Shiga toxin variants (156, 233). The clade

comparison study revealed a 5-fold increase in the expression of the shared

Shiga toxin variant, $012, in clade 8 relative to clade 2. Although expression of

Stx genes is linked to the bacterial SOS response to DNA damage, genes of the

SOS regulon were not differentially expressed between clades. Clade 8 is also

characterized by a greater ability to adhere to the host epithelium. These results

imply incongruent regulation of shared, laterally acquired virulence traits by

unknown intrinsic factors that are specific to particular lineages of O157:H7.

This is the first large scale, whole-genome study of differential expression

of O157:H7 genes within a phylogenetic framework that represents the extant

genetic diversity of the O157:H7 population. Appreciating the molecular basis of

the hypervirulent potential of O157:H7 subpopulations is crucial for the

development of preventative and therapeutic measures that aim to decrease the

threat imposed by O157:H7 infection. As more data are collected, this study will

contribute to the greater body of knowledge about the variation in virulence

between subpopulations of bacterial species, which is ultimately a reflection of

the ‘relentless' evolution of microbial pathogens (262).
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Future considerations. Several interesting questions concerning EHEC

pathogenesis have emerged from this work. Comparative genomic assessment

of the EHEC 2 clone implies that the LEE pathogenicity island has diverged

between human and animal clinical EHEC 2 strains. An extension of that work

could be to compare LEE nucleotide sequences between EHEC 2 associated

with human and animal disease. This would help determine the extent to which

host species adaptation influences the nucleotide diversity of EHEC genes

involved in bacterial colonization of the host.

The inverse expression of LEE and flagellar genes in O157:H7 Spinach

and Sakai strains, respectively, suggests that the expression of adhesion and

motility genes between the two strains is not synchronized. More conclusive

findings could be obtained by a longitudinal study of epithelial cell colonization,

and expression of LEE and flagellar genes with the two O157:H7 strains. These

data would resolve whether the observed discrepancy is a consequence of

inherent over-expression of LEE in the Spinach strain, or whether there is an

actual temporal lag in Sakai, relative to Spinach, that results in a delayed switch

from flagellar to LEE expression. The latter inference is supported by the finding

that 30 min post-infection the association levels of both strains are similar,

following an increase in association of Spinach at the 1 h timepoint.

Differential expression of Stx2 between seropathotypes of STEC (67) and

between distinct lineages of O157:H7 (82) has recently been implied.

Overexpression of Shiga toxin 2 in the O157:H7 clade 8 lineage is in agreement

with these observations. These data raise interesting questions about the effect
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of divergent evolution on the regulation of laterally acquired elements by bacterial

host factors. To reject the hypothesis that increased expression of Stx2 is solely

due to polymorphisms in the Stx-converting phages between clades 8 and 2, it is

necessary to test Stx2 expression in an identical bacterial host. One approach

would be to transduce E. coli K12, or the 055:H7 progenitor of O157:H7, with

Stx2-converting phages from clade 8 and 2. By modification of a previously

described method (279, 280), the stx2A gene can be inactivated while the stx28

remains intact to avoid generation of pathogenic bacteria. Differential expression

of StxZ between recipients, which are transduced with either clade 8 and clade 2

StxZ-phages, would point to phage borne differences. Variation in $012 transcript

levels between transductant and donor strains would imply a background effect.

E. coli are probably one of the most studied and utilized bacterial species.

However, its extensive genomic diversity, relentless evolution, and dissemination

into new niches offers ample opportunity to test new hypotheses regarding

microbial pathogenesis, host specificity, and regulation of foreign DNA by

chromosomal elements.
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Figure A1. M versus A plot for two-color hybridization of O157:H7 Sakai and K-

12 MG1655. Based on in silico analysis of single copy targets, 5222 probes (13

probes of the 5235 were excluded due to low intensity signal) were classified into

5 groups: grey, identical targets in both genomes (n=3585); red, Sakai-only

targets (n=1002): green, K12-only targets (n=425); yellow, Sakai-like targets

(n=41); cyan, K12-like targets (n=169). For Sakai-like and K12-like probes,

homologous target sequences occur in both genomes but have diverged in

sequence up to 20%. Dashed lines represent the GACK cutoffs of 0.1 for

inferring absence or presence. Probes between the cutoffs have targets in both

genomes; other probes are present in one strain only. Sakai-only (red) and K12-

only (green) probes that fall between the GACK cutoffs reflect the false negative

rate of CGH; probes with targets in both genomes (grey, cyan and yellow) that

fall outside the GACK cutoffs reflect the false positive rate of CGH.
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Table A1. Distribution of phylogenetically compatible genes in EHEC 2,

determined with the clique prgqram in the PHYLIP package.
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