
The Pennsylvania State University 

The Graduate School 

Department of Food Science 

  

REARRANGEMENT HOT SPOT (rhs) GENES ARE 

POTENTIAL MARKERS FOR MULTILOCUS SEQUENCE 

TYPING OF ESCHERICHIA COLI O157:H7 STRAINS  

 

A Thesis in 

Food Science 

by 

Kuanqing Liu 

 

© 2009 Kuanqing Liu 

 
Submitted in Partial Fulfillment 

of the Requirements 
for the Degree of 

 

Master of Science 

 

August 2009 

 



ii 
 

The thesis of Kuanqing Liu was reviewed and approved* by the following: 

 
Edward G. Dudley 
Assistant Professor of Food Science 
Thesis Co-Advisor 
 
Stephen J. Knabel 
Professor of Food Science 
Thesis Co-Advisor 
 
Chitrita DebRoy 
Director of E. coli Reference Center 
 
Wei Zhang 
Assistant Professor of Biology 
Joint Assist. Prof. of Food Microbiology 
Illinois Institute of Technology 
Special Signatory 
 
Alyssa C. Bumbaugh 
Assistant Professor of Biology 
Shippensburg University 
Special Signatory 
 
John D. Floros 
Professor of Food Science 
Head of the Department of Food Science 
 
 

 

* Signatures are on file in the Graduate School. 

 

 

 

 

 

 



iii 
 

ABSTRACT 

Escherichia coli O157:H7 is an important foodborne pathogen, notorious for its low 

infectious dose and its capacity to cause severe diseases such as hemorrhagic colitis and 

hemolytic uremic syndrome.  Molecular subtyping methods are powerful tools for 

microbial source tracking during outbreaks.  Pulsed-field gel electrophoresis is currently 

the “gold standard” molecular method for subtyping E. coli O157:H7, however, a 

sequence-based scheme such as multilocus sequence typing would provide a less 

ambiguous and more rapid, cost-effective, and portable method.  Previous publications 

reported that the genomes of E. coli O157:H7 contain genes that are highly conserved 

between strains.  This hindered the development of an effective MLST scheme for 

subtyping E. coli O157:H7.  In this study, several rhs genes were targeted, which were 

recently shown to be under the strongest positive selection of genes encoded within the E. 

coli genome.  Eighteen E. coli O157:H7 strains from Lineage I and II, and 15 E. coli 

O157:H7 strains from 8 clades were included.  Examination of these rhs genes revealed 

44 polymorphic loci (PL) and 10 sequence types (STs) among the 18 lineage-strains, and 

280 PL and 12 STs among the 15 clade-strains.  Phylogenetic analysis using rhs genes 

generally agreed with the Lineage I and II classification defined previously.  This study 

also showed E. coli O157:H7 strains from Clade 8 fall into Lineage I/II.  Additionally, 

unique markers were found in rhsA and rhsJ that might be used to define Clade 8 and 

Clade 6.  Therefore, rhs genes may be useful in discriminating strains and determining 

the phylogeny of E. coli O157:H7. 
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CHAPTER ONE 

STATEMENT OF THE PROBLEM 

       Escherichia coli O157:H7 is notorious for its low infectious dose and its ability to 

cause severe diseases, such as hemorrhagic colitis (HC) and hemolytic uremic syndrome 

(HUS).  Outbreaks caused by this pathogen pose heavy burdens on public health and the 

economy.  In order to implement effective intervention strategies to control ongoing 

outbreaks and prevent future outbreaks, it is imperative to know the sources of 

contamination and how E. coli O157:H7 is transmitted throughout the food system.  

Molecular subtyping methods are powerful tools for accomplishing this, because they 

allow accurate differentiation of specific clones.  Pulsed-field gel electrophoresis (PFGE), 

a DNA-pattern-based method, is currently the gold standard approach for subtyping E. 

coli O157:H7.  However, the drawbacks inherent in PFGE, such as the expert technical 

skill required and the generation of ambiguous data, make DNA-sequence-based 

approaches attractive alternatives for subtyping E. coli O157:H7.  Multilocus sequence 

typing (MLST) is one such DNA-sequence-based scheme.  Previous studies attempted to 

develop an MLST scheme for E. coli O157:H7 and examined various gene markers, such 

as housekeeping genes, virulence genes and genes encoding outer membrane proteins.  

However, these gene markers showed a striking lack of DNA sequence variation, which 

limited their utility for MLST of E. coli O157:H7 during epidemiological investigations.  

Therefore, the primary purpose of the present study was to identify gene markers that 

yield sufficient DNA sequence variation for MLST of E. coli O157:H7.   
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CHAPTER TWO 

LITERATURE REVIEW 
 

       E. coli O157:H7 is a deadly bacterial pathogen, notorious for its low infectious dose 

and its ability to cause severe or even life-threatening diseases, such as HC and HUS.  

When outbreaks occur, it becomes critical to rapidly and accurately identify the source of 

contamination and the routes of transmission of foodborne pathogens, so that effective 

intervention strategies can be implemented to control the ongoing outbreaks and to 

prevent future outbreaks.  Molecular subtyping methods are powerful tools for microbial 

source tracking and transmission-route identification during epidemiological 

investigations.  Chapter Two is a brief summary of previous publications on E. coli 

O157:H7, outbreaks caused by O157:H7 and molecular subtyping methods available for 

this pathogen.    

2.1 E. coli O157:H7 

2.1.1 Ecology and origin of E. coli O157:H7 

       E. coli O157:H7 is one serotype of the species E. coli, with somatic (O) antigen 157 

and flagellar (H) antigen 7.  It is a gram-negative rod-shaped facultatively anaerobic 

bacterium.  The first documentation of E. coli O157:H7 was in 1975, when a sporadic 

case involving a woman with bloody diarrhea was reported (127).  However, it was not 

until 1982 when Riley et al. (113) discovered the implication of an unusual serotype of E. 

coli in two outbreaks that E. coli O157:H7 was recognized as an important foodborne 

pathogen.  The main reservoir for E. coli O157:H7 is the gastrointestinal tract of cattle 
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(11, 55, 103, 136), although other animals may also carry this pathogen, such as swine 

(96) and sheep (79).  This is probably why many E. coli O157:H7 outbreaks are 

associated with foods of cattle origin and foods which have come into contact with cattle 

feces.    

2.1.2 Pathogenesis of E. coli O157:H7 

       E. coli O157:H7 can be distinguished biochemically from other E. coli strains by its 

inability to ferment sorbitol and its lack of β-glucuronidase activity (43).  Moreover, 

unlike most E. coli strains that are harmless to their hosts, E. coli O157:H7 is a deadly 

pathogen that can cause severe or even life-threatening diseases.  This section 

summarizes the diversity of virulence, well-studied virulence factors, clinical 

manifestations and epidemiology of E. coli O157:H7. 

2.1.2.1 Diversity of virulence among E. coli O157:H7 phylogenetic groups 

       E. coli O157:H7 is known to cause severe or even life-threatening diseases, however, 

not all E. coli O157:H7 strains are equally pathogenic to humans.  Kim et al. (76) used an 

octamer-based genome scanning (OBGS) approach to characterize a large collection of E. 

coli O157:H7 strains of bovine and human origin.  They found a nonrandom distribution 

of bovine and human isolates, with most of the bovine isolates in one cluster designated 

Lineage II and with most of the human isolates in the other cluster designated Lineage I.  

They suggested E. coli O157:H7 strains from Lineage I were more virulent than Lineage 

II.  Later, Baker et al. (4) included 10 E. coli O157:H7 strains isolated from bovine and 

human, respectively, and used gnotobiotic piglets as the animal model.  They found E. 

coli O157:H7 strains of human origin caused significantly more deaths or central nervous 
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system (CNS) diseases in piglets than strains of cattle origin did, although no significant 

difference was observed in other symptoms, such as diarrhea and attaching and effacing 

(A/E) lesions.  In 2007, Zhang et al. (143) used a comparative genome hybridization 

approach to investigate the genomic diversity between Lineage I and Lineage II strains.  

They identified another lineage designated Lineage I/II, which was originally grouped in 

Lineage II.  The association of Lineage I/II with human infection has not been reported so 

far to the best of our knowledge.  Later in 2008, Manning et al. (89) used a 96-locus 

single nucleotide polymorphism (SNP) subtyping scheme and defined 9 clades within E. 

coli O157:H7.  Clade 8 strains were suggested to represent a highly virulent group based 

on the fact that strains from this clade were more frequently associated with the life-

threatening disease HUS.  Moreover, a trend of increasing incidence of outbreaks caused 

by Clade 8 strains was also implied in this study, as the frequency of Clade 8 strains 

among clinical E. coli O157:H7 strains in Michigan increased significantly from 2000 to 

2006.   

2.1.2.2 Virulence factors 

       The exact pathogenic mechanism(s) of E. coli O157:H7 during human infection have 

not been fully elucidated, largely due to the lack of appropriate animal models and 

virulence factors may function in a yet unknown complex and cooperative manner to 

cause illnesses.  Various experimentally confirmed and putative virulence factors have 

been reported.  Among these, Shiga toxins (Stxs) and the locus of enterocyte effacement 

(LEE) are the most well-studied virulence factors which have been shown to play key 

roles in E. coli O157:H7 infection. 
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       Shiga toxin (Stx) is considered the major and defining virulence factor of E. coli 

O157:H7.  This toxin was first discovered in Shigella dysenteriae type 1 in 1906 (101).  It 

was first found in E. coli O157:H7 by O’Brien et al. (102) in 1983.  Later in 1987, 

Scotland et al. (119) used techniques such as serum neutralization tests and probe 

hybridization, and discovered two variants of Stx in E. coli O157:H7, now designated 

Stx1 and Stx2.  They also found that Stxs could be present in E. coli O157:H7 in three 

different combinations: only Stx1, only Stx2, and both Stx1 and Stx2.  The Stx1 in E. coli 

O157:H7 is almost identical to that in S. dysenteriae type 1, and shares only 56% identity 

with Stx2 (129).  Stx1 and Stx2 are encoded on lysogenic lambdoid phages that have 

integrated into the E. coli O157:H7 genome.  Both Stx1 and Stx2 have a conserved A-B 

subunit structure, with the A subunit inhibiting protein synthesis and the B subunit 

binding the toxin to mammalian cell receptors (101).  The key role Stxs play in E. coli 

O157:H7 infections has been shown by several studies.  For example, Keusch et al. (74) 

reported that Stx was responsible for fluid accumulation in the rabbit ileal loop.   Sjogren 

et al. (122) introduced a bacteriophage expressing Stx1 into a natural pathogenic E. coli 

of rabbits, and found that the modified strain caused much more severe infection in 

rabbits than the original strain that did not express Stx.  More recently, Robinson et al. 

(114) showed that Stx2 promoted the intestinal colonization of E. coli O157:H7.  In this 

study, they included the wild type E. coli O157:H7 strain 86-24 and an isogenetic mutant 

strain TUV86-2 whose stx2 was mutated, and investigated the adhesion ability of these 

two strains both in vitro and in vivo.  They found that TUV86-2 showed significantly 

weaker adhesion ability than 86-24.  However, when Stx2 was present, TUV86-2 showed 

equivalent or greater adhesion ability compared to 86-24.  
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       Stx1 and Stx2 are key virulence factors of E. coli O157:H7, however, they may not 

be equally toxigenic, as several studies suggested that Stx2 was a more potent toxin than 

Stx1.  The first piece of evidence was from Scotland et al. (119) whose study showed that 

Stx2 was found in all O157 strains isolated from patients with HUS whereas Stx1 was not.  

Later in 1993, Tesh et al. (129) used mice to compare the toxicity of Stx1 and Stx2.  In 

their study, they used purified Stx1 and Stx2 to inject mice, and found that the 50% lethal 

dose of Stx2 for mice was much lower than that of Stx1 (1 ng versus 400 ng).  More 

recently, Siegler et al. (121) administrated purified Stx1 and Stx2 to baboons and found 

that all baboons that received Stx2 either died or became ill, whereas none of the baboons 

receiving Stx1 or saline became ill.  Taking all of these together, it appears clear that Stx2 

is more toxic than Stx1, at least in several animal models        

       LEE, a pathogenicity island is the other key virulence factor and it is responsible for 

inducing the attaching and effacing (A/E) phenotype.  The A/E phenotype is 

characterized as cytoskeletal changes of the epithelial cells, effacement of microvilli, and 

intimate adherence of bacteria to the epithelial cell membrane (97).  LEE encodes a type 

III secretion system (TTSS), which serves as a transportation system to export effector 

proteins into host cells.  Additionally, LEE encodes secreted proteins designated EspA, B 

and D, which are part of the TTSS apparatus.  Intimin and translocated intimin receptor, 

which are responsible for the adherence of bacteria to host cells are also encoded on LEE 

(41).  LEE is necessary and sufficient for the A/E phenotype, as the introduction of LEE 

into avirulent E. coli strains conferred the A/E phenotype to the recipients (90).  Intimin 

(encoded by eae on LEE) was demonstrated to play a role in intestinal colonization in 

animal models, as several studies reported that E. coli O157:H7 strains whose eae genes 
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were mutated failed to induce the A/E phenotype and failed to colonize the intestines of 

several pig models (42, 91, 131).  

2.1.2.3 Clinical manifestations 

       E. coli O157:H7 can cause severe and life-threatening diseases with a low infectious 

dose.  Previous publications reported that as low as 10 cells may cause illness (141).  The 

clinical manifestations of E. coli O157:H7 infections include asymptomatic infection, HC, 

HUS and thrombotic thrombocytopenic purpura (TTP) (67).  TTP is highly similar to 

HUS, though fewer neurological signs and fever were observed in HUS than TTP (67).  

Therefore, this section only discusses HC and HUS.  

       HC was found to be associated with E. coli O157:H7 as early as in 1975 in a 

sporadic case, where this pathogen was isolated from a female patient suffering from 

bloody diarrhea (112).  However, it was not until 1982 that E. coli O157:H7 was 

recognized as the causative agent of HC.  In 1982, Riley and colleagues (113) isolated an 

unusual serotype of E. coli from patients suffering from HC during the investigation of 

two outbreaks in Michigan and Oregon.  Now, HC is recognized as a hallmark of E. coli 

O157:H7 infection.  The incubation time of HC has not been fully identified.  Some 

researchers suggested 3 - 4 days (113), whereas another study proposed ca. 8 days (116).  

The onset of HC begins with suddenly painful abdominal cramps, then watery diarrhea 

followed by bloody diarrhea, with little or no fever (113).  Most patients recover from 

HC with proper supportive treatments, however, in a few cases, specific therapy is 

required, and severe complications and death can result (112). 
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       Compared to HC, HUS is a more severe and life-threatening disease.  The first 

description of HUS can be dated back to as early as 1955 (49).  HUS is a complication of 

acute renal failure, thrombocytopenia, and microangiopathic hemolytic anemia (67).  

HUS has been associated with various bacterial pathogens (112), however, the link 

between HUS and E. coli O157:H7 was not discovered until 1983 by Karmali et al. (69).  

Most HUS victims are children (112), probably due to the fact that their immune systems 

have not been fully developed to combat E. coli O157:H7 infection.  HUS can be cured 

with proper supportive treatments for most patients, however, death can occur in 3 - 5% 

of infected children and 12 - 30% recover from HUS with severe sequelae, such as renal 

impairment, hypertension, or CNS manifestations (97).  In a word, the high mortality rate 

and severe sequelae make HUS a major public-health concern.     

2.1.3 Epidemiology of E. coli O157:H7 

      E. coli O157:H7 is posing heavy economic and public health burdens.  An estimated 

$301.8 - 726.0 million are spent on E. coli O157:H7 infections annually in the United 

States (14).  On average, 74,000 illnesses (93) and 17 outbreaks (110) are attributable to 

E. coli O157:H7 each year in the United States.  From 1982 to 2002, 350 E. coli 

O157:H7 outbreaks were reported in the United States, and 8,598 cases of O157 infection 

were identified (110).  Among these cases, 1,493 (17.4%) were hospitalized, 354 (4.1%) 

developed HUS, and 40 (0.5%) died (110).  Outbreaks caused by E. coli O157:H7 are 

found not only in the United States but also in other countries.  A number of E. coli 

O157:H7 outbreaks have been reported in Canada (10, 15, 86, 87, 106, 126), Germany 

(85, 111), the United Kingdom (134), Finland (107), Sweden (117)  and Japan (2, 95, 

135).  Most E. coli O157:H7 outbreaks can be traced back to foods of cattle origin (7, 36, 
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37, 71, 113), although contaminated water, apple juice and fresh produce have also been 

implicated in E. coli O157:H7 outbreaks (32, 125, 138).  A summary of E. coli O157:H7 

outbreaks is listed in Table 2.1.   
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TABLE 2.1  Year and source(s) of reported E. coli O157:H7 outbreaks.  
Year Source(s) or most likely source(s) Reference 
1982 Ground beef (113) 
1984 Hamburger (116) 
1985 Sandwich (15) 
1985 ND (68) 
1986 Ground beef (104) 
1988 Meat patties (7) 
1989 Water (125) 
1990 Roast beef (22) 
1990 Water (2) 
1991 Apple cider (8) 
1991 Lake water (72) 
1992 Hamburger (37) 
1992 Raw milk (71) 
1992 Ground beef (6) 
1992 Unknown (111) 
1993 Hamburger (21) 
1994 Ground beef (19) 
1994 Salami (20) 
1995 Lake water (25) 
1995 Hamburger (30) 
1995 Green salad (109) 
1995 Lettuce (1) 
1995 Roast beef and salad (115) 
1995 Deer meat (73) 
1996 Apple juice (38) 
1996 Apple cider (34) 
1996 Radish sprouts (95) 
1996 Radish sprouts (135) 
1996 Lettuce (58) 
1996 Water (46) 
1996 Apple cider (59) 
1997 Alfalfa sprouts (12) 
1997 Beef patties (17) 
1997 Water (107) 
1998 Apple cider (126) 
1998 Cheese curds (31) 
1998 Salami (140) 
1999 Water (29) 
1999 Salami (87) 
1999 Ground beef (86) 
1999 Water (13) 
1999 Beef tacos (65) 
2000 Contact with animals (35) 
2000 Contact with animals (40) 
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TABLE 2.1  Year and source(s) of reported E. coli O157:H7 outbreaks continued.  
Year Source(s) or most likely source(s) Reference 
2001 Japanese-style pickles (105) 
2002 Ground beef (28) 
2002 Salads and sandwiches (10) 
2002 Ground beef (133) 
2002 Fermented sausage (117) 
2003 Beef (80) 
2004 Petting zoo (51) 
2004 Ground beef (18) 
2004 Beef (124) 

2004 -2005 Contact with animals (33) 
2005 Frozen beef burgers (77) 
2005 Raw milk (16) 
2006 Spinach (138) 
2006 Lettuce (27) 
2006 Spinach (53) 
2006 Beef donair (62) 
2007 Ground beef (26) 
2007 Pizza with pepperoni (24) 
2008 Ground beef (23) 

 ND: Not Determined 
 
 
2.2 Subtyping of E. coli O157:H7 
 
2.2.1 Definitions, applications and performance criteria   

       Molecular subtyping is the process of characterizing bacteria at the strain level (123).  

It generally has two major applications.  The first is to study the long-term evolutionary 

history or population genetics of bacteria.  For example, Feng et al. (44) used a 

multilocus enzyme electrophoresis (MLEE) scheme combined with allele-specific probe 

for the uidA gene that encodes the beta-glucuronidase enzyme, and proposed a stepwise 

evolutionary model for E. coli O157:H7.  In this model, E. coli O157:H7 was shown to 

stem from an O55:H7-like ancestor and to diverge into SOR-  GUD- E. coli O157:H7 

(typical E. coli O157:H7) and O157:H- (atypical E. coli O157:H7) after acquiring Stx.  

Later in 1999, Kim et al. (76) used a subtyping approach termed octamer-based genome 
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scanning (OBGS) to investigate the evolution of E. coli O157:H7.  They identified two 

distinct lineages within E. coli O157:H7 population designated Lineage I and II, with 

Lineage I strains more frequently associated with human diseases.  These two studies 

provided insight into the evolutionary history and emergence of E. coli O157:H7.    

       The second application of molecular subtyping is to study the short-term 

evolutionary history of bacteria for microbial source tracking in epidemiological 

investigations.  Many subtyping methods have been reported for identifying sources of 

contamination and routes of transmission of E. coli O157:H7.  Bell et al. (6) applied 

PFGE to investigate a large E. coli O157:H7 outbreak in Washington, and found that the 

fingerprints of E. coli O157:H7 isolated from patients and hamburgers were the same.  

Their results confirmed that undercooked hamburgers were the source of contamination 

in this large E. coli O157:H7 outbreak.  More recently, multiple-locus variable-number-

tandem-repeat analysis (MLVA) was used by Cooley et al. (39) to identify the routes of 

transmission of E. coli O157:H7 in a fresh produce production region in California.  They 

found that E. coli O157:H7 strains with the same MLVA genotype were isolated from 

different locations surrounding the produce production region (Farm A).  This indicated 

that E. coli O157:H7 was widely transmitted to the environment and contamination due 

to this pathogen was quite prevalent.  They also suggested that E. coli O157:H7 could 

persist in the environment for long periods of time, as isolates with the same MLVA 

genotype were isolated over several months.  However, it should be kept in mind that in 

this study some E. coli O157:H7 isolates with an identical MLVA genotype were 

distinguishable by PFGE, which implies E. coli O157:H7 isolates with an identical 

MLVA genotype might not actually be the same strain.        
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       Two broad categories of criteria have been proposed to evaluate molecular subtyping 

schemes, performance criteria and practical criteria.  Performance criteria are the most 

important and include typeability, reproducibility, discriminatory power and 

epidemiologic concordance.  Typeability is the proportion of strains that are assigned a 

type by a subtyping method; reproducibility is the ability of a subtyping method to assign 

the same type to a strain tested on independent, separate assays; discriminatory power is 

the average probability that a subtyping method will assign a different type to two 

unrelated strains randomly sampled in the microbial population of a given taxon; 

epidemiologic concordance is the probability that epidemiologically related strains 

derived from presumably single-clone outbreaks are determined to be similar enough to 

be classified into the same clones (123).  Equations of discriminatory power and 

epidemiologic concordance are given below.  
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D: the index of discriminatory power; N: the number of unrelated strains tested; S: the 
number of different types; nj: the number of strains belonging to the jth type.  
 

E = Ne/N 
E: the index of epidemiologic concordance; Ne: the number of strains assigned to 
epidemic clones; N: the number of strains tested from well-defined outbreaks. 
 
             An ideal subtyping method should have 100% typeability and 100% 

reproducibility so that it is applicable to all bacterial isolates and the subtyping results are 

repeatable within the same laboratory and between different laboratories.  Discriminatory 

power and epidemiologic concordance are the most important performance criteria for 

evaluating a subtyping scheme.  High discriminatory power is often desired for a 

subtyping method to separate outbreak-unrelated strains during epidemiological 
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investigations.  However, a subtyping method should also possess high epidemiologic 

concordance to correctly cluster all outbreak-related strains and separate them from 

outbreak-unrelated strains.  In the past, efforts were solely focused on achieving high 

discriminatory power.  Now it is generally accepted that a subtyping method should yield 

both high discriminatory power and high epidemiologic concordance.  In addition to 

those performance criteria discussed above, there are other criteria related to practical 

concerns, such as low cost, high throughput, high portability, and ease of use.      

2.2.2. Methods for subtyping E. coli O157:H7 during epidemiological investigations 

       Molecular subtyping methods can be categorized into two broad groups, phenotypic 

methods and genotypic methods. 

2.2.2.1 Phenotypic methods 

       Before the advent of genotypic approaches, phenotypic methods were the only tools 

for discriminating E. coli O157:H7 strains.  Such methods utilize phenotypic differences.   

       Phage typing was one of the first phenotypic subtyping schemes.  In this scheme, a 

panel of bacteriophages is used to infect bacteria and the patterns of lysis are used to 

discriminate bacterial strains.  This method was useful for characterizing E. coli O157:H7 

when our knowledge of bacterial genetics was limited.  However, phage typing suffers 

from several disadvantages.  First, it is a tedious protocol that is not amenable to high-

throughput.  Typically, a panel of 16 different bacteriophages (5, 47, 75) was used to 

characterize one strain, which would be a huge amount of work if the number of strains is 

large.  Second, the interpretation of the lysis patterns is subjective and discrepancies may 

arise.  As seen in the study of Khakhria et al. (75), the lysis patterns were qualitative 
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rather than quantitative.  For example, “++” was given to 21 - 70 plaques whereas “+” 

was assigned to 5 - 20 plaques.  However, it was difficult to claim a pattern with 21 

plaques was truly different from that with 20 plaques.  Third, the typeability of phage 

typing sometimes is less than 100%, as some strains are resistant to the phage panel used 

(54, 75).  Lastly, phage typing possesses low discriminatory power for subtyping E. coli 

O157:H7 during epidemiological investigations.  Khakhria et al. (75) used a panel of 16 

phages and distinguished only 62 phage types among 3,273 O157 isolates.  Moreover, 

only 13 phage types were identified among 556 E. coli O157:H7 isolates representing 

151 outbreaks.   

2.2.2.2 Genotypic methods 

       In contrast to phenotypic methods, genotypic subtyping approaches target genetic 

differences in bacteria.  They are more discriminatory, more cost- and time-effective, and 

generally show better reproducibility.  All these advantages render genotypic methods 

more suitable for subtyping E. coli O157:H7.  Moreover, the advancements in bacterial 

genomics and DNA sequencing techniques have enhanced genotypic subtyping of E. coli 

O157:H7.  Genotypic methods can be further classified into two subgroups, DNA-

pattern-based and DNA-sequence-based methods.       

2.2.2.2.1 DNA-pattern-based methods 

       A number of DNA-pattern-based approaches have been reported for E. coli O157:H7 

and they are PFGE, randomly amplified polymorphic DNA (RAPD), amplified fragment 

length polymorphism (AFLP) and MLVA. 
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       PFGE is currently the gold standard approach for subtyping E. coli O157:H7.  It was 

originally described by Schwartz and Cantor (118) in 1984 as a method to separate large 

DNA fragments of yeast up to 2000 kb.  The first step in PFGE is to digest bacterial 

genomic DNA with a rare-cutting endonuclease that cuts the genomic DNA at specific 

restriction sites.  In order to avoid mechanical shearing of the genomic DNA, bacterial 

cells are first immobilized in agarose plugs, cells are subsequently lysed, and the genomic 

DNA is digested by the rare-cutting restriction endonuclease.  Next, the agarose slices 

containing the digested genomic DNA are put into wells of an agarose gel.  The gel is 

subsequently subjected to an electrical field whose orientation is changed periodically to 

separate large DNA fragments that normally cannot be resolved by a constant 

unidirectional electrical field.  PFGE possesses high discriminatory power to allow 

separation of E. coli O157:H7 strains that are indistinguishable by other subtyping 

methods (48, 57, 78), and has been widely used to investigate E. coli O157:H7 outbreaks 

(6, 52, 66, 71).  However, several studies reported problems associated with PFGE.  First, 

the typeability of PFGE sometimes is less than 100%.  Johnson et al. (66) showed that not 

all E. coli O157:H7 strains could be subtyped by PFGE due to the repeated degradation 

of genomic DNA.  Meng et al. (94) also reported that the PFGE profile of one E. coli 

O157:H7 strain was a repeated smear of degraded genomic DNA possibly due to the 

activity of endogenous nuclease.  Second, PFGE banding patterns may not be stable and 

thus the results are sometimes difficult to interpret.  Shima et al. (120) showed that the 

PFGE banding patterns of E. coli O157:H7 changed by 1 - 8 bands after repeated 

subculture and prolonged storage.  Iguchi et al. (64) also showed that the PFGE banding 

patterns of E. coli O157:H7 changed by 1 - 5 fragments after subculturing  for 50 times.  
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The instability of DNA banding patterns makes it sometimes difficult to correctly 

interpret PFGE results.  Since a single nucleotide mutation may cause up to three changes 

in a PFGE banding pattern, Goering (50) proposed that isolates showing differences of 

less than 4 bands should be considered as the same strain.  On the contrary, Barrett et al. 

(5) suggested that for highly clonal bacteria, such as E. coli O157:H7, a difference in 

more than one PFGE band may be indicative of different strains, although they also 

suggested that it might not be reliable to classify strains as related or unrelated by a single 

band difference.  To resolve this discrepancy and to provide general guidelines for 

interpreting PFGE banding patterns, Tenover et al. (128) proposed the following 

suggestions: strains showing no fragment differences with the outbreak strain are part of 

the outbreak (Indistinguishable); strains showing 1 fragment difference with the outbreak 

strain are probably part of the outbreak (Closely related); strains showing 2-fragment 

differences with the outbreak strain are possibly part of the outbreak (Possibly related); 

and strains showing more than 3-fragment differences with the outbreak strain are not 

part of the outbreak (Unrelated).  However, analysis of PFGE results cannot be 

completely objective even with these guidelines, and different researchers may have 

different interpretations of the same results, which would complicate the epidemiological 

investigations of E. coli O157:H7.  Lastly, while PFGE may be useful in revealing a 

relatively short evolutionary history of E. coli O157:H7, i.e. outbreak investigation, it 

may not serve as a useful tool for inferring the long-term evolutionary history of E. coli 

O157:H7.  PFGE targets quickly evolving genetic events, such as insertions, deletions 

and inversions that are not good markers for revealing the long-term evolutionary history 

of E. coli O157:H7.  As reported by Shima et al. (120) and Iguchi et al. (64), PFGE 
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banding patterns may change even during laboratory transfers.  Moreover, Laing et al. 

(81) showed that PFGE failed to group E. coli O157:H7 strains by known lineages.  To 

sum up, PFGE is a subtyping scheme of high discriminatory power, however, it suffers 

from several drawbacks that limit its performance for epidemiological investigations of E. 

coli O157:H7.  

       RAPD is a pattern-based subtyping method, which was first described by Williams et 

al. (139) and Welsh et al. (137).  In RAPD, arbitrary primers that are usually 10 

nucleotides in length are used.  These primers anneal to multiple sites of the bacterial 

genome, and the genomic diversity of bacterial strains is reflected as the different DNA 

banding patterns.  RAPD is a relatively simple and rapid subtyping method.  Its 

reproducibility is promising (9), although the stability of RAPD patterns has not been 

examined for long-term subculturing of E. coli O157:H7.  Birch et al. (9) demonstrated  

that the discriminatory power of RAPD was higher than phage typing, as O157 strains 

from the same phage type possessed different RAPD profiles.  Later in 1998, Katsuda et 

al. (70) used RAPD to characterize a total of 102 E. coli O157:H7 strains from cattle and 

they identified only 4 RAPD profiles.  Their results indicated the discriminatory power of 

RAPD might not be satisfactory for epidemiological investigations of E. coli O157:H7.  

In 1999, Funamori et al. (48) compared RAPD with PFGE, the current gold standard 

subtyping method for E. coli O157:H7.  They found that PFGE was more discriminatory 

than RAPD as strains belonging to the same RAPD profile were distinguishable by PFGE.  

Moreover, this study also showed RAPD could not separate outbreak-unrelated E. coli 

O157:H7 strains.  All of the above suggested that RAPD might not be useful for 

subtyping E. coli O157:H7 during epidemiological investigations.  Lastly, RAPD 
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banding patterns are sometimes ambiguous as smears and tilted bands were observed (9), 

although Birch et al. (9) claimed that the computer-aided gel analysis might reduce the 

subjectivity of pattern analysis.   

       AFLP is another DNA-pattern-based method.  Zabeau and Vos (142) originally 

described this scheme in 1993.  In AFLP, purified genomic DNA is digested with 

restriction enzymes and the digested DNA fragments are ligated to adaptors that are 

specific to each restriction enzyme used.  Next, the restriction fragments ligated with 

specific adaptors are amplified using PCR primers that are complementary to the adaptors.  

Then, the PCR amplicons are separated by gel electrophoresis and the banding patterns 

are used to differentiate bacterial strains.  AFLP is a relatively simple and fast approach 

and its reproducibility seems better than PFGE.  Shima et al. (120) showed that the 

banding patterns of AFLP did not change after repeated subculturing and prolonged 

storage, whereas those of PFGE changed by 1 - 8 bands.  The discriminatory power of 

AFLP varies with the number of primer combinations used.  Heir et al. (57) applied both 

AFLP and PFGE to characterize a set of 82 O157 strains.  They identified 24 AFLP 

profiles using one primer combination compared with 51 PFGE patterns.  Therefore, 

PFGE seems more discriminatory than AFLP with only one primer combination.  

However, Zhao et al. (144) found that AFLP with three primer combinations was more 

discriminatory than PFGE as 37 AFLP profiles were identified among 48 E. coli 

O157:H7 strains, whereas 21 PFGE patterns were observed.  Moreover, E. coli O157:H7 

strains indistinguishable by PFGE were resolved by AFLP.  Later, Tsai et al. (130) used 

two primer combinations in AFLP and found that AFLP possessed slightly lower 

discriminatory power than that of PFGE, as 26 AFLP profiles were observed in 36 E. coli 
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O157:H7 strains compared with 29 PFGE profiles.  However, it is worth mentioning that 

in this study AFLP sometimes could resolve E. coli O157:H7 strains indistinguishable by 

PFGE and vice versa.  This indicates that a combination of AFLP and PFGE could 

achieve higher discriminatory power than each method alone.  However, caution should 

be taken as extremely high discriminatory power could result in low epidemiologic 

concordance.  Additionally, the banding patterns of AFLP, like those of PFGE and RAPD 

are sometimes ambiguous as smears and tilted bands were observed (144).    

       MLVA, another pattern-based subtyping method recently started gaining popularity 

and was referred as the “second generation subtyping”  scheme for E. coli O157:H7 (63).  

MLVA targets tandem duplications of short DNA sequences within bacterial genomes.  

MLVA possesses high discriminatory power for subtyping E. coli O157:H7.  Noller et al. 

(98) reported an MLVA scheme that achieved equal epidemiologic concordance to and 

higher discriminatory power than PFGE for subtyping E. coli O157:H7.  Later, Lindstedt 

et al. (83) proposed an automated MLVA scheme using capillary electrophoresis and 

fluorescent-labeled primers.  They further improved this scheme by using multiple dyes 

and multiplex PCR to make MLVA a time-effective and high-throughput approach for E. 

coli O157:H7 (84).  Hyytia-Trees et al. (63) in 2006 also presented an MLVA scheme by 

targeting 9 variable number tandem repeat loci and showed that this scheme possessed 

equal discriminatory power to PFGE for subtyping E. coli O157:H7.  Additionally, 

MLVA is a less labor-intensive and less time-consuming protocol than PFGE.  Moreover, 

the potential of automation and high-throughput makes MLVA an attractive alternative 

subtyping scheme for E. coli O157:H7.  However, Noller et al. (98) noticed that E. coli 

O157:H7 strains from the same outbreak contained different MLVA genotypes, which 
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indicated that MLVA patterns may not be stable during an outbreak.  Later, Noller et al. 

(99) found that MLVA markers even changed during laboratory transfers and one locus 

(TR2) was a hot spot of mutation.  Therefore, difficulty may arise in interpreting the 

relatedness between strains having slightly different MLVA genotypes.  Unlike PFGE for 

which general guidelines have been proposed for interpreting PFGE banding results, no 

such guidelines are currently available for MLVA, which probably limits its application 

to subtyping other bacterial pathogens.  To conclude, while MLVA may not replace 

PFGE as the next gold standard subtyping method, it is clear that it can serve as a useful 

complement to PFGE in epidemiological investigations of E. coli O157:H7.  This trend 

was reflected in the work of Cooley et al. (39), who used an MLVA scheme alongside 

PFGE to investigate the transmission and prevalence of E. coli O157:H7 in a produce 

production region in California.  They found that E. coli O157:H7 with the same MLVA 

genotypes were isolated from different locations surrounding the produce production 

region (Farm A).  This indicated that E. coli O157:H7 was widely transmitted and 

disseminated into the environment and contamination due to this pathogen was quite 

prevalent.  They also suggested that E. coli O157:H7 could persist in the environment for 

long periods of time, as isolates with the same MLVA genotype were isolated over 

several months.  However, it should be kept in mind that in this study some E. coli 

O157:H7 isolates with an identical MLVA genotype were distinguishable by PFGE, 

which implies E. coli O157:H7 isolates with an identical MLVA genotype might not 

actually be the same strain.        
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2.2.2.2.2 DNA-sequence-based methods   

        MLST is a sequence-based subtyping scheme that generates unambiguous DNA 

sequence results.  It was first described by Maiden et al. (88) in 1998.  In the original 

MLST scheme for Neisseria meningitidis, several housekeeping genes were targeted and 

sequenced.  DNA sequence variations termed SNPs are identified to discriminate 

bacterial strains.  MLST markers are usually distributed evenly within the genome to 

avoid the confounding impacts of horizontal gene transfer.  Moreover, MLST gene 

markers are usually several hundred base pairs in length to facilitate automated Sanger 

sequencing.  Compared with PFGE, MLST is a less labor-intensive and time-consuming 

protocol.  MLST involves simple and common techniques, such as primer design, PCR 

amplification and DNA sequencing, none of which require much expert techniques and 

take much time.  Additionally, MLST has the potential to be adapted to a high-throughput 

SNP-based approach.  Manning et al. (89) incorporated 96 SNP loci in their subtyping 

scheme for E. coli O157:H7.  Instead of sequencing the full length of gene markers 

possessing the 96 SNP loci, they applied real-time PCR to directly target these SNP loci.  

They identified 39 SNP genotypes among 528 O157 isolates and grouped these 39 SNP 

genotypes into 9 distinct clades.  Moreover, the biggest advantage of MLST over PFGE 

and MLVA is that it generates unambiguous DNA sequence data, and therefore the 

interpretation of MLST results can be completely objective.  As discussed above, due to 

the instability of banding patterns, the generation of smears and tilted fragments, the 

analysis of PFGE results can be subjective.  Specific guidelines have been proposed to 

interpret the relatedness between test strains and outbreak strains (128), however, these 

guidelines are ambiguous themselves as the words “possibly” and “probably” do not have 
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specific meanings.  In contrast, the DNA sequences generated by MLST are clear and 

unambiguous.  No guidelines are required to interpret MLST results and thus 

discrepancies can be avoided.   

       However, due to the lack of sequence variation in selected gene markers, no 

satisfactory MLST approaches have been reported for subtyping E. coli O157:H7 during 

epidemiological investigations.  For example, Noller et al. (100) targeted 7 housekeeping 

genes (arcA, aroE, dnaE, mdh, gnd, gapA, and pgm) and 2 membrane protein genes 

(ompA and espA) in their MLST scheme to subtype a total of 77 E. coli O157:H7 isolates.  

The only sequence variations identified were 2 SNPs in ompA, found in 5 E. coli 

O157:H7 isolates.  In another study, Foley et al. (45) chose 1 housekeeping gene (uidA) 

and 3 virulence genes as their targets (eaeA, hlyA, and fliC) and examined 92 E. coli 

O157:H7 isolates from various sources.  They found only 5 MLST types among the 92 E. 

coli O157:H7 isolates, compared with 72 distinct profiles by PFGE.  Therefore, it 

becomes imperative to find gene markers that yield sufficient DNA sequence variations 

in order to develop an MLST scheme for subtyping E. coli O157:H7.   

       To conclude, although the advantages inherent in DNA-sequence-based methods 

render MLST an attractive subtyping approach for E. coli O157:H7, the remarkable lack 

of sequence variation among selected gene markers hinders the effectiveness of MLST 

for subtyping this pathogen.  Therefore, in order to develop an MLST scheme for 

subtyping E. coli O157:H7 during epidemiological investigations, gene markers that yield 

sufficient DNA sequence variations need to be identified.    
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2.3 Rearrangement hot spot (rhs) elements 

       The lack of DNA sequence variation among housekeeping genes, virulence genes 

and genes encoding outer membrane genes observed by Noller et al. (100) and Foley et al. 

(45) can be explained by two possibilities.  First, E. coli O157:H7 is thought to have 

emerged as a pathogen relatively recently, and sufficient time may not have passed for 

SNPs to accumulate to the level necessary for MLST to be effective.  Second, gene 

markers used in these previous studies may not be under strong enough positive selective 

pressure and therefore allelic variants are not selected for at an appreciable rate for these 

gene markers to be useful in revealing the short-term evolutionary history of E. coli 

O157:H7.  

       Therefore, genes under strong positive selection may be candidate markers in an 

MLST scheme for subtyping E. coli O157:H7.  Peterson et al. (108) used a comparative 

genomics approach to identify genes under strong positive selection within genomes of E. 

coli and Shigella flexneri.  They found a number of genes that are under strong positive 

selection, such as eaeH, the gene responsible for the A/E phenotype, ompA, the gene 

encoding an outer membrane protein, and rzpR, the gene encoding a putative Rac 

prophage endopeptidase.  Among these genes, rearrangement hot spot (rhs) genes are 

predicted to be under the strongest positive selection of all the coding sequences analyzed 

within the E. coli genome.  Therefore, rhs genes are evolving more rapidly and 

accordingly they may yield sufficient DNA sequence variations that can allow an MLST 

scheme to separate E. coli O157:H7 strains.     
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         The rhs elements were first described by Lin et al. (82) in E. coli strain K-12.  K-12 

has 5 rhs elements designated rhsA, B, C, D, and E.  The prototypical rhs element 

consists of three open reading frames (ORFs), the Val-Gly dipeptide repetition (vgr) ORF, 

the rhs core ORF and the downstream (ds) ORF (Fig. 2.1).  The rhs core ORF (named as 

rhs genes in the present study) is the most conserved component, while the vgr ORF is 

not conserved in all rhs elements (59).  The prototypical E. coli O157:H7 strain Sakai has 

9 rhs genes within its genome (56).  The nine rhs genes are designated as rhsA, C, D, E, 

F, G, I, J and K.  A high level of sequence homology is observed in rhs genes.  For 

example, rhsA, C and F share a homologous region of ca. 3.7 kb.  While the functions of 

rhs genes are still largely unknown, several studies shed light on this puzzle.  One study 

by Hill et al. (61) predicted that rhs genes encode extracellular proteins based upon their 

primary sequences, however, no experimental evidence was reported to support this 

claim.  Another study suggested RhsA might promote the intestinal colonization of E. 

coli in calves (132) and the biogenesis of group 2 capsules (92).  Allen et al. (3) showed a 

possible role of RhsB and RhsD in increasing the resistance of E. coli to the biocide 

polyhexamethylene biguanide (PHMB).  All of these together indicate that Rhs proteins 

might promote survival of E. coli during intestinal transit in some undefined manner, and 

that their extracellular nature might result in a strong positive selective pressure exerted 

by the host’s immune system.   
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FIGURE 2.1  A prototypical rhs element (60).  The rhs core with a GC content of ca. 
62% and a length of ca. 3.7 kb is the most conserved component.  The Val-Gly dipeptide 
repetition (vgr) open reading frame (ORF), with a GC content of ca. 55% is linked to the 
5’ end of the core.  The vgr ORF is not conserved in all rhs elements.  A mosaic segment 
comprising the core extension (core-ext), downstream (ds) element and core fragment is 
adjacent to the 3’ end of the core.      

        

2.4 Conclusions 

       E. coli O157:H7 is a deadly foodborne pathogen.  In order to limit outbreaks caused 

by this pathogen, it is imperative to identify its sources and routes of transmission.  

Molecular subtyping methods are powerful tools for accomplishing this.  Many subtyping 

schemes, such as PFGE, MLVA, RAPD and AFLP, have been developed for subtyping E. 

coli O157:H7, however, each method has its own pros and cons.  PFGE serves as the 

current gold standard largely due to its high discriminatory power.  However, PFGE, 

along with some other DNA-pattern-based subtyping schemes, such as MLVA, generates 

ambiguous data that are difficult to interpret.  Although guidelines are available to help 

interpret PFGE results, discrepancies cannot be avoided.  In contrast, DNA-sequence-

based subtyping approaches, such as MLST, generate unambiguous data that can be 

interpreted without discrepancy.  Moreover, the potential of being a high-throughput 

method also makes MLST an attractive subtyping scheme for E. coli O157:H7.  However, 
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previous attempts at developing MLST schemes for E. coli O157:H7 were not successful 

as housekeeping genes, virulence genes and genes encoding outer membrane proteins 

lacked sufficient sequence diversity.  To search for gene markers that yield sufficient 

DNA sequence variations for MLST of E. coli O157:H7, I targeted rhs genes, which are 

predicted to be under the strongest positive selection of genes analyzed within the E. coli 

genome.  I speculated that rhs genes are evolving more rapidly than housekeeping genes 

and virulence genes, and thus may generate sufficient DNA sequence variation to permit 

MLST of E. coli O157:H7.  
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3.1 Abstract 
 
       Escherichia coli O157:H7 is an important foodborne pathogen, notorious for its low 

infectious dose and its capacity to cause severe diseases such as hemorrhagic colitis and 

hemolytic uremic syndrome.  Molecular subtyping methods are powerful tools for 

microbial source tracking during outbreaks.  Pulsed-field gel electrophoresis is currently 

the “gold standard” molecular method for subtyping E. coli O157:H7, however a 

sequence-based scheme such as multilocus sequence typing (MLST) would provide a 

more rapid, cost-effective and portable method.  Previous publications reported that 

strains of E. coli O157:H7 are highly clonal, with little sequence variation found between 

strains.  This hindered the development of an effective MLST scheme for subtyping E. 

coli O157:H7.  In this study, several rhs genes were targeted, which were recently shown 

to be under the strongest positive selection of genes encoded within the E. coli genome.  

Eighteen E. coli O157:H7 strains from Lineage I and II, and 15 E. coli strains from 8 

clades were included.  Examination of these rhs genes revealed 44 polymorphic loci (PL) 

and 10 sequence types (STs) among the 18 lineage-strains, and 280 PL and 12 STs among 

the 15 clade-strains.  Phylogenetic analysis using rhs genes generally agreed with the 

Lineage I and II classification defined previously.  This study also showed E. coli 

O157:H7 strains from Clade 8 fall into Lineage I/II.  Additionally, unique markers were 

found in rhsA and rhsJ that might be used to define Clade 8 and Clade 6.  Therefore, rhs 

genes may be useful in discriminating strains and determining the phylogeny of E. coli 

O157:H7. 
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3.2 Introduction 

Escherichia coli O157:H7 was first described in 1983 as the causative agent of a 

foodborne outbreak attributed to contaminated ground beef patties (35), and it has 

subsequently emerged as a very important foodborne pathogen.  On average, an estimated 

74,000 illnesses (30) and 17 outbreaks (34) are attributable to E. coli O157:H7 each year 

in the United States.  E. coli O157:H7 has a low infectious dose, with previous research 

suggesting that ingestion of only 10 cells may cause illness (40, 43).   Diseases caused by 

E. coli O157:H7, such as hemorrhagic colitis and hemolytic uremic syndrome can be 

very severe or even life-threatening. 

       Cattle are believed to be the main reservoir for E. coli O157:H7 (4, 14, 42), although 

other animals may also carry this organism (6, 20).  Outbreaks may occur when foods 

such as ground beef patties and fresh produce come in contact with fecal material or 

contaminated animal hides (11, 20).  In order to limit ongoing outbreaks and prevent 

future outbreaks, it is imperative to identify the sources of E. coli O157:H7 and its routes 

of transmission throughout the food system. 

       Molecular subtyping methods combined with traditional epidemiological approaches 

are powerful tools for identifying sources and routes of transmission of foodborne 

pathogens.  An ideal molecular subtyping method should be time- and cost-effective, and 

should also produce data that are easy to interpret and compare between different 

laboratories.  Most importantly, such methods should also possess high discriminatory 

power (i.e. able to separate unrelated strains) and high epidemiologic concordance (i.e. 

able to group related strains together) (17).  Several approaches exist for subtyping E. coli 

O157:H7, such as bacteriophage typing (1), amplified fragment length polymorphism 
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(AFLP) (19), multiple-locus variable-number tandem repeats analysis (MLVA) (26), and 

pulsed-field gel electrophoresis (PFGE) (7).  Among these methods, PFGE, a DNA-

pattern-based method, is currently the “gold standard” approach widely used by public 

health laboratories.  PFGE possesses high discriminatory power.  It is generally 

applicable to all bacteria and it requires little knowledge of genome composition.  

However, PFGE suffers from several drawbacks.  First, it is a labor intensive protocol 

that requires expert technical skill (17).  Second, PFGE sometimes generates ambiguous 

banding patterns which are difficult to interpret, especially when a large number of 

isolates are studied on the same gel (24).  Third, PFGE banding patterns are not easily 

comparable between laboratories (17).  Fourth, PFGE banding patterns may change 

during laboratory transfer (18).  Lastly, PFGE may not be suitable for phylogenetic 

analysis (23).  The ability of a subtyping method to determine phylogenic relatedness is 

important, as not all members of the E. coli O157:H7 serotype are equally pathogenic to 

humans.  For example, Kim et al. (21) and Zhang et al. (47) identified 3 lineages of E. 

coli O157:H7 designated Lineage I, Lineage II and Lineage I/II.  Lineage I is suggested 

to be more virulent to humans (5, 21).  More recently, Manning et al. (28) identified 9 

genetically distinct clades of E. coli O157:H7, and proposed that Clade 8 represents a 

highly virulent group of E. coli O157:H7.  

Multilocus sequence typing (MLST) is a subtyping method that discriminates between 

strains of a bacterial species by identifying DNA sequence differences in 6 - 8 targeted 

genes.  MLST has several advantages for subtyping bacterial pathogens when compared 

to PFGE.  For example, it is less labor intensive and generates unambiguous DNA 

sequence data that can be easily compared between laboratories.  Furthermore, MLST is 
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suitable for phylogenetic analysis of bacterial pathogens, such as E. coli O157:H7 (28).  

Satisfactory MLST schemes exist for other bacterial pathogens (27, 45), however due to 

the lack of sequence variations in previously targeted gene markers (13, 32), no 

successful MLST approaches are reported for subtyping E. coli O157:H7 in 

epidemiological investigations.  For example, Noller et al. (32) and Foley et al. (13) 

found a lack of sequence diversity among housekeeping genes and genes encoding outer 

membrane proteins and virulence factors in E. coli O157:H7 strains.  These two studies 

also indicated that housekeeping genes and virulence genes may not be useful for 

revealing the short-term evolution of E. coli O157:H7 during outbreaks.  Afterwards, 

Zhang et al. (46) used microarray-based whole genome scanning to investigate the extent 

to which single nucleotide polymorphisms (SNPs) contribute to the genomic diversity of 

E. coli O157:H7.  They identified 906 SNPs among 11 E. coli O157:H7 strains, although 

56% of these SNPs were found exclusively in two atypical O157 strains.  Later Manning 

et al. (28) expanded on this work and developed a subtyping scheme based upon the 

interrogation of 96 putative SNP loci in 83 O157 genes.  This approach was more 

discriminatory than previous MLST schemes and separated 528 O157 strains into 39 

distinct SNP genotypes.  However, a simpler approach that targets a few informative gene 

markers would be more feasible and applicable for rapid strain discrimination and 

phylogenetic determination in epidemiological investigations.  

       Therefore, we were interested in screening genomes of E. coli O157:H7 for these 

informative markers to develop an MLST scheme.  A recent analysis of E. coli genomes 

predicted that rearrangement hot spot (rhs) genes are under the strongest positive 

selection of all coding sequences analyzed (33).  Therefore, we hypothesized that these 
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genes would display significant sequence variations for subtyping O157 strains.  The rhs 

genes are related by DNA sequence and were first discovered as elements mediating 

tandem duplication of the glyS locus in E. coli K-12 (25).  The function(s) of these genes 

are currently unknown.  E. coli O157:H7 strains may have multiple rhs genes encoded 

within their genomes.  For example, there are 9 rhs genes within the genome of the 

prototypical E. coli O157:H7 strain Sakai and these genes are designated rhsA, C, D, E, F, 

G, I, J and K (Table 3.1) (15).  Three of these 9 rhs genes, rhsF, J and K were previously 

studied by Zhang et al. (46), and a number of SNPs were identified among these 3 genes.  

However no studies have been conducted to comprehensively investigate rhs genes as 

markers in an MLST scheme for subtyping E. coli O157:H7.  

       The primary purpose of the present study was to investigate whether there are 

sufficient DNA sequence variations among rhs genes to develop an MLST approach for 

subtyping E. coli O157:H7.  In this study, a greater level of DNA sequence variations was 

observed among rhs genes than in gene markers targeted in previous studies (13, 32).  

Furthermore, phylogenetic analysis using these rhs genes generally agreed with the 

lineage classification of E. coli O157:H7 strains defined by a previous study (21).  The 

present study also reports for the first time evidence that E. coli O157:H7 strains from 

Clade 8 are classified as Lineage I/II, which is a different lineage from well-studied E. 

coli O157:H7 outbreak strains such as EDL933 and Sakai.  Therefore, we suggest that 

outbreaks of E. coli O157:H7 are caused by two lineages of this pathogen - Lineage I and 

Lineage I/II.    
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3.3 Materials and methods 

       Bacterial strains.  All E. coli O157:H7 strains used in this study are listed in Table 

3.2.  Bacterial strains were stored at -80°C in 10% glycerol.  When needed, strains were 

streaked directly onto Sorbitol MacConkey agar (SMAC) plates made of Difco 

MacConkey Agar Base (Becton, Dickinson and Company, Sparks, MD) supplemented to 

1% (w/v) D-Sorbitol (Alfa Aesar, Ward Hill, MA) and incubated at 37°C overnight.  

       In silico comparison of E. coli O157:H7 rhs genes.  DNA sequences for rhs genes 

were obtained from whole genome shotgun (WGS) sequences of 14 E. coli O157:H7 

strains deposited in the National Center for Biotechnology Information (NCBI) website 

(www.ncbi.nlm.nih.gov).  These strains are EC4024 (accession number ABJT00000000), 

EC4042 (accession number ABHM00000000), EC4045 (accession number 

ABHL00000000), EC4076 (accession number ABHQ00000000), EC4113 (accession 

number ABHP00000000), EC4115 (accession number CP001164), EC4196 (accession 

number ABHO00000000), EC4206 (accession number ABHK00000000), EC4401 

(accession number ABHR00000000), EC4486 (accession number ABHS00000000), 

EC4501 (accession number ABHT00000000), EC508 (accession number 

ABHW00000000), EC869 (accession number ABHU00000000), and Sakai (accession 

number BA000007) (15, 22).  At the time of manuscript preparation, these genomes were 

at various stages of assembly, and consisted of between one and several hundred contigs.  

The DNA sequences of the 9 rhs genes from E. coli O157:H7 strain Sakai were extracted 

using Artemis (Version 9.0) (37).  The Basic Local Alignment Search Tool (3) was used 

to identify the corresponding rhs gene within each of the whole shotgun sequences.  We 

excluded rhsG from the search as complete sequences of rhsG were not found in all WGS 
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sequences at that time.  Since rhs genes share a high level of sequence identity to one 

another, each contig encoding an rhs gene was aligned against the Sakai genome using 

the Artemis Comparison Tool (Version 6.0) (8) to assure each gene was given the correct 

letter designation based upon its location within the genome.  The rhs genes of the 14 

strains were aligned using the Seqman program of the Lasergene software package 

(DNAStar, Madison, WI). 

       Amplification of rhs genes.  Primers for amplifying and sequencing rhs genes were 

designed based upon the E. coli O157:H7 strain Sakai genome using Primer 3.0 

(http://frodo.wi.mit.edu/).  PCR templates were prepared by resuspending one colony 

from SMAC plates in 20 µl sterile distilled water.  PCR reactions contained 1.0 - 1.5 µl of 

this cell suspension as template.  Buffer, nucleotides, primer, and Taq polymerase (New 

England Biolabs, Ipswich, MA) concentrations recommended by the manufacturer were 

used.  Primers and cycling conditions are listed in Table 3.3. 

       DNA Sequencing.  After PCR, products for sequencing were prepared by adding 

1/20 volume exonuclease I (10 U/µl, USB Corp. Cleveland, OH) and 1/20 volume of 

shrimp alkaline phosphatase (1 U/µl, USB Corp).  The mixture was incubated at 37°C for 

45 min to degrade the primers and unincorporated dNTPs and then at 80°C for 15 min to 

inactivate the enzymes.  Afterwards, PCR products were sent to the Nucleic Acid Facility 

Center at the Pennsylvania State University (University Park, PA) for sequencing on an 

ABI Hitachi 3730XL DNA Analyzer.  In order to obtain the full sequence of each rhs 

gene, sequencing was done with several sequencing primers whose products shared ca. 

150 bp overlap.  Sequencing primers for each rhs gene are listed in Table 3.4.  Sequences 

of rhs genes were aligned and assembled using Seqman.  Most of the length of the 
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consensus sequences reported are based upon the sequencing of one strand.  However, in 

all cases where SNPs unique to one strain were identified, or where the four color 

chromatograms did not display unambiguous sequence reads, these regions were 

sequenced again using a reverse primer to generate double-stranded reads. 

       Lineage Specific Polymorphism Assay (LSPA).  LSPA was carried out either in one 

single multiplex PCR according to Yang et al. (44) or two multiplex PCRs according to 

Ziebell et al. (48) when any of the 6 genomic markers was not amplified efficiently in one 

multiplex PCR.  Templates were prepared as described above for the amplification of rhs 

genes.  When LSPA was conducted using one single multiplex PCR, a 10 µl aliquot of 

PCR product was loaded onto a 6% polyacrylamide gel.  When LSPA was conducted 

using two multiplex PCRs, equal volumes of PCR products from both reactions were 

mixed together, and a 10 µl aliquot of this mixture was loaded onto a 6% polyacrylamide 

gel.  DNA fragments were visualized after ethidium bromide staining using an EC3 500 

BioImaging Systems (UVP, Upland, CA). 

       Phylogenetic analysis.  SNPs in the 8 rhs genes of each E. coli O157:H7 strain 

(Table 3.6) were concatenated and the parsimony informative (PI) sites (31) were used to 

construct an unrooted neighbor-joining tree (1,000 replications) using MEGA 4.0 (39).      

      Nucleotide sequence accession number.  Nucleotide sequences for rhs genes were 

deposited into GenBank under the accession numbers FJ839695 to FJ839816 and 

FJ871402 to FJ871406.    
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3.4 Results 

       In silico comparison of 8 rhs genes from 14 E. coli O157:H7 strains.  Previous 

attempts at identifying sequence variations within E. coli O157:H7 genes (13, 32) were 

initiated when only two full genome sequences were available.  The recent online release 

of whole genome shotgun (WGS) sequence data for 13 additional strains (EC4206, 

EC4045, EC4042, EC4115, EC4196, EC4113, EC4076, EC4024, EC4401, EC4486, 

EC4501, EC508 and EC869) permitted a more comprehensive screen for single 

nucleotide polymorphisms (SNPs).  While sequencing and/or assembling errors may exist 

within these WGS sequences, they still provided a powerful tool for testing hypotheses 

before sequencing a larger collection of strains.  Eight of these 13 strains are from an 

outbreak traced to contaminated spinach in California in 2006 (10) and 2 from an 

outbreak traced to contaminated lettuce from Taco Bell restaurants in 2006 (9), which  

allowed us to investigate whether rhs genes have identical sequences within strains from 

the same outbreak.  We began our study by comparing the sequences of 9 rhs genes (rhsA, 

C, D, E, F, G, I, J and K) from these 13 strains and from the full genome sequence 

previously reported for E. coli O157:H7 strain Sakai (15).  Alignment of these gene 

sequences showed that there were 51 polymorphic loci (PL) within 7 of the rhs genes 

(rhsA, C, D, E, F, I, and K) (Table 3.5).  No PL were identified in rhsJ between any of the 

strains analyzed.  Sequences of rhsG were not analyzed, as complete sequences for this 

gene were not identified in any of the 13 WGS sequenced strains.  Based upon the 

sequence variations (SNPs, insertions and deletions) 8 sequence types (STs) were evident 

among 12 strains (Table 3.5) (EC4501 and EC508 were not included in this comparison 

because complete sequences for rhsC were not found within the online database).  The 
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2006 spinach outbreak strains contained 5 STs (defined as ST-I1, -I2, -I3, -I4, and -I5), 

and the Taco-Bell strains possessed 2 STs (ST-I2 and -I6) (Table 3.5).  A few DNA 

sequence variations were observed within the same outbreak (Table 3.5), but these 

variations might be whole genome sequencing and/or assembling errors.  Strain EC869 

was ST-I7, and strain Sakai was ST-I8 (Table 3.5).  These results suggest that sequence 

variations identified within rhs genes may be useful for discriminating between strains of 

E. coli O157:H7. 

       Comparison of 8 rhs genes from 18 lineage-strains.  We next wanted to test 

whether sequence differences within rhs genes would permit discrimination between 

other strains of E. coli O157:H7.  Strains were chosen from a previously described 

collection designated USA 40 (44) from the lab of Dr. Andrew Benson at the University 

of Nebraska-Lincoln (Table 3.2).  Dr. Benson’s lab defined two phylogenetic groups of E. 

coli O157:H7 designated Lineage I and Lineage II (21), and we initially sequenced the 

full length of rhsA from 9 Lineage I and 9 Lineage II strains (Table 3.6).  SNPs identified 

with this collection of strains were found at the same nucleotide positions as the SNPs 

identified in the above in silico comparison (Table 3.5).  Therefore, instead of sequencing 

the full length of the other rhs genes from these strains, we only sequenced regions 

surrounding the SNP loci identified in Table 3.5.  Additionally, during preliminary 

sequencing of rhs genes from FDA517 and FRIK1997 (data not shown), we identified 8 

additional SNPs between nucleotide position 612 to 807 in rhsJ.  Therefore, this region of 

rhsJ was also sequenced in the remaining lineage strains.  Partial sequencing of these 8 

rhs genes revealed 44 SNP loci and 10 STs among the 18 strains analyzed (Table 3.6).  

Among Lineage II strains, 6 STs were evident: FRIK1985, FRIK2000, FRIK920, and 
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FRIK944 were ST-L1; FRIK1990, FRIK2001, NE037, FDA508, and FDA517 each 

possessed a unique ST (ST-L2, -L3, -L4, -L5 and -L6, respectively) (Table 3.6).  Among 

Lineage I strains, 4 STs were evident: 93-001, 95-003, NE018 and FRIK1986 each was 

classified as ST-L7; FDA507, FDA518 and FRIK1275 shared ST-L8; FRIK523 and 

FRIK1997 were classified as ST-L9 and ST-L10, respectively (Table 3.6).  Based upon 

our findings, we suggest rhs genes have sufficient sequence variations to distinguish 

between many members of this strain collection. 

       Phylogenetic analysis of lineage strains using 8 rhs genes.  A phylogenetic tree 

based upon the parsimony informative sites in Table 3.6 was constructed (Fig. 3.1).  Two 

distinct groups were identified, with all Lineage I strains and the 3 Lineage II strains of 

human origin (NE037, FDA508 and FDA517) in Group 1, and with the remaining 6 

Lineage II strains, all of bovine origin, in Group 2.  As NE037, FDA508 and FDA517 

were more closely related to Lineage I than to Lineage II, a previously published assay 

designated lineage specific polymorphism assay (LSPA) (44) was conducted to further 

characterize these 18 strains (Table 3.8).  The LSPA classifies strains of E. coli O157:H7 

based upon the amplicon size obtained from PCR amplification of six genomic loci 

(folD-sfmA, Z5395, yhcG, rtcB, rbsB, and iclR-arp).  Generally one or two amplicon sizes 

are observed, and strains are classified into LSPA genotypes by a six-digit binary 

designation.  Our LSPA results showed that the 9 Lineage I strains were all LSPA 

genotype 111111, and the 6 Lineage II strains of cattle origin were LSPA genotype 

222222 (FRIK944, FRIK920, FRIK2000 and FRIK1990), 222221 (FRIK1985), and 

222211 (FRIK2001) (Table 3.8).  The 3 Lineage II strains of human origin were classified 

as LSPA genotype 211111 (FDA508 and FDA517) and as LSPA genotype 211131 
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(NE037) (Table 3.8).   

       Comparison of 7 rhs genes from 15 clade-strains.  Recently, Manning et al. (28) 

used a 96-locus SNP typing scheme to identify 9 phylogenetic groups of E. coli O157:H7, 

and designated these groups as Clade 1 through 9.  As sufficient DNA sequence 

variations were observed in rhs genes among lineage strains and phylogenetic analysis 

using rhs genes generally confirmed the phylogeny of the lineage strains determined 

previously (21), we next tested whether this method could be used to distinguish between 

strains from different clades.  A strain collection comprising of at least one member of 

each clade except for Clade 5 was used.  Clade 5 strains were not included, as research 

since the publication of the paper by Manning et al. (28) suggested that strains originally 

classified as Clade 5 may have been mixed cultures resulting in the distinct phylogeny 

observed (S. D. Manning, personal communication).  Seven rhs genes (rhsA, C, D, E, F, I 

and J) were targeted.  We excluded rhsK as only one SNP, found in strain FDA508 was 

identified previously (Table 3.6).  The full lengths of 7 rhs genes from 15 clade-strains 

were obtained and sequence variations are summarized in Table 3.7 (refer to 

Supplementary Tables 1 through 7 for detailed information).  Analysis of the 7 rhs genes 

revealed 12 STs among the 15 clade-strains, and these STs were designated ST-C1 

through ST-C12.  Sakai (Clade 1), TW10022 (Clade 1) and 93-111 (Clade 2) shared ST-

C1 (Table 3.7).  TW11039 and TW11052 (Clade 4) shared ST-C5 (Table 3.7).  Each of 

the remaining strains possessed a unique ST (Table 3.7).  We identified 280 PL, with rhsA, 

C, D, E, F, I, and J containing 23, 71, 60, 54, 62, 2, and 8 PL respectively (Appendix A 

Supplementary Table 1 to 7).  Therefore, sufficient DNA sequence variations were also 

observed among these clades strains, and strains that belong to the same clade may not 



63 
 

necessarily share the same rhs sequence type. 

       Interestingly, 4 unique SNPs at nucleotide positions 3468, 3478, 3479 and 3516 were 

identified in rhsA of the Clade 8 strain M1-Spinach (Appendix A Supplementary Table 1).  

These 4 SNPs were also identified by in silico comparison of E. coli O157:H7 strains 

from the spinach and Taco-Bell outbreaks (Table 3.5).  Riordan et al. (36) previously 

suggested that Clade 8 strains could be distinguished from other clade strains by the 

presence of an adenine residue at nucleotide position 539 of a hypothetical protein 

designated ECs2357.  By this method, we confirmed the spinach and Taco-Bell outbreak 

strains were Clade 8 (data not shown) using in silico analysis.  More interestingly, 

FDA508, the Lineage II strain of human origin also possessed these 4 SNPs in rhsA 

(Table 3.6) and it was classified as Clade 8 according to Riordan et al. (36) (data not 

shown).  

       E. coli O157:H7 strains from Clade 8 fall into Lineage I/II.  The correlation 

between the LSPA genotypes and lineages was first shown by Yang et al. (44), who 

classified LSPA genotype 111111 as Lineage I, and classified LSPA genotype 211111, 

212111 and 222222 as Lineage II.  These 4 LSPA genotypes comprised ca. 89% of 

isolates among a collection of 1429 strains.  Later, Zhang et al. (47) classified E. coli 

O157:H7 strains with LSPA genotype 211111 as a third lineage - Lineage I/II.  Previous 

studies showed that Lineage I and Lineage II strains are more commonly isolated from 

human and cattle, respectively (21).  However Lineage I/II strains do not appear to show 

a host preference (44).   

       We noted from our data that the rhsA sequence of strain FDA508, which is 

characterized as LSPA genotype 211111 (Table 3.8) and Clade 8 in our study, is identical 
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to that from Clade 8 strains associated with the California spinach and the Taco Bell 

outbreaks (Table 3.5, 6 and Appendix A Supplementary Table 1).  Based upon this finding, 

we hypothesized that Clade 8 strains would be LSPA genotype 211111 and would 

accordingly fall into Lineage I/II.  The 6-gene LSPA (44) showed that the Clade 8 strain 

M1-spinach was LSPA genotype 211111 (Table 3.8 and Fig. 3.2).  Furthermore, in silico 

analysis of the six LSPA alleles (folD-sfmA, Z5395, yhcG, rtcB, rbsB, and iclR-arp ) 

revealed that the 8 spinach and 2 Taco-Bell outbreak strains were also LSPA genotype 

211111 (data not shown), and these strains were determined to be Clade 8 by in silico 

analysis of ECs2357 (36) (data not shown).  Therefore, the Clade 8 strains in our study 

belong to a separate lineage (designated Lineage I/II) than other well-studied outbreak 

strains such as Sakai, EDL933 and 93-111, which are all LSPA genotype 111111.    

       Correlation of E. coli O157:H7 LSPA genotypes with clade designation.  We next 

asked whether strains from other clades are also LSPA genotype 211111.  The LSPA 

genotypes of O157 strains from other clades were determined (Table 3.8 and Fig. 3.2).  

Two major LSPA genotypes were observed, with E. coli O157:H7 strains from Clade 1, 2, 

3 and 4 possessing LSPA genotype 111111, and with strains TW09109 (Clade 6), 

TW11102 (Clade 6), and TW10245 (Clade 7) typed as LSPA genotype 211111 (Table 3.8 

and Fig. 3.2).  Strains G5101 (Clade 9), TW07763 (Clade 9) and TW01663 (Clade 7), 

each possessed a unique LSPA genotype and were classified as LSPA genotype 311111, 

212111 and 222222, respectively (Table 3.8 and Fig. 3.2).  Therefore, LSPA genotype 

211111 is not confined to Clade 8, but may also be characteristic of Clade 6 and possibly 

Clade 7 strains.  
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TABLE 3.1.  Length and GC content of rhs genes in the genome of  
E. coli O157:H7 strain Sakai 

Gene    Gene designation1 Length (bp)2  GC (%)2 
rhsA ECs4470 4230  59.0 
rhsC ECs0729 4200  59.5 
rhsD ECs0560 4197  61.1 
rhsE ECs2061 4203  61.0 
rhsF ECs4864 4185  58.5 
rhsG ECs0237 4215  61.2 
rhsI ECs0242 1761  56.6 
rhsJ ECs0603 1335  53.3 
rhsK ECs0605 4851  58.0 

 1 Gene designations for the 9 rhs genes were defined by Hayashi et al. (15). 
 2 Length and GC content of rhs genes were calculated by Artemis 9.0 (37). 
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TABLE 3.2.  E. coli O157:H7 strains analyzed in the present study 
Strain Classification1 Source2 Reference 

FRIK1985 Lineage II Dr. Andrew Benson 21 
FRIK1990 Lineage II Dr. Andrew Benson 21 
FRIK2000 Lineage II Dr. Andrew Benson 21 
FRIK2001 Lineage II Dr. Andrew Benson 21 
FRIK920 Lineage II Dr. Andrew Benson 21 
FRIK944 Lineage II Dr. Andrew Benson 21 
NE037 Lineage II Dr. Andrew Benson 21 

FDA508 Lineage II Dr. Andrew Benson 21 
FDA517 Lineage II Dr. Andrew Benson 21 
93-001 Lineage I Dr. Andrew Benson 21 
95-003 Lineage I Dr. Andrew Benson 21 

FDA507 Lineage I Dr. Andrew Benson 21 
FDA518 Lineage I Dr. Andrew Benson 21 
NE018 Lineage I Dr. Andrew Benson 21 

FRIK523 Lineage I Dr. Andrew Benson 21 
FRIK1275 Lineage I Dr. Andrew Benson 21 
FRIK1986 Lineage I Dr. Andrew Benson 21 
FRIK1997 Lineage I Dr. Andrew Benson 21 

Sakai Clade 1 Dr. Wei Zhang 15 
TW10022 Clade 1 STEC Center 28 

93-111 Clade 2 STEC Center 28 
TW11308 Clade 2 STEC Center 28 
EDL933 Clade 3 STEC Center 28 

TW11346 Clade 3 STEC Center 28 
TW11039 Clade 4 STEC Center 28 
TW11052 Clade 4 STEC Center 28 
TW09109 Clade 6 STEC Center 28 
TW11102 Clade 6 STEC Center 28 
TW10245 Clade 7 STEC Center 28 
TW01663 Clade 7 STEC Center 28 

M1-Spinach Clade 8 Dr. Wei Zhang 10 
G5101 Clade 9 STEC Center 28 

TW07763 Clade 9 STEC Center 28 
 1 Lineage designations were previously determined by octamer-based genome 
 scanning (21); Clade designations were determined by Manning et al. (28) using 
 an SNP-based approach. 
 2 STEC Center: Shiga Toxin Escherichia coli Center at Michigan State 
 University. 
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TABLE 3.3.  Forward and reverse primers and cycling conditions for the 8 rhs genes 
analyzed 

Gene  Primer sequence (5’-3’) Cycling conditions1 
rhsA Forward AGCAGACAAATAACCCGATA 95°C for 4 min, 30 cycles of 94°C for 30 s, 

50°C for 30 s, and 72°C for 7 min  Reverse GCATGCTTTCATACATCTACA 
rhsC Forward AGCAGACAAATAACCCGATA 95°C for 4 min, 30 cycles of 94°C for 30 s, 

57.2°C for 30 s, and 72°C for 7 min  Reverse TTTCGCAATCAGCTATAACA 
rhsD Forward TGCTAACACAGGGATATGAA 95°C for 4 min, 35 cycles of 94°C for 30 s, 

52.5°C for 30 s, and 72°C for 7 min  Reverse TTACGCATAAAACAACAATGA 
rhsE Forward CCTGATGAAAAGCAGGATAC 95°C for 5 min, 35 cycles of 95°C for 45 s, 

55°C for 1 min, and 72°C for 5 min  Reverse CTAGCTGGCTCTATGTCCAC 
rhsF Forward GCTAGGCTTCTGGTTCTTATT 95°C for 4 min, 30 cycles of 94°C for 30 s, 

57°C for 30 s, and 72°C for 7 min  Reverse ACAACATTGTATTGCCTTCA 
rhsI Forward GAACAAAAGAAAGAGCCAAA 95°C for 4 min, 30 cycles of 94°C for 30 s, 

58°C for 30 s, and 72°C for 3 min  Reverse CCCAAGGTAAACAACAAATAA
rhsJ Forward TGGAGATGGAAAAATAAAA 95°C for 4 min, 35 cycles of 94°C for 30 s, 

53.3°C for 15 s, and 72°C for 2.5 min  Reverse GTAAAGAAACCGAACACC 
rhsK Forward GCTGACATAAACGAGGGATA 95°C for 4 min, 30 cycles of 94°C for 30 s, 

57°C for 30 s, and 72°C for 7 min  Reverse ATATTGCCGCCTTATTGTT 
1 All reactions had a final extension at 72°C for 10 min. 
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TABLE 3.4.  Sequencing primers for the 8 rhs genes analyzed 
Gene Primer sequence (5’-3’)1 Priming sites2 
rhsA CTGCGTGGTCAGTACCAG 756 - 739 

GAAGCGGATGAGGTGCTG 580 - 597  
GGTGGTGAAAAAGGAACAC 1227 - 1245 
AAACGGGACACAGTACGAT 1836 - 1854 
GAACTCACCACCGCTTATAC 2494 - 2513 

CCACAATACAGAACGACAGA 3104 - 3123 
TAAATGTAGATCCGCAAGGT 3719 - 3738 

rhsC CTGCGTGGTCAGTACCAG 756 - 739 
GAAGCGGATGAGGTGCTG 580 - 597  

GGTGGTGAAAAAGGAACAC 1227 - 1245 
AAACGGGACACAGTACGAT 1836 - 1854 
GAACTCACCACCGCTTATAC 2494 - 2513 

CCACAATACAGAACGACAGA 3104 - 3123 
TTAAATAATGGCGGATATGG 3760 - 3779 

rhsD AAGCGGTGTGCTGTTTAC 796 - 779 
CTGACGTACAGGCGTGAG 658 - 675 
GTATGACGCGGCAGGAAG 1293 - 1310 

AGTATGGAATACGACCTTGC 1921 - 1940 
CTGAACAGCCAGGTGTATG 2569 - 2587 
AAACAGACAACGGTGAGC 3206 - 3223 

TAGGTGGGACTGATCAATTT 3872 - 3891 
rhsE TCAGCACCAGACGGAACT 748 - 731 

TGGATACTGGGGTGGTCA 550 - 567 
CTACCGCTACGACGATACC 1095 - 1113 
GTTATGAATACGACCGCTTT 1673 - 1692 
GTGCATTACGGTTATGATGA 2239 - 2258 
TATGTCTACCGACACGATGA 2830 - 2849 
GAAGAAATCCGGGCAGAC 3337 - 3354 

TTGATATTACTGGCAGTGGA 3830 - 3849 
rhsF CTGCGTGGTCAGTACCAG 756 - 739 

GTACTGACCGGGCTGGTG 622 - 639 
AGTATGAGAAAGACCGCATC 1142 - 1161 
AGGAAGGGCTGAGTCAGTA 1697 - 1715 
TACGGGTATGATGAGAAAGG 2224 - 2243 

ACAGCACCCTCAGCATGT 2753 - 2770 
AAGTGAAATCCTGGCTGAC 3309 - 3327 
TATTGGAATATTTGCATTGG 3771 - 3790 

rhsI AGGTCACCTCCGGTTTAC 646 - 629 
GAGCCGCTACCTCTATGAC 537 - 555 
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CAACCAGCTTAATGAGGAGA 1092 - 1111 
rhsJ 

 
 

rhsK 
 

TGGAGATGGAAAAATAAAA * 
GAAAATCCGCTTCACGTA 354 - 371 
GTAAAGAAACCGAACACC 
AGGACTGCTGGGAAAACT 
CCAGAAACAGAGCGGTTC 

** 
1017 - 1034 
3727 - 3744 

1 Primers used in partial sequencing of lineage strains are underlined.  The remaining 
primers were used for sequencing of the full length of rhs genes. 
2 Numbers represent the priming sites of each primer in the corresponding rhs gene of E. 
coli O157:H7 strain Sakai.  The priming site is given from the 5’ to the 3’ of each 
sequencing primer. 
*Forward primer is 5’ of the coding sequence of rhsJ. 
** Reverse primer is 3’ of the coding sequence of rhsJ. 
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TABLE 3.5.  Sequence variations (SNPs, insertions and deletions) identified by in silico comparison within 7 rhs genes among  
14 E. coli O157:H7 strains. 

1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 strain Sakai.  Identical nucleotides at each 
SNP locus are indicated by dots.  Gaps at each SNP locus are indicated by dashes. 
2 Sequences of rhsD and rhsE for strain Sakai were obtained by sequencing in this study.  Sequences of the other rhs genes for 
strain Sakai were extracted from GenBank (accession number BA000007) using Artemis (Version 9) (37).  
3 The first 101 nucleotides of rhsI from strain EC869 were missing.  
4 ST: Sequence Type.  “I” stands for in silico comparison and numbers are assigned to different sequence types.  
5 Spinach stands for the 2006 spinach E. coli O157:H7 outbreak (10).  Taco-Bell stands for the 2006 Taco-Bell E. coli O157:H7 
outbreak (9).  Taco-John stands for the 2006 Taco-John E. coli O157:H7 outbreak (12).  Sakai stands for the E. coli O157:H7 
strain Sakai (15).  
# Complete sequences of rhsC of EC4501 and EC508 were not available. 
* There is an insertion from nucleotide position 1896 to 1949 in rhsD of EC508. 

SNP loci in rhsA, C, D, E, F, I and K 
            rhsA1          rhsC       rhsD                rhsE                rhsF   rhsI     rhsK      
        0 0 1 2 3 3 3 3 3  0 0 0 0 1 2  1 1 2 2 2 2  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 1 2 3  0 0 0 0 1  1 1 1 1 4 

        0 1 7 8 4 4 4 5 8  0 1 2 2 6 8  3 8 1 2 2 3  4 4 6 6 7 7 7 7 7 8 8 8 8 9 9 9  1 7 8 6  1 1 2 2 1  1 1 1 2 1 

        1 3 2 1 6 7 7 1 6  6 5 0 1 9 1  7 9 6 0 3 0  9 9 5 7 0 2 5 7 9 1 1 1 1 3 4 5  3 2 1 7  2 3 1 4 8  2 4 5 4 7 

        8 4 0 2 8 8 9 6 0  0 3 3 9 3 2  8 6 0 6 8 0  2 9 3 0 2 6 9 7 4 0 1 5 6 5 6 8  4 0 2 2  0 3 0 8 5  9 1 8 8 2     

EC4206 

EC4024 

EC4115 

EC4113 

EC4045 

EC4042 

EC4196 

EC4076 

EC4401 

EC4486 

EC4501 

EC508 

EC8693 

Sakai2 

 

G C G T C A A G C  T C G C T C  G - A A G C  - - G G A G G G C C C C C A G C  C G T G  C T C C C  A A A – C   Spinach 

. . . . . . . . .  . . . . . .  A - . . . .  - - . . . . . . . . . . . . . .  . . . .  . . . . .  - - - C .   Spinach 

. . . . . . . . .  . . . . . .  A - . . . .  - - . . . . . . . . . . . . . .  . . . .  . . . . .  - - - C .   Spinach 

. . . . . . . . .  . . . . . .  . - . . . .  - - . . . . . . . . . . . . . .  . . . .  . . . . .  - - - C .   Spinach 

. . . . . . . . .  . . . . . .  . - . . . .  - - . . . . . . . . . . . . . .  . . . .  . . . . .  - - - C .   Spinach 

. . . . . . . . .  . . . . . .  . - . . . .  - - . . . . . . . . . . . . . .  . . . .  . . . . .  - - - C .   Spinach 

. . . . . . . . .  . . . . C .  . - . . . .  - - - - - C - - - - - - . . . .  . . . .  . . . . .  - - - C .   Spinach 

. . . . . . . . .  . . . . . .  . - . . . .  C C . . . . . . . . . . . . . .  . . . .  . . . . .  - - - C .   Spinach 

. . . . . . . . .  . . . . . .  A - . . . .  - - . . . . . . . . . . . . . .  . . . .  . . . . .  - - - C .   Taco-Bell 

. . . . . . . . .  . . . . . .  A - - - - G  - - . . . . . . . . . . . . . .  . . . .  . . . . .  - - - C .   Taco-Bell 

. T . C G G C A .  # # # # # #  A - . . . .  - - . . . . . . . . . . A . . .  T . C .  . . . . T  - - - C A   Taco-John 

. . . . . . . . .  # # # # # #  A * . . . .  - - . . . . . . . . . . A . . .  . . . A  . . . . .  - - - C .        

A . T . G G C A A  C G C T C T  A - . . . .  - - . . . . . . . . . . A G C T  . T . .  T C T T .  - - - C A        

. T . C G G C A .  . . . . C .  A - . . . .  - - . . . . . . . . . . A . . .  T . C .  . . . . T  - - - C A   Sakai 

 

I1 

I2 

I2 

I3 

I3 

I3 

I4 

I5 

I2 

I6 

NA 

NA 

I7 

I8 

Outbreak5 ST4 Strains 
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TABLE 3.6.  SNP loci identified by sequencing within 8 rhs genes among lineage strains 
                              SNP loci in rhsA, C, D, E, F, I and J 
                rhsA1             rhsC        rhsD       rhsE        rhsF     rhsI      rhsJ      rhsK 
           0 0 1 2 3 3 3 3 3   0 0 0 0 0 1 2   1 1 1 1 1 1 2 2   0 0 0 1   0 0 1 2 3   0 1   0 0 0 0 0 0 0 0   4 

           0 1 7 8 4 4 4 5 8   0 1 1 2 2 4 8   6 8 8 9 9 9 6 6   9 9 9 3   0 1 7 8 6   3 1   6 6 6 7 7 7 7 8   1            

           1 3 2 1 6 7 7 1 6   6 5 6 0 1 3 1   8 4 8 2 3 3 5 6   3 4 5 1   1 3 2 1 7   8 8   1 8 9 1 4 6 6 0   6 

           8 4 0 2 8 8 9 6 0   0 3 9 3 9 5 2   7 2 7 9 2 8 0 7   3 4 6 4   8 4 0 2 2   7 5   2 8 6 7 5 5 8 7   9  

FRIK1985 

FRIK2000 

FRIK920 

FRIK944 

FRIK1990 

FRIK2001* 

NE037 

FDA508** 

FDA517 

93-001 

95-003 

NE018 

FRIK1986 

FDA507 

FDA518 

FRIK1275 

FRIK523 

FRIK1997 

 

A C T T G G C A A   C G G C T G C   C C G A C T C C   G C T C   G C T T G    # #   A G C A T A T A   A     II     L1 

. . . . . . . . .   . . . . . . .   . . . . . . . .   . . . .   . . . . .    # #   . . . . . . . .   .     II     L1 

. . . . . . . . .   . . . . . . .   . . . . . . . .   . . . .   . . . . .    # #   . . . . . . . .   .     II     L1 

. . . . . . . . .   . . . . . . .   . . . . . . . .   . . . .   . . . . .    # #   . . . . . . . .   .     II     L1 

. . . . . . . . .   . . . . . . .   T . . . . . . .   A G C .   A . . . .    # #   . . . . . . . .   .     II     L2 

G . . . . . . . .   . . A . . . .   . . . . . . . .   . . . A   . . . . .    # #   . . . . . . . .   .     II     L3 

G . G . . . . . C   T C . G C A .   . T A G T C T T   A G C .   . . G . .    T C   G C G G C G C G   .     II     L4 

G . G . C A A G C   T C . G C . T   . . . . . . . .   A G C .   . . G . A    C C   . . . . . . . .   C     II     L5 

G . G . . . . . C   T C . G C . .   . . . . . . . .   A G C .   . . G . .    T C   G C G G C G C G   .     II     L6 

G T G C . . . . C   T C . G C . .   . . . . . . . .   A G C .   . T G C .    C T   . . . . . . . .   .     I      L7 

G T G C . . . . C   T C . G C . .   . . . . . . . .   A G C .   . T G C .    C T   . . . . . . . .   .     I      L7 

G T G C . . . . C   T C . G C . .   . . . . . . . .   A G C .   . T G C .    C T   . . . . . . . .   .     I      L7 

G T G C . . . . C   T C . G C . .   . . . . . . . .   A G C .   . T G C .    C T   . . . . . . . .   .     I      L7 

G . G C . . . . C   T C . G C . .   . . . . . . . .   A G C .   . T G C .    C T   . . . . . . . .   .     I      L8 

G . G C . . . . C   T C . G C . .   . . . . . . . .   A G C .   . T G C .    C T   . . . . . . . .   .     I      L8 

G . G C . . . . C   T C . G C . .   . . . . . . . .   A G C .   . T G C .    C T   . . . . . . . .   .     I      L8 

G . G . . . . . C   T C . G C . .   . . . . . . . .   A G C .   . T G C .    C C   . . . . . . . .   .     I      L9 

G . G C C A A . C   T C . G C . .   . . . . . . . .   A G C .   . T G C .    C T   . . . . . . . .   .     I      L10 

1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 strain Sakai.  Identical nucleotides at each 
SNP locus are indicated by dots.  
2 Lineage designations were defined by Kim et al. (21). 
3 ST: Sequence Type.  “L” stands for lineage and numbers are assigned to different sequence types. 
# Amplification of rhsI from FRIK1985, FRIK1990, FRIK2000, FRIK2001, FRIK920 and FRIK944 was not successful. 
*There is a deletion from nucleotide position 3377 to 3463 in rhsA of strain FRIK2001. 
**There is a 54-nucleotide insertion at the nucleotide position 1958 in rhsD of strain FDA508.  

 

Strains Lineage2 ST3
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TABLE 3.7.  Summary of allelic types of the 7 rhs genes for 15 clade-strains* 

Clade3 Strains Allelic types of rhs genes1 ST of strains2 
rhsA rhsC rhsD rhsE rhsF rhsI rhsJ 

1 Sakai 1 1 1 1 1 1 1 C1 
1 TW10022 1 1 1 1 1 1 1 C1 
2 93-111 1 1 1 1 1 1 1 C1 
2 TW11308 1 1 2 1 1 1 1 C2 
3 EDL933 2 1 1 1 1 1 1 C3 
3 TW11346 2 2 3 1 1 1 1 C4 
4 TW11039 3 1 1 1 2 2 1 C5 
4 TW11052 3 1 1 1 2 2 1 C5 
6 TW09109 3 1 4 1 3 3 2 C6 
6 TW11102 3 1 1 1 3 3 2 C7 
7 TW10245 4 3 1 2 4 2 1 C8 
7 TW01663 5 4 1 3 5 NA 1 C9 
8 M1-Spinach 6 5 5 4 3 2 1 C10 
9 G5101 7 6 6 5 6 2 1 C11 
9 TW07763 8 7 7 6 7 2 1 C12 

 `  1 Numbers are assigned within each rhs gene to represent different allelic types. 
   2 ST: Sequence Type.  “C” stands for clade and numbers are assigned to different sequence types.   
   3 Clades designation were determined by Manning et al. (28).   
   NA: Not Available.  Amplification of rhsI from TW01663 was not successful.  
   * Please refer to Appendix A Supplementary Table 1 to 7 for full data.  
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               Table 3.8.  Lineage specific polymorphism assay (LSPA) genotypes of E. coli      
O157:H7 strains in the present study 

Strain Classification1 LSPA genotype2 
Sakai* Clade 1 111111 

TW10022 Clade 1 111111 
93-111 Clade 2 111111 

TW11308 Clade 2 111111 
EDL933* Clade 3 111111 
TW11346 Clade 3 111111 
TW11039 Clade 4 111111 
TW11052 Clade 4 111111 
TW09109 Clade 6 211111 
TW11102 Clade 6 211111 
TW10245 Clade 7 211111 
TW01663 Clade 7 222222 

M1-Spinach Clade 8 211111 
G5101 Clade 9 311111 

TW07763 Clade 9 212111 
93-001† Lineage I 111111 
95-003† Lineage I 111111 

FDA507† Lineage I 111111 
FDA518† Lineage I 111111 
NE018 Lineage I 111111 

FRIK523 Lineage I 111111 
FRIK1275 Lineage I 111111 
FRIK1986 Lineage I 111111 
FRIK1997 Lineage I 111111 
FRIK944 Lineage II 222222 

FRIK920*† Lineage II 222222 
FRIK1990† Lineage II 222222 
FRIK2000 Lineage II 222222 
FRIK2001† Lineage II 222211 
FRIK1985† Lineage II 222221 

NE037† Lineage II 211131 
FDA508† Lineage II 211111 
FDA517 Lineage II 211111 

        1 Clade designations were defined by Manning et al. (28).  Lineage designations 
 were defined by Kim et al. (21).  
        2 LSPA: Lineage Specific Polymorphism Assay.  Six gene markers in LSPA are 
 listed in the order: folD-sfmA, Z5395, yhcG, rtcB, rbsB, and iclR-arp.  Numbers 
 are assigned for each gene marker to represent different alleles.  
       * Sakai, EDL933 and FRIK920 whose LSPA genotypes were determined by 
 Zhang et al. (47), were used as standards for LSPA genotype 111111 and LSPA 
 genotype 222222, respectively. 
       † The LSPA genotypes of these strains were determined previously by Yang et al. 
 (44), and are confirmed in the present study. 
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FIGURE 3.1  Unrooted neighbor-joining tree of 18 lineage-strains based upon the 

number of differences in parsimony informative sites among rhsA, C, D, E, F, J and 

K.  SNPs identified in each rhs gene (Table 3.6) were concatenated to represent the SNP 

sequence type for each E. coli O157:H7 strain.  Parsimony informative sites were used to 

construct the phylogenetic tree.  Since sequence information of rhsI was not available for 

all strains, rhsI was not included.  Bootstrap values (1,000 replications) above 75 are 

shown at the interior branches.  Substitutions per site are indicated by the bar at the 

bottom.  The strains marked by open circle are Lineage II strains and strains marked with 

solid circle are Lineage I strains, whose designations were defined previously by Kim et 

al. (21).  LSPA genotypes are indicated to the right of the strain designations. 
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FIGURE 3.2  Lineage Specific Polymorphism Assay (LSPA) of 14 clade-strains.  

Fourteen E. coli O157:H7 strains from 8 clades were subjected to LSPA.  The positions 

of the 6 gene markers (folD-sfmA, Z5395, yhcG, rtcB, rbsB, and iclR-arp) are indicated 

on the left. Molecular size marker (50 bp) is loaded in the middle and sizes are indicated 

on the right.  Strains from the 8 clades are indicated at the bottom.  FRIK920 and 

EDL933 that were reported as LSPA genotype 222222 and LSPA genotype 111111 (47) 

were used as standards.   
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3.5 Discussion 

       Foodborne outbreaks pose a great financial and public-health burden (38).  To 

control ongoing outbreaks and prevent future outbreaks, it is critical to identify sources 

and routes of transmission of foodborne pathogens.  Molecular subtyping methods are 

powerful tools for microbial source tracking.  An ideal molecular subtyping method 

should be cost effective, high throughput, and most importantly it should possess high 

discriminatory power and epidemiologic concordance (17).  Several subtyping methods 

exist for E. coli O157:H7 (1, 19, 26), including PFGE (7), which is generally regarded as 

the “gold standard” method for subtyping E. coli O157:H7.  However the drawbacks 

inherent in PFGE, such as low portability and ambiguity of results, render a DNA-

sequence-based approach more appropriate.  MLST, a DNA-sequence-based subtyping 

approach (27), generates unambiguous DNA sequence data which are easily portable 

between laboratories.  Additionally MLST is a much simpler protocol than PFGE.  

Furthermore, MLST is more suitable for phylogenetic analysis.  The ability of a 

subtyping method to reveal the phylogeny of pathogens is imperative as several studies 

have shown different phylogenetic groups of E. coli O157:H7 are not equally pathogenic 

to humans (21, 28).  

       A useful MLST scheme in epidemiological investigations of outbreaks demands that 

gene markers targeted possess sufficient DNA sequence variations to discriminate 

between unrelated bacterial strains.  Various gene markers were studied previously (13, 

32), but these markers showed little sequence variation.  For example, Noller et al. (32) 

targeted 7 housekeeping genes (arcA, aroE, dnaE, mdh, gnd, gapA, and pgm) and 2 

membrane protein genes (ompA and espA) in their MLST scheme to type a total of 77 E. 
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coli O157:H7 isolates.  The only sequence variations identified were 2 SNPs in ompA, 

found in 5 E. coli O157:H7 isolates.  In another study, Foley et al. (13) chose 1 

housekeeping gene (uidA) and 3 virulence genes as their targets (eaeA, hlyA, and fliC) 

and they examined 92 E. coli O157:H7 isolates from various sources.  They found only 5 

MLST types among the 92 E. coli O157:H7 isolates, compared with 72 distinct profiles 

by PFGE.  The remarkable lack of sequence variation observed by these researchers 

could be explained by two theories that are not mutually exclusive.  First, the beta-

glucuronidase negative, sorbitol-negative E. coli O157:H7 strains are believed to have 

emerged from a common ancestor approximately 40,000 years ago (46), which may not 

be sufficient for SNPs in housekeeping and virulence genes to accumulate to levels 

necessary for MLST to be effective.  Secondly, gene markers used in these previous 

studies may not be under strong enough positive selective pressure and therefore allelic 

variants are not selected for at an appreciable rate for these gene markers to be useful in 

revealing the short-term evolution history of E. coli O157:H7 during epidemiological 

investigations.  

       Therefore, in our MLST scheme we examined several rhs genes, which were 

identified as the genes that are under the strongest positive selection in a survey of E. coli 

genomes (33).  Our study showed that these rhs genes possessed significantly more 

sequence variations than housekeeping and virulence genes used in previous studies (13, 

32) (Table 3.6 and Table 3.7).  This suggests that rhs genes could serve as potential 

markers in sequence-based methods for subtyping E. coli O157:H7 during 

epidemiological investigations.  Additionally, based upon our results, we also suggest 

that genes under the strongest positive selection may be good gene markers for revealing 
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the short-term evolutionary history of E. coli O157:H7 and other highly clonal bacterial 

pathogens.  However, it should also be kept in mind that rhs genes alone may not be able 

to separate all unrelated E. coli O157:H7 outbreak strains.  Therefore, other gene markers 

should be included to increase discriminatory power.  We are currently using high-

throughput sequencing of E. coli O157:H7 genomes to identify such targets.   

       Significant DNA sequence variations exist between homologous rhs genes, but we 

are unable to explain why rhs genes are under such strong positive selection.  While the 

function(s) of rhs genes are still unknown, several studies shed light on this puzzle.  One 

study by Hill et al. (16) predicted that rhs genes encode extracellular proteins based upon 

their primary sequences, however we are unfamiliar with any experimental evidence 

supporting this claim.  Another study suggested rhsA gene may promote the intestinal 

colonization of E. coli in calves (41) and the biogenesis of group 2 capsules (29).  Allen 

et al. (2) showed a possible role of rhsB and rhsD gene in increasing the resistance of E. 

coli to the biocide polyhexamethylene biguanide.  Taking all these together, we speculate 

that Rhs proteins promote survival of E. coli during intestinal transit in some undefined 

manner, and that their extracellular nature results in a strong positive selective pressure 

from the host’s immune system.    

       The capability of a subtyping method to discriminate unrelated E. coli O157:H7 

strains is imperative, but it is also important for a subtyping method to determine 

phylogeny, as previous studies suggested that not all E. coli O157:H7 strains are equally 

pathogenic towards humans (21, 28).  A previous study showed that PFGE failed to 

reveal the phylogenetic relatedness of E. coli O157:H7 strains (23).  In the present study, 

phylogenetic analysis of 18 lineage E. coli O157:H7 strains using rhs genes generally 
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agrees with the phylogeny determined previously (21), although the 3 human-origin E. 

coli O157:H7 strains from Lineage II (NE037, FDA508 and FDA517) clustered together 

with the 9 Lineage I strains (Fig. 3.1).  However, using the 6-gene LSPA assay we 

determined that two of these strains are classified in the recently described Lineage I/II, 

and that NE037 has an LSPA genotype (211131) distinct from Lineage I, I/II and II.  Our 

MLST scheme correctly clustered together strains with LSPA genotype 111111, which is 

the most prevalent LSPA genotype in Lineage I , and grouped together LSPA genotypes 

222222, 222221 and 222211 which belong to Lineage II (47).  Our data suggest that 

NE037 (LSPA genotype 211131) falls into Lineage I/II, however further studies are 

needed to confirm this. 

       Though our MLST scheme, to a large extent, confirmed the phylogeny of the 18 

lineage strains defined by a previous study (21), it did not accurately classify strains 

according to clades described by Manning et al. (28).  We initially hypothesized that 

strains from the same clade would share the same sequence type and therefore this MLST 

scheme could serve as a quick method to distinguish the 9 clades.  However, our results 

showed that strains from the same clade possessed different sequence types except for 

Clade 1 and Clade 4 (Table 3.7).  This could be explained by two possibilities.  First, 

differences in the sequences of rhs genes may not accurately reflect the evolutionary 

history of E. coli O157:H7.  Second, differences in the sequences of rhs genes may define 

additional phylogenetic groups within a clade.  Therefore, to distinguish these two 

possibilities, we suggest a larger number of strains from each clade be studied.   

       Despite of the fact that O157 strains were not classified according to their clade 

designations using rhs genes, several interesting observations are worth mentioning.  
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First of all, the 2 Clade 1 strains, Sakai and TW10022 shared the same sequence type, but 

were not distinguishable from 93-111, a Clade 2 strain (Table 3.7).  Recently, Riordan et 

al. (36) targeted SNPs in 4 genes and developed a quick subtyping method to 

discriminate clades strains, and they also reported problems separating Clade 1 from 

Clade 2.  Taken together, these observations suggest Clade 1 and 2 are highly related and 

better methods are needed to differentiate these two clades.  Second of all, within Clade 7, 

TW01663 is characterized as LSPA 222222 (Lineage II), whereas TW10245 is defined as 

LSPA 211111 (Lineage I/II) (Table 3.8) (Fig. 3.2).  Since two different lineages would not 

be expected to coexist within the same clade, further study is needed to investigate 

whether there are indeed two lineages in Clade 7.  Furthermore, G5101 was defined as 

LSPA genotype 311111, which has not been previously reported (Table 3.8) (Fig.  2). 

Further studies are needed to determine the prevalence of this LSPA genotype in E. coli 

O157:H7. 

       In addition to the above observations, the present study also provided data suggesting 

that E. coli O157:H7 strains from Clades 6, 7 and 8 are possible members of Lineage I/II.  

The original classification of the LSPA genotype 211111 grouped these strains into 

Lineage II (44), a group more commonly associated with strains that are of low virulence 

to humans.  Through full genome phylogenetic analysis, Zhang et al. (47) defined an 

additional group, Lineage I/II, and suggested that this lineage comprises LSPA genotype 

211111.  Their data also suggest that Lineage I/II (LSPA genotype 211111) strains are 

more closely related to Lineage I strains (LSPA genotype 111111) than they are to 

Lineage II strains (LSPA genotype 222222, 222211, and 222212) (47).  Our data support 

this, suggesting that like Lineage I strains, Lineage I/II strains are also responsible for 
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causing severe outbreaks in human (Table 3.8).  Our data also provide further insight into 

the observation of Manning et al. (28), that E. coli O157:H7 strains EDL933 and Sakai, 

which are both LSPA genotype 111111, share ca. 97% of their gene content, but only ca. 

89% gene content with a strain from the 2006 Spinach outbreak, which we defined in this 

study as LSPA genotype 211111.  Comparative genomic analysis of Lineage I, I/II and II 

strains may lend insight into differences in pathogenicity and host specificity of these 

strains.   

       Lastly, this study identified sequence markers that may be useful for differentiating 

strains of different lineages and clades.  First, as noted previously by Zhang et al. (47), 

we showed that the complete gene for rhsI is not present in Lineage II strains, providing 

further evidence that this marker might be useful for separating these strains from 

Lineage I and I/II.  Furthermore, the present study also identified possible SNP markers 

for identifying Clade 6 and Clade 8.  Four SNPs identified in rhsA at nucleotide positions 

3468, 3478, 3479 and 3516 could potentially be used as markers for Clade 8 (Appendix A 

Supplementary Table 1).  These 4 SNPs were observed in the spinach and Taco Bell 

outbreak strains (Table 3.5) as well as in strain FDA508 (Table 3.6), which were all 

confirmed to be Clade 8 by either sequencing or in silico comparison of ECs2357 (36) 

(data not shown).  Eight unique SNPs in rhsJ were identified for the 2 Clade 6 strains 

TW09109 and TW11102 (Appendix A Supplementary Table 7).  Interestingly, NE037 and 

FDA517 also possess these 8 SNPs in rhsJ (Table 3.6).  However due to the lack of 

information on SNPs defining Clade 6, we are not able to determine at this time whether 

NE037 and FDA517 also belong to Clade 6.  

       In conclusion, our study identified significant DNA sequence variations in 7 rhs 
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genes (rhsA, C, D, E, F, I and J) that could potentially serve as markers for subtyping E. 

coli O157:H7.  Future studies are required to test this MLST scheme on a larger 

collection of E. coli O157:H7 strains from well-defined outbreaks in order to examine 

whether this method might effectively subtype E. coli O157:H7 strains during 

epidemiological investigations.  As we currently do not have the full lengths of rhsC, D, 

E, F, I, J and K for all the lineage strains (Table 3.6), it is possible that additional SNPs 

may be found by sequencing the full lengths of these genes.  Additionally, the present 

study also suggested that E. coli O157:H7 strains from Clade 8 fall into Lineage I/II and 

that unique markers in rhsA and J could be used for distinguishing Clade 8 and Clade 6.  

A larger collection of E. coli O157:H7 strains should be tested to determine whether these 

SNPs are unique to Clade 8 and Clade 6.  
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CHAPTER FOUR 

 CONCLUSIONS AND FUTURE RESEARCH 

4.1 Conclusions 

       This study showed that rhs genes possess sufficient DNA sequence variations to 

incorporate into an MLST scheme for subtyping E. coli O157:H7.  Sequence analysis of 

rhs genes revealed 44 PL and 10 STs among the 18 lineage-strains, and 280 PL and 12 

STs among the 15 clade-strains.  Compared with gene markers used in previous 

publications, rhs genes demonstrated much more DNA sequence diversity.  Therefore, I 

suggest rhs genes could serve as useful markers in an MLST scheme for subtyping E. coli 

O157:H7 during epidemiological investigations.  

       My data also showed that rhs genes might be useful in inferring the phylogeny of E. 

coli O157:H7.  Phylogenetic analysis of the 18 lineage-strains using rhs genes generally 

agreed with a previous study that originally defined Lineage I and II.  However, rhs 

genes were not informative in revealing the phylogeny of the 15 clade-strains largely due 

to the fact that strains included in the present study are too limited.  Twelve STs were 

identified among the 15 clade-strains, out of which 10 strains represented 10 unique STs.  

Most of the SNPs that could be used to differentiate strains of different STs were 

represented in only one strain (singleton), and are not useful for inferring the phylogeny 

of the 15 clade-strains as only parsimony informative sites (SNPs that are represented in 

at least two strains) are useful for the construction of a neighbor-joining tree.  Therefore, 

a larger collection of E. coli O157:H7 strains from all clades should be included to 

examine the usefulness of rhs genes in revealing the phylogeny of clade-strains.  
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       Additionally, my data suggested for the first time that Clade 8 strains, which possibly 

represent a highly virulent group of E. coli O157:H7, fall into Lineage I/II.  Furthermore, 

my data also indicated that E. coli O157:H7 outbreaks might be caused by two lineages 

of E. coli O157:H7 - Lineage I and I/II.  Lastly, markers were identified in rhsA and rhsJ, 

which I suggested might be useful for defining E. coli O157:H7 strains from Clade 8 and 

Clade 6.   

       In summary, I conclude that rhs genes might be useful markers for revealing the 

short-term evolutionary history of E. coli O157:H7 during outbreaks.  Therefore, an 

MLST scheme targeting rhs genes may serve as a useful tool for both inferring the 

phylogenetic relatedness of E. coli O157:H7 and for epidemiological investigations of E. 

coli O157:H7 outbreaks.      
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4.2 Future research       

       Future studies are required to investigate whether this MLST scheme targeting rhs 

genes would be useful for epidemiological investigations of E. coli O157:H7 outbreaks.  

Significant DNA-sequence variations were identified within rhs genes among well-

studied E. coli O157:H7 strains.  However, my data revealed that rhs genes alone could 

not separate all outbreak-unrelated strains.  For example, E. coli O157:H7 strains of the 

2006 spinach outbreak are indistinguishable from those of the 2006 Taco-Bell outbreak.  

I included E. coli O157:H7 strains from only a few outbreaks and have not tested this 

MLST scheme on other outbreaks.  Therefore, I am interested in examining the 

usefulness of this MLST scheme in epidemiological investigations of E. coli O157:H7 

outbreaks by including more strains from other well-defined outbreaks.  Seven rhs genes 

should be amplified and sequenced for each E. coli O157:H7 strain.  Sequence diversity 

(SNPs) should then be identified.  Discriminatory power and epidemiologic concordance 

can be calculated accordingly to evaluate the effectiveness of this MLST scheme for 

subtyping E. coli O157:H7 in epidemiological investigations. 

       Future studies are required to find gene markers (preferably ca. 600 - 700 bp) that are 

shorter and yield more DNA sequence variations to develop a feasible and more 

discriminatory MLST scheme for subtyping E. coli O157:H7.  Though rhs genes possess 

sufficient DNA sequence variations for separating well-studied E. coli O157:H7 strains, 

they are not amenable for a cost- and time-effective MLST scheme because rhs genes are 

too long for easy sequencing.  The average length of rhs genes is ca. 4 kb, which would 

take the current Sanger sequencers 7 - 8 runs using internal primers to obtain the full 

length.  Moreover, my data also showed that rhs genes alone could not separate all 
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outbreak-unrelated strains, indicating the discriminatory power of this MLST scheme 

might not be satisfactory.  Therefore, Dr. Dudley’s laboratory is currently using high-

throughput sequencing techniques to search for gene markers that are shorter and possess 

more DNA sequence variations to allow the development of a more efficient and 

discriminatory MLST scheme.  

       Future studies are required to investigate the stability of rhs genes as markers in this 

MLST scheme.  Several studies reported that the banding patterns of PFGE and MLVA 

were not stable during laboratory subculturing, which suggested that the genomic content 

of E. coli O157:H7 might change during outbreaks.  Accordingly, a question arises for 

this MLST scheme: how stable are these rhs genes during outbreaks?  In order to answer 

this question, ideally, I want to compare the rhs sequences of the ancestral strain(s) and 

its descendant strains from an outbreak.  However, the ancestral strain(s) are no longer 

available.  Therefore, this experiment cannot be conducted.  An alternative may be to 

mimic the transmission of E. coli O157:H7 during outbreaks by passing E. coli O157:H7 

from cattle (the reservoir host) to farm compost (the environment) to foods (transmission 

vehicles) and finally to animal models such as gnotobiotic piglets (infection host).  The 

genomic DNA of an E. coli O157:H7 strain from the reservoir host, the environment, the 

transmission vehicles and the infection host can be extracted and amplified to obtain the 

rhs sequences.  Next, the sequences of rhs genes of that E. coli O157:H7 from each 

transmission point can be compared to infer whether rhs genes would be stable during 

outbreaks.     

       Future studies are required to examine whether rhs genes would support the current 

clade designations.  Due to the limited number of strains chosen from each clade, 
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phylogenetic analysis using rhs genes was not informative in revealing the phylogeny of 

the clade strains.  I identified 12 STs among the 15 clade-strains, out of which 10 strains 

represented 10 unique STs.  Most of the SNPs that could be used to differentiate strains 

of different STs were represented in only one strain (singleton), and are not useful for 

inferring the phylogeny of the 15 clade-strains as only parsimony informative sites (SNPs 

that are represented in at least two strains) are useful for the construction of a neighbor-

joining tree.  Therefore, a larger collection of O157 strains including at least 3 strains 

from each clade should be used.  The sequences of rhs genes of each strain should then 

be obtained and a phylogenetic tree based on the rhs sequences would be constructed to 

examine whether rhs genes would support the clade classification.    

       Future studies are required to test the hypothesis that E. coli O157:H7 outbreaks are 

caused by two lineages of E. coli O157:H7, Lineage I and I/II.  My preliminary data 

showed that Lineage I and I/II are the most prevalent genotypes among the 15 clade-

strains, all of which are associated with human disease.  However, the number of strains 

included in my study is too small.  Therefore, a larger collection of E. coli O157:H7 

outbreak strains from different states of the US and from different nations should be 

included, and lineage specific polymorphism assay (LSPA) should be applied to identify 

the lineage designation of these strains.  The distribution of Lineage I and I/II among E. 

coli O157:H7 outbreak strains could be obtained to test whether E. coli O157:H7 human 

infections are caused by Lineage I and I/II.  Dr. Dudley’s laboratory is currently using 

LSPA to characterize clinical isolates of E. coli O157:H7 from the Pennsylvania 

Department of Health.   
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       Future studies are required to test whether markers in rhsA and rhsJ could be used to 

distinguish Clade 8 and Clade 6 from other clades, respectively.  My data suggested that 

4 SNPs in rhsA and 8 SNPs in rhsJ are unique to Clade 8 and Clade 6, respectively.  A 

strain collection comprising at least 3 strains from each clade should be included, and 

rhsA and J should be amplified and be partially sequenced to examine whether the 

markers in rhsA and J are unique to Clade 8 and 6, respectively.   

       Lastly, future studies are required to unveil the function(s) of rhs genes.  A previous 

study predicted rhs genes were under the strongest positive selection of all the coding 

sequences analyzed within the E. coli genome, however, no studies have provided any 

explanations as to why this is the case.  Strong positive selection indicates rhs genes are 

playing important roles in E. coli.  Previous publications reported rhs genes might be 

involved in intestinal colonization of E. coli in cattle and might be involved in resistance 

of E. coli to the biocide PHMB.  Moreover, rhs genes were predicted to encode 

extracellular proteins based on their amino acid sequences.  Taking all these together, I 

speculated that Rhs proteins promote survival of E. coli during intestinal transit in some 

undefined manner, and that their extracellular nature results in strong positive selective 

pressure exerted by the host’s immune system.  To test this hypothesis, it is critical to 

first determine the condition(s) under which rhs genes are expressed.  The rhs promoter(s) 

should be fused to a reporter gene (lacZ) and the recombined vector should be introduced 

into a recipient strain.  The recipient strain with the recombined vector would grow under 

different conditions, such as LB broth supplemented with bile salt or PHMB, or LB at 

low pH, to resemble the intestinal transit of E. coli O157:H7 in human or animal hosts.  

The activity of the rhs promoter(s) should be examined.  If rhs genes are expressed under 
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any of these conditions, I am interested in knocking out the rhs gene(s) in E. coli 

O157:H7 and doing complementation experiments to elucidate the possible function(s) of 

rhs genes in E. coli O157:H7.   
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APPENDIX A 

SUPPLEMENTARY MATERIALS 
 

SUPPLEMENTARY TABLE 1.  SNP loci in rhsA identified by sequencing clade strains 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 
 strain Sakai.  Identical nucleotides at each SNP locus are indicated by dots. 
 2 Clade designations were defined by Manning et al.  
 3 AT: Allelic Type. 
 * TW07763 has a deletion from nucleotide position 745 to 3099 and the deleted 
 nucleotides are indicated by dashes.                              

 
  

 

rhsA1   
0 0 1 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

0 1 7 8 9 0 1 1 1 1 1 2 3 3 3 4 4 4 4 5 5 6 8 

1 3 2 1 7 2 0 2 2 7 8 3 7 8 9 0 6 7 7 1 6 4 6 

8 4 0 2 0 1 8 3 5 7 3 1 5 0 2 8 8 8 9 6 2 2 0 

 

Sakai 

TW10022 

93-111 

TW11308 

EDL933 

TW11346 

TW11039 

TW11052 

TW09109 

TW11102 

TW10245 

TW01663 

M1-Spinach 

G5101 

TW07763* 

 

G T G C C A A A C T C G T C G A G G C A C C C       1           1 

. . . . . . . . . . . . . . . . . . . . . . .       1           1 

. . . . . . . . . . . . . . . . . . . . . . .       2           1 

. . . . . . . . . . . . . . . . . . . . . . .       2           1 

. C . . . . . . . . . . . . . . . . . . . . .       3           2 

. C . . . . . . . . . . . . . . . . . . . . .       3           2 

. C . T . . . . . . . . . . . . . . . . . . .       4           3 

. C . T . . . . . . . . . . . . . . . . . . .       4           3 

. C . T . . . . . . . . . . . . . . . . . . .       6           3 

. C . T . . . . . . . . . . . . . . . . . . .       6           3 

A C . T . . . . . . . . . . . . . . . . A . .       7           4 

A C T T . . . . . . . . . . . . . . . . . . A       7           5 

. C . T . . . . . . . . . . . . C A A G . . .       8           6 

A C . . T G G G G C T C C A A G . . . . . G .       9           7 

A C - - - - G G G C T C C A A G . . . . . G .       9           8 

Strain Clade2    AT3 
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SUPPLEMENTARY TABLE 2.  SNP loci in rhsC identified by sequencing clade strains 
 

                                               rhsC1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 1 1 2 2 7 7 9 9 9 9 9 9 9 9 9 9 9 9 9 9 1 2 2 2 2 3 4 4 4 4 4 4 5 5 5 

6 2 5 0 1 9 9 1 1 1 1 2 2 5 7 8 8 8 8 9 9 8 0 7 9 9 1 1 5 6 6 7 7 0 0 0 

0 6 3 3 9 0 1 2 5 6 8 1 3 4 1 4 7 8 9 0 2 0 9 8 3 5 8 5 5 1 2 5 6 0 2 3 

 

Sakai 

TW10022 

93-111 

TW11308 

EDL933 

TW11346 

TW11039 

TW11052 

TW09109 

TW11102 

TW10245 

TW01663 

M1-Spinach 

G5101 

TW07763 

 

T A C G C A T G T T A T C G T T T G G C A A T C C G A G A G G G G C C T        1         1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        1         1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        2         1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        2         1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        3         1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        3         2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        4         1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        4         1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        6         1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        6         1 

. . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . .        7         3 

C . G C T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        7         4 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        8         5 

C . G C T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        9         6 

C G G . . T C C C C G A . A C C C A A T C G C T T A C A G C A C C A A C        9         7 

  1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 strain Sakai.   
  Identical nucleotides at each SNP locus are indicated by dots. 
  2 Clade designations were defined by Manning et al. 
  3 AT: Allelic Type. 

 
 
 
 

                
 
 

Strain  Clade2 AT3
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SUPPLEMENTARY TABLE 2 (continued).  SNP loci in rhsC identified by sequencing clade strains 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

 

 

  1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 strain Sakai.   
  Identical nucleotides at each SNP locus are indicated by dots. 
  2 Clade designations were defined by Manning et al. 
  3 AT: Allelic Type. 

 
 
 

                                
 

                                               rhsC1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 

5 5 5 6 6 6 6 6 6 6 6 7 7 7 7 7 8 3 8 8 8 8 9 0 0 1 4 4 4 4 4 5 5 5 6 

0 6 9 2 2 2 6 7 7 7 9 0 1 4 6 7 1 3 1 3 8 9 5 1 9 0 6 7 7 7 8 1 6 7 5 

4 6 6 2 4 9 8 1 4 8 3 4 0 9 0 5 0 0 2 2 9 2 1 5 9 8 8 7 8 9 9 6 4 9 5 

 

Sakai 

TW10022 

93-111 

TW11308 

EDL933 

TW11346 

TW11039 

TW11052 

TW09109 

TW11102 

TW10245 

TW01663 

M1-Spinach 

G5101 

TW07763 

G A G G T C C C G A C G T C C C A C C G G T A G G A C T A A A G T G A         1        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         1        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         2        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         2        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         3        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . G . G C . . . . .         3        2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         4        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         4        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         6        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         6        1 

. . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . .         7        3 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         7        4 

. . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . .         8        5 

. . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . .         9        6 

A C A C G T T T T G . C C G T T G . . A C C C A C G G C . C T A C T T         9        7 

Strain Clade2 AT3
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SUPPLEMENTARY TABLE 3.  SNP loci in rhsD identified by sequencing clade strains  
 

1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 strain Sakai.   
Identical nucleotides at each SNP locus are indicated by dots.  Gaps at each SNP locus are indicated by dashes. 
2 Clade designations were defined by Manning et al. 
3 AT: Allelic Type. 
 

 
 
 

                                 
 
 

                                                                   rhsD1                                                                     
              0 0 0 0 0 0 0 0 1 1 1 1 1 1 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4                

              3 6 6 6 6 6 6 9 3 8 8 9 9 9 4 6 6 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 4 4 5 5 8 0 

              4 3 3 4 6 8 8 8 7 4 8 2 3 3 9 5 6 2 2 2 2 3 3 4 4 5 5 6 8 0 1 2 2 3 4 5 8 0 0 0 1 1 2 4 5 5 6 7 8 8 9 9 0 3 4 6 2 3 3 7 

              2 4 9 5 7 1 4 7 8 2 7 9 2 8 3 0 7 1 4 7 9 2 3 2 8 1 3 9 7 8 1 0 4 8 4 3 7 1 2 7 3 9 8 0 2 7 1 6 0 5 1 7 0 0 8 0 6 2 0 8  

 

Sakai 

TW10022 

93-111 

TW11308 

EDL933 

TW11346 

TW11039 

TW11052 

TW09109 

TW11102 

TW10245 

TW01663 

M1-Spinach 

G5101 

TW07763 

T A G C A C T G A C G A C T G C C C C G C G G G T C G A G C G C C A C G G C A A C T G C G A G C G G T A T A A C A G - A    1       1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    1       1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    2       1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A - .    2       2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    3       1 

. . . . . . . . . . . . . . . T T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    3       3 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    4       1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    4       1 

. . . . . . . . . T A G T C . T T A G A T C A C G G A G T T C A A G T A A G G G G C A G A C C T A C C G C G C T C . - .    6       4 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    6       1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    7       1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    7       1 

. . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    8       5 

. C A T C A C . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - .    9       6 

C . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G T    9       7 

Strain Clade2   AT3 
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SUPPLEMENTARY TABLE 4.  SNP loci in rhsE identified by sequencing clade strains 
                                                                 rhsE1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 3 

0 0 0 0 1 3 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 8 8 8 9 9 9 9 0 0 0 1 1 1 1 3 3 3 5 8 4 6 7 7 

2 5 9 9 1 4 3 3 4 6 8 8 2 4 5 5 8 8 9 9 9 0 0 1 1 1 1 2 3 3 7 8 8 9 1 3 4 5 4 6 7 1 1 3 5 1 5 6 2 0 4 6 8 1 

5 4 3 6 7 2 4 9 5 7 1 4 9 4 3 9 6 8 0 8 9 7 8 4 5 6 7 8 3 8 3 2 5 1 1 3 4 6 7 4 4 1 3 1 7 4 3 8 5 6 4 7 1 7 

 

Sakai 

TW10022 

93-111 

TW11308 

EDL933 

TW11346 

TW11039 

TW11052 

TW09109 

TW11102 

TW10245 

TW01663 

M1-Spinach 

G5101† 

TW07763‡ 

 

C C A T C T A G C A C T G G G G G A A T T C C A C C C T A G T A T C C A G C T C C A C G G C C G T G G T C T       1        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       1        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       2        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       2        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       3        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       3        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       4        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       4        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       6        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       6        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G C T C G T G G A A A T A . . . . . .       7        2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G C T . . . . . . . . . . . . . . . .       7        3 

. . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       8        4 

T T C C T C C A T C A C T A A A - - T G C T T . G T T C C C C G C T T . . . . . . . . . . . . . A A A . . C       9        5 

T T C C T - C A T C A C T A A A - - T G C T T . G T T C C C C G C T T . . . . . . . . . . A . . A A . C T C       9        6 

1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 strain Sakai.   
Identical nucleotides at each SNP locus are indicated by dots.  
Gaps at each SNP locus are indicated by dashes. 
2 Clade designations were defined by Manning et al. 
3 AT: Allelic Type. 
† G5101 has a deletion from nucleotide position 780 to 783 and the other deletion from nucleotide position 792 to 794. 
‡ TW07763 has one deletion from nucleotide position 153 to 377, a second deletion from nucleotide position 780 to 783,  
and a third deletion from nucleotide position 792 to 794. 
 
 
 
 

Strain 
Clade2  AT3 
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SUPPLEMENTARY TABLE 5.  SNP loci in rhsF identified by sequencing clade strains 
                                        rhsF1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 

0 1 1 1 7 7 9 9 9 9 9 9 9 9 9 9 9 9 9 9 1 2 2 2 2 3 4 4 4 4 

6 2 3 5 9 9 1 1 1 1 2 2 5 7 8 8 8 8 9 9 8 0 7 9 9 1 1 5 6 6 

0 6 4 3 0 1 2 5 6 8 1 3 4 1 4 7 8 9 0 2 0 9 8 3 5 8 5 5 1 2 

 

Sakai 

TW10022 

93-111 

TW11308 

EDL933 

TW11346 

TW11039 

TW11052 

TW09109 

TW11102 

TW10245 

TW01663 

M1-Spinach 

G5101 

TW07763 

T A T C A T G T T A T C G T T T G G C A A T C C G A G A G G         1          1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         1          1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         2          1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         2          1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         3          1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         3          1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         4          2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .         4          2 

. . C . . . . . . . . . . . . . . . . . . . . . . . . . . .         6          3 

. . C . . . . . . . . . . . . . . . . . . . . . . . . . . .         6          3 

. . C . . . . . . . . T . . . . . . . . . . . . . . . . . .         7          4 

. . C . . . . . . . . . . . . . . . . . . . . . . . . . . .         7          5 

. . C . . . . . . . . . . . . . . . . . . . . . . . . . . .         8          3 

. . C . . . . . . . . . . . . . . . . . . . . . . . . . . .         9          6 

C G C G T C C C C G A . A C C C A A T C G C T T A C A G C A         9          7 

   1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 strain Sakai.  
    Identical nucleotides at each SNP locus are indicated by dots. 
   2 Clade designations were defined by Manning et al. 
   3 AT: Allelic Type. 
 
 

 
 
 
 
 
 

Strain Clade2 AT3
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SUPPLEMENTARY TABLE 5 (continued).  SNP loci in rhsF identified by sequencing clade strains 
rhsF1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 3 3 3 4 4 

4 4 5 5 5 5 5 5 6 6 6 6 6 6 6 7 7 7 7 7 7 8 8 8 8 8 9 0 0 1 0 0 

7 7 0 0 0 0 6 9 2 2 2 6 7 7 7 0 1 2 4 6 7 1 1 3 8 9 5 1 9 0 8 8 

5 6 0 2 3 4 6 6 2 4 9 8 1 4 8 4 0 0 9 0 5 0 2 2 9 2 1 5 9 8 3 8 

 

Sakai 

TW10022 

93-111 

TW11308 

EDL933 

TW11346 

TW11039 

TW11052 

TW09109 

TW11102 

TW10245 

TW01663 

M1-Spinach 

G5101 

TW07763 

G G C C T G A G G T C C C G A G T G C C C A C G G T A G G A A G        1        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        1        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        2        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        2        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        3        1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        3        1 

. . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . .        4        2 

. . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . .        4        2 

. . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . .        6        3 

. . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . .        6        3 

. . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . .        7        4 

. . . . . . . . . . . . . . . . . T . . . . T . . . . . . . . .        7        5 

. . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . .        8        3 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        9        6 

C C A A C A C A C G T T T T G C C . G T T G . A C C C A C G - A        9        7 

   1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 strain Sakai.   
   Identical nucleotides at each SNP locus are indicated by dots.  
   Gaps at each SNP locus are indicated by dashes. 
   2 Clade designations were defined by Manning et al. 
   3 AT: Allelic Type. 

 
 
 
 
 
 
 

Strain Clade2 AT3
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SUPPLEMENTARY TABLE 6.  SNP loci in rhsI identified by sequencing clade strains 
                 rhsI1 

0 1 

3 1 

8 8 

7 5 

Sakai 

TW10022 

93-111 

TW11308 

EDL933 

TW11346 

TW11039 

TW11052 

TW09109 

TW11102 

TW10245 

TW01663 

M1-Spinach 

G5101 

TW07763 

 

C T         1        1 

. .         1        1 

. .         2        1 

. .         2        1 

. .         3        1 

. .         3        1 

. C         4        2 

. C         4        2 

T C         6        3 

T C         6        3 

. C         7        2 

# #         7        NA 

. C         8        2 

. C         9        2 

. C         9        2 

                      1 SNP positions are based upon the corresponding rhs gene of  
     the E. coli O157:H7 strain Sakai.  
      Identical nucleotides at each SNP locus are indicated by dots. 
     2 Clade designations were defined by Manning et al.  
     3 AT: Allelic Type. 
     #Amplification of rhsI from strain TW01663 failed. 
 

 
 
 
 
 

Strain Clade2 AT3
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SUPPLEMENTARY TABLE 7.  SNP loci in rhsJ identified by sequencing clade strains 
 

         1 SNP positions are based upon the corresponding rhs gene of the E. coli O157:H7 strain Sakai.   
        Identical nucleotides at each SNP locus are indicated by dots. 
        2 Clade designations were defined by Manning et al. 
        3 AT: Allelic Type.

                 rhsJ1 
6 6 6 7 7 7 7 8 

1 8 9 1 4 6 6 0 

2 8 6 7 5 5 8 7 

 

Sakai 

TW10022 

93-111 

TW11308 

EDL933 

TW11346 

TW11039 

TW11052 

TW09109 

TW11102 

TW10245 

TW01663 

M1-Spinach 

G5101 

TW07763 

 

A G C A T A T A        1        1 

. . . . . . . .        1        1 

. . . . . . . .        2        1 

. . . . . . . .        2        1 

. . . . . . . .        3        1 

. . . . . . . .        3        1 

. . . . . . . .        4        1 

. . . . . . . .        4        1 

G C G G C G C G        6        2 

G C G G C G C G        6        2 

. . . . . . . .        7        1 

. . . . . . . .        7        1 

. . . . . . . .        8        1 

. . . . . . . .        9        1 

. . . . . . . .        9        1 

Strain Clade2 AT3



110 
 

Reference 

 Manning, S. D., A. S. Motiwala, A. C. Springman, W. Qi, D. W. Lacher, L. M. 

 Ouellette, J. M. Mladonicky, P. Somsel, J. T. Rudrik, S. E. Dietrich, W. Zhang, 

 B. Swaminathan, D. Alland, and T. S. Whittam. 2008. Variation in virulence 

 among clades of Escherichia coli O157:H7 associated with disease outbreaks. 

 Proc. Natl. Acad. Sci. U S A 105:4868-4873. 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 
 

APPENDIX B DETERMINATION OF MINIMUM 

INHIBITORY CONCENTRATION (MIC) OF 

POLYHEXAMETHYLENE BIGUANIDE (PHMB) 

FOR E. COLI O157:H7 

Objective:  In a previous study, rhsB and rhsD were upregulated in E. coli strain K-12 

MG1655 when it grew in Luria-Bertani (LB) broth supplemented with PHMB at MIC.  

Therefore, I was interested in whether PHMB at MIC would affect the expression levels 

of rhs genes in E. coli O157:H7.  In order to test this hypothesis, I decided to first 

determine the MIC of PHMB for E. coli O157:H7.  This preliminary data might facilitate 

future studies to elucidate the function(s) of rhs genes.       

Method: E. coli O157:H7 strains Sakai and FRIK920 were used in this study.  E. coli 

strain K-12 MG1655 was used as a positive control.  Strains were first transferred from 

glycerol stock to Luria-Bertani (LB) broth, grew overnight, and then were transferred for 

two more times before they were inoculated into 15 mL LB broth.  The inoculated 15 mL 

LB broth was then incubated under 37°C at 200 rpm.  After 2 hours, PHMB at 

concentrations of 5.0 mg/L, 7.5 mg/L and 10 mg/L was added and mixed.  OD600 was 

measured every hour.  
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Results: 

 

Appendix Figure 1.  Inhibitory effect of PHMB on the growth of E. coli strain K-12 

MG1655.  PHMB at concentrations of 5.0 mg/L, 7.5 mg/L and 10 mg/L was added at 

Hour 2, as indicated by the black arrow.     
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Appendix Figure 2.  Inhibitory effect of PHMB on the growth of E. coli O157:H7 strain 

FRIK920.  PHMB at concentrations of 5.0 mg/L, 7.5 mg/L and 10 mg/L was added at 

Hour 2, as indicated by the black arrow.     
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Appendix Figure 3.  Inhibitory effect of PHMB on the growth of E. coli O157:H7 strain 

Sakai.  PHMB at concentrations of 5.0 mg/L, 7.5 mg/L and 10 mg/L was added at Hour 2, 

as indicated by the black arrow.     

 

Conclusions: 

       This preliminary study demonstrates that PHMB inhibits the growth of E. coli 

O157:H7 strains Sakai and FRIK920 as well as E. coli strain K-12 MG1655.  The 

inhibitory effect increases as the concentration of PHMB increases.  However, replicates 

and statistical analysis are needed to support these conclusions.   

 

 




