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ABSTRACT 

GENETIC DIVERSITY OF CLINICAL AND BOVINE  

NON-O157 SHIGA TOXIN-PRODUCING ESCHERICHIA COLI (STEC) 

 

By 

Heather Marie Blankenship 

Shiga toxin-producing Escherichia coli (STEC) is a leading cause of foodborne infection 

resulting in 265,000 illnesses and more than 3,600 hospitalizations annually. Since its 

identification in 1982 associated with an outbreak of haemorrhagic colitis, serotype O157:H7 has 

been the primary focus of research and surveillance. However, the increasing incidence of other 

serogroups, or non-O157 STEC, that are associated with clinical illness has since surpassed the 

incidence of O157 and has raised questions about the genetic diversity of this pathogen 

population. Six serogroups, O26, O45, O103, O111, O121, and O145, have been denoted as “big 

six” non-O157 STEC serogroups since they are frequently associated with clinical outcomes.  

In this dissertation, 895 non-O157 STEC isolates recovered from patients in Michigan 

between 2001-2018 were analyzed using whole genome sequencing (WGS) to identify virulence 

gene profiles and apply new typing methods to better discriminate closely related strains. The 

recovery of a wide range of serogroups from cases presenting with symptoms ranging from mild 

diarrhea to hemorrhagic colitis, indicates that genetic diversity and variation may have an impact 

on disease outcomes. The number and richness of serogroups identified over the past 18 years 

has been steadily increasing and serogroup alone lacks the discriminatory capabilities to classify 

related isolates. Indeed, strains representing the same sequence types (ST) were often found to be 

unrelated by serogroup. Notably, some serogroups, STs, virulence gene profiles and alleles were 

associated with clinical outcomes and patient demographics. Contrast to national surveillance, 

cases between 11 and 29 years of age had the highest frequency of STEC infections in Michigan. 



 

 

Additionally, a subset of 44 non-O157 STEC recovered from Michigan patients between 2000 

and 2006 were examined more comprehensively while making comparisons to 114 clinical 

STEC isolates from Connecticut to examine the impact of geographic location on risk factors for 

non-O157 STEC infections. Lastly, a subset of STEC isolates associated with outbreaks in 

Michigan were examined to identify the impact of WGS on identification of strain relatedness 

for surveillance compared to pulsed-field gel electrophoresis.  

While most of the work outlined in this dissertation focused on characterizing clinical 

non-O157 STEC isolates, a comparative analysis of cattle isolates was also performed since 

cattle are an important reservoir of STEC. Indeed, numerous outbreaks and illnesses have been 

traced back to contaminated cattle-based food products or fecal contamination of water and 

crops. The ability of STEC to persist in the cattle reservoir and farm environment may give rise 

to more pathogenic strains due to the accumulation of horizontally acquired genes. 66 STEC 

isolates recovered from a beef herd over four samplings were examined to identify the genetic 

diversity within the cattle population and longitudinal persistence. The ability of a strain to form 

a strong biofilm was associated with the ability to persist and be recovered at multiple sampling 

phases from the same animal. Further, to better understand the genetic diversity of STEC 

recovered from the cattle reservoir, an additional 12 STEC isolates from three bovine herds 

(n=78) and 241 clinical O157 STEC isolates (n=1,135) were included to identify shared profiles. 

The similarity in serogroups and virulence gene profiles warrant a continued surveillance of the 

cattle environment to better understand crossover events and the ability of strains to evolve into 

new virulent STEC lineages. The work described in this dissertation helped to elucidate the 

genetic characteristics important for clinical outcomes and identified targets for future 

surveillance to better understand lineages that may be important for disease. 
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‘The journey of a thousand miles begins with a single step.” 

-Lao Tzu 

 

This work is dedicated to my husband, Philip Blankenship, who has encouraged and supported 

every step of this journey.     
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LITERATURE REVIEW: SHIGA TOXIN-PRODUCING ESCHERICHIA COLI (STEC) AND 

BACTERIAL TYPING METHODS 
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SHIGA TOXIN-PRODUCING ESCHERICHIA COLI  

Shiga toxin-producing Escherichia coli (STEC) is a leading foodborne pathogen that 

results in 265,000 illnesses and 3,600 hospitalizations annually (1). Clinical outcomes present as 

diarrhea and hemorrhagic colitis; however, hemolytic uremic syndrome, kidney failure and 

ultimately death may occur in severe cases (2). An outbreak of hemorrhagic colitis in 1982 

identified O157:H7 as the etiologic agent in contaminated hamburgers in Michigan and Oregon 

(3–5). However, STEC was not recognized nationally as an important foodborne pathogen until 

1993, when a multi-state outbreak of Jack in the Box hamburgers resulted in 732 illnesses and 

four deaths, all deaths were in children under the age of 18 (6). Due to a lack of structured 

surveillance, it took 39 days for public health officials to identify that there was an outbreak 

occurring across multiple states and to begin implementing measures to control the outbreak (7). 

This outbreak was seminal for identifying a need to implement food safety measures, a national 

surveillance, and understanding of STEC pathogenesis. The Foodborne Diseases Active 

Surveillance Network (FoodNet) was established in 1995 by the Centers for Disease Control and 

Prevention, the US Department of Agriculture Food Safety and Inspection Service and the Food 

and Drug Administration to provide active surveillance at 10 sites in the US. 

Non-O157 STEC 

O157:H7 has been the predominant focus for research and food safety measures due to 

being associated with HUS and multiple outbreaks, however, a wide range of other serogroups 

(non-O157) have the potential to cause clinical outcomes (4, 8, 9). Since the addition of non-

O157 STEC to the list of nationally notifiable diseases, the incidence has increased from 0.12 to 

1.65 per 100,000 people from 2000-2015 and has since surpassed the incidence of O157 (10, 11). 
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In the US, six serogroups are frequently identified from clinical cases and have been denoted the 

“big six” non-O157 serogroups; O26, O45, O103, O111, O121, and O145 (12). Between 1983 

and 2002, 71% of the non-O157 serogroups were attributed to the big six, with 55 additional 

serogroups that were identified and associated with clinical outcomes (12). Regardless of 

serogroup, all strains are characterized by the presence of Shiga toxin (stx) genes. Numerous 

outbreaks have been attributed to these serogroups from various food sources including 

serogroup O26 associated with ground beef and O121 and O26 associated with flour (13–15). 

However, serogroups that are less frequently isolated can still result in severe clinical outcomes 

and hospitalization (15, 16).  

Detection and identification of STEC   

The inability of O157 to ferment sorbitol is contrast to other E.coli organisms including 

non-O157 STEC (17). This biochemical difference led to the initial use of sorbitol-MacConkey 

(SMAC) agar to differentially identify O157 isolates (18). However, there is no biochemical 

difference that is shared among all non-O157s to differentiate these serogroups from commensal 

E.coli, which is important for the under reporting of non-O157 cases. The use of culture 

independent tests (CIDT) as an alternative to culture, rely on sequence-based identification of the 

stx genes or enzyme immunoassay to detect the Shiga toxin. Changes to CIDTs may be 

responsible for some of the increases in non-O157 STEC due to the ability to better identify non-

O157 STEC cases. An increase in the number of non-O157 isolates identified correlated with the 

number of labs that were performing enzyme immunoassays for the detection of STEC (p<0.001) 

(10). In the recent FoodNet report, over 500 cases were identified to be STEC by CIDTs and 

were either culture negative or culturing was not attempted (19). While CIDTs allow for better 
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and quicker detection of pathogens, lack of an isolate prevents further analysis to identify 

antimicrobial resistance profiles, bacterial subtypes or identify relatedness of strains for outbreak 

identification.  

STEC virulence factors 

The main virulence factor of STEC is the lambdoid bacteriophage encoded Shiga toxin 

(Stx) that was originally identified in Shigella (3, 20–22). Stx is an AB5 toxin that binds to the 

endothelial cell surface receptor globotriaosylceramide (Gb3) (23, 24). Five B subunits help with 

binding of the toxin to Gb3 receptors and the A subunit halts eukaryotic protein synthesis in the 

cells (25, 26). Two immunologically distinct toxins have been identified, Stx1 and Stx2, with a 

similar mode of action (26). Further subtypes for each toxin were originally identified when 

immunological differences were observed. The use of whole genome sequencing (WGS) has 

enabled the identification of additional subtypes with no immunological differences. Stx1a and 

Stx2a are the most common subtypes (27). Three Stx1 subtypes have been identified, Stx1a, 

Stx1c, and Stx1d, while Stx1a is the only subtype that has been associated with severe clinical 

outcomes (5, 28). Eight Stx2 subtypes have been identified and include: Stx2a, Stx2b, Stx2c, 

Stx2d, Stx2e, Stx2f, Stx2g and Stx2h (29, 30). Genes encoding the Stx2 subtypes, stx2a, stx2c, 

and stx2d, have been linked to more severe disease outcomes (31–33). Subtype Stx2b and Stx1c 

have been associated with environmental sources and tend to cause asymptomatic or milder 

infections in humans (34, 35). Similarly, Stx2e has been associated with mild outcomes in 

humans but can cause edema in pigs resulting in ataxia and death (31, 36–39).  

Other virulence factors of importance are encoded within the 35.5kb locus of enterocyte 

effacement (LEE) pathogenicity island and through the acquisition of plasmids. The LEE 
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encodes genes for intimin (eae), the translocated intimin receptor (Tir), a type III secretion 

system, and other putative virulence factors (40–43). These genes are required for the attaching 

and effacement of epithelial cells, also known as attaching and effacing lesions. The Tir protein 

is translocated into epithelial cells and localized to the cell membrane of host cells triggering the 

formation of F-actin pedestals (44, 45). Intimin binding to the Tir provides the intimate 

attachment of STEC to epithelial cells (46). Thirty distinct subtypes of intimin have been 

identified based on differences in the C-terminal region (34, 47, 48). These differences may 

influence the host cell tropism and specificity of intimin binding (49). Intimin subtypes have 

been associated with serogroups; O157 and O145 predominantly harbor subtype gamma and a 

diverse range of subtypes are found amongst the other big six serogroups O26 (beta), O103 

(epsilon), and O111 (theta) (50–54). Other putative attachment genes have been identified in 

LEE-negative STEC that may provide other means of attachment to epithelial cells; these include 

authoagglutinating adhesins (saa), long polar fimbriae (lpf), and autotransporters (ehaA and sab) 

(55–58).    

Lastly, a range of virulence factors can be acquired on plasmids. The pO157 is a non-

conjugative F-like plasmid that ranges in size from 92-104kb found in O157 (59, 60). The 

structure of the pO157 plasmid is different from plasmids found within non-O157 serogroups, 

however, the virulence genes encoded on pO157 is conserved in plasmids of non-O157 

serogroups (61–63). Putative virulence factors such as catalase-peroxidase for colonization in the 

absence of oxygen (katP), adhesions to increase the production and secretion of type III secretion 

systems (toxB), and an enterohemolysin (ehxA) (64–66). Importantly, the presence of ehxA has 

been associated with the presence of Stx and HUS development (67, 68), suggesting that it may 

be an indicator of pathogenicity and impact disease severity. Six genetically distinct ehxA 
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subtypes (A-F) have been identified (69, 70). Subtypes C and F were found to be more common 

in clinical isolates, while subtype A was suggested to be more common in environmental sources 

(69–71). A number of other virulence factors are encoded within the chromosome or are 

acquired through plasmids, bacteriophages, and other mobile genetic elements via horizontal 

gene transmission to facilitate survival in the acidic pH of the stomach as well as colonization. 

Demographic factors associated with STEC infections 

The ability of STEC to differentially cause infections in individuals with varying 

demographics has been reported by the FoodNet surveillance sites. The highest incidence of 

STEC occurs in children <5 years old (1.89 per 100,000 people) and decreases until age 60, 

which is followed by an increase in incidence among the elderly (10, 72). A similar incidence of 

non-O157 infection is seen in adults and elderly, while O157 STEC infections are mostly 

responsible for the increasing incidence observed in the elderly population (10). In children 

younger than 10 years of age, O157 infection is the leading risk factor for development of HUS 

in the US and is the most common cause of renal failure and HUS worldwide (73–75).  

Incidence rates for non-O157 STEC range from 0.11-1.14 per 100,000 people among the 

ten FoodNet surveillance sites (10). This wide range suggests that geographic factors may 

influence the number of infections that occur within an area at a given time. Regions that have 

high cattle densities have been associated with an increase in O157 and non-O157 infections (38, 

76). Similarly, direct contact with cattle and other animals that may asymptomatically harbor 

STEC in petting zoos have been associated with infections (77, 78). Variation in the 

socioeconomic status (SES) of a region may also be responsible for differences in incidence 

rates. A person with a high SES has a consistently higher risk of acquiring an O157 or non-O157 
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STEC infection (79, 80). While it was hypothesized that individuals with a higher SES would 

have access to better healthcare and seek medical advice even for minor infections, a 2000-2003 

study in FoodNet sites identified that lower income categories were more likely to seek care (79). 

A higher SES may also allow for international travel to countries with higher rates of non-O157 

infections and a larger range of serogroups commonly associated with severe clinical outcomes. 

In Europe, serogroups O26, O91, O103, O111, O145, and O146, for example, are the top six 

non-O157 serogroups commonly associated with infections according to the European Centre for 

Disease Prevention and Control (81). Similarly, in Germany, serogroup O91 is the most common 

serogroup found in adult infections and has caused severe clinical infections resulting in HUS 

(82, 83). 

STEC reservoirs and transmission to humans 

 Cattle are the main reservoir for STEC and have been implicated as the source for 

numerous STEC outbreaks (84–86). The lack of Gb3 vascular receptors in cattle allows for 

asymptomatic colonization without any clinical indicators. Other ruminants and farm animals 

have been identified to harbor STEC including deer and pigs (87–90). However, Stx2e positive 

STEC isolates can cause edema in pigs through binding with the globotetraosylceramide (Gb4) 

receptor in epithelial or vascular endothelial cells (91). Environmental factors and farm practices 

play a role in the prevalence of STEC within the farm environment. Studies have shown that in 

increase in temperature during summer months was associated with a higher prevalence of STEC 

(92–95). Similarly, a number of studies have examined the association between STEC shedding 

in cattle and age (96–99). Though there is no age that is strongly supported by all studies for the 
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highest risk of STEC, the majority of studies have shown that younger cows are more likely to be 

colonized, albeit asymptomatically.  

 Transmission of STEC to humans can occur through direct contact with colonized 

animals, consumption of contaminated food or contact with contaminated water, and through 

person to person contact. Improper hand washing after contact with animals at petting zoos and 

direct contact with cattle have been associated with STEC infection (77, 78, 100). The most 

common means of transmission is foodborne through incorrect handling and preparation of cattle 

products (101). STEC has been associated with outbreaks of leafy greens through the 

contamination of crop irrigation water from fecal runoff of nearby farms (102). Further, 

transmission of STEC from person to person can occur through fecal-oral route. The median 

duration of asymptomatic shedding of STEC after infection in childcare outbreaks ranges from 

20 to 50 days (103–105). This extended period of shedding along with a low infectious dose may 

result in a higher rate of secondary transmission (106).   

BACTERIAL STRAIN TYPING METHODS  

 The ability to reliably differentiate and type bacterial strains is critical for public health 

surveillance and identifying related strains of importance for research. Historic typing of strains 

relied on the classification of organisms based on biochemical differences, changes in the cell 

surface or structure, and other phenotypic determinants that were specific to an organism. The 

resolution of bacterial strains has been increased through the introduction of molecular analysis 

and typing methods (107, 108). Recent years have seen a transition in molecular typing methods 

away from traditional gel-based methods to targeted gene identification and whole genome 
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sequencing. This shift has allowed for a larger amount of information to be readily available and 

has changed typing isolates at the genus level to the species and subspecies level (109, 110).  

The usefulness of a typing method relies on its ability to discriminate strains in a 

meaningful way and distinguish among unrelated isolates within a species (111). All typing 

methods will aim to target something that is specific for a genus or species for classification but 

will not be so specific as to exclude strains that should be included within the classification.  

Newer typing methods have allowed a better ability to identify epidemiologically related isolates 

from those that are within the same species (108, 112). Molecular strain typing relies on the 

evolution within a species to accurately and reproducibly differentiate strains. However, this will 

be species dependent as the rate for evolutionary events may vary, thus, the typing methods 

selected will need to ensure that it accurately identifies related isolates within the evolution rate 

of the species.  

The assessment of typing methods should ensure that the discriminatory power and 

reproducibility can be obtained for the organism of interest. Discriminatory ability of a typing 

method should discriminate between strains at a high resolution while maintaining 

epidemiological concordance (113). A quantitative indicator of discriminatory power can be 

expressed as a probability defined by the Simpson’s index of diversity (114). The method should 

also be reproducible independent of when, where and by whom the method was performed (113). 

Inability to produce consistent result will limit the usefulness of the test and comparisons that 

can be performed across studies and locations. While a method may reproducibly discriminate 

strains, the time and labor requirements may limit the feasibility of the method if there is a high 

labor, monetary or time cost. The throughput of a method should allow for a high number of 

isolates to be analyzed and sustained over an extended period. 
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Changes in molecular biology over the recent years has led to a shift in the methods that 

were once gold standards for typing and identification of related organisms (115–117). With the 

accessibility and cost of sequencing decreasing, several sequencing methods have been 

developed that focus on whole genome analysis or targeted identification of genes (117–121). 

This shift away from phenotypic and gel-based typing methods is allowing for a higher 

discriminative power, however, access to the whole genome of bacterial isolates is providing an 

exponential amount of data that will need to be sorted for identification of new methods.  

Phenotypic Typing Methods 

Traditional microbiology focused on the use of phenotypic properties to identify bacterial 

organisms and determine the relatedness of strains. Serotyping of organisms based on somatic 

and flagellar antigens allows for the differentiation of isolates into subspecies. Serotyping of 

E.coli has been historically used to help with epidemiological investigations and identification of 

clinically relevant strains based on O- H- and K-antigen determinants (122, 123). Recent 

examination of serogroup typing is identifying that this may not be indicative of a strain’s 

relatedness, due to the exchange of horizontal elements allowing for the rise of related organisms 

with different serogroups (124).  

Examination of the antimicrobial resistance profiles are currently used as ways to cluster 

large groups of organisms, particularly carbapenem resistant organisms to examine the 

transmission of these organisms in epidemiological investigations; carbapenem-resistant 

Enterobacteriaceae (CRE), Acinetobacter baumannii (CRAB), and Psuedomonas aeruginosa 

(CRPsA) (125, 126). The generation of antibiogram (antibiotic susceptibility testing) profiles 

from the resistance and susceptibility profiles has been examined in chromosomal and plasmid 
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acquired resistance (127). Stability of the resistance profile in an organism and utilizing the 

antibiogram may incorrectly group together unrelated strains due to the mobility of antimicrobial 

resistance genes.  

Lastly, traditional identification of an organism is based on biochemical tests to narrow 

down the genus or species. Differences in growth on differential or selective media and the 

presence of enzymes within in organism will provide visual identification. Differentiation of 

O157 STEC relies on the inability to of O157 to ferment sorbitol resulting in colorless colonies 

on SMAC agar (128).  

Genotypic Typing Methods 

Molecular methods of typing have been rapidly evolving over the past 30 years as better 

means of examining the bacterial genome have become available. The main advantage for using 

molecular methods is the ability to identify related organisms with a higher sensitivity and 

quicker turn around than phenotypic methods. For the past 23 years, pulsed-field gel 

electrophoresis (PFGE) has been the gold standard for disease surveillance and identifying 

related organisms for enteric pathogens as part of the PulseNet surveillance network at the CDC 

(129, 130). Recent transitions have introduced WGS as the new standard for surveillance and 

identification of related strains (131). Various molecular methods have been developed over the 

past 30 years that rely on differences in the genomic profile to identify related isolates. These 

methods can be grouped into three main categories: methods that rely on electrophoresis to 

generate banding patterns for comparison, methods that rely on DNA-DNA hybridization, and 

methods that utilize targeted gene or whole genome sequencing.  
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DNA hybridization methods are not discussed in extensive details below, however, they 

rely on the binding of DNA to a labeled cDNA or oligonucleotide in microarrays and have been 

reviewed elsewhere (132, 133). The use of cDNA as the labeled probe aids in the identification 

of housekeeping genes or virulence genes to help identify or characterize organisms. However, 

microarrays with oligonucleotides as the labeled probe, can be utilized to identify specific SNPs 

that may differ in related organisms. 

Banding Pattern Based Typing Methods 

Pulsed-Field Gel Electrophoresis (PFGE) 

Various methods that separate out DNA fragments and compare patterns have been 

developed, however, PFGE has been adopted for epidemiological surveillance for a range of 

pathogens (116, 134–137).  PFGE was originally developed in 1982 by Schwartz and Cantor to 

examine the chromosomal DNA of yeast. It has since been adopted and standardized for 

surveillance and tracking of outbreaks in gram negative and positive organisms (116, 135). Rare 

cutting restriction enzymes are used to cut the DNA into fragments, which are run on an agarose 

gel through a switching electrical field. However, changes in the secondary DNA structures and 

the methylation status of the DNA may impact the ability of a restriction enzyme to cut the DNA 

resulting in shifts from the expected banding pattern (138, 139). Further, bacterial organisms, 

such as STEC, that harbor lysogenic bacteriophages in their genomes may have shifts in the 

banding patterns due to the loss or acquisition of the bacteriophage (140). Similarly, PFGE is not 

useful for identification of granular changes in the DNA that do not impact a restriction enzyme 

site or change the length of the DNA fragment. Further, the process of PFGE is time consuming 

and labor intensive with a minimal throughput of 11-12 isolates analyzed on a single gel. Lastly, 
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differences in banding patterns can be observed due to deviations from protocol which may 

influence the resolution and interpretation of the banding patterns. 

Prior to WGS, the use of PFGE was able to discriminate strains with a high 

discriminative power based on banding patterns for outbreak surveillance. The standardization of 

the method allowed for a national surveillance of foodborne pathogens, including O157 and non-

O157 STEC, by PulseNet through the comparison of gel banding patterns (116, 141). This 

standardization also allowed for international comparison to identify international transmissions 

and isolates that may be travel related (142). While distinct banding patterns were generated for 

STEC isolates, the high similarity within serogroups and related isolates, may fail to identify 

epidemiologically unrelated isolates. The inability to discriminate unrelated isolates was seen in 

O157 STEC banding patterns, identifying a need for a more discriminative typing method for 

related isolates (112, 129). The benefit of PFGE is its ability to discriminate strains that may be, 

however, subtle changes in DNA are not observed and further discrimination of closely related 

subspecies cannot be elucidated.  

Restriction Fragment Length Polymorphism (RFLP) 

 Similar to PFGE, the comparison of banding patterns generated through the use of 

restriction enzymes are used to identify the relatedness of isolates. However, the DNA is 

digested with restriction enzymes that frequently cut the DNA. To minimize the number of DNA 

fragments that are run on an agarose gel, RFLP is commonly paired with polymerase chain 

reactions (PCR, PCR-RFLP) to examine the banding pattern of a specific region or gene of 

interest.  
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 PCR-RFLP has been generalized for methods in a range of bacterial organisms that target 

a number of genes of interest. The identification of intimin and enterohemolysin subtype in 

STEC were originally identified and typed through the use of PCR-RFLP to provide a higher 

resolution of the genes (47, 69, 142). Similarly, PCR-RFLP has been applied to the 16S rDNA of 

bacterial isolates from a diverse group of organisms that were associated with endophthalmitis 

and were able to differentiate all species, except for discriminating between E.coli and Serratia 

marcescens (143).  

Multiple Locus Variable-number Tandem Repeat Analysis (MLVA) 

 Amplification of variable number tandem repeat (VNTR) arrays through PCR are 

performed to generate DNA fragments. The size of the fragments is identified through the use of 

capillary electrophoresis, which runs the DNA fragments through a gel matrix and generates an 

electropherogram. The electropherogram gets converted into allele types that will correlate with 

the relatedness of strains. This technique is not widely used due to the need of generating PCR 

primers and allele databases for each organism, instead, it has been used for some organisms as a 

supplemental analysis for strains with similar PFGE patterns. Within STEC subtyping, the use of 

MLVA was proposed as a secondary subtyping method for STEC isolates with shared PFGE 

patterns to further discriminate strains. A preliminary study aimed at examining the feasibility of 

MLVA in public health laboratories as a secondary subtyping tool for O157 STEC, 200 isolates 

were discriminated into 162 MLVA patterns and 139 unique PFGE patterns (144). MLVA 

provides a high discriminatory resolution among related isolates and has been identified as the 

standard for bacterial subtyping in a range of bacterial organisms including: Bacillus anthracis, 

Yersinia pestis, and Mycobacterium tuberculosis (145–147). 
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DNA Sequencing Typing Methods 

Multilocus Sequence Typing (MLST) 

Traditional six to eight gene MLST examines 400-600bp regions of housekeeping genes. 

Originally designed for PCR and Sanger sequencing, MLST allows for a higher resolution and 

discrimination than serotyping alone to observe evolutionary changes in a broad population and 

identify epidemiological associations between groups of isolates (148, 149). MLST is 

advantageous for studies of large population due to a high level of strain differentiation and 

stable allele calls that can be compared across studies (150–152). The use of standardized 

databases assures that the data has a high level of repeatability. Additionally, databases are 

internationally available making it feasible to compare studies that use the same database (153, 

154). Allelic variation is assigned for each gene identified and sequence types assigned based on 

the allelic profile. Examination of allelic profiles and sequence type designation does not provide 

any insight into the evolutionary changes that may have occurred within an allele or how many 

evolutionary differences are between two alleles. At the same time, only conserved coding 

regions are included in the MLST analysis, which may lack the ability to discriminate related 

isolates. Examination of O157 STEC has typed most of the isolates by Whittam seven gene 

MLST as sequence type 66, however there is a large diversity in the genetic composition of 

O157 isolates that have been associated with differences in disease outcomes when a method 

with higher discriminatory power such as SNP-typing is used (112, 152).  

The introduction and accessibility of WGS has changed the limits of MLST and allowed 

for the development of more discriminative methods. The use of core genome (cgMLST) and 

whole genome (wgMLST) methods allow for a national surveillance with a high discriminative 

power allowing for comparisons with other labs or studies since the allele codes/profiles will not 
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change regardless of the isolates that are added (155). Similar to the six to eight gene MLST 

typing schemes, the database and allele calls are standardized allowing for reproducibility across 

labs, studies and time periods. Regardless, there is a lot of up-front development and validations 

that are required to generate and upkeep the database to include new alleles and profiles.  

The difference between wgMLST and cgMLST is the database that will be used to assign 

allele codes. WgMLST will compare genomes of interest gene by gene with a database that is 

comprised of all genes from a genus or species of interest and represents a diverse genetic 

background, including horizontally acquired genes. Due to more genes included in the analysis, 

wgMLST will have a higher resolution of isolates than cgMLST, however, the inclusion of 

horizontally acquired genes in the analysis may influence the phylogenetic relationship of 

isolates that are related (156, 157). Conversely, cgMLST will compare on a gene by gene basis, 

but it will only include genes or portions of genes that are common across all species resulting in 

a smaller database. While wgMLST will provide a higher resolution, cgMLST is more stable and 

will not change due to all strains encoding genes that are present within the MLST database. 

Publicly available databases for Salmonella, Escherichia/Shigella, Yersinia, Campylobacter, and 

Listeria can be found, however, validations have only been performed for Listeria (156, 158).  

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) 

The CRISPR array contains repeat sequences that vary in length from 20-50 nucleotides 

and are separated by highly conserved direct repeats (159). Transcription of the CRISPR array 

along with the CRISPR associated (cas) genes forms a complex of crRNA and Cas proteins, 

which can target foreign DNA that is complementary to the crRNA for degradation (160). While 

the repeats that separate the spacers are conserved, the spacer itself is highly variable and has 
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been found complementary to phage or plasmid sequences (159, 161, 162). These sequences are 

used by the bacteria as an adaptive immune system and can help the bacteria target and degrade 

invading genetic material that may be detrimental to the cell (163, 164). New spacers are added 

to the distal end of the CRISPR array allowing for evolutionary analysis of isolates to identify 

potential divergence of isolates and generate stepwise evolutionary experiments (161, 165–167). 

Similarly, spacer composition within the CRISPR array can be used to examine the relatedness 

of isolates based on the presence and absence of spacer sequences (161, 168–170). The ability to 

utilize the CRISPR region is only beneficial if the organism is not rapidly acquiring new spacers 

and if the CRISPR array is heterogenous within the population of interest. Rapid acquisition 

could result in CRISPR array profiles differing within an outbreak, thus excluding isolates that 

may be outbreak-associated. Changes within the CRISPR array can also be caused by 

microevolution occurring within the loci resulting in loss or duplication of the spacers (166, 167, 

171, 172).  

The subtyping of isolates by spacer-oligonucleotide typing (spoligotyping), which 

examines heterogeneity within the CRISPR region, has been used since 1993 for Mycobacterium 

tuberculosis (173, 174). The use of DNA hybridization arrays has generated over 3,000 known 

spoligotype patterns to differentiate related strains based on the knowledge of known spacers 

(175).  Various experiments have shown that the stability and conservation of CRISPR array in 

STEC can be used as a subtyping marker because it is not acquiring new spacers and there is 

little diversity within subtypes (165, 176, 177). As a result, pairing the CRISPR sequences along 

with presence of stx and eae, and the intimin adherence protein gene commonly found in 

enterohemorrhagic E. coli, identified polymorphisms that provide a more specific typing profile 

(178, 179).  
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Single Nucleotide Polymorphism Typing (SNP) 

The identification and systematic analysis of SNPs are useful for outbreak investigations, 

and can resolve closely related bacterial genotypes, provide insights into the microevolutionary 

history of the genome divergence, and contribute to an epidemiologic assessment of associations 

between bacterial genotypes and disease. SNP analysis allows for every nucleotide in the 

genome to be analyzed, however, a reference strain is required for comparison and analysis. 

The resolution and discriminatory power of methods have gotten increasingly stronger 

with the accessibility of WGS. Prior to WGS, known SNPs could be examined within the 

genome using PCR based assays or DNA hybridization. The use of Sanger sequencing and 

further WGS has allowed for an easier identification of known and unknown SNPs to be 

extracted for analyses. Development of a 32 SNP loci typing for O157 was developed to 

differentiate O157 isolates with the same PFGE pattern (112). A MLST-based neighbor joining 

phylogeny clustered isolates into eight distinct clades that were associated with varying disease 

outcomes. Notably, strains belonging to Clade 8 were significantly more likely to develop HUS 

(112). The increased use of WGS has allowed for the examination of SNPs that may be present 

outside of the loci identified in O157 and applied to non-O157 STEC.   

Core genome (cgSNP) and high quality (hqSNP) SNP analyses allows for the 

examination of all nucleotides that are shared among isolates for comparison to a reference 

strain. These analyses allow for a high discriminative power to examine relatedness and 

considers all mutations and evolutionary events that may occur to produce a new pathogenic 

strain (157). This method can also be generalized and adapted to all organisms without any 

additional up-front development. Since SNP analysis is not standardized, changes in the strains 

present or the reference strain can result in differences within the phylogenetic relationship of the 
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isolates. Analyses are limited by appropriate selection of a reference strain that is related and 

generated from quality data (180). While the analyses is reproducible within the set of strains and 

reference chosen due to the lack of ambiguity in sequencing data, comparisons across studies 

with different parameters, isolates, and reference is limited.  

HqSNP is similar in analysis to cgSNP, however, it utilizes raw reads when mapped to a 

reference to provide a confidence of the SNP identified. Three main points are taken into account 

when performing hqSNP with various pipelines such as Lyve-SET: quality, coverage, and 

frequency of SNPs (181). The quality of sequencing data will greatly influence the interpretation 

of the data and ability to identify the relatedness of strains. Coverage will examine how many 

reads are present at a given location to identify if there are enough reads to accurately identify a 

potential SNP. Lastly, frequency indicates the confidence in the SNP call dependent on the 

percentage of reads that support the SNP at that location. The additional parameters on hqSNP 

analysis allows for the interpretation of SNP distance with a high confidence. However, the 

identification of clusters and SNP distances among isolates are only one piece of supporting 

evidence for strain relatedness. Outbreak investigations require additional epidemiological 

support and linkage between the isolates. 

Pan Genome Comparisons 

Extraction and alignment of the pan genome shared across isolates in an analysis allows 

for a genome wide comparison without the need of a reference strain. Differing from a core 

genome analysis by potentially including a larger number of genes in the analysis since it can 

encompass all core genes in addition to accessory genes and strain-specific genes. This analysis 
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relies on a high bioinformatic knowledge and will vary across analyses depending on the isolates 

that are included, however, the general clustering of isolates should remain unchanged.  

The use of a pan genome comparison has been used in pathogenic E. coli isolates of 

different pathotypes to identify putative virulence genes that may be important for pathogenesis 

in those specific pathotypes (182). Comparison with a commensal strain of E. coli to identify the 

pan genome then allows for the identification of genes that are only present in specific 

pathotypes and clades. Analyses in other foodborne organisms such as, Campylobacter jejuni, 

have utilized the pan genome to identify epidemiologically related isolates belonging to a similar 

outbreak (131). The benefit of utilizing the pan genome for analysis of isolates is that it allows 

for a high discriminatory power without the need for identifying a reference strain for 

comparison or the use of a database, thus, it is generalizable and can be applied to any organism 

of interest (183).  

SUMMARY 

STEC is considered a prominent foodborne pathogen with multiple outbreaks every year 

that affect thousands of people. As a prominent foodborne pathogen, the ability to identify 

related organisms that may be outbreak associated is essential for surveillance. A range of 

serogroups and virulence factors have been identified in clinical isolates presenting with disease 

outcomes. Specifically, the continued increase in non-O157 STEC incidence supports the need to 

further understand the diversity within this subpopulation. This work also examined the potential 

transmission of STEC between the cattle reservoir and human population to identify targets for 

future surveillance and intervention. While O157 is commonly isolated from infections 

associated with cattle products, it is not understood which non-O157 profiles are associated with 
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clinical outcomes. The use of WGS methods will allow for subtyping and examination of genetic 

relatedness of isolates with a higher discriminatory power than traditional methods. In an effort 

to better understand the genetic diversity and the ability to use WGS methods for subtyping, the 

primary objective of this dissertation was to examine the genetic characteristics and diversity 

within populations of non-O157 STEC to elucidate characteristics of importance for disease 

outcomes and transmission into the human population. 
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TRENDS OF SHIGA TOXIN-PRODUCING ESCHERICHIA COLI (STEC) STRAINS 

RECOVERED FROM PATIENTS IN MICHIGAN, 2001-2018 
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ABSTRACT 

Shiga toxin-producing Escherichia coli (STEC) is a leading foodborne pathogen, 

resulting in 265,000 illnesses and 3,600 hospitalizations annually. STEC can be classified into 

over 180 different O serogroups, with O157 being the primary focus of most research studies. 

Other non-O157 serogroups, however, are associated with clinical symptoms and are increasing 

in frequency. Indeed, the incidence of non-O157 serogroups has now surpassed the incidence of 

O157 and has identified a gap in our knowledge of the genetic diversity of STEC and non-O157 

serogroups. In this study, whole genome sequencing was used to examine the virulence profiles 

and genetic diversity of non-O157 STEC recovered from clinical cases between 2001 and 2018 

(n=894). A total of 69 serogroups were identified over the entire time period, though the 

diversity increased from an average of 5 (2001-2006) to 18.3 (2008-2018) per year. These strains 

represented 52 distinct multilocus sequence types (STs) and 14 of these STs were novel with 

new gene variants or allele profiles. The MLST-based phylogeny identified four clusters with 

>80% bootstrapping support. The clusters were associated with specific stx, eae, and ehxA 

profiles. This comprehensive analysis of non-O157 STEC strains in Michigan over an 18-year 

period is helpful to understand changes in circulating genotype distributions and to better 

understand the genotypes that may be associated with disease or specific clinical outcomes. 
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INTRODUCTION 

Shiga toxin producing Escherichia coli (STEC) is a foodborne pathogen that results in 

265,000 illnesses annually (1). STEC can present as a wide range of gastrointestinal symptoms 

including cramps, diarrhea, hemorrhagic colitis and in severe cases, hemolytic uremic syndrome 

(HUS) or kidney failure (2–5). The identification of O157 STEC in 1982 as the etiological agent 

associated with contaminated hamburgers led to research and surveillance focusing on O157 

STEC (6, 7). However, the increasing incidence of non-O157 serogroups associated with clinical 

illness and outbreaks has led to the classification of non-O157 STEC as a nationally notifiable 

disease (8–10). Within the non-O157 STEC serogroups associated with illness in the US, six 

serogroups, commonly referred to as the “big six” non-O157 serogroups, predominate and 

include: O26, O45, O103, O111, O121 and O145 (11). Although these serogroups are commonly 

isolated in the US associated with illness, other serogroups outside of the big six such as, O91 

and O146, have been more frequently isolated in other countries (9, 12). Despite the wide range 

of non-O157 STEC serogroups associated with disease, little research has been done to 

understand the genetic characteristics and to identify epidemiological factors that may be 

associated with these non-O157 serogroups (9, 11, 13, 14). 

STEC isolates are characterized by the presence of the Shiga toxin genes (stx1 and/or 

stx2) that are found on lysogenic bacteriophages (15). Over the past two decades, STEC 

identification has changed from culturing STEC to using culture independent tests (CIDTs) (16). 

Initially, sorbitol-MacConkey (SMAC) agar, which is specific for O157 STEC as it relies on the 

ability of O157 but not non-O157 serogroups to ferment sorbitol, was used in most public health 

laboratories. In 2009, the Centers for Disease Control and Prevention (CDC) recommended use 
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of specific CIDTs that directly identify the Shiga toxin genes or the presence of the Shiga toxin 

(8, 17, 18), thereby enhancing detection of non-O157 STEC. The ability to better detect stx 

positive isolates in addition to those that are O157 based on SMAC culturing may influence the 

increasing incidence rate of non-O157 STEC.  

Shiga toxin variants for both stx1 and stx2 have been identified and associated with 

various clinical outcomes. Variants of stx1, stx1a, stx1c and stx1d, are antigenically distinct and 

strains with stx1c and stx1d are infrequently recovered from patients and have been associated 

with milder clinical symptoms (19). By contrast, there are seven variants of stx2 (a-g) that have 

been identified; stx2a and stx2d were found to be associated with more severe infections 

resulting in HUS (20–23). The stx2e, stx2f and stx2g variants, however, have been more 

commonly recovered from environmental sources and animal reservoirs (24). Examination of 

other virulence factors and their variants such as eae (intimin) and ehxA (enterohemolysin), have 

been associated with varying degrees of disease severity and clinical outcomes (25–27). The eae 

gene, which is encoded within the locus of enterocyte effacement (LEE) pathogenicity island in 

the chromosomal DNA, is responsible for the attachment and effacement of intestinal epithelial 

cells. Patients infected with STEC strains possessing eae are more likely to present with bloody 

diarrhea as these strains were found to be more virulent than LEE-negative STEC (11). 

Enteropathogenic E. coli (EPEC), a stx-negative, eae-positive E. coli pathotype, as well as other 

stx-negative pathotypes have also been isolated from patients with diarrhea and have been linked 

to outbreaks. It is therefore clear that other virulence factors besides the Shiga toxin play a role in 

E. coli-associated enteric infections (28). Indeed, fourteen eae subtypes have been characterized, 

thereby adding to the diversity of the pathogenic E. coli population. Analysis of eae subtypes has 

identified that ruminants are a significant source of diverse subtypes (29).  
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Several hemolysin genes including the ehxA gene encoded on the large 

enterohemorrhagic virulence plasmid, have also been found in STEC isolates associated with 

severe disease such as HUS (26). While there are other hemolysins that have been found in 

E.coli such as alpha-hemolysins (HlyA) and silent hemolysin (SheA), ehxA is correlated with the 

presence of the stx genes indicating that it may be a virulence factor and play a role in disease 

outcomes for STEC-specific illnesses (19, 25, 30, 31). Six ehxA subtypes (A-F) have been 

characterized and can be distinguished by sequencing and restriction fragment length 

polymorphism analysis (29). Subtype A is commonly isolated from environmental and animal 

samples, while subtype C is commonly associated with clinical cases (25, 26). Virulence genes 

have not been found to be serotype specific, thus, serotype similarity alone is not enough to 

identify whether isolates have the potential to cause clinical outcomes or share a genetic profile 

for outbreak investigations.  

Over 180 STEC serogroups have been identified, however, the relatedness of these 

serogroups and the spectrum in which they are able to cause disease has not been fully elucidated 

(10, 11, 32, 33). Various typing methods have been used to examine relationships between 

strains belonging to non-O157 serogroups including pulsed-field gel electrophoresis (PFGE), 

multilocus variable number of tandem repeat analysis (MLVA) and MLST (34, 35). A key 

limitation with these methods is their reduced ability to further discriminate strains that cluster 

together to define their genetic relatedness with a higher discriminatory power.  

Through this study, we sought to examine the changes in genetic factors in STEC isolates 

that were isolated in Michigan over an 18-year time period. Changes within groups of isolates 

that are classified as the same serotype and/or ST were examined to identify genomic traits that 
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are important for more severe clinical infections. The trends that are examined within Michigan 

over an extended time period will help with future public health interventions and understanding 

of the genetic diversity and factors that are important for STEC infections.  
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MATERIALS AND METHODS 

Bacterial strains and epidemiological data 

The Michigan Department of Health and Human Services (MDHHS) recovered 1,926 

STEC isolates from patient samples from 2001-2018. All non-O157 isolates (n=894) recovered 

during this period were examined using whole genome sequencing (WGS). Epidemiological data 

for a subset of 552 cases were extracted from the Michigan Disease Surveillance System 

(MDSS) for cases with infections reported between 2001 and 2015; no epidemiological data was 

available for cases with isolates submitted after 2015. All data were maintained in Microsoft 

Access and Excel. 

Ethics Statement 

Data collection from human subjects was approved by the Institutional Review Board at 

Michigan State University (MSU; Lansing, MI, USA; IRB #10-736SM) and the MDHHS (842-

PHALAB). 

DNA isolation and whole genome sequencing (WGS) 

Overnight cultures were grown aerobically at 37°C in Luria-Bertani broth. DNA isolation 

was performed with various methods depending on the time period the isolates were obtained. 

DNA for isolates recovered between 2001 and 2006 were extracted with the Wizard® Genomic 

DNA purification kit, while isolated recovered from 2007-2018 were extracted with the Qiagen 

DNAeasy spin column kit (Qiagen, Valencia, CA, USA) following PulseNet protocols 

established at the Centers for Disease Control and Prevention (CDC) (36–38). All isolates were 



 

 

48 

 

prepped with the Nextera XT kit (Illumina, San Diego, CA, USA) and sequenced on the Illumina 

MiSeq platform (2x250 reads).  

Bioinformatic and in silico analysis 

Raw sequencing reads were processed with Trimmomatic to trim adapters and remove 

sequences with a quality score less than 20 (Q20) or less than 100 nucleotides in length before 

assessment with FastQC for a quality check of the reads (39, 40). De novo assembly was 

performed with Spades 3.10.1, using kmers 21, 33, 55, 77, 99, 127 with error correction to 

minimize mismatches present in the final contigs (41). 

Extraction of serotyping and virulence genes were performed using Abricate with the 

Center for Genomic Epidemiology databases for wzx/wzy (O-antigen), fliC (H-antigen) and stx 

genes (42) (www.genomicepidemiology.com). Curated databases were compiled for ehxA 

(enterohemolysin) and eae (intimin) gene variants. In house bioinformatic scripts were 

developed to extract the seven multilocus sequence typing (MLST) loci and sequence types 

(STs) were assigned using the EcMLST v1.2 database (http://www.shigatox.net)(43).  

Data analysis and visualization 

MEGA X was utilized to concatenate and align MLST alleles using CLUSTALW and to 

construct a neighbor-joining tree with 1000 bootstrap replication (44). Epidemiological 

associations between demographic variables, serogroups and virulence profiles were examined 

using Chi-Square (χ2) and Mantel-Haenszel Chi-Square test; sample sizes less than five were 

examined using the Fisher’s exact test. Statistical tests were performed in SAS v9.3 (SAS 

Institute, Cary, NC); p<0.05 was considered significant and was reported along with the odds 

ratio (OR) and 95% confidence interval (CI) in a univariate analysis.  
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RESULTS 

Case demographics of patients with non-O157 STEC infections in Michigan  

 A total of 894 non-O157 STEC isolates were recovered from MDHHS during 2001-2018 

as part of various surveillance studies. For the period between 2001 and 2012, the total number 

of non-O157 isolates reported by MDHHS was determined based on records listed in MDSS in a 

previous study (10). Large discrepancies (>5 isolate difference) were observed for 2001, 2007, 

2008, and 2010 to 2012 between the number of cases reported in MDSS and the number of 

isolates that were submitted for WGS (Figure 2.1). 2001 was the only year in which more non-

O157s were recovered and typed with WGS than were reported by MDHHS. Overall, the period 

between 2010 and 2012 had more non-O157 case reports in MDSS when compared to number of 

isolates submitted for WGS.  

 Examination of the demographic data associated with isolates identified 504 (59.3%) 

female cases out of the 850 (95%) non-O157 STEC cases with gender data available. The 

proportion of female cases was significantly higher (p<0.0001) than the proportion of men over 

the entire time period, and several factors were associated with gender. For example, women 

were significantly more likely to present with body aches than men (OR: 1.6, 95% CI: 1.10-2.47) 

(Table 2.1). Women were also significantly more likely to be hospitalized (OR: 1.7, 95% CI: 

1.10-2.47). Across the four age groups, the gender proportion for cases between 11-29 (female: 

219/383, p<0.0001), 30-64 (female: 165/230, p=0.008), and ≥65 years (female: 49/75, p=0.0048) 

were significantly different. The proportion of cases identified as women ranged from 57.2%-

71.7% (Table 2.2).  

 Age frequencies over the past 18 years fluctuated throughout the first 10 years before 

becoming more stable from 2013-2018 (Figure 2.2). The average age over the time period was 
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29.0 years, while the highest frequency of cases between 11-29 years of age was observed in 13 

of the 18 years examined. In 2007, only three non-O157 STEC isolates were received, and all 

were from patients in the 11-29 age group. Across all age groups, significant differences were 

identified when stratified by serogroup (Mantel-Haenszel χ2 p=0.04), stx variants (Mantel-

Haenszel χ2 p<0.0001) and eaeA presence (Mantel-Haenszel χ2 p<0.0001) (Table 2.2). All age 

groups had a high proportion of O103 (23.1-28.2%), while O26 was highest in younger children 

between 0 and 10 years (17.9%) and in the 11-29 (17.3%) age group. The frequency of non-

O157 big six serogroups was significantly higher in children and young adults (0-29 years) (OR: 

1.5, 95%CI: 1.10, 2.13). Differences in the presence of key STEC virulence genes was also 

observed, particularly among the adult and elderly population compared to the children and 

young adults. For instance, stx2 frequency increased in proportion from 8.0% among the 0-10 

age group to 28.2% among elderly patients ≥65 years (p<0.0001). Conversely, the presence of 

eaeA decreased from 98.8% in cases 0-10 years to 80.8% in cases ≥65 years (p<0.0001). 

 Clinical outcomes for abdominal pain and body aches were reported along with age for 

503 cases, while hospitalization status was reported for 515 (57.6%). A significant difference in 

proportions across all age groups was detected for all three clinical outcomes; abdominal pain 

(p<0.0001), body ache (p=0.0079), and hospitalization (p<0.0001). A univariate analysis was 

performed within each outcome using 11-29 years of age as the reference category to identify 

associations by age group. Over the entire time period, young children were significantly less 

likely to be hospitalized (OR: 0.4; 95% CI: 0.20-0.71), while elderly cases were 2.7 times more 

likely to require hospitalization (95% CI: 1.41-5.44).  
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Distribution of serogroups and association with clinical outcomes  

 Over the past 18 years, non-O157 STEC representing the big six serogroups have been 

more frequently isolated than other non-O157 serogroups; between 60-80% of the isolates were 

classified as a big six serogroup for 16 of the past 18 years (Figure 2.3). Importantly, excluding 

2007, other non-O157 isolates were identified from at least 20% or more of the cases each year. 

Isolates classified as one of the big six serogroups were significantly more likely to be recovered 

from males (OR: 1.5, 95%CI: 1.07-4.46) than females (Table 2.3). The virulence gene profiles of 

non-O157 big six isolates also differed compared to the remainder of the isolates representing all 

other serogroups. Big six strains were significantly more likely to have stx1 or stx1,2 (OR: 2.9, 

95% CI: 1.90, 4.46), eaeA (Fisher’s χ2 p<0.0001), and ehxA (OR:4.7, 95%CI; 2.64, 8.45) 

compared to other serogroups (Table 2.3). While there was a significant difference in the 

virulence profiles between big six and other non-O157 serogroups, the only association with 

clinical outcomes identified was between big six cases and history of bloody diarrhea (OR: 1.9, 

95%CI: 1.19, 3.08), which is an indicator for more severe infections.  

Further breaking the non-O157 serogroup distribution by year identified an increase in 

the number and diversity of serogroups that were identified over time (Figure 2.4). A total of 69 

different serogroups were identified over the 18-year period. Since 2001 there has been a steadily 

increasing trend in the number of serogroups that have been identified each year. From 2001 to 

2006, an average of 5 serogroups were reported each year compared to an average of 18.3 

serogroups per year from 2008-2018. While a large number of different serogroups were 

identified, associations between clinical outcomes were only evaluated for the big six serogroups 

due to the small sample sizes of certain serogroups. Most notably, serogroup O45 was associated 

with case hospitalization (OR: 1.8, 95% CI: 1.18-2.72) (Table 2.4) as well as bloody diarrhea 
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(OR: 1.5, 95% CI: 1.01, 2.30) relative to all other serogroups (Table 2.5). Bloody diarrhea was 

also significantly more common among O111 infections (OR: 2.0, 95% CI: 1.05, 3.66), however, 

cases with O111 infections were not more likely to be hospitalized. No other associations 

between specific serogroups and different clinical outcomes were observed. 

Trends of virulence genes and subtypes  

 Eleven different virulence gene profiles were identified from all non-O157 STEC based 

on the presence or absence of stx, eae and ehxA (Table 2.6). Most of the isolates (89.1%) had 

both eae and ehxA present along with one or more stx genes; however, 2.0% of the isolates were 

missing eae and ehxA, while the remaining 8.9% of the isolates were missing either eae or ehxA. 

The 10.9% of the isolates that lacked eae and/or ehxA suggests that there are other virulence 

factors that play a role in disease progression, specifically in the serogroups outside of the big 

six.  

 Within the big six serogroups, the virulence genes can be further differentiated into gene 

variants or alleles (Figure 2.5). The stx1a variant predominated among strains belonging to 

serogroups O26 (n=127; 97.7%), O45 (n=189; 99.5%), O103 (n=220; 100.0%) and O111 (n=94; 

100.0%). Conversely, serogroups O121 (n=48; 98.0%) and O145 (n=14; 87.5%) predominantly 

encoded the stx2a variant (Figure 2.5A). A subset of the isolates (n=57, 6.4%) encoded the 

stx1a2a combination. The stx2c variant was isolated from one O145 and three O177 isolates, one 

of the O177 isolates also encoded the stx2a variant. A single isolate, serogroup O8, encoded the 

rare stx2e variant. All other non-O157 serogroups possessed a large range of stx variants 

including stx2d, which was not isolated from any of the big six serogroups.  
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Similar to the stx variants, strains belonging to a given serogroup only possessed one type 

of eae variant, or rather, specific serogroups were mainly comprised of strains with a single eae 

variant (Figure 2.5B). Serogroup O45 (n= 190, 100%), O103 (n=207, 94.1%), and O121 (n= 48, 

98.0%), for instance, mainly encoded the epsilon variant, while O26 (n= 130, 100%) strains only 

encoded the beta variant. O111 (n= 93, 98.9%) and O145 (n= 15, 93.8%) strains possessed theta 

and gamma variants, respectively. The largest diversity of gene variants was identified in those 

other serogroups outside of the big six. For ehxA, the big-six serogroups primarily had ehxA-C, 

which were mainly found in O26 (n= 126, 96.9%), O111 (n=87, 92.6%), O121 (n= 46, 93.9%) 

and O145 (n= 16, 100%) strains (Figure 2.5C). The ehxA-F variants, however, were 

predominantly identified in O45 (n= 185, 97.4) and O103 (n= 131, 59.6%) strains. Similar to 

other gene variants that were examined, non-O157 serogroups besides the big six had the largest 

diversity of ehxA variants.  

Genetic diversity of non-O157 STEC and association of clusters with disease  

 MLST was used to examine the genetic diversity of 883 non-O157 STEC with data 

available (Figure 2.6). In all, 66 STs were identified and 14 of these were newly identified STs; 

nine of these new STs had new allele combinations and five had new SNPs in existing gene 

alleles including ST-NEW4 (uidA4), NEW6 (aspC7), NEW7 (lysP1), NEW8 (uidA2), and 

NEW12 (aspC6). Non-O157 big six serogroups are found throughout the phylogenetic tree and 

clustered together with other non-O157 serogroups. Four clusters of STs were identified with 

>0.80 bootstrap support.  

Cluster 1 is comprised of ST-106/104 and four additional STs representing 279 isolates. 

Big six serogroups O26 (n=122) and O111 (n=94) are represented with the highest frequency 
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within this cluster (77.4%). Eight other serogroups also clustered within Cluster 1 including six 

strains belonging to the big six serogroup, O103, which were classified as ST-106. Some STs 

were extremely diverse representing multiple serogroups; ST-104 and ST-106, for instance, 

contain strains with five and seven serogroups, respectively. The virulence profile of an isolate 

recovered from Cluster 1 is significantly more likely to possess stx1 or stx1/stx2 (Fisher’s χ2 

p<0.0001), eae (Fisher’s χ2 p<0.0001), and ehxA (OR: 3.9, 95% CI: 1.78, 8.33) relative to all 

other isolates not clustered. Only three stx2-positive and 2 eae-negative isolates were identified 

(Table 2.7).   

Cluster 2, which represents the largest of the four clusters, includes 419 isolates, with a 

large proportion of isolates typed as big six serogroup O45 (n=188) and O103 (n=209) (Figure 

2.6). The remaining 22 isolates were typed as O123 or O151. All four of these serogroups were 

classified as ST-119. An additional three STs, all O103, were identified as ST-119, ST-526 and a 

new ST due to a gene allele variant in uidA2. Virulence gene profiles of isolates found within the 

cluster were significantly more likely to present with stx1 or stx1/stx2 (Fisher’s χ2 p<0.0001), eae 

(Fisher’s χ2 p<0.0001), and ehxA (OR: 7.0, 95% CI: 3.13, 15.58) relative to all other isolates not 

clustered (Table 2.7). Only one Cluster 2 isolate was found to possess stx2. Three eae-negative 

isolates were also identified.  

Compared to Clusters 1 and 2, the remaining two clusters were smaller, though both 

Clusters 3 and 4 have strains representing one big six serogroup (Figure 2.6). Among Cluster 3 

strains (n=57), O121, ST-182 strains predominated (n=48; 84.2%); however, three additional 

STs were also identified within the cluster with isolates representing serogroups O38, 

O28ac/O42, and O113, along with two non-typeable (NT) isolates. A new gene allele in uidA4 

was identified in one NT isolate and denoted as NEW-4.  Converse to the prior two clusters, 
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isolates in Cluster 3 were significantly more likely to harbor the stx2 gene (OR: 0.04, 95% CI: 

0.02, 0.11) and eae (OR: 2.7, 95% CI: 1.19, 6.16) (Table 2.7). Lastly, Cluster 4 was the smallest 

(n=37) but was the most diverse with the largest number of STs (n=17) and serogroups (n=14) 

present in a cluster. Big six serogroup O145 was present with the highest frequency (n=15; 

39.5%) within this cluster and represented two distinct STs, ST-78 and ST-80, that were 

exclusive to serogroup O145. Cluster 4 isolates were significantly more likely to harbor stx2 

(OR: 14.5, 95% CI: 7.27, 28.83), while being eaeA-(OR: 0.6, 95% CI: 0.26, 1.20) and ehxA-(OR: 

0.8, 95% CI: 0.31, 2.22) negative (Table 2.7). 
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DISCUSSION 

 Non-O157 STEC is an important foodborne pathogen that has been steadily increasing in 

incidence over the past 18 years since identification as a nationally notifiable condition (8, 10, 

45). Young children and elderly have been identified nationally as being more susceptible to 

STEC illness (45, 46). Conversely, in Michigan age 11-29 years was consistently the highest 

frequency age group. Socioeconomic factors may play a role in the age differences if care is only 

sought during severe clinical outcomes. Differences in census tract socioeconomic status were 

associated with STEC infections, however, access to health care may not be the only reason that 

the socioeconomic status would differ among age groups (47, 48). While a higher socioeconomic 

status has been associated with STEC and HUS, the ability for these cases to travel or frequently 

eat out may be the underlying behaviors that result in STEC illness (48, 49).  Similarly, 

Michigan is largely an agricultural state employing almost 25% of the state’s workforce along 

with over 12,000 cattle farms which may be asymptomatically colonized by STEC and present as 

occupational risks (50–52). Lastly, STEC illness and outbreaks are frequently associated with the 

improper handling of food or the consumption of contaminated foods. The CDC National Health 

and Nutrition Examination Survey identified that 44.9% of young adults age 20-39 are more 

likely to eat out or consume fast food, higher than 37.7% and 24.1% of 40-59 and >60 years of 

age respectively (53). Thus, young adults may be more likely to have foodborne associated 

STEC illness.  

Across age groups, there was also a difference observed in the distribution of serogroups. 

Older adults and the elderly had higher percentages of other serogroups outside of the big six 

serogroups identified. International travel may be associated with this increase since other 

countries have reported higher frequencies of serogroups not commonly found in the US. In 
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Europe, O146 is included in the five most common non-O157 serogroups, and serogroup O91 is 

the fourth most common STEC serogroup identified in Germany (12, 54). Future studies will 

need to examine the travel status of cases to identify if serogroups outside of the big six are 

associated with travel in the US.  

An examination of the non-O157 STEC isolates in Michigan from 2001-2018 identified a 

continued increasing trend of total non-O157 STEC reports. These trends support the need to 

further understand the genetic composition and ability of these strains to cause disease. An 

enhanced diversity of the serogroups was seen from 2001 to 2018 with six and 29 serogroups 

identified, respectively, which could be partly due to the transitions in surveillance that occurred 

over this time period. Isolates from the earlier years were recovered as part of a sentinel 

surveillance primarily using culture-based methods and isolates outside of the sentinel sites may 

not have been as effective at classifying each serogroup. A prior study identified that the use of 

enzyme immunoassays increased the number of non-O157 STEC identified from 1.6% on 

SMAC agar to 48% within Michigan during 2001-2005 (55). In our study, the frequency of big 

six serogroups varied between 33.3% to 100%, while O45 was the only serogroup isolated in 

every year. This finding is notable given that O45 is the least common serogroup reported by 

FoodNet surveillance and the CDC relative to the other big six serogroups (45, 56). Increased 

diversity of STEC serogroups may also be due to the transition from traditional plating on 

SMAC agar to the use of culture independent tests that directly amplify the genes or interact with 

the toxin. The inability to differentiate non-O157 STEC from non-pathogenic E.coli on SMAC 

agar may have resulted in under reporting of non-O157 incidence as well as specific serogroups. 

The change to culture independent tests have been shown in the US to increase the number of 

STEC that are identified within a given year (8). Nonetheless, it is also possible that evolutionary 



 

 

58 

 

changes have occurred within the STEC population, or in the Shiga toxin-encoding 

bacteriophage populations, that impact the emergence of new serogroups.    

The phylogenetic analysis of non-O157 STEC did not identify any big six specific 

clusters; however, since the big six were frequently isolated, these serogroups were predominant 

in the four clusters that were identified. The ST allele profiles in each cluster were identified in a 

range of differing serogroups. Cluster 1, comprising serogroups O26 and O111, and Cluster 2 

with O45 and O103 strains, were significantly associated with the stx1 or stx1stx2, eae, and ehxA 

gene profile. Within Cluster 1, predominated by ST-106, seven serogroups were identified and 

four of those were not members of the big six; O118, O123, O151, and O177. Similarly, Cluster 

2 comprised four serogroups that were classified as ST-119. Notably, two rare serogroups, O123 

and O151, and the big six O103 serogroup were found in both Clusters 1 and 2. These shared 

serogroups across two distinct MLST clades demonstrates that serogroup alone is not enough for 

classification of strains. At the same time, no clinical outcomes were associated with cluster 1 or 

2, however, O45 and O111, which were part of clusters 2 and 1, respectively, were associated 

with a more severe disease marker, presence of bloody diarrhea. Further, O45 was associated 

with cases that were hospitalized. An increase in the number of cases within the clusters may be 

needed to detect and associations of clinical outcomes.  

Conversely, Cluster 3 (O121) and Cluster 4 (O145) were significantly more likely to have 

stx2, while only Cluster 3 was significantly associated with the presence of eae. These two 

clusters were both diverse in serogroup composition and contained a large number of isolates 

with ST-serogroup combinations only isolated once over the 18-year period. The cytotoxicity of 

stx2 has been demonstrated to be more virulent than stx1 and it was shown to have an enhanced 
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ability to attach to epithelial cells (21, 57). Subtypes stx2a, 2c and 2d have been identified in a 

range of serogroups and have been linked to the development of bloody diarrhea and HUS (58, 

59). Frequent carriage of stx2 and eae have been reported associated with HUS from O157 and 

non-O157 STEC (11, 60). In Germany and Austria, cases of pediatric HUS was significantly 

associated with strains that carried both stx2 and eae (60). Similarly, multivariate analysis in a 

study in Denmark identified that cases resulting in HUS were associated with stx2 and eae, 

regardless of the serogroup that is carrying both genes (61). Even though strains within certain 

phylogenetic clusters were associated with stx subtypes, further associations with cluster did not 

identify any clinical outcomes of interest.  

Further, the distribution of gene variants was different across serogroups, however, the 

distribution across clinical outcomes appeared similar due to small frequencies of the gene 

variants and missing epidemiological data. Similarly, isolates negative for one of the genes may 

be due to loss of plasmid during culturing or inability to extract the gene sequences due to 

sequencing quality for that region. The rarity of some gene variants resulted in sample sizes that 

were too small to statistically analyze. Future studies are needed to increase the sample size of 

isolates in order to identify associations between variants and clinical outcomes.  However, 

frequencies of the variants were examined within the big six serogroups and each serogroup 

group was predominated by a single eae and ehxA variant. Serogroups O45 and O103 shared 

similar frequencies for stx1a (O45: 98.4%, O103: 97.3%) and eae-epsilon (O45: 100%, O103: 

94.1%). While there were slight differences in ehxA subtype frequencies, ehxA-F (O45: 97.4%, 

O103: 59.6%), this subtype was the most frequently isolated in both serogroups. This shared 

profile and clustering within MLST clades provides support for evolutionary events that may 

have occurred and given rise to two similar molecular profiles with distinct serogroups. The 
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potential O-antigen switching that is seen in the rfb-like region in O26 and O111, may also be 

possible among O103 and O45 isolates (13). Similar evolutionary events such as the evolution of 

O157 from O55 via exchange of rfb genes, may be occurring in a similar pathway with different 

serogroups (62). Further, the transmissibility of these virulence factors may influence the 

subtypes that are present within a serogroup. Additional studies will need to be performed to 

understand the carriage of virulence genes and their subtypes.   

 The continued surveillance and examination of non-O157 molecular profiles is needed to 

further the understanding of the diversity within the heterogenous non-O157 STEC. While non-

O157 STEC incidence has surpassed that of O157 in Michigan and nationally, the under-

reporting of cases may impact the associations and serogroups that are identified (10, 45). The 

distribution of demographics within Michigan may vary from national statistics and result in 

state specific interventions to minimize the number of STEC infections in certain age groups. 

However, further research is needed to identify if gene variants or molecular profiles are 

commonly associated with specific clinical outcomes. The continued improvements in STEC 

identification and the use of WGS will allow future studies to gain a more complete profile of 

non-O157 STEC present within a population.  
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Table 2.1. Clinical outcomes associated with reported gender. 

  

No. of 

Male 

(n: 346) 

Female 

(n: 504)  

    

Characteristics  isolates No.   (%)  No.   (%)  OR (95% CI†)  P value‡  

Clinical Outcomes        

  

Case hospitalization  
 

            

Yes 149   48 (32.2)  101 (67.8) 1.0 - 

No  357 157 (44.0)  200 (56.0) 1.6 (1.10, 2.47) 0.014 

  

Body ache 
 

            

 Yes 74 31 (29.5) 74 (70.5) 1.0 - 

 No 220 169 (43.4) 220 (56.6) 1.8 (1.15, 2.92) 0.009 

        

 

*Number of isolates may not add up to the total for some variables due to missing data in case reports 

† 95% confidence interval for the odds ratio (OR) 

‡ p-value for statistical significance calculated using the Likelihood Ratio Chi-Square or Fisher’s exact test for variables with n < 5 in 

at least on cell; ORs were not calculated for variables with <5 per cell. 
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Table 2.2. Demographic, molecular characteristics, and clinical outcomes associated with age at time of infection relative to  

age group 11-29. 

Characteristic*  

0-10 years 

(n=162)  

No (%)  

11-29 years  

(n=393)  

No (%)  

30-64 years 

(n=241)  

No (%)  

≥65 years  

(n=78)  

No (%)  

χ2‡  p‡  

Case Demographics              

Sex  

    Male   

    Female   

 

89/159 (56.0) 

70/159 (44.0) 

 

164/383 (42.8) 

219/383 (57.2) 

 

65/230 (28.3) 

165/230 (71.7) 

 

26/75 (34.7) 

49/75 (65.33) 

25.02 <0.0001  

          

Serogroups and Virulence Factors          

Serogroup 

    O26 

    O45 

    O103 

    O111 

    O121 

    O145 

    other 

 

29/162 (17.9) 

29/162 (17.9) 

38/162 (23.5) 

22/162 (13.6) 

10/162 (6.2) 

3/162 (1.8) 

31/162 (19.1) 

 

68/393 (17.3) 

97/393 (24.7) 

96/393 (24.4) 

36/393 (9.2) 

22/393 (5.6) 

4/393 (1.0) 

70/393 (17.8) 

 

22/241 (9.1) 

51/241 (21.1) 

68/241 (28.2) 

24/241 (10.0) 

12/241 (5.0) 

6/241 (2.5) 

58/241 (24.1) 

 

7/78 (9.0) 

12/78 (15.4) 

18/78 (23.1) 

10/78 (12.8) 

5/78 (6.4) 

3/78 (3.8) 

23/78 (29.5) 

4.3 0.037 

Shiga toxin  

    stx1   

    stx1/stx2  

    stx2   

 

138/162 (85.2) 

11/162 (6.8) 

13/162 (8.0) 

 

336/393 (85.5) 

25/393 (6.4) 

32/393 (8.1) 

 

188/241 (78.0) 

20/241 (8.3) 

33/241 (13.7) 

 

48/78 (61.5) 

8/78 (10.3) 

22/78 (28.2) 

32.6 <0.0001 

eaeA   

    Yes  

    No  

 

160/162 (98.8) 

2/162 (1.2) 

 

379/393 (96.4) 

14/393 (3.6) 

 

213/241 (88.4) 

28/241 (11.6) 

 

63/78 (80.8) 

15/78 (19.2) 

39.2 <0.0001 

ehxA   

    Yes  

    No  

 

154/162 (95.1) 

8/162 (4.9) 

 

373/393 (94.9) 

20/393 (5.1) 

 

227/241 (94.2) 

14/241 (5.8) 

 

70/78 (89.7) 

8/70 (10.3) 

2.1 0.15 
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Table 2.2 (cont’d) 

 

    
  

Clinical Outcomes              

Abdominal pain/cramps   

    Yes  

    No  

 

64/100 (64.0) 

36/100 (36.0)  

 

206/230 (89.6) 

24/230 (10.4)  

 

104//133 (78.2) 

29/133 (21.8)  

 

30/40 (75.0) 

10/40 (25.0)  

30.38 <0.0001 

Body ache 

    Yes  

    No  

 

9/100 (9.0) 

91/100 (91.0) 

 

59/230 (25.6) 

171/230 (74.4) 

 

30/133 (22.6) 

103/133 (77.4) 

 

8/40 (20.0) 

32/40 (80.0) 

11.87 0.0079 

Case hospitalization   

    Yes  

    No  

 

14/102 (8.6) 

88/102 (86.3) 

 

69/234 (29.5) 

165/234 (70.5) 

 

47/138 (34.1) 

91/138 (65.9) 

 

22/41 (53.7) 

19/41 (46.3) 

25.08 <0.0001 

       

 

*Total isolates for each variable examined may not add up to the total per column due to missing data in case reports 

‡ p-value for statistical significance calculated using Mantel-Haenszel Chi-Square (df=1) for the association between each 

characteristic and O-type 
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Table 2.3. Demographic, molecular characteristics and clinical outcomes associated with big six 

non-O157 STEC infections relative to other non-O157 serogroups 

  

No. of 

Non-O157  

“big six” 

    

Characteristics isolates  No.   (%)  OR (95% CI†)  P value‡  

Demographic       

Age       

 0-10 162 131 (80.7) 0.9 (0.57, 1.46) 0.71 

 11-29 393 323 (82.19) 1.0 - 

 30-64 241 183 (75.9) 0.68 (0.46, 1.01) 0.057 

 ≥65 78 55 (70.5) 0.52 (0.30, 0.90) 0.02 

      

Sex      

 Male 346 288 (83.2) 1.5 (1.07, 2.15) 0.018 

 Female 504 386 (76.6) 1.0 - 

      

Virulence Genes      

Shiga toxin      

 stx1 and stx1/stx2 789 637 (80.7) 2.9 (1.90, 4.46) <0.0001 

 stx2 105 62 (59.1) 1.0 - 

      

eaeA (intimin)      

 Yes  828 694 (83.8) 
- <0.0001   No  66 5 (7.6) 

      

ehxA (enterohemolysin)      

 Yes 844 676 (80.1) 4.7 (2.64, 8.45) <0.0001 

No 50 23 (46.0) 1.0 - 

      

Clinical Outcomes      

Bloody diarrhea      

Yes 293 256 (87.4) 1.9 (1.19, 3.08) 0.006 

 No 212 166 (78.3) 1.0 - 

      

 

*Number of isolates may not add up to the total for some variables due to missing data in case 

reports 

† 95% confidence interval for the odds ratio (OR) 
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Table 2.3 (cont’d) 

‡ p-value for statistical significance calculated using the Likelihood Ratio Chi-Square or Fisher’s 

exact test for variables with n < 5 in at least on cell; ORs were not calculated for variables with 

<5 per cell. 
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Table 2.4. Association between big six non-O157 STEC serogroups and hospitalization. 

  No. of Case Hospitalization     

Characteristics isolates  No.   (%)  OR (95% CI†)  P value‡  

Serogroups      

O26      

Yes 84 17 (20.2) 0.5 (0.31, 0.98) 0.038 

No 432 136 (31.5) 1.0 - 

O45      

Yes 153 52 (39.1) 1.8 (1.18, 2.72) 0.006 

 No 383 101 (26.4) 1.0 - 

O103      

 Yes 125 24 (19.2) 0.5 (0.29, 0.79) 0.003 

No 391 129 (33.0) 1.0 - 

O111      

Yes 52 19 (36.5) 1.4 (0.78, 2.58) 0.25 

No 464 134 (28.9) 1.0 - 

O121      

Yes 28 11 (39.3) 1.6 (0.72, 3.45) 0.25 

No 488 142 (29.1) 1.0 - 

O145      

Yes 10 5 (50.0) 
- 0.17 

No 506 148 (29.3) 

      

 

*Number of isolates may not add up to the total for some variables due to missing data in case 

reports 

† 95% confidence interval for the odds ratio (OR) 

‡ p-value for statistical significance calculated using the Likelihood Ratio Chi-Square or Fisher’s 

exact test for variables with n < 5 in at least on cell; ORs were not calculated for variables with 

<5 per cell. 
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Table 2.5. Association between big six non-O157 STEC serogroups and bloody diarrhea. 

  No. of Bloody Diarrhea     

Characteristics isolates  No.   (%)  OR (95% CI†)  P value‡  

Serogroups      

O26      

Yes 81 44 (54.3) 0.8 (0.52, 1.35) 0.46 

No 424 249 (58.7) 1.0 - 

O45      

Yes 133 87 (65.4) 1.5 (1.01, 2.30) 0.04 

 No 372 206 (55.4) 1.0 - 

O103      

 Yes 120 62 (51.7) 0.7 (0.47, 1.08) 0.11 

No 385 231 (60.0) 1.0 - 

O111      

Yes 53 38 (71.7) 2.0 (1.05, 3.66) 0.03 

No 452 255 (56.4) 1.0 - 

O121      

Yes 26 17 (65.4) 1.4 (0.61, 3.18) 0.43 

No 479 276 (57.6) 1.0 - 

O145      

Yes 9 8 (88.9) 
- 0.058 

No 496 285 (57.5) 

      

 

*Number of isolates may not add up to the total for some variables due to missing data in case 

reports 

† 95% confidence interval for the odds ratio (OR) 

‡ p-value for statistical significance calculated using the Likelihood Ratio Chi-Square or Fisher’s 

exact test for variables with n < 5 in at least on cell; ORs were not calculated for variables with 

<5 per cell. 
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Table 2.6. Virulence gene profiles found in 894 non-O157 STEC isolates from patients with 

infections. 

 

Virulence Profile No. (%) 

stx1, ehxA, eaeA 676 (75.6) 

stx1, eaeA 26 (2.9) 

stx1, ehxA 10 (1.1) 

stx1 10 (1.1) 

stx2, ehxA, eaeA 73 (8.2) 

stx2, eaeA 3 (0.3) 

stx2, ehxA 21 (2.4) 

stx2 8 (0.9) 

stx12, ehxA, eaeA 47 (5.3) 

stx12, eaeA 3 (0.3) 

stx12, ehxA 

 
17 (1.9) 
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Table 2.7. Demographic and molecular characteristics associated with MLST clusters compared to all other non-O157 isolates. 

  other Cluster 1 Cluster 2 Cluster 3 Cluster 4 

Characteristics 
No. of 

isolates 
No. No. (%) 

OR 

(95% CI
†
) 

p- 

value‡ 
No. (%) 

OR  

(95% CI
†
) 

p- 

value‡ 
No. (%) 

OR  

(95% CI
†
) 

p- 

value‡ 
No. (%) 

OR  

(95% CI
†
) 

p-

value‡ 

Demographic                   

Age                   

   0-10 162 15 65 (40.1) 
1.1 

(0.58, 2.23) 
0.72 68 (42.0) 

0.8 

(0.40, 1.51) 
0.45 10 (6.2) 

1.1 

(0.41, 2.84) 
0.88 4 (2.5) - 1.0 

   11-29 393 34 130 (33.1) 1.0 - 199 (50.6) 1.0 - 21 (5.3) 1.0 - 9 (2.3) 1.0 - 

   30-64 241 27 57 (23.7) 
0.6 

(0.31, 0.99) 
0.05 120 (49.8) 

0.8 

(0.44, 1.32) 
0.33 19 (7.9) 

1.1 

(0.51, 2.54) 
0.75 18 (7.5) 

2.5 

(0.98, 6.49) 
0.05 

   ≥65 78 15 19 (24.4) 
0.3 

(0.15, 0.72) 
0.004 31 (39.7) 

0.3 

(0.17, 0.72) 
0.003 7 (9.0) 

0.7 

(0.26, 2.16) 
0.60 6 (7.7) 

1.5 

(0.46, 5.01) 
0.50 

                   

Virulence Genes                   

Shiga toxin                   

   stx1 or 

   stx1/stx2 
789 74 276 (35.0) 

- <0.0001 
418 (53.0) 

- <0.0001 
6 (0.8) 0.04 

(0.02, 0.11) 
<0.0001 

15 (1.9) 0.2 

(0.11, 0.52) 
0.0002 

   stx2 105 27 3 (2.9) 1 (1.0) 51 (48.6) 23 (21.9) 

                   

eaeA  

(intimin) 
                  

   Yes 828 67 277 (33.5) 
- <0.0001 

416 (50.2) 
- <0.0001 

48 (5.8) 2.9 

(1.30, 6.67) 
0.007 

20 (2.4) 0.6 

(0.26, 1.20) 
0.14 

   No 66 34 2 (3.0) 3 (4.6) 9 (13.6) 18 (27.3) 

                   

ehxA 

(enterohemolysin) 
                  

   Yes 844 85 266 (31.5) 3.9 

(1.78, 8.33) 
0.0002 

408 (48.3) 7.0 

(3.13, 15.58) 
<0.0001 

54 (6.4) 
- 0.07 

31 (3.7) 0.8 

(0.31, 2.22) 
0.72 

   No 50 16 13 (26.0) 11 (22.0) 3 (6.0) 7 (14.0) 
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Table 2.7 (cont’d) 

*Number of isolates may not add up to the total for some variables due to missing data in case reports 

† 95% confidence interval for the odds ratio (OR) 

‡ p-value for statistical significance calculated using the Likelihood Ratio Chi-Square or Fisher’s exact test for variables with n < 5 in 

at least on cell; ORs were not calculated for variables with <5 per cell. 
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Figure 2.1. Total number of non-O157 STEC isolates that were recovered for WGS (2001-2018) compared to the total number of 

non-O157 STEC cases reported by MDHHS (2001-2012, 2015-2018). 
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Figure 2.2. Frequency of age groups that reported a non-O157 STEC infection, 2001-2018. 
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Figure 2.3. Prevalence of non-O157 big-six STEC infections in Michigan, 2001-2018. 
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Figure 2.4. Distribution and changes in the non-O157 serogroups reported in Michigan, 2001-2018. 
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Figure 2.5. Distribution and gene frequency across non-O157 big-six and other STEC 

serogroups. 
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Figure 2.6. MLST-based phylogeny of 894 non-O157 STEC isolates examined using the 

neighbor-joining algorithm with 1000 bootstrap replication. 
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(STEC) STRAINS RECOVERED FROM PATIENTS IN MICHIGAN AND CONNECTICUT 
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ABSTRACT  

STEC is a leading cause of foodborne infections in the U.S. While O157:H7 strains have 

been linked to more severe infections, non-O157 serotypes have gradually increased in 

frequency. Unlike O157 strains, non-O157 STEC are diverse and can be further classified by 

serotyping and multilocus sequence typing (MLST). Because clustered regularly interspaced 

repeats (CRISPR) spacers were shown to comprise horizontally acquired DNA elements, the 

CRISPR region does not actively acquire spacers in STEC, it represents an ideal target to 

examine the evolutionary history of STEC. Therefore, we sought to examine genetic variation in 

all clinical non-O157 isolates identified via sentinel surveillance in Michigan between 2001 and 

2005 (n=41) and make comparisons to the 114 isolates recovered in Connecticut between 2000 

and 2005. Whole genome sequencing was performed and genomic elements were extracted for 

serotyping (O and H antigen), MLST and CRISPR analysis through the use of bioinformatic 

scripts, CRISPRFinder and Geneious. Phylogenetic analysis performed using the Neighbor-

joining algorithm and the unweighted pair group method with arithmetic mean (UPGMA) with 

Jaccard similarity coefficient. A total of 29 serogroups were identified among the two states, 8 

and 13 were unique to Michigan and Connecticut respectively, while the “big-six” non-O157 

serogroups were similar between states (MI: 73.2%, CT: 81.6%). MLST classified 5 of the 29 

serogroups to different STs located on distinct branches of the phylogeny; 38 STs were 

represented in all. In addition, 23 unique CRISPR spacer profiles were found in the subset of 149 

strains evaluated. The UPGMA tree defined 9 unique clusters based on CRISPR profiles and 

exhibited similar clustering of strains as identified in MLST analysis. Two CRISPR spacers, 231 

and 317, were isolated from 79.2% (n=118) and 59.1% (n=88) of strains respectively, regardless 

of serogroup and ST. These data illustrate the high degree of diversity among STEC isolates 
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linked to clinical infections and demonstrate that CRISPR profiling can be used to further 

discriminate strains along with MLST. Understanding the diversity of non-O157 strains 

associated with disease is required to help identify characteristics and lineages associated with 

disease and identify new ways to combat infections. 
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INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC) is a leading foodborne pathogen in the 

United States that was estimated to cause 265,000 illnesses and more than 3,600 hospitalizations 

each year (1). STEC strains are classified based on the presence of Shiga toxin genes encoded on 

lambdoid bacteriophages that result in the production of Shiga toxin (2). Patients with STEC 

often present with hemorrhagic colitis or bloody diarrhea and in severe cases, hemolytic uremic 

syndrome (HUS), kidney failure and death can occur (3). 

   Historically, STEC O157 strains have predominated in clinical infections, causing the 

greatest number of outbreaks and the most severe clinical outcomes; however, an increase in the 

incidence of infections caused by strains belonging to other serogroups, or non-O157 strains has 

been reported in recent years (4). In the years between 2000 and 2015, FoodNet reported an 

increase in the incidence of non-O157 infections from 0.12 to 1.65 per 100,000, while more 

recently, a decrease in O157 incidence from 2.17 to 0.95 per 100,000 has been documented (4, 

5). The emergence of other serogroups associated with disease has resulted in the classification 

of the “big-six”, the predominant non-O157 serogroups comprising O26, O45, O103, O111, 

O121 and O145 (6). These six serogroups accounted for 83% of non-O157 cases reported to 

FoodNet from 2000-2010 (4). Although a wide range of other serogroups are responsible for the 

remaining infections, less is known about the epidemiology and genetic diversity of these strains 

relative to O157 STEC. 

Multiple methods have been used to examine the genetic diversity of STEC. Multilocus 

sequence typing (MLST) and pulsed-field gel electrophoresis (PFGE) allow for the 

differentiation of isolates, however, both typing tools are unable to distinguish closely related 

isolates with high discriminatory power (7, 8). For O157, MLST was found to inadequately 
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differentiate strains (9) resulting in the development of schemes such as single nucleotide 

polymorphism (SNP) genotyping that can differentiate strains into distinct clades (10). A SNP 

genotyping scheme has yet to be developed for non-O157 strains and hence, additional 

genotyping methods that utilize widely available genomes are needed to evaluate the genetic 

diversity and evolutionary history of STEC as well as discriminate among epidemiologically 

linked isolates. 

In prior studies, clustered regularly interspaced palindromic repeat (CRISPR) loci have 

been used to characterize and subtype foodborne pathogens like Salmonella enterica and 

Campylobacter jejuni (11, 12); however, they are not routinely used to evaluate the population 

structure of STEC. CRISPR loci, which are important for adaptive immunity, have been found in 

up to 50% of bacteria (13). These loci comprise a series of direct repeats separated by diverse 

spacer sequences, which range in size between 21 and 72 bp and are located next to CRISPR 

associated sequence (cas) genes (14, 15). The high degree of diversity in CRISPR-Cas systems is 

primarily due to the variation within these spacer sequences (16).  

It was previously shown that Cas proteins allow for the integration of invasive or foreign 

DNA fragments as spacers into the CRISPR region (17, 18). These foreign DNAs were found to 

be derived from phages, plasmids or other mobile genetic elements (19–21). Transcription of this 

CRISPR-Cas region results in the assembly of CRISPR RNAs with Cas effector proteins to 

recognize foreign DNAs (22–24) for cleavage and degradation (25, 26). In E. coli, four CRISPR 

loci have been identified and characterized as CRISPR 1, 2, 3 and 4; these loci are classified as 

Type I-E or Type I-F depending on the presence of the associated cas genes (for a review, see 

(27). E. coli can also possess CRISPR loci that lack cas genes. CRISPR 1 and 2 were defined as 
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having the iap/cas and ygcE/ygcF genes, respectively, while CRISPR3-4 show little variation 

within the spacer region (28, 29). 

Although the impact of CRISPRs on immune function has not been established in E. coli 

in natural conditions, it has been suggested the these systems may have alternative functions 

(30). Nonetheless, the degree of variability within the CRISPR loci were suggested to be 

adequate for subtyping (29, 31). One study of STEC, for example, identified an association 

between the CRISPR region and the H-antigen (31), which is notable given that serotyping based 

on the O-and H-antigen is the primary classification scheme for STEC. Consequently, we sought 

to apply CRISPR subtyping to a diverse set of clinical non-O157 strains isolated from patients in 

two geographic locations. Because non-O157 STEC strains are more diverse than O157 strains, 

have increased in frequency, and are difficult to characterize antigenically without prior 

knowledge of the O-antigen type, more accurate and rapid subtyping platforms based on whole 

genome sequencing data require validation. Use of these standardized tools will allow 

researchers to examine diversity across strain populations, better understand evolutionary 

relationships, track related strains, and identify epidemiological associations with specific 

genotypes.  
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MATERIALS AND METHODS 

Bacterial strains and epidemiological data 

The Michigan Department of Health and Human Services (MDHHS) recovered 41 

isolates from patient fecal samples during the years 2001-2006 as part of a sentinel surveillance 

developed specifically for non-O157 STEC (32). During an overlapping time period between 

2000 and 2005, the Connecticut Department of Public Health (CTDPH) recovered 114 isolates 

from patient fecal samples as part of the Centers for Disease Control and Prevention (CDC) 

Foodborne Disease Active Surveillance Network (FoodNet). Epidemiological data was obtained 

from the Michigan Disease Surveillance System as part of MDHHS, and the CTDPH as part of 

the FoodNet program.   

Ethics statement 

All protocols used in this study were previously approved by the Institutional Review 

Boards at Michigan State University (MSU; Lansing, MI, USA; IRB #10-736SM), the MDHHS 

(842-PHALAB) and the CTDPH. 

DNA isolation and whole genome sequencing (WGS)  

Isolates were grown aerobically overnight in Luria-Bertani broth at 37°C. DNA was 

isolated using the Wizard® Genomic DNA purification kit and subsequently prepped for 

sequencing using the Nextera XT kit (Illumina, San Diego, CA, USA) following manufacturer’s 

instructions. Libraries were sequenced at the MSU Research Technology Support Facility as 

paired end reads on the Illumina MiSeq platform (2x250 reads). De novo genome assembly was 

performed using Spades, 3.10.1 (33) following trimming and quality checking with 



 

 

92 

 

Trimmomatic (34) and FastQC (35), respectively. Multiple k-mers (21, 33, 55, 77, 99, 127) were 

used and k-mers that passed quality control were cross-assembled to generate the assembly used 

for downstream analyses. Error correction was performed during the assembly process to 

minimize the number of mismatches present in the assembled contigs.   

Multilocus sequence typing (MLST) and in silico analysis of virulence genes  

Bioinformatic scripts were developed to extract virulence genes and MLST alleles from 

the assembled genomes using a local Basic Local Alignment Search Tool (BLAST) (36). 

Sequences specific to the query were extracted from the genomes using an E-value = 0.0001 to 

ensure specificity of the sequences obtained. The EcMLST v1.2 (www.shigatox.net) was used to 

assign alleles to seven housekeeping genes and classify strains into sequence types (STs). A new 

sequence type allele was identified during the analysis and is denoted as ST-NEW while the ST 

designation is pending. 

Additional bioinformatic scripts that utilize BLAST were also developed to extract key 

virulence genes and to determine the molecular serotypes, which is based on the wzy and wzx (O-

antigen lipopolysaccharide) genes and fliC (flagellar H-antigen). Virulence gene sequences 

included the Shiga toxin gene variants, stx1 and stx2, as well as genes encoding intimin (eae) and 

enterohemolysin (ehxA). To quantify the abundance of prophages embedded in the genomes, 

Phaster (37) was used to extract prophage-specific sequences, while the Center for Genomic 

Epidemiology plasmid database was used to quantify the number of plasmids present (38) with a 

bioinformatic script that utilized BLAST. Any genes missing from the WGS data were verified 

using PCR for confirmation. If a strain was positive for a gene based on PCR, then Sanger 

sequencing was performed at the MSU Research Technology Support Facility for additional 
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confirmation. All scripts and computing workflows developed and used for data analyses can be 

accessed on GitHub (https://github.com/ManningLab).  

CRISPR-Cas sequence analysis 

Preliminary spacer sequences were identified using CRISPRFinder (39) and verified 

manually in Geneious (40) to confirm that each spacer sequence was flanked by the respective 

CRISPR associated genes. Any CRISPR loci that were missing from the genomes were verified 

by PCR before concluding that a given strain was negative for one or both loci. If these strains 

were found to be positive for the CRISPR loci based on PCR, then Sanger sequencing was 

performed for confirmation at the MSU Research Technology Support Facility. PCR primers for 

CRISPR1 loci were 5′-TGGTGAAGGAGTTGGCGAAGG-3′ and 5′-

AAAATGTCCCTCCGCGCTTACG-3′, which annealed iap and cas2 and amplified as described 

in a prior study (41). CRISPR2 loci were amplified using primers 5’-

TACACGCCCTTACGAACACA-3’ and 5’-CCTGGGAAAAGCTTGAGGAT-3’ targeting ygcE 

and ygcF, respectively, using the following conditions: 95°C for 3 min followed by 30 cycles of 

95°C for 15 s, 69°C for 15 s and 72°C for 30 s, ending with 72°C for 3 min.  

Data analysis 

MLST alleles were concatenated and aligned using CLUSTALW, and phylogenetic trees 

were generated using the Neighbor-joining algorithm with 1000 bootstrap replication in MEGA7 

(42). CRISPR spacer profiles were converted into a binary code representing the presence and 

absence of individual spacers. An unweighted pair group method with arithmetic mean 

(UPGMA) and Jaccard similarity index tree were assembled from the spacer profiles using Past3 

(43). Associations between source, serogroup, epidemiological and molecular data were 
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identified using the Chi-Square (χ2) and Mantel-Haenszel Chi-Square test, while the Fisher’s 

exact test was used for sample sizes less than five. The t-test was used to identify differences in 

means for continuous variables such as the number of CRIPSR spacers. SAS v9.3 (SAS Institute, 

Cary, NC) was used for the epidemiological analysis; p<0.05 was considered significant and was 

reported along with the odds ratio (OR) and 95% confidence interval.   
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RESULTS 

Characteristics of cases infected with non-O157 STEC by state 

From 2000 to 2005, there were 146 confirmed non-O157 STEC reported to either the 

MDHHS (n=32) or the CTDPH (n=114); an additional nine isolates were identified in Michigan 

in 2006 and were included in the analysis. Among the cases, no significant difference in the 

gender distribution was observed between the two states, though more females were affected in 

Michigan (64.9%) than Connecticut (54.2%) despite the greater sample size in the latter (Table 

3.1). A significant difference, however, was observed in the age group distribution between 

states (Mantel-Haenszel χ2 p=0.02). Most Michigan cases were between the ages of 11 and 29 

(32.4%) or 30 and 64 (40.5%); only 6 (16.2%) cases were less than 10 years of age. Connecticut 

had a similar proportion of cases between 11 and 29 years of age (36.4%) but the number of 

cases under the age of 10 was greater (35.5%) relative to Michigan. Both states had a similar 

proportion of elderly cases over the age of 65 (Michigan: 10.8%, Connecticut: 9.3%).  

Differences in the proportion of the 134 cases reporting specific symptoms (n=134) were 

also observed between the two states (Table 3.1). Notably, a greater proportion of Michigan 

cases were hospitalized (n=14; 51.9%) compared to Connecticut cases (n=12; 11.2%) 

(p<0.0001). Among the 26 hospitalized cases, those between 19 and 64 years of age were 

significantly more likely to be hospitalized (57.7%) compared to those under the age of 18 

(23.1%) and over the age of 65 (19.2%) combined (Odds ratio (OR): 3.5; 95% Confidence 

interval (CI): 1.46, 8.59). Gender was not significantly associated with hospitalization, though 

more females (n=17; 65.4%) than males (n=9; 34.6%) were hospitalized. Among a subset of 93 

cases with data available, no significant difference was observed in the proportion of cases 

reporting bloody diarrhea between states although slightly more Michigan (70.4%) cases were 
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affected than Connecticut (51.5%) cases (p=0.09). In all, only one Michigan case presented with 

HUS, which was caused by a stx1-positive strain belonging to serotype O103:H2.  

Distribution of serogroups and virulence genes and association with clinical outcomes  

A total of 29 serogroups were recovered from the two states; 8 (27.6%) and 13 (44.8%) 

of these 29 serogroups were found solely in Michigan and Connecticut, respectively; while the 

remaining 8 serogroups were found in both locations (Figure 3.1). Among these eight 

serogroups, most (n=5; 62.5%) belonged to the predominant “big-six” serogroups except for 

O121, which was not detected in Michigan during this time period. The remaining three 

serogroups found in both locations were O5, O76 and O91. Notably, differences in the 

distribution of some serogroups were observed between states. O45 strains, for instance, were 

significantly more common in Michigan (95% CI: 1.02, 5.28) than Connecticut. Although the 

frequency of O111 strains was much higher in Connecticut (89.3%) than Michigan (10.7%), this 

difference was not statistically significant (Fisher’s exact test p=0.056). No differences were 

observed in the distribution of O26, O103, O121 and O145 by state. Similarly, the virulence 

gene profiles between the two states were similar based on the presence of stx, eaeA or ehxA 

(Table 3.1). The presence of stx1 alone or a combination of stx1and stx2 were the most 

commonly identified profiles in both Michigan (87.8%) and Connecticut (90.3%).  

Among all cases in both states, examination of demographic characteristics revealed no 

significant differences in gender among cases infected with the big-six serogroups or other non-

O157 serogroups (Table 3.2). Cases infected with big-six serogroups from Michigan, however, 

were significantly more likely to be over 30 years of age relative to Connecticut cases (OR: 2.7; 

95% CI: 1.08, 6.56). Cases with big-six STEC infections were also significantly more likely to 
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report abdominal cramps and diarrhea with blood relative to cases infected with other non-O157 

strains (Table 3.2). Differences were also observed in symptom reporting by state. Connecticut 

cases with infections caused by STEC representing the big-six serogroups were significantly 

more likely to report diarrhea with blood (Fisher’s exact test p=0.03) compared to the big-six 

cases in Michigan. By contrast, big-six cases from Michigan were more likely to be hospitalized 

compared to Connecticut cases with big-six infections (OR: 6.3; 95% CI: 2.18, 18.41). No 

difference was observed for abdominal cramping by state (p=0.80). 

Several associations were identified when the big-six serogroups were analyzed 

individually and compared to the other non-O157 serogroups (Table 3.3). Most notably, the O45 

cases were significantly more likely to be hospitalized (OR: 2.6; 95% CI: 1.02, 6.87) when 

compared to cases infected with all other serogroups. In addition, children younger than 18 years 

old were significantly more likely to have O111 STEC infections (OR: 4.2; 95% CI: 1.48, 

11.95), while cases over 19 years of age were significantly more likely to have O45 infections 

(OR: 3.3; 95% CI: 1.40, 7.96) compared to all other non-O157 serogroups.  When stratified by 

state, 87.0% of the O111 cases in Connecticut were reported in children under 18 years of age 

(Mantel-Haenszel χ2 p=0.03). A difference by sex was also observed as males were more likely 

to have O111 infections than females; however, this difference was not statistically significant 

(p=0.06). 

When the virulence gene profiles were examined, the big-six serogroups were more 

likely to have stx1 (OR: 6.5; 95% CI: 2.19, 19.18) alone or in combination with stx2, compared 

to all other serogroups. Similarly, the big-six serogroups had a significantly higher frequency of 

eaeA (OR: 58.5; 95% CI: 15.22, 224.49) and ehxA (OR: 13.5; 95% CI: 3.89, 49.99) compared to 

all other non-O157 serogroups. Those isolates representing serogroups O26, O45, O103, and 
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O111 had either stx1 (n=105) or stx1,stx2 (n=8) profiles, while all of the O121 isolates had stx2a 

only (n=3). Isolates belonging to the O145 serogroup, however, varied and contained multiple stx 

gene profiles (Table 3.3). Comparatively, a wider range of nine stx variants/profiles were 

observed among the other non-O157 serogroups, further highlighting the heterogeneity of the 

non-O157 strain population (Figure 3.2). Although the eaeA gene profiles were relatively 

homogeneous within a serogroup, seven different eaeA variants were identified. Many (59.4%) 

of the non-O157 strains outside of the big-six group were negative for eaeA. 

Genetic diversity of non-O157 STEC and association with disease  

MLST was utilized to examine the genetic diversity of the STEC strains isolated from 

both states. A total of 38 STs were identified in all; 17 STs were recovered in Michigan (MI) and 

27 STs were collected in Connecticut (CT) (Figure 3.3). Six of the STs were shared and found in 

both locations. The shared STs comprised 75.5% of the cases in the two states, with ST-106 (MI: 

n=8 (19.5%); CT: n=38 (33.3%)) and ST-119 (MI: n=16 (39.0%); CT: n=41 (36.0%)) 

predominating. One isolate from Connecticut was classified as a new ST with a unique allele 

profile and was denoted as ST-NEW in the analysis.  

A neighbor-joining phylogenetic tree with bootstrapping (n=1000) grouped the strains 

into two clusters with greater than 90% bootstrap support. The first cluster, Cluster 1, contains 

ST-104, 106, 150, 310, 849, and 852, while Cluster 2 contains STs 89, 119, 145, 286, 526, 845, 

846, 851, and NEW (Figure 3.3). All strains not grouping within these two clusters were 

considered as an “other” group for the epidemiological analyses regardless of placement within 

the tree. Strains within Cluster 1 contained eight different serotypes including O88:H25, 

O26:H11, O118:H16, O111:H11, O69:H11, O111:H8, O103:H2, and O151:H8, whereas Cluster 
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2 included serotypes O103:H2, O153:H2, O45:H2, O22:H8, O13:H21, O146:H21, O174:H21, 

O8:H14, and O174:H8. Only one serotype, O103:H2, was found in both Clusters 1 and 2 as well 

as a smaller unrelated cluster. Multiple serotypes are represented by genetically unrelated STs 

and were found across different branches of the tree. O103:H2 strains, for example, represented 

STs 772, 106, 851, 526, and 119, while O26:H11 strains comprised STs 338, 104, 106, and 844. 

Notably, strains of the same serogroup belonged to multiple STs and clustered separately on 

different branches of the phylogenetic tree.  

Examination of the Shiga toxin genes associated with clusters did not identify any stx 

combinations to be significantly different between the clusters. Variants ehxA-F were 

significantly more common in Cluster 2 (OR: 31.5; 95% CI: 12.28, 80.83), while ehxA-C was 

more common in Cluster 1 (Fisher’s exact test p<0.0001) relative to all other isolates in different 

clusters. Strains with other ehxA variants or that lacked it altogether were not associated with a 

specific Cluster. Similarly, the eaeA variants, beta (OR: 11.6; 95% CI: 4.5, 29.5) and epsilon 

(Fisher’s exact test p<0.0001), were the only two variants found in Cluster 1. The epsilon 

variant, however, predominated (86.6%) Cluster 2 and was significantly more common relative 

to all other Clusters (Fisher’s exact test p<0.0001). Strains harboring other eaeA variants or that 

lacked eaeA were present throughout the phylogenetic tree with exception of eaeA-xi, which was 

only found in Cluster 2 in an O103:H2, ST-119 strain from CT. 

No clustering of strains was observed by state; however, age was significantly associated 

with cluster designation. Specifically, cases with non-O157 STEC belonging to Cluster 1 (n=35; 

70.0%) were significantly more likely to be young, or less than 18 years of age, compared to the 

27 (44.3%) strains belonging to Cluster 2 (OR: 2.9; 95% CI: 1.34, 6.46) or all other Clusters 
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(n=16; 48.5%; OR: 2.5; 95% CI: 1.0, 6.17). No associations were identified between Cluster and 

more severe clinical outcomes like hospitalization and presence of blood in the stool.  

CRISPR profiling and phylogenetic analysis  

CRISPR1 and CRISPR2 loci were identified in 149 of the 155 strains. Because the 

CRISPR2 loci were not detected in sequences from six strains, those strains were excluded from 

the downstream analyses. Two of these strains, TW14929 (O103:H2) and TW10122 (O26:H11), 

were missing the CRISPR2 loci entirely and both lacked CRISPR spacers and repeats in the 

region between ygcE and ygcF. Another strain, TW14904 (O111:H8), had an interrupted 

CRISPR2 locus with a potential insertion element lacking any spacers or repeats.  

In all, the total number of CRISPR spacers in CRISPR1 and CRISPR2 ranged from six to 

49 spacers, while the individual CRISPR1 loci ranged from one to 30 spacers and CRISPR2 

ranged from zero to 21 spacers. Each strain had an average of 14 spacers and no difference was 

observed in the average number of spacers by Cluster. Most strains belonging to Cluster 1 (n=36; 

69.2%) had between 11-20 spacers, while 53.0% (n=35) of the Cluster 2 strains had 11-20 

spacers. In all, only 13 (8.7%) strains had more than 20 spacers. By contrast, the number of 

spacers was significantly different across serogroups (Mantel-Haenszel χ2 p<0.0001) with the 

big-six serogroups having fewer spacers than all other serogroups. The average number of 

spacers was 12.8 for the 120 strains belonging to the big-six serogroups compared to 20.2 for the 

29 strains representing other serogroups (t-test p=0.0006). 

A total of 361 unique spacers were identified that grouped into 79 different CRISPR 

profiles. The presence of spacers 56 (n=62), 231 (n=118) and 317 (n=88) were identified in 

multiple strains regardless of serogroup or ST (Figure 3.4). The spacers for both CRISPR loci 
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were concatenated in each strain and compared for presence or absence, and clusters were 

examined based on a Jaccard similarity of >45%. Overall, the CRISPR profiles of the strains 

clustered relative to the STs regardless of serogroup (both O and H-type) and geographic 

location (Figure 3.5).  

Since twice as many CRISPR profiles were identified when compared to the 39 STs 

identified using the MLST scheme, the Simpson’s diversity index was calculated for each 

genotyping method. The discriminatory power of MLST and CRISPR profiling was 0.76 and 

0.96, respectively, while the combination of both methods was 0.97. Nonetheless, several 

discrepancies were observed between the methods. TW15008, a ST-119 serotype O103:H2 

strain, belongs to Cluster 2 in the MLST-based neighbor-joining tree but groups together with 

other Cluster 1 strains in the UPGMA tree based on CRISPR spacer profiling (Figure 3.5). 

Another O103:H2 strain (TW14919) was classified as ST-106 within Cluster 1 in the MLST 

phylogeny but had a CRISPR profile that was more similar to other strains within Cluster 1 and 

not to the other O103:H2 strains belonging to Cluster 2.  

CRISPR spacer content indicative of phage and plasmid transfer 

Notably, 5.5% (n=20) of all 361 spacers belonged to known or putative phages and 

plasmids when using BLAST against the NCBI database with a minimum of 3 nucleotide 

differences. Spacers that matched to CRISPR spacers in other organisms such as Shigella sonnei, 

were not noted. Spacer 356 was of interest because 30 of the 32 nucleotides matched the E.coli 

O157 T7 typing phage, which is a common E. coli phage (44). Although spacers 56, 231 and 317 

were common to strains regardless of genetic relatedness, these spacers did not match any 

published phage or plasmid sequences available in the NCBI database. The total horizontal gene 
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transfer value was assigned to each genome by adding together the number of phages and 

plasmids present in the genomes. Strains with ≥ 20 spacers had a significantly higher number of 

horizontally acquired elements (total plasmids and phages ≥ 8) (OR: 4.9; 95% CI: 1.50, 16.36) 

when compared to strains with a low (<20) spacer content. 
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DISCUSSION 

Although the number of non-O157 STEC infections has been steadily increasing in the 

U.S. since 2000 (4, 45), little is known about the molecular epidemiology and genetic diversity 

of these pathogens in different geographic locations. Through this analysis, we have shown that a 

wide range of strain types are linked to human infection in two states and that strains 

representing one of the six (“big-six”) most abundant serogroups predominated in each. 

Variation in epidemiological factors among cases from each state was also observed as well as 

variation in the molecular characteristics of the STEC populations.  

In all, a greater number of cases were detected in Connecticut compared to Michigan 

over the same time period, which could be due to differences in surveillance activities. 

Connecticut participated in the FoodNet active surveillance system, while Michigan utilized a 

sentinel surveillance system established by the MDHHS (32). The age distribution also varied 

among cases from each state. Most STEC cases reported by FoodNet occur in young children or 

the elderly (4), which was similar to the age distribution in Connecticut. In Michigan, however, 

most cases were between 19 and 64 years of age. Such differences could be due to varying 

environmental factors, behavioral practices, or occupational risks. Indeed, Michigan has a larger 

number of dairy cattle farms (46) and prior studies have linked high cattle densities to STEC 

infections caused by specific STEC serogroups (47, 48).  

Cases in Michigan were also more likely to be hospitalized compared to cases from 

Connecticut. Because gastrointestinal infections are underreported and Michigan was not 

participating in active surveillance, cases with less severe infections may have been less likely to 

be screened for non-O157 STEC relative to hospitalized cases. Higher hospitalization rates in 
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Michigan could also be due to a lower threshold for hospital admission or may indicate variation 

in virulence of the STEC strains recovered from each state.  

Each big-six serogroup, except O121, was found in both Michigan and Connecticut as 

were strains belonging to serogroups O5, O76 and O91, which have been linked to human 

infections in Europe (49–51). Furthermore, serogroup O91 is among the most frequently isolated 

serogroups in food and human infections in Europe (51). The close proximity of Connecticut and 

Michigan to international airports or borders may indicate that some of these infections were 

travel-associated as associations between infection with O111, O103 and O26 strains have been 

linked to international travel (4, 52, 53). These data, however, were not available for cases in 

either state and therefore, future studies are needed to establish relationships between travel and 

risk of infection with specific STEC strain types.  

Phylogenetic analysis of the isolates identified that there was no geographic clustering 

present and 75.5% of the isolates belonged to STs that were present in both states. The highest 

frequency ST that were reported among the clinical isolates were ST-106 and ST-119. ST-106 

was primarily composed of O26 and O111 serogroups, both belonging to the big six serogroups 

and similarly within ST-119, serogroups O45 and O103 were predominant. Using a different 

MLST scheme, another study also identified that O26 and O111 serogroups were clustering 

together potentially indicating a lateral gene transfer event of the rfb-like region similar to what 

occurred within the O157 lineage (54, 55). Outside of the big-six serogroups, there were a wide 

range of serogroups that were clustering together along with the big-six serogroups into two 

main clusters. Examination of these clusters identified that cluster 1 was significantly associated 

with cases that were younger than 18 years old. This association may be driven by the presence 

of serogroup O111:H8 which was also significantly associated with age less than 18 years and 
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composes a large percentage of cluster 1 isolates (42.6%). However, the genetic relatedness of 

strains with different serogroups may indicate that serogroup alone will not be an indication of 

disease outcome. The presence of different serogroups in multiple genetically unrelated branches 

on the tree, such as O103:H2 being characterized as ST-106, 119, 526, 772 and 851, further 

supports the genetic diversity that is seen within a single serogroup. Similarly, a large number of 

isolates with different disease outcomes are genotyped as the same serogroup and ST further 

supporting the need for a more discriminate subtyping method to provide more information 

about the strain while maintaining epidemiological concordance. With the rise of whole genome 

sequencing analysis for surveillance, the development of methods that will rapidly identify and 

provide information on the strain is needed.  

Through the addition of CRISPR loci analysis, the discriminatory power when used in 

combination with MLST was increased from 0.763 to 0.968. CRISPR spacer analysis has been 

previously shown to help with discrimination of Salmonella enterica and Campylobacter jejuni 

outbreak isolates (12, 56). The amplification of two CRISPR regions, the MLST genes and the 

serogroup genes are less expensive and time consuming than current methods of PFGE and 

reveal more about the genetic relatedness and variation that is present among the strains in a 

collection (7). Utilizing both MLST and CRISPR typing, identified an O103:H2 strain that 

clustered with ST-119 based on the MLST typing scheme, however, when subtyping with 

CRISPR loci, it was more similar to strains that were clustering with ST-106. A potential 

evolutionary event may have occurred that would have been missed if only examining the MLST 

of these strains. The use of CRISPR spacers has been previously used to examine the 

evolutionary divergence of O55:H7 to O157:H7 (31).  
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Analysis of the CRISPR spacers that were isolated, identified 5.54% of the spacers to 

originate from known phages or plasmids, which is similar to what has been reported in other 

studies that have examined the spacer content (19, 31). While the putative function of the 

CRISPR loci is to provide adaptive immunity, in laboratory conditions, STEC is not provided 

with immunity when subjected to plasmids or phages that have corresponding spacers in the 

CRISPR loci (57–59). However, the number of spacers that are present in the CRISPR loci may 

be indicative of the strain living in an environment that is subject to high horizontal gene 

transfer. Strains with a higher number of CRISPR spacers were significantly more likely to 

encode a higher number of plasmids or phages in their genome. This helps to further support that 

STEC may have an active CRISPR loci in specific conditions outside of the laboratory or that a 

recent event caused STEC to turn off the CRISPR loci, leaving it available to uptake more 

plasmids and phages without the foreign DNA being targeted by the CRISPR system.  

In all, this study helps to further understand the genetic composition of non-O157 STEC 

and the wide number of gene profiles that are present in strains isolated from patients. A 

limitation of the study is the lack of epidemiological information that was present and the lack of 

overlap in some of the epidemiological variables that were collected between the two states since 

they were a part of two different surveillance systems. At the same time, Michigan non-O157 

STEC may be under estimated due to only having a sentinel surveillance in place. However, the 

associations that were identified can be further explored in a future study to determine if these 

associations hold true. The ability to subtype strains based on the CRISPR loci and identifying 

that it overlaps with MLST typing, will help to rapidly evaluate strains, identify the genetic 

relatedness and determine if strains are from the same outbreak. 
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APPENDIX
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Table 3.1. Comparison of demographics and clinical outcomes among non-O157 STEC cases from Michigan and Connecticut 

between 2001 and 2006. 

Characteristic 
Total no. 

Michigan 

No (%)  

Michigan 

Total no. 

Connecticut 

No (%) 

Connecticut 

Odds Ratio 

(95% CI†) 
p-value‡ 

Case Demographics       

Sex 

    Male 

    Female  

37 

 

 

 

13 (35.1) 

24 (64.9) 

107 

 

 

 

49 (45.8) 

58 (54.2) 

1.5 (0.72, 3.38)  0.26 

       

Age in years 

    0-10 

    11-29 

    30-64 

    ≥ 65 

37 

 

 

 

 

 

  6 (16.2) 

12 (32.4) 

15 (40.6) 

  4 (10.8) 

107 

 

 

 

 

 

38 (35.5) 

39 (36.5) 

20 (18.7) 

      10 (9.4) 

 

0.5 (0.17, 1.51) 

1.0 

2.4 (0.96, 6.18) 

- 

 

0.22 

- 

0.06 

0.73 

       

Clinical Outcomes       

Abdominal pain/cramps 

    No 

    Yes 

26 

 

 

 

  5 (19.2) 

21 (80.8) 

62 

 

 

 

12 (19.4) 

50 (80.7) 

1.0 (0.32, 3.22) 1.0 

       

Any bloody diarrhea 

    No 

    Yes 

27 

 

 

 

  8 (29.6) 

19 (70.4) 

66 

 

 

 

32 (48.5) 

34 (51.5) 

2.2 (0.86, 5.82) 0.096 

       

Hospitalization 

    No 

    Yes 

27 

 

 

 

13 (48.5) 

14 (51.9) 

107 

 

 

 

95 (88.8) 

12 (11.2) 

8.5 (3.25, 22.37) <0.0001 
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Table 3.1 (cont’d) 

*Number of isolates may not add up to the total (n=155) for some variables due to missing data in case reports. 

† 95% confidence interval for the odds ratio (OR) 

‡ p-value for statistical significance calculated using the Likelihood Ratio Chi-Square or Fisher’s exact test for variables with n < 5 in 

at least on cell; ORs were not calculated for variables with <5 per cell. 
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Table 3.2. Demographic, molecular profiles and clinical outcomes associated with big-six non-O157 serogroups and all other non-

O157 serogroups from cases in Michigan and Connecticut combined. 

 

Characteristic 

Total no. 

non-O157 

big-six 

No (%) 

non-O157 

big-six 

Total no. non-

O157 other 

No (%) non-

O157 other 
OR (95% CI)† p-value‡ 

Case Demographics       

State 

    Michigan 

    Connecticut 

123 

 

 

30 (24.4) 

93 (75.6) 

32 

 

 

11 (34.4) 

21 (65.6) 

0.6 (0.27, 1.42)  0.26 

Sex 

    Male 

    Female  

114 

 

 

 

51 (44.7) 

63 (55.3) 

30 

 

 

 

11 (36.7) 

19 (63.3) 

1.4 (0.61, 3.20)  0.43 

Age in years 

         0-10 

        11-29 

        30-64 

         ≥65 

114 

 

 

 

 

 

34 (29.8) 

43 (37.7) 

28 (24.6) 

9 (7.9) 

30 

 

 

 

 

 

10 (33.3) 

8 (26.7) 

7 (23.3) 

5 (16.7) 

 

1.9 (0.51, 6.94) 

3.0 (0.79, 11.27) 

2.2 (0.56, 8.76) 

1.0 

 

0.48 

0.13 

0.29 

- 

       

Virulence Genes       

Shiga toxin 

    stx1 and stx1/stx2 

    stx2 only 

123 

 

 

 

116 (94.3) 

 7 (5.7) 

32 

 

 

23 (71.9) 

 9 (28.1) 
6.5 (2.19, 19.18) 0.0002 

eaeA 

    No 

    Yes 

123 

 

 

 

3 (2.4) 

120 (97.6) 

32 

 

 

 

19 (59.4) 

13 (40.6) 

58.5 (15.22, 224.49) <0.0001 

ehxA 

    No 

    Yes 

123 

 

 

 

4 (3.2) 

119 (96.8) 

32 

 

 

 

10 (31.2) 

22 (68.8) 

13.5 (3.89, 49.99) <0.0001 
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Table 3.2 (cont’d) 

 
 

 
 

 
  

Clinical Outcomes       

Abdominal pain/cramps 

    No 

    Yes 

71 

 

 

 

10 (14.1) 

61 (85.9) 

17 

 

 

 

7 (41.2) 

10 (58.8) 

4.3 (1.32, 13.82) 0.01 

Any bloody diarrhea 

    No 

    Yes 

75 

 

 

 

27 (36.0) 

48 (64.0) 

18 

 

 

 

5 (27.8) 

13 (72.2) 
4.6 (1.49, 14.37) 0.005 

Hospitalization 

    No 

    Yes 

108 

 

 

 

86 (79.6) 

22 (20.4) 

26 

 

 

 

22 (84.6) 

4 (15.4) 

- 0.78 

       

 

*Total isolates for each variable examined may not add up to the total (n=155) due to missing epidemiological information in case 

reports 

† 95% confidence interval (CI) for the odds ratio (OR) reported 

‡ p-value for statistical significance calculated using Chi-Square test or Fisher’s exact test for variables with n < 5 in at least on cell; 

ORs were not calculated for variables with <5 per cell. 
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Table 3.3. Demographic, molecular profiles and clinical outcomes associated with big-six non-O157 serogroups from cases in 

Michigan and Connecticut relative to infection with other non-O157 serogroups. 

 

 

Characteristic* 

O26 

(n=24) 

No (%) 

O45 

(n=32) 

No (%) 

O103 

(n=29) 

No (%) 

O111 

(n=28) 

No (%) 

O121 

(n=3) 

No (%) 

O145 

(n=7) 

No (%) 

Other 

(n=32) 

No (%) 

χ2‡ p‡ 

Case Demographics          

State 

    Michigan 

    Connecticut 

 

 6 (25.0) 

18 (75.0) 

 

13 (40.6) 

19 (59.4) 

 

5 (17.2) 

24 (82.8) 

 

3 (10.7) 

25 (89.3) 

 

0 (0.0) 

3 (100.0) 

 

3 (42.9) 

4 (57.1) 

 

11 (34.4) 

21 (65.6) 

1.89 0.17 

Sex 

    Male  

    Female  

 

 6 (27.3) 

16 (72.7) 

 

14 (48.3) 

15 (51.7) 

 

12 (42.9) 

16 (57.1) 

 

15 (60.0) 

10 (40.0) 

 

0 (0.0) 

3 (100.0) 

 

4 (57.1) 

3 (42.9) 

 

11 (36.7) 

19 (63.3) 

0.001 0.97 

Age in years 

         0-10 

        11-29 

        30-64 

         ≥65 

 

8 (36.4) 

6 (27.3) 

5 (22.7) 

3 (13.6) 

 

4 (13.8) 

12 (41.4) 

10 (34.5) 

3 (10.3) 

 

 6 (21.4) 

14 (50.0) 

 8 (28.6) 

0 (0.0) 

 

12 (48.0) 

8 (32.0) 

3 (12.0) 

2 (8.0) 

 

1 (33.3) 

0 (0.0) 

1 (33.3) 

1 (33.3) 

 

3 (42.9) 

3 (42.9) 

1 (14.2) 

0 (0.0) 

 

10 (33.3) 

8 (26.7) 

7 (23.3) 

5 (16.7) 

2.31 0.13 

          

Virulence Factors          

Shiga toxin 

         stx1  

         stx1/stx2 

         stx2  

 

24 

(100.0) 

0 (0.0) 

0 (0.0) 

 

32 

(100.0) 

0 (0.0) 

0 (0.0) 

 

29 

(100.0) 

0 (0.0) 

0 (0.0) 

 

20 (71.4) 

8 (28.6) 

0 (0.0) 

 

0 (0.0) 

0 (0.0) 

3 (100.0) 

 

1 (14.3) 

2 (28.6) 

4 (57.1) 

 

16 (51.6) 

6 (19.4) 

9 (29.0) 

0.16 0.69 

eaeA  

    No 

    Yes 

 

2 (8.3) 

22 (91.7) 

 

0 (0.0) 

32 

(100.0) 

 

1 (3.4) 

28 (96.6) 

 

0 (0.0) 

28 

(100.0) 

 

0 (0.0) 

3 (100.0) 

 

0 (0.0) 

7 (100.0) 

 

19 (59.4) 

13 (40.6) 
25.68 <0.0001 
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*Total isolates for each variable examined may not add up to the total per column due to missing data in case reports 

‡ p-value for statistical significance calculated using Mantel-Haenszel Chi-Square (df=1) for the association between each 

characteristic and O-type 

 

Table 3.3 (cont’d) 

 

       
  

ehxA  

    No 

    Yes 

 

2 (8.3) 

22 (91.7) 

 

1 (3.1) 

31 (96.9) 

 

1 (3.4) 

28 (96.6) 

 

0 (0.0) 

28 

(100.0) 

 

0 (0.0) 

3 (100.0) 

 

0 (0.0) 

7 (100.0) 

 

10 (31.3) 

22 (68.7) 
9.86 0.0017 

          

Clinical Outcomes          

Abdominal pain/cramps  

    No 

    Yes 

 

4 (30.8) 

9 (69.2) 

 

2 (10.0) 

18 (90.0) 

 

1 (5.9) 

16 (94.1) 

 

3 (20.0) 

12 (80.0) 

 

0 (0.0) 

1 (100.0) 

 

0 (0.0) 

5 (100.0) 

 

7 (41.2) 

10 (58.8) 

1.26 0.26 

Diarrhea with blood 

    No 

    Yes 

 

 5 (38.5) 

 8 (61.5) 

 

 6 (28.6) 

15 (71.3) 

 

 8 (42.1) 

11 (57.9) 

 

7 (43.8) 

9 (56.2) 

 

0 (0.0) 

1 (100.0) 

 

1 (20.0) 

4 (80.0) 

 

13 (72.2) 

 5 (27.8) 

3.38 0.07 

Case Hospitalization  

    No 

    Yes 

 

16 (80.0) 

 4 (20.0) 

 

18 (66.7) 

 9 (33.3) 

 

22 (84.6) 

 4 (15.4) 

 

23 (92.0) 

2 (8.0) 

 

3 (100.0) 

0 (0.0) 

 

4 (57.1) 

3 (42.9) 

 

22 (84.6) 

 4 (15.4) 

0.005 0.94 
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Figure 3.1. Prevalence of serogroups detected in Michigan and Connecticut, 2001-2006. 
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Figure 3.2. Distribution and gene frequency of virulence genes in STEC serogroups. 
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Figure 3.3. Neighbor-joining phylogenetic analysis constructed using seven gene MLST in 155 

clinical STEC isolates from Michigan (n=44, green circles) and Connecticut (n=111, blue 

circles) with 1000 bootstrap replication to establish genetic relatedness.  

* Clusters 1 and 2 represent STs that grouped together with >90% bootstrap values. STs shared 

across the two geographic locations are indicated with pink stars. 
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Figure 3.4. CRISPR spacer content for strains belonging to Clusters 1 and 2 as determined using 

MLST.  

* Spacer number denotes a specific DNA sequence, color gradient is used to identify similar 

spacer numbers. 

 

TW14917 O174 H21 89 145 144 231 142 141 140 139 137 136 135 133 132 56 130 129 128 127 126 125 124 330 270 269 97 148 147 146 94 93 264 287 288 289 290

TW14933 O146 H21 845 145 144 143 142 141 140 139 138 137 136 135 134 133 132 131 315 187 262 263 130 129 128 127 126 125 124 330 270 269 97 148 147 146

TW14934 O146 H21 845 145 144 143 142 141 140 139 138 137 136 135 134 133 132 131 315 187 262 263 130 129 128 127 126 125 124 330 270 269 97 148 147 146

TW14937 O146 H21 845 145 144 143 142 141 140 139 138 137 136 135 134 133 132 131 315 187 262 263 130 129 128 127 126 125 124 330 270 269 97 148 147 146

TW09182 O103 H2 119 231 317 315 39 147 146 51 234 272 286 40 72 42

TW14932 O103 H2 119 231 317 315 39 147 146 51 234 272 286 41 40 72 42 3

TW14983 O103 H2 119 231 317 315 39 147 146 51 234 272 286 42 72 40 314 3

TW11542 O103 H2 119 231 317 315 39 147 146 51 234 272 41 40 72 42

TW14951 O103 H2 119 231 317 315 39 147 146 51 286 41 40 72 42 3

TW15003 O103 H2 119 231 317 39 147 146 51 234 272 286 72 40 3

TW11537 O103 H2 119 231 317 315 39 147 146 51 234 272 286 41 40 72 42 316 314 313 311 3

TW14914 O103 H2 119 231 317 315 39 147 146 51 234 272 286 41 40 72 42 316 314 313 311 3

TW14915 O103 H2 119 231 317 315 39 147 146 51 234 272 286 41 40 72 42 316 314 313 311 3

TW14926 O103 H2 119 231 317 315 39 147 146 51 234 272 286 41 40 72 42 316 314 313 311 3

TW14967 O103 H2 119 231 317 315 39 147 146 51 234 272 286 41 40 72 42 316 314 313 311 3

TW14987 O103 H2 119 231 317 315 39 147 146 51 234 272 286 41 40 72 42 316 314 313 311 3

TW14989 O103 H2 851 231 317 315 39 147 146 51 234 272 286 41 40 72 42 316 314 313 311 3

TW14992 O103 H2 119 231 317 315 39 147 146 51 234 272 286 41 40 72 42 316 314 313 311 3

TW14910 O103 H2 119 231 317 315 39 147 146 51 234 272 286 56 41 40 72 42 316 314 313 311 3

TW14907 O103 H2 119 231 317 315 39 147 146 51 234 272 286 40 72 42 316 314 313 311 3

TW15002 O153 H2 119 231 317 315 39 147 146 51 234 272 286 40 72 42 316 314 313 311 3

TW14966 O103 H2 119 231 317 315 39 147 146 234 272 286 40 72 42 316 314 313 311 3

TW14994 O103 H2 119 231 317 315 39 147 146 51 234 286 41 40 72 42 316 314 313 311

TW14941 O103 H2 119 231 317 315 39 147 146 51 234 272 286 56 40 42 316 314 313 311 3

TW14902 O103 H2 119 231 317 315 39 147 146 51 272 286 56 40 72 42 316 314 313 311 3

TW09183 O45 H2 119 231 317 315 39 147 146 51 234 272 286 56

TW09370 O45 H2 119 231 317 315 39 147 146 51 234 272 286 56

TW10117 O45 H2 119 231 317 315 39 147 146 51 234 272 286 56

TW11541 O45 H2 119 231 317 315 39 147 146 51 234 272 286 56

TW11543 O45 H2 119 231 317 315 39 147 146 51 234 272 286 56

TW11544 O45 H2 119 231 317 315 39 147 146 51 234 272 286 56

TW11564 O45 H2 119 231 317 315 39 147 146 51 234 272 286 56

TW14958 O45 H2 119 231 317 315 39 147 146 51 234 272 286 56

TW09373 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW10121 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14003 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14329 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14901 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14916 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14918 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14922 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14925 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14927 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14928 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14942 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14946 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14963 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14964 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14975 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14988 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14991 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14995 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW15004 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW15010 O45 H2 119 231 317 315 39 147 146 51 234 272 286

TW14669 O45 H2 119 231 317 315 39 147 146 51 234 272

TW15005 O103 H2 119 231 317 315 39 147 146 51 234 272 286 3

TW14979 O103 H2 119 231 317 315 39 147 146 51 234 272 286 56 3

TW14923 O45 H2 119 231 317 315 39 147 146 51 56

TW14623 O45 H2 119 231 317 315 234 272 286 56

TW14912 O8 H14 286 213 231 317 66 315 39 147 146 51 234 56 69 70 316 313 314 311 214 281 282 147 212 3 1 176 283 284

TW14001 O103 H2 526 231 317 315 147 146 234 42 316 313 314 311

TW14929 O103 H2 119 231 317 315 41 40 72 42 316 313 314 311

TW14330 O103 H2 772 317 315 41 40 72 42 316 313 314 311 180 181 182 183

TW15017 O103 H2 119 231 317 315 146 56 41 40 72 42

TW14921 O88 H25 150 213 231 39 147 146 56 70 40 72 248 311 291

TW09177 O76 H19 91 56 55 54 53 52 272 286 51 39 3 147 146 50 49 48 47 236 60 59 58 57

TW14970 O76 H19 91 47 48 49 50 272 3 39 51 147 146 52 53 54 55 56

TW07613 O113 H21 161 100 99 98 14 101 102 103 104 105 13 12 11 10 9 8 7 273 6 5 4 274 217 146 147 51 39 234 3 2 1 176 272 286 175 174 173 172 171 188 167 168 169 170

TW07619 O110 H28 162 100 99 98 14 101 102 103 104 105 13 12 11 10 9 8 7 273 6 5 4 146 147 51 39 234 3 2 1 176 272 286 175 174 173 172 171 167 168 169 170

TW14962 O118 H16 106 231 178 69 70 73 25

TW14609 O151 H8 310 232 231 317 178 177 56 71 73 74 75 25 40 72 42 248 311 212 322 315 246 247

TW11540 O111 H8 106 232 213 231 66 177 178 179 67 166 68

TW14903 O111 H8 106 232 213 231 66 177 178 179 67 166 68

TW14968 O111 H8 106 232 213 231 66 177 178 179 67 166 68

TW14996 O111 H8 106 232 213 231 66 177 178 179 67 166 68

TW14997 O111 H8 106 232 213 231 66 177 178 179 67 166 68

TW15006 O111 H8 852 232 213 231 66 177 178 179 67 166 68

TW14913 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW14956 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW14957 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW14972 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW14973 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW14999 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW15015 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW14993 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW14936 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW14944 O111 H8 106 232 213 231 66 177 178 179 56 67 166 68

TW15011 O111 H8 106 213 231 66 177 178 179 56 67 166 68 166

TW15012 O111 H8 106 213 231 66 177 178 179 56 67 166 68

TW14361 O111 H8 106 232 213 231 66 177 178 179 56 67 166

TW14955 O111 H8 106 232 213 177 178 179 56 67 166 68

TW15014 O111 H8 106 213 231 177 178 179 56 67 68

TW09372 O111 H8 106 232 213 231 66 177 178 179

TW14960 O111 H11 106 232 213 231 66 177 178 179 56 232 231

TW14947 O111 H8 106 232 213 231 66 179 67 68

TW10130 O26 H11 106 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25

TW11365 O26 H11 106 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25

TW14670 O26 H11 106 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25

TW14935 O26 H11 106 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25

TW14974 O26 H11 106 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25

TW14984 O26 H11 106 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25

TW11538 O26 H11 106 232 213 231 317 66 177 178 179 56 69 70 71 73 74 75 67 25

TW09184 O26 H11 106 232 213 231 317 66 177 178 179 56 69 70 71 73 74 75 67 25

TW14949 O26 H11 106 232 213 231 317 66 177 178 179 56 69 70 71 73 74 75 67 25

TW14961 O26 H11 106 232 213 231 317 66 177 178 179 56 69 70 71 73 74 75 67 25

TW14977 O26 H11 106 232 213 231 317 66 177 178 179 56 69 70 71 73 74 75 67 25

TW14985 O26 H11 106 232 213 231 317 66 177 178 179 56 69 70 71 73 74 75 67 25

TW10239 O69 H11 104 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25 41

TW14939 O26 H11 106 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25 41

TW14948 O26 H11 106 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25 41

TW15008 O103 H2 119 232 213 231 317 66 177 178 179 69 70 71 73 74 75 67 25 41

TW14953 O118 H16 106 232 213 231 317 66 177 178 179 56 69 70 71 73 74 75 67 25 41

TW15009 O26 H11 104 232 213 231 317 66 177 178 179 56 69 70 71 73 74 75 67 25 41

TW15013 O26 H11 104 232 213 231 317 66 177 178 179 56 69 70 71 73 74 75 67 25 41

TW14924 O26 H11 844 232 213 231 317 66 177 179 56 69 70 71 73 74 75 67 25

TW14981 O26 H11 106 232 213 231 317 66 177 178 179 71 73 74 75 67 25

TW15016 O26 H11 106 232 213 231 317 66 177 178 179 71 73 74 75 67 25 41

TW15000 O91 H14 815 232 231 317 66 177 178 179 56 71 73 74 75 67 25

TW15001 O26 H11 106 232 231 317 66 177 178 179 71 73 74 75 67 25

TW14909 O26 H11 106 232 213 231 177 178 179 71 73 74 75 67 25

TW15007 O26 H11 106 232 213 231 317 66 177 178 56 69 70 71 73 25 41

TW14919 O103 H2 106 232 213 231 317 66 179 69 70 71 75 41

TW10122 O26 H11 338 232 213 70 69 66 317 231

TW14930 O26 H11 104 232 213 231 177 69 70 71
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Figure 3.5. Unweighted pair group method with arithmetic averages (UPGMA) clustered using a 

Jaccard similarity index to compare the spacer patterns of the CRISPR profiles of 149 total 

isolates from Michigan (n=40) and Connecticut (n=109).  

* Strains belonging to Cluster 1 (blue) and Cluster 2 (red) are differentiated based on color. All 

sequences are labeled with the strain name, O-type, H-type, ST and state. 
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CHAPTER 4 

 

 

ANALYSIS OF WHOLE GENOME SEQUENCING FOR CHARACTERIZATION AND 

OUTBREAK IDENTIFICATION OF SHIGA TOXIN-PRODUCING ESCHERICHIA COLI 

(STEC) STRAINS, 2015-2018 
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ABSTRACT 

Shiga toxin-producing Escherichia coli (STEC) is a leading cause of foodborne 

infections in both developed and underdeveloped countries. In the US, STEC is responsible for 

265,000 illnesses and numerous outbreaks each year. The use of pulsed-field gel electrophoresis 

(PFGE) was the gold standard for surveillance until the recent transition to whole genome 

sequencing (WGS). Retrospective analysis of 510 clinical STEC isolates were examined in 

Michigan to further understand the genetic diversity and relatedness of outbreak associated 

isolates. In all, 34 typeable serogroups were identified including those belonging to the big six 

non-O157 STEC serogroups (59.6%). Core genome analysis was able to differentiate clusters of 

isolates with similar PFGE patterns and multilocus sequence types (STs). Two isolates belonging 

to serogroup O26 and NT, which were classified as outbreak-associated by PFGE and clustered 

together within ST-106/104 by MLST, were found to be distantly related via core genome 

analysis. Conversely, core genome analysis clustered six outbreak-associated serogroup O5 

isolates within the same clade along with five other ST-175 serogroup O5 isolates. The use of 

high-quality single nucleotide polymorphism analysis could further discriminate the outbreak-

associated ST-175 O5 strains into a single cluster. Indeed, use of WGS has identified genetic 

differences that are important for grouping strains thought to be genetically related via a given 

typing method. Implementation of WGS in public health labs will allow for further 

differentiation of related strains in addition to classifying virulence genes and serogroups, 

particularly for isolates that may be considered non-typeable using conventional methods. 
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INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC) is a prominent foodborne pathogen that 

is the etiological agent for 265,000 illnesses annually and has been responsible for numerous 

outbreaks since identification (1–4). A diverse range of STEC serogroups including O157 and 

non-O157, have been associated with disease outcomes including diarrhea, hemolytic uremic 

syndrome (HUS), and kidney failure (5–7). Since non-O157 STEC was identified as a nationally 

notifiable disease, the incidence of non-O157 has been steadily increasing and has since 

surpassed O157 (2, 8, 9).  

STEC outbreaks have been associated with various food items ranging from chicken and 

beef products to flour and lettuce and have been caused by a wide range of serogroups, both 

O157 and non-O157 (1, 10–14). Foodborne transmission is estimated to account for 85% of 

O157 cases annually (15). The ability to accurately track the emergence of an outbreak is crucial 

to prevent further infections associated with contaminated food items. Until recently, the use of 

pulsed-field gel electrophoresis (PFGE) has been the gold standard for STEC surveillance by 

PulseNet at the Centers for Disease Control and Prevention (CDC) (16–18). PFGE 

standardization allowed for the comparison of banding patterns nationally (19). However, usage 

of PFGE is time and labor intensive and does not allow for a high enough discriminative power 

to identify if strains with similar patterns are related (16). Analysis of PFGE patterns have 

grouped together strains with the same H-type regardless of the O-type, further supporting the 

need to discriminate strains using whole genome sequencing (WGS) to identify genetic factors 

(20). The 2011 O104:H4 German outbreak strain was indistinguishable from other O104 strains 

when using conventional epidemiological typing methods such as PFGE, serotyping, multilocus 
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sequence typing (MLST), optical mapping, and REP-PCR (repetitive extragenic palindromic 

PCR) (21, 22). The use of sequencing technology, however, enabled the identification of a novel 

O104:H4 strain, which was classified as Shiga-toxin producing enteroaggregative Escherichia 

coli (EAEC) and could be differentiated from other O104 isolates (23). Further sequencing of 

outbreak strains from two regions identified that 19 Single Nucleotide Polymorphisms (SNPs) 

occurred among the cases during the outbreak (24). 

Increasing use of WGS has allowed for a better understanding of the genetic diversity 

within non-O157 and O157 STEC strains. The use of WGS allows for public health laboratories 

(PHL) to examine the relatedness of strains and identify other genetic factors such as antibiotic 

resistance, virulence genes, plasmids, and serotyping genes, that may be crucial for surveillance. 

WGS has the ability to identify, type, and characterize pathogens more quickly and precisely 

than traditional microbiological methods and with a higher resolution than other molecular 

methods (25, 26). The use of WGS in other foodborne organisms has already identified more 

outbreak clusters than other conventional methods, and more outbreaks have been solved or 

linked to a source since the implementation of WGS (27). WGS also allows for the ability to 

examine pathogens that are rapidly evolving to detect virulence genes and antibiotic resistance 

markers, which are easily transmitted among pathogens.  

Retrospective analysis of strains isolated from patients during 2015-2018 in Michigan 

will allow for a complete genomic assessment of STEC isolates associated with illness. The 

ability to overlay PFGE data onto genomic data will also help identify strains that may not have 

been included in outbreak investigations or would not be considered related using PFGE 

analysis. The use of WGS will allow for a stricter discrimination of isolates associated with 
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outbreaks and an enhanced understanding of genetic variation, which will allow for better 

detection and identification of strains with pathogenic potential.   
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MATERIALS AND METHODS 

Bacterial strains, DNA isolation and whole genome sequencing (WGS) 

The Michigan Department of Health and Human Services (MDHHS) recovered and 

sequenced 625 clinical isolates during 2015-2018 that were identified to be STEC or Shigella. 

Isolates were grown overnight at 37°C and prepped for sequencing using standard operating 

procedures established for PulseNet at the CDC (https://www.cdc.gov/pulsenet/pathogens/wgs). 

DNA was extracted using the Qiagen DNeasy Kit (Qiagen, Valencia, CA, USA) and libraries 

were prepared using the Nextera XT library prep kit (Illumina, San Diego, CA, USA). 

Sequencing was performed on the Illumina MiSeq platform (2x250 reads) (Illumina, San Diego, 

CA).  

Pulsed-Field Gel Electrophoresis (PFGE) 

PFGE was performed on clinical isolates as part of the PulseNet national surveillance 

according to the standard operating procedure for PulseNet PFGE of O157:H7 and non-O157 

STEC isolates developed at the CDC. Patterns were analyzed in BioNumerics (Applied Maths, 

Austin, TX) and assigned outbreak codes by the CDC if they matched other isolates in the 

database with the same banding pattern. 

Bioinformatic Analysis 

Prior to read processing and analysis, Kraken (28) was utilized to identify Shigella 

isolates and removed from the analysis. Preprocessing of the reads were performed with 

Trimmomatic (29) to remove adapters, reads with a phred quality score lower than 20 (Q20), and 

reads with lengths less than 100 nucleotides. Quality checking of the sequences was performed 

with FastQC (30) and de novo assemblies were performed with Spades 3.10.1 using kmers 21, 



 

 

132 

 

33, 55, 77, 99, and 127 for the assemblies (31). Error correction was performed during the 

assemblies to minimize the number of mismatches in the final contigs. 

Abricate (https://github.com/tseeman/abricate) was used for in silico serotyping utilizing 

databases downloaded from the Center for Genomic Epidemiology (http://www. 

genomicepidemiology.org/) for the wzy/wzx (O-antigen), fliC (H-antigen), and stx1 (Shiga toxin 

1) and stx2 (Shiga toxin 2) genes. Seven MLST gene sequences were extracted using in-house 

scripts developed with a Basic Local Alignment Search Tool (BLAST) platform available at the 

National Center for Biotechnology Information (NCBI) (32). Sequence types (STs) were 

assigned using EcMLST v1.2 via the STEC Center at Michigan State University 

(http://www.shigatox.net). Preliminary core genome single nucleotide polymorphism (cgSNP) 

analysis was performed with Parsnp on large clusters from the MLST phylogeny and strains with 

similar serogroups (33). Using parameters described by Katz et al. for STEC (34), Lyve-SET 

was used to examine high quality SNPs (hqSNP) within clusters identified in Parsnp that were 

associated with outbreak isolates to better define SNP differences between strains.  

Data Analysis and Visualization 

MLST alleles were concatenated and aligned using CLUSTALW, and a phylogenetic tree 

was generated using the Neighbor-joining algorithm with 1000 bootstrap replication in MEGA X 

(35). Core genome SNP trees were also generated in Parsnp using FastTree to infer approximate-

maximum-likelihood phylogenies from SNP nucleotide alignments. High quality SNP trees were 

generated with Lyve-SET using RAxML to infer the maximum likelihood phylogenies from SNP 

alignments (34). MEGA X, TreeGraph2 (36), and FigTree 

(http://tree.bio.ed.ac.uk/software/figtree) were used to visualize each phylogeny.  
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RESULTS 

Isolate identification and serogroup distributions 

WGS was introduced into MDHHS protocols for STEC in 2015 to enhance surveillance 

activities and outbreak investigations. A total of 625 probable Shigella and diarrheagenic E.coli 

isolates were sequenced and given PNUSAE identifiers. Using WGS analysis, 97 of these 

isolates were classified as Shigella spp. and 18 isolates were stx-negative, resulting in removal 

from the analysis and leaving 510 isolates for analysis. Since its introduction, use of WGS for 

STEC isolates in Michigan has risen from 70.6% to 96.3% in 2015 and 2018, respectively 

(Figure 4.1). Over the four-year time period, 14.6% of the isolates (87 total isolates) were not 

sequenced due to potential duplication of isolates or low prioritization of isolates at the start of 

WGS introduction since PFGE remained the gold standard for surveillance activities until the 

beginning of 2019. Of the isolates not sequenced, 35 and 34 were recovered in 2015 and 2016 

respectively, and 60 of those isolates were typed as O157.  

The frequency of non-O157 serogroups isolated and sequenced from 2015-2018 

decreased from 94.0% to 73.1%, while the frequency of sequenced O157 strains increased from 

6.0% to 26.9%. In all, 34 typeable serogroups were identified over the four-year period and non-

O157 strains belonging to the “big-six” serogroups comprised 59.6% of all serogroups identified 

(Table 4.1). Other serogroups that were highly prevalent during this time period included O5, 

O71, O123, and O151. Eleven isolates were O-antigen untypeable due to incomplete or missing 

wzx/wzy genes and one isolate was H antigen negative [H-] due to an incomplete fliC.  
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Phylogenetic analysis based on MLST loci 

PFGE analysis identified 352 unique XbaI PFGE patterns, while MLST analysis typed 

509 STEC isolates into 46 STs, with 60 serogroup and ST combinations (Figure 2). Ten new STs 

were identified (NEW1-10) with variants of aspC (aspC7), fadD (fadD13), lysP (lysP1), mdh 

(mdh2), and uidA (uidA2) in STs NEW1,2,4,6-8, while STs NEW3,5,9,10 had novel allele 

combinations. A single O103:H2 isolate had incomplete sequencing data for all seven genes and 

was removed from further analysis. A Neighbor-joining tree identified five clusters of STs that 

grouped together with significant bootstrap support (> 0.90) and contained more than 15 isolates 

per cluster (Figure 4.2). Within the five clusters, strains comprising ST-104/106 and ST-119 

included serogroups that were identified to be outbreak associated by PFGE, however, other 

serogroups that were not outbreak associated shared the ST or clustered with high bootstrap 

support. In all, the predominant STs identified were ST-66 (18.9%), ST-106/104 (24.8%), and 

ST-119 (36.1%). The O157 isolates were all typed as ST-66, except two O157 isolates belonged 

to new STs, NEW-3 and NEW-10, which clustered together with ST-66.   

Core genome SNP (cgSNP) analysis differentiates outbreak strains that cluster by MLST 

Four clusters from the MLST phylogeny were selected for cgSNP analysis because each 

cluster contained known outbreak isolates previously found to be identical by PFGE. A total of 

26 outbreak isolates were evaluated representing the following serotype/genotype combinations: 

ST-66 O157 (n=16), ST-106/104 O26/NT (n=2), ST-175 O5 (n=6), and ST-119 O103 (n=2).  

The cgSNP analysis of the 135 ST-106/104 O26/NT isolates did not cluster the two 

outbreak isolates together. Rather, the two isolates, PNUSAE001592 and PNUSAE001586, 

grouped into two distinct clades indicating that they are not genetically related as was previously 
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determined by PFGE (Figure 4.3). Similarly, cgSNP analysis of the ST-119 O103 isolates did 

not cluster the two outbreak isolates within the same clade, indicating that isolates 

PNUSAE004161 and PNUSAE004654 are also not related as was indicated by PFGE and 

outbreak designation (Figure 4.4). Nonetheless, the ST-119 O103 cgSNP analysis could 

discriminate the strains into more clusters than MLST, which would be more informative for 

source tracking and identifying epidemiological associations.  

For the 99 STEC O157 strains belonging to ST-66 O157, three previously defined 

outbreaks were examined to determine the relatedness of the strains using cgSNPs for 

comparison to PFGE and MLST (Figure 4.5). Outbreak one (ST-66-O1) comprised six isolates 

that clustered into a single clade along with nine non-outbreak associated isolates, only three of 

the nine isolates had the same XbaI PFGE pattern as outbreak associated isolates. Outbreaks two 

(ST-66-O2, 3 isolates) and three (ST-66-O3, 6 isolates) clustered within the same clade along 

with four non-outbreak associated isolates.  Similar to the ST-119 cgSNP analysis, ST-66 

isolates could be differentiated into smaller clusters that allows for epidemiological 

investigations to be performed with smaller groups of isolates that may be more closely related. 

Indeed, only two distinct clades were observed with the clustering of the outbreak associated 

isolates (n=6 isolates) along with nine non-outbreak associated isolates comprising one clade. 

The cgSNP analysis was also performed on 14 strains belonging to ST-175 O5 due to the 

rarity of the serogroup in Michigan along with the high number of outbreak associated isolates 

(Figure 4.6).      
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High quality SNP (hqSNP) analysis further differentiates outbreak isolates compared to the core 

genome analysis and PFGE  

The hqSNP analysis of ST-175 O5 isolates clustered the six outbreak isolates into one 

distinct clade and detected only 0-1 SNP differences among them; the isolates were also identical 

by PFGE (Figure 4.7). Three additional isolates with a distinct XbaI PFGE pattern also clustered 

together on a separate branch of the hqSNP phylogeny and differed by 0-11 SNPs. Within this 

cluster, there is one isolate (PNUSAE007117) that did not have the shared PFGE pattern because 

it was misclassified as O157, however, it the molecular serotype based on WGS was O5:H9 and 

it differed by 0-77 SNPs from the other isolates.  

The 99 O157 ST-66 isolates were split into two hqSNP analyses due to the distinct 

clustering observed in the cgSNP phylogeny. The first analysis included the six outbreak ST-66-

O1 isolates and the nine other isolates from the same cgSNP cluster (Figure 4.8). XbaI PFGE 

patterns for these isolates were similar with a shift or change of a single band being the only 

difference from the common pattern. All ST-66-O1 outbreak isolates clustered together and 

differed by 0-24 SNPs. Two non-outbreak associated isolates were also closely related to 

outbreak isolates and exhibited an identical PFGE banding pattern. One outbreak associated 

isolate (PNUSAE013456) had one extra band in the PFGE pattern but was clustered within the 

same clade as other outbreak associated isolates.  

The second analysis of O157 ST-66 outbreak isolates included those belonging to ST-66-

O2 and ST-66-O3 as well as the four non-outbreak associated isolates that clustered together in 

the cgSNP analysis (Figure 4.9). The XbaI PFGE patterns for isolates representing both 

outbreaks differed from the first group (ST-66-O1) of outbreak isolates that were analyzed. 

Within this group, there were two isolates (PNUSAE000698 and PNUSAE020868) that had 
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multiple band differences compared to the rest of the isolates and did not cluster with the other 

isolates in the hqSNP phylogeny. Notably, ST-66-O2 O157 and ST-66-O3 O157 isolates 

clustered together with 0-7 SNP differences and very similar banding patterns; all ST-66-O2 

O157 isolates had a slight shift of the first band. Within the outbreak clade, there were two 

isolates with few SNP differences (0-3 SNPs) compared to the outbreak isolates with identical 

banding patterns.  

While cgSNP was able to differentiate two ST-119 O103 outbreak associated isolates into 

distinct clades, hqSNP was performed on the large grouping of isolates (n=60) to examine the 

relatedness of the isolates with other non-outbreak associated isolates that had the same ST 

(Figure 4.10). The two isolates fall within different clades on the hqSNP phylogeny and differ by 

120 SNPs even though the XbaI PFGE patterns were identical. Since the cgSNP analysis 

distinguished the outbreak strains belonging to the ST-106/106 O26/NT a direct genome 

comparison was performed instead of hqSNP analysis. While the XbaI PFGE pattern for the two 

ST-106/104 O26/NT isolates were identical and they clustered together based on the MLST 

phylogeny, there are 25,037 SNPs that differ between them along with the serogroup and 

clustering based on cgSNPs.  

  



 

 

138 

 

DISCUSSION 

The introduction of WGS into public health laboratories across the United States has 

allowed for improved surveillance and ability to detect enteric pathogens that may be 

epidemiologically related or from a specific food source. WGS allows for a complete genomic 

analysis of the strains to be performed to give insight into important genetic characteristics such 

as antibiotic resistance genes and virulence factors, while replacing traditional microbiological 

methods in a shorter turnaround time (37–40). The use of WGS has allowed for typing of strains 

that were previously unable to be typed due to novel serogroups, antigen cross reactivity or the 

unavailability of antibodies for the specific serogroup (41, 42).  

It is important to note that the implementation of WGS has some limitations. While the 

library preparation and sequencing methodology has been standardized by the CDC for public 

health laboratories, the analysis of the sequencing data has been limited to those laboratories 

with skilled bioinformaticians on staff or with standard pipelines in place. With the switch from 

PFGE to WGS, the CDC has been analyzing all WGS data for national outbreaks until 

BioNumerics is fully functional and validated; PFGE has been used simultaneously to prevent a 

lapse in surveillance activities. Because use of WGS has enhanced our ability to cluster isolates 

with a high discriminatory power, the focus on creating cutoffs to identify clusters or excluding 

isolates with a slightly higher SNP differences may lead to the identification of missing 

epidemiological links. Conversely, the lack of cutoffs may result in the identification of many 

smaller clusters forming that classify some isolates as outbreak-associated even with the lack of 

epidemiological linkage. Identifying cutoffs will continue to evolve and vary by pathogen and 

analysis to determine which isolates and patients should be examined more comprehensively in 

an outbreak situation.    
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This retrospective study has allowed for an analysis of outbreak isolates by WGS for 

comparison to PFGE patterns to identify whether similar clustering and differentiation is 

observed by both methods. It also allowed for the identification of isolates that were 

misclassified by PFGE and should have been included in epidemiological investigations or 

identification of isolates that were genetically unrelated to each other but shared a similar PFGE 

banding pattern. The use of PFGE as the gold standard for surveillance has allowed for 

standardization across many labs so that national surveillance is possible to compare banding 

patterns (16, 43). Although PFGE allows for the clustering of potential isolates, it lacks 

discriminatory capacity and prevents the ability to perform more advanced phylogenetic analyses 

(16, 25, 44, 45).  

Since WGS is still relatively new to public health laboratories, the isolates and 

serogroups being reported solely by WGS may not be representative of the true frequencies 

within a state or region. The prioritization and identification of certain serogroups may differ 

from the original implementation dates to the present. The recent trends of STEC non-O157 and 

O157 frequencies differ from what has been reported by the CDC through FoodNet, with STEC 

O157 decreasing nationally but increasing in Michigan and inversely occurring with non-O157 

(2, 8, 46). This discrepancy may be due to fewer O157 isolates getting sequenced in the first two 

years with prioritization given to suspected outbreak and non-O157 isolates. During the 2015 and 

2016 time period, multiple non-O157 outbreaks occurred in Michigan and elsewhere, which 

included the 2016 O5:H9 (ST-175) outbreak associated with contaminated cheese and a 2016 

multistate O26/O121 outbreak linked to contaminated flour (47, 48). 

In our analysis, the use of MLST grouped all 509 STEC isolates into large clusters. 

Although MLST is beneficial to examine genetic diversity within a bacterial population, the 
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discriminatory power is low (49–51). Indeed, within the clusters (bootstrap support > 0.90) 

defined by MLST, isolates from one serogroup were represented by multiple STs, while eleven 

serogroups were grouped within the same part of the phylogeny. This result further suggests that 

the O-antigen may not be discriminative enough for classifying isolates that are 

epidemiologically related. Alternatively, it may also indicate changes within the rfb region 

leading to a change in the O-antigen (52, 53).  

Further analysis of the isolates that clustered together by MLST was performed using 

cgSNP and hqSNP analyses to get a better understanding of the relatedness of outbreak 

associated isolates as well as other isolates that were collected during the same time period. 

While the clustering of isolates with few SNP differences may indicate that they are related, 

epidemiological investigation is still required to confirm the link between the isolates and to 

identify potential outbreak sources. Isolates with similar PFGE patterns that group in different 

parts of the cgSNP and hqSNP phylogenies can occur because of mutations in the genome that 

do not affect the XbaI restriction sites or drastically change the size of the fragments; 

insertions/deletions of a few nucleotides are too minute to be accurately detected by gel 

electrophoresis (44). At the same time, isolates with distinct PFGE patterns that clustered 

together in the WGS analyses could be due to changes at the restriction enzyme sites or 

methylation of the DNA (54). The ability for PFGE to accurately identify strains that are similar 

is reliant on restriction enzyme sites remaining unmodified by genetic mutations such as 

insertions, deletions, or point mutations.  

Collectively, our data highlights the need for transitioning to WGS to enhance outbreak 

surveillance activities and to more accurately identify isolates that should be pursued in 

epidemiological investigations. Both MLST and PFGE were often found to cluster strains 
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together, but WGS showed that some of these isolates were not related and is due to the higher 

discriminatory power of WGS. For example, the evaluation of two ST-106 isolates 

(PNUSAE001592 and PNUSAE001586) with a similar PFGE pattern demonstrated that they 

were distinct in the cgSNP phylogeny and differed by >25,000 SNPs. Conversely, the hqSNP 

phylogeny of ST-119 isolates identified a cluster of isolates that differed by 19-90 SNPs even 

though all strains had distinct PFGE patterns. These isolates clustered together by MLST and 

cgSNP but exhibited slight differences in the hqSNP analysis, which were reflected by the PFGE 

patterns. Most importantly, WGS accurately differentiated 17 O5 ST-175 and 99 O157 ST-66 

outbreak isolates that clustered together based on both SNP analyses and were identical by 

PFGE.  

Implementing WGS in public health laboratories will allow for more rapid 

characterization of foodborne pathogens and will facilitate the extraction of virulence factors, 

such as toxin and O-antigen genes, as well as antibiotic resistance genes to develop a preliminary 

assessment of virulence. At the same time, the genetic relatedness of strains can be deduced to 

identify isolates that should be examined for epidemiological links and outbreak investigations. 

Future surveillance of STEC in Michigan with WGS will allow the continual monitoring of 

emergent serogroups and strain types that are associated with clinical illness and allow for 

examination of virulence gene variants to identify factors that may impact disease severity.     
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Table 4.1. STEC serogroups present in Michigan from in silico typing. 

 O type 2015 2016 2017 2018 total 
n

o
n

-O
1

5
7

 o
th

e
r 

O5 0 6 2 7 15 

O17 0 3 0 3 6 

O28ac 0 1 0 1 2 

O55 0 2 0 0 2 

O69 1 0 1 1 3 

O71 1 1 8 7 17 

O73 or 
O17/O77 

0 0 1 1 2 

O8 0 0 0 3 3 

O80 0 0 0 1 1 

O84 0 1 2 1 4 

O85 0 0 1 0 1 

O98 0 0 0 1 1 

O109 0 1 0 0 1 

O113 0 0 1 0 1 

O115 0 1 0 0 1 

O117 0 1 0 0 1 

O118 0 0 0 1 1 

O123 4 3 3 3 13 

O130 0 1 0 0 1 

O151 2 3 3 2 10 

O153/O178 0 0 0 1 1 

O156 0 0 0 2 2 

O165 0 0 1 1 2 

O166 0 1 0 0 1 

O172 0 0 0 1 1 

O177 0 0 0 3 3 

O183 0 0 1 2 3 

n
o

n
-O

1
5

7
 b

ig
 s

ix
 O26 14 12 10 15 51 

O45 13 16 21 11 61 

O103 21 23 26 41 111 

O111 10 10 11 16 47 

O121 8 13 6 1 28 

O145 0 2 0 4 6 
 O157 5 11 33 49 98 
 NT 5 0 1 3 9 
 total 84 112 132 182 510 
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Figure 4.1. Percent of all STEC isolates sequenced (n=510) at the MDHHS per year (black line) 

and the frequency of non-O157 and O157 serogroups in sequenced STEC isolates. 
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Figure 4.2. Neighbor-joining phylogenetic tree constructed based on seven MLST loci for 509 

STEC isolates from 2015-2018 with 1000 bootstrap replication. 
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Figure 4.3. Core genome SNP analysis of 135 STEC isolates belonging to the multilocus 

sequence type (ST)-106/104 cluster, including serogroup O26 and NT outbreak associated 

isolates.  
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Figure 4.4. Core genome SNP analysis of 188 STEC isolates belonging to the multilocus 

sequence type (ST)-119 cluster, including serogroup O103 outbreak associated isolates. 
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Figure 4.5. Core genome SNP analysis of 99 O157 STEC isolates belonging to the multilocus 

sequence type (ST)-66 cluster  

* Three outbreaks denoted O1 (open star), O2 (colored star), and O3 (open triangle).  
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Figure 4.6. Core genome SNP analysis of 17 STEC isolates belonging to the multilocus sequence type (ST)-175 cluster, including 

serogroup O5 outbreak associated isolates. 
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Figure 4.7. Phylogeny based on hqSNP analysis of ST-175 isolates that clustered with outbreak strains using cgSNP analysis.  

* PFGE patterns (XbaI) for STEC isolates included in the hqSNP analysis and outbreak associated isolates denoted with stars. 
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Figure 4.8. Phylogeny based on hqSNP analysis of ST-66-O1 isolates that clustered with outbreak strains using cgSNP analysis.  

* PFGE patterns (XbaI) for STEC isolates included in the hqSNP analysis and outbreak associated isolates denoted with stars. 
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Figure 4.9: Phylogeny based on hqSNP analysis of ST-66-O2/O3 isolates that clustered with outbreak strains using cgSNP analysis.  

* PFGE patterns (XbaI) for STEC isolates included in the hqSNP analysis. The two outbreaks are denoted by colored star (ST-66-O2) 

and open triangle (ST-66-O3). 
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Figure 4.10. Phylogeny based on hqSNP analysis of 60 ST-119 isolates that clustered with outbreak strains using cgSNP analysis.  

* PFGE patterns (XbaI) for STEC isolates included in the hqSNP analysis and outbreak associated isolates denoted with stars. 
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GENETIC FACTORS OF SHIGA TOXIN-PRODUCING ESCHERICHIA COLI (STEC) 

ASSOCIATED WITH PERSISTENCE AND BIOFILM FORMATION IN BEEF CATTLE 

FARMS 
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ABSTRACT 

Shiga toxin-producing Escherichia coli (STEC) is a foodborne pathogen that is 

characterized by the presence of bloody diarrhea that can lead to hemolytic uremic syndrome 

(HUS) or kidney failure in some cases. Cattle can be asymptomatically colonized with STEC and 

are considered a main reservoir. Biofilm formation may result in the persistence of STEC in the 

farm environment, though few studies have examined whether biofilms enhance the ability of 

some strains to persist. Indeed, the diversity and genetic variation of strains from the cattle 

reservoir and the farming environment and the ability to persist in this environment may contribute 

to the emergence of new strains in the clinical setting. In all, 26 cattle were sampled at four time 

points over a period of three months. Thirteen cows (50.0%) were positive for STEC at multiple 

phases. Among these 26 animals, 66 STEC isolates were recovered and the level of biofilm 

production was determined using crystal violet assays. A total of seven typeable serogroups were 

identified including serogroup O157 and two big six non-O157 serogroups, O26 and O103, with 

serogroup O6 predominating in 73.1% of the 26 animals at any given time point. The stx2a gene 

that encodes Shiga toxin 2, was present in 77.8% (n=49) of the isolates and the highest biofilm 

levels were observed for strains belonging to serogroup O6, which was the only serogroup that 

persistently colonized multiple cows throughout the study. This longitudinal study will help 

understand the genetic diversity of isolates in a beef herd and to better understand the role that 

biofilm formation may play in serogroup persistence.  
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INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC) is a foodborne pathogen that can cause a 

wide range of disease outcomes from hemorrhagic colitis to hemolytic uremic syndrome (HUS) 

(1–3). Since the first STEC O157:H7 outbreak in 1982, numerous O157 and non-O157 STEC 

outbreaks have also been linked to cattle products such as beef, milk, and cheese (4–8). In the 

US, six non-O157 serogroups, O26, O45, O103, O111, O121, and O145, denoted the big six 

non-O157, predominate in human infections and have been associated with multiple outbreaks 

(8). Although cattle have been implicated as an important reservoir for STEC, other ruminants 

and farm animals have also been identified to harbor STEC (9–13). While consumption of 

contaminated food is the main transmission mode for STEC; occupational and recreational 

contact with cattle has been identified as a risk factor for STEC infections (14–16). The high 

prevalence of STEC in the cattle farming environment supports the need to understand the 

environmental niche that is occupied in order to develop programs and measures aimed at 

minimizing the risk of transmission to humans.  

Environmental factors and farm practices may play a role in the prevalence of STEC 

within a farm regardless of the serotypes and genetic composition of the strains. Warmer 

temperatures in the summer months have been linked to a higher prevalence of STEC which 

varies considerably across herds and geographic locations (17, 18). Indeed, STEC prevalence 

ranges from 44.4% and 4.1-10.5% in beef feedlots and 12.6% and 9.2-18.3% in dairy farms in 

South Korea and Nebraska, respectively (19, 20). A prior study in Michigan also showed that 

beef feedlot farms had a higher prevalence of STEC compared to dairy farms, which was 

contrary to a study performed at Washington State (17, 21). Additionally, a study on Midwestern 
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cattle farms determined that non-O157 serogroups (19.3%) were more prevalent than O157 

(12.9%), which was also confirmed in the prior Michigan study (17, 18).  

Variation in prevalence estimates among cattle derived non-O157 and O157 STEC in 

prior studies as well as the identification of hundreds of serogroups suggests that there is a 

considerable degree of genetic variation among isolates recovered in these environments. 

Genetic variation also contributes to differences in STEC phenotypes including biofilm 

formation, which is an important survival mechanism against antibiotics, bacteriophages, and 

environmental stressors. Biofilm formation in STEC has been hypothesized to contribute to 

persistence and has been shown to help STEC survive in cattle water troughs (22). Similarly, the 

ability to persist within a biofilm, allows for a higher likelihood of gene transfer to occur within 

strains (23, 24). STEC can survive in the farming environment as well as on food processing 

equipment, indicating that biofilms may play an important role in the ability of STEC to persist 

and impact both human health and the food industry (25–27).  

To form a biofilm, STEC was shown to utilize different classes of fimbriae including, 

type 1 fimbriae, curli, and type 4 pili, to initiate attachment to surfaces (28, 29), while surface 

proteins are needed for biofilm maturation. Specifically, lipopolysaccharide (LPS), a glycolipid 

that is abundant on the surface of STEC, has been shown to aid in the formation of biofilms (30, 

31). The production of the exopolysaccharide matrix is necessary for further maturation of the 

biofilm (32). Although it is logical to assume that biofilm formation may play a role in STEC 

persistence in the farm environment, few studies have examined the ability of different serotypes 

to form biofilms or have determined the role they play within a given environment or reservoir. 

Cattle have been previously implicated as a reservoir for STEC in a number of previous 

studies; however, little research on the transmission and persistence of strains within this 
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reservoir has been performed (17, 33). Examining STEC isolates from cattle collected at multiple 

time points will enable identification of virulence characteristics that are important for 

persistence within a herd. Prior studies have identified interesting epidemiological associations 

with cattle-derived STEC isolates, including a high prevalence of stx2, which encodes Shiga 

toxin 2 and has been linked to more severe clinical outcomes (17, 34–36). Investigating 

persistence is important not only because cattle are a major reservoir of STEC, but also because 

persistence and constant recontamination of animals can result in the emergence of virulent or 

antibiotic-resistant strains due to the increased risk of horizontal gene transfer from STEC and 

other bacterial populations. Overall, this study will examine the genotypic and phenotypic 

profiles of strains to give insight on the persistence of certain serotypes in the farm environment 

and identify genetic similarities between bovine and clinical isolates.  
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METHODS 

Bacterial strains 

A total of 66 STEC isolates, which were recovered in 2012 from a Michigan beef farm 

that was previously found to have a high prevalence of STEC over multiple samplings (17). The 

isolates used in this study are a subset of the original isolates reported, due to exclusion of strains 

that changed stx profiles from bacteriophage loss or inability to recover isolates from fecal 

samples. A total 26 cattle were sampled over four sampling periods (1-4), which were roughly 3-

4 weeks apart. Multiplex PCR was performed on the isolates to verify that they were stx1 and/or 

stx2 positive using primers and cycling conditions previously published (37). Approval to 

conduct the study was obtained by the Michigan State University Institutional Animal Care and 

Use Committee (AN12/10-223-00). 

Biofilm assays 

Isolates were grown in Luria-Bertani (BD Diagnostics) broth and incubated at 37°C 

overnight with shaking. Overnight cultures were diluted 1:10 in prewarmed Luria-Bertani no salt 

(LB-NS) broth before 30µl were plated in a 96-well microtiter plate (TPP, Techno Plastic 

Products AG) with 100µl LB-NS broth and incubated at 25°C for 48 hours. The 96-well plate 

was washed thrice with phosphate buffered saline (PBS) to remove any unattached cells that had 

not formed a biofilm. Biofilms were fixed by adding 100% methanol and incubating for ten 

minutes. Following removal of the methanol and air drying, the biofilms were stained with 

crystal violet (CV) and incubated for 15min at room temperature. PBS was used to wash the 

biofilms and remove any CV that had not been absorbed by the biofilm. After air drying, 200µl 

of 33% glacial acetic acid was used to solubilize the CV and the absorbance (A595) was 
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determined using a plate reader. The data was normalized to the blank control of LB-NS broth 

for each biological replicate. At least four technical replicates were averaged on a plate and 

repeated for at least three biological replicates. 

DNA isolation and whole genome sequencing (WGS) 

DNA was extracted from 63 E. coli isolates using the Qiagen DNeasy Kit (Qiagen, 

Valencia, CA, USA) and was confirmed to be STEC using a multiplex PCR assay targeting stx1, 

stx2 and eae using primers: eae_FP 5’ TCAATGCAGTTCCGTTATCAGTT 3’ eae_RP 5’ 

GTAAAGTCCGTTACCCCAACCTG 3’; stx1_FP 5’ CGATGTTACGGTTTGTTACTG 

TGACAGC 3’ stx1_RP 5’ AATGCCACGCTTCCCAGAATTG 3’; and stx2_FP 5’ GTTTTG 

ACCATCTTCGTCTGATTATTGAG 3’ stx2_RP 5’ AGCGTAAGGCTTCTGCTGTGAC 3’. 

Following an initial denaturation step at 95°C for 10 min, cycling conditions included 30 cycles 

of 95°C for 15s, 65°C for 15s and 72°C for 30s, ending with 72°C for 3min. Sequencing libraries 

were prepared for all 63 stx-positive isolates using the Nextera XT library prep kit (Illumina, San 

Diego, CA, USA) and sequenced at 2x250 bp on the Illumina MiSeq platform (Illumina, San 

Diego, CA, USA) at the Michigan State University Research Technology Support Facility 

(RTSF) and the Michigan Department of Agriculture and Rural Development. All sequencing 

reads used in the analysis were deposited in the NCBI SRA database and the associated 

accession numbers are pending. 

Bioinformatic analysis 

Sequences were preprocessed with Trimmomatic to remove sequencing adapters, 

sequences <100 nucleotides, and reads with a phred quality score less than 20 (Q20) (38). 
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FastQC was used to quality check the reads prior to assembling and analysis (39). Assemblies 

were generated with Spades 3.10.1 using kmers 21, 33, 55, 77, 99 and 127 (40).  

Molecular serotyping and identification of Shiga toxin gene profiles were performed 

using Abricate (https://github.com/tseeman/abricate) and databases generated by the Center for 

Genomic Epidemiology (www.genomicepidemiology.org) for wzy/wzx (O-antigen), fliC (H-

antigen) and stx genes. In house bioinformatic scripts were developed using a Basic Local 

Alignment Search Tool (NCBI-BLAST) to extract the seven housekeeping genes commonly 

used for multilocus sequence typing (MLST). Sequence types (STs) were classified using 

EcMLST v1.2 database (http://www.shigatox.net) (41), while pan genome analysis was 

performed using a pipeline developed by Oakeson et al (42). Briefly, assemblies were annotated 

using Prokka v1.14.0 and the pan genomes were extracted from annotated genomes using Roary 

v3.11.2 (43, 44). Lyve-SET was utilized for a subset of strains to generate high quality single 

nucleotide polymorphisms (hqSNPs) to further examine strains of the same serogroups and to 

determine whether identical strains were persisting in cattle using parameters for STEC (45). All 

bioinformatic pipelines are available upon request.     

Data analysis 

 Concatenated MLST alleles were aligned with CLUSTALW and the phylogeny was 

constructed using the Neighbor-joining algorithm with 1000 bootstrap replication in MEGA X 

(46). RAxML v8 was used to infer maximum likelihood phylogenies for both SNP profiles 

determined by Lyve-SET and pan genome concatenated gene sequences generated by Roary 

(47). All phylogenies were visualized using MEGA X, TreeGraph2 or FigTree 

(http://tree.bio.ed.ac.uk/software/figtree) (46, 48).   
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RESULTS 

Herd demographics and prevalence of STEC 

 A total of 54 cows were sampled four times over a period of 3 months and 26 (48.1%) 

cows were identified as positive for STEC in at least one sampling period. In all, 19 (35.2%) 

cows were positive for at least one STEC isolate in the first sampling period, while an additional 

seven (13.0%) cows acquired STEC by sampling periods 2 or 3. In addition, a subset of nine 

(16.7%) animals had more than one distinct isolate available for characterization at a given 

sampling. The prevalence of STEC varied across the sampling periods; the first sampling had the 

highest colonization rate (n=19, 35.2%) and the second sampling had the lowest (n=8, 14.8%). 

Among all four samplings, a total of 66 STEC isolates were recovered. The number of STEC 

isolates obtained was similar across samplings with an average of 16.5 isolates per period.  

Twenty isolates were recovered during the first sampling period followed by 16, 19, and 11 

isolates during samplings 2-4, respectively.  

Among all 66 isolates, seven typeable serogroups were identified including O157 (n=1) 

and two big six non-O157 serogroups, O26 and O103 (Table 5.1). One isolate was classified as 

non-typeable (NT) due to incomplete or missing wzy/wzx genes, which were used for O-antigen 

typing. In addition, three NT isolates lacking WGS data were removed from the analysis. 

Overall, the most common serogroup was O6 (n=36; 57.1%) followed by O26 (n=11; 17.5%) 

and O168 (n=8; 12.7%).  The virulence gene distribution also varied by serogroup. Among the 

63 isolates, stx2 was identified in 77.8% (n=49) of the isolates, with serogroups O6 (n=36) and 

O168 (n=1) harboring the stx2c variant. The remaining O168 isolates (n=7) as well as the O8 

(n=1), O185 (n=1) and O157 (n=1) isolates contained the stx2a variant. The stx variant could not 

be determined for two isolates (NT and O103) because of the variable regions missing from the 
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sequencing data. Only three serogroups, O26 (n= 10, 100%, eaeA: beta), O103 (n= 5, 100%, 

eaeA: epsilon) and O157 (n= 1, 100%, eaeA: gamma) harbored the stx1a variant; all three had 

distinct eaeA alleles and were positive for ehxA, except one O103 was negative for ehxA. 

Genetic diversity of STEC 

MLST loci sequences were extracted to examine the genetic diversity of the STEC 

isolates and a reference-free pan genome analysis was performed for comparison. Eight STs 

were identified from 62 isolates; one isolate was excluded due to incomplete sequencing of 

MLST genes. All O6 isolates were classified as a new ST due to a SNP present in mdh (300, G-

T), thereby generating a new mdh allele. This ST is denoted as ST-NEW in the analysis as the 

allele designation is pending.  

Construction of a maximum likelihood phylogeny with bootstrapping (n=1,000) of 2,933 

core, concatenated genes, which were shared across all isolates, clustered the isolates into four 

clades that comprised strains with the same STs and serogroups (Figure 5.1). Four additional 

isolates were singletons that were not included within any clades on the phylogeny. Isolates with 

similar virulence gene profiles also clustered together. While high bootstrap values supported the 

clustering of isolates, the long branch length, specifically for O157 (TW17220), indicates that 

there it is more distantly related to the other non-O157 STEC isolates.  

Biofilm formation and persistence of STEC isolates 

 Static biofilm assays performed on all 66 STEC isolates resulted in a range of absorbance 

values from 0.15 to 5.93. Plotting the absorbance values identified a distinct break in the data at 

an absorbance of 2.0, which is close to the average of 2.48. Therefore, high biofilm production 

was classified by A595 values greater than 2.0 and low production was classified by A595 values 
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less than 2.0. A total of 38 (57.6%) isolates were classified as high biofilm formers, while the 

remaining 28 (42.4%) were classified as low biofilm formers. In all, there was a range in biofilm 

production across and within the serogroups (Figure 5.2). Serogroups O26, O103, and O168 

predominantly were low biofilm formers, however, there was one isolate in all three serogroups 

(n=1, 1.5%) that were high biofilm formers. Similarly, serogroup O6 was significantly more 

likely to form a high biofilm relative to all other serogroups (OR: 55.0; 95% CI: 12.00, 252.18), 

however, three isolates (4.5%) were classified as low biofilm formers.  

 Any isolate with the same serogroup and virulence gene profile from a single animal 

found in a subsequent phase was classified as persistent (Figure 5.3). Among the 26 cows that 

were STEC positive, eight (30.8%) were persistently colonized by a single serogroup and profile. 

A total of 15 (23.8%) isolates were classified as persistent and had an isolate of the same 

serogroup and profile isolated at a later phase.  High biofilm formers were significantly more 

likely to persistently colonize animals within the herd (Fishers χ2 p = 0.016). Indeed, 13 of the 38 

(34.2%) high biofilm formers were recovered from the same animal over the sampling periods 

compared to only 2 of the 28 (7.4%) low biofilm formers. This association is primarily driven by 

serogroup O6, which was found in two or more phases in seven of the cows that were positive 

STEC (26.9%); all NT isolates were excluded from this analysis. Three cows that were negative 

for O6 at the first sampling acquired a persistent, high biofilm forming isolate. Cow 760 was 

persistently colonized with O168 at three consecutive samplings and was the only cow with 

persistence that did not belong to serogroup O6. Serogroup O6 and O168 were isolated from all 

the samplings and in 19 (73.1%) and 5 (19.2%) animals respectively, while serogroup O26 was 

isolated from three of the samplings in ten different animals. 
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Longitudinal examination of related isolates 

 The hqSNP analysis was performed to determine the genetic relatedness of the most 

closely related STEC isolates within the herd. Serogroup O103 was examined due to being 

isolated from multiple cows sampled at one time point. A phylogenetic tree, however, could not 

be generated due to a lack of informative sites that met the confidence standards (95% of reads 

agree with SNP designation and 20 read depth at a site). Similarly, O26 was found among 10 

animals within three sampling periods even though it never persisted within a single cow (Figure 

5.4). Interestingly, SNP analysis demonstrated that all O26 isolates were closely related differing 

by only 0-8 SNPs and that there was no distinct clustering of isolates. The O26 isolate, 

TW17255, was removed from this analysis due to low quality sequencing and lack of supported 

informative sites.  

Serogroups O6 and O168 were also selected for hqSNP analysis due to the high 

frequency of persistence observed among these isolates. Hence, the goal of this analysis was to 

determine whether one strain of each serogroup was present throughout the sampling period or if 

there were subtle changes (e.g., SNPs) within the serogroups that may indicate evolutionary 

events. All O168 serogroup isolates that were isolated from the same cow (760) clustered with 

only 0-2 SNP differences, while all 8 isolates recovered over the four samplings were related 

differing by 0-18 SNPs (Figure 5.5). One O168 isolate, TW19599, that clustered with 0-2 SNPs 

was classified as a high-biofilm former. A direct comparison was performed to identify SNP 

differences in specific genes that may account for the variation in biofilm formation compared to 

all other isolates from the same cow. Three SNPs in the rsxC gene, an electron transport subunit, 

differed in TW19599 relative to all other isolates.  
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For serogroup O6 isolates, which were highly prevalent throughout the herd and persisted 

in nineteen cows, SNP analysis was performed on 36 isolates except TW17231 and TW17186 

due to poor sequencing quality (Figure 5.6). One cluster, which comprised isolates with 0-1 SNP 

differences, originated from ten cows, suggesting transmission among the herd. Two O6 isolates, 

TW19669 and TW19601, were low biofilm formers, contrary to the remaining 34 O6 isolates. A 

direct comparison of TW19669 with the other three isolates from the same cow (761) identified 

two genes, a putative outer membrane autotransporter barrel (icsA) and a type VI secretion 

protein (vgrG), that had SNP differences across all isolates compared to TW19669. Similarly, 

TW19601 when compared to all other isolates from the same cow (763) that formed high 

biofilms had mutations in five genes of interest. These include: putative D-alanyl-D-alanine 

endopeptidase (F7D04_07630), putative paraquat-inducible protein A (FPV29_09865), DNA 

repair (radC), putative phage tail protein, and type VI secretion protein (vgrG). Extraction of the 

vgrG gene from all isolates identified that multiple copies of the gene are present within the 

genome. Any SNPs identified within an isolate were split in some instances with SNPs in two of 

the vgrG genes but not in the third copy.   
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DISCUSSION 

 Environmental reservoirs are important to the pathogenic cycle for STEC to share 

horizontally acquired genes and disseminate throughout the environment through carriage by 

asymptomatic animals. The main reservoir implicated in high prevalence rates of STEC and 

multiple foodborne outbreaks are cattle (10, 17, 49–51). Lack of the globotriaosylceramide 

(Gb3) receptor allows for colonization and shedding of STEC by cattle, resulting in 

contaminated beef and dairy products while creating the potential for contamination of 

downstream crops and water sources from fecal runoff into water systems (52, 53). Examination 

of the genetic diversity and prevalence of serogroups within a herd provides a better 

understanding of the bacterial population that is present in this niche. More importantly, the 

longitudinal study of animals within a single herd provides insight into the transmission and 

persistence of strains within the herd and enhances the understanding of strain types that more 

effectively colonize the cow and exist in the farm environment.  

Our previous study in Michigan identified the prevalence of STEC in 12 cattle herds to 

be variable ranging from 10.9-53.7% with beef herds having higher prevalence rates than dairy 

farms (17). This study utilized the Michigan beef herd with the highest STEC prevalence rate 

and identified a range of non-O157 serogroups including those representing both the big-six non-

O157 and other serogroups. Only one isolate was typed as O157. This low prevalence of O157 

within beef herds is consistent with other cattle studies and surveys of farm animals such as pigs 

(54–56). When this study was being conducted in 2012, the incidence of clinical infections 

caused by non-O157 STEC had surpassed the incidence of O157 infections in Michigan and 

other locations throughout the US (57, 58). Calculating prevalence rates within cattle herds, 
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however, is difficult due to variation in isolation methods and the inability to recover all stx-

positive isolates via culture.  

Among STEC, various stx subtypes can cause varying degrees of cytotoxicity and 

differences in clinical outcomes (52, 59). Subtypes stx2a, stx2c, and stx2d, for example, has been 

shown to exhibit stronger Gb3 receptor binding in vivo when compared to stx1 subtypes (60). All 

isolates typed as other non-O157 serogroups were stx2a or stx2c positive and eaeA negative, 

which is important because prior studies have linked stx2a and stx2c variants to severe clinical 

outcomes (35, 36, 61). Surprisingly, these isolates were all negative for eaeA, a critical STEC 

virulence factor that when found with stx2, is associated with enhanced virulence (62–64). 

Conversely, the O103 and O26 isolates were all positive for stx1, eaeA, and ehxA except for a 

single O103 isolate profile that was positive for both stx1 and stx2. While these serogroups 

lacked the more virulent stx2 gene, the presence of the other virulence factors in addition to stx1 

has been isolated from clinical cases, further supporting the crossover potential between the two 

environments.  

Although identification of stx subtypes is important for estimating disease potential, other 

genetic factors have also been shown to play a role in disease severity. For example, some 

isolates have been obtained from patients presenting with diarrhea that were stx-negative but 

positive for eaeA (intimin) and ehxA (enterohemolysin) (65), though the Stx bacteriophages 

encoding the Shiga toxins are occasionally lost in vivo (66). The presence of eaeA and ehxA in 

addition to various subtypes may influence the ability of a strain to effectively colonize 

ruminants and cause clinical outcomes (67–69). While these three virulence factors are important 

for the presentation of clinical outcomes in humans, various other factors as well as phenotypic 
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differences may play a role in the ability of a strain to persistently colonize cattle and the 

environment.  

 The ability of a strain to form a biofilm in the cattle environment allows for an increased 

potential for transmission. STEC isolates have been isolated from water troughs resulting in the 

continual reinfection of the cattle as well as processing equipment, causing contamination of beef 

products (22, 70). In this study, serogroup O6 was the predominant profile isolated from multiple 

cows and multiple samplings over the course of the study. Consistent with a prior study by Barth 

et al. that examined persistent and transient STEC colonization within herds in Germany, a high 

prevalence of O6 was observed. The German O6:H49 isolate, however, was a transient colonizer 

unlike the O6:H34 observed in our study, which persisted across all samplings and in multiple 

animals (71). Future comparative genome analyses are needed within serogroups that exhibit 

differences in colonization to elucidate genomic factors that are important for persistent 

colonization. One phenotypic factor, biofilm production, appears to important for O6 STEC from 

beef cattle in our study as most isolates belonging to this serogroup were high biofilm producers. 

The remainder of isolates from other serogroups predominantly exhibited low biofilm formation.  

To control for variation in our biofilm assays, temperature was kept steady to model the 

air temperature (25C, 77F) that would have been present on the farms during the time of each 

sampling. Indeed, decreasing temperature has been shown to reduce the ability of an isolate to 

form a biofilm (72). While significant for meat processing plants that have control over the 

environment, the ability to form a biofilm is strain-dependent and temperature may not influence 

biofilm formation equally among all isolates. Other physiological factors may also play a role in 

the ability of a strain to form a biofilm. Extracellular structures formed by the bacteria are 

thought to help with biofilm formation, for example, as studies have shown that the production 
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of curli is variable even with the gene present and it does not correlate the biofilm formation 

(73). Similarly, other adhesion factors such a fimbriae and autotransporters, are associated with 

the ability of a strain to form a biofilm (74); these factors were not evaluated in our study but 

future studies could focus on extracting genes important for biofilm production for 

characterization and comparative studies.   

 While serogroup O6 persisted throughout the study, serogroup O103 was present only at 

the second sampling before being cleared from the environment. By contrast, serogroup O26 was 

present throughout the samplings but never from the same cow. Transient colonization by these 

two serogroups may indicate that they are not drivers of horizontal gene transfer but may evolve 

and acquire virulence genes in the short time that they are present within the environment. 

Serogroup O168 was the only other serogroup besides O6 that was found to persist and O168 

isolates were predominantly classified as low biofilm formers. The persistent O6 colonization 

may have been due to differences in the gut microbiota of the cow, which did not allow it to clear 

the O168 colonization (75). While changes in the microbiome of cattle have been associated with 

age, there are other environmental factors that could also play a role (76, 77).  

 Genomic analyses allowed for a within serogroup and within cow analysis between high 

and low biofilm formers to identify differences that may influence biofilm formation by isolate. 

The rsxC gene, which was identified in serogroup O168 isolates, is part of a membrane 

associated complex that interacts with soxRS, a superoxide response regulon (78, 79). A single 

SNP was identified in all three low biofilm forming O168 isolates when compared to the isolate 

with high biofilm production. Mutagenesis studies have shown that deletion of genes within the 

rsx gene cluster, including rsxC, will result in constitutive soxS activation to protect against 
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reactive oxygen species (ROS) (78, 80). Within a biofilm, ROS accumulate, and microorganisms 

need to have mechanisms to combat the oxidative stress and neutralize any ROS (81).  

A similar analysis, performed with the O6 serogroups, identified heterogenous SNPs in 

vgrG, a multi copy type VI secretion system, between high and low biofilm formation. The vgrG 

gene is widely distributed within gram negative organisms (82). Similar to a bacteriophage tail 

spike protein, VgrG is secreted from the cell and essential for the secretion of virulence factors 

into other cells (83). Studies in Acidovorax citrulli showed that vgrG mutants exhibited a 

decreased biofilm formation, whereas Acinetobacter baumannii vgrG mutants were not affected 

in the ability to form a biofilm, but instead had reduced attachment to epithelial cells (84, 85). 

The SNP that was identified across isolates changes an amino acid from Tyrosine (aromatic) to a 

Histidine (basic). Potential differences in expression of one vgrG variant over another within a 

cell may result in a more efficient type VI secretion system that may influence the ability of a 

cell to form a biofilm. A larger sample of isolates with shared profiles and differing biofilms 

would provide more insight into genes of interest that may differ across the high and low biofilm 

former populations. 

 Understanding the genetic profiles and the persistent colonization of STEC within the 

cattle environment will allow for the development and implementation of targeted practices to 

minimize STEC prevalence within the cattle environment. Genomic analysis to identify 

transmission networks among the animals with the same serogroup may identify areas of 

importance to minimize transmission. Subsequently, minimizing the diversity of isolates that are 

present in the cattle environment will minimize the risk of new zoonotic pathogens emerging 

from evolution and gain of virulence factors in the environment.   
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APPENDIX 
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Table 5.1. Serogroups and virulence gene profiles among 63 cattle derived non-O157 STEC 

isolates. 

 

Serogroup Total (%)* stx profile eaeA profile ehxA profile 

O6 36 (57.1%) 2c negative negative 

O8 1 (1.6%) 2a negative A 

O168 8 (12.7%) 2a negative negative 

O185 1 (1.6%) 2a negative negative 

O26 10 (15.9%) 1a beta C 

O103 5 (7.9%) 1a (n=4), 1a,2 (n=1) epsilon C (n=4)** 

O157 1 (1.6%) 1a,2a gamma B 

NT 1 (1.6%) 2 negative A 

 

*Whole genome sequencing data was only available for 63 of the 66 STEC isolates. 

**One O103 stx1a isolate lacked ehxA 
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Figure 5.1. Maximum likelihood phylogeny with 1,000 bootstrap replications constructed using 

2,933 concatenated genes. Serogroup and multilocus sequence type (ST) designations are 

indicated for each cluster and high (open circles) and low (colored circles) biofilm formation. 

Bootstrap values >0.98 support for clustering by ST and serogroup. 
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Figure 5.2. Frequency of STEC serogroups stratified by the level of biofilm production in 66 

isolates recovered from cattle.  
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Figure 5.3. Longitudinal overview of STEC isolates by cow, sampling period, serogroup and strength of biofilm. 

 

*Profiles of O103 isolates differed within the same animal: stx1a2, eae-epsilon, ehxA-C and stx1a, eae-epsilon, ehxA-C 
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Figure 5.4. High quality SNP (hqSNP) analysis of ten O26 STEC isolates recovered from ten cattle at different sampling periods.  
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Figure 5.5. High quality SNP (hqSNP) analysis of eight O168 STEC isolates recovered from cattle over multiple samplings. All 

isolates recovered from the same cow (760, blue boxes) are indicated as well as those isolates with high levels of biofilm production 

(up triangle). All other O168 isolates came from other cattle at varying sampling points. 
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Figure 5.6. High quality (hqSNP) analysis of 36 O6 STEC isolates identified from cattle in the study. Low biofilm formers (inverted 

triangle) and isolates from the same cow (752, blue; 761, red; 763, green; 764, orange; 767, purple; 768, grey; 773, yellow) are 

denoted with similar shading.  
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ABSTRACT 

Shiga toxin-producing Escherichia coli (STEC) is a prominent foodborne pathogen that 

results in numerous cases and outbreaks that can be traced back to the cattle environment. The 

ability for STEC to asymptomatically colonize cattle allows for the potential of this zoonotic 

pathogen to give rise to new virulent strains. A total of 1,212 isolates recovered from two 

sources, cattle (n=77) and patients with clinical infections (n=1,135), were examined to identify 

shared multilocus sequence types (STs), serogroups and/or virulence gene profiles among strains 

from the two sources. Three large clusters characterized by the ST and serogroups of highest 

frequency were identified to cluster 28.6% (n=22) cattle and 82.3% (n=934) clinical isolates; ST-

119 (O103/O45), ST-106 (O26/O111), and ST-66 (O157). A single clade (bootstrap= 0.6) 

encompassed 58.4% (n=45) of all cattle isolates, which was driven by the high frequency of 

serogroup O6 (n= 36). In all, six shared serotype and ST profiles, including O157, O26, O103, 

O8, O98, and O109 were found in both patients and cattle. The latter three serogroups, however, 

were considerably less common in clinical cases than cattle. Core genome single nucleotide 

polymorphism (cgSNP) analysis clustered the cattle-derived O26, O103 and O98 isolates into 

distinct clades and importantly, one to two clinical isolates from young children were also 

included in these clusters. Serogroup O157 isolates from both sources were spread throughout 

the core genome phylogeny, suggesting that crossover events may occur in Michigan and that 

some strain types with specific profiles may be more likely to cross over than others. Together, 

these data are informative for future studies and intervention practices since the recovery of 

isolates with similar STs and virulence gene profiles from both humans and cattle can provide 

clues about those STEC strains that are most capable of causing human infections. These data 
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can be used to guide new farm practices aimed at minimizing the contamination of food 

products. 
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INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC) is a foodborne pathogen that results in 

265,000 illnesses annually and can present as diarrhea, hemorrhagic colitis and hemolytic uremic 

syndrome in severe cases (1, 2). While O157 serogroup is commonly implicated in outbreaks 

worldwide, a wide range of serogroups, non-O157, have been associated with varying degrees of 

clinical outcomes (3, 4). Six non-O157 serogroups have been identified as the predominant 

serogroups isolated: O26, O45, O103, O111, O121, O145 (5). With over 100 serogroups 

identified associated with clinical outcomes, they are all characterized by the presence of the 

Shiga toxin gene (stx1 and/or stx2) (6–8). Other virulence factors have been identified and 

associated with various clinical outcomes such as eaeA (intimin gene used for attachment and 

effacement) and ehxA (plasmid encoded enterohemolysin) (7, 9–11). However, serogroup alone 

is not an indicator of disease outcome since a range of serogroups and virulence gene variants 

have been associated with human illness. Many of the non-O157 strains associated with disease 

share virulence factors with O157 due to horizontal gene transfer. This sharing of genetic 

elements leads to the acquisition of virulence genes that can result in the emergence of new 

zoonotic strains with the potential to cause severe disease and outbreaks.  

Numerous O157 and non-O157 outbreaks and illnesses can be traced back to the 

contamination of cattle products or fecal contamination of nearby water and food (12–14). As the 

main reservoir for O157 and non-O157 STEC, cattle epithelial cells lack the 

globotriaosylceramide (Gb3) receptor which allows for asymptomatic colonization (15). As a 

result, direct contact with the farm environment and occupational contact with this environment 

have been identified as risk factors for development of STEC infection (16–18). STEC is not 

specific to cattle and have been isolated from a wide range of other ruminants and animals (19). 
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Studies in dairy cattle have reported prevalence rates of 0.17-19.0% throughout the US and 0.2-

48.8% for O157 and 0.4-74.0% for non-O157 worldwide (20). Surveillance of STEC in dairy 

farms has identified over 193 serogroups, including those representing the big-six non-O157 and 

O157; 24 of the serogroups that have been identified in dairy farms worldwide have been 

isolated from patients presenting with HUS, suggesting that crossover of some strain types is 

likely (14).  

While STEC contamination has been found in cattle products and the farming 

environment, it is not fully understood whether certain serotypes and virulence factors are only 

circulating within the farming environment or if they have been previously isolated from clinical 

cases. Examination and comparison of the genetic profiles among STEC isolates recovered from 

both patients and from cattle can facilitate the identification of virulence factors and strain types 

with an enhanced ability to cause clinical infection. Indeed, this study will help to identify 

various genetic backgrounds that could be targeted in future surveillance studies to minimize the 

likelihood of STEC transmission. 
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MATERIALS AND METHODS 

Bacterial Strains 

A total of 77 cattle derived STEC isolates were examined. These isolates were recovered 

in 2012 from three beef herds (Herds 8B (n= 63), 11B (n= 3), and 12B (n= 4)) and one dairy 

farm (Herd 9D (n= 7)) as part of a prior study (21). The isolates included in this study were 

confirmed to be STEC by screening using multiplex PCR (22). All 77 STEC isolates were 

recovered from 38 cows; 70 isolates were from 32 cows in the three beef herds and seven 

isolates were from five cows in the dairy herd. The 63 STEC isolates from Herd 8B were 

previously characterized in chapter 5 and are included in this analysis. 

For comparison, we examined 1,135 STEC isolates from patients with infections in 

Michigan between 2001 and 2018. All non-O157 isolates (n= 894) were characterized in 

Chapters 2, 3, and 4, while a subset of O157 isolates (n= 98) recovered in 2015-2018 were 

characterized in Chapter 4. An additional 143 O157 STEC isolates (2007-2014) were sequenced 

and included in the analysis for comparison.    

DNA isolation and whole genome sequencing (WGS) 

DNA was extracted from all cattle and clinical isolates that had not been characterized 

previously using the EZNA Bacterial DNA Kit (Omega Bio-Tek, Norcross, GA, USA). Library 

preps were performed with the Nextera XT kit (Illumina, San Diego, CA, USA) and libraries 

were sequenced on the Illumina MiSeq platform (2x250bp reads). New isolates that were not 

characterized previously were sequenced by the Michigan Department of Agriculture and Rural 

Development. 
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Bioinformatic analysis 

Raw data was processed and cleaned with Trimmomatic to remove sequencing adapters, 

sequences with a phred score less than 20 and length less than 100bp (23). Quality control was 

performed with FastQC to examine the quality of the sequencing data (24). De novo assembly 

was performed with Spades 3.10.1 using kmers 21, 33, 55, 77, 99, and 127 (25).  

Serotyping and virulence gene profiling was performed using Abricate and databases 

downloaded and curated from Center for Genomic Epidemiology (26) 

(www.genomicepidemiology.com). Multi locus sequence typing (MLST) alleles and sequence 

type (ST) assignment was performed using in house scripts with a Basic Local Alignment Search 

Tool backbone and EcMLST (27) (http://shigatox.net). MLST alleles were extracted, 

concatenated and aligned with ClustalW in MegaX (28). Neighbor-joining phylogenetic trees 

were generated using bootstrapping with 1000 repetitions. Core genome single nucleotide 

polymorphism (cgSNP) analysis was performed with Parsnp to identify clusters within shared 

serotypes and STs (29). cgSNP trees were visualized in FigTree 

(http://tree.bio.ed.ac.uk/software/figtree). 

  



 

 

203 

 

RESULTS 

Genetic relatedness of clinical and cattle isolates with shared gene profiles and serotypes using 

multilocus sequence typing (MLST) 

 Application of MLST groups the 77 cattle isolates and 1,135 clinical isolates into three 

main clusters of importance, labeled based on ST with the highest frequency in the cluster: ST-

119, which includes the O103 and O45 serogroups; ST-106 that groups the O26 and O111 

serogroups; and ST-66, which includes O157 isolates (Figure 6.1).  These three clusters account 

for 28.6% (n=22) of all 77 cattle isolates and 82.3% (n=934) of all 1,135 clinical isolates. Albeit 

low bootstrapping values (0.60), most cattle isolates (n=45, 58.4%) cluster together in a single 

clade with few clinical isolates (n=2). This clustering is likely driven by the high frequency of 

serogroup O6 (n=36, 46.8%) isolates, which was shown to persistently colonize herd 8B in 

Chapter 5. A fourth cluster with high bootstrap support (0.99) was also identified, which contains 

cattle-derived isolates representing two different serogroups that clustered together with clinical 

isolates. Serogroup O98 (ST-157, n= 5) and O182 (ST-158, n=1) were recovered from cattle, 

however, only one O98 isolate was identified in the clinical environment. Six different 

serogroups, three STs, and 19 isolates comprised this diverse cluster. The remaining cattle 

isolates (n=4) representing rare serogroups O8, O91, and O109 as well as one non-typeable (NT) 

isolate, were found throughout the phylogeny either within clades that contained a few clinical 

isolates (< 3 isolates) or singletons. Serogroup O91 did not cluster with the clinical O91 isolates 

and had a different ST (cattle: 653, clinical: 339, 815, NEW13).  

 

  



 

 

204 

 

Shared genomic profiles among STEC isolates from patients and cattle 

 A total of 28 cattle-derived isolates (37.2%) and 313 clinical isolates (27.6%) shared STs, 

virulence gene profiles and serotypes and represented the ideal population for the comparative 

analysis (Table 6.1). An additional 246 of the 1,135 clinical isolates (21.7%) were also included 

due to clustering by MLST with high bootstrap support and sharing similar virulence profiles, 

yielding 559 (49.2%) shared clinical isolates for comparison. These 246 isolates were considered 

potentially related or shared given slight differences in virulence gene profiles due to a high 

genetic relatedness and clustering based on MLST. For instance, a strain with a difference in 

ehxA presence but that shared a serotype and eae profile, would be designated as a potentially 

shared profile due to possible differences in sequencing quality. Incomplete sequencing of 

specific genes, for instance, could limit detection or identify slight variations even though the 

isolate may be related.   

Among all 559 clinical and 28 cattle isolates with shared profiles and serotypes, six 

serotypes and nine combined serotype/virulence gene profiles were represented (Table 1). 

Serotype O26:H11 predominated among the shared serogroups with frequencies of 35.7% (n=10) 

and 21.8% (n=122) in cattle and patients with infection, respectively. Serotype O157:H7 was 

found with the second highest frequency for both cattle (n=7; 25.0%) and clinical (n=108; 

19.3%) sources. Serotype O103:H2 was also found in both environments and is one of the big six 

non-O157 serogroups along with O26. The remaining three shared serotypes, O8:H19, O98:H21 

and O109:H10, were less frequently isolated and only one clinical isolate was identified for each 

serotype. The shared virulence gene profiles that were found in isolates from both sources had a 

range of virulence gene subtypes including presence of stx1 and/or stx2. For example, in shared 

O103:H2 strains, all isolates were identified to have stx1a, however, 4 (14.3%) cattle and 74 
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(13.2%) clinical isolates were identified as ehxA:C, while 131 (23.4%) clinical isolates were 

ehxA:F. Similarly, in the same subset, 1 (3.6%) cattle isolate and 4 (0.7%) clinical isolates were 

stx2 positive in addition to stx1a. 

Core genome SNP (cgSNP) analysis of clinical and cattle isolates with related STs, serotypes, 

and gene profiles  

 Four clusters of isolates containing ST-119 (O103), ST-66 (O157), ST-106 (O26), and 

ST-157/158 (O182/O98) were selected for core genome (cgSNP) analysis to examine the 

relatedness of the strains using a tool with a higher discriminatory power than MLST and 

virulence profiles. All isolates comprising clusters with high bootstrap support irrespective of 

serotype and ST, were included in the analysis.  

 The core genome analysis for ST-106 cluster (cattle: n=10, clinical: n=279) grouped all 

cattle isolates into one clade that lacked any clinical isolates (Figure 6.2). This grouping was also 

seen for ST-119 isolates (cattle: n=5, clinical: n=419) as all cattle isolates clustered together in a 

single clade, however, there were two clinical isolates that were related (Figure 6.3) All profiles, 

stx1a, eae:epsilon, ehxA: C, are shared among the 5 (100%) cattle and 2 (0.5%) clinical isolates 

that clustered together on the same clade, except for one cattle isolate was ehxA negative and 

another isolate was stx1a2. Conversely, the ST-66 cluster analysis (cattle: n=7, clinical: n=236) 

did not cluster all cattle isolates into a single clade, instead, they were dispersed throughout the 

phylogeny in smaller clusters (Figure 6.4). Two cattle isolates were grouped together into single 

clade, otherwise, the cattle isolates were all more closely related to clinical isolates than to other 

cattle isolates. Lastly, the analysis of ST-157/158 (cattle: n= 6, clinical: n= 13) cluster excluded 

cattle isolate TW17286 due to low sequencing quality for core genome analysis. Other ST-157 
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isolates were excluded from the final analysis due to the MUMi distance ≤ 0.01 indicative of 

unrelatedness between the isolates. The cattle isolates all clustered into one clade, along with a 

single clinical isolate that was identified previously and has a shared profile with a cattle isolate 

(Figure 6.5). Identical virulence profiles were identified for stx1a and eae:zeta across the cattle 

and clinical isolates that clustered. Differences were seen in ehxA subtypes, the cattle isolates 

were all negative (n:4, 66.7%) except for a single isolate that shared the ehxA subtype with the 

clinical isolate, ehxA:F, and a cattle isolate that was as ehxA:B. All serogroups clustered 

together, except for one O156 isolate that was more related to the O103 isolates than the other 

serogroups even though there was a difference in the virulence profiles of O156, stx1a, eae:zeta, 

ehxA:C, and the O103, stx1a, eae:theta, ehxA:C (n:3, 75%), isolates.    
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DISCUSSION 

 STEC has been isolated from a wide range of environmental sources including soil, 

water, deer and pigs (30–32). However, cattle are the main reservoir that harbors a diverse 

genetic pool of STEC with the ability to contaminate other environmental sources and serve as 

centers of horizontal gene transfer for the potential rise of more pathogenic zoonotic organisms. 

The interconnectedness of these environments and the ability for STEC to successfully survive 

and colonize humans, cattle and the water/soil emphasizes the One Health initiative. The core 

concept of One Health is that the health of all three facets (humans, animals and the 

environments) are interconnected and dependent upon the other (33). By examining the potential 

transmission events that may be occurring between the two environments, it will allow for future 

studies to examine how various preventative and surveillance methods may be used to help 

minimize the presence of specific serogroups and/or gene profiles.  

Cattle food products have been implicated in several outbreaks since its initial 

identification as the etiological agent of hemorrhagic colitis associated with contaminated 

hamburgers in 1982 (34–37). O157:H7 was identified with this initial outbreak, since this time, 

other serogroups associated with the non-O157 big-six serogroups have been identified in 

outbreak associated cattle products (38, 39). Of the six shared profiles that were identified, three 

are rare serogroups that are not commonly isolated in humans and one clinical isolate was 

identified for each of these serogroups. Serogroup O8 and more specifically O8:H19 have been 

previously associated with clinical cases presenting with HUS, however, the majority of the 

cases are stx2 positive and eaeA and hlyA (hemolysin) negative and cause mild disease (40, 41). 

Serotype O8:H19 has also been isolated from other environmental sources including porcine 

(42). Similarly, serotype O98:H21 has been isolated from patients presenting with HUS, as well 



 

 

208 

 

as, from other environmental sources such as deer (32, 43). The last serotype, O109:H10, is 

rarely found in the clinical environment and not commonly isolated from patients with severe 

clinical outcomes. The other three serogroups, two were non-O157 big six serogroups and O157, 

had a large number of clinical isolates with a shared profile.   

The MLST genetic diversity of all the STEC isolates did not cluster any cattle isolates 

into cattle specific clusters. Every ST that was associated with a cattle isolate was either 

identified in a clinical isolate as well or a closely related ST was identified. Further analysis was 

performed to obtain a core genome analysis of groups that clustered based on similar ST and 

shared profiles across the two environments to identify the relatedness between the cattle and 

clinical isolates. Four analyses were performed with different clusters that had the following 

shared ST’s present: ST-66 (O157), ST-119 (O103), ST-106 (O26), and ST-158 (O98). All ST’s 

and serogroups that were within the clade supported with high bootstrap support were included 

to ensure that potential relatedness between isolates were not missed. Core genome analysis of 

the ST-66 clade did not cluster the cattle isolates together within one clade. Instead they were 

throughout the tree and grouped with different clinical isolates. Recent reports by the Centers for 

Disease Control and Prevention, US Food and Drug Administration and the US Department of 

Agriculture Food Safety and Inspection Service, estimated that 20-40% of O157 illnesses can be 

attributed to consumption of beef products (44). Similarly, ST-119 core genome analysis 

clustered all cattle isolates together and included two clinical isolates with the same serotype and 

virulence gene profile. Both clinical isolates were infants isolated around the same time period. 

Young children and elderly are more susceptible to STEC infection due to a weakened immune 

system (45). STEC isolates that rarely result in clinical outcomes have been identified to cause 

severe outcomes in young children. A case report described the transmission and infection of a 
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newborn that acquired an O146:H28 isolate during delivery that was stx1a positive and negative 

for intimin and hemolysin genes (46). The newborn subsequently developed HUS and severe 

neurological symptoms including epileptic episodes. The rarity of this serotype causing clinical 

outcomes supports the need to examine the rarer serotypes that are present in crossover events. 

ST-158 cluster contained 14 isolates that were typed into four serogroups and two ST’s. Core 

genome analysis clustered the clinical and cattle isolates into different clades, however, one 

clinical isolate was found clustered within the cattle clade. The clustering of the O156 isolate 

with the O103 isolates suggests that serogroup alone may not be indicative of strain relatedness 

and was also observed in Chapter 2, 3 and 4. The last core genome analysis of ST-106 clustered 

all cattle and clinical isolates into distinct clades similar to ST-119 analysis. The closest related 

clinical isolate that was on the same clade as the cattle isolates was isolated from a young child. 

The young ages from the ST-119 and ST-106 may be due to contact with animals and has 

previously been shown that petting zoos and contact with farm animals are associated with STEC 

infection (17). Adults that have come in contact with colonized animals and did not wash their 

hands afterwards before handling young children may also be responsible to human to human 

transmission of STEC (47). 

Some virulence gene profiles that were reported were not exact matches between the two 

environments, however, they were still included in the table as associated virulence gene 

profiles. In the core genome analysis, strains with differences in virulence gene subtypes were 

found to cluster together. In the ST-158/159 cluster, isolates with different epsilon subtypes, zeta 

and theta, were found on the same clade. Similarly, in the ST-119 analysis, one cattle isolate 

differed from the other profiles, stx1a, by the presence of stx2 resulting in a stx1a2 profile. 

Differences in the presence of stx1 or stx2 has been previously identified that stx2 is more 
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toxigenic to epithelial cells and associated with severe disease (48–50). However, the differences 

between some of the gene variants such as, stx2a and stx2c, has not been fully elucidated and 

both have been associated with severe clinical outcomes, whereas stx2e has been found to be less 

virulent in humans (49, 51, 52). The ability of strains to acquire different Shiga toxin genes 

through the loss and acquisition of bacteriophages may shift the genetic variants of Shiga toxins 

that are present, thus supporting the need to include all isolates that may be related. Similarly, 

ehxA is plasmid mediated and related strains may lose and acquire different plasmids with 

varying gene variants. Any future studies would be able to identify whether some of the 

potentially associated gene variants are also present in the cattle environment.  

Geographic location to farms and the cattle population density may further enhance 

crossover events that may occur between cattle and humans (53). Complete zip code or county 

data is not available for all clinical isolates to identify whether they were geographically located 

near one or multiple farms that were sampled. At the same time, the interactions of the cattle and 

humans with other animals colonized with STEC will further enhance the transmission and 

crossover events, since shared profiles have been reported in other animals (17, 18, 31, 54). 

Future surveillance of the cattle, clinical and environmental sources will help to further identify 

the transmission of STEC profiles among the niches that STEC is able to colonize. The health of 

all three sources and the application of preventative strategies in one may have an impact on the 

other two sources and is embodied by the One Health concept. Additional studies that examine 

other environmental sources and more cattle are needed to identify whether the shared profiles 

are shifting over time and whether the implementation of different cattle management practices 

may influence the profiles that are present and the transmission into other environments or 

humans.   
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APPENDIX
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Table 6.1. Number of clinical and cattle STEC isolates with shared serotypes and virulence gene profiles. 

Serogroup 
Sequence 

Type 
Profile 

Total Cattle 

(n=28)   

Total Clinical 

(n=559)* 

Associated Clinical Profiles  

(n=246)** 

O26:H11 106 stx1a, eaeA-beta, ehxA-C 10 (35.7%) 122 (39.0%) 

stx1a, eaeA-beta (n= 2) 

stx1a2a, eaeA-beta, ehxA-C (n=2) 

stx1a2d, eaeA-beta, ehxA-C (n=1) 

stx2a, eaeA-beta, ehxA-C (n=1) 

O103:H2 119 

stx1a, eaeA-epsilon, ehxA-C 3 (10.7%) 70 (22.4%) 
stx1a, eaeA-epsilon, ehxA-F (n=127) 

stx1a, ehxA-F (n=3) 

stx1a2d, eaeA- epsilon, ehxA-F (n=1) 

stx1a, eaeA-epsilon 1 (3.6%) 6 (1.9%) 

stx1a2, eaeA-epsilon, ehxA-C 1 (3.6%) 4 (1.3%) 

O157:H7 66 

stx1a2a, eaeA-gamma, ehxA-B 4 (14.3%) 86 (27.5%) 

stx1a, eaeA-gamma, ehxA-B (n=3) 

stx1a2c, eaeA-gamma, ehxA-B (n=11) 

stx1a2d, eaeA-gamma, ehxA-B (n=1) 

stx2a, eaeA-gamma, ehxA-B (n=63) 

stx2a, eaeA-gamma (n=1) 

stx2c, ehxA-B (n=1) 

stx2c, eaeA-gamma (n=1) 

stx2a2c, eaeA-gamma, ehxA-B (n=28) 

stx2c, eaeA-gamma, ehxA-B 3 (10.7%) 22 (7.0%) 

O8:H19 653 stx2a, ehxA-A 1 (3.6%) 1 (0.3%)  

O98:H21 158 stx1a, eaeA-zeta 5 (17.9%) 1 (0.3%)  

O109:H10 433 stx2a, eaeA-jota, ehxA-E 1 (3.6%) 1 (0.3%)  

*Total number of clinical isolates that have a shared and associated virulence profile  

Table 6.1 (cont’d) 
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**Associated clinical profiles do not share an exact match with cattle isolates, which may be due to the loss and acquisition of 

virulence genes or the lack of gene presence in WGS data due to sequencing quality at that location in the genome, however, they 

represent strains that may share genetic relatedness 
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Figure 6.1. Neighbor joining phylogeny with 1000 bootstrap replication constructed with 

concatenated seven gene MLST profiles from 78 cattle isolates and 1,135 clinical isolates. All 

cattle STs are denoted with: **COW and blue shading of the node.  
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Figure 6.2. Core genome SNP analysis of 279 clinical and 10 cattle isolates within clade ST-106 

(blue shading of shared clade).  
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Figure 6.3. Core genome SNP analysis of 419 clinical and 5 cattle isolates within clade ST-119 

(blue shading of shared clade). Two shared clinical isolates within the cattle clade are denoted 

with closed circles. 
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Figure 6.4. Core genome SNP analysis of 236 clinical and 7 cattle isolates (cattle isolates 

denoted as blue boxes) identified as ST-66. 
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Figure 6.5. Core genome SNP analysis of 13 clinical and 6 cattle isolates within clade ST-

157/158/159 (blue shading of shared clade). One shared clinical isolate within the cattle clade is 

denoted with a closed circle. 
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Shiga toxin-producing Escherichia coli (STEC) is a leading foodborne pathogen that can 

be acquired through the consumption of contaminated food, water, or contact with colonized 

animals (1, 2). Since the addition of non-O157 STEC to the list of nationally notifiable 

conditions, the incidence rate has been steadily increasing over the past two decades, yet the 

knowledge of this diverse group of pathogens remains minimal in comparison to O157 STEC (3, 

4). The increase in incidence may be due in part to increased surveillance efforts targeting non-

O157 STEC and the transition from culturing on Sorbitol MacConkey (SMAC) agar to culture-

independent tests that allow for better detection of non-O157 STEC strains (5). Additionally, the 

application of whole genome sequencing (WGS) has allowed for increased surveillance 

activities, an understanding of circulating strain types, and more accurate identification of strains 

(3). STEC has a diverse genetic background and has been classified into over 150 serogroups 

that have been isolated from humans with infection and multiple animal reservoirs including 

cattle, pigs, and other ruminants (6, 7). Despite extensive research on STEC diversity, gaps 

remain in our knowledge.  

Minimal research, for instance, has been conducted on the range of molecular profiles in 

a diverse population of non-O157 STEC and on identifying relationships with specific clinical 

outcomes. Indeed, non-O157 STEC have been implicated in several outbreaks, but the genetic 

diversity has not been well characterized enough to define the role of genetic variation in strain 

pathogenicity. In spite of the common implication of beef and cattle products in foodborne 

infections, the genetic diversity of isolates in the farm environment and the extent by which 

cattle derived isolates cause human infections is also not fully understood (8). It is clear, 

however, that asymptomatic colonization in cattle allows for STEC to share horizontal elements, 

increasing the potential emergence of new pathogenic strains (9). Nonetheless, an assessment of 
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evolutionary changes in STEC from cattle has not been tracked in a longitudinal study.  In an 

effort to better understand the genetic diversity of non-O157 STEC, the focus of this dissertation 

was to use WGS to examine the genetic relatedness and virulence profiles of 1,135 STEC 

isolates to identify associations with more severe clinical infections (n= 895) and persistence in 

cattle (n=77) and the farm environment.  

The overall goal of the first study was to examine the genetic diversity and trends of non-

O157 STEC in Michigan over the past 18 years, 2001-2018. Multiple transitions have occurred 

during the time period including sentinel to active surveillance, the emergence of culture 

independent tests (CIDTs), and the transition to WGS for in silico serotyping and detection of 

virulence genes. These transitions are apparent as the number of serogroups identified within a 

year increased from an average of 5 (2001-2006) to 18.3 (2008-2018) per year. Notably, O45 

was the only serogroup associated with both hospitalization (n= 52, 39.1%) and bloody diarrhea 

(n= 87, 65.4%). Serogroup O111 was also associated with cases of bloody diarrhea (n= 38, 

71.7%), but the lack of hospitalization suggests that other virulence factors may be playing a role 

in disease severity.  Further, virulence gene profiles were associated with different MLST 

clusters. Specifically, cluster 3 and 4 were comprised of a range of other serogroups outside of 

big six and were associated with the presence of stx2. However, sample sizes may have been too 

small to identify associations with clinical outcomes. Additionally, future identification of gene 

variants associated with clinical outcomes will help direct public health intervention and 

surveillance. Further examination of similar serogroups can also be performed to identify any 

evolutionary events that may have occurred over the past 18 years, particularly for those rare and 

novel STs that appear to have diversified within Michigan. Extraction of the CRISPR loci and 

spacers could be used to examine whether there are longitudinal differences in highly similar 
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strain populations over time to help understand the stability of the CRISPR loci. With the 

increased accessibility to WGS, CRISPR typing is proving to be more labor intensive than 

utilizing a core genome analysis to examine large groups of strains. However, the use of the 

CRISPR loci and databases of CRISPR spacers that have been generated may be useful to extract 

bacterial genomes from metagenomic data for pathogen detection and classification.  

Chapter 3 identified demographic and molecular differences of STEC isolates between 

two geographic locations, Michigan (n= 41) and Connecticut (n= 114), while exploring the 

potential use of the CRISPR loci as a genotyping tool. Prior research had identified that there 

were differences in the number and type of non-O157 STEC infections among FoodNet sites, 

suggesting that geographic location may play a role in non-O157 STEC diversity (3). In Chapter 

3, we demonstrated that several similar serogroups outside of the big six non-O157 STEC 

including O5, O76 and O91, were shared among the two locations and that MLST did not 

identify any state specific clades. The common serogroups identified have been previously 

isolated from clinical cases and serogroup O91 is identified in high frequency in Europe (10). 

Further examination of foreign travel history for patients infected with these serogroups could 

help to elucidate whether any of the shared profiles were attributed to transmission while visiting 

Europe. Also, a difference in age groups was identified. Michigan cases were more likely to be 

between 11-29 years of age (n=12, 32.4%), which contrasts national reports by the CDC (3). 

Since Michigan contains more agricultural farms and has a higher cattle density than 

Connecticut, occupational differences may result in more adults being in contact with STEC 

colonized animals (11). Further epidemiological studies could examine whether occupational 

risks may be attributed to the increased number of adults that present with STEC infections. 

Similarly, socioeconomic factors could be examined to determine if the higher average salary 
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and better access to healthcare resources in Connecticut could partly explain why Michigan 

patients reported more severe clinical outcomes. In an effort to further discriminate isolates, an 

examination of the CRISPR spacer regions classified isolates as having up to 23 unique spacer 

profiles. Similar clustering of isolates was observed in the UPGMA phylogeny based on CRISPR 

profiles and the MLST neighbor-joining phylogeny. Further examination of CRISR spacers is 

needed to identify if epidemiological concordance with related and non-related strains is still 

observed when examining the CRISPR spacers along with ST. Indeed, this methodology has 

been applied to STEC previously as well as other pathogens such as Salmonella and 

spoligotyping in Mycobacterium tuberculosis (12–14).  

The next study, which is highlighted in Chapter 4, involved a retrospective examination 

of 510 outbreak-associated isolates to elucidate the relatedness of the strains and evaluate the 

ability of WGS to identify more informative clusters for epidemiological investigations. The use 

of WGS, core genome SNP (cgSNP), and high-quality SNP (hqSNP) analyses in increasing 

resolution and discrimination allowed for the differentiation of related isolates that were 

previously determined to be identical by pulsed-field gel electrophoresis (PFGE) and 

serogrouping. PFGE and WGS provided concordant results for six serogroup O5 outbreak-

associated isolates; however, two isolates, O26 and NT, that were related by PFGE were distinct 

and found in unrelated clades in the cgSNP-based phylogeny. Importantly, hqSNP analysis was 

even more discriminatory, although this method is time consuming and computationally 

challenging and should only be used for highly related isolates previously classified with a 

sensitive tool such as cgSNP analysis. Future work should focus on the collection of more 

comprehensive epidemiological data to be used alongside WGS to examine whether 

epidemiological linkage was observed for cases excluded from outbreak investigation based on 



 

 

231 

 

PFGE. Identification of clusters using WGS can help determine whether a potential outbreak-

associated isolate was missed and if epidemiological data supports the new clustering of isolates.  

The last two Chapters, 5 and 6, focused on understanding STEC diversity in isolates 

recovered from cattle and the potential for some strain types to cross over and cause disease in 

humans. We also examined the ability of STEC to persist within a beef herd through an 

evaluation of biofilm production to determine if biofilms play a role in strain persistence and 

transmission. The highest biofilm formers, serogroup O6 (n=36, 57.1%), was the predominant 

serogroup identified throughout the herd and sampling periods. Other serogroups that have been 

implicated in severe clinical outcomes and outbreaks were O157 (n=1, 1.6%), O26 (n=11, 

17.5%) and O103 (n=5, 7.9%), which were transiently identified within the herd. The cgSNP 

analysis was used to elucidate differences between high and low biofilm formers among strains 

with the same serogroups and from the same cow over time. Serogroup O6, for instance, 

persisted in cow 761 and 763, while serogroup O168 persisted in cow 760. WGS identified 

heterogeneous SNPs in vgrG, a multi copy type VI secretion system, across all O6 serogroups 

regardless of biofilm formation ability. This gene has been shown to facilitate biofilm formation 

in other gram-negative organisms (15, 16). Nonetheless, future transcriptomics work targeting 

this gene and other notable genes is important to identify whether specific gene variants are 

upregulated in strains with varying levels of biofilm production.  

Finally, Chapter 6 aimed to elucidate the molecular characteristics of STEC isolates with 

similar properties or that are shared among clinical cases and cattle. Six shared serotypes, 

O26:H11, O103:H2, O157:H7, O8:H19, O98:H21, and O109:H10, and a total of nine shared 

virulence profiles were identified in strains from the two sources. Three serogroups were outside 
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of the O157 and big six non-O157 serogroups, further supporting the ability of rare profiles to 

cross over between cattle and humans. In addition, the cgSNP analysis clustered clinical cases 

within clades that mostly contained cattle isolates. Serogroup O157 was the exception as 

multiple cattle O157 isolates were identified throughout the phylogeny and grouped together 

isolates from clinical cases. Future work should include isolates from other STEC reservoirs for 

characterization to get a more complete understanding of STEC transmission and determine if 

serogroups and gene variants are more commonly isolated from specific reservoirs.   

Overall, the findings in this dissertation illustrate that non-O157 STEC represent a 

diverse pathogen population and that WGS is advantageous for identifying the relatedness 

between strains using multiple methods. Additional studies, however, are needed on the non-

O157 serogroups to determine how specific genetic characteristics are linked to disease severity 

and hospitalization risk. Surveillance of non-O157 STEC will not only help identify the 

distribution of strains and define the genetic variation among isolates in different geographic 

locations, but it will also identify the impact of selective pressures (e.g., antibiotic use) that 

promote or inhibit pathogen survival in different regions. Future projects will be aimed at 

examining larger sets of data that have more complete epidemiological information to increase 

the likelihood of identifying risk factors for both disease and persistent environmental 

colonization and to enhance understanding of the molecular profiles needed to cause clinical 

outcomes.   
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