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Background 

Control of E. coli O157:H7 remains a significant challenge at both the pre- and post-harvest food 
safety levels due to the common presence of this pathogen in the gastrointestinal (GI) tract of cattle.  
While it is well known that cattle constitute the primary reservoir for E. coli O157:H7, the conditions 
that facilitate this host-pathogen interaction remain to be fully elucidated.  In our previous study 
(Carlson et al., 2006), we showed that a small subpopulation of feedlot cattle persistently shed E. 
coli O157:H7 in their feces, as determined by six consecutive fecal samples (collected over 120 
days) that tested positive for E. coli O157:H7. Molecular subtyping of E. coli O157:H7 isolates 
revealed that persistent and transient shedders were colonized by a predominant pulsed field gel 
electrophoresis (PFGE) type or molecular subtype, which represented > 50% of isolates that were 
characterized by PFGE typing. In addition, this specific PFGE type represented the most common 
molecular subtype isolated from the study population over all sample collections. Our preliminary 
data thus support the hypothesis that E. coli O157:H7 strains may differ in relative likelihood and 
ability to colonize healthy cattle and thus ultimately their transmissibility throughout the food chain 
and likelihood to cause human disease. Further work is clearly needed to gain additional insight into 
the underlying genetic mechanisms associated with differences in E. coli O157:H7 strain-specific 
virulence characteristics. 

Shiga toxin-producing E. coli belonging to serotype O157:H7 was first recognized as an emerging 
human pathogen in the early 1980s and has since been linked to several multi-state outbreaks of 
human foodborne illness in the U.S. (Mead et al., 1998). E. coli O157:H7 infections have been 
associated with significant morbidity and mortality in the U.S. Specifically, E. coli O157:H7 was last 
estimated to cause > 70,000 cases of foodborne illness of which approximately 4% resulted in a 
serious disease known as hemolytic-uremic syndrome each year in the U.S. (Mead et al., 1999). 
Foodborne illnesses attributed to E. coli O157:H7 have been epidemiologically linked to 
consumption of meat, dairy products, produce, and water contaminated by animal feces along with 
person-to -person contact and direct contact with farm animals or the farm environment (Mead et al., 
1998). Cattle are believed to be the primary reservoir of E. coli O157:H7 and are known to carry this 
pathogen in their GI tract without showing pathological symptoms (Blanco et al., 1996). Individual 
animals, however, may either shed the organism in their feces for a few days or become persistently 
colonized by this organism and as a result shed the organism in their feces for substantially longer 
periods (Grauke et al., 2002). The nature of E. coli O157:H7 fecal shedding in cattle and the 
conditions that mediate different host-pathogen interactions remain to be fully elucidated. 
Inside the host GI tract, intimin (encoded by eaeA) facilitates the ability of E. coli O157:H7 to 
intimately adhere to host epithelial cells and once bacteria are adherent they produce 
characteristic attaching and effacing lesions, which result in localized destruction of the 
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brush border microvilli (Garmendia et al., 2005). Recent studies also suggest that the recto-anal 
junction is an important site for E. coli O157:H7 carriage in the GI tract of cattle and support that 
colonization of this site may be associated with shedding high levels (> 1x103 CFU/g) of this 
pathogen (Low et al., 2005; Naylor, 2003). While the mechanism and location of E. coli O157:H7 
attachment have been widely studied, there is still a clear need to probe the underlying genetic 
markers associated with the nature of E. coli O157:H7 colonization of the bovine GI tract and to 
identify effective controls that interrupt this host-pathogen interaction. It is reasonable to believe that 
by effectively interrupting E. coli O157:H7 attachment in the bovine intestinal tract at the pre-harvest 
level, the load of this pathogen that enters the human food chain and ultimately the number of 
human foodborne illnesses attributed to this pathogen would in-turn be reduced. 

The specific aims of this proposed project include (i) develop a greater understanding of the 
relationship between E. coli O157:H7 genomic diversity at the nucleotide level and distinct virulence 
phenotypes and (ii) evaluate mechanisms to interrupt E. coli O157:H7 attachment to the 
gastrointestinal tract, hide, carcass surface, and equipment surfaces. 

Methodology 

Multiplex polymerase chain reaction. E. coli O157 isolates (n=567) were molecularlycharacterized by 
a five-gene multiplex PCR assay to detect rfbE (encodes the O157 antigen),fliCh7, (encodes the H7 
antigen), eaeA (encodes intimin), stxI (encodes Shiga toxin I), and stxII(encodes Shiga toxin II), as 
described by Hu et al. (1999). In our previous study, we focused our efforts on detecting and 
characterizing E. coli O157:H7 isolates that carried all five genes screened for by the multiplex PCR 
described above (due to logistical constraints of our previous project). Here we characterized 567 
isolates by the five-gene multiplex PCR in an attempt to identify more genetically diverse isolates that 
carry a multiplex PCR profile other than that which detected all five genes. Multiplex PCR was 
performed in 96-well format with a volume of25 μl containing 3.2 μl of a primer master mix solution 
containing forward and reverse primer pairs.  Every 96-well plate also included an E. coli O157:H7 
isolate known to be positive for all five of the targeted genes (ATCC strain 43895) as a positive 
control and a well containing only GoTaq Green™, nuclease free water and primers as the negative 
control.   
 
Pulsed-Field Gel Electrophoresis.  PFGE typing of 22 select E. coli O157 isolates carrying a unique 
multiplex PCR profile (i.e., a profile other than detection of all five genes) was performed using the 
standardized Centers for Disease Control and Prevention PulseNet protocol (PulseNet,2001). Briefly, 
isolates were grown on brain heart infusion agar plates (BHI; Becton, Dickinson and Company, 
Sparks, MD) and incubated at 37°C for 18 hours.  
 
Caco-2 cell attachment assay.  The attachment efficiency phenotype of E. coli O157 isolates was 
determined in two separate sets of experiments. The first set of attachment assay experiments 
compared the attachment efficiency of isolates belonging to different multiplex PCR profiles or 
genotypes (based on the presence or absence of the five targeted genes). The second set of 
experiments compared the attachment efficacy of isolates belonging to the dominant PFGE subtype 
identified in our previous study (which carried all five genes detected by the multiplex PCR assay; 
Carlson et al., 2006) to E. coli O157:H7 isolates that carried all five genes detected in the multiplex 
PCR assay but belonged to more genetically diverse PFGE subtypes based on the number of band 
differences (Tenover et al., 1995). Both assays were performed using the Caco-2 human intestinal 
epithelial cell line. Caco-2 cells were seeded into 24-well flat bottom plates (Corning Inc., 
Corning, NY) at a density of 1 x 105 cells/well in Dulbecco’s Modified Eagle Medium (Gibco, 
Grand Island, NY; DMEM) containing 20% heat inactivated fetal bovine serum (Gibco) 
without antibiotics and grown to confluency (approximately 72 h). The attachment efficiency 
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of each E. coli O157:H7 isolate was determined as a percentage of the initial inoculum that was 
recovered as adherent E. coli O157:H7 cells. 
 
Purification E. coli O157 genomic DNA for single nucleotide polymorphism (SNP) genotyping 
analysis.  Purified genomic DNA for each E. coli O157 isolate selected to be characterized by SNP 
genotyping (n=95) was prepared according to the manufacturer’s instructions using the QIAamp DNA 
Mini Kit (Qiagen, Valencia, CA). Briefly, E. coli O157 overnight cultures were prepared by inoculating a 
single well-isolated colony into a 10 ml tube of BHI broth and incubating at 37°C for 18 h without 
shaking. Purified DNA was quantified and the purity of each preparation was assessed using a 
NanoDrop UV spectrometer (Thermo Scientific, Wilmington,DE). 
 
SNP genotyping.  We completed single nucleotide polymorphism (SNP) genotyping analyses on a 
panel of 95 E. coli O157 isolates selected to represent the genetic diversity (based on five gene 
multiplex PCR and PFGE analyses) of E. coli O157 isolates from our previous (Carlson et al., 2006). 
Thirty-four real-time PCR-based SNP genotyping assays were performed to analyze each individual 
isolate in this study (in total 3,230 real-time SNP genotyping PCR assays were conducted for all 95 
isolates). The 34 SNP loci that we targeted in this study were carefully selected from an original 
panel of 96 SNP loci in a recent SNP genotyping study (Manning et al., 2008). We found that the 
combination of these 34 SNP loci provided the best discriminatory power among the nine genetic 
lineages (or clades) described among E. coli O157 populations. Real-time PCR SNP genotyping was 
performed using a GenomeLabTM SNPStream® system (Beckman) as detailed previously (Manning 
et al., 2008). 
 
Small molecule screening assay. We developed a pilot high-throughput 384-well growth assay for E. 
coli O157:H7. Briefly, a standard E. coli O157:H7 laboratory control strain (ATCC 43895) was 
cultured in a 5 ml tube of brain heart infusion (BHI) broth at 37°C with shaking (250 rpm) for 12 to 
18 h to reach stationary phase. A 1% inoculum (from this stationary phase culture) was then 
transferred into a fresh pre-warmed 5 ml tube of BHI broth and the culture was grown to early log 
phase (OD600 = 0.4). A second 1% inoculum of the OD600 = 0.4 culture was transferred to 384-well 
microplates, where each well contained 70 μl of BHI with or without gentamicin (gentamicin was 
used to mimic small molecules that would inhibit E. coli O157:H7 growth). The final working volume 
of this 384-well plate E. coli O157:H7 growth assay was thus 80 μl. Microplates were then incubated 
at 37°C without shaking for 5.5 h, at which time absorbance (OD600) readings for each well in the 
plate were recorded. 
 
Findings 

Molecular characterization.  Five hundred sixty-seven E. coli isolates that demonstrated 
morphologically typical characteristics of serotype O157 were subjected to molecular 
characterization using the five-gene multiplex PCR assay detailed above (Hu et al., 1999). E. coli 
O157:H7 isolates that contained the genes responsible for the production of intimin and Shiga-like 
toxins I and II (i.e., a multiplex PCR profile where all five genes were detected) accounted for 94% of 
the isolates characterized (Table 1). E. coli O157:H7 isolates carrying intimin and only Shiga-like 
toxin II represented the second most common genotype, which constituted 4.4% of the isolates 
characterized. The occurrence of all other observed E. coli O157 genotypes was below 1% (Table 1). 
One hundred thirty-two E. coli O157:H7 that contained intimin, Shiga-like toxin I, and Shiga-like toxin 
II (i.e., a multiplex PCR profile where all five genes were detected) were randomly selected and 
further characterized by PFGE typing. PFGE analysis of isolates carrying all five genes detected by 
multiplex PCR resulted in 32 distinct PFGE subtypes (Figure 1), where one predominant 
subtype (PFGE type F) accounting for 53% of isolates. PFGE analysis was also conducted for 
22 select E. coli O157 isolates representing unique multiplex PCR profiles (i.e., multiplex 
PCR profile other than a profile where all five genes were detected). An additional 16 distinct 
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PFGE subtypes (Figure 2) resulted from PFGE characterization of E. coli O157 with differing virulence 
genotypes. PFGE patterns for two isolates characterized in the current study (characterized by 
multiplex PCR profiles other than the five-gene positive profile) matched that of the dominant PFGE 
type from our previous study (PFGE type F; Carlson et al., 2006), while three isolates showed a 
pattern that was closely related (< 3 band difference) to the dominant PFGE type from our previous 
study and remaining 17 isolates were characterized by genetically distinct PFGE types (> 7 band 
difference) as compared to the predominant PFGE type (PFGE type F; five-gene multiplex PCR 
profile). 
 
Cell attachment assays.  E. coli O157:H7 isolates containing the gene that encodes intimin but 
lacking both Shiga-like toxin producing genes represented the virulence genotype that resulted in the 
greatest (P < 0.05) ability to attach to the human intestinal epithelial Caco-2 cell line with 77.8% 
attachment efficiency (Figure 3). E. coli O157:H7 isolates carrying genes encoding intimin, Shiga-like 
toxin I, and Shiga-like toxin II demonstrated the lowest ability to attach to Caco-2 cells. These results 
suggest that isolates encoding both Shiga-like toxins may demonstrate a reduced attachment 
efficiency phenotype due to the cytotoxic effect of the Shigalike toxins on Caco-2 cells directly. 
Attachment assay experiments conducted to compare attachment efficacies among isolates 
belonging to different PFGE types for isolates belonging to the five-gene positive multiplex PCR 
profile revealed that isolates representing the dominant PFGE subtype demonstrated a significantly 
enhanced (P < 0.05) attachment efficacy as compared to isolates representing other PFGE types 
(Figure 4). Interestingly, genetic diversity was negatively correlated to attachment efficiency, as 
divergence from the dominant PFGE type increased, attachment efficacy decreased. An E. coli 
O157:H7 carrying intimin, Shiga-like toxin I, and Shiga-like toxin II (ATCC strain 43895 from the 1993 
Jack in the Box outbreak) was included in this set of attachment assay experiments as a reference 
and results showed that the dominant PFGE type demonstrated a > four-fold increase in attachment 
efficiency as compared to the outbreak strain (Figure 4). 
 
SNP genotyping.  Phylogenetic analysis was conducted based on allelic types inferred from SNP 
genotyping analysis and a neighbor-joining tree was constructed for the 95 E. coli O157:H7 isolates 
characterized here by SNP genotyping. In this phylogenetic tree, SNP genotyping data for 24 
additional control isolates with known Clade designations were also included for comparison 
purpose (Manning et al., 2008). In summary, we found 69 of the 95 isolates (72.6%) shared an 
identical SNP profile based on the 34 SNP loci characterized here and these isolates were clustered 
in Clade 2 of E. coli O157:H7; 3 isolates were clustered in Clade 3, 1 isolates was clustered in Clade 
4, and 16 isolates were clustered in Clade 7 (Figure 5). These results were consistent with 
observations in our previous study (Manning et al., 2008) that Clade 2 isolates were significantly 
over-presented in the entire E. coli O157:H7 population as well as in human foodborne outbreaks 
and sporadic E. coli O157 infections. When the phylogenetic tree was overlaid with attachment 
efficiency data generated here, Clades 2 and 7 appeared to include isolates with the greatest human 
pathogenic potential on average (Figure 5). 
 
Small molecule screening assay.  We spent several months trying to first develop a high-throughput 
attachment assay for small molecule screening. Due to the involvement of multiple complex 
biological processes in attachment of E. coli O157:H7 to the intestinal epithelium it is unlikely that a 
single small molecule will be able to inhibit this host-pathogen interaction and we were not able to 
develop a viable attachment assay that met the requirements for high-throughput small molecule 
screening within the time limitations of this project. In future studies, we will continue our efforts to 
identify small molecules that interrupt E. coli O157:H7 attachment to the intestinal 
epithelium by constructing promoter reporter fusions to target molecules that will directly 
inhibit expression of specific virulence factors that play a critical role in colonization of the 
mammalian intestinal tract by this pathogen. Specifically, eaeA and tir promoter reporter 
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fusions will be constructed and assays will be developed to identify small molecules that suppress 
reporters fused to the promoters of these key virulence genes. In order to move forward with the 
goals of the current project we opted to first develop a high-throughput E. coli O157:H7 assay to 
identify bactericidal small molecules to control E. coli O157:H7 growth. Bactericidal small molecules 
that control E. coli O157:H7 growth can be employed as spray or dipping treatments to reduce the 
load of E. coli O157:H7 on cattle hides, beef carcasses, and equipment surfaces. We screened a 
total of 65,380 compounds (i.e., 2,640 known bioactive compounds, 2,980 natural product extracts, 
and 59,760 commercially available compounds) for the ability to inhibit E. coli O157:H7 growth. 
Percent E. coli O157:H7 inhibition scores were calculated by dividing the absorbance of the positive 
control well for each row in a given assay plate by the absorbance of each experimental well in that 
same row followed by multiplication by 100 to express scores as a percentage (Table 2). A hit was 
defined as a compound that demonstrated at least 80% inhibition. Altogether 43 small molecules 
were shown to inhibit E. coli O157:H7 growth across duplicate assay plates dedicated to evaluate 
each small molecule library (Table 2). Thirty-eight of the 43 compounds scored as a hit, originated 
from known bioactive compound libraries. Many of these known bioactive compounds are not ideal 
for application as spray or dipping treatments to reduce the load of E. coli O157:H7 in the food chain 
since many of these compounds represent commercially available drugs that have been approved 
for the treatment of human infections by the U. S. Food and Drug Administration. Application of these 
compounds as spray or dipping treatments to control E. coli O157:H7 in the food chain may pose a 
risk for the emergence of E. coli O157:H7 strains that are resistant to drugs commonly used to treat 
human infections. Five hits, however, originated from small molecule libraries composed of 
commercially available chemicals that are not currently used in human medicine. These five 
compounds originated from structurally diverse chemical libraries that were specifically selected for 
favorable properties (i.e., solubility, decreased toxicity, and stability). These five compounds will be 
intensively evaluated in future studies to (i) assess their ability to control the growth of a genetically 
representative set of E. coli O157:H7 isolates, (ii) determine the ability of these compounds to 
traverse the intestinal epithelial barrier using Caco-2 cell permeability assays, and (iii) measure the 
cytotoxicity of each compound using Caco-2 and HepG-2 cytotoxicity assays. Bactericidal small 
molecules that do not cross the human intestinal epithelium or have cytotoxic affects will be 
evaluated as spray and dipping treatments in organic matrices (i.e., hides, beef carcass surface 
tissue, and equipment surfaces). 
 
Implications 
 
We further probed the association between E. coli O157:H7 molecular subtypes isolated from 
feedlot cattle over the final 120 d of the finishing period and human pathogenic potential using a 
human intestinal epithelial cell attachment assay. Results demonstrated that E. coli O157:H7 strains 
that persist in cattle populations show a significantly greater ability to adhere to human intestinal 
epithelial cells compared to subtypes that did not persist in cattle. In addition, E. coli O157:H7 
isolates from cattle that demonstrated enhanced virulence grouped into a human disease-
associated outbreak Clade in a phylogenetic tree derived from a 34 single nucleotide polymorphism 
genotyping assay. After screening > 65,000 novel compounds, we identified 43 compounds that 
inhibit E. coli O157:H7 growth and these chemicals will be evaluated in future studies to determine 
their ability to reduce the load of this pathogen on hides, carcasses, and equipment surfaces. 
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Figure 1. Dendogram of each of the 32 district PFGE patterns from the E. coli O157:H7 isolate that showed a 
multiplex PCR profile that included all five genes that were screened for (i.e. r, O157, flich7H7, eaeA-intimin, stx 
I-Shiga-lie toxin I, and stx II – Shiga-like toxin II). 
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Figure 2. Dendogram of PFGE patterns observed for more distantly related E. coli O157 isolates, which showed 
a multiplex PCR profile other than detection of all five genes. 
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Figure 3. The effect of E. coli O157 virulence genotype+ upon attachment to the human intestinal epithelial 
Caco-2 cell line. 
 
 

 
Figure 4. The effect of genetic diversity+ from the dominant PFGE subtype on attachment efficacy to 
the Caco-2 cell line with human outbreak strain1 of E. coli O157:H7 included as reference strain. 
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Figure 5. Neighbor joining phylogenetic tree inferred from 34 single nucleotide polymorphisms for 95 
Escherichia coli O157:H7 isolates from cattle along with 24 reference sequences used to classify isolates 
analyzed here into one of nine phylogenetic clades. Mean % Caco-2 attachment efficiency data is shown in red 
next to each isolate characterized by the Caco-2 attachment assay. 
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Table 1. Multiplex PCR E. coli genotypes (rfb-O157, flich7-H7, eaeA-intimin, stx 1-Shiga-like toxin I, stx II – Shiga-
like toxin II), number and percentage of isolates with specific genotypes within isolate library. 
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Table 2. Description of bactericidal small molecules that inhibited E. coli O157:H7 growth. 
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