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ABSTRACT 

Shiga toxin-producing Escherichia coli (STEC) are pathogens of concern for 

several commodities within the food industry and have been linked to a wide variety of 

recalls and outbreaks.  In June 2012, six STEC serogroups (E. coli O26, O45, O103, 

O111, O121, and O145) joined E. coli O157:H7 on the list of adulterants in non-intact 

beef products, including ground beef, per the United States Department of Agriculture 

(USDA) Food Safety and Inspection Service (FSIS).  Prior to these regulations, minimal 

research had been conducted on the non-O157 STEC serogroups identified above.  

Biofilms within a food processing environment can lead to cross-contamination or post-

processing contamination of products, and can contain both non-pathogenic and 

pathogenic strains of microorganisms. Previous research has shown a select group of 

these organisms are able to attach and form biofilms on processing equipment surfaces 

and have shown increased resistance to commonly used sanitizers, such as quaternary 

ammonium and chlorine. 

Non-O157 STECs continue to gain importance as pathogens of concern, and it is 

important to understand how these organisms travel through the food supply chain from 

pre-harvest through consumer consumption.  As such, more research is needed to 

understand how these organisms attach to food processing surfaces and form biofilms, as 

well as evaluate current cleaning and sanitation programs to ensure adequate removal of 

these bacteria and their biofilms.  To meet those goals, a three-phase study was 

developed.  The aim of phase 1 was to identify through colorimetric assay, if a variety of 

individual strains from each serogroup could attach to stainless steel and polystyrene at 
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25°C in minimal or full nutrient conditions.  Phase 2 objectives were to enumerate 

attachment and subsequent biomass formation of STEC strains on stainless steel and 

polyurethane in minimal and full nutrient media at 25°C up to 48 h.  Lastly, the objective 

of phase 3 was to determine the efficacy of a detergent and quaternary ammonium 

sanitizer combination against high attaching strains of non-O157 STEC serogroups. 

Overall, the findings of the study show that STECs have the ability to attach and 

form biomasses on equipment surfaces, including stainless steel and polyurethane.  The 

results indicate that attachment and biomass formation of E. coli O26, O45, O111, O103, 

O121, O145, and O157:H7 are highly strain-dependent, and can be affected by 

environment conditions, such as availability of nutrients.  Additionally, a robust cleaning 

and sanitation program that includes detergent and sanitizer, is the most effective at 

reducing the amount of attached bacteria from common food processing equipment 

surfaces like stainless steel.  Understanding how these serogroups interact is essential in 

creating effective cleaning and sanitation programs to prevent and eliminate these 

bacteria within food production facilities. 
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CHAPTER I 

INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC) are associated with illness that 

ranges from mild diarrhea to hemorrhagic colitis, hemolytic uremic syndrome, and 

possibly death (1, 6).  In the United States (US), six STEC serogroups (E. coli O26, O45, 

O103, O111, O121, and O145), along with E. coli O157:H7, are considered adulterants if 

found in non-intact beef products, such as ground beef (9).  Annual individual cases of E. 

coli O157:H7 and non-O157 STEC illness are estimated at 63,153 and 112,752 cases, 

respectively (7), although non-O157 STEC associated cases are thought to be 

underestimated due to underreporting and difficulty in isolating these microorganisms.   

Further, these organisms have been associated with various food product recalls 

and outbreaks, including ground beef, produce, dairy, and even frozen foods (2).  One of 

the most recent non-O157 STEC associated recalls resulted in over 6,800 kilograms (kg) 

of multiple non-intact beef products being identified as potentially contaminated with E. 

coli O103, O111, O121, O145, O26, and O45 (5).  It is important for food processors to 

understand how these non-O157 STECs behave within the production environment so 

possible routes of cross-contamination can be identified.   

One such route for potential cross-contamination is the presence of biofilms on 

product contact surfaces, which become difficult to eradicate once they are established.    

Biofilm-associated  issues such, as product contamination and equipment damage, is 

estimated to result in billions of dollars lost annually (8).    The microorganisms within a 

biofilm can catalyze biological and chemical reactions that cause corrosion of metal 
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equipment surfaces, reduce heat flow across surfaces, and impede efficient filtration of 

liquid products (4, 8, 11).   

Researchers have found that biofilm formation is dependent on several variables, 

all which affect attachment and formation independently.  Environmental conditions, 

such as available nutrients, substratum surface topography, temperature, and the presence 

of a conditioning film, can all affect initial attachment (4, 11).  Appendages, such as pili, 

curli, and flagella, have also been shown to increase the bacteria’s ability to attach to 

abiotic surfaces, such as those found in food processing environments.  

Pathogens, including E. coli O157:H7, O26:H11, and O111:H8, can attach to 

equipment surfaces like stainless steel and plastic and subsequently form biofilms (10).   

However, the ability of these organisms to attach and form biofilms has been shown to be 

highly strain dependent, with no particular serotype having a greater ability to attach.  In 

addition, biofilms of these serotypes have been shown to have an increased resistance to 

common sanitizers, such as chlorine and quaternary ammonium (3, 10).   Differences in 

strain attachment, biofilm formation, and resistance to sanitizers are highly strain 

dependent for the specific environmental conditions within each study conducted.  

As non-O157 STECs gain notoriety as pathogens of concern within the food 

industry and as identification methods improve to detect these organisms, it is important 

that more is understood about how these bacteria enter and travel through the food supply 

chain from pre-harvest through consumer consumption.  Little research has been 

conducted to date on the ability of these organisms to attach to food processing surfaces 

and form biofilms.  Additionally, more research is needed to ensure that the most 
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effective cleaning and sanitation programs are in place to ensure adequate removal of 

these bacteria and their biofilms.   

As such, three objectives were developed to understand more about the ability of 

non-O157 STECs to attach and form biofilms on food processing equipment surfaces.  

The aim of phase 1 was to determine the ability of an assortment of strains from E. coli 

O26, O45, O103, O111, O121, O145, and O157:H7 to attach to stainless steel hex nuts 

and polystyrene in minimal or full nutrient media when grown at 25°C.  Strains selected 

for this phase of the study were highly varied in both their origin, and in the presence of 

three specific virulence genes, stx1, stx2, and eae, which are responsible for Shiga toxin 

production and attachment and effacing lesions, respectively. Attachment was determined 

using a colorimetric assay.  Phase 2 was designed to enumerate attachment and 

subsequent biofilm formation of individual strains of E. coli O26, O45, O103, O111, 

O121, O145, and O157:H7 when attached to either stainless steel or polyurethane in 

minimal or full nutrient broth at 25°C.  Finally, the objective of phase 3 was to determine 

the efficacy of detergent and a quaternary ammonium sanitizer combination against a 

high-attaching strain of these non-O157 STEC serogroups, E. coli O157:H7, and one low 

attaching strain that were allowed to adhere to stainless steel under minimal nutrient 

conditions.  Strains for phase 3 were selected using the results from phase 1, which 

determined the strains with a higher affinity for stainless steel under minimal nutrient 

conditions.  Removal of attached cells was determined through colorimetry. 

Exploring how various STEC strains with differences in specific virulence gene 

carriage and strain origin attach and form biofilms on equipment surfaces under specific 
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environmental conditions will lead to a better understanding of how these bacteria act 

within a food processing environment.  Additionally, the ability of detergents and 

sanitizers to remove the attached STECs from these surfaces has not been explored in 

great depth.  The implications from this research will help food processing plant 

operators to better understand how this select group of STECs attach to, form biofilms 

on, and can be removed from equipment surfaces.   
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CHAPTER II 

LITERATURE REVIEW 

Shiga toxin-producing Escherichia coli (STEC) are strains of E. coli that produce 

one or more Shiga toxins (38).  Escherichia coli O157:H7 is the most notable and most 

researched serotype of the STECs.  This group includes several hundred other strains, 

although not all of these strains have been associated with human illness (89).  Illness 

associated strains can cause mild to bloody diarrhea, hemorrhagic colitis (HC), hemolytic 

uremic syndrome (HUS), thrombotic thrombocytopenic purpura (TTP), and in some 

cases, death (15, 42, 56).   

In June 2012, six STEC serogroups (E. coli O26, O45, O103, O111, O121, and 

O145) joined E. coli O157:H7 on the list of adulterants in non-intact beef products, 

including ground beef, per the United States Department of Agriculture (USDA) Food 

Safety Inspection Service (FSIS) (90).  These serogroups are commonly referred to as the 

“Big 6”.  Prior to these regulations, little research has been conducted on the non-O157 

STEC serogroups identified above.   

Research has shown that E. coli O157:H7 can attach and form biofilms on abiotic 

surfaces including stainless steel and plastic (24, 79, 80).  These surfaces are commonly 

found in food processing facilities across a wide variety of food commodities.  Biofilms 

are a concern within the food industry as they can negatively affect both quality and 

safety of the products produced.  Additionally, biofilms, including those containing E. 

coli O157:H7, have been shown to have an increased resistance to commonly used 

sanitizers including quaternary ammonium and chlorine based chemicals (30, 67, 93).  
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However, limited knowledge exists on whether non-O157 STECs can attach to common 

equipment surfaces and how subsequent biofilms are formed by these bacteria.  

Additionally, sanitizer resistance of non-O157 STEC-associated biofilms has not been 

explored in great depth. 

Understanding more about the non-O157 STEC strains is important to fully 

understand their importance and impact on the food industry and public health.  

Additionally, as knowledge of the non-O157 STECs increases, so will the food industry’s 

ability to develop and apply appropriate technologies to control these bacteria and help to 

prevent STEC-associated foodborne illness. 

Escherichia coli 

Escherichia coli are Gram-negative, facultative anaerobes that are non-

sporulating members of the Enterobacteriaceae family (42).  Nomenclature that uses 

serological identification of specific antigens produced by the bacteria helps to designate 

STEC serotypes with an “O” and/or “H” type, like E. coli O104:H4 (42).  The “H” 

antigens are found in motile strains and are composed of flagellar components and the 

“O” antigens are somatic lipopolysaccharides (42).  These bacteria can be broken down 

into several different pathotypes, six of which are known to cause gastrointestinal illness.  

These groups are diffuse-adherent E. coli (DAEC), enteroinvasive E. coli (EIEC), 

enteroaggregative E. coli (EAEC), enteropathogenic E. coli (EPEC), enterotoxigenic E. 

coli (ETEC), and verocytotoxigenic E. coli (VTEC).  The VTEC group is also commonly 

referred to as Shiga toxin-producing E. coli (STEC) and is further split into subgroups 
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that include pathogenic strains known as enterohemorrhagic E. coli (EHEC) (13, 56).  

This literature review focuses on the pathogenic strains of STECs. 

Karmali and colleagues (51) developed a classification system for the EHEC 

serogroups to sort them using frequency to cause human illness and reported associations 

with outbreaks and severe diseases like HUS. This seropathotype system is qualitative in 

nature and helps in understanding the differences in virulence among the STEC serotypes 

while accounting for the relationship among environmental factors, the host, and the 

pathogen that affect disease severity.  The system uses the letters A-E to classify the 

strains based on severity of disease, with A containing those serotypes that have been 

identified as most virulent and including E. coli O157:H7 and O157:NM (56).  

Seropathotype B comprises serotypes that cause less frequent cases of illness and 

outbreaks.  Of the “Big 6” non-O157 STECs, strains of O26, O103, O111, O121, and 

O145 fall within this category.  Additionally, specific strains of O121 and O145 fall 

within category C and have not been associated with outbreaks but have caused 

infrequent HUS cases.  Other strains of O103 can be found in category D and are known 

to cause sporadic cases of diarrhea.  Seropathotype E is the least severe, and strains in 

this category have not been associated with human illness (38, 51, 56).   

While this system is helpful in classifying STECs based on severity of disease and 

number of associated outbreaks, it can be fluid in nature if applied to countries outside 

the United States.  In a 2010 review conducted by Mathusa and others (56), E. coli 

O157:H7 was the most frequently implicated strain in illness and outbreaks that occurred 

in the US, Japan, Canada, and United Kingdom.  One study conducted in the US screened 
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thousands of isolates and determined that 0.9% of those samples screened contained 

STECs, and upon further investigation found that 46% of those isolates were non-O157 

STECs and the other 54% were E. coli O157:H7 (18, 48).  The serogroups of O26, O111, 

O103, O121, O45, and O145 were found to be the most common non-O157 serotypes 

related with illness in the US between 1983-2002 (18).    Non-O157 STECs were more 

commonly associated with disease in Australia, Argentina, Chile, Europe, and South 

Africa.  Additionally, an estimated 20 to 50% of STEC infections are attributed to non-

O157 STEC strains worldwide (56). 

The number of cases associated with non-O157 STECs worldwide is thought to 

be underestimated.  This is in part due to the difficulty of isolating non-O157 STECs 

from commensal bacteria.  Escherichia coli O157:H7 can be easily distinguished using 

traditional culture methods as this strain does not ferment sorbitol; therefore, it produces 

colorless and opaque colonies on sorbitol-MacConkey agar (48). However, pathogenic 

strains of non-O157 STECs are hard to isolate from non-pathogenic strains as they are 

very similar and no distinct markers have been indentified to easily separate them (13).   

Disease Characteristics of STECs 

Similar symptoms and illness have been noted between E. coli O157:H7 and non-

O157 STECs, although differences in the severity of the disease occur between 

serogroups and individual strains within serogroups.  After an average incubation period 

of 3-4 days, infected individuals will experience abdominal cramping and non-bloody 

diarrhea (56).  As the disease continues to progress, the diarrhea may become bloody and 

continue for several more days.  Hemorrhagic colitis may develop, which involves severe 
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cramping, watery and extremely bloody diarrhea, but little to no fever (56).  Further 

complications of the infection include the development of HUS.  Hemolytic uremic 

syndrome can be characterized by renal failure, central nervous systems manifestations, 

microangiopathic hemolytic anemia, and thrombocytopenia and is thought to be the 

leading cause of renal failure in children (15).  Infants, children, immunocompromised 

individuals, and the elderly are most likely to develop HUS (42).  Infected patients can 

also develop TTP, which is a variant of HUS and includes more severe neurological 

damage and disorders (15, 56).  Mortality as a result of complications from HUS is 

estimated to be from 3% to 5% (15). 

When comparing the severity of non-O157 STEC and E. coli O157:H7 associated 

illnesses, it is important to note that non-O157 STECs are difficult to isolate, so the 

number of associated illness may be underestimated.  A Canadian study of sporadic 

diarrhea caused by STECs found that patients infected with non-O157 STECs had a 

significantly longer duration of diarrhea (9.1 days) than those infected with E. coli 

O157:H7, although the frequency of non-O157 STEC bloody diarrhea was lower (42% 

and 97%, non-O157 STEC and E. coli O157:H7, respectively) (59).   

While it appears that non-O157 STEC infection is more likely to cause watery 

diarrhea instead of bloody diarrhea, the assumption that non-O157 STECs are less 

virulent than E. coli O157:H7 should not be made.  Garg and others (33) found that 

STEC diarrhea-associated HUS accounts for up to 5% of deaths and an estimated 25% of 

permanent renal injury worldwide.  Studies conducted in the Czech Republic, Italy, 

Finland, Belgium, and Germany indicate that among patients with HUS and diarrhea, the 
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isolation rate of non-O157 STECs is higher as compared to E. coli O157:H7 strains (48).  

In the US, 16.5% of patients, both adults and children, with HUS had non-O157 STEC 

related infections (10).  This illustrates a need to further understand the disease burden 

caused by these non-O157 STEC strains and their mechanisms of pathogenicity and 

virulence. 

Pathogenicity and Virulence 

Serogroups classified as EHECs produce one or more Shiga toxin, produce 

attaching and effacing  (AE) lesions, and have a 60-megadalton (MDa) virulence plasmid 

(37).  Hussein and Bollinger (42) noted that STEC pathogenicity is dependent upon 

specific virulence factors and not all STEC strains carry those factors.  These bacteria 

must overcome host defenses to colonize the intestine and produce the damaging toxins.  

Escherichia coli are acid resistant which aids in their ability to survive the acidity of the 

gastric juices (38, 56).  The locus of enterocyte effacement (LEE) is the pathogenicity 

island that encodes for proteins responsible for the formation of the AE lesion on the 

epithelial cells of the intestine (14, 56).  Additionally, LEE contains the genes for a type 

three secretion system (TTSS), a protein translocation system, and an adherence system 

that includes intimin and the translocated intimin receptor (Tir) (38, 56).  The TTSS 

resembles a syringe and needle apparatus that helps to translocate Tir from the pathogen 

into the host cell.  Once inside, Tir localizes to the plasma membrane of the host 

epithelial cell and binds to intimin, which is expressed on the surface of the bacterial cell 

creating an intimate attachment (38, 56, 58).  The AE lesion causes structural changes to 

the host epithelial cell and intimate attachment to the host epithelial cell plasma 
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membrane by the bacteria.  Additionally, pedestal formation, localized destruction of 

brush border microvilli, and accumulation of cytoskeletal proteins beneath the attached 

bacteria occur during the formation of the AE lesion (38, 42, 58).  When the bacteria 

attach to the mucosal surfaces, this promotes a concentrated delivery of toxin into the 

host cell and prevents the bacteria from being lost in to the environment (97).  Studies 

have shown that while AE lesions are not mandatory for bloody diarrhea and HUS, a 

majority of the strains implicated in illness carry the genes responsible for lesion 

formation (38, 56). 

Enterohemorrhagic Escherichia coli produce Shiga-like toxins (Stx) that closely 

resemble the Shiga toxin produced by Shigella dysenteriae in both structure and activity, 

and are critical virulence factors in STEC disease (37, 38).  Shiga toxin 1 (Stx1) is highly 

conserved and identical to the S. dysenteriae toxin (56), while Stx2 has 58% homology to 

Stx1 (45).  These toxins are a heterohexamer that has one A subunit that possesses 

catalytic activity and five B subunits which bind to the cell surface receptor (37, 38).  

Glycolipid globotriaosylceramide (Gb3) on the eukaryotic cell surface acts as the receptor 

for the toxins (58).  The B subunit becomes associated with Gb3, which permits 

internalization of the toxin through endocytosis.  Once inside, the toxin can be either 

destroyed or move into the trans-Golgi network and the endoplasmic reticulum (56, 58).  

At this point, the A subunit enters the cytoplasm where it is able to access the 

cytoplasmic ribosomes (38, 48).  The A subunit is proteolytically cleaved and reduced 

into 2 fragments: A1, that contains an enzymatic site and A2 (38).  This subunit cleaves a 

specific adenine of the 28S rRNA portion of the 60S ribosomal subunit preventing the 
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aminoacyl t-RNA binding for elongation factor-dependent binding to ribosomes (48, 58).  

Protein synthesis is suppressed through truncation of peptide chain elongation and cell 

death occurs (58).  This action may trigger expression of proinflammatory cytokines (48).  

Johnson and colleagues (48) noted that Shiga toxins may cause local and systemic 

disease through two separate mechanisms:  direct, which includes the inhibition of 

protein synthesis and indirect through proinflammatory cytokine expression.  It is 

important to note that those strains producing Stx2 or a combination of Stx1 and Stx2 are 

associated with a higher number of HUS cases as compared to those strains only 

producing Stx1 (48).  Possession of Stx2 significantly increases the ability of the strain to 

cause disease and researchers have found that Stx2 is 1,000 times more toxic than Stx1 

toward human renal microvascular endothelial cells (56).  Other mechanisms for toxin 

uptake have been suggested by researchers (44), but are not reviewed in this chapter. 

Prevalence of STECs in Animals and Food Products 

To determine the risks associated with STECs in food products, the prevalence of 

these organisms must first be examined.  Sources of STEC and how they are distributed 

throughout the environment are also important to understanding more about patterns of 

infection and prevalence.    

Animals 

Several wild and domestic animals carry STEC in their intestinal tracts (13) with 

ruminants, such as cattle, being the main reservoir (50).  Non-O157 STEC prevalence 

rates in feedlot cattle are between 4.6 and 55.9%, and grazing cattle rates are between 4.7 

and 44.8%, worldwide (43).  Focusing on the US, studies have shown that non-O157 
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STEC prevalence in beef cattle feces is between 19 and 30% and ranges from 0 to 19% in 

dairy cattle (11, 50).  Additionally, one study found 56.3% of beef cattle hides tested 

positive for non-O157 STECs (11).  Of those non-O157 STECs isolated from beef cattle, 

17% were also isolated from patients that suffered from HUS (89).  Other animals, 

including deer, pigs, and rabbits, and ruminants such as sheep and goats,  have also been 

identified as carriers of STECs as more than 100 serotypes have been isolated (38, 43).  

However, ruminants have a higher prevalence of both E. coli O157:H7 and non-O157 

STECs as compared to other animals (43).   

The percent of STECs isolated from cattle are higher during the warmer months 

as compared to the colder winter months (38).  Escherichia coli O157:H7 prevalence in 

fecal samples collected during the summer (12.9%) were significantly higher than those 

collected in the winter (0.3%) in one seasonal prevalence study (11).  However, the same 

study found that the non-O157 STEC were found more in the spring and fall as compared 

to the summer and winter (11).  This study also found that E. coli O157:H7 and non-

O157 STECs were more predominate on hides as compared to fecal samples.  This could 

lead to STEC introduction into the abattoir and to a larger amount of cross-contamination 

between hides of different animals as well as from the hides to the carcasses.  The pre-

evisceration samples collected in the spring, summer, and fall ranged between 27.3% and 

40.8% positive for E. coli O157:H7 and between 60.2 and 65.5% positive for non-

O157:H7 STEC (11).  This study showed a significant decrease in both E. coli O157:H7 

and non-O157:H7 STECs post-intervention as compared to pre-evisceration positives.  

While seasonal differences were observed in STEC prevalence across all samples taken, 
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the application of antimicrobial interventions, such as organic acid sprays and steam 

pasteurization, significantly reduces the number of STECs present on post-intervention 

carcasses.   

Food Products   

In addition to their presence in ruminant animals, STECs have also been 

associated with several food products including ground beef, produce, and dairy products.  

Recently, Hussein and Bollinger (42) conducted a review to assess the global prevalence 

of STECs in beef which included three decades of research.  The prevalence of E. coli 

O157:H7 found in whole carcasses, ground beef, sausage, and unspecified retail cuts of 

beef ranged from 0.01 to 43.4%, 0.1 to 54.2%, 0.1 to 4.4% and 1.1 to 36.0%, respectively 

(42).  For non-0157 STECs, the percent prevalence was 1.7 to 58.0% for whole carcasses, 

2.4 to 30.0% in ground beef, 17.0 to 49.2% in sausage, and 11.4 to 49.6% in unspecified 

retail cuts.    A separate study determined both prevalence and characterization of STECs 

from commercial ground beef produced in the US (14).  Over a 24-month period, 4,133 

ground beef samples were collected from multiple manufacturers.  Of those, 24.3% 

(1,006) screened positive for stx1 and/or stx2, with or without the presence of eae or ehx, 

through DNA amplification of these virulence genes.  Additionally, 338 unique isolates 

were recovered and characterized.  Of those isolates, the most frequently recovered O 

groups (in order of decreasing frequency) were E. coli O113, O8, O22, O117, O163, 

O174, O171, O116, and O20 (14). 

Multiple STEC outbreaks have also been associated with produce.  Fresh and 

fresh-cut produce is minimally processed and is typically not subjected to a microbial 
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elimination intervention (40).  Their importance as potential sources for STEC infection 

cannot be overlooked. From 2001 until 2012, the USDA implemented a monitoring 

program to determine the incidence, number, and species of important foodborne 

pathogens associated with fresh fruit and vegetables.  While the Microbiological Data 

Program (MDP) was voluntary, samples collected included both domestic and imported 

fruits and vegetables.  In 2009, a total of 15,354 samples were screened for STECs and 

ETECs with 51 samples being identified as positive for pathogenic E. coli (88).  Of those 

positives, thirteen STECs and eleven ETECs were successfully isolated.  Non-O157 

STECs were isolated from 23 samples with 16 of those samples being spinach.  Sixteen 

presumptive PCR positives were found for E. coli O157:H7 from 9,495 samples 

screened.  These samples were not confirmed positive as no isolates were recovered.  The 

report suggests that the target organism may be present in extremely low levels within the 

produce (88). 

Furthermore, dairy products, including milk are potential sources for STEC 

infections.  Contamination of the milk can occur during milking due to contact with skin, 

hides, and the dairy environment (36).  Although these organisms are killed during 

pasteurization, dairy products remain a vehicle for infection in countries where raw milk 

and raw milk products are consumed at a higher frequency.  In Argentina, 500 ready-to-

eat food samples, including soft and cottage cheeses as well as salads with cream or 

mayonnaise, foods with sauces, and sandwiches were tested for non-O157 STECs (9).  

Forty-eight of the samples were positive for E. coli with forty-nine strains isolated.  Of 

those, 10 isolates (7 from soft or cottage cheeses) were positive for stx1 and stx2 genes.  
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These strains were then further characterized; 3 were non-typeable, 2 were E. coli O18, 

and the rest were E. coli O18, O44, O79, O57, or O128. 

Another study conducted in France looked at more than 500 samples of raw milk 

and minced meat from across the country (61).  Raw milk (n = 205) was 21% positive for 

STECs (43 samples) in PCR-ELISA.  Of those positives, 38.7%, 32.2%, and 29% carried 

the genes for stx1, stx2 and stx1+stx2, respectively.  A multiplex PCR method also used 

confirmed only 10 of the raw milk samples as positive for at least one STEC O group.  

The O group identification included O145 (4), O103 (1), O145+O157 (3), O145+O103 

(1), and O145+O26 (1).  This study indicates that 4.8% of the raw milk samples had E. 

coli that carried the genetic sequences for both the O serogroups and stx; however, there 

was no evidence indicating that these genes were expressed by a pathogenic strain of E. 

coli (61).  A one-year surveillance study in central France looked at the prevalence in 

STECs among children, cattle, and food samples (beef and cheese) (63).  A total of 603 

cheese samples were tested and 10% (60) were found positive for the stx genes. Six 

strains of STECs were isolated from the cheese samples for further analysis, three strains 

(50%) were found to carry stx1-stx2-ehxA, while two (33%) carried stx1 only and one 

(17%) had both stx1 and stx2.   Seasonal patterns of prevalence were noted in the food 

samples, with a higher rate found in August for both cheese and meat products.   

STEC-Associated Outbreaks 

Escherichia coli O157:H7 was first identified as an emerging pathogen when it 

was determined to be the causative agent of a ground beef associated outbreak in 1982 

(66).  A multistate outbreak linked to undercooked hamburgers served at a fast-food 
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restaurant brought E. coli O157:H7 to the forefront as a major pathogen of concern (15).  

The pathogen’s presence in the ground beef patties resulted in over 700 illnesses, 55 

cases of HUS and 4 deaths and led to the pathogen becoming a nationally notifiable 

disease in 1994 (15, 66).  When analyzing the related Washington state cases, the authors 

cooked sample hamburger patties using the restaurant’s cooking protocols.  The limited 

samples tested showed that after the patties were cooked for one minute on each side, the 

internal temperature did not reach 68.3°C as required by Washington state law (12).  

Additionally, 63% of the patties cooked did not reach the Food and Drug 

Administration’s (FDA) food service code suggested temperature of 60°C (12).   

Since then, there have been several reported outbreaks associated with E. coli 

O157:H7.  Selected outbreaks published on the Centers for Disease Control and 

Prevention (CDC) website lists 14 separate multistate E. coli O157:H7 associated 

outbreaks from 2006 through the present (20).  Vehicles of transmission include ground 

beef, Lebanon bologna, produce, and prepackaged cookie dough among others.  The most 

recent multistate outbreak of E. coli O157:H7 occurred in late 2012 causing 33 cases of 

illnesses across five states.  Additionally, 13 individuals were hospitalized and two cases 

of HUS were reported (6).  Upon investigation, pre-packaged Organic Spinach and 

Spring Mix blend of leafy greens produced by State Garden in Chelsea, Massachusetts 

was found to be the vehicle of transmission.  

The first reported outbreak associated with a non-O157 STEC in the US occurred 

in 1994 (3).  Eleven confirmed and seven suspected patients were identified and milk 

consumption during the week prior to the onset of symptoms was reported by all of the 
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patients.  Results of patient stool samples were negative for E. coli O157:H7, Shigella, 

Salmonella, and Campylobacter.  The CDC determined that the illnesses were associated 

with E. coli O104:H21, which produced Shiga toxin II.  Even after investigation in the 

processing facility and subsequent testing of cattle fecal samples from the dairies 

supplying the processor, E. coli O104:H21 was never isolated (3).  While this outbreak 

was not a result of one of the “Big 6” serogroups, it was the first reported outbreak of a 

non-O157 STEC in the US.  Additionally, it brought to light the concerns that non-O157 

STEC related cases were being missed as health-care providers and clinical laboratories 

did not have the necessary knowledge or means to test for these particular organisms. 

Early studies determined that E. coli O26:H11 and O111:NM (non-motile) were 

frequently isolated from persons with diarrhea (37).  The first large outbreak of E. coli 

O111:NM occurred in South Australia in 1995.  Twenty-three cases of HUS occurred 

among children under sixteen years of age.  Of these confirmed cases, 16 individuals 

required dialysis and one four-year-old child died.  Consumption of uncooked, semi-dry 

fermented sausage produced by a single manufacturer appeared to be the route of 

transmission for the outbreak (2).  This outbreak is notable as the public health agencies 

tested the stool samples using polymerase chain reaction and E. coli serotyping to 

identify the E. coli O111:NM strain involved, as compared to traditional culture methods 

used to identify E. coli O157:H7.  The outbreak strain fermented sorbitol, and therefore 

would not have been detected on the sorbitol-MacConkey media commonly used to 

screen for E. coli O157:H7 (2). 
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Recent multistate outbreaks of various serogroups, including E. coli O121, O145, 

O26, and O104 have affected foodstuffs like frozen foods, raw clover sprouts, and 

shredded romaine lettuce (20).  The E. coli O104 cases were associated with the 

European outbreak that was traced back to fungreek seeds grown in Egypt.  Those 

affected persons had recently traveled to Germany where they acquired the illness.  The 

Robert Koch Institute reported over 3,800 illnesses, 845 cases of HUS, and 54 deaths in 

Germany (4, 31).  Six cases in the US were reported; four of those cases resulted in HUS 

and one patient died (4).  The most notable non-O157 STEC outbreak originating in the 

US and listed on the CDC website was associated with raw sprouts served by Jimmy 

John’s restaurants.  Eleven states reported a total of 29 cases and seven hospitalizations.   

No cases of HUS or death were reported (5).  As a result of this and a prior outbreak, 

sprouts are no longer available at Jimmy John’s restaurants.  As non-O157 STEC 

detection methodologies improve, more outbreaks may be associated with these strains. 

Food-Borne Illnesses and Associated Costs 

Over a ten-year period between 1998 and 2008, the CDC received 13,405 reports 

of foodborne outbreaks leading to 273,120 illnesses, 9,109 hospitalizations, and 200 

deaths (35).  Outbreaks are reported to the CDC by public health officials in all fifty 

states, the District of Columbia and the US territories of Guam, Puerto Rico and the 

Republic of Palau through the Foodborne Disease Outbreak Surveillance System.   

In 2011, Scallan and others released an estimate of foodborne illnesses in the US 

(72).  Unlike the numbers published by the CDC, the 2011 report estimated the cases of 

foodborne illness using data from several surveillance programs including the Foodborne 
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Disease Active Surveillance Network (Food-Net), the National Notifiable Diseases 

Surveillance Systems, the Cholera and Other Vibrio Illness Surveillance (COVIS), the 

National Tuberculosis Surveillance Systems (NTSS), and the Foodborne Disease 

Outbreak Surveillance System (FDOSS) (72).  The reported data from laboratory 

confirmed cases were used to calculate an estimate that was adjusted for those cases that 

are underreported or undiagnosed (72).  It was estimated that 31 major pathogens cause 

9.4 million cases of foodborne illness, 55, 961 hospitalizations, and 1,351 deaths (72).  

Additionally, the authors provided estimates for each of the 31 major pathogens they 

identified. 

Scallan and others estimated that Escherichia coli O157:H7 caused 63,153 cases 

of foodborne illness resulting in 2,138 hospitalizations and approximately 20 deaths 

annually (72).  Estimated cases of non-O157 STEC stand at 112,752 illnesses, 271 

hospitalizations, and 0 deaths annually.  Previous estimates had shown the number of 

foodborne illnesses in the US to be estimated at 38.6 million illnesses, 181,177 

hospitalizations, and approximately 2,718 deaths (57).  Of that estimate, 62,458 cases 

were estimated to be caused by E. coli O157:H7 resulting in 1,843 hospitalizations, and 

52 deaths.  Additionally, only 31,229 cases of illness, 921 hospitalizations, and 26 deaths 

were contributed to non-O157 STECs annually.  While it appears that the overall 

incidence of foodborne illness has decreased, it is important to note that the two estimates 

cannot be accurately compared due to differences in the methods used to collect data as 

well as the improvements in reporting that were made during the time lapse between 

studies. 
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Illness associated with non-O157 STECs is often underdiagnosed and has 

appeared to increase significantly (284%) from 2000, when STEC illnesses became 

nationally notifiable, until 2009 (89).  This increase in incidence cannot be contributed to 

an increase in disease alone, but also to an increase in the number of laboratories testing 

for the organisms using improved testing methods.  Non-O157 STEC (46%) has a similar 

incidence rate as O157 (54%) when isolated from clinical stool samples (56).  In 

descending order, E. coli O26, O111, O103, O121, O45, and O145 are the six most 

commonly occurring non-O157 STEC serogroups associated with foodborne illness in 

the United States between 1983 and 2002 and account for 82% of non-O157 STEC 

human isolates reported in FoodNet between 2000 and 2007 (56).   

Economists have estimated the economic burden and health related costs 

associated with foodborne illness. Both USDA and FDA estimate the economic impact of 

foodborne illness; however, the methods vary among the agencies.  FDA uses a more 

inclusive model that incorporates losses associated with pain, suffering, and functional 

disability; while USDA uses a more conservative model that includes a value associated 

with productivity loss, but not with the loss of quality of life (74).   

To replicate models used by the agencies, Scharff developed two separate cost-of-

illness models to calculate costs associated with foodborne illness using the Monte Carlo 

simulation modeling system (73).  The basic model, that models the USDA estimates, 

includes health related costs such as hospital services, physician care (includes lab work, 

inpatient, and outpatient care), pharmaceutical costs, and costs due to the individual not 

being able to work because of their own illness or their children’s illness.  Additionally, 
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the value of statistical life, which is a figure that is based on the individuals’ trade-offs 

between money and fatality risks, as well as the costs associated with chronic conditions 

that develop after the illness are included (73).  The enhanced model, based on FDA 

calculations, also includes a cost associated with lost quality of life which incorporates 

the loss of productivity.  The lost quality of life variable includes losses related to 

functional disability, pain, and suffering(73). 

Scharff’s basic model using the foodborne illness estimates of Scallan and others 

(72) determined an annual total of $51 billion can be contributed to costs related to 

foodborne illness (73).  Additionally, approximately $1,000 is spent per individual cases 

of illness.  Escherichia coli O157:H7 costs are estimated at $9,600 per case resulting in a 

total of $607,000,000 spent annually.  Non-O157 related cases total $101,000,000 

annually and average to approximately $900 per case.  Using the enhanced model and 

estimates for foodborne illness of Scallan and others, over $77 billion is annually spent in 

relation to foodborne illness with an individual cost of approximately $1,600 per case.  

When broken down by pathogen, E. coli O157:H7 cases result in $635,000,000 annually 

with over $10,000 spent per case.  In comparison, non-O157 STEC associated illness cost 

approximately $1,366 per individual totaling $154,000,000 annually (73). 

These cost estimates are significant and often do not include other expenses that 

food producers and processors or food-service establishments may accrue due to an 

outbreak or recall associated with their facility or food product.  Food producer and 

processor costs related to outbreaks and recalls are hard to estimate as associated lawsuits 

often take years to settle.  In-plant expenses, such as loss of production during the 
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investigation and follow-up, which may include remodeling or new equipment and loss 

of employee wages associated specifically with the outbreak, are hard to determine. 

Biofilms in the Food Industry 

Biofilms are a concern across a large variety of disciplines including food, 

biomedical, and environmental fields.  When Antonie Van Leeuwenhook used his 

rudimentary microscope to examine the microorganisms on the surfaces of teeth, he was 

the first to observe a microbial biofilm (78).  In the 1970s, biofilms were found to be very 

tenacious, highly resistant to disinfectants, and theories about their formation on living 

and nonliving materials were developed (78).  It is estimated that billions of dollars are 

lost each year in the management of infections, product contamination, energy losses, and 

equipment damage as a direct cause of biofilm associated problems.  Additionally, more 

than 80% of medical cases resulting in chronic inflammatory and infectious diseases are 

attributed to biofilms.   

In the food industry, the formation of biofilms can cause many problems for the 

production facilities including biofouling, cross-contamination, and post-processing 

contamination (52).  Biofouling is the term used to describe the undesirable formation of 

a biologically active film and its decomposition products, which are deposited on 

surfaces that are in contact with liquids (52, 98).  Chemical and biological reactions 

catalyzed by the microorganisms within the biofilm can reduce the flow of heat across the 

surface, impede efficient filtration of liquid products such as milk, and can corrode metal 

equipment surfaces (52, 78, 98); all of which can result in serious hygiene issues and 

large economic losses related to food spoilage and maintenance costs.  
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Biofilms can form on multiple surfaces found within a food processing plant 

including, but not limited to:  stainless steel, polyurethane, polyvinyl chloride, aluminum, 

Buna-N and Teflon seals, and nylon materials (52, 77).  Biofilms are difficult to eradicate 

once established.  They can often act as a substrate for and harbor those microorganisms 

that are less likely to form biofilms (78).  As a result, increased survival and 

dissemination of pathogens can occur.  Product touching or passing over the food contact 

surface can potentially pick up spoilage and pathogenic organisms that have attached to 

these surfaces (34).  It is also important to note that biofilms can form on biotic surfaces 

including food products like meat and vegetables.  Biofilms containing pathogens have 

been associated with outbreaks of Listeria monocytogenes, Salmonella spp., and E. coli 

O157:H7 (78).   

Mechanisms of Biofilm Formation 

Biofilms are comprised of microorganisms that have attached to surfaces and are 

encased in a self-made extracellular polymeric substance (EPS), which is composed of 

polysaccharides, proteins, and nucleic acids (71).  Biofilms can form on any surface in 

almost any environment where bacteria are present, like those found in the food industry.  

Biofilm formation in vitro takes place in five stages (1, 85):   

Stage 1:  Reversible attachment to the surface; 

Stage 2:  Irreversible attachment and production of EPS;  

Stage 3:  Beginning of biofilm development and formation of 

microcolonies; 

 

Stage 4:  Maturation of biofilms including development of 3-D structure 

containing cells and channels to allow waste removal as well as water and 

nutrient transport; and 
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Stage 5:  Detachment of single cells from biofilm and subsequent 

initiation of new biofilm formation. 

 

Because this research project studies the attachment and subsequent biomass 

formation of STECs, the attachment phases of biofilm formation will be reviewed in 

greater detail here as compared to later steps within the formation process. 

Attachment 

One generally accepted theory of bacterial attachment to the substratum surface 

includes a two-step process.  The initial step involves forces such as van der Waals 

forces, electrostatic forces, and hydrophobic interactions playing a role in the initial 

attachment of bacteria in close proximity to the substratum (52, 60).  During this stage of 

attachment, the bacteria can be removed through rinsing.  The second step in attachment 

is irreversible attachment through covalent and hydrogen bonding, as well as the 

production and interaction of specific ligands such as flagella, pili, fimbriae, and/or EPS 

(60).  Scrubbing, chemical cleaners, or scraping are modes of action to remove bacteria 

from the substratum in this stage of attachment. 

The initial attachment of bacterial cells to surfaces is thought to be influenced by 

many factors including: surface conditioning, hydrophobicity, surface charge, surface 

roughness, and surface topography (27, 60).  Surface roughness and topography will be 

discussed in further detail later in the literature review.  Food contact surfaces can 

accumulate molecules at the solid-liquid interface and form a conditioning film.  This 

film leads to a higher nutrient concentration than what is typically found in the liquid 

phase (52). Enhanced attachment under low nutrient conditions is thought to occur 
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because the available nutrients are concentrated at the substratum surface, and the 

bacteria can sense that concentration gradient, then migrate toward the surface.  Under 

high nutrient conditions, the cell surface receptors are saturated by the nutrients found in 

the bulk nutrient phase, preventing them from binding to nutrients at the substratum 

surface (98).  Nutrient transfer within a biofilm occurs at a much higher rate than between 

planktonic cells.  The increased nutrient concentration within the conditioning film 

encourages biofilm formation, but competitive cultures can also affect formation (46).  

The conditioning film can change the substratum surface’s physiochemical properties 

including hydrophobicity, surface free energy, and electrostatic charges (26).  Conflicting 

conclusions about the importance of the conditioning film to initial attachment have been 

reported with some studies showing greater attachment while others showed less 

attachment (60). 

Electrical charge of both the substratum surface and the bacterial cell also seem to 

play a role in bacterial attachment.  Usually, bacterial cells have a net negative surface 

charge at neutral pH and these microorganisms are more likely to attach to hydrophobic, 

non-polar surfaces such as Teflon and other plastics (27, 60).  Electron transfer between 

the substratum and the cell surface plays an important role in the attachment of bacteria 

to both inorganic and organic surfaces (60).  Busscher and Weerkamp (19) describes a 

detailed, three-step interaction between the substratum and the bacterial cell.  Cells are 

prevented from direct interaction with the substratum surface due to van der Walls forces 

operating at distances greater than 50 nm and electrostatic forces of 10 to 20 nm.  It is 

assumed that a “stronger” force will remove the cells by overcoming the electrostatic 
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forces.  To become closer to the substratum, the cells must overcome the Derjaguin-

Landau-Verway-Overbeck (DLVO) interaction barrier, which is a high energy repulsion 

barrier that is affected by the surface area of the cell (55).  It is important to note that the 

DLVO theory does not take into account that the bacterial cell surface responds to 

changes in pH, ionic strength,  and the presence of macromolecules and other surfaces 

(62).  Surface appendages such as pili, flagella, and curli, can overcome this barrier 

allowing for irreversible attachment by forming a bridge between the bacterial cell and 

the substratum despite the overall electrostatic repulsion of the cell (52, 60, 98).  

Extracellular filamentous appendages such as flagella, pili, and fimbriae can play 

a role in attachment (78).  Flagella are responsible for the motility of bacteria.  For 

normal biofilm formation under stagnant conditions for many pathogens, including E. 

coli, L. monocytogenes, and Yersinia enterocolitica, the initial and critical cell-to-surface 

contact is initiated by flagellar motility (91).  Van Houdt and Michiels (91) also noted 

that flagellar motility can facilitate growth and spread of a developing biofilm, and that 

the motility is required for the bacteria to move along the surface.  Pili or fimbriae are 

thread-like structures that are found on Gram-negative bacteria (78, 91).  Their 

importance in biofilm formation includes adhesion to and colonization of surfaces as they 

can strongly adhere to inorganic particles and other bacterial cells.  These cell 

appendages help the bacteria to make the transition from reversible to irreversible 

attachment to the substratum surface.   
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Quorum Sensing and Cell-to-Cell Communication 

The microcolony structures and the close proximity of cells within them creates 

an ideal environment for the exchange of genetic information, quorum sensing, and 

nutrient gradients (27).  Genetic information is typically exchanged through 

transformation or conjugation, where plasmids containing extrachromosomal DNA are 

transferred between cells (27).  A higher frequency of genetic material exchange occurs 

in biofilm cells as compared to planktonic cells (1).    

The communication that occurs among cells residing within a biofilm is often 

referred to as quorum sensing.  Quorum sensing involves the production of autoinducers, 

low-molecular-weight signaling compounds, by bacteria which are subsequently released 

into the environment (81).  These compounds can be divided into four broad categories:  

(i) N-acylhomoserine lactones (AHLs), fatty acid derivatives used by gram-negative 

bacteria for intraspecies communication, known as autoinducer-1 (AI-1);  (ii) a furanosyl 

borate diester, autoinducer-2 (AI-2), which is produced by both gram-negative and gram-

positive bacteria and used in interspecies communication; (iii) autoinducer-3 (AI-3), an 

unknown structure that is present in E. coli O157:H7  and that can cross-communicate 

with the mammalian epinephrine host-cell signaling system; and (iv) short peptides and 

amino acids used by gram-positive bacteria (81).   

Once a critical level or “quorum” of bacteria is reached, the autoinducers bind to 

specific transcription regulators (1).  This is followed by the activation or repression of 

target genes and allows the bacteria to successfully adapt and respond to the external 

environment in a way that benefits the entire population (1, 78).  Quorum sensing can 
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enhance access to nutrients and can optimize the bacterium’s ability change 

morphological forms in order to survive hostile, growth-restrictive environments (86).  

Additionally, development of genetic competence, sporulation, synthesis of antimicrobial 

peptides, virulence regulation, transfer of conjugative plasmids, symbiosis, and formation 

of biofilms are modulated by quorum sensing (81). 

Maturation 

Once the bacteria are irreversibly attached to the substratum surface, biofilm 

formation begins and maturation of the biofilm will follow.  Using the nutrients found in 

the surrounding environment and from the conditioning film, the bacteria will grow and 

divide, forming complex structures, channels, and pores (85).  The formation and 

enlargement of the microcolonies help to form a layer of cells covering the surface (52).   

Additionally, as the biofilm begins to mature, EPS is excreted and is comprised of 

proteins, nucleic acids, humic substances, phospholipids, polysaccharides, lipids, and 

nucleic acids (78).  Proteins and polysaccharides account for 75-89% of biofilm EPS 

composition, and the EPS accounts for 50-90% of the total organic carbon of the biofilm 

(27, 78) The EPS is responsible for anchoring the cells to the surface, stabilizing the 

biofilm from changes in the surrounding environment, and binding cells and particulates 

together; it can also prevent desiccation (52, 78).  Extracellular polymeric substance 

production can be affected by the age of the biofilm, the nutrient status of the growth 

media, and differences in the bacteria present.  Different bacterial species produce 

varying amounts of EPS, and the growth rate of the bacteria also can impact the amount 

of EPS produced (27).  Furthermore, EPS matrix can prevent antimicrobials from 
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reaching their intended targets through diffusion limitation and chemical interactions with 

the extracellular proteins (78).  Because of the EPS layer, biofilms are more resistant to 

chemicals used in cleaning and sanitation of food processing materials as discussed later 

in this review.  The ESP layer also acts as an aid during cell-to-cell communication, and 

the molecules necessary for community behavior can accumulate at high enough 

concentrations to be effective (78). 

Sessile cells that make up the biofilm are physiologically different than free, 

planktonic cells.  Bacteria within a biofilm are protected from the effects of antimicrobial 

compounds, biocides, and both physical and chemical stresses (52).  As much as 50% of 

the detectable proteome of Pseudomonas aeruginosa was found to have a sixfold or 

greater difference in expression when in a mature biofilm (70).  In this and other P. 

aeruginosa studies, those genes found to be upregulated in mature biofilms corresponded 

with proteins involved in gene regulation, metabolism, translation, and membrane 

transport and/or secretion (85).  Because the bacteria within the biofilm exhibit varied 

physiological patterns, the antimicrobial agents that are effective against planktonic cells 

may not be as effective against those found within the biofilm (52).   

Detachment 

Detachment is used to describe the release of cells, either individually or in a 

group, from a biofilm or substratum (85).  This dispersal can occur in several ways, 

detachment due to nutrient levels or quorum sensing, continuous shearing and removal of 

biofilm aggregates because of flow effects, or shedding of daughter cells from actively 

growing cells (27).  While detachment is a physiological regulated step, the mechanisms 
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associated with this event are not well understood.  Physical forces play an important role 

in detachment.  There are three main forces: (i) sloughing, (rapid and massive removal); 

(ii) eroding or shearing (continuous removal of small portions of biofilm); and (iii) 

abrasion (detachment due to bulk fluid particles colliding with the biofilm (16). 

Researchers have hypothesized that sloughing may occur as a result of nutrient or 

oxygen depletion, and those bacteria that are released can search for a more nutrient-rich 

environment (27).  Those cells released through erosion or sloughing are more likely to 

retain phenotypes associated with the biofilm, like antimicrobial properties, while 

daughter cells released from actively growing bacteria revert more quickly to planktonic 

phenotypes (27, 85).  In a food processing environment, the detachment of cells from the 

biofilm could result in product cross-contamination and increase the potential for a 

biofilm associated recall or outbreak. 

Equipment Surfaces 

As discussed previously, the substratum surface topography and roughness can 

affect the formation of a biofilm.  Several characteristics important to the attachment 

process may be contained within the solid surface (27).  These characteristics and 

properties include: cleanability, disinfectability, wetability as determined by 

hydrophobicity, surface roughness, and vulnerability to wear (91).  Those materials with 

a high surface roughness have been found to have greater cell attachment (60), due in 

increased surface area and diminished shear forces (27).  The cracks and crevices present 

provide possible protection from fluid forces and cleaning chemicals, thereby further 

protecting the cells (60).   
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Studies have found that hydrophobic, nonpolar surfaces like Teflon and other 

plastics, are more favorable for rapid microbial attachment as compared to hydrophilic 

materials, such as glass or metals (27).  Other studies dispute these findings and have 

shown that highly charged substrates such as glass had maximum cell adhesion as 

compared to lower charged surfaces like polystyrene (25).  It is important to note the 

wide variety of bacteria used during these studies to explore attachment on specific 

surfaces could also contribute to the conflicting conclusions.  Despite the lack of standard 

methods to determine surface hydrophobicity, an apparent hydrophobic interaction occurs 

between the substratum and the cell surface.  This allows the cell to overcome the 

repulsive forces within a specific distance from the substratum so the cells can 

irreversibly attach (27).   

Several different materials, such as plastics, rubber, glass, stainless steel, and 

polytetrafluoroethylene, have been used in the manufacturing of food processing 

equipment.  Bacteria have been shown to attach to these materials (17).  Researchers have 

demonstrated that pathogens, such as L. monocytogenes, Salmonella spp., and E. coli 

O157:H7, can attach at some level to these materials (30, 47, 96).  Even a single cell on a 

surface, such as stainless steel, can increase in number and form a biofilm when grown at 

30°C for 72h (54).  

Recent research has examined the ability of L. monocytogenes and Salmonella 

spp. to attach and form a biofilm on a variety of conveyor belt surfaces typically found 

within poultry processing plants.  In one study examining the persistence of Salmonella 

spp. on egg conveyor belts, the researchers found that the type of conveyor belt material 
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used correlated to the persistence of Salmonella on the belt (84).  This study used four 

types of conveyor belts, hemp-plastic, nylon, plastic, and vinyl.  The vinyl belt was a 

single piece of vinyl and the remaining belts were woven construction.  The efficiency of 

cleaning and washing was inversely correlated to the available surface area of the belt, 

and the belt with the least amount of surface area had the largest reduction of Salmonella 

persistence (84).  Belt material construction can influence persistence, as the woven belts 

had increased surface area for the organisms to attach, grow, and form biofilms as 

compared to the smooth surface of the vinyl belt. 

A separate study examined the ability of Salmonella spp. and L. monocytogenes to 

attach to six conveyor belt materials (92).  In this study, stainless steel-single loop, 

stainless steel-balance weave, polypropylene-meshtop, mono-polyester fabric, acetal, and 

polypropylene materials were inoculated with a cocktail of either Salmonella or L. 

monocytogenes under clean or soiled conditions.  The researchers found that both L. 

monocytogenes and Salmonella had a stronger affinity for the polymeric materials used as 

compared to stainless steel.  This could be related to the differences in available surface 

area between the belt materials tested.  Additionally, the populations were higher for both 

bacteria on clean conveyor belt coupons, as compared to soiled conveyor belt coupons.  

These findings agree with the previously mentioned study indicating that food processors 

should consider the types of materials used to manufacture food processing equipment.  

Food processing companies should also use materials that can be easily once installed. 

Researchers have examined the relative cleanability of materials commonly used 

in domestic sinks, including stainless steel, polycarbonate, enameled steel, and mineral 
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resin, in unused, abraded, and impact damaged states by comparing the population of 

organisms remaining on each surface after cleaning (41).  Acinetobacter calcoaceticus 

was used to form biofilms with densities of approximately 107 cfu/cm2 on the sink 

surfaces.  The coupons were subjected to a wash using a domestic detergent that was 

applied at 40°C, and detergent residues were rinsed with water.  The number of retained 

bacteria was much higher for abraded sink samples of any material as compared to their 

unused counterparts. This led the researchers to conclude that more irregularities, such as 

cracks, crevices, and pits, present on the surface, would lead to larger amounts of bacteria 

retained.  Further, because of the greater bacteria/material surface area, the bacteria 

would be more strongly adhered to the surface and more protected from cleaning shear 

forces (41).   

The ability of specific material surfaces to allow for attachment and biofilm 

development cannot be easily determined as environmental factors, such as temperature 

and the type of other bacteria present can also influence biofilm formation.  Studies have 

shown that L. monocytogenes ability to attach to polyvinyl chloride, stainless steel, and 

buna-n rubber was influenced by temperature and nutrient availability.  This resulted in 

the alteration of physiochemical properties of the bacterial surface, like surface 

hydrophobicity and charge (91). 

Stainless Steel 

Stainless steel (SS) is a very commonly used material within the food industry.  

There are several advantages to using SS instead of other materials for food contact 

surfaces.  Stainless steel is resistant to corrosion (ranging from fair to outstanding), 
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comes in a wide range of product forms, can be relatively easy to machine and fabricate, 

and is relatively inexpensive (76).  Additionally, SS is physiologically and chemically 

stable at a variety of processing temperatures (98).  Stainless steel comes in wide 

varieties of functional properties, composition, and surface finishes, and these differences 

can impact the cleanability of the food contact surface.   

Most of the SS used in food processing plants are non-magnetic, primarily 

austenitic alloys in the AISI 300 series (76).  Austenitic alloys are generally iron-carbon 

alloys with nickel (usually less than 35%) and chromium (up to 26%).  Grade 304 SS is 

made of 18% chromium and 8% nickel, while 306 SS is comprised of 10% nickel, and 

also contains molybdenum (76).  These two grades are commonly found within food 

processing facilities, with 304 SS making up 50% of all SS produced.  While they have 

similar mechanical and physical characteristics, 316 SS has a higher resistance to 

corrosion from food, detergents, and disinfectants (91) and is considered a higher grade 

of SS (76). 

The topography of SS is rough and full of microscopic cracks and crevices, 

lending the bacteria a method of escape from shear forces (98).  However, there are a 

wide variety of finishes that can be applied to the SS.  These finishes fall into numbered 

categories with the higher numbers representing a smoother surface finish.  The USDA 

guidelines as well as the 3-A Sanitary Standards specify all surfaces, including welded, 

fabricated, or soldered joints, should be at least a number 4 finish, and free of pits, cracks, 

folds, crevices, and misalignments in the final form (76).  In a recent study, the 

researchers determined the effect of surface finish on the ability of a clean-in-place (CIP) 
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process to remove biofilm and milk-based soil from various SS.  After eleven CIP cycles, 

SS surface finish did not have a significant influence on biofilm removal.  While 2B was 

the least cleanable with 16% of the biofilm remaining, 4% of the biofilm was remaining 

on the SS with a number 4 finish (32). The researchers suggest the cleaning procedure 

ineffectiveness may have masked any differences in cleanability between the surface 

finishes as the biofilm could have remained on the smooth areas of the surfaces.   

Pathogens, including S. enteritidis, Staphylococcus aureus, and C. jejuni, have 

been shown to survive on SS surfaces and transfer to food products such as cucumber and 

chicken fillet slices (53).  Three separate levels of S. enteritidis and S. aureus and two 

levels of C. jejuni were used to determine survivability of the pathogens on SS.  The high 

contamination level had approximately 107 cfu/100 cm2, moderate contamination was 

approximately 105 cfu/100 cm2, and the low level of contamination was approximately 

103 cfu/100 cm2.  Staphylococcus aureus was detected on the dry SS surfaces at mid to 

high levels of contamination up to 96 h after contamination, but became undetectable at 

the low concentration within 48 h of contamination.  Viable cells of S. enteritidis were 

detected at 96 h using high levels of contamination.  Surviving S. enteritidis cells 

declined below detectable limits after 24 h for moderate contamination and after 1 h for 

low levels of contamination.  After just 4 h, the number of C. jejuni cells fell below the 

detectable limit for high levels of contamination.  This shows that the bacteria can remain 

a viable source of contamination for a period of time on dry SS surfaces (53).  The above 

study also examined the risk for cross-contamination of the bacteria onto the surface of 

cucumbers and chicken fillet slices.  The transfer rate of bacteria to roasted chicken fillet 
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slices ranged from 25% to 100%, and ranged from 50% to 100% for bacteria transferred 

to cucumber slices.  While the study did not examine the ability of the bacteria to form a 

biofilm and subsequently cross-contaminate product surfaces, this research shows 

bacteria have the ability to survive on SS surfaces over a period of time (up to 96 h) and 

contaminate food products.  

Whether the composition of the surface material is plastic, SS, or another material 

type, those surfaces selected for food contact should be smooth, free of cracks and 

crevices, non-absorbent, impermeable, corrosion resistant, cleanable, durable, non-

porous, non-reactive, and non-contaminating (76). 

Cleaning and Sanitation of Equipment 

While plant and equipment design and layout are important, a well developed, 

effective cleaning and sanitation program is also needed to ensure a safe food production 

environment.  The primary objective of the sanitation program is to remove product 

residue (91).  A cleaning and sanitation program within a food plant is well defined and 

routine, and includes removal of visible debris, utilizing detergents or cleaning agents, 

and disinfectants or sanitizers to remove product residue (47, 98).  The detergents used 

are designed to penetrate the soils and residues so they are easier to remove.  Detergents 

can be composed of agents to solubilize proteins, alkalis to saponify fats and oils, 

chelating agents and acids to remove deposited minerals, and surfactants to act as wetting 

agents (98).  Standard cleaning methods, such as acid- or alkali-based cleaning processes, 

are adequate to remove the EPS biofilm matrix when correct processing parameters, such 

as concentration, contact time, and temperature, are used.  However, incomplete removal 
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of the bacteria will help to facilitate reattachment and further biofilm formation (91).  

Because detergents alone do not remove all of the residues present, mechanical action 

such as scrubbing is also required for food contact surfaces.  Remaining soils and 

residues can act as a conditioning film on the equipment surface, which can aid in 

bacterial attachment and subsequent biofilm formation (27).   

While detergents are generally used to remove soils, one study concluded that 

detergents are also an important element in the control of bacterial numbers (29).  A 

simulator study was developed to examine the effects of a post-soil rinse, an alkaline 

detergent, a post-detergent rinse, and a pre-milk iodophor sanitizer followed by 

contamination with Streptococcus faecalis inoculated milk over multiple cycles on SS 

coupons.  For each test treatment, one aspect of the cleaning cycle was removed: the 

post-detergent rinse was eliminated, the post-soil rinse was eliminated, or the detergent 

step was replaced with water, with the rest of the steps remaining in place.  Researchers 

found that the amount of soil on the surface directly influenced the amount of S. faecalis 

also present on the surface (29).  When the detergent was removed, the greatest amount 

of soil contamination was deposited at a rate of approximately six times that of the next 

treatment.  The greatest reduction in bacterial counts occurred when detergent was 

present in the cleaning process, leading the researchers to deem it as the single most 

efficient component of the system (29).  However, the application of detergent was not 

totally effective at removing soil and the efficiency of all systems tested decreased over 

time due to soil build-up and subsequent bacterial growth. It was also noted that sanitizer 

effectiveness varied with the amount of surface soil and the number of microorganisms 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

41 

present before the sanitizer was applied.  While the researchers state that the bacteria did 

not grow on the SS surface during the study, this study emphasizes the need for complete 

and thorough cleaning and sanitation systems. 

The purpose of sanitizing or disinfecting agents is the control of microorganisms.  

Sanitizers are those solutions that meet the requirements set forth by the US Code of 

Federal Regulations (21 CFR 178.1010), and also reduce E. coli ATCC 11229 and S. 

aureus ATCC 6538 populations by 99.999% within 30 sec using the AOAC Germicidal 

and Detergent Sanitizers Methods (7, 98).  Several different types of sanitizers are 

approved for use in food processing plants, including quaternary ammonium compounds, 

acid-anionic sanitizers, peroxyacetic acid, chlorine and chlorine derivatives, iodine 

derivatives, hydrogen peroxide, and acidified sodium chloride (23).  Sanitizer 

effectiveness can be influenced by parameters like concentration, pH, temperature, and 

contact time.  Sanitizers are most effective when applied to residue-free surfaces, as 

sanitizer efficacy against the bacteria is reduced if the sanitizer cannot penetrate the 

residue to reach the bacteria (98). 

Sanitizer efficacy against pathogenic bacteria within a biofilm on food processing 

surfaces has been widely examined.  One such study examined the survival of E. coli 

O157:H7 and S. aureus on SS and the efficacy of chemical sanitizers against the biofilms 

(8).  For this study, three types of adhered cells were used: (i) adhered cells (2 h 

attachment), (ii) biofilm producing in TSB (6 day (d) biofilm), and (iii) biofilm produced 

in 100% relative humidity (RH) (5 d biofilm) were used in this study.  Two types of 

commercial sanitizers, chlorine-based and alcohol-based, were used at manufacturer 
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recommended concentrations.  The alcohol-based sanitizer was the most effective against 

attached pathogens or biofilms for E. coli O157:H7 and S. aureus.  The efficacy of 

sanitizers on the three different biofilm types was not significantly different.  Researchers 

concluded that the alcohol-based sanitizer could be applied to food contact surfaces to 

help control microbial contamination regardless of how the bacterial cells were attached 

(8). 

Other studies have found that L. monocytogenes biofilms have increased 

resistance to higher concentrations of sanitizers, such as quaternary ammonium and 

chlorine- or iodine-containing products, as compared to planktonic cells (21).  Sanitizer 

resistance of sessile and planktonic cells of differing ages and with renewable nutrients 

was also examined.  In this study, SS coupons were inoculated with L. monocytogenes, 

and cells were allowed to attach for up to 7 d (6 h, 1 d, 7 d) (21).  For a portion of the 

coupons, the media was replaced after 2 h and every 24 h after; while the media was not 

refreshed for the remainder. The seven different treatments were applied by mixing the 

sanitizer with the medium, pouring over the coupon, and allowing contact for thirty 

minutes (min).  Non-adherent cells were rinsed off, and the sessile cells were enumerated 

after they were detached from the coupons.  Renewing the media resulted in a near 2 log 

increase in the number of sessile cells obtained after 7 d of biofilm formation, and no 

significant differences in sanitizer effectiveness were found.  Therefore, the resistance 

response to some sanitizers observed over time was not medium-dependent.   Quaternary 

ammonium and alkalization of the media with sodium hydroxide were found to be the 

most effective sanitizers to inhibit L. monocytogenes.  However, the formation of a 
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biofilm may lead to an increased resistance of sessile cells to quaternary ammonium 

when the biofilm is aged (21).  Food processing plant personnel should understand the 

importance of preventing biofilm development and potential product contamination 

through increased sanitizer resistance. 

STEC Biofilms 

Shiga toxin-producing E. coli strains are important pathogens of concern for 

multiple commodity groups within the food industry as outbreaks have occurred among a 

variety of products including meat and produce (5, 20, 66).  As researchers study STECs, 

how they cause disease, and how they survive in the environment, their ability to attach 

and form biofilms on both biotic and abiotic surfaces is important in developing methods 

of control for these organisms.  As non-O157 STECs quickly emerge as pathogens of 

concern, more research will be conducted on these organisms to learn more about them.  

In the meantime, previous research conducted on E. coli O157:H7 provides insight on 

how these organisms may attach and form biofilms, and how effective current cleaning 

and sanitizing agents are against those biofilms. 

Escherichia coli O157:H7 has been shown to have the ability to attach to both 

biotic and abiotic surfaces including those found in food processing environments.  A 

study was conducted to observe the effects low temperatures, anaerobic conditions, and 

nutrients had on the ability of E. coli O157:H7 to attach and form biofilms on SS (24).  

The strain used for this study was a clinical isolate from the 1982 ground beef outbreak.  

To study the effects of nutrients, multiple media were used including: tryptic soy broth 

(TSB), 1/5 TSB, 0.1% Bacto peptone, and a minimal salts medium (MSM) with 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

44 

ingredients: KH2PO4, K2HPO4, (NH4)2SO4, MgSO4, and yeast extract.  Carbon sources of 

either D-lactose, glycerol, sodium pyruvate, succinic acid, lactic acid, D-mannose, or D-

glucose were added as a supplement to the MSM.  Further studies, including attachment, 

detachment, and hydrophobicity determinations were conducted on bacteria grown in 

TSB and MSM-0.04% glucose media.  Minimal salts media-0.04% glucose was also used 

to study biofilm formation under anaerobic conditions and at 10°C.   

The strain of E. coli O157:H7 from the 1982 outbreak was found to have the 

ability to attach and form biofilms on SS when the conditions mentioned previously (24).  

Biofilms quickly developed with higher numbers of adhered cells in complex media as 

compared to the slower growth of the planktonic cells in the same media.  Those biofilms 

grown in complex media did not have significant amounts of extracellular matrix (ECM), 

which is an important component of biofilms.  They also appeared as individual cells 

under scanning electron microscopy (SEM).  Additionally, the number of adherent cells 

decreased during incubation and mild agitation easily separated SS from the bacteria 

grown in TSB.  However, the researchers noted the biofilms that developed in MSM-

0.04% glucose were noticeably extensive after 2 d, and consisted of a thicker ECM and 

shorter cells as compared to biofilms in complex media (24).  The MSM-0.04% creates 

an environment of nutrient stress for the bacteria, and this suggests that these cells 

become more hydrophobic resulting in aggregation of planktonic cells, increase in cell 

mass, and an increase in initial attachment to the SS surface.  The formation of ECM 

helped to stabilize the biofilm (24).  Under agitation, this biofilm did not detach easily 

from the coupons.  Coupons grown in MSM-0.04% glucose had a significantly (p<0.05) 
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higher bacterial attachment than those grown in TSB, even though the planktonic 

populations were similar.  Additionally, a significant increase in surface hydrophobicity 

was also noted when E. coli O157:H7 was grown in MSM-0.04% glucose as compared to 

TSB.   

Biofilm formation of E. coli O157:H7 in conditions found in some food 

processing environments, including low temperatures (10°C) or anaerobic conditions 

(80% nitrogen, 10% carbon dioxide, and 10% hydrogen), was also examined in the 

previous study (24).  Anaerobic environments can be found in hard to clean locations 

such as dead ends, gaskets, and valves, and low temperatures are maintained in various 

facilities, such as meat plants.  At 10°C, growth was noticeably slower, but the number of 

adherent cells was similar after 8 days when compared to growth at 25°C.  The nature of 

the biofilm was different; at 10°C, very little ECM was present and the single cells were 

normal sized.  Biofilms also developed under anaerobic conditions and resembled those 

formed at 10°C, except the bacteria were shorter (24).  The above study was among the 

first published illustrating the ability of E. coli O157:H7 to attach and form biofilms on 

food contact surfaces.  Although conditions presented in this study were limited to a 

single-strain biofilm grown under laboratory conditions, this study is of importance as it 

shows outbreak strains can form biofilms and that under limited nutrient conditions, these 

biofilms are hardy and are not easily removed by agitation. 

The ability of E. coli O157:H7 to attach and subsequently form biofilms on 

abiotic surfaces commonly found in food processing environments has been studied 

extensively.  These studies have included single-strain, multi-strain, and multi-species 
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biofilm formation under a variety of environmental conditions including nutrient 

availability, temperature, and different substratum surface materials (30, 79, 80, 95).  

Researchers have determined that E. coli O157:H7 can be transferred from beef 

trimmings to SS grinder surfaces within 5 minutes of contact and the bacteria can survive 

up to 8 d at 4°C, and 35% or 70% RH (30).  Others have noted survival of the pathogen 

for over 28 d at both room and refrigeration temperatures on SS (95).  Neither study 

examined the potential for biofilm formation.   

Multiple surfaces, including SS, high-density polyethylene (HDPE), 

polypropylene, acetal, and various copper-containing metals, commonly found in food 

processing environments have been used to determine if E. coli O157:H7 can attach and 

form biofilms.  To simulate conditions encountered during beef fabrication, one study 

utilized a fat-lean homogenate (FLH, liquid) and ground beef (GB, solid) on SS and 

HDPE to determine adherence and subsequent biofilm formation of an E. coli O157:H7 

cocktail (28).  They found that the bacteria could readily attach to either surface, and the 

surface type did not affect adherence of the bacteria under the testing conditions.  Instead, 

the soiling material (FLH or GB) used to soil the surface significantly affected the 

attachment with GB resulting in the highest amount of initial cell adherence.  A separate 

study performed in the same laboratory utilizing similar growth conditions and the same 

six-strain E. coli O157:H7 cocktail on surfaces of acetal, polypropylene, HDPE, and SS 

found attachment was dependent on surface type and inoculation substrate when coupons 

were stored in TSB, FLH, or GB (79).  However, in the presence of beef fat, the surface 

effect was negated and E. coli O157:H7 attachment was similar across all surfaces.  The 
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researchers noted that animal fats could potentially minimize the influence of cell 

appendages commonly associated with biofilm-forming strains and aid in the attachment 

of non-biofilm forming strains (79), concluding that the utilization of laboratory media on 

contact surfaces may not adequately represent events occurring within the plant 

environment. 

Biofilm formation by E. coli O157:H7 has also been studied using mixed cultures, 

in particular, other bacteria that may also be found in a beef processing plant including 

other serogroups of E. coli. Acinetobacter calcoaceticus is a common, non-pathogenic 

bacteria strain found in meat processing environments.  To determine how commensal 

bacteria biofilms affect surface colonization of E. coli O157:H7, A. calcoaceticus was 

used to study the spatial distribution of cells under both dynamic and static growth 

conditions on glass surfaces utilizing Luria-Bertani (LB) broth as the inoculated substrate 

(39).  The results indicate that E. coli O157:H7 surface colonization increased by 400-

fold in the presence of A. calcoaceticus in dynamic growth conditions.  Additionally, 

after 72 h, the E. coli O157:H7 cells were partially covered by A. calcoaceticus cells.  

This indicates that the commensal strain may provide a level of protection for E. coli 

O157:H7 cells from the shear forces within the dynamic conditions.  There may be an 

increased risk for persistence and cross-contamination by pathogens as the commensal 

surface bacteria can enhance colonization of E. coli O157:H7 (39).  The importance of 

thorough cleaning and sanitation programs that take the presence of commensal bacterial 

biofilms into account cannot be overlooked by food processors. 
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Furthermore, the co-colonization of food equipment surfaces with multiple strains 

of STECs can lead to the possibility of contaminated product with more than one 

pathogen present.  Escherichia coli O26:H11 has been noted as having enhanced 

virulence  and the ability to cause HUS, and is regarded one of the most dangerous non-

O157 STECs (94).  A recent study examined how the coexistence of E. coli O157:H7 and 

O26:H11 would affect mixed-biofilm formation on surfaces found in food processing 

environments (94).  The cultures were grown statically at room temperature using 

polystyrene as the surface substrate.  After 72 h, E. coli O26:H11 cells made up a larger 

percentage of the mixed biofilms as compared to E. coli O157:H7, and had the larger 

population among planktonic cell suspensions.  The ability of each serogroup to colonize 

a pre-formed biofilm comprised of the other serogroup was also tested.  Escherichia coli 

O26:H11 was found to be effective in colonization and was able to establish and create a 

mixed biofilm.  However, E. coli O157:H7 was not an effective colonizer of pre-formed 

E. coli O26:H11 biofilms (94).  This study shows the importance of non-O157 STECs in 

food safety and the need for increased awareness of non-O157 STEC containing biofilms 

within the food industry. 

In another recent study, various strains of STEC serotypes, E. coli O26:H11, 

O111:H8, and O157:H7, were examined for their ability to attach and form biofilms on 

polystyrene under different conditions.  The tolerance of the formed biofilms against 

quaternary ammonium chloride-based (QAC) and chlorine-based sanitizers was also 

tested (93).  The biofilms were grown at 25°C, and for sanitizer efficacy testing, those 

biofilms were allowed to form for 72 h prior to application of the sanitizers.  Multiple 
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strains of each serotype were tested individually to determine their ability to attach and 

form subsequent biofilms.  The researchers determined that strain and incubation time 

both had a significant influence on biofilm development, but serotype did not, leading to 

the conclusion that no particular serotype showed a greater ability to attach as compared 

to the others (93).  Additionally, there were no significant differences in cell reductions 

after exposure to either sanitizer treatment among serotypes.  Shiga toxin-producing 

Escherichia coli biofilm tolerance to both the QAC and chlorine treatments was strain 

dependent.  Pellicle formation for each strain was also determined, as the expression of 

exopolysaccharide cellulose and Congo red-binding curli fimbriae has been demonstrated 

to increase a strain’s ability to form biofilms.  Escherichia coli O26:H11 had the highest 

amount of pellicle formation followed by E. coli O111:H8 at the air-liquid interface on 

glass surfaces, while E. coli O157:H7 showed no to very limited pellicle formation 

capacity (93).  Both strain and serotype had significant implications in pellicle formation, 

and curli-positive STEC strains produced biofilms that exhibited a higher tolerance to the 

sanitizers applied.  The researchers concluded that STEC biofilm formation is affected by 

a multitude of physiological and environmental factors, and that this complex relationship 

should be examined on a case-by-case basis when selecting strains for use in experiments 

(93). 

The effectiveness of cleaning and sanitation programs against E. coli O157:H7 

biofilms is another important area of research.  In a previously mentioned study, the role 

of washing and sanitizing was determined after inoculated beef trim with varying 

protein:fat ratios had been passed through a meat grinder (30).  Washing the grinder with 
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an alkaline-based detergent reduced the number of bacteria on the coupons.  When 

washed by immersion only, a high percentage of the coupons were positive for E. coli 

O157:H7; however, when manual scrubbing was applied, the number of positive chips 

was reduced, indicating that chemical and mechanical methods for cleaning are both 

needed.  Sanitizers were applied to a portion of the coupons after washing with 

detergents.  Chlorine and peroxyacetic acid were found to be equally effective sanitizing 

agents within the scope of this study, although low numbers of the organism, some 

possibly injured, were recovered from many of the coupons (30).  The researchers noted 

that fat content of the beef may have influenced the survival of E. coli O157:H7 when 

detergent and chlorine were applied.  Leaner meats had a higher recovery after equipment 

storage which indicates that the proteins left behind on the surface provided injured cells 

an environment to repair (30).  This research shows that the bacteria can transfer from 

beef and attach to equipment surfaces.  While E. coli O157:H7can survive on equipment 

during storage, the researchers also concluded that traditional swabbing methods may not 

be sufficient to recover bacteria, and an enrichment step may be needed to allow for 

recovery of injured cells, in addition to ATP bioluminescence in the plant setting (30). 

While the scope of this dissertation did not include studying the molecular 

mechanisms needed to attach and form biofilms of the STEC serogroups, it is still 

important to have an understanding of these mechanisms as this knowledge can lead to 

increased pathogen control in foods.  Multiple molecular events that include adhesion, 

aggregation, and community expansion mechanisms must be coordinated to allow for 

formation of the three-dimensional structures that are found within biofilms (75).  
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Transcriptional studies have been conducted to determine insight into the genes induced 

during biofilm development.  One such study found that when compared to stationary 

phase cells, 389 genes (9.07%) were up-regulated while 192 genes (4.48%) were down-

regulated in biofilms of E. coli K-12 (65).  Those genes which were upregulated were 

associated with transport/binding proteins, translation/post-translational modification, 

amino acid biosynthesis, energy metabolism, and nucleotide biosynthesis.  Another study 

found 142 genes to be up-regulated during biofilm formation, including genes for energy 

metabolism, known or putative transport and binding proteins (49).  The authors found 

that only thirteen of the genes from their study were also reported to be up-regulated in 

previous transcriptional analyses including the aforementioned.  They contributed those 

differences to variations in the strains used, growth conditions including media, harvest 

conditions, and differences between mRNA extraction and array hybridization methods, 

and data analysis (49).   

Multiple genes encoding surface-located proteins likely to be involved in 

attachment and subsequent formation were found to be up-regulated.  Those proteins 

include type 1 fimbriae (pili) and Ag43, both of which have been found to be involved in 

bacterial attachment (75).  Additionally, type 1 fimbriae are necessary for the initial 

attachment of E. coli to the abiotic surface, and the fimbriae’s integrity directly affects 

flagellar adherence to surfaces (64).  Under the conditions, which included growth in 

minimal media at room temperature, used in the study, flagellar-mediated motility was 

necessary for normal biofilm formation, while chemotaxis was not necessary for the 

initiation of biofilm formation by E. coli.  This study concluded that motility supports 
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initial cell-to-surface contact, and may also aid in the spread of a growing biofilm along a 

surface (64).   Cookson and others (22) found that non-O157 STEC production of type 1 

and curli fimbriae is a critical component of biofilm formation.  The adhesion of E. coli 

O128 to surfaces was also dependent upon the source of nutrients.  Type 1 fimbriae 

mediated attachment when grown in LB broth, but when grown in Colonisation Factor 

Antigen broth, the bacteria expressed curli fimbriae to adhere to the abiotic surfaces.   

Recently, a study examining the differential binding of E. coli O157:H7 to plastic, 

alfalfa, and human intestinal epithelial cells was conducted with the purpose of 

determining the role of different mediators of adherence (87).  More specifically, curli 

production and the Cah (calcium binding antigen 43 homologue) protein, which is a heat-

extractable surface protein causing autoaggregation, were closely examined.  The Cah 

protein is associated with adherence and belongs to the same autotransporter family as 

AidA-I and Ag43.  Expression of OmpA, a major outer membrane protein, is critical to 

the binding of E. coli O157:H7 to plant surfaces.  Additionally, the findings for this study 

did not support the role of curli production on enhanced biofilm formation on abiotic 

surfaces, such as stainless steel.  A distinct set of genes that overlapped were responsible 

for binding to the three different surfaces (87).  A more extensive review of literature will 

find that the mechanisms used by STECs for attachment to surfaces, both biotic and 

abiotic, are dependent on the strain and its exposure to environmental stresses.   

Quorum sensing provides bacteria with a means of cell-to-cell signaling through 

the production of autoinducers (AI) (83).  When the concentration of AI reaches a certain 

threshold, they can control gene expression through interaction with regulatory proteins.  
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It has been shown that the LEE pathogenicity island genes in E. coli O157:H7 can be 

regulated through quorum sensing (82).  Quorum sensing regulation in EHECs was 

determined using a gene array analysis, which determined that a variety of genes 

including those involved in motility could be regulated by QS (83).  This study used 

planktonic cultures of an E. coli O157:H7 strain involved in an outbreak of bloody 

diarrhea, as well as mutants that either over-expressed or did not have luxS, which is the 

gene that encodes for AI-2 that is used by E. coli for QS.  While this study did not 

investigate the expression of genes expressed within an active biofilm, the findings may 

provide further insight into mechanisms associated with STEC biofilms.  Quorum sensing 

resulted in the up-regulation of genes associated with the production and expression of 

flagella, motility, and chemotaxis, each of which have been associated with initial 

attachment and subsequent biofilm formation by STECs.   

The biofilm’s increased resistance to sanitizers is also an area of concern for food 

processing facilities and can hinder a plant’s food safety record.  Multiple studies have 

been conducted on the efficacy of specific sanitizers against E. coli biofilms, but little 

research has examined the mechanisms elicited by E. coli biofilms that lead to an 

increased resistance to sanitizers.  One study explored EPS and curli production on 

increased resistance to chlorine by E. coli O157:H7 biofilms (67).  Extracellular 

polymeric substance is known to provide to act as a physical barrier which protects the 

cells from environmental stresses, and is involved in biofilm formation.  In a previous 

study, the authors had determined that EPS made by E. coli O157:H7 acts as an 
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antiadhesive and negatively affects attachment on the surface of SS (68).  Curli produced 

by the bacteria was found to not affect cell attachment to SS (69).   

In the current study, the authors noted that the production of both curli and EPS 

by the biofilm conferred resistance to chlorine (67).  When treated with chlorine, the E. 

coli O157:H7 biofilm population dropped rapidly within one minute then leveled off for 

the remainder of the treatment time.  This could indicate that the cells located near the 

biofilm surface were killed instantly after contact with chlorine, but the rate of chlorine 

diffusion to cells deeper within the biofilm was slowed or prevented.  This finding 

supports the thought that EPS acts as a diffusion matrix and can neutralize the sanitizer.  

Those strains that were overproducers for curli production also showed an increased 

resistance to chlorine.  The authors concluded that curli also have important roles in 

increased sanitizer resistance of E. coli biofilms, which is in agreement with other studies 

(93).  Further research is needed to better understand biofilm formation by non-O157 

STECs including E. coli O26, O45, O103, O111, O121, and O145 on food production 

surfaces and if they also exhibit increased resistance to commonly used sanitizers within 

the food industry. 

  



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

55 

Literature Cited 

1. Annous, B. A., P. M. Fratamico, and J. L. Smith. 2009. Quorum sensing in 

biofilms: why bacteria behave the way they do. J Food Sci. 74:R24-R37. 

2. Anonymous. 1995. Community outbreak of hemolytic uremic syndrome 

attributable to Escherichia coli O111:NM — South Australia, 1995. MMWR. 44:550-558. 

3. Anonymous. 1995. Outbreak of acute gastroenteritis attributable to Escherichia 

coli serotype O104:H21 — Helena, Montana, 1994. MMWR. 44:501-503. 

4. Anonymous. 2011. Investigation update:  outbreak of Shiga toxin-producing 

Escherichia coli O104 (STEC O104:H4) infections associated with travel to Germany. 

Available at: http://www.cdc.gov/ecoli/2012/ecoliO104/index.html. Accessed July 23, 

2013. 

5. Anonymous. 2012. Multistate outbreak of Shiga toxin-producing Escherichia coli 

O26 infections linked to raw clover sprouts at Jimmy John's restaurants. Available at: 

http://www.cdc.gov/ecoli/2012/O26-02-12/index.html. Accessed July 23, 2013. 

6. Anonymous. 2012. Multistate outbreak of Shiga toxin-producing Escherichia coli 

O157:H7 infections linked to organic spinach and spring mix blend (final update). 

Available at: http://www.cdc.gov/ecoli/2012/O157H7-11-12/index.html. Accessed July 

23, 2013. 

7. Anonymous. 2013. Code of Federal Regulations 21.CFR.178.1010. In  U.S. 

Government Printing Office, Washington, D.C. 

8. Bae, Y.-M., S.-Y. Baek, and S.-Y. Lee. 2012. Resistance of pathogenic bacteria 

on the surface of stainless steel depending on attachment form and efficacy of chemical 

sanitizers. Int J Food Micro. 153:465-473. 

9. Balagué, C., A. A. Khan, L. Fernandez, A. Lía Redolfi, V. Aquili, P. Voltattorni, 

C. Hofer, G. Ebner, S. Dueñas, and C. E. Cerniglia. 2006. Occurrence of Non-O157 

Shiga toxin-producing Escherichia coli in ready-to-eat food from supermarkets in 

Argentina. Food Microbiol. 23:307-313. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

56 

10. Banatvala, N., P. M. Griffin, K. D. Greene, T. J. Barrett, W. F. Bibb, J. H. Green, 

and J. G. Wells. 2001. The United States national prospective hemolytic uremic 

syndrome study: microbiologic, serologic, clinical, and epidemiologic findings. J Infect 

Dis. 183:1063-70. 

11. Barkocy-Gallagher, G. A., T. M. Arthur, M. Rivera-Betancourt, X. Nou, S. D. 

Shackelford, T. L. Wheeler, and M. Koohmaraie. 2003. Seasonal prevalence of Shiga 

toxin-producing Escherichia coli, including O157:H7 and Non-O157 serotypes, and 

Salmonella in commercial beef processing plants. J Food Prot. 66:1978-1986. 

12. Bell, B. P., M. Goldoft, P. M. Griffin, M. A. Davis, D. C. Gordon, P. I. Tarr, C. A. 

Bartleson, J. H. Lewis, T. J. Barrett, J. G. Wells, R. Baron, and J. Kobayashi. 1994. A 

multistate outbreak of Escherichia coli O157:H7—associated bloody diarrhea and 

hemolytic uremic syndrome from hamburgers: the Washington experience. JAMA. 

272:1349-1353. 

13. Bettelheim, K. A. 2007. The Non-O157 Shiga-toxigenic (verocytotoxigenic) 

Escherichia coli; under-rated pathogens. Crit Rev Microbiol. 33:67-87. 

14. Bosilevac, J. M., and M. Koohmaraie. 2011. Prevalence and characterization of 

Non-O157 Shiga toxin-producing Escherichia coli isolates from commercial ground beef 

in the United States. Appl Environ Microbiol. 77:2103-12. 

15. Boyce, T. G., D. L. Swerdlow, and P. M. Griffin. 1996. Shiga toxin-producing 

Escherichia coli infections and the hemolytic uremic syndrome. Semin Pediat Infect Dis. 

7:258-264. 

16. Brading, M. G., J. Jass, and H. M. Lappin-Scott. 1995. Dynamics of biofilm 

formation. p. 46-63. In H.M. Lappin-Scott, and J.W. Costerton (ed.), Microbial Biofilms 

Cambridge University Press, Cambridge. 

17. Brooks, J. D., and S. H. Flint. 2008. Biofilms in the food industry: problems and 

potential solutions. Int J Food Sci Tech. 43:2163-2176. 

18. Brooks, J. T., E. G. Sowers, J. G. Wells, K. D. Greene, P. M. Griffin, R. M. 

Hoekstra, and N. A. Strockbine. 2005. Non-O157 Shiga toxin–producing Escherichia 

coli infections in the United States, 1983–2002. J Infect Dis. 192:1422-1429. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

57 

19. Busscher, H. J., and A. H. Weerkamp. 1987. Specific and non-specific 

interactions in bacterial adhesion to solid substrata. FEMS Microbiology Letters. 46:165-

173. 

20. Centers for Disease Control and Prevention. 2013. Multistate foodborne outbreak 

investigations. Available at: http://www.cdc.gov/outbreaknet/outbreaks.html. Accessed 

July 13, 2013. 

21. Chavant, P., B. Gaillard-Martinie, and M. Hébraud. 2004. Antimicrobial effects of 

sanitizers against planktonic and sessile Listeria monocytogenes cells according to the 

growth phase. FEMS Microbiol Lett. 236:241-248. 

22. Cookson, A. L., W. A. Cooley, and M. J. Woodward. 2002. The role of type 1 and 

curli fimbriae of Shiga toxin-producing Escherichia coli in adherence to abiotic surfaces. 

Int J Med Microbiol. 292:195-205. 

23. Davidson, P. M., and M. A. Harrison. 2002. Resistance and adaptation to food 

antimicrobials, sanitizers, and other process controls. Food Tech. 56:69-78. 

24. Dewanti, R., and A. C. Wong. 1995. Influence of culture conditions on biofilm 

formation by Escherichia coli O157:H7. Int J Food Microbiol. 26:147-164. 

25. Dexter, S. C., J. D. Sullivan, J. Williams, and S. W. Watson. 1975. Influence of 

substrate wettability on the attachment of marine bacteria to various surfaces. Appl 

Microbiol. 30:298-308. 

26. Dickson, J. S., and M. Koohmaraie. 1989. Cell surface charge characteristics and 

their relationship to bacterial attachment to meat surfaces. Appl Environ Microbiol. 

55:832-836. 

27. Donlan, R. M. 2002. Biofilms: microbial life on surfaces. Emerg Infect Dis. 

8:881-90. 

28. Dourou, D., C. S. Beauchamp, Y. Yoon, I. Geornaras, K. E. Belk, G. C. Smith, 

G.-J. E. Nychas, and J. N. Sofos. 2011. Attachment and biofilm formation by Escherichia 

coli O157:H7 at different temperatures, on various food-contact surfaces encountered in 

beef processing. Int J Food Microbiol. 149:262-268. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

58 

29. Dunsmore, D. 1981. Bacteriological control of food equipment surfaces by 

cleaning systems. I. detergent effects. J Food Prot. 44:15-20. 

30. Farrell, B. L., A. B. Ronner, and A. C. Lee Wong. 1998. Attachment of 

Escherichia coli O157:H7 in ground beef to meat grinders and survival after sanitation 

with chlorine and peroxyacetic acid. J Food Prot. 61:817-822. 

31. Frank, C., D. Werber, J. P. Cramer, M. Askar, M. Faber, M. an der Heiden, H. 

Bernard, A. Fruth, R. Prager, A. Spode, M. Wadl, A. Zoufaly, S. Jordan, M. J. Kemper, 

P. Follin, L. Müller, L. A. King, B. Rosner, U. Buchholz, K. Stark, and G. Krause. 2011. 

Epidemic profile of Shiga toxin–producing Escherichia coli O104:H4 outbreak in 

Germany. New Engl J Med. 365:1771-1780. 

32. Frank, J. F., and R. Chmielewski. 2001. Influence of surface finish on the 

cleanability of stainless steel. J Food Prot. 64:1178-1182. 

33. Garg, A. X., R. S. Suri, N. Barrowman, F. Rehman, D. Matsell, M. P. Rosas-

Arellano, M. Salvadori, R. B. Haynes, and W. F. Clark. 2003. Long-term renal prognosis 

of diarrhea-associated hemolytic uremic syndrome: a systematic review, meta-analysis, 

and meta-regression. JAMA. 290:1360-70. 

34. Gibson, H., J. H. Taylor, K. E. Hall, and J. T. Holah. 1999. Effectiveness of 

cleaning techniques used in the food industry in terms of the removal of bacterial 

biofilms. J Appl Microbiol. 87:41-48. 

35. Gould, L. H., K. A. Walsh, A. R. Vieira, K. Herman, I. T. Williams, A. J. Hall, 

and D. Cole. 2013. Surveillance for foodborne disease outbreaks - United States, 1998-

2008. MMWR. 62:1-34. 

36. Grant, M. A., C. Hedberg, R. Johnson, J. Harris, C. M. Logue, J. Meng, J. N. 

Sofos, and J. S. Dickson. 2011. The significance of Non-O157 Shiga-toxin producing 

Escherichia coli in food. Food Prot Trends. 31:33-45. 

37. Griffin, P. M., and R. V. Tauxe. 1991. The epidemiology of infections caused by 

Escherichia coli O157: H7, other enterohemorrhagic E. coli, and the associated hemolytic 

uremic syndrome. Epidemiol Rev. 13:60-98. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

59 

38. Gyles, C. L. 2007. Shiga toxin-producing Escherichia coli: An overview. J Anim 

Sci. 85:E45-E62. 

39. Habimana, O., E. Heir, S. Langsrud, A. W. Åsli, and T. Møretrø. 2010. Enhanced 

surface colonization by Escherichia coli O157:H7 in biofilms formed by an 

Acinetobacter calcoaceticus isolate from meat-processing environments. Appl Environ 

Microbiol. 76:4557-4559. 

40. Harris, L. J., J. N. Farber, L. R. Beuchat, M. E. Parish, T. V. Suslow, E. H. 

Garrett, and F. F. Busta. 2003. Outbreaks associated with fresh produce: incidence, 

growth, and survival of pathogens in fresh and fresh-cut produce. Comp Rev Food Sci 

Food Saf. 2:78-141. 

41. Holah, J. T., and R. H. Thorpe. 1990. Cleanability in relation to bacterial retention 

on unused and abraded domestic sink materials. J Appl Bacteriol. 69:599-608. 

42. Hussein, H. S., and L. M. Bollinger. 2005. Prevalence of Shiga toxin-producing 

Escherichia coli in beef. Meat Sci. 71:676-689. 

43. Hussein, H. S., and L. M. Bollinger. 2005. Prevalence of Shiga toxin-producing 

Escherichia coli in beef cattle. J Food Prot. 68:2224-2241. 

44. In, J., V. Lukyanenko, J. Foulke-Abel, A. L. Hubbard, M. Delannoy, A.-M. 

Hansen, J. B. Kaper, N. Boisen, J. P. Nataro, C. Zhu, E. C. Boedeker, J. A. Girón, and O. 

Kovbasnjuk. 2013. Serine protease EspP from enterohemorrhagic Escherichia coli is 

sufficient to induce Shiga toxin macropinocytosis in intestinal epithelium. PLoS ONE. 

8:e69196. 

45. Jackson, M. P., R. J. Neill, A. D. O'Brien, R. K. Holmes, and J. W. Newland. 

1987. Nucleotide sequence analysis and comparison of the structural genes for Shiga-like 

toxin I and Shiga-like toxin II encoded by bacteriophages from Escherichia coli 933. 

FEMS Microbiology Letters. 44:109-114. 

46. Jeong, D. K., and J. F. Frank. 1994. Growth of Listeria monocytogenes at 21°C in 

biofilms with micro-organisms isolated from meat and dairy processing environments. 

LWT - Food Sci Tech. 27:415-424. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

60 

47. Jessen, B., and L. Lammert. 2003. Biofilm and disinfection in meat processing 

plants. Int Biodeter Biodegr. 51:265-269. 

48. Johnson, K. E., C. M. Thorpe, and C. L. Sears. 2006. The emerging clinical 

importance of Non-O157 Shiga toxin-producing Escherichia coli. Clin Infect Dis. 

43:1587-95. 

49. Junker, L. M., F. A. Toba, and A. G. Hay. 2007. Transcription in Escherichia coli 

PHL628 biofilms. FEMS Microbiology Letters. 268:237-243. 

50. Kalchayanand, N., T. M. Arthur, J. M. Bosilevac, and T. L. Wheeler. 2011. Non-

O157 Shiga toxin-producing Escherichia coli: prevalence associated with meat animals 

and controlling interventions. p. 1-9. In, 64th Annual Reciprocal Meat Conference 

American Meat Science Association, Kansas State University, Manhanttan, KS. 

51. Karmali, M. A., M. Mascarenhas, S. Shen, K. Ziebell, S. Johnson, R. Reid-Smith, 

J. Isaac-Renton, C. Clark, K. Rahn, and J. B. Kaper. 2003. Association of genomic O 

island 122 of Escherichia coli EDL 933 with verocytotoxin-producing Escherichia coli 

seropathotypes that are linked to epidemic and/or serious disease. J Clin Micro. 41:4930-

4940. 

52. Kumar, C. G., and S. K. Anand. 1998. Significance of microbial biofilms in food 

industry: a review. Int J Food Microbiol. 42:9-27. 

53. Kusumaningrum, H. D., G. Riboldi, W. C. Hazeleger, and R. R. Beumer. 2003. 

Survival of foodborne pathogens on stainless steel surfaces and cross-contamination to 

foods. Int J Food Microbiol. 85:227-36. 

54. Lewis, S. J., A. Gilmour, T. W. Fraser, and R. D. McCall. 1987. Scanning 

electron microscopy of soiled stainless steel inoculated with single bacterial cells. Int J 

Food Micro. 4:279-284. 

55. Loosdrecht, M. M., J. Lyklema, W. Norde, and A. B. Zehnder. 1989. Bacterial 

adhesion: a physicochemical approach. Microb Ecol. 17:1-15. 

56. Mathusa, E. C., Y. Chen, E. Enache, and L. Hontz. 2010. Non-O157 Shiga toxin-

producing Escherichia coli in foods. J Food Prot. 73:1721-1736. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

61 

57. Mead, P. S., L. Slutsker, V. Dietz, L. F. McCaig, J. S. Bresee, C. Shapiro, P. M. 

Griffin, and R. V. Tauxe. 1999. Food-related illness and death in the United States. 

Emerg Infect Dis. 5:607-25. 

58. Meng, J., M. P. Doyle, T. Zhao, S. Zhao. 2007. Enterohemorrhagic Escherichia 

coli. p. 249-269. In L.R.B. Michael P. Doyle (ed.), Food Microbiology:  Fundamentals 

and Frontiers ASM Press, Washginton, D.C. 

59. Pai, C. H., N. Ahmed, H. Lior, W. M. Johnson, H. V. Sims, and D. E. Woods. 

1988. Epidemiology of sporadic diarrhea due to verocytotoxin-producing Escherichia 

coli: a two-year prospective study. J Infect Dis. 157:1054-7. 

60. Palmer, J., S. Flint, and J. Brooks. 2007. Bacterial cell attachment, the beginning 

of a biofilm. J Ind Microbiol Biotechnol. 34:577-88. 

61. Perelle, S., F. Dilasser, J. Grout, and P. Fach. 2007. Screening food raw materials 

for the presence of the world's most frequent clinical cases of Shiga toxin-encoding 

Escherichia coli O26, O103, O111, O145 and O157. Int J Food Micro. 113:284-288. 

62. Poortinga, A. T., R. Bos, W. Norde, and H. J. Busscher. 2002. Electric double 

layer interactions in bacterial adhesion to surfaces. Surf Sci Rep. 47:1-32. 

63. Pradel, N., V. Livrelli, C. De Champs, J.-B. Palcoux, A. Reynaud, F. Scheutz, J. 

Sirot, B. Joly, and C. Forestier. 2000. Prevalence and characterization of Shiga toxin-

producing Escherichia coli isolated from cattle, food, and children during a one-year 

prospective study in France. J Clin Micro. 38:1023-1031. 

64. Pratt, L. A., and R. Kolter. 1998. Genetic analysis of Escherichia coli biofilm 

formation: roles of flagella, motility, chemotaxis and type I pili. Molec Microbiol. 

30:285-293. 

65. Prigent-Combaret, C., O. Vidal, C. Dorel, and P. Lejeune. 1999. Abiotic surface 

sensing and biofilm-dependent regulation of gene expression in Escherichia coli. J 

Bacteriol. 181:5993-6002. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

62 

66. Rangel, J. M., P. H. Sparling, C. Crowe, P. M. Griffin, and D. L. Swerdlow. 2005. 

Epidemiology of Escherichia coli O157:H7 outbreaks, United States, 1982-2002. Emerg 

Infect Dis. 11:603-609. 

67. Ryu, J.-H., and L. R. Beuchat. 2005. Biofilm formation by Escherichia coli 

O157:H7 on stainless steel: effect of exopolysaccharide and curli production on its 

resistance to chlorine. Appl Environ Microbiol. 71:247-254. 

68. Ryu, J.-H., H. Kim, and L. R. Beuchat. 2004. Attachment and biofilm formation 

by Escherichia coli O157:H7 on stainless steel as influenced by exopolysaccharide 

production, nutrient availability, and temperature. J Food Prot. 67:2123-2131. 

69. Ryu, J. H., H. Kim, J. F. Frank, and L. R. Beuchat. 2004. Attachment and biofilm 

formation on stainless steel by Escherichia coli O157:H7 as affected by curli production. 

Lett Appl Microbiol. 39:359-362. 

70. Sauer, K., A. K. Camper, G. D. Ehrlich, J. W. Costerton, and D. G. Davies. 2002. 

Pseudomonas aeruginosa displays multiple phenotypes during development as a biofilm. 

J Bacteriol. 184:1140-1154. 

71. Sauer, K., A. H. Rickard, and D. G. Davies. 2007. Biofilms and biocomplexity. 

Microbe. 2:347. 

72. Scallan, E., R. M. Hoekstra, F. J. Angulo, R. V. Tauxe, M. A. Widdowson, S. L. 

Roy, J. L. Jones, and P. M. Griffin. 2011. Foodborne illness acquired in the United 

States--major pathogens. Emerg Infect Dis. 17:7-15. 

73. Scharff, R. L. 2012. Economic burden from health losses due to foodborne illness 

in the United States. J Food Prot. 75:123-31. 

74. Scharff, R. L. 2012. Health-related costs from foodborne illness in the United 

States. In  Produce Safety Project, Washington, D.C. 

75. Schembri, M. A., K. Kjærgaard, and P. Klemm. 2003. Global gene expression in 

Escherichia coli biofilms. Molec Microbiol. 48:253-267. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

63 

76. Schmidt, R. H., D. J. Erickson, S. Sims, and P. Wolff. 2012. Characteristics of 

food contact surface materials: stainless steel. Food Prot Trends. 32:574-584. 

77. Silagyi, K., S.-H. Kim, Y. Martin Lo, and C.-i. Wei. 2009. Production of biofilm 

and quorum sensing by Escherichia coli O157:H7 and its transfer from contact surfaces 

to meat, poultry, ready-to-eat deli, and produce products. Food Microbiol. 26:514-519. 

78. Simões, M., L. C. Simões, and M. J. Vieira. 2010. A review of current and 

emergent biofilm control strategies. LWT - Food Sci Tech. 43:573-583. 

79. Simpson Beauchamp, C., D. Dourou, I. Geornaras, Y. Yoon, J. A. Scanga, K. E. 

Belk, G. C. Smith, G.-J. E. Nychas, and J. N. Sofos. 2012. Transfer, attachment, and 

formation of biofilms by Escherichia coli O157:H7 on meat-contact surface materials. J 

Food Sci. 77:M343-M347. 

80. Skandamis, P. N., J. D. Stopforth, L. V. Ashton, I. Geornaras, P. A. Kendall, and 

J. N. Sofos. 2009. Escherichia coli O157:H7 survival, biofilm formation and acid 

tolerance under simulated slaughter plant moist and dry conditions. Food Microbiol. 

26:112-119. 

81. Smith, J. L., P. M. Fratamico, and J. S. Novak. 2004. Quorum sensing: a primer 

for food microbiologists. J Food Prot. 67:1053-70. 

82. Sperandio, V., J. L. Mellies, W. Nguyen, S. Shin, and J. B. Kaper. 1999. Quorum 

sensing controls expression of the type III secretion gene transcription and protein 

secretion in enterohemorrhagic and enteropathogenic Escherichia coli. PNAS. 96:15196-

15201. 

83. Sperandio, V., A. G. Torres, J. A. Girón, and J. B. Kaper. 2001. Quorum sensing 

is a global regulatory mechanism in enterohemorrhagic Escherichia coli O157:H7. J 

Bacteriol. 183:5187-5197. 

84. Stocki, S. L., C. B. Annett, C. D. Sibley, M. McLaws, S. L. Checkley, N. Singh, 

M. G. Surette, and A. P. White. 2007. Persistence of Salmonella on egg conveyor belts is 

dependent on the belt type but not on the rdar morphotype. Poult Sci. 86:2375-2383. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

64 

85. Stoodley, P., K. Sauer, D. G. Davies, and J. W. Costerton. 2002. Biofilms as 

complex differentiated communities. Annu Rev Microbiol. 56:187-209. 

86. Swift, S., J. A. Downie, N. A. Whitehead, A. M. Barnard, G. P. Salmond, and P. 

Williams. 2001. Quorum sensing as a population-density-dependent determinant of 

bacterial physiology. Adv Microb Physiol. 45:199-270. 

87. Torres, A. G., C. Jeter, W. Langley, and A. G. Matthysse. 2005. Differential 

binding of Escherichia coli O157:H7 to alfalfa, human epithelial cells, and plastic is 

mediated by a variety of surface structures. Appl Environ Microbiol. 71:8008-8015. 

88. U.S. Department of Agriculture - Agricultural Marketing Service. 2011. 

Microbiological data program: progress update and 2009 data summary. Available at: 

http://www.ams.usda.gov/AMSv1.0/getfile?dDocName=STELPRDC5088761. Accessed 

November 18, 2013, 2013. 

89. U.S. Department of Agriculture Food Safety and Inspection Service. 2012. Risk 

profile for pathogenic Non-O157 Shiga toxin-producing Escherichia coli (Non-O157 

STEC), [Online Report]. Available at: 

http://www.fsis.usda.gov/wps/wcm/connect/92de038d-c30e-4037-85a6-

065c3a709435/Non_O157_STEC_Risk_Profile_May2012.pdf?MOD=AJPERES. 

Accessed August 13, 2013. 

90. U.S. Department of Agriculture Food Safety and Inspection Service. 2012. Shiga 

toxin-producing Escherichia coli in certain raw beef products. Federal Register. 

77:31975-31981. 

91. Van Houdt, R., and C. W. Michiels. 2010. Biofilm formation and the food 

industry, a focus on the bacterial outer surface. J Appl Microbiol. 109:1117-31. 

92. Veluz, G. A., S. Pitchiah, and C. Z. Alvarado. 2012. Attachment of Salmonella 

serovars and Listeria monocytogenes to stainless steel and plastic conveyor belts. Poult 

Sci. 91:2004-2010. 

93. Wang, R., J. L. Bono, N. Kalchayanand, S. Shackelford, and D. M. Harhay. 2012. 

Biofilm formation by Shiga toxin-producing Escherichia coli O157:H7 and Non-O157 

strains and their tolerance to sanitizers commonly used in the food processing 

environment. J Food Prot. 75:1418-1428. 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

65 

94. Wang, R., N. Kalchayanand, J. L. Bono, J. W. Schmidt, and J. M. Bosilevac. 

2012. Dual-serotype biofilm formation by Shiga toxin-producing Escherichia coli 

O157:H7 and O26:H11 strains. Appl Environ Microbiol. 78:6341-6344. 

95. Wilks, S. A., H. Michels, and C. W. Keevil. 2005. The survival of Escherichia 

coli O157 on a range of metal surfaces. Int J Food Micro. 105:445-454. 

96. Yang, H., P. A. Kendall, L. C. Medeiros, and J. N. Sofos. 2009. Efficacy of 

sanitizing agents against Listeria monocytogenes biofilms on high-density polyethylene 

cutting board surfaces. J Food Prot. 72:990-998. 

97. Zafriri, D., Y. Oron, B. I. Eisenstein, and I. Ofek. 1987. Growth advantage and 

enhanced toxicity of Escherichia coli adherent to tissue culture cells due to restricted 

diffusion of products secreted by the cells. J Clin Invest. 79:1210-6. 

98. Zottola, E. A., and K. C. Sasahara. 1994. Microbial biofilms in the food 

processing industry--should they be a concern? Int J Food Microbiol. 23:125-48. 

 

 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

66 

CHAPTER III 

PHASE I:  ATTACHMENT OF SHIGA-TOXIN PRODUCING 

ESCHERICHIA COLI TO STAINLESS STEEL HEX NUTS AND 

POLYSTYRENE 
 

Introduction 

Shiga-toxin producing Escherichia coli are serotypes of E. coli that produce one 

or more Shiga toxins (6).  While E. coli O157:H7 is the most notable and most researched 

serotype of the STECs, this group includes several hundred other strains although not all 

of these strains have been associated with human illness (20).  Symptoms of human 

illness can include mild to bloody diarrhea, HC, HUS, TTP, and in some cases, death (1, 

8, 11).  In June 2012, six STEC serogroups (E. coli O26, O45, O103, O111, O121, and 

O145) joined E. coli O157:H7 on the list of adulterants in non-intact beef products, 

including ground beef, per the United States Department of Agriculture Food Safety 

Inspection Service (USDA-FSIS) (21).  Prior to these regulations, minimal research had 

been conducted on the non-O157 STEC serogroups identified above.  While beef is 

commonly associated with outbreaks and recalls for E. coli O157:H7, a variety of food 

commodities including produce, dairy, and even frozen foods are also products linked to 

STEC outbreaks and recalls (5, 7).   

Biofilms within a food processing environment can cause multiple problems 

leading to cross-contamination or post-processing contamination (10).  The 

microorganisms within these biofilms can create serious hygiene issues causing large 

economic losses related to food spoilage and maintenance costs by catalyzing biological 

and chemical reactions.  These reactions can reduce heat flow, slow efficient filtration of 
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liquid products, and corrode metal equipment surfaces (10, 16, 27).  Pathogens such as 

Salmonella spp. and L. monocytogenes have been shown to have the ability to form 

biofilms on commonly used surfaces of food processing equipment such as SS, different 

types of conveyor belt materials, and rubber (9, 19, 25). 

Additionally, E. coli O157:H7 has the ability to attach to SS; however, that ability 

is dependent upon the strain, nutrient availability, surface topography, the presence of 

other organisms, and temperature (4, 17, 18, 24).  Minimal research has been conducted 

to determine if the non-O157 STECs have similar attachment abilities.  The objective of 

this research was to determine if individual strains of E. coli O26, O45, O103, O111, 

O121, O145 serogroups and E. coli O157:H7 could attach to polystyrene or SS hex nuts 

in full nutrient or minimal nutrient broths at 25°C. 

Materials and Methods 

Inoculum Preparation 

Four strains from each of the following serogroups: Escherichia coli O26, O45, 

O103, O111, O121, O145, and O157 were selected from the Texas Tech University Food 

Microbiology Laboratory Stock Culture Collection (Lubbock, Texas).  The four strains 

chosen had variation in presence of stx1, stx2, and eae genes and source of strain.  

Characteristics of each strain including presence of virulence genes and strain origin are 

presented in Table 3.1.  Individual strains were grown in TSB (EMD Chemicals, 

Darmstadt, Germany) for 18 h at 37°C.  Each culture was subcultured at least twice prior 

to inoculation.  For use, 1 ml of individual culture was transferred into 9 mL TSB in 15 

mL Falcon polypropylene conical tubes (Becton, Dickinson and Company; Franklin 
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Lakes, NJ) and incubated for 18 h at 37°C.  After incubation, the cultures were 

centrifuged at 4000 rpm for 10 min at 4°C.  The supernatant was removed and discarded.  

Ten mL of either fresh TSB or M9 Minimal Salts media was added to the culture and the 

pellet was resuspended by vortexing.   

Tryptic soy broth is composed of the following ingredients per liter: 17.0 g 

pancreatic digest of casein, 3.0 g papaic digest of soybean, 2.5 g dextrose, 5.0 g sodium 

chloride, and 2.5 g dipotassium phosphate (26).  M9 Minimal Salts media (M9) was 

made following the recipe and instructions in the Difco and BBL Manual (26), and 

contained the following ingredients per liter: 6.78 g anhydrous sodium phosphate 

(Amersco, Solon, OH); 3.0 g monopotassium phosphate (EMD); 0.5 g sodium chloride 

(BDH, VWR International, Chester PA); and 1.0 g ammonium chloride (Amersco).  

Additionally, 20 ml 20% glucose (Difco, Sparks, MD) solution and 2 mL 1.0 M 

magnesium sulfate (BDH) solution were added per liter. 

Stainless Steel Hex Nut Preparation 

Coarse hex nuts (304 SS, 5/16”-18; Item 31910; Crown Bolt, Aliso Viejo, CA) 

and smooth hex nuts (316 SS, 5/16-18” UNC; Item (1) 1WB82G; Grainger, Lake Forest, 

NJ) were used for this experiment.  The hex nuts were washed and sonicated in a 1% 

Micro 90 (International Products, Burlington, NJ) as described by Pitchaih et al. (13).  

Nuts were rinsed with distilled water and autoclaved prior to use.   

Sample Preparation 

Analysis of STEC attachment and subsequent biomass formation was determined 

for 28 strains (Table 3.1), and an uninoculated control using the following surface/media 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

69 

combinations:  polystyrene/M9, smooth nut/M9, coarse nut/M9, polystyrene/TSB and 

smooth nut/TSB.  Each surface/media combination was tested separately and replications 

were conducted in triplicate. 

For both polystyrene/media combinations, 2 mL of each individual strain in either 

TSB or M9 media as well as an uninoculated (TSB or M9 media only) control was added 

to a sterile, non-treated 24-well polystyrene plate (Costar 3738, Corning, Inc., Corning, 

NY).  Five plates were prepared for each replication.  The plates were statically incubated 

at 25°C for up to 48 h.  One plate was removed at each time point: 4, 8, 12, 24, and 48 h. 

For nut/media combinations, either coarse or smooth nuts were placed into a 24-

well plate and 2 mL of individual strains in either TSB or M9 media as well as an 

uninoculated control was added to fully submerge the nut.  Five plates with nut were 

prepared for each replication.  The plates were statically incubated at 25°C for up to 48 h 

with a single plate removed at each time point: 4, 8, 12, 24, and 48 h. 

Colorimetric Assay 

At each time point, a 24-well plate was removed from the incubator.  For those 

plates without nuts, the supernatant was carefully removed and discarded.  The well was 

rinsed with distilled water and dried for 20 min under a laminar flow hood.  After drying, 

1 mL crystal violet (CV) solution (1%; Harleco; EM Science, Gibbstown, NJ) was added 

to each well and allowed to sit for 45 min.  The crystal violet solution was discarded and 

each well was rinsed 5 times with distilled water.  The remaining CV was removed by 

adding 1 mL of an 80:20 95% ethanol (Pharmco-Aaper, Brookfield, CT):acetone 

(Avantor; Center Vally, PA) for 30 minutes.  To determine the amount of remaining CV, 
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150 μL of solution was removed from each well and transferred to a 96-well plate (Costar 

3788; Corning, Inc.; Corning, NY).  The absorbance value was read at OD590 using Gen5 

Microplate Software (V 2.00.18, Biotek Instruments, Inc.; Winooski, VT). 

For nut/media combinations, prior to performing the assay, the nut was removed 

and placed in a clean well to measure the biomass formation on the nut only.  Once the 

nuts were placed in a clean 24-well plate, the previously described steps were followed 

and the absorbance of the remaining solution was measured at OD590. 

Prior to data analysis, OD590 values for uninoculated controls were subtracted 

from the test values for each replication to account for stain that was retained by the 

material surface. 

Statistical Analysis 

Because each surface/media combination was analyzed separately, comparisons 

among the surface/media combinations cannot be made.  Values for surface/media 

combinations of smooth nut/TSB, polystyrene/M9, and polystyrene/TSB were 

transformed using the log10 prior to analysis.  The least squared means (LSMs) values 

were transformed back using the inverse log10 prior to reporting.  For each surface/media 

combination, to determine differences among strains within serogroups, the experiments 

were blocked by replication into a repeated measures experimental design using the 

PROC MIXED procedure in SAS (version 9.3, 2011, SAS Institute, Cary, NC).  While a 

repeated measures analysis was used, a true repeated measure was not used due to the 

destructive nature of the assay used to measure attachment.  In this analysis, strain, hour, 

and strain*hour were fixed effects while rep, strain*rep and rep*hour were random 
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effects.  This analysis was used to determine the LSMs with an α of 0.05.  Significant 

differences between the LSMs were determined using pairwise comparisons.  For those 

serogroups with significant interactions, the LSM for the interactions were sliced by hour 

and by strain.     

Additionally, the strains were separated into six groups based on the combinations 

of genes present: eae only (n=2), stx1 only (n=5), eae and stx1 (n=6), eae and stx2 (n=2), 

eae, stx1, and stx2 (n=7) or none (eae, stx1, and stx2 not present, n=6) and were analyzed 

for their attachment affinity.  For this analysis, data for smooth surface hex nuts and 

polyethylene in TSB and M9 minimal salts media were used.  Absorbance values were 

log10 transformed prior to analysis, with the LSM values transformed back using inverse 

log10 prior to reporting.  The experiment was blocked by replication into repeated 

measures.  In this analysis, the presence of virulence genes, media, surface type, and 

hour, plus their interactions were fixed effects while rep and rep*fixed effects 

interactions were random effects.  An α of 0.05 was used to determine LSMs and 

significant differences between the LSMs were determined using pairwise comparisons.  

For significant interactions, the LSM for the interactions were sliced by each main effect 

included in the interaction. 

Results 

Smooth Stainless Steel Hex Nut/M9 Minimal Media 

For smooth stainless steel hex nut/M9 minimal media combination (Table 3.2), 

within the E. coli serogroups of O26, O111, and O145, no significant differences (p > 

0.05) were observed among strains or over time.  Within E. coli O45, a significant (p = 
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0.0054) difference was noted among strains.  Strains 92.0244, E1-138, and 2.1064 

showed greater ability to attach under these conditions as compared to E1-139.  Within 

the E. coli O103 serogroup, significant (p = 0.009) differences were also noted among 

strains.  In order of descending LSM estimates, strain 23982 attachment to the smooth 

hex nuts was higher than both E1-147 and 97.1377, which both had greater attachment 

than 97.1241.  Significant (p = 0.0035) strain differences were also noted for E. coli 

O121, with strain E1-158 having a much lower attachment than each of the other strains.  

Finally, E. coli O157:H7 strains had marginally significant (p = 0.0550) differences in 

attachment among strains.   

Coarse Stainless Steel Hex Nuts/M9 Minimal Media 

For the coarse stainless steel hex nut/M9 minimal media combination, no 

significant differences (p > 0.05) were found for strains within the following serogroups, 

E. coli O111, O121, and O145 (Table 3.3).  However, differences were found among 

strains of E. coli O45, O103, and O157.  Within E. coli O45, a significant (p = 0.0036) 

difference in strains was noted with absorbance values ranging from 0.3167 for strain E1-

138 to 0.1242 for strain E1-139.  For E. coli O103, the attachment also varied 

significantly (p = 0.0036) among the strains analyzed.  The difference in absorbance was 

approximately 0.2400 from the greatest attaching to the least attaching strain indicating a 

wide variability in attachment for this serogroup.  E. coli O157:H7 strains also varied 

significantly (p = 0.0021) in attachment.  A significant (p = 0.0193) strain*time 

interaction was noted for the E. coli O26 serogroup (Table 3.4).  The strains varied 
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greatly in their attachment at hours 12 and 24.  Additionally, three of the four strains had 

significant differences over time. 

Smooth Stainless Steel Hex Nuts/Full Nutrient Media 

No differences were observed among strains within each of the following 

serogroups, E. coli O26, O111, O145, and O157 for their ability to attach to smooth hex 

nuts in full nutrient media (Table 3.5).  Significant (p = 0.0171) differences among E. coli 

O103 strains were noted, with strain 23982 having a higher affinity for attachment as 

compared to the other strains.  Significant strain*time interactions were noted for E. coli 

O45 and O121 strains were found.  Significant differences (p < 0.004) were noted at 4 

and 24 h among E. coli O45 strains (Table 3.6).  However, after 48 h, no differences were 

noted.  Only one strain, 2.1064 showed a significant (p = 0.0451) increase in attachment 

over time.  Strain E1-139 had a marginally (p = 0.0576) increase throughout incubation.  

The strain*time interaction for E .coli O121 showed significant (p < 0.0469) differences 

among strains at 4 and 24 h (Table 3.7).  Three of the four strains had significant (p < 

0.0246) increases in attachment as incubation time progressed. 

Polystyrene/M9 Minimal Media 

Table 3.8 shows differences among strains for E. coli O45, O111, O121, O145, 

and O157 when attached to polystyrene in M9 minimal salts media.  Of those serogroups, 

significant (p = 0.0179) differences among strains were noted for O45, O121, and O145.  

Several strain*time interactions were significant for STEC serogroups within this 

surface/media combination.  Escherichia coli O26 strains varied in attachment (p < 

0.0028) at each time point (Table 3.9).  Strain BAA-1653 showed the largest significant 
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(p = 0.011) increase over time across all strains.  Strain 0.1302 also increased 

significantly (p = 0.0381) over time, however, it showed a lower affinity for attachment 

as compared to strain BAA-1653.  Escherichia coli O103 strains showed significant (p = 

0.0193) differences in attachment and growth from 8 to 24 h (Table 3.10), with strain 

23982 having the greatest amount of attachment across all time points.  However, strain 

23982 did not significantly (p = 0.2461) increase over time, which indicates that while 

this strain had a high affinity for attachment, but did not appear to increase in population.  

The remaining strains did show significant (p = 0.0163) differences over time.  Strain 

97.1241 had high attachment until 8 h, but showed decreased values after 8 h.  This may 

indicate that this strain may require different nutrients for growth than what were present 

in the M9 minimal salts media. 

Polystyrene/Full Nutrient Media 

In full nutrient media, Escherichia coli O26 and O111 did not show significant 

differences (p > 0.1459) among strains for attachment to polystyrene (Table 3.11).  The 

remaining serogroups had significant strain*time interactions.  While differences among 

surface/media combinations were not made, we observed that this surface/media 

combination had the greatest amount of strain*time interactions across serogroups.  

Differences in strains at each time point for E. coli O45 are shown in Table 3.12.  Strains 

were significantly (p < 0.0386) different across all time points.  Further, three of the four 

E. coli O45 strains showed significant (p < 0.0028) differences in population after time.   

Escherichia coli O103 strains were similar in attachment for 4 and 48 h, but were 

significantly (p < 0.0193) different at 8, 12, and 24 h (Table 3.13).  This illustrates that 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

75 

among the strains tested, attachment and growth was strain-dependent as the strains 

showing the most and least absorbance (23982 and 97.1377, respectively) showed a large 

variation in attachment across all time points.  Within strain, three of the four strains had 

significant (p = 0.0163) increases over time.  Interestingly, while strains were not 

compared across surface/media combinations, strain 23982 exhibited similar behavior on 

polystyrene for both minimal and full nutrient conditions, as no differences in growth 

over time were found.  While significant (p = 0.0123) differences were noted after initial 

attachment (4 h) for E. coli O121 strains, these differences were no longer significant 

after 48 h of incubation (Table 3.14).  All E. coli O121 strains significantly (p = 0.0008) 

increased over time. Strains of E. coli O145 were significantly (p = 0.014) different 

across all time points (Table 3.15), with strain E1-169 showing the greatest amount of 

attachment across all time points as compared to the other strains.  Additionally, each 

strain showed significant (p = 0.0181) increases in attach over time.  Strain 95.0187 

showed the most increase in absorbance, with the largest increase occurring between 24 

and 48 h.  Finally, E. coli O157:H7 strains were different (p < 0.0032) at each time point 

in their attachment to polystyrene in TSB (Table 3.16).  Strain 43895 had a significant 

greater amount of attachment as compared to strain 43888, which showed the least 

affinity for polystyrene attachment.  Strains 35150 and 43895 had significant increases (p 

= 0.0002) over time, while strains 43888 and 43889 did not increase over time. 

Presence of Virulence Genes 

A significant gene*surface interaction (p < 0.0186) was noted (Table 3.17).  For 

the smooth SS hex nuts, no differences (p = 0.1702) were found among the different 
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combinations of virulence genes.  However, there were significant differences (p < 

0.0001) among the different combinations of virulence genes.  Those strains not carrying 

any virulence genes had a much higher absorbance value than strains carrying one or 

more virulence genes when attached to polyethylene indicating they had a much higher 

affinity for attachment..  Two virulence gene combinations (eae and stx2 positive, and 

eae, stx1, and stx2 positive) had significant differences (p < 0.0427) in attachment 

between surfaces, with these strains attaching at a higher level to smooth SS hex nuts as 

compared to the untreated polyethylene wells. 

A significant gene*media interaction (p < 0.0001) was also found (Table 3.18).  

Four virulence gene combinations (eae only, eae and stx2 positive, eae, stx1, and stx2 

positive, and no virulence genes) had significant differences (p < 0.0013) in attachment 

between medias, with these strains attaching at a much higher level in M9 minimal salts 

media as compared to tryptic soy broth.  Additionally, significant differences were also 

found among virulence gene combinations within each media type.  For the M9 minimal 

salts media, those strains carrying either stx1 only or eae and stx1 had a much lower 

affinity for attachment as measured through absorbance as compared to the other 

virulence gene combinations.  While eae only strains had the highest affinity for 

attachment in M9 minimal salts media, those strains had the lowest affinity for 

attachment in TSB.  Within TSB, the absorbance values for strains with no virulence 

genes, stx1 only, or eae and stx1 were higher indicating that these strains attached to the 

surfaces at a greater rate.  A significant surface*hour*media interaction (p = 0.0410) was 
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also noted for this experiment, but not explored in depth as this analysis was focused on 

the presence of virulence genes in comparison with attachment. 

Conclusions 

The objective of this study was to determine if individual strains from non-O157 

STEC serogroups of E. coli O26, O45, O103, O111, O121, and O145 as well as E. coli 

O157:H7 could attach to smooth SS hex nuts, coarse SS hex nuts, or polystyrene in 

minimal or full nutrient media at 25°C up to 48 h.  Table 3.19 shows a summary of each 

serogroup for each surface/media combination and if differences existed among strains.  

For this table, differences were defined as having a significant p-value (p < 0.05) for the 

main effect of strain or for the strain*time interaction.   

Escherichia coli O26 strains varied in attachment for both polystyrene and coarse 

SS hex nuts in minimal media, but differences were not noted among strains for smooth 

SS hex nuts in minimal media and for either smooth SS hex nuts or polystyrene in full 

nutrient media.    For E. coli O45 and O103 serogroups, differences were noted among 

strains for each surface/media combination tested in this study.  However, no differences 

were found among strains of E. coli O111 for any surface/media combination. 

Escherichia coli O121 strains exhibited no differences among strains for coarse 

SS hex nuts in minimal media, but strains varied in attachment for both smooth SS nuts 

and polystyrene in minimal and full nutrient broths.  Differences were displayed by E. 

coli O145 strains for polystyrene in minimal or full nutrient media, but were not 

displayed for coarse SS hex nuts in minimal media and smooth SS hex nuts in minimal or 

full nutrient media.  This may indicate that certain E. coli strains may have a higher 
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affinity for attachment to polystyrene as compared to SS.  However, since direct 

comparisons of surface/media combinations were not made in the experimental design of 

this study, further research to determine if that affinity does exist. 

Difference in strain attachment to coarse stainless steel hex nuts in minimal media 

and polystyrene in full nutrient media were noted for E. coli O157:H7, but those strain 

differences did not exist in attachment to smooth SS hex nuts in minimal or full nutrient 

media or to polystyrene in full nutrient media.  These results show a large variation in 

strains within E. coli serogroups for attachment to various surfaces in minimal or full 

nutrient conditions at 25°C up to 48 h. 

When the strains were sorted into groups by the presence of three specific 

virulence genes for analysis, it was noted that those strains without stx1, stx2, and eae had 

a higher affinity for attachment as compared to strains containing one or more of these 

genes.  This would indicate that these non-virulent strains are efficient at attaching to 

surfaces commonly found within the food processing environment.  Additionally, for 

most of the combinations, with the exception of the eae and stx1 gene combination, 

attachment was higher in minimal nutrient conditions as compared to full nutrient media.  

This indicates that these STEC strains are more likely to attach to abiotic surfaces, like 

SS and polyethylene, when nutrient sources are lacking, such as periods of downtime in 

the plant or on surfaces that may come into contact with product residues on an 

intermittent basis. 

Escherichia coli O157:H7 attachment to and biofilm formation on food-contact 

surfaces and equipment has been well documented (3, 12, 14).  However, limited 
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research is available on the non-O157 STECs, and even less is available on their ability to 

attach to and form biofilms on surfaces.  Those studies that examined non-O157 STEC 

biofilms did not examine each of the individual six serogroups of concern for the US beef 

industry.  Serogroups commonly studied were E. coli O26, O111 and O157, individual 

strains of E. coli O103 and O145 were also studied, however, no evidence of E. coli 

O121 or O45 were found.  Therefore, this study is one of the first to examine ability of 

multiple strains from each serogroup to attach to abiotic surfaces. 

These results indicate that the strength of attachment was strain dependent for the 

environment conditions examined, which included minimal or full nutrient media at 25°C 

up to 48 h.  These results are in concurrence with other published studies that determined 

STEC attachment to be strain dependent (12, 14, 23).  Wang and colleagues (23) found 

that serogroup did not contribute to an individual strain’s ability to attach and that no one 

serogroup attached at a higher rate than others.  Our study examined strains within a 

serogroup for each surface material/media combination and did not examine the 

differences among serogroups. 

Additionally, previous research has also shown a difference in attachment and 

biofilm formation, even within the same strain, under different environmental conditions 

(2, 15). Dewanti and Wong (2) found that E. coli O157:H7 cells attached to stainless steel 

was significantly higher in minimal salts medium (MSM) with 0.04% added glucose after 

1 h as compared to cells in tryptic soy broth.  Further, significant biofilm formation was 

noted in MSM after 2 days and the attached cells produced a thicker appearing 

extracellular matrix leading the researchers to conclude that these nutrient conditions may 
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be conducive to formation of a more stable biofilm.  Ryu et al. (15) did not find a strong 

correlation between a strain’s ability to attach to the surface and subsequent biofilm 

formation.  The formation of a biofilm by two separate strains, E. coli O157:H7 strains 

ATCC 43895 and 43895-EPS, was dependent upon the nutrient conditions of the medium 

used, although both strains attached to stainless steel surfaces in all media conditions. 

M9 minimal salts medium with added glucose was selected to examine the non-

O157 STEC strains attachment ability in this study as previous studies have proven this 

medium to increase the ability of E. coli O157:H7 to form biofilms under limited nutrient 

conditions (2, 14).  While a direct comparison of media and their nutrient conditions was 

not performed, our study indicates that a portion of the strains studied have a higher 

affinity for attachment under minimal nutrient conditions.  Additionally, when the strains 

were grouped by the presence of stx1, stx2, and eae genes, most, with the exception of 

those strains positive for eae and stx1 genes only, attached at a higher rate in minimal 

media as compared to attachment in full nutrient media.  This shows that non-O157 

STEC strains used within this study also have increased ability to attach under minimal 

nutrient conditions. 

Because few studies have examined STEC biofilm formation, this study was 

performed using laboratory media that could be tightly controlled to determine if these 

strains could even attach to surfaces.  More research utilizing food residues is needed to 

further understand how these strains will attach under conditions more closely mimicking 

a processing environment as attachment and adherence is dependent on the bacteria’s 
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exposure to specific nutrient conditions.  Dourou et al. (3) noted that the soiling substrate 

used in their biofilm study significantly impacted the adherence of the bacteria.   

Further, other microorganism present can affect the ability of STECs to attach to 

surfaces, especially if those microorganisms are already present in a biofilm.  Escherichia 

coli O26:H11 was able to colonize and take over a previously established E. coli 

O157:H7 biofilm (24).  Another study showed that while certain strains of E. coli 

O157:H7 may not form biofilms and were removed with aggressive cleaning programs, 

their persistence on equipment can be influenced by other strains present in the biofilms 

(22).  Additionally, the type of strains found within the mixed biofilm may also 

contribute to the increased resistance of E. coli O157:H7 to antimicrobial agents, further 

illustrating the importance of biofilm removal from food processing environments. 

Biofilms are typically found in niche areas within food processing environments 

that may not be exposed to routine cleaning for long periods of time.  Most biofilm 

studies allow the bacteria to attach to the surfaces for multiple days prior to enumeration 

or absorbance assays.  However, for this study, we wanted to test the ability of these 

STECs to attach to food processing equipment within time points that fall between 

sanitation breaks.  Our study shows that multiple strains can strongly attach to these 

surfaces within 4, 8, and 12 h, which is typically between full cleaning and sanitation 

breaks within plants.  Therefore, it is possible for strains to attach to production surfaces, 

then become detached and contaminate product as it passes over the surface.  Further 

research to identify the mechanisms used by non-O157 STEC strains to adhere to abiotic 
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surfaces is needed as these strains can attach to these surfaces and potentially 

contaminate product. 
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Table 3.1:  Shiga toxin-producing Escherichia coli (STEC) strains, strain source, 

and virulence genes present in these strains, used to determine attachment by 

absorbance of STEC strains to stainless steel hex nuts or polystyrene under minimal 

(M9 minimal salts media) or full (tryptic soy broth) nutrient conditions at 25°C up 

to 48 h. 

 

Strain Serogroup Source stx1 stx2 eae 

0.1302 O26 Bovine + - - 

7.1556 O26 Ground beef - - - 

12795 O26 CDC, human - - - 

BAA-1653 O26 Human + + + 

2.1064 O45 Bovine - - - 

92.0244 O45 Bovine - - + 

E1-138 O45 Human - - - 

E1-139 O45 Bovine + - - 

97.1241 O103 Bovine + - + 

97.1377 O103 Bovine + - - 

23982 O103 Human - - - 

E1-147 O103 Human + - + 

3.1009 O111 Bovine + + + 

4.0005 O111 Bovine + + + 

BAA-179 O111 Human + + + 

BAA-181 O111 Human + + + 

3.1064 O121 Bovine - - - 

E1-158 O121 Human + - + 

E1-159 O121 Human + - + 

E1-160 O121 Bovine + - - 

95.0187 O145 Bovine + - + 

9.0538 O145 Ground beef + - + 

BAA-1652 O145 Human - + + 

E1-169 O145 Bovine + - - 

35150 O157 HC patient + + + 

43888 O157 Human - - + 

43889 O157 HUS Patient - + + 

43895 O157 Ground Beef + + + 
(+) = Positive for gene carriage; (-) = Negative for gene carriage 
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Table 3.2:  Least square means (LSM) for absorbance at OD590 for strains of E. coli 

O26, O45, O103, O111, O121, O145, and O157:H7 attached to smooth stainless steel 

hex nuts in minimal nutrient media (M9 minimal salts media) at 25°C.  Significance 

level established at p < 0.05. 

 

Serogroup Strain Identification 

(OD590 Absorbance*†) 

O26 

p = 0.4772 

0.1302 

(0.0186a) 

12795 

(0.0317a) 

7.1556 

(0.0253a) 

BAA-1653 

(0.0338a) 

O45 

p = 0.0054 

92.0244 

(0.1899a) 

E1-138 

(0.1851a) 

2.1064 

(0.1817a) 

E1-139 

(0.0717b) 

O103 

p = 0.0009 

23982 

(0.2150a) 

E1-147 

(0.1024b) 

97.1377 

(0.0413c) 

97.1241 

(0.0380c) 

O111 

p = 0.6739 

3.1009 

(0.1436a) 

4.0005 

(0.1101a) 

BAA-181 

(0.1046a) 

BAA-179 

(0.0926a) 

O121 

p = 0.0035 

E1-159 

(0.2164a) 

3.1064 

(0.1779ab) 

E1-160 

(0.1403b) 

E1-158 

(0.0875c) 

O145 

p = 0.0812 

E1-169 

(0.1022a) 

BAA-1652 

(0.0978a) 

9.0538 

(0.0494a) 

95.0187 

(0.0342a) 

O157:H7 

p = 0.0550 

35150 

(0.1921a) 

43889 

(0.1587a) 

43895 

(0.1553a) 

43888 

(0.1171a) 

*Numbers in parenthesis are OD590 absorbance LSM for specified strain. 

†Standard errors for each serogroups are as follows:  E. coli O26 (± 0.0117); O45 (± 0.0215), O103 (± 0.0234), O111 (± 0.0359), 

O121 (± 0.0173), O145 (± 0.0209), O157:H7 (± 0.0197). 
abcAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
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Table 3.3:  Least square means (LSM) estimates of absorbance at OD590 for strains 

of E. coli O45, O103, O111, O121, O145, and O157:H7 attached to coarse stainless 

steel hex nuts in minimal nutrient media (M9 minimal salts media) at 25°C.  

Significance level established at p < 0.05. 

 

Serogroup Strain Identification 

(OD590 Absorbance*†) 

O45 

p = 0.0036 

E1-138 

(0.3167)a 

92.0244 

(0.2472)ab 

2.1064 

(0.2285)b 

E1-139 

(0.1242)c 

O103 

p = 0.0046 

23982 

(0.2902)a 

E1-147 

(0.1215)b 

97.1241 

(0.0665)b 

97.1377 

(0.0502)b 

O111 

p = 0.2790 

3.1009 

(0.1216)a 

4.0005 

(0.0831)a 

BAA-179 

(0.0903)a 

BAA-181 

(0.0949)a 

O121 

p = 0.0664 

3.1064 

(0.2179)a 

E1-158 

(0.1228)a 

E1-159 

(0.2124)a 

E1-160 

(0.1734)a 

O145 

p = 0.1062 

9.0538 

(0.1040)a 

95.0187 

(0.0481)a 

BAA-1652 

(0.1888)a 

E1-169 

(0.1370)a 

O157:H7 

p = 0.0021 

43895 

(0.2039)a 

35150 

(0.1726)ab 

43889 

(0.1444)bc 

43888 

(0.1016)c 

*Numbers in parenthesis are OD590 absorbance LSM for specified strain. 

†Standard errors for each serogroups are as follows:  E. coli O45 (± 0.0339), O103 (± 0.064), O111 (± 0.0195), O121 (± 0.0252), 

O145 (± 0.0368), O157:H7 (± 0.0278). 
abcAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
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Table 3.4:  Least square means estimates of absorbance at OD590 for E. coli O26 

strains attached over time on coarse stainless steel hex nuts in minimal nutrient 

media (M9 minimal salts media) at 25°C up to 48 h.  Significance level established at 

p < 0.05. 

 

 Time (h)† 

Strain 4 

p = 0.0445 

8 

p = 0.8212 

12 

p = 0.1617 

24 

p = 0.5271 

48 

p = 0.0335 

0.1302 

p = 0.2047 0.0347ay 0.0123az 0.0133az 0.0320az 0.0297ayz 

12795 

p = 0.0009 0.0643ayz 0.0087cz 0.0140bcz 0.0403bz 0.0150bcy 

7.1556 

p = 0.0416 0.0387abyz 0.0227bz 0.0357abz 0.0530az 0.0550az 

BAA-1653 

p = 0.0014 0.0750az 0.0160cz 0.0427bz 0.0340bcz 0.0577abz 

†Standard errors for E. coli O26 are ± 0.0115. 
abcAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
yzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 
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Table 3.5:  Least square means (LSM) estimates of absorbance at OD590 for strains 

of E. coli O26, O103, O111, O145, and O157:H7 attached to smooth stainless steel 

hex nuts in full nutrient media (tryptic soy broth) at 25°C.  Significance level 

established at p < 0.05. 

 

Serogroup Strain Identification 

(OD590 Absorbance*†) 

O26 

p = 0.1103 

12795 

(0.0337a) 

0.1302 

(0.0306a) 

BAA-1653 

(0.0241a) 

7.1556 

(0.0161a) 

O103 

p = 0.0171 

23982 

(0.2028a) 

E1-147 

(0.1242ab) 

97.1241 

(0.0854bc) 

97.1377 

(0.0616c) 

O111 

p = 0.5315 

3.1009 

(0.0928a) 

4.0005 

(0.0593a) 

BAA-179 

(0.0518a) 

BAA-181 

(0.0474a) 

O145 

p = 0.0813 

E1-169 

(0.0973a) 

9.0538 

(0.0501a) 

BAA-1652 

(0.0386a) 

95.0187 

(0.0281a) 

O157:H7 

p = 0.3240 

35150 

(0.0523a) 

43895 

(0.0434a) 

43889 

(0.0415a) 

43888 

(0.0329a) 

*Numbers in parenthesis are OD590 absorbance LSM for specified strain. 

†Standard errors for each serogroup are as follows:  E. coli O26 (± 0.4660), O103 (± 0.3660), O111 (± 0.4989), O121 (± 0.4153), 

O145 (± 0.3090), O157:H7 (± 0.2040). 
abcAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
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Table 3.6:  Least square means estimates of absorbance at OD590 for E. coli O45 

strains attached over time on smooth stainless steel hex nuts in full nutrient media 

(tryptic soy broth) at 25°C up to 48 h.  Significance level established at p < 0.05. 

 

 Time (h)† 

Strain 4 

p = 0.0040 
8 

p = 0.1275 

12 

p = 0.0726 

24 

p < 0.0001 

48 

p = 0.3892 

2.1064 

p = 0.0451 0.0305ay 0.1155bz 0.1251bz 0.0418aby 0.1027bz 

92.0244 

p = 0.1092 0.0358ay 0.0657az 0.0727az 0.0399ay 0.1348az 

E1-138 

p = 0.6366 0.1269az 0.1560az 0.1871az 0.3101az 0.1858az 

E1-139 

p = 0.0576 0.0236ay 0.0610az 0.0621az 0.1537az 0.0902az 

†Standard errors for E. coli O45 are ± 0.4069. 
abAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
yzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 
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Table 3.7: Least square means estimates of absorbance at OD590 for E. coli O121 

strains attached over time on smooth stainless steel hex nuts in full nutrient broth 

(tryptic soy broth) at 25°C up to 48 h.  Significance level established at p < 0.05. 

 

 Time (h)† 

Strain 4 

p = 0.0469 

8 

p = 0.4063 

12 

p = 0.2687 

24 

p < 0.0001 

48 

p = 0.6671 

3.1064 

p = 0.0168 0.0397abyz 0.0833bcz 0.0786bcz 0.0206ay 0.1639cz 

E1-158 

p=0.0002 0.0154ay 0.0450bz 0.0404abz 0.0133ay 0.2937cz 

E1-159 

p=0.0727 0.0592az 0.0683az 0.0714az 0.2107az 0.2236az 

E1-160 

p=0.0246 0.0382ayz 0.0960abz 0.0369az 0.0906abz 0.2308bz 

†Standard errors for E. coli O121 are ± 0.4153. 
abcAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
yzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 

  



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

93 

Table 3.8: Least square means (LSM) estimates of absorbance at OD590 for strains 

of E. coli O45, O111, O121, O145 and O157:H7 attached on polystyrene in minimal 

nutrient broth (M9 minimal salts media) at 25°C.  Significance level established at p 

< 0.05. 

 

Serogroup Strain Identification  

(Absorbance*†) 

O45 

p = 0.0179 

2.1064 

(0.3757a) 

E1-138 

(0.2683ab) 

92.0244 

(0.1794bc) 

E1-139 

(0.0973c) 

O111 

p = 0.0706 

3.1009 

(0.1257a) 

4.0005 

(0.0780a) 

BAA-181 

(0.0555a) 

BAA-179 

(0.0273a) 

O121 

p = 0.0077 

E-159 

(0.2027a) 

3.1064 

(0.1206a) 

E1-160 

(0.1065a) 

E1-158 

(0.0459b) 

O145 

p = 0.0035 

E1-169 

(0.1540a) 

BAA-1652 

(0.0732ab) 

9.0538 

(0.0315bc) 

95.0187 

(0.0177c) 

O157:H7 

p = 0.0784 

43895 

(0.2552a) 

35150 

(0.2379a) 

43888 

(0.1841a) 

43889 

(0.1126a) 

*Numbers in parenthesis are OD590 absorbance LSM for specified strain. 

†Standard errors for each serogroups are as follows:  O45 (± 0.2970), O111 (± 0.3166), O121 (± 0.3166), O145 (± 0.2761), O157:H7 

(± 0.4160). 
abcAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 

  



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

94 

Table 3.9: Least square means estimates of absorbance at OD590 for E. coli O26 

strains attached over time on polystyrene in minimal nutrient media (M9 minimal 

salts media) at 25°C up to 48 h.  Significance level established at p < 0.05. 

 

 Time (h)† 

Strain 4 

p = 0.0013 
8 

p = 0.0028 

12 

p < 0.0001 

24 

p = 0.0001 

48 

p = 0.0002 

0.1302 

p = 0.0381 0.0123ax 0.0137ay 0.0183ay 0.0220aby 0.0694by 

12795 

p = 0.2700 0.0487az 0.0445az 0.0521az 0.0201ay 0.0725ay 

7.1556 

p = 0.3540 0.0147axy 0.0127ay 0.0091ax 0.0090ax 0.0251ax 

BAA-1653 

p = 0.0110 0.0252abyz 0.0175ay 0.0521abcz 0.0562bcz 0.1476cz 

†Standard errors for E. coli O26 are ± 0.4754. 
abcAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
xyzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 
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Table 3.10: Least square means (LSM) estimates of absorbance at OD590 for E. coli 

O103 strains attached over time on polystyrene in minimal nutrient media (M9 

minimal salts media) at 25°C up to 48 h.  Significance level established at p < 0.05. 

 

 Time (h)† 

Strain 4 

p = 0.0724 

8 

p = 0.0193 

12 

p = 0.0051 

24 

p = 0.0004 

48 

p = 0.3390 

23982 

p = 0.2461 0.2888az 0.3325az 0.2715az 0.2776az 0.3026az 

97.1241 

p = 0.0163 0.0477abz 0.0539ay 0.0151cdy 0.0199bcx 0.0074dz 

97.1377 

p = 0.0010 0.0124az 0.0649cy 0.0301abcy 0.0478bcxy 0.0237abz 

E1-147 

p = 0.0005 0.1396abz 0.2220bz 0.1233abz 0.0987abyz 0.0863az 

†Standard errors for E. coli O103 are ± 0.4810. 
abcdAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
xyzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 
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Table 3.11: Least square means (LSM) estimates of absorbance at OD590 for strains 

of E. coli O26 and O111 attached on polystyrene in full nutrient media (tryptic soy 

broth) at 25°C. Significance level established at p < 0.05. 

 

Serogroup Strain Identification  

(Absorbance*†) 

O26 

p = 0.1881 

0.1302 

(0.0137a) 

12795 

(0.0140a) 

7.1556 

(0.0075a) 

BAA-1653 

(0.0080a) 

O111 

p = 0.1459 

3.1009 

(0.0510a) 

4.0005 

(0.0195a) 

BAA-179 

(0.0086a) 

BAA-181 

(0.0089a) 

*Numbers in parenthesis are OD590 absorbance LSM for specified strain. 

†Standard errors for serogroups are as follows:  E. coli O26 (± 0.6852) and O111 (± 1.0270). 
aAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
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Table 3.12: Least square means estimates of absorbance at OD590 for E. coli O45 

strains attached over time on polystyrene in full nutrient media (tryptic soy broth) 

at 25°C up to 48 h.  Significance level established at p < 0.05. 

 

 Time (h)† 

Strain 4 

p < 0.0001 

8 

p < 0.0001 

12 

p < 0.0001 

24 

p < 0.0001 

48 

p = 0.0386 

2.1064 

p = 0.2223 0.0485ay 0.0888ay 0.1258ay 0.1202ay 0.1305ayz 

92.0244 

p < 0.0001 0.0131abx 0.0064ax 0.0096abw 0.0203bx 0.2682cz 

E1-138 

p = 0.0028 0.3050az 0.3641az 0.5192az 0.9259az 0.0928by 

E1-139 

p < 0.0001 0.0265aby 0.0188ax 0.0445bcx 0.4157dz 0.0750cy 

†Standard errors for E. coli O45 are ± 0.3920. 
abcdAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
wxyzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 
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Table 3.13: Least square means estimates of absorbance at OD590 for E. coli O103 

strains attached over time on polystyrene in full nutrient media (tryptic soy broth) 

at 25°C up to 48 h.  Significance level established at p < 0.05. 

 

 Time (h)† 

Strain 4 

p = 0.0724 

8 

p = 0.0193 

12 

p = 0.0051 

24 

p = 0.0004 

48 

p = 0.3390 

23982 

p = 0.2461 0.1686az 0.1580az 0.2238az 0.5157az 0.3901az 

97.1241 

p = 0.0163 0.0940abz 0.0554ayz 0.0680az 0.2851bz 0.1514abz 

97.1377 

p = 0.0010 0.0249az 0.0147ay 0.0121ay 0.0168ay 0.1139bz 

E1-147 

p = 0.0005 0.0617abz 0.0302ay 0.0651abz 0.3955cz 0.1763bz 

†Standard errors for E. coli O103 are ± 0.5887. 
abcAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
yzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 
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Table 3.14: Least square means estimates of absorbance at OD590 for E. coli O121 

strains attached over time on polystyrene in full nutrient media (tryptic soy broth) 

at 25°C up to 48 h.  Significance level established at p < 0.05. 

 

 Time (h)† 

Strain 4 

p = 0.0123 

8 

p = 0.0166 

12 

p = 0.5719 

24 

p < 0.0001 

48 

p = 0.8897 

3.1064 

p = 0.0001 0.0151aby 0.0079ay 0.0220bz 0.0184aby 0.2072cz 

E1-158 

p = 0.0001 0.0140abx 0.0106ay 0.0282bcz 0.0449cy 0.2850dz 

E1-159 

p = 0.0008 0.0633az 0.0385az 0.0421az 0.4441bz 0.2217bz 

E1-160 

p = 0.0001 0.0168ayz 0.0139ay 0.0335az 0.2519bz 0.2134bz 

†Standard errors for E. coli O121 are ± 0.4548. 
abcdAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
xyzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 
  



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

100 

Table 3.15: Least square means estimates of absorbance at OD590 for E. coli O145 

strains attached over time on polystyrene in full nutrient media (tryptic soy broth) 

at 25°C up to 48 h.  Significance level established at p < 0.05. 

 

 Time (h)† 

Strain 4 

p = 0.0017 

8 

p = 0.0007 

12 

p < 0.0001 

24 

p < 0.0001 

48 

p = 0.0140 

9.0538 

p = 0.0181 0.0173ay 0.0115ay 0.0091ax 0.0209abxy 0.0411by 

95.0187 

p = 0.0001 0.0102ay 0.0140ay 0.0178axy 0.0108ax 0.1394bz 

BAA-1652 

p = 0.0172 0.0214ay 0.0222ay 0.0286ay 0.0251ay 0.0848byz 

E1-169 

p = 0.0011 0.0617az 0.0723abz 0.1919cz 0.4374dz 0.1480bcz 

†Standard errors for E. coli O145 are ± 0.4609. 
abcAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
xyzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 
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Table 3.16: Least square means estimates of absorbance at OD590 for E. coli 

O157:H7 strains attached over time on polystyrene in full nutrient media (tryptic 

soy broth) up to 25°C up to 48 h.  Significance level established at p < 0.05. 

 

 Time (h)† 

Strain 4 

p = 0.0032 

8 

p = 0.0022 

12 

p = 0.0009 

24 

p < 0.0001 

48 

p < 0.0001 

35150 

p = 0.0002 0.0202az 0.0102ay 0.0171ay 0.0616by 0.1320bz 

43888 

p = 0.9468 0.0080ay 0.0074ay 0.0106ay 0.0080ax 0.0088ay 

43889 

p = 0.5465 0.0090ay 0.0075ay 0.0118ay 0.0109ax 0.0156ay 

43895 

p = 0.0002 0.0226az 0.0243az 0.0401az 0.1480bz 0.2114bz 

†Standard errors for E. coli O157:H7 are ± 0.5636. 
abAbsorbance values within the same row with different superscripts are significantly different (p < 0.05). 
xyzAbsorbance values within the same column with different superscripts are significantly different (p < 0.05). 

 

  



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

102 

Table 3.17:  Least square means estimates of absorbance at OD590 of Shiga toxin-

producing Escherichia coli with different combinations of stx1, stx2, and eae genes 

attached to smooth stainless steel (SS) hex nuts or polyethylene wells at 25°C up to 

48 hours.  Significance level established at p < 0.05. 

 

 Surface† 

STX/EAE Combination 

Smooth SS Hex Nuts 

p = 0.1702 
Polyethylene 

p < 0.0001 

eae only present 

p = 0.0964 0.0746az 0.0502ay 

stx1 only present 

p = 0.9148 0.0506az 0.0515ay 

eae and stx1 present 

p = 0.3208 0.0541az 0.0467ay 

eae and stx2 present 

p = 0.0427 0.0654az 0.0403by 

eae,stx1, and stx2 present 

p = 0.0019 0.0639az 0.0414by 

eae, stx1, or stx2 not present 

p = 0.1845 0.0710az 0.0865az 

†Standard errors for this table are ± 0.1061. 
abPopulations within rows with different superscripts are significantly different (p < 0.05). 
yzPopulations within columns with different superscripts are significantly different (p < 0.05). 
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Table 3.18:  Least square means estimates of absorbance at OD590 of Shiga toxin-

producing Escherichia coli with different combinations of stx1, stx2, and eae genes 

attached to surfaces in either minimal (M9 minimal salts media) or full (tryptic soy 

broth) nutrient broth at 25°C up to 48 hours.  Significance level established at p < 

0.05. 

 

 Nutrient Broths† 

STX/EAE Combination 

M9 Minimal Salts Media 

p < 0.0001 
Tryptic Soy Broth 

p < 0.0001 

eae only present 

p < 0.0001 0.1521az 0.0246by 

stx1 only present 

p = 0.9162 0.0515ax 0.0506az 

eae and stx1 present 

p = 0.2478 0.0461ax 0.0548az 

eae and stx2 present 

p < 0.0001 0.0973ayz 0.0271by 

eae,stx1, and stx2 present 

p < 0.0001 0.0844ay 0.0313by 

eae, stx1, or stx2 not present 

p = 0.0013 0.0997ayz 0.0616bz 

†Standard errors for this table are ± 0.1091. 
abPopulations within rows with different superscripts are significantly different (p < 0.05). 
yzPopulations within columns with different superscripts are significantly different (p < 0.05). 

 

  



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

104 

Table 3.19: Summary of Shiga toxin-producing E. coli strains by serogroups 

attached to stainless steel (SS) hex nuts or polystyrene under minimal (M9 minimal 

salts media) or full (tryptic soy broth) nutrient conditions at 25°C up to 48 h. 

 

Serogroup Surface Media* Difference† 

among strains 

(Y/N) 

% strains 

exhibiting 

attachment§  

O26 Smooth SS M9 N 100 

O26 Smooth SS TSB N 100 

O26 Coarse SS M9 Y 100 

O26 Polystyrene M9 Y 100 

O26 Polystyrene TSB N 100 

O45 Smooth SS M9 Y 100 

O45 Smooth SS TSB Y 100 

O45 Coarse SS M9 Y 100 

O45 Polystyrene M9 Y 100 

O45 Polystyrene TSB Y 100 

O103 Smooth SS M9 Y 100 

O103 Smooth SS TSB Y 100 

O103 Coarse SS M9 Y 100 

O103 Polystyrene M9 Y 100 

O103 Polystyrene TSB Y 100 

O111 Smooth SS M9 N 100 

O111 Smooth SS TSB N 100 

O111 Coarse SS M9 N 100 

O111 Polystyrene M9 N 100 

O111 Polystyrene TSB N 100 

O121 Smooth SS M9 Y 100 

O121 Smooth SS TSB Y 100 

O121 Coarse SS M9 N 100 

O121 Polystyrene M9 Y 100 

O121 Polystyrene TSB Y 100 

O145 Smooth SS M9 N 100 

O145 Smooth SS TSB N 100 

O145 Coarse SS M9 N 100 

O145 Polystyrene M9 Y 100 

O145 Polystyrene TSB Y 100 

O157 Smooth SS M9 N 100 

O157 Smooth SS TSB N 100 

O157 Coarse SS M9 Y 100 

O157 Polystyrene M9 N 100 

O157 Polystyrene TSB Y 100 

*M9 = M9 minimal salts media, TSB = Tryptic soy broth, full nutrient media.  
†

Difference defined as p < 0.05 for main effect of 

strain or strain*time interaction.  §Attachment was measured as OD590 absorbance.
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CHAPTER IV 

PHASE II:  ENUMERATION OF SHIGA TOXIN-PRODUCING 

ESCHERICHIA COLI IN BIOMASS FORMATIONS ON STAINLESS 

STEEL AND CONVEYOR BELTS IN MINIMAL AND FULL 

NUTRIENT MEDIA 
 

Introduction 

Non-O157 Shiga toxin-producing E. coli is estimated to cause over 112,000 

human illnesses a year, while E. coli O157:H7 human illnesses are estimated at 63,000 

cases annually (11).  Combined, non-O157 STEC and E. coli O157:H7 illnesses are 

estimated to result in approximately $7.1 million in costs related to the illnesses (12).  

These costs do not include expenses that food producers and processors or food-service 

establishments may accrue due to an outbreak or recall associated with their facility or 

food product.   

There has been an increase in human infections in the US attributed to the non-

O157 STEC serogroups of E. coli O26, O45, O103, O111, O121, and O145, with this 

group of serogroups causing more human illness in 2010 as compared to E. coli O157:H7 

(17).  Recent outbreaks associated with these serogroups have occurred in dairy, beef, 

and produce products (3, 5).  Although outbreaks related to these serogroups are more 

prominent in other countries, they are gaining importance as pathogens of concern here in 

the US.  Additionally, the USDA-FSIS identified these six serogroups to join E. coli 

O157:H7 as adulterants in non-intact beef products (16).    

Microorganisms can attach and form living communities called biofilms on 

abiotic surfaces that are commonly found in food processing plants (21).  These biofilms 
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can cause issues for the food producers and processors as they have been attributed to the 

following: cross-contamination, post-processing contamination, erosion of metal 

equipment surfaces, reduced heat flow across metal surfaces, and reduced flow of liquid 

products like milk through pipes (7, 13).  

Escherichia coli O157:H7 has been studied in great detail and has been found to 

attach to and form biofilms on a variety of surfaces in a food processing plant including 

plastic, rubber, glass, and stainless steel (2, 6).  Several factors contribute to the ability of 

the bacteria to attach to the surface.  These factors include, but are not limited to, the 

conditioning film present on the surface, the presence of other microorganisms, surface 

topography, nutrient availability, and the strain itself (2, 14, 15, 18).  Research examining 

the non-O157 STEC ability to attach and form subsequent biofilms on common food 

processing surfaces is minimal.   

The objective of this research was to determine the ability of individual strains of 

non-O157 STEC serogroups (E. coli O26, O45, O103, O111, O121, and O145) and E. 

coli O157:H7 to attach and subsequently form biomass on SS and polyurethane surfaces 

in minimal and full nutrient media at 25°C through enumeration. 

Materials and Methods 

Inoculum Preparation 

Three strains from each of the following serogroups: E. coli O26, O45, O103, 

O111, O121, O145, and O157 were selected from the Texas Tech University Food 

Microbiology Laboratory Stock Culture Collection (Lubbock, Texas).  Strains chosen had 

variation in the presence of stx1, stx2, and eae genes, and the origin of strain and are 
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listed in Table 4.1.  Individual strains were grown in TSB (EMD Chemicals, Darmstadt, 

Germany) for 18 h at 37°C.  Each culture was subcultured at least twice prior to 

inoculation.  For use, 4 ml of individual culture were transferred into 36 mL TSB in 50 

mL Falcon polypropylene conical tubes (Becton, Dickinson and Company; Franklin 

Lakes, NJ) and incubated for 18 h at 37°C.  After incubation, the cultures were 

centrifuged at 4000 rpm for 10 min at 4°C.  The supernatant was removed and discarded.  

Forty-mL of either fresh TSB or M9 Minimal Salts (M9) media was added to the culture 

and the pellet was re-suspended by vortexing.   

M9 Minimal Salts media was made following the recipe and instructions in the 

BD-Difco Manual (20) and contained the following ingredients per liter: 6.78 g 

anhydrous sodium phosphate (Amersco, Solon, OH); 3.0 g monopotassium phosphate 

(EMD); 0.5 g sodium chloride (BDH, VWR International, Chester PA); and 1.0 g 

ammonium chloride (Amersco).  This was autoclaved prior to the addition of 20 ml filter-

sterilized 20% glucose (Difco, Sparks, MD) solution and 2 mL filter-sterilized 1.0 M 

magnesium sulfate (BDH) solution per liter. 

Coupon Preparation 

Stainless steel (304 finish) (SS) and polyurethane (3 mm, Volta Belting, Pine 

Brook NJ) (CB) coupons (2.2 x 2.2 cm) were used for this experiment.  Coupons of both 

materials were washed and sonicated in a 1% Micro 90 (International Products, 

Burlington, NJ) solution as described by Pitchaih et al. (8).  To prevent disfiguring of the 

polyurethane coupons upon autoclaving and to treat all coupons the same, the coupons 
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were soaked in a 1000 ppm solution of Ala-QuatTM (Birko Corp., Henderson, CO) for 45 

min, rinsed with distilled water, and air-dried immediately prior to use. 

Sample Preparation 

Analysis of STEC attachment and subsequent biomass formation was determined 

for 21 strains (Table 4.1) using the following surface/media combinations:  SS/TSB, 

SS/M9, CB/TSB, and CB/M9.  Each surface/media combination was tested separately 

and each experiment was conducted in triplicate. 

For all surface/media combinations, 5 mL of each individual strain in either TSB 

or M9 media was added to either SS or CB coupons in separate wells of a sterile, non-

treated Falcon® 6-well polystyrene plate (Corning, Inc., Corning, NY).  Each 6-well 

plate held the three strains of a single serogroup.  Five plates of each serogroup were 

prepared for each replication.  The plates were statically incubated at 25°C for 4 h.  At 4 

h, media was drawn off the coupons and the coupons were rinsed with distilled water; 

afterward, 5 ml of fresh media, either TSB or M9, were added back to the coupons.  All 

plates were then placed back into the 25°C incubator for up to 48 h.  One plate for each 

serogroup was removed at each time point: 4, 8, 12, 24, and 48 h. 

Enumeration 

At each time point, a plate for each serogroup was removed from the incubator.  

The coupons were rinsed with distilled water and placed into a 50-mL Falcon 

polypropylene conical tube (Becton, Dickinson and Company; Franklin Lakes, NJ).  

Approximately 2 g of acid-washed glass beads (425-600μm, Sigma-Aldrich, St. Louis, 

MO) and 40 ml of buffered peptone water (BPW, EMD Chemicals) was added to each 
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tube.  The tubes were then vortexed for 2 min, and serial dilutions were made using 1:10 

dilutions in BPW. 

To determine populations of STEC for each surface/media combination, bacteria 

was enumerated on TSA (EMD Chemicals) and incubated for 24 h at 37°C.  Tryptic soy 

agar was used for this project as sessile cells within biofilms act differently than 

planktonic cells, and the goal was to recover as many viable cells as possible within the 

biomass over time.  Populations for each strain per cm2 were determined then converted 

to log10 cfu/cm2 prior to data analysis. 

Statistical Analysis 

Within each media (M9 or TSB), to determine differences among strains, the 

experiments were blocked by replication into a repeated measures experimental design 

using the PROC MIXED procedure in SAS (version 9.3, 2011, SAS Institute, Cary, NC).  

In this analysis, strain, coupon type, hour, and their interactions were fixed effects, while 

replication was a random effect.  This analysis was used to determine the LSMs with an α 

of 0.05.  Significant differences between the LSMs were determined using pairwise 

comparisons (pdiff/LSD method).  For those effects with significant interactions, the 

LSMs for the interactions were sliced by hour and by strain to allow for further 

comparison of LSMs within time point or within strain. 

Additionally, the presence of stx1, stx2, and eae virulence genes was also 

analyzed to determine if the presence of these genes had an effect on attachment and 

subsequent biomass formation.  The strains were separated into six groups based on the 

combinations of genes present: eae only (n=2), stx1 only (n=5), eae and stx1 (n=6), eae 
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and stx2 (n=2), eae, stx1, and stx2 (n=7) or none (eae, stx1, and stx2 not present, n=6).  

The experiment was blocked by replication into repeated measures.  Each media was 

analyzed individually.  In this analysis, the presence of virulence genes, coupon, and 

hour, plus their interactions were fixed effects while replication and rep*fixed effects 

interactions were random effects.  An α of 0.05 was used to determine LSMs and 

significant differences between the LSMs were determined using pairwise comparisons.  

For significant interactions, the LSM for the interactions were sliced by each main effect 

included in the interaction. 

Results 

For this study, the ability of the strains to attach and subsequently form biomass 

on the two coupon surfaces was analyzed within media type.  In minimal media (M9), the 

coupon surface material did not (p = 0.0735) have an effect on biomass formation.  

However, there was a significant (p < 0.0001) strain*hour interaction.  When the 

interaction was sliced by hour to evaluate differences in strains at a specific time point, 

there were significant differences at each time point in bacterial populations on the 

coupons.  The results for each strain at 4 h are illustrated in Table 4.2.  At 4 h, there was 

an approximately 1.6 log cfu/cm2 difference between the highest and lowest attaching 

strains.  After 24 h, increases in the bacteria population were noted, and the difference 

among strains for this time point was over 2.1 log cfu/cm2.  The results after 48 h show a 

1.98 log cfu/cm2 difference between the strains with the highest and lowest attachment.   

Fourteen of the twenty-one (67%) strains had significant (p < 0.05) differences in 

growth over time, as shown.  This indicates that the minimal nutrient environment may 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

111 

impede certain bacteria from increasing in number while others are able to overcome the 

lack of nutrients and were able to form biomass.  Three strains (3.1009, 4.0005, and 

BAA-181) had a significant increase from 4 h to 24 h, then a significant drop in viable 

bacteria from 24 h to 48 h.  Previous studies have also observed this trend for some 

strains as the available nutrients decrease over time and the bacteria more easily detach 

from the surface in search for different nutrient sources. 

Under full nutrient conditions (TSB), there was a significant (p = 0.0431) 

coupon*time interaction (Table 4.3).  Upon further analysis, a significantly (p = 0.005) 

higher amount of bacteria was found on polyurethane coupons (5.56 log cfu/cm2) as 

compared to SS (5.32 log cfu/cm2) at 4 h.  However, after 24 h, these differences were 

negligible.  For each coupon type, a significant (p < 0.0001) increase in bacteria was 

noted over time.  Both SS and CB coupons had a significant increase in STEC 

populations after 4 h.  However, after 24 h, no differences between time points for each 

coupon were noted.   

A significant (p = 0.0146) strain*time interaction was also noted for those strains 

that attached under full nutrient conditions (Table 4.4).  The difference in populations 

among strains was 1.26 log cfu/cm2, while nutrient broths were not statistically 

compared; this difference is lower than the difference observed for minimal media.  After 

24 h, differences among strains in TSB was 1.69 log cfu/cm2, again, this was lower than 

the difference for minimal media.  Counts after 48 h show a 2.00 log cfu/cm2 difference 

in populations among strains, which is similar to the differences observed at 48 h for 

minimal media.   
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Six of the twenty-one STEC strains (29%) used in this study had significant (p < 

0.05) increases in population over time.  Of those, strain 43889 experienced an increase 

from 4 to 24 h, and then decreased approximately 0.5 log cfu/cm2 from 24 to 48 h.  

Interestingly, fewer strains had significant increases over time when compared to strains 

in minimal media. This supports the conclusions that some strains have a higher affinity 

for attachment under minimal nutrient conditions made by Rivas and others (9).  With the 

exception of 4 h in full nutrient broth, there were no differences in STEC populations 

between the stainless steel and polyurethane coupons incubated in minimal or full 

nutrient conditions. 

When grouped by the presence of virulence genes and when grown under minimal 

conditions, a significant gene*hour interaction (p = 0.0005) was found (Table 4.5).  

Those strains with eae only had the largest increase over time with an almost 2 log 

cfu/cm2 increase in biomass population from 4 to 24 h.  However, those strains carrying 

only the stx1 gene had the smallest increase in biomass population over time.  

Additionally, significant differences (p < 0.0487) were noted among gene combinations 

for each time point.  While the differences among populations within the strain 

combinations were approximately 0.6 log cfu/cm2 at 4 h, after 24 and 48 h, the 

differences were approximately 1.3 log cfu/cm2.  No differences (p = 0.1835) were found 

in bacterial populations between coupon type within M9 minimal salts media.   

For TSB, a significant (p = 0.0099) difference was found among the different 

gene combinations for STEC populations (data not shown).  Those strains not carrying 

any of the three genes of interest had a 5.85 log10 cfu/cm2 populations, which was the 
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highest biomass population of the combinations.  The lowest bacterial population on 

coupons in TSB was 5.24 log10 cfu/cm2 and was exhibited by those strains with eae genes 

only.  While this difference was statistically significant, an approximate 0.6 log10 cfu/cm2 

difference is not biologically significant.  A significant (p < 0.001) difference in bacterial 

populations was also found among time points, but as previously stated, the 0.5 log10 

cfu/cm2 difference is not biologically significant.  No differences (p = 0.1577) were 

found between coupon types in TSB. 

Conclusions 

This study was designed to enumerate populations of individual STEC strains 

adhered to different surfaces commonly found in food processing environments at 25°C.  

Multiple studies have examined how E. coli O157:H7 attaches and forms biofilms on SS 

and other surfaces, including polystyrene and glass, under a variety of environmental 

conditions (1, 10, 14, 19).  However, an extensive literature search returned few 

published manuscripts on the enumeration of non-O157 STEC biofilms on these surfaces 

(9), and what little research has been conducted on non-O157 STEC biofilms is limited in 

nature.  Therefore, this study will aid in providing initial knowledge of these serogroups. 

Generalized statements about biofilm formation by a specific serogroups or 

serotype cannot be made as multiple studies have shown that attachment and biofilm 

formation is strain-dependent and is affected by environmental conditions.  A variety of 

strains from different origins (bovine, human, and ground beef) with differences in the 

presence of virulence genes were used in this study. Rivas and colleagues (9) found no 

relationship between the source of strains and the counts on SS in a recent study.  
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Additionally, surface structure expression, including type 1 fimbriae and flagella, cellular 

surface charge, and bacterial hydrophobicity, were also found to not affect initial 

attachment to SS.  The results from that study conflict other studies indicating that 

surface structures were required for cell attachment to abiotic surfaces (10, 17).  Our 

study did not examine the attachment mechanisms for the STEC strains used. 

Significant (p < 0.0005) increases in biomass were noted over time for multiple 

strains from multiple serogroups, indicating that some STECs are capable of attaching to 

both stainless steel and polyurethane and forming biomass on these surfaces.  

Additionally, a larger number of strains (67%) significantly increased over time in 

minimal media as compared to those same strains (6%) increasing over time in full 

nutrient media.  It is important to note that laboratory media was selected for the nutrient 

source for this experiment, and the media used may not adequately reflect the nutrient 

conditions within the food processing environments that these bacteria would encounter.  

However, both minimal and full nutrient broths were used to simulate exposure of 

bacteria to different levels of nutrients within the plant.  Escherichia coli O157:H7 has 

been shown to better attach under minimal nutrient conditions (1), and our results from 

this study indicate that attachment and biomass formation by strains from other 

serogroups may be higher under these conditions.   

When strains were sorted into six separate categories based on the combinations 

of the presence of stx1, stx2, and eae, larger populations of STEC were noted for coupons 

incubated in M9 minimal salts media.  The minimal nutrient conditions of this media had 

the largest increase in biomass formation over time.  Some strains had an approximate 2 
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log10 cfu/cm2 increase in population after 24 h of growth at 25°C.  While the absorbance 

values from chapter 3 and the population s from this chapter can’t be directly compared, 

we did note that those strains with eae only and no eae, stx1, and stx2 were found to have 

the highest amount of attachment and biomass formation in minimal nutrient media 

within both studies.  

Additionally, within the food processing facility, other microorganisms, such as 

spoilage bacteria and potentially pathogens, may also be present on surfaces.  The 

relationships between the STECs and these organisms may affect attachment and biofilm 

formation.  In the presence of Acinetobacter calcoaceticus, E. coli O157:H7 surface 

colonization on glass was found to increase 400-fold under dynamic growth conditions 

(4).  Escherichia coli O26:H11 was found to effectively establish itself into a mixed 

biofilm with E. coli O157:H7 and even outcompete it (18).  Within the scope of this 

study, single strains from each serogroup were tested to determine their ability to attach 

to abiotic surfaces.  While substratum surface material did not affect biomass formation 

under minimal nutrient conditions, the strains used had a higher affinity for polyurethane 

in full nutrient media up to 4 hours of exposure.  Over time, surface material did not 

affect subsequent growth of the biomass.  However, the interaction of strains over time 

under these nutrient conditions underscores the importance of non-O157 STEC biofilms 

in the food industry.  Further research on all aspects of biofilm formation of non-O157 

STECs and processes to successfully remove them from food processing equipment is 

needed.  
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Table 4.1:  Shiga toxin-producing Escherichia coli strains, strain source, and 

virulence genes present in these strains, used to determine population of STECs 

attached to stainless steel or polyurethane in minimal (M9 minimal salts media) and 

full (tryptic soy broth) nutrient conditions at 25°C up to 48 h. 

 

Strain Serogroup Source stx1 stx2 eae 

0.1302 O26 Bovine + - - 

7.1556 O26 Ground beef - - - 

BAA-1653 O26 Human + + + 

2.1064 O45 Bovine - - - 

E1-138 O45 Human - - - 

E1-139 O45 Bovine + - - 

97.1241 O103 Bovine + - + 

97.1377 O103 Bovine + - - 

23982 O103 Human - - - 

3.1009 O111 Bovine + + + 

4.0005 O111 Bovine + + + 

BAA-181 O111 Human + + + 

3.1064 O121 Bovine - - - 

E1-158 O121 Human + - + 

E1-159 O121 Human + - + 

95.0187 O145 Bovine + - + 

9.0538 O145 Ground beef + - + 

BAA-1652 O145 Human - + + 

43888 O157:H7 Human - - + 

43889 O157:H7 HUS Patient - + + 

43895 O157:H7 Ground Beef + + + 
(+) = Positive for gene carriage; (-) = Negative for gene carriage. 
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Table 4.2: Least square means estimates for strains of E. coli O26, O45, O103, O111, 

O121, O145, and O157:H7 populations (log10 cfu/cm2) attached to equipment 

surfaces (stainless steel and polyurethane) at 25°C over time up to 48 h in minimal 

nutrient broth (M9 minimal salts media).  Significance level established at p < 0.05. 

 

  Hour† 

Serogroup Strain 4 h 24 h 48 h 

O26 0.1302 5.00hijz 5.69hiz 5.53hz 

 7.1556 5.15ghijy 5.95ghiz 6.03defghz 

 BAA-1653 4.88jy 5.90ghiz 6.15defgz 

O45 2.1064 6.52az 6.86cdez 6.86bcz 

 E1-138 5.52defghiy 7.55abyz 7.12abz 

 E1-139 5.28efghijz 5.99ghiz 5.81fghz 

O103 23982 6.26abcy 7.09bcdz 6.90bcz 

 97.1241 5.43defghijy 6.39efgz 6.40cdefz 

 97.1377 5.19fghijy 5.97ghiz 5.91defghz 

O111 3.1009 5.21fghijx 7.62abz 7.00abcy 

 4.0005 4.94ijx 7.33abcz 6.45cdey 

 BAA-181 5.10ghijx 7.72az 7.10aby 

O121 3.1064 5.78bcdefy 6.63defz 6.48cdz 

 E1-158 5.90bcdz 6.20fghiz 6.23defz 

 E1-159 5.69cdefgz 6.20fghiz 5.61ghz 

O145 9.0538 5.23efghijz 5.59iz 5.59ghz 

 95.0187 5.02hijy 5.76hiz 5.81fghz 

 BAA-1652 5.83bcdez 5.66hiz 5.85efghz 

O157:H7 43888 5.39defghijy 7.19abcdz 7.24abz 

 43889 5.58defghy 6.44efgz 6.43cdez 

 43895 6.36aby 6.94bcdeyz 7.51az 

†Standard errors for these strains are ± 0.2195. 
abcedefghijCounts within the same column with different superscripts are significantly different (p < 0.05). 
xyzCounts within the same row with different superscripts are significantly different (p < 0.05) 
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Table 4.3: Least square means estimates of log10 cfu/cm2 for STEC strain 

populations attached to stainless steel or polyurethane coupons at 25°C over time in 

full nutrient media (tryptic soy broth).  Significance level established at p < 0.05. 

 

 Hour† 

Coupon Material 4 24 48 

Stainless Steel 5.32by 5.90az 5.83az 

Polyurethane 5.56bz 5.84az 5.97az 

†Standard errors for this table are ± 0.0654. 
abCounts within the same row with different superscripts are significantly different (p < 0.05) 
yzCounts within the same column with different superscripts are significantly different (p < 0.05). 

  



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

122 

Table 4.4: Least square means estimates for strains of E. coli O26, O45, O103, O111, 

O121, O145, and O157:H7 populations (log10 cfu/cm2) attached to equipment 

surfaces (stainless steel and polyurethane) at 25°C over time up to 48 h in full 

nutrient media (tryptic soy broth).  Significance level established at p < 0.05. 

 

  Hour† 

Serogroup Strain 4 h 24 h 48 h 

O26 0.1302 5.54abcdz 5.85defghiz 5.90cdefghz 

 7.1556 4.98efgz 5.56hijkz 5.37hiz 

 BAA-1653 4.76gz 5.22jkz 5.17iz 

O45 2.1064 5.95abcz 6.34abcdz 6.16cdez 

 E1-138 5.61abcdz 6.19bcdez 5.98cdefgz 

 E1-139 5.58abcdy 6.11bcdefgyz 6.31bcdz 

O103 23982 5.66abcdy 6.57abz 6.75zab 

 97.1241 5.54abcdy 6.24bcdz 6.37bcz 

 97.1377 4.95fgy 6.21bcdez 6.15cdefz 

O111 3.1009 5.50abcdez 5.50hijkz 5.37hiz 

 4.0005 5.20defgz 5.66fghijkz 5.77defghz 

 BAA-181 5.50 abcdez 5.67efghijz 5.74efghz 

O121 3.1064 5.41cdefz 5.87defghiz 5.85cdefghz 

 E1-158 5.56abcdz 5.14kz 5.61fghiz 

 E1-159 6.02az 5.97cdefghz 6.00cdefgz 

O145 9.0538 5.52abcdez 5.33ijkz 5.68efghiz 

 95.0187 5.46bcdefz 5.53hijkz 5.88cdefghz 

 BAA-1652 4.81gy 5.47hijkz 5.57ghiz 

O157 43888 4.99efgz 5.60ghijkz 5.14iz 

 43889 5.65abcdy 6.43abcz 5.88cdefghyz 

 43895 5.98aby 6.83az 7.22az 

†Standard errors for these strains are ± 0.1986. 
abcdefghijkCounts within the same row with different superscripts are significantly different (p < 0.05). 
yzCounts within the same column with different superscripts are significantly different (p < 0.05).  
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Table 4. 5:  Least square means estimates of populations (log10 cfu/cm2) of Shiga 

toxin-producing Escherichia coli with different combinations of stx1, stx2, and eae 

genes attached to coupons in minimal (M9 minimal salts media) and full (tryptic soy 

broth) nutrient broth at 25°C up to 48 hours.  Significance level established at p < 

0.05. 

 

 Hour† 

STX/EAE Combination 

4 

p = 0.0487 
24 

p < 0.0001 

48 

p < 0.0001 

eae only present 

p < 0.0001 5.39ayz 7.19bz 7.24bz 

stx1 only present 

p = 0.0094 5.14ay 5.87by 5.74bw 

eae and stx1 present 

p = 0.0065 5.43ayz 6.03by 5.95bw 

eae and stx2 present 

p = 0.2987 5.70az 6.05ay 6.14awx 

eae,stx1, and stx2 present 

p < 0.0001 5.33ay 7.04bz 6.84byz 

eae, stx1, or stx2 not 

present 

p < 0.0001 5.81az 6.76bz 6.64bxy 

†Standard errors for this table are ± 0.3217. 
abPopulations within rows with different superscripts are significantly different (p < 0.05). 
wxyzPopulations within columns with different superscripts are significantly different (p < 0.05). 
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CHAPTER V 

PHASE III:  EFFICACY OF DETERGENT AND QUATERNARY 

AMMONIUM SANITIZER ON REDUCTION OF SHIGA-TOXIN 

PRODUCING ESCHERICHIA COLI ATTACHED TO STAINLESS 

STEEL 

 
Introduction 

Shiga-toxin producing E. coli are pathogens of concern across various 

commodities within the food industry as they have been connected to a wide variety of 

outbreaks and recalls.  Symptoms associated with STEC-related illness ranges from mild 

to bloody diarrhea as well as the potential to cause HUS and possibly death (10, 11).  

Additionally, recalls have been issued for products such as ground beef, produce, and 

dairy products (7, 8).  Most of the scientific literature focuses on E. coli O157:H7 as it 

was the first STEC to considered an adulterant in non-intact beef products in the United 

States after a large outbreak from undercooked ground beef patties in 1982 (13).   

Worldwide, non-O157 STEC strains are estimated to cause 20 to 50% of STEC-

related infections (11).  A review of outbreaks from 1983 through 2002 found six 

serogroups (O26, O111, O103, O121, O145, and O45) to be the most common non-O157 

STECs causing human illness in the US (1).  An estimated 70% of non-O157 STEC 

infections are caused by these six serogroups and as a result, the United States 

Department of Agriculture Food Safety and Inspection Service (USDA-FSIS) has taken 

steps necessary to declare these non-O157 serogroups as adulterants in non-intact beef 

products along with the previous regulations which include E. coli O157:H7 (16). 
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Previous studies have determined that E. coli O157:H7 can attach and form 

biofilms on food processing surfaces, such as stainless steel and plastic (3, 14, 15).  

Biofilms are communities of microorganisms that can form on both biotic and abiotic 

surfaces, including those found in food processing plants.  Biofilm formation is strain-

dependent and can be affected by a variety of environmental conditions including nutrient 

availability, temperature, conditioning film on the surface, and the presence of other 

microorganisms (6, 14, 15, 17).  Few studies have been conducted on the ability of non-

O157 STEC to attach and form biofilms on surfaces found in food processing 

environments.  However, those studies, including chapters 3 and 4 in this dissertation, 

have reported attachment of these serogroups to also be strain-dependent (16).  

A complete sanitation program including removal of solids and utilization of both 

detergents and sanitizers within a food processing environment is essential to producing 

safe, wholesome products for consumers to enjoy.  Biofilms have an increased resistance 

to sanitizers (2, 6, 16).  However, few studies have utilized a combination of detergents 

and sanitizers to determine their effectiveness against biofilms containing pathogens like 

STECs attached to commonly used food processing surfaces like stainless steel.  The 

objective of this study was to determine the efficacy of detergents and sanitizers in 

removing STEC biomasses formed at 25°C on SS surfaces.   

Materials and Methods 

Inoculum Preparation 

One strain from each serogroup (E. coli O26, O45, O103, O111, O121, and O145) 

and E. coli O157:H7 which have been proven to have a high affinity for attachment to SS 
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and one strain determined to have a low affinity for attachment to SS during phase 1 were 

selected for this phase of the research.  The strains and their characteristics including 

presence of virulence genes and strain origin are listed in Table 5.1 and were selected 

from the Texas Tech University Food Microbiology Laboratory Stock Culture Collection 

(Lubbock, Texas).  Individual strains were grown in tryptic soy broth (TSB; EMD 

Chemicals, Darmstadt, Germany) for 24 h at 37°C.  Each culture was subcultured at least 

three times prior to inoculation.   

Prior to use in this study, 4 ml of each individual culture was transferred into 36 

mL TSB in 50-mL Falcon polypropylene conical tubes (Becton, Dickinson and 

Company; Franklin Lakes, NJ) and incubated for 18 h at 37°C.  After incubation, the 

cultures were centrifuged at 4000 rpm for 10 min at 4°C.  The supernatant was removed 

and discarded.  Ten mL of fresh M9 Minimal Salts media was added to the culture and 

the pellet was resuspended by vortexing.   

M9 Minimal Salts media was made following the recipe and instructions in the 

BD-Difco Manual (19) and contained the following ingredients per liter: 6.78 g 

anhydrous sodium phosphate (Amersco, Solon, OH); 3.0 g monopotassium phosphate 

(EMD); 0.5 g sodium chloride (BDH, VWR International, Chester PA); and 1.0 g 

ammonium chloride (Amersco).  The base media was autoclaved prior to use.  

Additionally, 20 ml of filter-sterilized 20% glucose (Difco, Sparks, MD) solution and 2 

mL of filter-sterilized 1.0 M magnesium sulfate (BDH) solution were added per liter. 
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Stainless Steel Preparation 

Stainless steel (304 finish) coupons (2.2 cm x 2.2 cm) were used for this 

experiment.  The coupons were washed and sonicated in a 1% Micro 90 (International 

Products, Burlington, NJ) as described by Pitchaih et al. (12).  Coupons were rinsed and 

autoclaved prior to use. For each individual strain, 5 stainless steel coupons were 

prepared for each replication by adding 5 ml of the strain in M9 media to a stainless steel 

coupon in a sterile, non-treated Falcon® 6-well polystyrene plate (Corning, Inc., Corning, 

NY).  The coupons were statically incubated at 25°C for 24 h.  At 24 h, the coupons were 

removed from the incubator and rinsed with water, then transferred to a clean well for 

application of treatments.  For each strain, 1 coupon was designated as an untreated 

control, 1 coupon was treated with detergent only, 1 coupon was treated with sanitizer 

only, 1 coupon was treated with detergent/sanitizer combination, and 1 coupon had a 

control treatment of water only. 

Treatment Preparation 

Analysis of detergent and sanitizer efficacy was determined for 8 strains using the 

following chemical combinations: detergent only (detergent/water), sanitizer only 

(water/sanitizer), detergent/sanitizer combination (detergent/sanitizer), or control 

(water/water).  Each combination was tested separately for each strain and replications 

were conducted in triplicate. 

Detergent solution was prepared by adding Nu-Blu Detergent (Birko Corporation, 

Henderson, CO) following the manufacturer’s instructions to hot water (55-70°C).  

Sanitizer solution was prepared at 200 ppm by adding UltraQuat (Birko Corp), a 4-part 
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quaternary ammonium sanitizer to hot water (55 to 70°C).  Sanitizer concentration was 

confirmed using Hydrion Quat Test strips (Micro Essential Labs, Brooklyn, NY).  Hot 

water (55 to 70°C) was used for the control.  Treatment solutions were put into separate 

foaming hand soap dispensers (Interdesign, Solon, OH) to simulate foaming application 

of the chemicals in a food processing environment.  The control treatment was also 

applied using the foaming soap dispenser to ensure the same amount of solution was 

added between treatments.   

One squirt (approximately 2 ml) of detergent was added to the coupons for 

detergent only or detergent/sanitizer treatments.  One squirt of water was added to 

coupons for control or sanitizer only treatments.  The coupons were exposed for 5 min to 

the treatments, then rinsed with water, and transferred to new wells to prevent continued 

contact with the previous treatment.  One squirt of sanitizer was added to those coupons 

for sanitizer only or detergent/sanitizer treatments, while the remaining coupons (control 

and detergent only) were treated with one squirt of water.  All coupons were in contact 

with the treatments for 5 min, rinsed with water, and transferred to labeled, clean wells 

for the colorimetric assay.  Coupons were exposed through immersion only, and no 

mechanical action was applied to the coupons upon application of treatment. 

Colorimetric Assay 

When removed from the incubator, one coupon for each strain was rinsed and 

transferred to a labeled, unused well.  Those coupons were immediately dried for 20 min 

under a laminar flow hood then subjected to the colorimetric assay as described below.  

Following treatment application and a final rinse, the remainder of the coupons was dried 
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under a laminar flow hood for 20 min.  After drying, 5 mL CV solution (1%; Harleco; 

EM Science, Gibbstown, NJ) was added to each well and allowed to sit for 45 min.  The 

CV solution was discarded and each well was rinsed 5 times with distilled water.  The 

remaining CV was removed by adding 1 mL of an 80:20 95% ethanol (Pharmco-Aaper, 

Brookfield, CT):acetone (Avantor; Center Vally, PA) for 30 min.  To determine the 

amount of remaining CV, 150μL of solution was removed from each well and transferred 

to a 96-well plate (Costar 3788; Corning, Inc.; Corning, NY).  The absorbance value was 

read at OD590 using Gen5 Microplate Software (V 2.00.18, Biotek Instruments, Inc.; 

Winooski, VT). 

Statistical Analysis 

The data were log10 transformed and analyzed with the mixed model procedure in 

SAS (version 9.3, 2011, SAS Institute, Cary, NC).  Experiments were blocked by 

replication into an 8 strain x 5 treatment factorial design.  In this analysis, strain, 

treatment, and strain*treatment were fixed effects while rep, strain*rep, and 

rep*treatment were random effects.  This analysis was used to determine the LSMs with 

an α of 0.05.  Significant differences among the LSMs were determined using pairwise 

comparisons (pdiff/LSD method).  Least significant means were transformed back prior 

to reporting results. 

Results 

Significant (p < 0.001) differences were found among treatments as well as 

strains.  Untreated SS coupons had a significantly (p < 0.0002) higher OD590 absorbance 

value as compared to the other treatments indicating the treatments removed a large 
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number of attached bacteria as noted in Table 5.2.  The most effective treatment was the 

detergent and sanitizer combination with an overall reduction of over 0.023 in absorbance 

from the untreated SS coupons, although the reduction was not significant (p > 0.05) 

when compared to the control (water only) and detergent only treatments.  These 

differences can be visually observed in figure 5.1.  The application of detergent only 

resulted in the second highest removal of bacteria during the study.  Interestingly, the 

application of sanitizer only resulted in a significantly (p = 0.0206) lower reduction as 

compared to the detergent/sanitizer combination.  Additionally, sanitizer only treatment 

had a higher absorbance value after application as compared to the control treatment 

(water only).  This may indicate that the attached bacteria had an increased resistance to 

the QAC sanitizer as a result of biomass formation.   

While significant (p < 0.001) differences were noted among strains these 

differences are not explored within the scope of this study.  With a significant main 

effect, the LSM estimates for the strains were analyzed across all treatments that were 

applied to the coupons, and therefore, the analysis doesn’t provide insight into how each 

treatment affects a particular strain. 

Conclusions 

This study indicates that a complete cleaning and sanitation program, including 

the application of both detergent and sanitizer at manufacturer recommended 

concentrations, can significantly reduce the amount of STEC bacteria attached to SS 

coupons.  Removal of the attached bacteria was measured through optical density for this 

study.  Because STEC bacterial populations were not enumerated, we cannot confirm that 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

131 

all of the attached bacteria were removed.    Additionally, the application of both 

detergent and sanitizer was significantly (p = 0.0206) more effective at removing bacteria 

as compared to applying sanitizer only.  Dunsmore (5) found that a complete cleaning 

and sanitation program was more efficient in removing bacteria numbers and contributed 

these findings to the action of the detergent.  These conclusions were made in part 

because the sanitizer became less effective as the soil residue increased over time within 

their testing system.  Further, L. monocytogenes biofilms were more effectively removed 

from high-density polyethylene cutting boards when both a rinse with distilled water and 

chemical inactivation with sanitizer were applied (18).  The study also found that pH and 

active ingredients of the sanitizer solution were more important to sanitizer efficacy then 

the length of surface exposure.  In our study, the STECs were allowed to attach in 

laboratory media, so no food residue was present to reduce the effectiveness of the 

sanitizer, but our results still found decreased bacterial removal for sanitizer only 

applications as compared to applying both detergent and sanitizer. 

Through an extensive literature review, we believe this to be the first study to 

examine a complete cleaning and sanitation program in the removal of attached STEC 

bacteria, as many of the studies published only look at the efficacy of sanitizers applied to 

the biofilms.  We chose to include detergent to more closely mimic what occurs in food 

processing facilities.  Quaternary ammonium-based sanitizers are commonly used within 

the food industry, and are often used by meat production facilities.  In one study, 77 food 

production facilities in the UK were surveyed and 55% of then used QAC as their 

sanitizer, making it the mostly commonly used (9).  Because research on the removal of 
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STECs from equipment surfaces is limited, we also chose to use the manufacturer’s 

recommended concentration for sanitizer concentration, as these bacteria have been 

shown to attach to equipment surfaces within 4 h of exposure as noted in chapter 3 of this 

dissertation.   

Wang and colleagues (16) found that a 300 ppm QAC sanitizer solution applied to 

STEC biofilms formed on polystyrene was highly strain-dependent as compared to the 

phosphate-buffered saline wash and increased exposure time to the sanitizer further 

reduced viable cell populations.  Optical density was used to determine treatment 

effectiveness within the present study.  Our results indicate that the sanitizer only 

treatment was less effective than our control (water only) treatment, which would be in 

disagreement with the conclusions of Wang et al. (16).  However, it is important to note 

that Wang et al. determined the populations of the bacteria through enumeration after 

treatments, whereas the current study measured removal through optical density (16).  

Further research, including enumeration of these STEC strains after treatment is 

warranted to understand the total number of viable cells left on the equipment surfaces 

after the cleaning and sanitation program is complete. 

Additionally, Dourou and others (4) determined E. coli O157:H7 biofilm studies 

performed using laboratory media only was not adequate to mimic what would happen 

when the bacteria were exposed to food residues within a processing environment.  As 

limited research about non-O157 STECs, especially serogroups O45 and O121, and their 

ability to attach and form biofilms is available, we chose to perform these studies under 

laboratory conditions.  Additional research is needed to determine how these bacteria act 
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when exposed to food residues and other microorganisms present, and how those residues 

may impact the efficacy of cleaning and sanitation programs on the removal of STECs 

from equipment surfaces.  In conclusion, our study shows that a complete cleaning and 

sanitation program administered within food production facilities is more effective at 

removing STEC bacteria from SS in laboratory media when the chemicals are applied 

using manufacturers’ recommendations.    
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Table 5.1:  Shiga toxin-producing Escherichia coli (STEC) strains, strain source, 

and virulence genes present in these strains, used to determine efficacy of detergents 

and sanitizers on reduction of STECs attached to stainless steel at 25°C for 24 h. 

 

Strain Serogroup Source stx1 stx2 eae 

0.1302* O26 Bovine + - - 

BAA-1653 O26 Human + + + 

E1-138 O45 Human - - - 

23982 O103 Human - - - 

3.1009 O111 Bovine + + + 

3.1064 O121 Bovine - - - 

95.0187 O145 Bovine + - + 

BAA-1652 O145 Human - + + 

35150 O157:H7 Human  + + + 
*Low-attaching strain as determined in phase 1 of this research study. 

(+) = Positive for gene carriage; (-) = Negative for gene carriage.  
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Table 5.2 Least square means estimates (LSM) ± standard error of means (SEM) 

estimates of absorbance measured at OD590 for detergent and sanitizer treatments 

applied to Shiga toxin-producing E. coli strains attached to stainless steel (SS) at 

25°C for 24 h.  Significance level established at p < 0.05. 

 

Treatment Absorbance (OD590) ± SEM 

Untreated SS Coupons 0.2124 ± 0.0846a 

Control (Water Only) 0.1292 ± 0.0843bc 

Detergent 0.12231 ± 0.0843bc 

Sanitizer 0.1363 ± 0.0843b 

Detergent/Sanitizer Combination 0.1041 ± 0.0843c 
abcLSMs with different superscripts are significantly different (p < 0.05) 
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abcLSMs with different superscripts are significantly different (p < 0.05) 

 

Figure 5.1 Least square mean estimates of detergent (D) and sanitizer (S) or water 

(control) absorbance measured at OD590 for treatments applied to Shiga toxin-

producing E. coli strains attached on stainless steel (SS) at 25°C for 24 h.  
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CHAPTER VI 

CONCLUSIONS 

Shiga toxin-producing E. coli biofilm knowledge is limited in scope, and while 

recent research has explored multiple non-O157 STEC serogroups, the six serogroups of 

concern here in the US have not been explored in great depth with regard to biofilm 

formation. A multitude of bacteria from many different species can enter and establish 

themselves within food production facilities.  Those bacteria, especially pathogens such 

as L. monocytogenes, Salmonella, and STECs that can attach and subsequently form 

biofilms on food contact surfaces are a hindrance to both quality and safety of the 

products produced.  Adherence by bacteria is complicated in nature, and is dependent 

upon many factors including other microorganisms present, the substratum surface, 

expression of cellular appendages, environmental conditions, temperature, and available 

nutrients.  The objective of this three-phase study was to determine if individual strains 

from six STEC serogroups (E. coli O26, O45, O103, O111, O121, and O145) and E. coli 

O157:H7 could attach to and form biomasses on stainless steel and polyurethane surfaces 

in laboratory media.  Additionally, the effectiveness of a complete cleaning and sanitation 

program applying both detergent and sanitizer was determined for strains from each 

serogroup with a high affinity for stainless steel. 

Data collected in phase 1 of this study indicate that under minimal and full 

nutrient conditions, some strains can attach to coarse and smooth surfaced stainless steel 

hex nuts and polystyrene surfaces when incubated up to 48 h.  Attachment strength was 

found to be strain-dependent.  These findings are in agreement with other studies (3, 4).  
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Wang and colleagues (5) compared attachment for E. coli O26:H11, O111:H8, and 

O157:H7 strains and found serogroups to not influence an individual strain’s ability to 

attach.  Additionally, they noted that one serogroup did not have a higher affinity for 

adherence as compared to the others.  While phase 1 did not examine strains across 

serogroups, phase 2 data show that attachment and biomass formation was not serogroup 

dependent. 

Minimal and full nutrient conditions were evaluated within the first two phases of 

this study as others have shown that E. coli O157:H7 cells attached at a significantly 

higher rate in minimal salts media as compared to tryptic soy broth (1).  Enumeration of 

attachment and biomass formation of strains from each STEC serogroup were determined 

in Phase 2.  Both full and minimal nutrient media were used, with a higher average 

population found on coupons in minimal media after 48 h of incubation as compared to 

full nutrient media.  The results from this study showed that while all strains attached to 

the surfaces, some strain populations increased over time.  This demonstrates that STEC 

strains can attach to and grow on equipment surfaces.  Because planktonic and loosely 

attached cells were removed after 4 h of incubation, the increase in populations was a 

result of attached cells.   

Within production facilities, these strains could potentially establish themselves 

on food contact surfaces in a relatively short amount of time, lending to an increased risk 

for potential product contamination.  The results within this study can be used to increase 

our understanding of how these bacteria attach to equipment surfaces.  Generalizations 

and assumptions of how specific serogroups will act should not be made as both phase 1 
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and 2 of this study show adherence and biomass formation is strain-dependent and is 

independent of serogroup. 

The objective of phase 3 was to determine the effectiveness of a full cleaning and 

sanitation program on the removal of attached STEC cells.  Several studies have shown 

biofilms of various species to have an increased resistance to sanitizers, some which were 

applied at levels below the manufacturer’s recommended concentrations.  However, we 

found only one study that examined the combined effectiveness of detergents and 

sanitizers on bacteria attached to equipment surfaces.  The previous study was conducted 

to simulate CIP cleaning for milk production and found that the addition of detergent 

increased the sanitizer’s effectiveness (2). 

Phase 3 results indicate that a detergent/sanitizer combination was most effective 

at removing attached cells from stainless steel.  The combination of chemicals was 

significantly more effective than applying a sanitizer alone.  The reduction in bacteria 

was measured using optical density, so populations of viable bacteria remaining were not 

determined.  Further research to enumerate these differences would help to quantify 

viable bacteria remaining on equipment surfaces if present.  Methods to measure 

attachment and biofilm formation are not available for plant use and current 

methodologies used may not capture the extent to which a food contact surface is 

contaminated or if a biofilm is present.  Conducting further efficacy studies using 

homogenates of food products will improve the information available to plant personnel 

to make better educated decisions about their sanitation programs. 
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Overall, the findings of this study show that STECs have the ability to attach and 

subsequently form biomasses on equipment surfaces including stainless steel and 

polyurethane conveyor belts.  Further research is needed to understand the mechanisms 

of biofilm formation among the different strains.  Additionally, expanding phase 3 

objectives to include enumeration of viable bacteria after treatments as well as exploring 

different sanitizers and concentration will add additional information available for use by 

chemical companies and plants when trying to remove attached bacteria and biofilms 

from equipment surfaces.  Understanding how these serogroups interact with each other 

and commensal bacteria found in processing environments is also essential to create 

effective programs to prevent and eliminate these bacteria from becoming established 

within food production facilities.   

 

  



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

144 

Literature Cited 

1. Dewanti, R., and A. C. Wong. 1995. Influence of culture conditions on biofilm 

formation by Escherichia coli O157:H7. Int J Food Microbiol. 26:147-164. 

2. Dunsmore, D. 1981. Bacteriological control of food equipment surfaces by 

cleaning systems. I. detergent effects. J Food Prot. 44:15-20. 

3. Moretro, T., E. Heir, K. R. Mo, O. Habimana, A. Abdelgani, and S. Langsrud. 

2010. Factors affecting survival of Shigatoxin-producing Escherichia coli on abiotic 

surfaces. Int J Food Microbiol. 138:71-7. 

4. Rivas, L., N. Fegan, and G. A. Dykes. 2007. Attachment of Shiga toxigenic 

Escherichia coli to stainless steel. Int J Food Microbiol. 115:89-94. 

5. Wang, R., J. L. Bono, N. Kalchayanand, S. Shackelford, and D. M. Harhay. 2012. 

Biofilm formation by Shiga toxin-producing Escherichia coli O157:H7 and Non-O157 

strains and their tolerance to sanitizers commonly used in the food processing 

environment. J Food Prot. 75:1418-1428. 

 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

145 

APPENDIX A 

PHASE 1 PROTOCOL 

 
Sample Preparation 

1. Centrifuge overnight culture of each strain at 4000 rpm for 10 min.  Remove supernatant. 

2. Reconstitute pellet in M9 Minimal Salts Media by adding 30 mL of media to centrifuge 

tube.  Vortex tube until pellet is dissolved. 

3. Using 24-well microtiter plates, lay out plate as shown below. 

4. Because there are 5 time points, you will need 5 individual 24-well plates. 

5. Add 2 mL of strain to each well matching that strain number to ensure nut is completely 

submerged into inoculated media.  

6. Incubate plates at 25°C for time periods of 4 h, 8 h, 12 h, 24 h, and 48 h. 

7. At each time point, remove one plate from the incubator for colorimetric assay. 

 

Colorimetric Assay 
1. Draw off media.  In those wells where a nut is present, move it to into the empty well 

adjacent to the nut. 

2. Rinse the wells that had previously contained inoculated media and the wells that contain 

the nut one time with distilled water. 

3. Let dry under flow hood for 20 minutes. 

4. Add 1ml of 1% crystal violet solution to each well and let sit for 45 minutes. 

5. At the end of 45 minutes, draw off crystal violet solution.  Rinse coupon with distilled 

water 5 times. 

6. Add 1 ml of a 80:20 95% Ethanol:Acetone solution.  Let sit for 30 minutes. 

7. Transfer 150 μl into clean 96 well microtiter plate. 

8. Read absorbance using the Gen5 Plate Reader at OD590. 

9. Grow overnight cultures of STEC.  Need at least a total of 30 mL of culture for one set of 

time points per serotype.  Incubate at 37°C. 
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APPENDIX B 

PHASE 1 SAS CODE FOR DATA ANALYSIS 

 
data SmoothM9; set attach.smoothm9; 

Logod=log(od590); 

run; 

 

Title 'Smooth - M9'; 

proc univariate plot normal; 

var od590; 

run; 

 

proc univariate plot normal; 

var logod; 

run; 

 

proc glm data=smoothm9; 

class strain hour rep; 

model od590=rep; 

means rep/hovtest=levene; 

run; 

 

proc mixed data=SmoothM9; 

title 'O26'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O26'); 

run; 

 

proc mixed data=SmoothM9; 

TITLE 'O45'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff; 

where serotype in('O45'); 

run; 

 

proc mixed data=SmoothM9; 

TITLE 'O103'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff; 

where serotype in('O103'); 

run; 
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proc mixed data=SmoothM9; 

TITLE 'O111'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O111'); 

run; 

 

proc mixed data=SmoothM9; 

TITLE 'O121'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff; 

where serotype in('O121'); 

run; 

 

proc mixed data=SmoothM9; 

TITLE 'O145'; 

class strain hour rep; 

model od590=strain hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O145'); 

run; 

 

proc mixed data=SmoothM9; 

title 'O157'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=CS; 

lsmeans strain/pdiff; 

where serotype in('O157'); 

run; 

 

data RoughM9; set attach.roughm9; 

logod=log(od590); 

run; 

 

Title 'Rough - M9'; 

proc univariate plot normal; 

var od590; 

run; 

 

proc univariate plot norma; 

var logod; 

run; 
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proc glm data=roughm9; 

class strain hour rep; 

model od590=rep; 

means rep/hovtest=levene; 

run; 

 

proc mixed data=RoughM9; 

title 'O26'; 

class strain hour rep; 

model od590=strain hour strain*hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain*hour/pdiff slice=hour slice=strain; 

where serotype in('O26'); 

run; 

 

proc mixed data=RoughM9; 

title 'O45'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff; 

where serotype in('O45'); 

run; 

 

proc mixed data=RoughM9; 

title 'O103'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff; 

where serotype in('O103'); 

run; 

 

proc mixed data=RoughM9; 

title 'O111'; 

class strain hour rep; 

model od590=strain hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O111'); 

run; 

 

proc mixed data=RoughM9; 

Title "O121"; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O121'); 



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

149 

run; 

 

proc mixed data=RoughM9; 

title 'O145'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O145'); 

run; 

 

proc mixed data=RoughM9; 

title 'O157'; 

class strain hour rep; 

model od590=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff; 

where serotype in('O157'); 

run; 

 

data SmoothTSB; set attach.smoothtsb; 

logod=log(od590); 

sqrt=sqrt(od590); 

run; 

TITLE 'SMOOTH TSB'; 

 

proc univariate plot normal; 

var logod; 

run; 

 

proc glm data=smoothtsb; 

class strain hour rep; 

model logod=rep; 

means rep/hovtest=levene; 

run; 

 

proc mixed data=SmoothTSB; 

Title 'O26 -Transformed'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O26'); 

run; 

 

proc mixed data=SmoothTSB; 

TITLE 'O45-Transformed'; 

class strain hour rep; 

model logod=strain hour strain*hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 
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lsmeans strain*hour/pdiff slice=strain slice=hour; 

where serotype in('O45'); 

run; 

 

proc mixed data=SmoothTSB; 

TITLE 'O103-Transformed'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff; 

lsmeans hour/pdiff; 

where serotype in('O103'); 

run; 

 

proc mixed data=SmoothTSB; 

TITLE 'O111-Transformed'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O111'); 

run; 

 

proc mixed data=SmoothTSB; 

TITLE 'O121-Transformed'; 

class strain hour rep; 

model logod=strain hour strain*hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain*hour/pdiff slice=strain slice=hour; 

where serotype in('O121'); 

run; 

 

proc mixed data=SmoothTSB; 

TITLE 'O145-Transformed'; 

class strain hour rep; 

model logod=strain hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O145'); 

run; 

 

proc mixed data=SmoothTSB; 

TITLE 'O157-Transformed'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

where serotype in('O157'); 

lsmeans strain; 

run; 
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data WellsM9; set attach.wellsm9; 

logod=log(od590); 

run; 

title 'Wells Only - M9'; 

proc univariate plot normal; 

var logod; 

run; 

 

proc glm data=WellsM9; 

class strain hour rep; 

model logod=rep; 

means rep/hovtest=levene; 

where rep in(1,2,3); 

run; 

 

proc mixed data=WellsM9; 

Title 'O26-Transformed'; 

class strain hour rep; 

model logod=strain hour strain*hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain*hour/pdiff slice=strain slice=hour; 

where serotype in('O26')and rep in(1,2,3); 

run; 

 

proc mixed data=WellsM9; 

title 'O45-Transformed'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff; 

where serotype in('O45') and rep in(1,2,3); 

run; 

 

proc mixed data=WellsM9; 

Title 'O103-Transformed'; 

class strain hour rep; 

model logod=strain hour strain*hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain*hour/pdiff ; 

where serotype in('O103')and rep in(1,2,3); 

run; 

 

proc mixed data=WellsM9; 

title 'O111-Transformed'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O111') and rep in(1,2,3); 
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run; 

 

proc mixed data=WellsM9; 

title 'O121-Transformed'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff; 

where serotype in('O121') and rep in(1,2,3); 

run; 

 

proc mixed data=WellsM9; 

title 'O145-Transformed'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain/pdiff ; 

lsmeans hour/pdiff; 

where serotype in('O145') and rep in(1,2,3); 

run; 

 

proc mixed data=WellsM9; 

title 'O157-Transformed'; 

class strain hour rep; 

model logod=strain hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O157') and rep in(1,2,3); 

run; 

 

data WellsTSB; set attach.wellsTSB; 

logod=log(od590); 

run; 

title 'Wells Only - TSB'; 

proc univariate plot normal; 

var logod; 

run; 

 

proc glm data=WellsTSB; 

class strain hour rep; 

model od590=rep; 

means rep/hovtest=levene; 

run; 

 

proc mixed data=WellsTSB; 

title 'O26-Transform'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 
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where serotype in('O26'); 

run; 

 

proc mixed data=WellsTSB; 

title 'O45-Transform'; 

class strain hour rep; 

model logod=strain hour strain*hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain*hour/pdiff slice=hour slice=strain; 

where serotype in('O45'); 

run; 

 

proc mixed data=WellsTSB; 

title 'O103-Transform'; 

class strain hour rep; 

model logod=strain hour strain*hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain*hour/pdiff slice=hour slice=strain; 

where serotype in('O103'); 

run; 

 

proc mixed data=WellsTSB; 

title 'O111-Transform'; 

class strain hour rep; 

model logod=strain hour /ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain; 

where serotype in('O111'); 

run; 

 

proc mixed data=WellsTSB; 

title 'O121-Transform'; 

class strain hour rep; 

model logod=strain hour strain*hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain*hour/pdiff slice=hour slice=strain; 

where serotype in('O121'); 

run; 

 

proc mixed data=WellsTSB; 

title 'O145-Transform'; 

class strain hour rep; 

model logod=strain hour strain*hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain*hour/pdiff slice=hour slice=strain; 

where serotype in('O145'); 

run; 

 

proc mixed data=WellsTSB; 
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title 'O157-transform'; 

class strain hour rep; 

model logod=strain hour strain*hour/ddfm=kr; 

random rep strain*rep rep*hour; 

repeated /subject=strain*rep type=AR(1); 

lsmeans strain*hour/pdiff slice=hour slice=strain; 

where serotype in('O157'); 

run; 

quit; 

 

dm 'log; clear; output; clear;'; 

 

data stx; set attach.P1STXEAE; 

log=log10(od590); 

run; 

 

proc univariate plot normal; 

Title "Phase 1 Combined STX EAE"; 

var log; 

run; 

 

proc glm data=stx; 

class stxeae surface hour media rep; 

model log=rep; 

means rep/hovtest=levene; 

run; 

proc mixed data=stx; 

class stxeae surface hour media rep; 

model log=stxeae surface hour media stxeae*surface stxeae*hour 

stxeae*media surface*hour surface*media hour*media  

surface*hour*media /ddfm=kr; 

random rep; 

repeated/ subject=rep*stxeae*hour*surface*media type=ar(1); 

lsmeans surface*hour*media/pdiff slice=surface slice=hour slice=media; 

lsmeans stxeae*media/pdiff slice=stxeae slice=media; 

lsmeans stxeae*surface/pdiff slice=stxeae slice=surface; 

run; 

 

quit;  



Texas Tech University, Amy Renea Hoyle Parks, May 2014 

 

155 

APPENDIX C 

PHASE 2 PROTOCOL 

 
The objective of phase 2 will be to determine attachment and resulting biomass 

formation of STEC strains through plate counts.  Plastic belt or stainless steel (304) 

coupons (2 .2 cm x 2.2 cm) will be used for the colorimetric assay and plate counts.  Both 

minimal and full nutrient broths will be used. 

Sample Preparation 

1. Overnight cultures (40 ml) will be grown in TSB at 37°C. 

2. Cultures will be centrifuged at 4000 rpm for 10 min.  Supernatant will be 

removed. 

3. Reconstitute pellet in either M9 Minimal Salts media or Tryptic Soy Broth (40 

ml). 

4. Vortex tube until pellet is dissolved. 

5. A sample will be removed for plating to determine initial concentration. 

6. Using 6 well plate, inoculate three coupons with individual strain of bacteria in 

either M9 or TSB media. 

7. Incubate coupons for 4 hrs. 

8. After 4 hr of incubation, remove coupons and rinse with distilled water to remove 

loose cells. 

9. Replace media and incubate for 24 or 48 hrs. 

10. At each time point (4, 24, and 48 h), a 2.2 x 2.2 coupon will be removed for 

colorimetric assay and plate counts. 

11. The coupon designated for colorimetric assay will be subjected to the procedure 

used for phase 1. 

 

Plate Counts 

1. The coupon designated for plate counts will be rinsed to remove loose cells with 

distilled water. 

2. It will be placed in a conical tube with sterilized glass beads and 20 ml BPW. 

3. The coupon will be vortexed for 2 min to remove attached cells. 

4. Serial dilutions will be made and plated on tryptic soy agar to determine bacterial 

load. 

5. TSA plates will be incubated for 24 h at 25°C and counts will be determined. 
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APPENDIX D 

PHASE 2 SAS CODE FOR DATA ANALYSIS 
 

data P2M9; set attach.P2M9; 

log=log10(cm2cfu); 

run; 

 

proc univariate plot normal; 

Title "Phase 2 M9"; 

var log; 

ods listing select testsfornormality; 

run; 

 

proc glm data=P2M9; 

class strain hour coupon rep; 

model log=rep; 

means rep/hovtest=levene; 

run; 

 

proc mixed data=P2M9; 

class strain hour coupon rep; 

model log= strain hour coupon strain*hour/ ddfm=kr; 

random rep; 

repeated/ subject=rep*strain*hour*coupon type=ar(1); 

lsmeans strain*hour/pdiff slice=hour slice=strain; 

run; 

 

data P2TSB; set attach.P2TSB; 

logcfu=log10(cm2cfu); 

run; 

 

proc univariate plot normal; 

Title "Phase 2 TSB"; 

var log; 

ods listing select testsfornormality; 

run; 

 

proc glm data=P2TSB; 

class strain hour coupon rep; 

model log=rep; 

means rep/hovtest=levene; 

run; 

 

proc mixed data=P2TSB; 

class strain hour coupon rep; 

model log= strain hour coupon strain*hour strain*coupon hour*coupon/ 

ddfm=kr; 

random rep; 

repeated/ subject=rep*strain*hour*coupon type=ar(1); 

lsmeans strain*hour/pdiff slice=hour slice=strain; 

lsmeans hour*coupon/pdiff slice=hour slice=coupon; 
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run; 

quit; 

 

dm 'log; clear; output; clear;'; 

 

data stx; set attach.P2STXEAE; 

log=log10(cm2cfu); 

run; 

 

proc univariate plot normal; 

Title "Phase 2 Combined STX EAE"; 

var log; 

ods listing select testsfornormality; 

run; 

 

proc glm data=stx; 

class strain hour media coupon rep; 

model log=rep; 

means rep/hovtest=levene; 

run; 

 

proc mixed data=stx; 

class stxeae hour media coupon rep; 

model log=stxeae hour coupon stxeae*hour /ddfm=kr; 

random rep; 

repeated/ subject=rep*stxeae*hour*coupon type=ar(1); 

lsmeans stxeae*hour/pdiff slice=stxeae slice=hour; 

lsmeans coupon; 

where media in('M9'); 

run; 

 

proc mixed data=stx; 

class stxeae hour media coupon rep; 

model log=stxeae hour coupon  /ddfm=kr; 

random rep; 

repeated/ subject=rep*stxeae*hour*coupon type=ar(1); 

lsmeans stxeae/pdiff; 

lsmeans hour/pdiff; 

lsmeans coupon; 

where media in('TSB'); 

run; 

 

quit; 
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APPENDIX E 

PHASE 3 PROTOCOL 
 

Brief Synopsis:  We will use a single high attaching strain from each STEC serogroups 

(O26, O45, O103, O111, O121, O145 or O157) and one low attaching strain (regardless 

of serogroups) and allow them to attach and form biofilms on stainless steel coupons.  

Ability to attach was determined in phase 1 of this research.  After 24 hrs of formation, 

we will treat the coupons with a cleaner, a quaternary ammonium sanitizer, and a 

combination of the cleaner and sanitizer.  Concentrations to be used will follow 

manufacturer’s instructions.  The coupons will be wetted with the solution, allowed to sit 

for the duration of contact time, and rinsed per manufacturer’s instructions.  Utilizing the 

colormetric assay from Phase 1, the amount of attachment and biofilm formation will be 

determined. The experiment will be conducted in triplicate for each strain. 

Step by Step Instructions: 

1. Grow cultures for 24h at 37°C. 

2. Spin down cultures in centrifuge at 4000 rpm for 10min 

3. Replace supernatant with M9 minimal salts media 

4. Inoculate SS coupons  

5. Incubate coupons for 24h at 25°C. 

6. Prepare detergent and sanitizer solutions: 

a. Detergent – Liquick 2 Nu Blu from Birko 

i. No concentration or time directions from manufacturer 

ii. Apply using foaming soap bottle 

b. Sanitizer – Ultra Quat from Birko 

i. Use at 200 ppm, verify concentration using quat test strips 

ii. Apply using foaming soap bottle 

c. Record pH of both detergent and sanitizer solutions 

d. Use within 30 minutes of preparation 

7. Remove coupons and treat with: 

a. Control (no treatment) 

b. Detergent – Allow 10 min for contact 

c. Quat sanitizer – Allow 10 min for contact  
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d. Detergent and quat (n=4) 

8. Rinse treatment from coupon. (Each coupon will be subjected to rinses after 

application of each treatment – i.e. control will be rinsed 2 times to simulate 

rinsing of detergent and sanitizer before determining attachment.) 

9. Determine attachment using colorimetric assay methods from phase 1. 
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APPENDIX F 

PHASE 3 SAS CODE FOR DATA ANALYSIS 
 

data Phase3; set attach.Phase3;  

od10=log10(od590); 

run; 

 

Title "Phase 3"; 

proc univariate plot normal; 

Title 'OD590'; 

var od590; 

ods listing select testsfornormality; 

run; 

 

proc univariate plot normal; 

var od10; 

run; 

 

proc GLM data=Phase3; 

class strain treatment rep od590; 

model od10=rep; 

means rep/hovtest=levene; 

run; 

 

proc mixed data=Phase3; 

Title 'Transformed Data'; 

class strain treatment rep; 

model od10= strain treatment /ddfm=kr; 

random rep; 

lsmeans treatment/pdiff; 

lsmeans strain/pdiff; 

run; 

 

quit; 

 


