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Abstract 

The foodborne pathogen Escherichia coli O157:H7 represents a significant public health 

threat, with cattle representing the primary reservoir for this bacteria. Outbreaks of E. coli 

O157:H7 in beef carry a storied past; however, recently romaine lettuce has also been implicated 

in numerous outbreaks in the United States, sickening hundreds and dramatically altering 

consumer’s perspective on the safety of this commodity. This dissertation focuses on novel 

interventions for the control of E. coli O157:H7 in agriculture, emphasizing cattle and fresh-cut 

romaine lettuce.  The first pre-harvest food safety intervention evaluated the administration of 

Megasphaera elsdenii (ME)—a lactic acid-utilizing probiotic—and monitored the influence on 

E. coli O157:H7 shedding in cattle. Inclusion of ME in cattle finishing diets did not reduce the 

prevalence of E. coli O157:H7 compared to cattle fed control diets (P=0.5012), yet the ME x 

time interaction was significant (P=0.0323), indicating prevalence varied based upon dose and 

sampling period. ME reduced the odds of E. coli O157:H7 prevalence by 50% during sampling 

period 1 (P=0.0921) and increased the odds by 23% during sampling period 2 (P=0.6130).  A 

similar pre-harvest food safety study included Enogen Feed Corn® (EFC)—which features a 

genetically enhanced α-amylase enzyme trait—fed as steam-flaked corn and silage to investigate 

the potential impact on E. coli O157:H7 shedding in cattle. A 43.3% reduction in the odds of E. 

coli O157:H7 prevalence in cattle fed diets containing EFC versus a control corn diet was 

observed, with possible mechanisms for this reduction requiring further investigation.  Finally, 

the need for effective postharvest produce wash interventions for the control of E. coli O157:H7 

in fresh-cut romaine lettuce was addressed, with a twofold purpose: 1) assessment of sodium 

bisulfate (SBS) and peroxyacetic acid (PAA) effect on produce quality compared to chlorine, 

water, and unwashed control treatments, and 2) evaluation of potential E. coli O157:H7 



  

reductions using a blend of SBS and PAA as a postharvest wash intervention. Quality data—

including overall visual quality, browning and discoloration, phytotoxicity, and color analyses—

indicated all treatments were acceptable for fresh-cut romaine lettuce, with these data informing 

treatment concentration selection in the subsequent inoculation study. When applied to 

inoculated product, all treatments achieved significant reductions of E. coli O157:H7 in 

comparison to the unwashed control. SBS+PAA produced the greatest reduction (2.3 CFU/g), 

followed by SBS (2.2 CFU/g), and PAA (1.9 CFU/g); however, these reductions were 

statistically similar to one another (P>0.05).  Following the scientific presentation of each food 

safety technology (probiotics, genetically enhanced animal feed, and postharvest wash water 

interventions), approval considerations were provided with respect to the United States (U.S.) 

and European Union (EU) regulatory frameworks. Careful analysis of the similarities and 

differences between U.S. and EU policy was provided, addressing: 1) regulatory definitions, 2) 

the approval process, and 3) risk assessment vs. the precautionary principle.  This dissertation 

celebrates the promise of novel food safety technologies for the control of E. coli O157:H7 in 

agriculture, while capturing the scientific, regulatory, and approval-related issues surrounding 

them. 
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Abstract 

The foodborne pathogen Escherichia coli O157:H7 represents a significant public health 

threat, with cattle representing the primary reservoir for this bacteria. Outbreaks of E. coli 

O157:H7 in beef carry a storied past; however, recently romaine lettuce has also been implicated 

in numerous outbreaks in the United States, sickening hundreds and dramatically altering 

consumer’s perspective on the safety of this commodity. This dissertation focuses on novel 

interventions for the control of E. coli O157:H7 in agriculture, emphasizing cattle and fresh-cut 

romaine lettuce.  The first pre-harvest food safety intervention evaluated the administration of 

Megasphaera elsdenii (ME)—a lactic acid-utilizing probiotic—and monitored the influence on 

E. coli O157:H7 shedding in cattle. Inclusion of ME in cattle finishing diets did not reduce the 

prevalence of E. coli O157:H7 compared to cattle fed control diets (P=0.5012), yet the ME x 

time interaction was significant (P=0.0323), indicating prevalence varied based upon dose and 

sampling period. ME reduced the odds of E. coli O157:H7 prevalence by 50% during sampling 

period 1 (P=0.0921) and increased the odds by 23% during sampling period 2 (P=0.6130).  A 

similar pre-harvest food safety study included Enogen Feed Corn® (EFC)—which features a 

genetically enhanced α-amylase enzyme trait—fed as steam-flaked corn and silage to investigate 

the potential impact on E. coli O157:H7 shedding in cattle. A 43.3% reduction in the odds of E. 

coli O157:H7 prevalence in cattle fed diets containing EFC versus a control corn diet was 

observed, with possible mechanisms for this reduction requiring further investigation.  Finally, 

the need for effective postharvest produce wash interventions for the control of E. coli O157:H7 

in fresh-cut romaine lettuce was addressed, with a twofold purpose: 1) assessment of sodium 

bisulfate (SBS) and peroxyacetic acid (PAA) effect on produce quality compared to chlorine, 

water, and unwashed control treatments, and 2) evaluation of potential E. coli O157:H7 



  

reductions using a blend of SBS and PAA as a postharvest wash intervention. Quality data—

including overall visual quality, browning and discoloration, phytotoxicity, and color analyses—

indicated all treatments were acceptable for fresh-cut romaine lettuce, with these data informing 

treatment concentration selection in the subsequent inoculation study. When applied to 

inoculated product, all treatments achieved significant reductions of E. coli O157:H7 in 

comparison to the unwashed control. SBS+PAA produced the greatest reduction (2.3 CFU/g), 

followed by SBS (2.2 CFU/g), and PAA (1.9 CFU/g); however, these reductions were 

statistically similar to one another (P>0.05).  Following the scientific presentation of each food 

safety technology (probiotics, genetically enhanced animal feed, and postharvest wash water 

interventions), approval considerations were provided with respect to the United States (U.S.) 

and European Union (EU) regulatory frameworks. Careful analysis of the similarities and 

differences between U.S. and EU policy was provided, addressing: 1) regulatory definitions, 2) 

the approval process, and 3) risk assessment vs. the precautionary principle.  This dissertation 

celebrates the promise of novel food safety technologies for the control of E. coli O157:H7 in 

agriculture, while capturing the scientific, regulatory, and approval-related issues surrounding 

them. 
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“Each of us has a personal responsibility to care for creation, this precious gift which God 

has entrusted to us. This means, on the one hand, that nature is at our disposal, to enjoy and use 

properly. Yet it also means that we are not its masters. Stewards, but not masters.” 

 

- Pope Francis, Embracing the Way of Jesus, 2017 
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Chapter 1 - Review of Literature 

The following literature review aims to provide a broad account of the agriculture forces 

surrounding the food safety technologies studied.  It is not intended to systematically analyze 

results of previously published literature; rather, this review introduces food safety concepts, 

provides historical context, and develops a food safety narrative in which the technologies 

presented in the following chapters reside. The author took this approach to succinctly introduce 

each of the multi-disciplinary topics covered within this dissertation, all of which address the 

primary research question: Reducing Escherichia coli O157:H7 in Agriculture. 

 1.1. Escherichia coli O157:H7 

 1.1.1 Introduction 

 Escherichia coli (E. coli) is one of the largest and most diverse groups of bacteria, found 

in the environment, food, and the gastrointestinal (GI) tract of humans and animals (Centers for 

Disease Control and Prevention, 2020). Originally characterized by Theodor Escherich in 1885, 

most E. coli strains remain relatively harmless, constituting normal flora in both human and 

animal GI tracts (Lim et al., 2010).  Evolution of this bacteria produced pathogenic strains via 

the acquisition of virulence factors, specifically through transposons, bacteriophages, and 

plasmids (Lim et al., 2010). Virulence properties, clinical presentation, pathogenicity 

mechanisms, and serotype inform the characterization of pathogenic strains of E. coli (Matthews 

et al., 2017), aiding public health responses and microbiological research of this foodborne 

pathogen. Among the family of pathogenic E. coli, lies E. coli O157:H7, one of the most severe 

and dangerous foodborne pathogens, and the focus of this dissertation. 
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 1.1.2. Pathogenicity, Disease, and Important Characteristics 

Escherichia coli O157:H7 is a non-sporulating, Gram negative bacillus (rod), with 

mesophilic, aerobic, and facultative anaerobic growth characteristics (Cortes-Sanchez & 

Salgado-Cruz, 2017; Kaper & O’Brien, 1998).  E. coli O157:H7 was first recognized as a 

foodborne pathogen in 1982 during investigation of two outbreaks of hemorrhagic colitis linked 

to consumption of undercooked ground beef (Centers for Disease Control (CDC), 1982; J. G. 

Wells et al., 1983).  The ability of E. coli O157:H7 to cause foodborne illness is enhanced by its 

low infective dose, requiring less than 100 cells to cause infection (Riley et al., 1983), shedding 

light on the ease of person-to-person or waterborne transmission. Presently, 167 O antigens, 53 

H antigens, and 74 K antigens—considered when identifying E. coli serogroups (O) and 

serotypes (H)—have been identified, with categorization of 6 main diarrheagenic E. coli 

categories: Enteropathogenic (EPEC), Enterotoxigenic (ETEC), Enteroinvasive (EIEC), 

Diffusely Adhering (DAEC), Enteroaggregative (EAEC), and Enterohemorrhagic (EHEC) 

(Matthews et al., 2017). The O antigen represents an oligosaccharide connected to 

lipopolysaccharides within the cell wall, while the K and H antigens are capsular and flagellar, 

respectively (Matthews et al., 2017).  Differing from other E. coli serotypes, O157:H7 grows at 

temperatures ≥44.5oC, tolerant to acidic environments, and can survive drying and fermentation, 

adding to the difficulty of removing this pathogen from food production systems (Matthews et 

al., 2017).   

The pathogenic forms of this bacteria, particularly the “Shiga toxin-producing E. coli” or 

STEC, evolved from their non-pathogenic counterparts, acquiring genes from Shigella 

dysenteriae encoding for the extracellular cytotoxin Stx via transduction (J. L. Smith et al., 

2014).  Enterohemorrhagic E. coli (EHEC) are a subset of STEC, with cattle serving as the 
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primary reservoir, are pathogenic to humans, and produce the Stx cytotoxin or “verotoxins” 

(Stx1 and Stx2), named after their in vitro toxic effects seen in African green monkey kidney 

“Vero” cell lines (Cortes-Sanchez & Salgado-Cruz, 2017). The Stx verotoxins contain similar 

modes of action—with Stx2 eliciting greater toxicity—targeting the 28s ribosomal subunit of 

RNA (comprised of 60S ribosomal subunits) and generating cell death within intestinal epithelial 

cells and renal blood vessel endothelial cells (Cortes-Sanchez & Salgado-Cruz, 2017). 

The spectrum of E. coli O157:H7 illness includes mild, self-limiting gastroenteritis 

potentially leading to hemorrhagic colitis (bloody diarrhea). E. coli O157:H7 infections can 

progress to development of hemolytic uremic syndrome (HUS), seen in 5-15% of patients and 

characterized by acute kidney failure, thrombocytopenia (decrease in platelets), and 

microangiopathic hemolytic anemia ) (decrease of small blood vessels and red blood cells) (J. L. 

Smith et al., 2014).  Estimates show that children four years old and younger accounted for 

almost one-third of the confirmed cases of E. coli O157:H7 within the EU (European Centre for 

Disease Prevention and Control, 2019) while in the U.S., HUS remains the leading cause of 

acute kidney failure in children (Matthews et al., 2017). 

Pathogenic characteristics of E. coli O157:H7, which occur prior to the production of the 

Stx verotoxin, include the bacteria’s ability to adhere to the host cell membrane and colonize the 

large intestine. Attachment and effacing (A/E) mechanisms—encoded on the pathogenicity 

island known as the locus of enterocyte effacement (LEE island)—reveal how E. coli O157:H7 

can colonize the intestine, destroying microvilli of the host intestinal mucosa (Cortes-Sanchez & 

Salgado-Cruz, 2017; Matthews et al., 2017).  Simply, the infection process begins with ingestion 

of E. coli O157:H7 contaminated food leading to cell contact with host epithelial cells and 

initiation of the type III secretion system (T3SS) via protein expression by the LEE island. The 
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T3SS injects TIR (translocated intimin receptor; tir gene) into the epithelial cell to serve as the 

receptor for intimin. Intimin, which is produced by the eae gene within the E. coli O157:H7 cell, 

tightly binds to TIR, promoting strict attachment of the bacterial cell to the host cell. This 

process breaks down the cellular membrane, producing an A/E lesion in a pedestal formation on 

the host cell surface. Once this adherence is solidified, the E. coli O157:H7 cell begins 

production of Stx verotoxins and excretes them into the host bloodstream, inhibiting protein 

synthesis and mediating HUS or other GI or neurological disease conditions (Griffin & Tauxe, 

1991; Lim et al., 2010; Matthews et al., 2017; Naylor et al., 2003; J. L. Smith et al., 2014). 

Treatment of those infected with E. coli O157:H7 is limited to supportive therapy, 

including rest and rehydration (Gragg, 2014), with new therapeutic approaches such as probiotic 

and homeopathic therapies under investigation (Rahal et al., 2012). Treatment of E. coli 

O157:H7 infections with antibiotics is not recommended (Bush & Perez, 2020).  E. coli 

O157:H7 possesses a protective outer membrane barrier, and multidrug efflux pumps which 

render common classes of antibiotics obsolete, including macrolides, tetracyclines, and 

fluoroquinolones (Miryala & Ramaiah, 2019).  Antibiotics are not effective at reducing the 

duration of E. coli O157:H7 infection or subsequent health outcomes (Panos et al., 2006), with 

research showing treatment using β-lactam antibiotics (penicillins or cephalosporins) was 

associated with the development of HUS (K. E. Smith et al., 2012).  

Commensal and zoonotic bacteria, such as E. coli, are carriers of transmissible resistance 

genes, with the potential to transfer from the GI tract of animals to the human gut microbiome 

(Aarestrup et al., 2002; Corpet, 1988; Linton et al., 1977). An increase of antimicrobial 

resistance (AMR) in E. coli O157:H7 populations has been witnessed in the last few decades 

(Wilkerson et al., 2004).  E. coli O157:H7 developed resistance to several antibiotics including 
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streptomycin, sulfisoxazole, and tetracycline (Lim et al., 2010; Matthews et al., 2017; Srinivasan 

et al., 2007).  Antibiotics commonly used in human medicine are of similar class or mechanism 

of action, as those used in food-producing animals (Aarestrup et al., 2008), thus development of 

resistance in one population affects the other.  E. coli O157:H7 represents an undeniably 

dangerous public health threat, with additional risks regarding potential multi-species spread of 

antimicrobial resistance genes.   

 1.1.3. Impact, Reservoirs, and Implicated Food Products 

Among the $15.6 billion estimated cost of foodborne illness per year in the U.S. by the 

USDA Economic Research Service in 2013, E. coli O157:H7 costs an estimated $271 million, 

with costs including identification of infections, outpatient and inpatient medical expenses, lost 

wages and productivity losses, and cost of premature deaths (Economic Research Service, 2013). 

Along with representing a significant economic and financial hardship, E. coli O157:H7 related 

outbreaks have shaken consumer confidence in the safety of implicated products, particularly 

produce, as produce-related outbreaks become increasingly commonplace (T. Callaway et al., 

2009; Centers for Disease Control and Prevention, 2018). Most recently, a 2019 outbreak of E. 

coli O157:H7 in fresh-cut romaine lettuce, the 4th outbreak of this bacteria in romaine lettuce in 

the last 3 years, resulted in 167 cases, 85 hospitalizations, and 15 cases of Hemolytic Uremic 

Syndrome (HUS; Centers for Disease Control and Prevention, 2019).  E. coli O157:H7 is 

estimated to cause over 63,000 foodborne illnesses annually (Mead et al., 1999; Scallan et al., 

2011), with recent produce-related outbreaks revealing a shift in this bacteria’s behavior in food 

production systems (Zangari et al., 2014). 

Cattle are recognized as the primary reservoir of E. coli O157:H7 (T. Callaway et al., 

2009; Chapman et al., 1993; Hancock et al., 1997; C. J. McDaniel et al., 2014) . More 
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specifically, this foodborne pathogen colonizes the lymphoid follicle-dense mucosa at the 

terminal rectum in cattle (Naylor et al., 2003). Rates of EHEC carriage have reportedly been as 

high as 60% in bovine herds, with typical rates between 10-25%. E. coli O157:H7 prevalence in 

U.S. feedlot cattle is lower than dairy cattle (1.6% vs 3.2%), with seasonal variation associated 

with a greater likelihood of testing positive during the warmer months of the year (Matthews et 

al., 2017). The relationship between cattle and E. coli O157:H7 is well documented (Berry et al., 

2017; T. Callaway et al., 2009; Castro et al., 2019; C. J. McDaniel et al., 2014; Whipp et al., 

1994), with a more robust discussion of prevalence and influence in cattle found in section 1.3. 

of this literature review. 

Food represents the primary transmission route for E. coli O157:H7 (Heiman et al., 

2015); however, recreation and drinking water have also been linked to E. coli O157:H7 

infections (Matthews et al., 2017).  The United States Food and Drug Administration (FDA), 

Centers for Disease Control and Prevention (CDC), and Department of Agriculture (USDA) 

surveyed foodborne illness data from 1998-2017 and determined that 26.6% of foodborne E. coli 

O157:H7 illnesses were attributable to beef and 47.7% to vegetable row crops (Interagency Food 

Safety Analytics Collaboration, 2019). Raw vegetables—including alfalfa sprouts—have 

frequently been implicated in outbreaks of pathogenic E. coli, with increases in leafy vegetable 

outbreaks in the last 10 years. E. coli O157:H7 can persist in soil, water, animal, and produce 

environments, with the ability to survive in sub-optimal pH, temperature, and acidic conditions 

(Lim et al., 2010).  E. coli O157:H7 has the capacity to internalize in live lettuce and spinach 

plants, and become bound by several aspects of the plant physiology including stems, leaves, and 

sprouts (Luna-Guevara et al., 2019).  Production of exopolysaccharide (EPS) confers E. coli 

O157:H7 with protection against harsh conditions, along with acid and heat tolerance (Wick et 
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al., 2005). These characteristics, along with other features of produce and leafy green production 

that influence pathogen persistence (described in detail in section 1.4 of this literature review), 

likely lend explanation as to why E. coli O157:H7 is able to persist within the produce 

environment (Lim et al., 2010). 

 1.1.4. United States and European Food Law and Regulation 

The persistence of E. coli O157:H7 in the food chain presents a unique problem that 

influences global trade, food security, agriculture, and international legislative cooperation. 

Within the U.S., food safety policy and regulation underwent a transformation following the 

1993 Jack in the Box outbreak, including large scale regulatory, scientific, and public health 

reform, heavily influencing the comprehensive regulation in place today (Centers for Disease 

Control and Prevention, 2017; Murano et al., 2018). Following the outbreak, the U.S. 

Department of Agriculture (USDA) required implementation of a Hazard Analysis and Critical 

Control Point (HACCP) system within all federally inspected meat and poultry processing 

plants. This required development of procedures and management practices, creating a system 

where hazards (physical, chemical, or microbiological) can be identified and controlled, and 

includes microbial testing throughout slaughter facilities, as well as measures for the prevention 

and removal of contamination (USDA, 1997).  Additionally, the USDA declared E. coli 

O157:H7 as an “adulterant” in raw ground beef in 1994 and in non-intact beef trimmings in 1999 

(Murano et al., 2018); therefore, the USDA may seize and condemn a product found to be 

adulterated or potentially withdrawal federal inspection of the facility, forcing a cease of 

operations. (Armstrong & Staman, 2018)  

Today, food law and regulation in the U.S. is chiefly comprised of  “enabling acts” 

including the Food Safety Modernization Act (FSMA; 21 U.S.C. § 301 et seq), Federal Meat 
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Inspection Act (FMIA; 21 U.S.C. § 601 et seq), Poultry Products Inspection Act (PPIA; 21 

U.S.C. § 451 et seq), and Egg Products Inspection Act (EPIA ; 21 U.S.C. § 1031 et seq), which 

give regulatory power over the safety of domestic and imported food to the USDA and FDA 

(Johnson, 2016; Sanchez, 2015; Unruh, 2018).  Similar legislation exists within the EU, 

primarily The General Food Law (GFL) (EC Regulation 178/2002) adopted by the European 

Parliament and Commission, entrusting the European Food Safety Authority (EFSA) with 

authority to complete assessment on all risks associated with the food chain (European 

Commission, 2016). The GFL is the food safety framework at the Union and nation levels across 

the European agri-food sector (European Commission, 2016) that establishes the Rapid Alert 

System for Food and Feed (European Commission, 2018) for the monitoring of bacteria like E. 

coli, Salmonella, and Listeria within the food chain. Additionally, EC Regulation 854/2004 

outlines specific controls on products of animal origin intended for human consumption, with 

similar HACCP protocols and audit structure to the U.S. (Regulation (EC) No 854/2004). 

Overall, food safety infrastructure and regulation within the EU and U.S. protects safe domestic 

and imported food; yet, these pathogens persist, indicating the need for additional solutions.  

 1.2. A Brief Note on Antimicrobial Resistance 

Analogous to the dangers of E. coli O157:H7 in agriculture, AMR is recognized as one of 

the greatest public health dangers facing human and animal populations (Walker et al., 2009) 

and, if left unchecked, threatens to reduce or eliminate future lifesaving antimicrobial use within 

the human and animal population. Urgently, the AMR problem (including multi-drug resistant 

bacteria), necessitates a multidisciplinary, global response. The World Health Organization 

(WHO) estimates that 25,000 patients die within the European Union (EU) each year, due to 

AMR infections (European Centre for Disease Prevention and Control, 2018). In the United 
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States (U.S.), methicillin-resistant Staphylococcus aureus (MRSA) alone kills more Americans 

each year (~19,000) than HIV/AIDs, Parkinson’s, emphysema, and homicide combined (Klevens 

et al., 2007), constituting a significant public health danger.   

The threat of AMR, although established by scientific literature and supported by public 

health data, often sparks dramatic headlines grabbing the public’s attention. Although these 

notions might represent captivating headlines and nothing more, these scenarios have led 

governments to successfully recalibrate their AMR policies with particular attention to antibiotic 

use in food production (George, 2017). The EU developed a formal approach toward combating 

AMR, including the development of a strategic action plan strengthening surveillance and 

promoting antibiotic stewardship (Baku, 2011).  Additionally, the EU banned antibiotics for 

growth promotion in 2006, observing lower rates of AMR subsequently (Laxminarayan et al., 

2013).  In the U.S., the National Action Plan, established in 2015, directed federal agencies to 

increase their multi-sectorial responses toward AMR (President’s Council of Advisors on 

Science and Technology, 2015). In 2012 the U.S. Food and Drug Administration (FDA) released 

Guidance for Industry (GFI) #209 containing policy phasing out the use of medically important 

antimicrobial drugs for use in food-producing animals. GFI #213 followed shortly after in 2013 

establishing a timeline to bring therapeutic antimicrobial drugs under veterinary oversight, often 

requiring a prescription, known as the Veterinary Feed Directive (VFD) (Center for Veterinary 

Medicine, 2019a, 2019c). Both GFI #209 and 213 changed how antibiotics have been used in the 

U.S. for decades yet represent key milestones in the fight against AMR. Similarly, the U.S. 

multi-agency collaboration known as NARMS (National Antimicrobial Resistance Monitoring 

Systems) is responsible for surveying AMR present in enteric bacteria isolated from retail meat, 

food animals, and human sources (Karp et al., 2017).  NARMS ranks among the largest, and 
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most comprehensive, frameworks for tracking resistance within human and animal populations, 

assisting public health officials and promoting stewardship of antibiotic usage (Center for 

Veterinary Medicine, 2019b).  

Generally, AMR refers to a microorganism’s ability to evade the drugs designed to 

destroy them via the acquisition of genes or DNA mutations (Aarestrup et al., 2008). 

Transmission of AMR genes is not confined to a bacterial species or host (human, animal, 

environment, etc.) (Leverstein-van Hall et al., 2002; Schaberg & Zervos, 1986).  Commensal and 

zoonotic bacteria potentially carry transmissible resistance genes—including E. coli and 

Enterocccoccus faecium/faecalis—with the ability to transfer genes successfully from the GI 

tract of farm animals to the human gut (Aarestrup et al., 2002; Corpet, 1988; Linton et al., 1977). 

Routine therapeutic antibiotic use in animal production—and growth promotant use prior to its 

ban in 2017 (21 CFR § 514 and 558)—can potentially result in increased AMR genes present 

among GI bacterial species in food animals (Srinivasan et al., 2007).  As research continues to 

uncover the specifics of how AMR manifests itself within human, animal, and environmental 

populations only one thing is for certain: AMR is increasingly complex, requiring an equally 

complex solution.   

Dr. Robert Redfield, director of the Centers for Disease Control and Prevention (CDC), 

indicated in the CDC’s 2019 report on Antibiotic Resistance Threats in the United States, that we 

need to “stop relying only on new antibiotics” and “adopt aggressive strategies that keep the 

germs away and infections from occurring in the first place” (p. vi, Centers for Disease Control 

and Prevention, 2019a).  The AMR problem necessitates research exploring technologies—or 

“antibiotic alternatives”—that limit dependence on these drugs, with attention to the fields of 

animal agriculture and pre-harvest food safety.  The author presents technologies in the 
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following chapters which hold food safety promise and present additional weapons to combat 

public health threats including AMR. If Dr. Redfield’s words hold true, novel approaches 

combating public health threats—including food animal diet modification, probiotic 

administration, and alternative produce wash interventions—require research and 

characterization, which are presented in the subsequent chapters. 

 1.3. Pre-harvest Food Safety in Beef Cattle 

Pre-harvest food safety differs from the postharvest phase, in that it is further from the 

finished food product and must encompass the complex environment of animal agriculture.  Pre-

harvest represents the beginning of the food production system, focusing on prevention and 

control of foodborne pathogens, the majority of which are zoonotic (Torrence, 2018). For 

example, cattle represent the principle reservoir for E. coli O157:H7 (Chapman et al., 1993; 

Hancock et al., 1997; C. J. McDaniel et al., 2014; Renwick et al., 1993; Whipp et al., 1994), with 

studies showing up to 30% of cattle are asymptomatic carriers (T. Callaway et al., 2006, 2009; 

Reinstein et al., 2007; Stanford et al., 2005).  Pre-harvest food safety research begins with 

determining the sources of foodborne pathogens in the environment, understanding pathogen 

transmission to the food animal, studying the disease mechanisms, and measuring the impact on 

animals, plants, and humans (Torrence, 2018).  Establishing critical points along the food 

production continuum is critical for applying interventions to control foodborne pathogens in 

animals. 

Pre-harvest food safety measures consist of on-farm interventions, which fall into 3 main 

categories: 1) exposure-reduction, 2) anti-pathogenic, and 3) exclusion (LeJeune & Wetzel, 

2007; The PEW Charitable Trusts, 2019).  Briefly, exposure-reduction methods target the 

introduction of foodborne pathogens via workers, insects, and pests, with emphasis on food, 



12 

 

 

water, and animal hygiene. Anti-pathogenic pre-harvest methods include antimicrobials, 

vaccines, and immune stimulants, providing direct interaction with the target pathogens. 

Exclusion or pro-commensal pre-harvest food safety measures, indirectly inhibit pathogens via 

administration of nonpathogenic organisms that compete for nutrients or an ecological niche, 

also known as “competitive exclusion” (LeJeune & Wetzel, 2007; McAllister et al., 2011).  Pre-

harvest measures provide the first step towards controlling food safety hazards from farm-to-fork 

and are important for reducing foodborne pathogens, such as E. coli O157:H7, in beef products.  

 1.3.1. Introduction to Ruminant Nutrition 

Although this dissertation is not focused on ruminant nutrition, a basic understanding of 

the ruminant nutrition system, specifically for beef cattle, is required prior to discussing potential 

modifications and pre-harvest interventions. Ruminants have a highly complex GI anatomy and 

physiology, with a segregated stomach and specialized digestive tract, each providing necessary 

mechanisms by which this mammalian species accesses energy stored in forage and grains 

(Jouany, 2006; Watson & Preedy, 2015). These animals typically spend more than one-third of 

their time grazing, one-third ruminating (chewing cud), and one-third idling; therefore, ruminants 

spend a significant amount of their lives harvesting forages (Parish et al., 2017). The ruminant 

four-chamber stomach—rumen, reticulum, omasum, and abomasum—influences the 

fermentation of feedstuffs by symbiotic microorganisms including bacteria, fungi, yeasts, viruses 

and protozoa (Enany, 2018).  Within the reticulorumen resides microbes, which ferment 

feedstuffs, breaking down the cell wall of plants and fermenting carbohydrates to produce 

volatile fatty acids (VFA), microbial proteins, and B vitamins, which the ruminant uses for 

energy (Parish et al., 2017). The rumen provides an “anaerobic fermentation chamber,” where 

microbes—95% bacteria—breakdown feed into usable energy, impacting the health and 
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physiology of the animal (Cholewińska et al., 2020). Essential for proper digestion of forages, 

rumen fermentation occurs prior to the main sites of digestion, with rumen microorganisms 

fermenting the majority of dietary compounds (Abrão et al., 2014; Chaucheyras-Durand & 

Durand, 2010).  In a sense, ruminants exhibit a mutualistic relationship with the microbes that 

reside within them; microbial populations initiate break down of feed into usable nutrients while 

ruminants provide a host environment and constant food supply (Watson & Preedy, 2015).  

 1.3.2. Feedstuffs and E. coli O157:H7 Populations 

Within the feedlot segment of U.S. cattle production, animals are routinely fed diets 

containing high concentrations of grain, thereby optimizing feed efficiency (T. Callaway et al., 

2003; National Academies of Sciences, 2016). Corn, the most widely utilized source of grain in 

U.S. cattle finishing diets (Samuelson et al., 2016), primarily consists of starch, which is a 

significant ruminant energy source. Alteration of feed has a substantial effect on metabolism, 

animal health, and the ruminal microbial ecosystem (Deusch et al., 2017; Russell & Rychlik, 

2001; Shabat et al., 2016), with a notable impact on E. coli O157:H7 shedding in feedlot cattle.  

 Diet manipulation and its effect on foodborne pathogen shedding in feedlot cattle is well 

documented within the literature.  For example, cattle fed finishing diets with high 

concentrations of the high protein food source distiller’s grains (DGs), demonstrate increased 

levels of E. coli O157:H7 shedding (Chaney et al., 2018), depending upon the percentage of DGs 

included (Chaney et al., 2018; Jacob et al., 2008; J. E. Wells et al., 2009).  Cattle fed steam-

flaked grain show reductions in E. coli O157:H7, by variable mechanisms (Fox et al., 2007; 

Loneragan & Brashears, 2005; Ohya et al., 2000; Stephens, Loneragan, Karunasena, et al., 

2007a), demonstrating the practicality of pre-harvest food safety strategies. Cattle fed processed 

high grain diets often have starch escape ruminal degradation, leading to post-ruminal 
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fermentation in the hindgut (Brake & Swanson, 2018; Huntington, 1997; Nocek & Tamminga, 

1991; Owens & Soderlund, 2006; Theurer, 1986). Post-ruminal fermentation yields the 

production of VFAs, which exhibit an inhibitory effect on E. coli shedding in cattle (Diez-

Gonzalez et al., 1998; Goepfert & Hicks, 1969; Ohya et al., 2000). Diet manipulations that 

increase post-ruminal fermentation and favor production of bactericidal VFAs represent a 

potential pre-harvest food safety intervention for reducing foodborne pathogen shedding (Lowe 

et al., 2010; Munns et al., 2015). 

Feed modification to reduce foodborne pathogens was first demonstrated in 1998 by 

shifting animal diets containing high grain to a period of hay-based rations, thereby significantly 

reducing E. coli by 106 after 5 days (Diez-Gonzalez et al., 1998). Similar research on switching 

cattle diets from grain to hay suggest dietary manipulations may reduce bovine fecal E. coli 

O157:H7 prevalence; however, the diet change also decreased body weight gain (approximately 

1.25lb/head per day) indicating an adverse financial consequence (Keen et al., 1999).  The 

research modelled over 2 decades ago in 1998, demonstrated an important yet undefined link 

between animal diets and E. coli O157:H7 prevalence in cattle, one which scientists still explore 

today.  Current research has characterized novel feed ingredients with potential action against 

foodborne pathogens. Purple prairie clover and sainfoin—two legume forages—have 

demonstrated in vitro potential against E. coli O157:H7 (Liu et al., 2013).  Cattle feed 

supplements containing seaweed, specifically Ascophyllum nodosum, decreased the prevalence 

of E. coli O157:H7 in feedlot steers (Braden et al., 2004) with similar effects observed in vitro 

(Y. Wang et al., 2009). Orange peel and pulp—a common citrus byproduct—reduced E. coli 

O157:H7 in the GI tract of ruminants (T. Callaway et al., 2011), with at least a 2 log reduction of  

E. coli O157:H7 and Salmonella reported for inoculated rumen fluid (T. Callaway et al., 2008; 
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Nannapaneni et al., 2008). These mechanisms of action are not well understood but provide 

important contributions toward establishing pre-harvest food safety as a critical, growing area of 

research.  It is important to note that pre-harvest food safety controls such as feed manipulation 

cannot be performed without thoughtful consideration of effects on animal performance, health, 

and efficiency. 

 1.3.3. Probiotics and Prebiotics 

Fasting, diet supplementation, and bacteriophage therapy have all been investigated as 

potential pre-harvest food safety interventions in feedlot cattle (Thomas & Elliott, 2013). 

However, probiotic and prebiotic administration to food animals—when together known as 

symbiotics—is particularly promising. Significant research has been generated throughout the 

previous three decades on use of these live microbial additives, with specific focus on reducing 

foodborne pathogens like E. coli O157:H7. 

Probiotics are widely recognized as nonpathogenic microorganisms that provide health 

benefits to the host (Fuller, 1992). Probiotics in cattle fall under two broad categories: lactic acid 

bacteria (LAB) and propionic acid bacteria (PAB). LABs, including Bifidobacterium spp. and 

Lactobacillus spp., are common intestinal inhabitants and routinely added to silage (Nagaraja, 

2019).  Concerns have been raised about the possibility of probiotic organisms providing 

resistance genes to the resident microbiome, including foodborne pathogens, via horizontal gene 

transfer (Subirats et al., 2019). Current research has established a framework for screening 

potential probiotic strains with the goal of mitigating the spread of AMR (Ayala et al., 2019).   

Probiotic benefits in ruminants include improved GI health, resistance to disease, and 

reduced bloating or diarrhea (Enany, 2018).  Additional benefits—such as improved efficiency, 

production, growth, and reduction in foodborne pathogen shedding—require attention (Enany, 
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2018). Research suggests that favorable modulation of cattle gut microbiota influences nutrient 

acquisition and immune system development (Seo et al., 2010); however, strain selection and 

dosing parameters warrant further study (Maldonado-Gómez et al., 2016) in order to fully 

understand their impact and potential benefits. More specifically, future success of probiotics in 

livestock warrants characterization of mechanisms, strains, dosing, and specific host benefit 

(Watson & Preedy, 2015). 

Prebiotic supplementation— including addition of nondigestible food ingredients that 

stimulate the growth of resident bacterial species residing in the host’s microbiota—influences 

fermentation and ruminant health (Gibson & Roberfroid, 1995; Wanapat, 2007; Watson & 

Preedy, 2015). For decades farmers have fed livestock prebiotics, with health benefits only 

recently being characterized.  In contrast to concerns about probiotics, prebiotic administration 

does not contribute to AMR gene exposure and is safe for long-term consumption (Montagne et 

al., 2003). A prebiotic, mannan oligosaccharides (MOS) are used not for the purpose of 

“feeding” beneficial bacteria, but instead for providing necessary bait for unwanted bacteria to 

cling to and pass through the digestive tract (Ghazanfar et al., 2017), thereby preventing 

colonization or infection (Waldroup et al., 2003). Prebiotic substances are readily fermented by 

beneficial ruminant bacteria and poorly fermented by pathogenic bacteria, with existing 

supplements including: pectin, guar gum, oat gum, and nondigestible oligosaccharides (Shah, 

2000).  Novel combinations of probiotic and prebiotic technologies, referred to as symbiotics 

(Collins & Gibson, 1999; Watson & Preedy, 2015) may aid in colonization of the gut by 

probiotic bacteria.  Prebiotics and probiotics combine to provide benefits to the host, as is 

demonstrated by increases in GI populations of Bifidobacteria following prebiotic 

supplementation (Crittenden & Playne, 2008; Montagne et al., 2003).  
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 1.3.3.1 Direct-Fed Microbials 

Within the U.S., direct fed-microbials (DFM)—a source of live (viable), naturally-

occurring microorganisms—are specified probiotics used within commercial agriculture 

production (M. M. Brashears & Guillen, 2014).  DFMs modify the composition and activity of 

the gut microbiota (Nagaraja, 2019).  Historically, DFMs influenced gut health and GI 

microbiota establishment in young ruminants, with current applications improving fiber 

digestion, ruminal acidosis prevention, and anti-foodborne pathogen action against foodborne 

pathogens such as E. coli O157:H7 and Salmonella spp. (McAllister et al., 2011). DFMs act in a 

number of ways in cattle, including: 1) changing the microbiota composition, 2) changing 

metabolic activity of current microbiota, and 3) reducing clinical infections and/or increasing 

animal performance, all of which support positive health outcomes in ruminants (Seo et al., 

2010).  

Use of DFMs as a pre-harvest intervention has been shown to be effective, with 4 main 

strategies: 1) host immune response enhancement, 2) production of antimicrobial compounds, 3) 

stimulation of the animal immune system, and 4) competitive exclusion (T. R. Callaway et al., 

2008).  Competitive exclusion refers to the prevention of establishment or proliferation of certain 

bacteria by introducing beneficial bacteria into an ecological niche (LeJeune & Wetzel, 2007; 

McAllister et al., 2011). Specifically, the “Nurmi Concept” describes feeding cattle probiotics to 

influence pre-harvest food safety and reduce pathogens, which is a concept that has been 

researched for over 50 years (Nurmi & Rantala, 1973).  DFM production of antibacterial 

substances can occur in the rumen lower digestive tract, including bacteriocins, short-chain fatty 

acids, hydrogen peroxide, and lactic acid (Nagaraja, 2019).  
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DFMs for use in cattle are often classified as lactic acid bacteria (LAB), and include 

species of Lactobacillus, Bifidobacterium, Enterococcus, Streptococcus, Propionibacterium, and 

Bacillus (Seo et al., 2010).  A meta-analysis by Wisener et al. (2015), demonstrated that DFMs 

fed to cattle reduce the odds of fecal E. coli O157:H7 shedding by approximately 54% compared 

to a placebo or no treatment (Wisener et al., 2015). In cattle, L. acidophilus strain NP51 has been 

studied extensively, and has demonstrated a reduction of E. coli O157:H7 shedding in cattle by 

48 to 80% (M. Brashears et al., 2003; Stephens, Loneragan, Chichester, et al., 2007; Stephens, 

Loneragan, Karunasena, et al., 2007b; S. Younts-Dahl et al., 2005; S. M. Younts-Dahl et al., 

2004). A probiotic preparation containing L. acidophilus and Streptococcus bovis reduced E. coli 

O157:H7 shedding via increased production of Gram negative-toxic volatile fatty acids (VFAs), 

in infected calves (Ohya et al., 2000). Bacteriocins isolated from both non-pathogenic E. coli 

(Schamberger & Diez-Gonzalez, 2004) and LAB (L. paracasei, S. bovis, and L. rhamnosus) 

demonstrate anti-E. coli O157:H7 effects, yet require further research to characterize (Lee et al., 

2002; McAllister et al., 2011; Tsai et al., 2010).  Investigations into DFM-influenced immune 

response in cattle demonstrate potential anti-foodborne pathogen effects within the ruminant 

hindgut (Davis et al., 2007; Lessard et al., 2009; McAllister et al., 2011; Raabis et al., 2019; 

Szabó et al., 2009).  

 1.3.3.2. Megasphaera elsdenii 

Megasphaera elsdenii (ME), a common DFM, is a lactic acid-utilizing bacterium present 

in the rumen of cattle (Lianmin Chen et al., 2019). Originally isolated and described as 

Peptostreptococcus elsdenii (Gutierrez et al., 1959), ME reduces lactic acid buildup within the 

rumen of grain-fed cattle by converting lactic acid to VFAs, the main source of energy for 

ruminants (L. Chen & Wang, 2016; Lianmin Chen et al., 2016; Weimer & Moen, 2013).  M. 
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elsdenii moderates ruminal acidosis (RA; Long et al., 2014; Weimer et al., 2015), a common 

disorder in feedlot cattle characterized by lactate accumulation within the rumen followed by a 

drop in the pH of ruminal fluid (Hernández et al., 2014; Kenney et al., 2015; H. Wang et al., 

2015).  

Research into this DFM has revealed additional applications; notably, orally dosing steers 

with ME decreases the amount of roughage required during the adaptive step-up period, allowing 

earlier placement on high-concentrate finishing diets (Miller et al., 2013). Additionally, dairy 

cattle dosed with ME show increases in milk production (Stevens et al., 2017).  ME applications 

are not limited to cattle, with investigations on potential protective function of dosing newborn 

piglets with antibiotic-sensitive ME strains, delaying colonization of antibiotic resistant ME 

strains (Stanton & Humphrey, 2011).  DeClerck et al. suggested that dosing cattle with ME 

favorably alters rumen ecology, promoting papillae growth (DeClerck et al., 2020).  Following 

its original isolation in 1959, the past 70 years of research on this organism have shown 

substantial potential for the promotion of both rumen health and animal productivity; however, 

no research exists demonstrating a potential pre-harvest food safety application. 

 1.4. Produce Safety 

 1.4.1. Background 

The U.S. FDA Food Safety Modernization Act (FSMA; 21 U.S.C. § 301 et seq) 

establishes the Produce Safety Rule (PSR), which sets minimum standards for safe growing, 

harvesting, packing, and holding of fresh fruits and vegetables (FDA, 2020). As the first federal 

produce regulation of its kind, this rule was not immune to criticism, as the 2013 proposal 

received more than 36,000 public comments addressing issues and concerns.  The PSR evolved 

to include such considerations from the public, producing evidence-based standards regarding 
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agricultural water, soil amendments, domesticated and wild animals, as well as worker hygiene 

and training, all of which represent possible routes of contamination by foodborne pathogens 

(FDA, 2020; Produce Safety Alliance (PSA), 2017; Yang & Swinburne, 2016).  The rule details 

microbiological water testing requirements for agricultural water used in production and 

postharvest applications, establishes worker training and hygiene standards, proposes validated 

composting methods used when applying biological soil amendments of animal origin, and 

presents cleaning and sanitization protocols for use on postharvest equipment, containers, tools, 

and packing houses (FDA, 2020; Produce Safety Alliance (PSA), 2017). The PSR shifted focus 

of produce safety efforts in the U.S. towards prevention rather than reaction in response to 

outbreaks.  

 1.4.2. Romaine Lettuce (Lectuca stiva L. var longifolia) Safety 

Romaine lettuce harvest, production, handling, and irrigation all significantly influence 

the susceptibility of this commodity to contamination events (Kintz et al., 2019).  Romaine 

lettuce lacks a thermal processing step, leading to reliance on good preharvest practices and 

postharvest interventions to remove foodborne pathogens prior to consumption (Gil et al., 2015; 

Schuenzel & Harrison, 2002).  Additionally, the low infectious dose of E. coli O157:H7—less 

than 100 bacterial cells—increases the possibility of ingesting produce harboring enough 

pathogen to cause illness (Kintz et al., 2019).  Diverse surface morphologies, commodity 

epidermis abrasions, increases in consumer preferences for fresh produce, changes in production 

methods, and emergence of pathogens not previously associated with fresh produce, have all 

contributed to increases in produce-related outbreaks (Burnett & Beuchat, 2001; C. McDaniel & 

Jadeja, 2019; Meireles et al., 2016).  Between 2017 and 2019, E. coli O157:H7 leafy green 

outbreaks resulted in 464 cases, 215 hospitalizations, and 6 deaths (Centers for Disease Control 
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and Prevention, 2019d). Foodborne illness outbreaks within this commodity are becoming 

increasingly common, representing a significant public health threat and warranting novel 

intervention research efforts. 

 1.4.3. Case Study: 2018 Yuma, Arizona E. coli O157:H7 Outbreak  

With illnesses reported in 36 states, the 2018 Yuma romaine lettuce outbreak was the 

largest E. coli O157:H7 outbreak in the last 10 years (Figure 1-3; Centers for Disease Control 

and Prevention, 2018). CDC and FDA prevention measures suggested abstaining from romaine 

lettuce consumption, and the industry was called to voluntarily withdrawal all romaine lettuce 

from the market and cease shipping (Beecher, 2019). Referred to as the nation’s “salad bowl”, 

Yuma and Southern California produce 90% of the U.S. grown leafy greens sold domestically 

each year (Beecher, 2019). Optimistically, during a sampling assignment following the 2018 

outbreak, FDA found no indication of widespread Salmonella and E. coli O157:H7 

contamination of romaine lettuce stored in commercial coolers and storage facilities in the region 

(U.S. Food and Drug Administration, 2019). This case study exemplifies the dichotomy of food 

safety decision-making: implementing both proactive and reactive measures. The outbreak 

sparked debate amongst the multilayer food safety community: produce growers, regulators, 

researchers, and ultimately, the consumers. Investigators cited 36 growing fields, 23 farms in 

Arizona and California, and 7 intermediate shippers where distribution of the contaminated 

lettuce could have originated (Anglen, 2018). Adding to the confusion, a pinpointed source was 

never identified.  Environmental sampling discovered E. coli O157:H7 in irrigation canals but 

investigation as to how the bacteria could have entered the water is still ongoing (Centers for 

Disease Control and Prevention, 2018). Unsubstantiated media claims only added more 

confusion to the investigation, conflating proximity of a down-stream feedlot as “most 
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likely…the source of the outbreak”(Charles, 2018).  This case study illustrates the numerous 

layers of complexity associated with produce outbreaks. More recently, a 2019 outbreak of E. 

coli O157:H7 in romaine lettuce was identified, resulting in 167 cases and 85 hospitalizations 

(Centers for Disease Control and Prevention, 2019c), providing more evidence that this type of 

produce outbreak is becoming ever more common.  

 1.4.4. Produce Safety Interventions 

The produce industry routinely uses chlorine to reduce the risk of foodborne pathogen 

contamination in fresh-cut romaine lettuce wash water (Feliziani et al., 2016); however, 

increases in produce outbreaks challenge its efficacy (Centers for Disease Control and 

Prevention, 2019b; Kintz et al., 2019; C. McDaniel & Jadeja, 2019; Ölmez & Kretzschmar, 

2009).  Furthermore, the production of toxic disinfection byproducts following the reaction of 

chlorine with organic matter is concerning (Joshi et al., 2013) and even led to the ban of 

chlorine-based sanitizers in many countries of the EU (Haute et al., 2013; Meireles et al., 2016).  

Peroxyacetic acid (PAA), an organic acid, contains acetic acid and hydrogen peroxide 

(Kitis, 2004). PAA produces antimicrobial effects against a wide spectrum of microorganisms, 

including bacteria, viruses, and fungi via the production of reactive oxygen species, which 

damage lipids and DNA of the cell and denature bacterial proteins, leading to an increase in cell 

wall permeability (Kitis, 2004; Ölmez & Kretzschmar, 2009; Vandekinderen et al., 2009; 

Warburton, 2014). Recent research describes reductions of generic E. coli on fresh romaine 

lettuce up to 4.07 log CFU/g after 5 minutes (Pahariya et al., 2019). PAA activity against E. coli 

O157:H7, Salmonella Typhimurium, and Listeria monocytogenes was evaluated against 

chlorine-based sanitizers, with greater reductions achieved by PAA against E. coli O157:H7 than 

near-neutral electrolyzed water (Singh et al., 2018). PAA demonstrates antimicrobial properties 
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against Campylobacter and Salmonella during poultry processing (Ae Kim et al., 2017) and 

Listeria innocua in whole apples (Kim et al., 2018); however, PAA is not an effective stainless 

steel food processing surface sanitizer (Rossoni & Gaylarde, 2000) or control measure against E. 

coli O157:H7 and Salmonella Typhimurium on beef carcass surfaces (King et al., 2005). 

Sodium bisulfate (SBS), once dissolved in water, lowers pH (Kim et al., 2018), thereby 

creating an osmotic effect that stresses bacterial cells and often results in cell death (Li et al., 

1997). SBS is a natural food acid with GRAS status (Generally Recognized as Safe; 21 CFR 

582.1095) and has been used in combination with PAA as an effective postharvest treatment 

against Listeria innocua on inoculated whole apples (Kim et al., 2018) and Salmonella spp. on 

whole chicken drumsticks (Dittoe et al., 2019). Additionally, the World Health Organization has 

approved the use of SBS in food and food production with no restrictions (FAO JECFA, 2007). 

Previously published research has explored the combination of SBS and PAA as an intervention 

for whole apples, poultry processing, chicken drumsticks, and pet food; however, intervention 

efficacy from previous research presents a difficult challenge, as reductions were observed using 

different food matrices, concentrations, and foodborne pathogens. (Bodie et al., 2019, 2019; 

Dhakal et al., 2019; Kim et al., 2018; Micciche et al., 2019). Therefore, extrapolating previous 

research to understand how a combination of SBS and PAA would impact foodborne pathogens 

on leafy greens is a challenge and, thus, should be the focus of future research efforts.  

Recently, analysis of intervention efficacy on lettuce, spinach, and other leafy greens has 

compared both alternative and traditional methodologies. Jung et al. (2017), reported that 

soaking romaine heads in electrolyzed water yielded significant reductions of Salmonella 

enterica, Listeria monocytogenes, and E. coli O157:H7 compared to tap water, lactic and 

phosphoric acid-based sanitizers, and a citric acid-based sanitizer (Jung et al., 2017). Pahariya et 
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al, compared acidified sodium chlorite and sodium hypochlorite to PAA, with PAA resulting in 

significant reductions of generic E. coli after soaking fresh-cut romaine lettuce (Pahariya et al., 

2019). When comparing PAA and chlorine efficacy against E. coli O157:H7 in romaine lettuce, 

Singh et al. (2018), observed a 2.2 and 2.1 log CFU/g reduction, respectively (Singh et al., 2018). 

Interventions that acidify the washing environment via the use of organic acids (citric, lactic, 

peroxyacetic, etc.) have demonstrated variable success at reducing microbial populations (Neal 

et al., 2012). Acidifying antimicrobials are promising; however, resistance to organic acids by 

Gram-negative species (Sheu & Freese, 1973) warrants investigation into new applications.  

Non-chemical interventions in produce have also been explored—including ultraviolet light, 

ozone, and irradiation—with significant efficacy, but also challenges, regarding  consumer and 

industry acceptance (Aslam et al., 2020; Murray et al., 2017).  

 1.5. Produce Quality 

 1.5.1. Introduction  

The efficacy of food safety interventions used in produce cannot be completely understood 

without research designed to understand the impact on produce quality. Quality can be defined 

by a combination of characteristics dependent upon the relationship with the commodity. A 

conventional definition of quality includes any of the features that make something what it is, or 

the degree of excellence or superiority (A. A. Kader, 2002; Kyriacou & Rouphael, 2018). To the 

consumer, high quality produce has a pleasant appearance, firm texture, and offers good flavor, 

aroma, and nutritional value. More recently, consumer perceptions of quality produce have been 

linked to terms such as locally grown, fresh, organic, and natural (Canavari & Olson, 2007; 

Orsini et al., 2016), most of which don’t accompany a standardized definition.  The organic 

market has experienced rapid expansion in recent years with a consistent 10-15% annual growth 
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rate, representing an 80-billion-dollar industry in the United States as of 2014 (IFOAM, 2016); 

thus, produce with high quality characteristics is in high demand.  

A definition of quality to a producer often relates to the commodity’s appearance, disease 

and pest resistance, yield, hardiness, and ability to withstand handling and shipping (A. A. 

Kader, 2002).  The produce retailer’s definition of quality is influenced by appearance and shelf 

life of the commodity. With the evolution of produce trends, consumer preferences, agricultural 

practices, and technology, quality definitions remain relative to the individual and susceptible to 

change. The U.S. consistently rates quality of produce as very important by all income and 

geographic groups, with 99% of consumers rating high quality produce as very important or 

somewhat important in supermarket selection (Food Marketing Institute, 2004). Similar trends 

have been observed in the EU with quality in fresh fruits and vegetables being the number-one 

driver of customer satisfaction (Laubli & Ottink, 2018). 

 1.5.2. Quality Parameters 

Postharvest quality research requires defined attributes that can be objectively measured 

and combined with subjective measurements, including appearance and taste. Attributes 

associated with the overall quality of fresh fruits and vegetables include appearance (visual), 

kinesthetic (feel), flavor (taste and smell), nutritional value, and safety (Barrett et al., 2010; A. A. 

Kader, 2002).  Produce appearance is determined by shape, size, color, and the lack of defects, 

whereas internal quality is shaped by flavor, texture, and the absence of defects (Musacchi & 

Serra, 2018).  These attributes can be evaluated using objective scales based on instrument 

measurements, or subjective methods based on human judgment using hedonic scales.  Despite 

limitations, visual quality evaluation using numerical scales with defined attributes of a 

commodity represents a widely used technique (Shewfelt, 2014, p. 14).  This includes the use of 
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overall visual quality scales (Ma. Cantwell, 2013; A. Kader & Marita, 2010), browning or 

discoloration scales (M. Cantwell & Suslow, 2002; Rico et al., 2007), and phytotoxicity scales 

(European and Mediterranean Plant Protection Organization, 2014), assuming objective 

measurements are taken by an expert judge.  Size, color, shape, and gloss can be evaluated 

within the laboratory as they further influence produce appearance quality. Size measurements 

can be taken using calipers, scales, and water displacement methods in the laboratory, whereas 

shape measurements are taken using a ratio of dimensions and comparing against diagrams or 

models for the commodity (Pliakoni et al., 2019). Color evaluation occurs by evaluating 

uniformity or intensity, often measured using light reflectance meters or light transmission 

meters.  Color measurement using a food colorimeter provides a means to evaluate visual quality 

of a commodity along with detection of physical changes in appearance (Barrett et al., 2010; 

Shewfelt, 2014, p. 14), thus demonstrating a relatively simple and reliable method for evaluating 

produce quality following postharvest intervention application. In many cases, appearance 

quality characteristics are used in maturity scales and U.S. grading standards; however, 

postharvest life of a commodity based on appearance exceeds that of postharvest life based on 

flavor and texture (Camelo & Nations, 2004; A. A. Kader, 2002).  Texture evaluation measures 

firmness, juiciness, fibrousness, succulence, and other sensory and textural qualities that are 

commodity specific. Pressure testers, penetrometers, or other firmness instruments evaluate 

commodity “toughness”, while juiciness, succulence, and other sensory quality evaluation occurs 

using juice or water extraction, titratable sugar measurement, or organoleptic evaluation via 

sensory testing (Bartoshuk & Klee, 2013; Camelo & Nations, 2004; A. A. Kader, 2002). 

Regardless of method, postharvest quality evaluation efforts offer an empirical and reproducible 
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system for characterizing fresh fruits and vegetables and aid the delivery of high-quality, 

nutritious produce to the consumer.  

 1.5.3. Romaine Lettuce and Leafy Green Quality 

 The demand for fresh-cut produce—defined as any fruit or vegetable or combination 

which has been altered from its original structure yet remains in a fresh state—experienced a 

50% increase in the U.S. in the last decade, representing a multi-billion dollar sector, partly due 

to convenience and consumer trends (Qadri et al., 2015). The fresh-cut leafy green industry has 

experienced similar increases, yet the postharvest quality of this commodity is uniquely 

susceptible to environmental changes, harsh handling and processing, and water loss (Qadri et 

al., 2015). The vulnerability of this commodity hastens the need for care during handling, 

postharvest wash intervention application, packing, and shipping. Water comprises 90-95% of 

the salable weight of fruit and vegetable commodities; therefore, water loss denotes the primary 

culprit of produce weight loss throughout storage and subsequent quality deterioration. Water 

loss significantly influences economic aspects of the fresh-cut leafy green industry, as this 

commodity is sold by weight with any loss of water resulting in a direct loss of income (Fallik, 

2014; Kitinoja & Gorny, 1998). Additionally, water loss can lead to decreases in produce 

quality—including wilting, browning, and decay— and produce grading, consequently losing 

economic value. For example, most commodities become unsalable after losing 3-10% of their 

weight via water loss thus indicating the importance of slowing transpiration rates (Bartz & 

Brecht, 2002; Nicola & Fontana, 2014) and minimizing water loss throughout the postharvest 

handling of fresh-cut leafy greens to safeguard quality.  Leafy greens indicate a uniquely 

vulnerable sector of the produce market, heavily influenced by foodborne illness outbreaks 

(section 1.4.3.) and quality deterioration.  
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 1.5.4. The Food Quality and Food Safety Relationship 

Postharvest handling and sanitation are essential for reducing the amount of produce-

associated foodborne illness, believed to be the primary source of contamination (Warriner et al., 

2003). Additional microbial contamination sources include growing conditions, soil content, 

irrigation and postharvest water source, harvest equipment, animal intrusion and manure 

(Produce Safety Alliance, 2017). When discussing food safety interventions to control foodborne 

pathogen contamination on produce, quality cannot be ignored. Research on interventions focus 

on their efficacy in controlling foodborne pathogen contamination; however, a need exists to 

investigate both produce quality and produce safety simultaneously (Ramos et al., 2013) as these 

aspects are not mutually exclusive (Francis et al., 2012).   

One example of this relationship includes the evaluation of phytotoxicity effects on fresh 

fruits and vegetables. Phytotoxicity, also known as plant injury, is the inhibition of plant growth, 

delay in germination, or other adverse effects in response to a specific compound (phytotoxin) 

(Baumgarten & Spiegel, 2004; Penn State Extension, 2011). This occurs in various fruit and 

vegetable varieties, with tremendous variation in how the phytotoxic effects are manifested 

(European and Mediterranean Plant Protection Organization, 2014). Current research focuses on 

pesticides, fertilizers, and soil amendments (Kebrom et al., 2019) with little emphasis on 

chemicals used in food safety interventions. Monitoring phytotoxic effects is warranted when 

evaluating produce interventions, as high concentrations of these chemicals may produce 

discoloration, deformation, yellowing, and necrosis (Baumgarten & Spiegel, 2004).  

Within the literature, several microbial produce interventions, depending on 

concentration and duration of application, have shown deleterious effects on produce quality 

(Alexandre et al., 2012; Guan et al., 2010; Karaca & Velioglu, 2007; Ramos et al., 2013).  
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Produce interventions including chlorine dioxide generate significant pathogen reductions in 

produce yet demonstrate negative effects on sensory quality. More specifically, 12 ppm of 

chlorine dioxide applied to E. coli O157:H7 inoculated apples resulted in a >5 log reduction (Du 

et al., 2003), while 5 ppm reduced Salmonella inoculated cantaloupes by 3 logs following 10 

minutes of exposure (Mahmoud et al., 2008).  Further research on chlorine dioxide shows this 

treatment, following application to cantaloupes, negatively affects sensory quality (Kaur et al., 

2015).  Conversely, several treatments, including acidified sodium chlorite, hot-water surface 

pasteurization, and irradiation have shown little to no observable changes in produce quality (Fan 

et al., 2006; López-Gálvez et al., 2010; Nei et al., 2009; Sapers, 2014). Gaseous ozone, hot 

water, and their combination was shown to control E. coli O157:H7 in cantaloupes without 

producing adverse produce quality effects, with melons maintaining initial texture and aroma 

following intervention application (Selma et al., 2008).  Similarly, ozone added to spinach 

inoculated with E. coli O157:H7 yielded a >3 log reduction, without mention of deleterious 

effects on quality or whether or not quality data was gathered (Yesil et al., 2017).  Intervention 

efficacy and impact on produce quality varies with research on specific pathogen, intervention, 

and commodity combinations.   

Examples of research evaluating both produce safety and quality are limited within the 

literature. Alexandre et al., (2012) assessed hydrogen peroxide solution efficacy against Listeria 

monocytogenes on red bell peppers, strawberries, and watercress. A treatment containing 5% 

hydrogen peroxide provided the largest microbial reductions along with the largest negative 

impact on produce quality, as revealed by color, sensory, and anthocyanin content analyses 

(Alexandre et al., 2012).  The study investigated multiple concentrations of hydrogen peroxide; 

therefore, investigators recommended the concentration which produced significant 
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antimicrobial effects without sacrificing produce quality, suggesting a treatment containing 1% 

hydrogen peroxide. Guan et al. (2010), evaluated sodium acid sulfate, levulinic acid, and sodium 

dodecyl sulfate against E. coli O157:H7 on romaine lettuce. The interventions and their 

combinations yielded E. coli O157:H7 reductions less than 1 log and produced significant quality 

deterioration of the fresh-cut lettuce, following texture, browning, sogginess, and overall visual 

quality analyses (Guan et al., 2010). Without evaluating both produce quality and produce safety 

implications of produce interventions, industry recommendations cannot be made, in agreement 

with the author’s previous assertion that research must include investigation into both areas.  

Fruits and vegetables, particularly fresh-cut, represent the fastest growing industry of the 

produce sector (Nicola & Fontana, 2014). Fresh-cut products signify living plant tissue, 

susceptible to foodborne pathogens and quality deterioration, both of which are heavily 

influenced by cultivation, harvest, handling, storage, processing, shipping, retail, and consumer 

preparation. The globalization of fresh-cut produce increases susceptibility to these pressures and 

reinforces the need for an approach incorporating both safety and quality (Nicola & Fontana, 

2014).  Success of the fresh-cut produce sector relies on collaboration between food safety and 

plant pathology communities through interdisciplinary research (Fallik, 2014). 
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Chapter 2 -  Impact of the Probiotic Organism Megasphaera elsdenii 

on Escherichia coli O157:H7 Prevalence in Finishing Cattle 

 2.1. Abstract 

Feedlot cattle commonly shed the foodborne pathogen Escherichia coli O157:H7 in their 

feces. Megasphaera elsdenii (ME), a lactic acid-utilizing bacterium, is commonly administered 

to cattle to avoid lactate accumulation in the rumen and control ruminal acidosis.  The impact of 

administering ME on foodborne pathogen shedding, specifically E. coli O157:H7, has not been 

explored. The purpose of this study was to quantify E. coli O157:H7 prevalence in finishing 

cattle administered ME.  Cattle (n=448) were assigned to 1 of 4 treatments in a randomized 

complete design with a 2x2 factorial arrangement of treatments containing: ruminally-protected 

lysine (LYS; Kemin Industries, Des Moines, IA) fed at 0 or 0.45% of diet dry matter; with or 

without ME.  Freeze-dried ME was administered as an oral drench providing 1 x 1010 colony 

forming units (CFU) on day one of the study. On each day thereafter, freeze-dried ME was top-

dressed onto basal feed diets to provide 1x107 CFU/steer daily.  Rectoanal mucosal swabs 

(RAMS) were obtained from animals twice before harvest, yielding 896 RAMS. Swabs were 

incubated in Gram-negative broth at 37oC for 6 hours, subjected to immunomagnetic separation 

(IMS) with anti-O157 beads, spread-plated onto nt-Chromagar O157, and incubated for 18-24 

hours at 37oC. Latex agglutination was used to presumptively identify suspect colonies as E. coli 

O157 and polymerase chain reaction was used for E. coli O157:H7 confirmation.  The ME x 

time (sampling period 1 vs 2) interaction was significant (P=0.0323), which indicates that E. coli 

O157:H7 prevalence varied based on ME dose and sampling period. More specifically, a diet 

containing 20 mL ME + top dressing reduced the odds of E. coli O157:H7 prevalence by 50% 
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during sampling period 1 (P=0.0921) and increased the odds by 23% during sampling period 2 

(P=0.6130).  Administering ME in cattle diets suggests variable efficacy at reducing E. coli 

O157:H7 in feedlot cattle and additional research is necessary given that this study is the first to 

investigate the use of ME as a pre-harvest food safety intervention in cattle. 

 2.2. Introduction 

Escherichia coli O157:H7 is estimated to cause over 63,000 foodborne illnesses annually 

(Mead et al., 1999; Scallan et al., 2011), with cattle representing the main reservoir (Chapman et 

al., 1993; Hancock et al., 1997; C. J. McDaniel et al., 2014; Renwick et al., 1993; Whipp et al., 

1994). E. coli O157:H7 is commonly shed by feedlot cattle, with studies showing up to 30% of 

cattle being asymptomatic carriers (Callaway et al., 2006, 2009; Reinstein et al., 2007; K. 

Stanford et al., 2005).  The United States Food and Drug Administration (FDA), Centers for 

Disease Control and Prevention (CDC), and Department of Agriculture (USDA) surveyed 

foodborne illness data from 1998-2017 and determined that 25.8% of foodborne E. coli O157:H7 

illnesses were attributable to beef (Interagency Food Safety Analytics Collaboration, 2019). The 

relationship between cattle and this foodborne pathogen is well documented (Berry et al., 2017; 

Callaway et al., 2009; Castro et al., 2019; McDaniel et al., 2014; Whipp et al., 1994); however, 

the influence of animal diet and the host microbiota on shedding of E. coli O157:H7 is only 

beginning to be understood. Pre-harvest interventions aimed at reducing E. coli O157:H7 

colonization and shedding in cattle, including the manipulation of diet and indigenous 

microbiota, require additional investigation.  

 Fasting, diet supplementation, and bacteriophage therapy have been investigated as 

potential pre-harvest food safety interventions in feedlot cattle (Thomas & Elliott, 2013). 

Antibiotics, once considered one of our best tools to prevent disease, have become less effective, 
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with some becoming obsolete (Centers for Disease Control and Prevention, 2019).  Historically, 

producers administered antibiotics to cattle sub-therapeutically as growth promotants; however, 

in 2013 the U.S. Food and Drug Administration (FDA) released Guidance for Industry #213 

containing a timeline for phasing out medically important antimicrobial drugs for use in food-

producing animals while bringing these drugs under veterinary oversight through the Veterinary 

Feed Directive (VFD). This legislation changed antibiotic use in U.S. agriculture (Center for 

Veterinary Medicine, 2019a, 2019b). Growing concerns over the reliance on antibiotics in 

agricultural production, coupled with the public health threat of antimicrobial resistance (AMR; 

Centers for Disease Control and Prevention, 2019) urge investigation into alternative 

management practices, including the use of probiotics in feedlot operations.  

The term probiotic, which is defined as “a live microbial feed supplement, benefiting the 

animal by improving its gastrointestinal microbial balance or preventing a disease outcome” 

(Fuller, 1992), describes microbial cultures or culture extracts of bacteria and fungi (Yoon & 

Stern, 1995).  Inclusion of a ruminal probiotic, or a “live culture of microorganisms deliberately 

introduced into the rumen to improve animal health” (Kmet et al., 1993) has been a common 

practice since the early 1900s (Metchnikoff, 1908).  Probiotics influence gastrointestinal tract 

microbial function in ruminants (Elam et al., 2003; Khan et al., 2016).  Within the United States, 

the Food and Drug Administration (FDA) simplified the definition in 1989, requiring feed 

manufactures to use the term direct fed-microbial (DFM), which refers to “a source of live 

(viable) naturally-occurring microorganisms” (Brashears & Guillen, 2014). The addition of 

DFMs in cattle diets—a topic extensively studied in the last ten years—has demonstrated 

efficacy in reducing fecal shedding of E. coli O157:H7 (Callaway et al., 2009; Imperial & Ibana, 

2016; Stanford et al., 2014; Valeriano et al., 2014; Wisener et al., 2015) with Lactobacillus 
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acidophilus NP51 most notably reducing E. coli O157:H7 shedding in cattle by 48-80% 

(Stephens et al., 2007; Younts-Dahl et al., 2005). In the U.S., DFMs in animal feed represent a 

significant market, with an estimated value of $4.6 billion in 2019 (Markets and Markets, 2019).  

Frameworks for characterizing novel probiotic strains (Ayala et al., 2018, 2019; Ren et al., 2019; 

Reuben et al., 2019) along with exploration of potential probiotic “cocktails” and accurate 

durations of administration have been the focus of previous research (Brown et al., 2020; 

Luedtke et al., 2016).  Benefits of feeding DFMs are not limited to food safety applications, with 

enhances in average daily gain (ADG)—along with reductions in fecal E. coli counts—in calves 

also reported (Roodposhti & Dabiri, 2012). Similar data demonstrate a general increase in 

average daily gain (2.5%) and an estimated 2% improvement in animal efficiency when fed 

DFMs (Krehbiel et al., 2003). Alternatively, some research illustrates no improvement in animal 

performance, nutrient digestibility, or reductions of E. coli O157:H7 shedding (Encinas et al., 

2018; Wilson et al., 2016).  Feeding DFMs has shown varying results, which may be due to 

different strains, concentrations, and experimental designs; however, research indicates these 

microorganisms have potential to decrease shedding of E. coli O157:H7 (Wilson & Krehbiel, 

2012), which is why they remain important as pre-harvest food safety interventions in cattle. 

Megasphaera elsdenii is a lactic acid-utilizing bacterium present in the rumens of cattle 

(Chen et al., 2019). This organism, often used as a DFM, reduces lactic acid buildup within the 

rumen of grain-fed cattle by converting lactic acid to volatile fatty acids (VFAs; acetate, 

propionate, and butyrate), which are the main source of energy for ruminants (Chen & Wang, 

2016; Chen et al., 2016; Weimer & Moen, 2013). Moreover; M. elsdenii moderates a common 

disorder in feedlot cattle known as ruminal acidosis (RA; Long et al., 2014; Weimer et al., 2015), 

characterized by lactate accumulation within the rumen followed by a drop in the pH of ruminal 
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fluid (Hernández et al., 2014; Kenney et al., 2015; Wang et al., 2015).  As a DFM, M. elsdenii 

demonstrates value as a RA mitigating agent; however, research is needed to determine if this 

microorganism influences the prevalence of foodborne pathogen shedding—specifically 

Escherichia coli O157:H7—in finishing cattle. Addressing this knowledge gap is, therefore, the 

principle objective of this study. 

 2.3. Materials and Methods 

 2.3.1. Experimental Design 

A 2x2 factorial experiment was conducted with crossbred steers (n=448; 352±25 kg 

initial body weight) blocked by initial body weight and, randomly assigned within block to one 

of 64 pens. Within each block, pens were randomly assigned to one of the 4 diets, with ¼ of the 

pens in each block assigned to each diet. Therefore, study pens were grouped in blocks of 4, with 

every block containing all 4 treatment combinations.  Cattle were fed treatment diets consisting 

of Megasphaera elsdenii strain NCIMB 41152 (ME; Lactipro advance, MS Biotec, Wamego, 

KS) at one of 2 levels (0 or 20 mL ME [+Top Dressing]) in combination with ruminally-

protected lysine (LYS; USA Lysine, Kemin Industries, Inc., Des Moines, IA) at one of 2 levels 

(0 g or 40 g LYS)/steer daily. Each diet was fed to 16 experimental pens consisting of 7 cattle 

per pen; thus, each dietary treatment was applied to 112 cattle in total.  

Steers were sampled on two different occasions, hereafter referred to as sampling period 

1 (SP1) and 2 (SP2). For each sampling period, half of the steers were sampled in each of two 

sampling days (D1 and D2), as is highlighted in Figure 2.1. Prevalence of E. coli O157:H7 was 

measured using rectoanal mucosal swabs (RAMS) obtained from each animal and analyzed 

using standard laboratory methods (Rice et al., 2003). Steers (n=448) were sampled twice, 

yielding a total of 896 RAMS samples in this study.  
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 2.3.2. Cattle Diets 

Experimental diets are identified in Table 2.1 as follows: -ME/-LYS (0 mL ME + 0 g 

LYS); -ME/+LYS (0 mL ME + 40 g LYS); +ME/-LYS (20 mL ME + 0 g LYS); and +ME/+LYS 

(20 mL ME + 40 g LYS). All cattle were started on a diet comprised of (dry matter basis) 

approximately 50% concentrate/50% roughage, and stepped-up within 10 days to a finishing 

ration containing 60.4% steam-flaked corn, 30% wet corn gluten feed, 7% forage, and a vitamin-

mineral premixed supplement (Rumensin, Elanco Animal Health, Greenfield, IN) that provided 

monensin at 33 mg/kg diet dry matter. For the final 28 to 42 days before harvest, finishing diets 

contained 25 mg/kg ractopamine-HCl (Optaflexx, Elanco Animal Health, Greenfield, IN) (Table 

2.2).  Corn was conditioned by adding moisture (SarTec; Anoka, MN), steamed, and flaked daily 

utilizing a R & R Machine Works steam-flaker (46 x 91 cm corrugated rolls; Dalhart, TX). Corn 

was flaked to 360 g/L bulk density, which is consistent with previous research (Horton & 

Drouillard, 2018). Basal feed diet ingredients (Table 2.2) were analyzed on site daily for dry 

matter content, retained weekly and composited monthly for nutrient analysis (SDK Labs; 

Hutchinson, KS). Administration of ME and LYS to basal feed diets occurred during the entire 

feeding period. Animals were fed once daily ad libitum.  

M. elsdenii was administered on day 1 as an oral drench, consisting of a 20-mL dose 

containing 5 x 108 CFU/ml, delivering a targeted amount of 1 x 1010 CFU/steer.  On each day 

thereafter, ME at a concentration of 2 x 108 CFU/g was administered as a top-dressing to the 

finishing diet, such that each animal would receive a target dose of 1 x 107 CFU/steer daily, 

Delivered concentrations were based upon manufacturer reported concentrations and not further 

verified by research personnel.  Top dressing was prepared by mixing twelve grams of freeze-

dried ME (220 doses) with 16 lb of ground corn, and 0.5 lb of this mixture was delivered to each 
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ME treatment pen. A lipid-encapsulated, ruminally-protected lysine sulfate (LYS) was mixed 

within the total rations, and was included for separate analysis of diet effect on performance and 

carcass characteristics (Veloso et al., 2019). Following 117 (SP1D1), 119 (SP1D2), 124 (SP2D1) 

and 126 (SP2D2) days on feed, RAMS samples were obtained from each animal and analyzed 

using standard laboratory methods. 

 2.3.3. RAMS Sampling 

Study personnel obtained a RAMS sample from each animal enrolled in the study during 

2 separate sampling periods (SP1 and SP2). Cattle were sampled in cohorts of 224 animals per 

day, with 2 sampling days per sampling period (SP1D1, SP1D2, SP2D1, and SP2D2). The 

sampling scheme yielded 2 RAMS samples from each of the 448 enrolled animals, for a total of 

896 total RAMS. Collection of RAMS followed protocols previously described (Greenquist et 

al., 2005, Rice et at., 2003). Briefly, a sterile foam-tipped swab (VWR, Radnor, PA) was inserted 

3 to 5 cm into the anus of each animal. The swab vigorously scraped the mucosal surface using a 

rapid in-and-out motion. Following sampling, study personnel placed the swab into a sterile tube 

containing 3 mL of Gram-negative broth (GN Broth; Remel, Lenexa, KS) supplemented with 

0.05 mg/L of cefixime (VCC Supplement; Millipore Sigma, St. Louis, MO), 10 mg/L of 

cefsulodin, and 8 mg/L of vancomycin (GNccv). Study personnel stored RAMS+GNccv sample 

tubes on ice immediately following sampling, followed by transport to the laboratory within 3 

hours of concluding sample collection for further microbiological processing.  

 2.3.4. Microbiological Analysis 

Upon arrival at the laboratory, RAMS+GNccv sample tubes were vortexed for 1 minute, 

1 mL was transferred into a 9-mL GNccv enrichment tube, vortexed, and incubated at 37oC for 6 

hours. Samples were incubated in a programmable incubator that was programmed to hold the 
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incubated samples at 4oC until subsequent analyses were undertaken the following day.  The 

incubated GNccv enrichment tubes were subjected to immunomagnetic separation (IMS) 

according to previously published methods (Chaney et al., 2018, Sargeant et al., 2003).  Briefly, 

1 mL of each enrichment was mixed with 20 μL of Dynabeads TM  anti-E. coli O157:H7 (Applied 

Biosystems; Foster City, CA) and then washed three times in phosphate-buffered saline with 

PBS TweenTM 20 (Thermo Fisher Scientific, Waltham, MA) using an automatic IMS machine 

(KingFisher TM mL Food Protection Purification System; Thermo Fisher Scientific, Waltham, 

MA) according to manufacturer’s specifications. A 50-μL aliquot of PBS-Tween containing the 

resultant bead-bacteria complexes was spread-plated onto ntChromagar plates (BBLTM 

CHROMagarTM O157; BD Difco, Franklin Lakes, NJ) supplemented with 5 mg/L novobiocin 

(Novobiocin supplement; Thermo Fisher Scientific, Waltham, MA) and 2.5 mg/L potassium 

tellurite (Potassium tellurite hydrate; Millipore Sigma, St. Louis, MO) and incubated at 37oC for 

18 to 24 hours. Following incubation, up to 3 colonies per plate suspected as E. coli O157:H7 

were presumptively confirmed using latex agglutination (Remel TM RIM E. coli O157:H7 Latex 

Test; Thermo Fisher Scientific, Waltham, MA). From each plate, two presumptively positive 

colonies were then streaked for isolation on Sorbitol MacConkey agar (CT-SMAC; Remel, 

Lenexa, KS) supplemented with 0.05 mg/L cefixime and 2.5 mg/L potassium tellurite (CT-

Supplement; Milipore Sigma, St. Louis, MO). Plates were incubated at 37oC for 18-24 hours and 

1 colony was picked from each plate and transferred into 9 mL tryptic soy broth (TSB; BD 

Difco, Franklin Lakes, NJ) tubes. TSB tubes were incubated at 37oC for 18 to 24 hours and then 

1 mL from each tube was transferred to a microcentrifuge tube containing glycerol, resulting in 

each E. coli O157:H7 presumptively confirmed isolate frozen in duplicate at -80oC in TSB with 

10% glycerol. Each frozen isolate was subjected to polymerase chain reaction (PCR) using the 
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MicroSEQTM E. coli O157:H7 Detection Kit (Applied Biosystems, Foster City, CA) with an ABI 

7500 FAST real-time PCR machine (Applied Biosystems, Foster City, CA) to confirm the 

presence of E. coli O157:H7. 

 2.3.5. Statistical Analysis 

Based upon PCR confirmation, the result of each RAMS sample was organized as a 

binary response (positive or negative for E. coli O157:H7). Data were analyzed using the logit 

linear mixed model with repeated measurements over time.  Fixed effects of the model included 

ME treatment, LYS treatment, time, as well as all 2-way and 3-way interactions. Random effects 

of the model included block, pen and the model intercept (ear tag; the random intercept term 

accounts for the correlation of binary responses of individual cattle).  Prevalence data are 

reported based upon this model, taking into account these parameters and referred to as “model-

adjusted”. Prevalence data which does not consider these parameters represents a crude analysis 

and is referred to as “not model adjusted”. All tests were conducted at the P=0.05 significance 

level. Comparisons between 2 levels of a given treatment were carried out using 2-sided tests.  

Distributions of test statistics were approximated using Chi-square distributions. All statistical 

analysis was performed using the PROC GLIMMIX command of Statistical Analysis Software 

(SAS version 9.4; Cary, NC).  

 2.4. Results 

The overall, non-adjusted prevalence for E. coli O157:H7 was 12.8% (n=28/219) for the -

ME/-LYS diet, 22.3% (n=50/224) for the -ME/+LYS diet, 15.9% (n=35/220) for the +ME/-LYS 

diet, and 14.5% (32/220) for the +ME/+LYS diet. During SP1, the non-adjusted E. coli O157:H7 

prevalence was 16.4% (n=18/110) for -ME/-LYS, 25.0% (n=28/112) for -ME/+LYS, 13.6% 

(n=15/110) for +ME/-LYS, and 13.6% (n=15/110) for +ME/+LYS. The non-adjusted E. coli 
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O157:H7 prevalence for each diet during SP2, was as follows: 9.2% (n=10/109) for -ME/-LYS, 

19.6% (n=22/112) for -ME/+LYS, 18.2% (n=20/110) for +ME/-LYS, and 15.5% (n=17/110) for 

+ME/+LYS (Table 2.3).  

Inclusion of LYS and ME in cattle diets did not statistically impact E. coli O157:H7 

prevalence, with model-based p-values of 0.2136 and 0.5012, respectively. Additional fixed 

effects, including time (SP1 vs SP2; P=0.5750), and the 2- and 3-way interactions LYS x ME 

(P=0.1832), LYS x time (P=0.9081) and LYS x ME x time (P=0.3932) did not influence E. coli 

O157:H7 prevalence. The 2-way interaction of ME x time was statistically significant, with a p-

value of 0.0323; therefore, data will be discussed according to ME at each sampling period. 

During SP1, the odds of E. coli O157:H7 shedding in cattle fed diets supplemented with 

ME was observed to be 0.50 as high as that in cattle not fed ME (P=0.0921), with a prevalence 

of 14.7% and 8.0% for 0 mL ME and 20 mL + top dressing ME cattle, respectively. This 

indicates that a diet containing ME reduced the odds of E. coli O157:H7 prevalence by 50% in 

comparison to a diet not supplemented with ME during SP1. Conversely, during SP2, the odds of 

E. coli O157:H7 in cattle fed ME was observed to be 1.23 as high as cattle not fed ME 

(P=0.6130), which suggests that feeding ME increased the odds of E. coli O157:H7 prevalence 

by 23% in comparison to cattle fed a diet not containing ME. The SP2 prevalence of E. coli 

O157:H7 was 8.9% and 10.8% for 0 mL ME and 20 mL + top dressing ME cattle, respectively. 

 2.5. Discussion 

In the present study, the efficacy of ME administered as a direct fed-microbial in cattle 

finishing diets to reduce the burden of E. coli O157:H7 in cattle was evaluated. Inclusion of ME 

in cattle finishing diets did not reduce the prevalence of E. coli O157:H7 in comparison to cattle 

fed control diets (P=0.5012).  The ME x time (SP1 vs SP2) interaction was significant 
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(P=0.0323) indicating E. coli O157:H7 prevalence varied based upon ME dose and sampling 

period (Figure 2.2). More specifically, a diet containing ME reduced the odds of E. coli O157:H7 

prevalence by 50% during sampling period 1 and increased the odds of E. coli O157:H7 

prevalence by 23% during sampling period 2. These data suggest that ME may reduce E. coli 

O157:H7 prevalence in cattle inconsistently. This study is the first to investigate ME as a pre-

harvest intervention in cattle; therefore, it is difficult to explain why a discrepancy between SP1 

and SP2 was observed.  Mechanistically, the observed influence of ME on E. coli O157:H7 

prevalence in cattle is not well understood. 

In order to explore the ME x time interaction (P=0.0323), along with the difference in 

odds of E. coli O157:H7 prevalence in SP1 vs SP2, it is important to consider the amount of time 

between when steers were given the oral drench of ME and when RAMs samples were taken. 

During SP1D1, SP1D2, SP2D1, and SP2D2 samples were collected 117, 119, 124, and 126 days, 

respectively, following the day 1 oral drench with 5 x 108 CFU/mL ME. Although a 7 day 

interval between SP1 and SP2 sampling days may seem marginal, it must be considered that 

slight differences in duration of DFM administration may yield different results, which is an area 

of research requiring further exploration (Brown et al., 2020). It is important to note that 

properties regarding rumen lactic acid accumulation inform current ME administration 

guidelines and have not been optimized for potential food safety applications.  

It should also be noted that an unavoidable diet change occurred between SP1 and SP2. 

Due to a malfunctioning steam flaker, all cattle enrolled in the study were fed dry-rolled corn in 

place of steam-flaked corn for one day. Upon repair of the steam flaker, the cattle were fed a diet 

consisting of steam flaked and dry-rolled corn in a 1:1 ratio for one day. The following day all 

enrolled cattle returned to the original diet of steam-flaked corn with SP2D1 and SP2D2 
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occurring on the second and fourth day of resuming the steam-flaked diet, respectively. While 

this diet change was brief, it likely altered the amount of starch entering the hindgut (Corona et 

al., 2005; National Academies of Sciences, 2016). Animals were sampled shortly after resuming 

their original steam-flaked diets and the impact of this diet change on E. coli O157:H7 

prevalence is unknown.  All animals experienced the same diet change for the same amount of 

time and treatments were impacted equally.  

Inclusion of ruminally-protected lysine to animal diets informed a separate analysis of the 

effect on animal performance and carcass characteristics (Veloso et al., 2019); however, the 

inclusion of lysine represents as a preliminary inquiry into potential food safety implications of 

adding amino acids to feedlot cattle diets. In this study, inclusion of LYS did not significantly 

impact E. coli O157:H7 prevalence, with a model-based p-value of 0.2136. Research reported in 

the literature suggests that the addition of glutamate, lysine, and arginine influences the amino 

acid-dependent acid resistance systems of E. coli O157:H7 (Diez-Gonzalez and 

Karaibrahimoglu, 2004); thus, future research should investigate the implications of adding 

lysine to cattle diets on foodborne pathogen prevalence and expression of resistance 

mechanisms. 

Originally isolated and described as Peptostreptococcus elsdenii (Gutierrez et al., 1959),  

ME represents one of the few rumen anaerobic bacteria with a capacity to produce substantial 

amounts of volatile fatty acids from sugars and lactate (Rogosa, 1971; Weimer & Moen, 2013), 

aiding moderation of rumen pH (Chen et al., 2019).  This bacterium, specifically the NCIMB 

strain 41125 present in Lactipro Advance, demonstrates the ability to halt rumen acidosis (RA) 

(DeClerck et al., 2020; Henning et al., 2010;McDaniel, 2009), with significant efficacy observed 

depending upon strain (Sedighi & Alipour, 2019), amount, and duration of inoculum (Yohe et 
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al., 2018). Research into this DFM has revealed additional applications; notably, orally dosing 

steers with ME has been shown to decrease the amount of roughage required during the adaptive 

step-up period, allowing cattle to be placed onto high-concentrate finishing diets more rapidly 

(Miller et al., 2013). DeClerck et al. (2020) suggested dosing cattle with ME favorably alters 

rumen ecology, promoting papillae growth.  In the companion study, using ME as a preventative 

agent for ruminitis and liver abscessation—developed secondarily to RA—did not affect liver 

abscess incidence (P<0.07; Veloso et al., 2019).  Following its original isolation in 1959, the past 

70 years of research on this organism have shown potential for the promotion of both rumen 

health and animal productivity.  

While the food safety application and microbial interaction of ME in the hindgut have not 

been documented to date, the function of ME within the rumen is well established, with insights 

being drawn from that body of work. As previously described, addition of ME to cattle feedlot 

diets helps alleviate disease states of the rumen. Subacute ruminal acidosis (SARA), a disease 

state characterized by a reversible rumen pH depression (between pH 5.8 and 5.5) for extended 

periods, is common in cattle fed high concentrate diets (Mao et al., 2013; Nagaraja & 

Titgemeyer, 2007; Plaizier et al., 2017) and often remedied by the administration of ME (Chen et 

al., 2019). Plaizier et al. (2017) reported that cattle fed SARA-inducing challenge diets, 

comprised of ground alfalfa or ground wheat and barley pellets, experience a change in 

microbiota diversity and composition of bacteria in both the foregut and hindgut (Plaizier et al., 

2017). Notably, the SARA-inducing diet treatments significantly increased 1) the abundance of 

E. coli in cecal digesta and feces, and 2) the ME abundance in the rumen (Plaizier et al., 2017). 

The current body of knowledge suggests that cattle microbiota populations—in both the rumen 

and hindgut—are greatly impacted by SARA. While the present study investigated impact of 
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feeding ME on E. coli O157:H7 prevalence, the microbial interaction of ME with other microbes 

residing throughout the ruminant gastrointestinal tract—including the foodborne pathogen E. coli 

O157:H7—require further investigation. 

Research into disease states like SARA and acute RA document lysis of Gram-negative 

bacteria within the rumen, leading to a release of endotoxins such as lipopolysaccharide (LPS) 

into the rumen fluid, triggering systemic inflammation (Chen et al., 2019; Chin et al., 2006; Li et 

al., 2012; Loor et al., 2016; Nagaraja & Titgemeyer, 2007). Additionally, research from Li et al. 

(2012) demonstrated increases in hindgut E. coli populations from cattle fed grain-based SARA-

challenge diets, likely increasing the amount of hindgut LPS produced by lysed E. coli (Li et al., 

2012). LPS alters the hindgut microbiota leading to additional animal disease states, including 

disruption of intestinal barrier integrity and increased epithelial permeability, resulting in 

translocation and systemic uptake of LPS (Eckel & Ametaj, 2016; Ghoshal et al., 2009; Guo et 

al., 2017; Khafipour et al., 2009; Williams et al., 2013). This increase in LPS concentration and 

E. coli population reported in the large intestine of animals exhibiting RA, demonstrates the 

importance of limiting RA in feedlot cattle.  Reducing Gram-negative foodborne pathogens, such 

as E. coli O157:H7, in cattle by feeding ME could be beneficial for both food safety and 

prevention of RA. The use of DFMs like ME promote positive health outcomes, improve 

negative disease states, and potentially limit foodborne pathogens in cattle, simultaneously. 

Application of “systems biology”, a concept for the integration of ruminant nutrition and 

physiology, is necessary in order to discover the complex interactions and properties within 

components of the cattle system, in this case the nutrition and microbial interactions (Loor et al., 

2016).  
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Specifics regarding the use of DFMs as a pre-harvest food safety intervention in cattle 

have been described in the literature, with several mechanisms of action being identified. 

Competitive exclusion, a term describing prevention of establishment or proliferation of certain 

bacteria via introduction of beneficial bacteria into an ecological niche, represents a mechanism 

utilized by current DFMs in cattle production (LeJeune & Wetzel, 2007; McAllister et al., 2011). 

In cattle, L. acidophilus strain NP51 has been extensively studied, with the competitive exclusion 

qualities of this DFM demonstrating a reduction of E. coli O157:H7 shedding in cattle by 48 to 

80% when fed at 1 x 109 CFU (Brashears et al., 2003; Stephens et al., 2007; Stephens et al., 

2007; Younts-Dahl et al., 2005; Younts-Dahl et al., 2004). Another strategy includes the 

production of bacteriocins, organic acids, or other toxic compounds (Callaway et al., 2004). A 

probiotic culture containing L. acidophilus and Streptococcus bovis reduced E. coli O157:H7 

shedding via increased production of Gram negative-toxic volatile fatty acids (VFAs) in infected 

calves (Ohya et al., 2000). Research on DFMs commonly suggests VFA production as the 

mechanism of action for reduced E. coli O157:H7 shedding in cattle (Brashears et al., 2003; 

Callaway et al., 2009; Tabe et al., 2008).  Bacteriocins, have been isolated from non-pathogenic 

strains of E. coli (Schamberger & Diez-Gonzalez, 2004) containing potential anti-E. coli 

O157:H7 mechanisms. Additionally, bacteriocins from L. paracasei, S. bovis, and L. rhamnosus 

exhibiting a similar mechanism, have been isolated, yet are not fully understood (Lee et al., 

2002; McAllister et al., 2011; Tsai et al., 2010).  Heightened immune responses caused by 

DFMs—documented in the literature—help to eliminate pathogens from the ruminant hindgut 

(Davis et al., 2007; Lessard et al., 2009; McAllister et al., 2011; Raabis et al., 2019; Szabó et al., 

2009). The data described herein suggest that ME may reduce E. coli O157:H7 shedding in 

cattle. Given that ME is a lactate utilizer producing VFAs from lactate in the rumen (Weimer & 
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Moen, 2013), a reasonable hypothesis would be that cattle fed diets supplemented with ME may 

experience an increase in VFA production in the hindgut, consequently decreasing E. coli 

O157:H7 shedding in cattle. Future research should focus on investigating this hypothesis, 

probing at ME mode of action and efficacy as a pre-harvest food safety intervention.  

 2.6. Conclusion 

 The inclusion of direct fed-microbials in animal diets has been widely used to enhance 

ruminant production and provides a practical means for the control of foodborne pathogens in 

cattle.  To our knowledge, this was the first study to investigate the impact of feeding 

Megasphaera elsdenii on Escherichia coli O157:H7 shedding in cattle. The data described herein 

suggest that M. elsdenii may reduce E. coli O157:H7.  This study indicates a preliminary 

investigation with additional research required to gain insight into the ability of M. elsdenii to 

reduce E. coli O157:H7 populations in cattle.  
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 2.8. Tables & Figures 

 

Figure 2.1. RAMS sampling scheme for sampling periods 1 and 2. 

 SP1D1 (May 29, 2018) and SP1D2 (May 31, 2018)  samples were collected from cattle after 

117 and 119 days on feed, respectively. SP2D1 (June 5, 2018) and SP2D2 (June 7, 2019) 

samples were collected after 124 and 126 days on feed, respectively. 

RAMS 
Sampling 

Sampling 
Period 1 

(SP1)

SP1 Day 1 

224 Animals

SP1 Day 2

224 Animals

Sampling 
Period 2 

(SP2)

SP2 Day 1

224 Animals

SP2 Day 2

224 Animals
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Figure 2.2. Model-adjusted E. coli O157:H7 prevalence rates from cattle RAMS samples 

collected during each sampling period.  

The ME x time interaction was significant (P=0.0323). P-values for testing if the odds ratio is 1 

were P=0.0921 and P=0.6130 for week1 and week 2, respectively.  Error bars represent standard 

error of the mean.  

a Values with the same superscript do not differ statistically at the P<0.05 threshold. 
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Table 2.1. Cattle diet treatment design using a 2x2 factorial arrangement. 

Each treatment was assigned to 16 pens (7 head per pen) for a total of 112 cattle per treatment 

and fed throughout the feeding period. 

 

       Lysine 

  0 g 40 g 

 

Megasphaera elsdenii 
0 mL -ME/-LYS -ME/+LYS 

20 mL + Top Dressing +ME/-LYS +ME/+LYS 
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Table 2.2. Composition of finishing diet fed to steers for 117 (SP1D1), 119 (SP1D2), 124 

(SP2D1) and 126 (SP2D2) days. 

Item % of dry matter 

Ingredient1  

   Steam-flaked corn 60 

   Sweet Bran      30 

   Wheat straw 7 

   Supplement2,3 3 

 

Nutrient Composition†, *  

   Crude protein 13.71 

   Acid detergent fiber   9.05 

   Neutral detergent fiber  21.41 

   Fat   2.99 

   Calcium 0.76 

   Phosphorus 0.44 

   Potassium 1.24 

1Diets were top dressed with 400mg/animal daily of ractopamine (Optaflexx; 

Elanco Animal Health, Greenfield, IN) within a ground corn carrier and 1% 

soybean oil for the final 5 weeks on feed.   
2 Consisted of urea, salt, limestone, trace mineral premix, vitamin premix, and 

potassium chloride to provide (on total diet DM basis), 36.4 mg/kg monensin 

(Rumensin;Elanco Animal Health), 0.25% salt, 0.15 mg/kg cobalt, 10 mg/kg 

copper, 0.5 mg/kg iodine, 20 mg/kg manganese, 0.10 mg/kg selenium, 30 mg/kg 

zinc, 1000 IU vitamin A, and 7 IU vitamin E.  
3Ruminally protected lysine (LYS; USA Lysine, Kemin Industries, Inc., Des 

Moines, IA) was premixed in supplement of LYS treated group.  
†Analyzed by SDK Laboratories, Hutchinson, KS. Ingredients were analyzed by 

month as composites from weekly samples (5 composites/ingredient). 
*Original formulation based on the previously established guidelines for feedlot 

cattle in Nutrient Requirements of Beef Cattle, 8th Revised Edition (National 

Academies of Sciences, 2016). 
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Table 2.3. Summary of E. coli O157:H7 binary responses from RAMS samples collected 

from cattle fed each diet during sampling periods 1 and 2.  

Prevalence rates are not model-adjusted. 

*EC Pos. represents E. coli O157:H7 positive samples. 

 

 

  

    Sampling Day 1  Sampling Day 2 

Lysine M. elsdenii Diet  N EC* Pos. Prevalence  N EC* Pos. Prevalence 

0 g 0 mL -ME/-LYS  110 18 16.4%  109 10 9.2% 

 20 mL +ME/-LYS  110 15 13.6%  110 20 18.2% 

40 g 0 mL -ME/+LYS  112 28 25.0%  112 22 19.6% 

 20 mL +ME/+LYS  110 15 13.6%  110 17 15.5% 
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Chapter 3 - Reduction of Escherichia coli O157:H7 in Finishing 

Cattle Fed Enogen® Feed Corn  

 3.1. Abstract 

Cattle are recognized as the principal reservoir for Escherichia coli O157:H7 and pre-

harvest food safety efforts often focus on decreasing shedding of this pathogen in cattle feces. 

Enogen® Feed corn (EFC; Syngenta Seeds, LLC) is genetically modified for amplified 

expression of α-amylase. Research demonstrates improved feed efficiency in cattle fed EFC; 

however, the potential foodborne pathogen shedding impact has not been investigated. This 

study explored the effect of finishing diets containing EFC on E. coli O157:H7 prevalence in 

cattle.  A 2x2 factorial experiment was conducted with steers (n=960) fed diets consisting of 2 

types of silage (EFC or Control) and grain (EFC or Control), fed daily ad libitum. Rectoanal 

mucosal swabs (RAMS) were collected pre-harvest, incubated in Gram-negative broth at 37oC 

for 6 hours, subjected to immunomagnetic separation (IMS) using anti-O157 beads, spread-

plated onto CHROMagar O157 supplemented with 5 mg/L novobiocin and 2.5 mg/L potassium 

tellurite, and incubated at 37oC for 18 to 24 hours. Colonies were identified as E. coli O157 via 

latex agglutination and confirmed as E. coli O157:H7 using polymerase chain reaction (PCR).  

E. coli O157:H7 prevalence rates ranged from 0.0% (n=0/75) to 10% (n=8/80) depending on 

sampling day. Tests for the silage x corn interaction and the main effect of silage had p-values of 

P=0.5308 and P=1.0000, respectively. Test for the main effect of grain had a p-value of 0.0706, 

with EFC reducing the odds of E. coli O157:H7 prevalence by 43.3% compared to a control corn 

diet.  Cattle diets containing Enogen® Feed corn reduced the odds of E. coli O157:H7 

prevalence in feedlot cattle. 
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 3.2. Introduction 

Estimated to cause over 63,000 foodborne illnesses annually, Escherichia coli O157:H7 

represents a significant public health threat (Mead et al., 1999; Scallan et al., 2011). Cattle are 

recognized as the principal reservoir for E. coli O157:H7 (Chapman et al., 1993; Hancock et al., 

1997; McDaniel et al., 2014; Renwick et al., 1993; Whipp et al., 1994), with studies showing up 

to 30% of cattle serving as asymptomatic carriers (Callaway et al., 2006; Callaway et al., 2009; 

Reinstein et al., 2007; Stanford et al., 2005). The United States (U.S.) Food and Drug 

Administration (FDA), Centers for Disease Control and Prevention (CDC), and Department of 

Agriculture (USDA) surveyed foodborne illness data from 1998 to 2017 and determined that 

25.8% of foodborne E. coli O157:H7 illnesses were attributable to beef (Interagency Food Safety 

Analytics Collaboration, 2019). Methods of reducing E. coli O157:H7 in cattle, prior to their 

entrance into the food chain, are important for decreasing the risk of foodborne illness in 

humans.  

Within the feedlot segment of U.S. cattle production, animals are routinely fed diets 

containing high concentrations of grain to optimize feed efficiency (Callaway et al., 2003; 

National Academies of Sciences, 2016).  Ruminants have evolved to eat cellulose-containing 

plant material, but the rumen microbiota degrade starch (Huntington, 1997; Huntington et al., 

2006; Owens et al., 1986; Westreicher-Kristen et al., 2018). Corn, the most widely utilized 

source of grain in U.S. cattle finishing diets (Samuelson et al., 2016), is primarily comprised of 

starch.  Steam-flaked corn is readily digested (Corona et al., 2005) and enhances average daily 

gain and efficiency of finishing cattle (Gonzolaz-Vizcarra et al., 2017), yet has been shown to 

increase E. coli O157:H7 shedding in cattle compared to dry-rolled corn (Fox et al., 2007).  

Steam-flaked corn digestion occurs primarily in the rumen while dry-rolled corn allows more 
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starch to escape digestion in the rumen (National Academies of Sciences, 2016; F. Owens & 

Soderlund, 2006). Starch that escapes ruminal degradation often leads to a secondary 

fermentation in the hindgut (Brake & Swanson, 2018; Huntington, 1997; Nocek & Tamminga, 

1991; Owens & Soderlund, 2006; Theurer, 1986) encouraging production of volatile fatty acids 

(VFA) that are inhibitory to E. coli (Huntington, 1997; Van Kessel et al., 2002) and in some 

cases, E. coli O157:H7 (Ohya et al., 2000). Cattle diets consisting of grain have a substantial 

effect on metabolism, animal health, and the ruminal microbial ecosystem (Deusch et al., 2017; 

Russell & Rychlik, 2001; Shabat et al., 2016), with research showing cattle fed high concentrate 

(grain) diets shed variable concentrations of E. coli O157:H7 (Tkalcic et al., 2000).  Cattle fed 

finishing diets with high concentrations of distiller’s grains have demonstrated increased levels 

of E. coli O157:H7 shedding (Chaney et al., 2018). Alternatively, cattle fed direct fed-microbials 

(DFM)—a term describing probiotics used within commercial agriculture production—

(Brashears & Guillen, 2014; Yoon & Stern, 1995) or the inclusion of dry-rolled grains (Fox et 

al., 2007) both demonstrate reductions in E. coli O157:H7, suggesting feed modification may be 

a practical mitigation strategy. Diet manipulations that increase post-ruminal fermentation and 

favor production of VFAs serve as a potential pre-harvest food safety intervention by decreasing 

foodborne pathogen shedding in cattle (Lowe et al., 2010; Munns et al., 2015; Wolin, 1969). 

Increased starch digestion maximizes cattle feeding efficiency for feedlot producers. 

Enogen® feed corn (EFC; Syngenta Seeds, LLC), launched in 2011, contains a thermotolerant α-

amylase enzyme trait that improves cattle digestion by maximizing starch availability (Erickson 

et al., 2018; Jolly-Breithaupt et al., 2019). Research suggests that EFC increases feed efficiency 

and energy availability (Johnson et al., 2018, 2019; Jolly-Breithaupt et al., 2019) potentially 

altering post-ruminal fermentation and impacting foodborne pathogen populations in the hindgut. 



87 

 

 

The potential food safety application of EFC has not been explored and addressing this 

knowledge gap by comparing E. coli O157:H7 prevalence in cattle fed finishing diets containing 

EFC fed as steam-flaked corn and corn silage is the objective of this study.  

 3.3. Materials and Methods 

 3.3.1. Experimental Design 

A 2x2 factorial experiment was conducted with steers (n=960; 388±7.4 kg initial body 

weight) blocked by incoming body weight and assigned at random within block to one of 48 

pens. Within each block, pens were assigned to one of 4 diets at random.  Cattle were fed diets 

consisting of 2 types of silage (EFC or Control) and 2 types of corn (EFC or Control) in a 2x2 

factorial arrangement of treatments. Each diet was applied to 12 pens consisting of 15 or 25 

cattle per pen; therefore, each diet treatment was supplied to 240 cattle in total.  Prevalence of E. 

coli O157:H7 was measured using rectoanal mucosal swabs (RAMS), obtained from each animal 

and analyzed using standard laboratory methods. Cattle were sampled in cohorts of 300-340 

cattle per day, for a total of 3 sampling days, yielding 960 RAMS samples.  

 3.3.2. Cattle Diets 

All cattle were fed finishing diets for 62 (sampling day 1), 78 (sampling day 2), and 93 

(sampling day 3) days, in accordance with the blocks to which they were assigned. The 

treatments were as follows: control silage with control corn (CSCC), Enogen® silage with 

control corn (ESCC), control silage with Enogen® corn (CSEC), and Enogen® silage with 

Enogen® corn (ESEC).  

 Steam-flaked Enogen® feed corn (EFC; Syngenta Seeds, LLC) was sourced from the 

study sponsor while mill-run control corn (CON) was sourced locally. Corn was conditioned by 

adding moisture (SarTec; Anoka, MN), steamed, and flaked daily utilizing a R & R Machine 
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Works steam-flaker (46 x 91 cm corrugated rolls; Dalhart, TX). The CON corn was flaked to 360 

g/L bulk density while EFC was flaked to 386 g/L; thus, yielding similar starch availabilities for 

both grains (Horton & Drouillard, 2018). Analysis of starch availability was performed daily 

using previously described methods (Horton, 2018), to monitor steam-flaking procedures and to 

achieve similar starch availability of flakes between both EFC and CON corn.  Corn silages were 

planted at Kansas State University and harvested using a commercial harvester (John Deere, 

Model 7980; Moline, IL). Whole chopped corn plant was transported to the Beef Cattle Research 

Center (BCRC) and packed into agricultural bags (Hitec Bag; Plastika Kritis; Iraklion, Greece) 

for ensiling and storage.  

Diet dry matter composition included: 8% corn silage (EFC or CON), 2% ground alfalfa 

hay, 74.5% flaked corn (EFC or CON), 12% Sweet Bran (Cargill Corp.; Wayzata, MN), and 

3.5% supplement (Table 3.1). The supplement consisted of urea, salt, limestone, trace mineral 

premix, potassium chloride, and monensin (Rumensin; Elanco Animal Health, Greenfield, IN).  

Diets were top dressed 35 days prior to slaughter with ractopamine (Optaflexx; Elanco Animal 

Health, Greenfield, IN) at the rate of 400mg/animal using a ground corn carrier.  Animal diets 

(Table 3.1), including silage (Table 3.2) and grain (Table 3.3), were analyzed for nutrient 

composition in a monthly composite for each ingredient (SDK Labs; Hutchinson, KS). Animals 

were fed once daily ad libitum. Feed efficiency and animal performance metrics were evaluated 

during this study, as outlined by the companion study (Baker et al., 2019).  

 3.3.3. RAMS Sampling 

A RAMS sample was obtained from each animal enrolled in the study. Cattle were 

sampled in cohorts of 300-340 animals per day, with a total of 3 sampling days.  Collection of 

RAMS samples followed protocols previously described (Greenquist et al., 2005, Rice et al., 
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2003). Briefly, a sterile foam-tipped swab (VWR, Radnor, PA) was inserted 3 to 5 cm into the 

anus of each animal. The swab vigorously scraped the mucosal surface using a rapid in-and-out 

motion. Following sampling, the swab was placed into a sterile tube containing 3 mL of Gram-

negative broth (GN Broth; Remel, Lenexa, KS) supplemented with 0.05 mg/L of cefixime (VCC 

Supplement; Millipore Sigma, St. Louis, MO), 10 mg/L of cefsulodin, and 8 mg/L of 

vancomycin (GNccv). The RAMS were stored on ice immediately following sampling and 

transported to the laboratory within 3 hours of completing all sample collection for further 

processing.  

 3.3.4. Microbiological Analysis 

Upon RAMS+GNccv sample arrival at the laboratory, sample tubes were vortexed for 1 

minute, 1 mL was transferred into a 9 mL GNccv enrichment tube, vortexed, and incubated at 

37oC for 6 hours. Samples were incubated in a programmable incubator which held the incubated 

samples at 4oC until subsequent analyses the following day.  The incubated GNccv enrichment 

tubes underwent immunomagnetic separation (IMS) following previously published methods 

(Chaney et al., 2018, Sargeant et al., 2003).  In brief, 1 mL of each enrichment was mixed with 

20 μL of anti-E. coli O157:H7 Dynabeads TM (Applied Biosystems; Foster City, CA) and then 

washed three times in phosphate-buffered saline with PBS Tween 20 (Thermo Fisher Scientific, 

Waltham, MA) using an automatic IMS machine (KingFisher TM mL Food Protection 

Purification System; Thermo Fisher Scientific, Waltham, MA) according to manufacturer’s 

guidelines. A 50-μL aliquot of PBS-Tween containing the resultant bead-bacteria complexes was 

then spread-plate on ntChromagar plates (BBLTM CHROMagarTM O157; BD Difco, Franklin 

Lakes, NJ) supplemented with 5 mg/L of novobiocin (Novobiocin supplement; Thermo Fisher 

Scientific, Waltham, MA) and 2.5 mg/L of potassium tellurite (Potassium tellurite hydrate; 



90 

 

 

Millipore Sigma, St. Louis, MO) and incubated at 37oC for 18 to 24 hours. After incubation, 

study personnel carefully chose up to 3 colonies suspected as E. coli O157:H7 for presumptive 

confirmation via latex agglutination testing (Remel TM RIM E. coli O157:H7 Latex Test; Thermo 

Fisher Scientific, Waltham, MA). From each ntChromagar plate, two presumptively positive 

colonies were streaked for isolation on Sorbitol MacConkey agar (CT-SMAC; Remel, Lenexa, 

KS) supplemented with 0.05 mg/L of cefixime and 2.5 mg/L of potassium tellurite (CT-

Supplement; Milipore Sigma, St. Louis, MO). CT-SMAC plates were incubated for 18-24 hours 

at 37oC. A single colony was picked from each plate and transferred into 9 mL tryptic soy broth 

(TSB; BD Difco, Franklin Lakes, NJ) tubes. All TSB tubes were incubated for 18 to 24 hours at 

37oC and 1 mL from each tube was transferred to a microcentrifuge tube containing glycerol, 

such that the resultant concentration of glycerol was 10%. Each presumptively confirmed E. coli 

O157:H7 isolate was frozen in duplicate at -80oC. Polymerase chain reaction (PCR) was 

performed on isolates using the MicroSEQTM E. coli O157:H7 Detection Kit (Applied 

Biosystems, Foster City, CA) with an ABI 7500 FAST real-time PCR machine (Applied 

Biosystems, Foster City, CA) to confirm the presence of E. coli O157:H7. 

 3.3.5. Statistical Analysis 

Following PCR confirmation, the result for each animal was organized as a binary 

response (positive or negative for E. coli O157:H7). Due to the low prevalence rate, the exact 

conditional logistic regression approach (logit linear model) was used to evaluate the main 

effects of silage and corn as well as their interaction. Sampling date served as the stratifying 

variable for the conditional inference. The effect of pen was ignored in the statistical analysis due 

to the low prevalence rate. Prevalence data are reported based upon this model, considering these 

parameters and referred to as “model-adjusted”. Prevalence data which does not reflect these 
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parameters represents a crude analysis and is referred to as “not model adjusted”. All tests were 

conducted at the P=0.05 significance level. Diet comparison was carried out using 2-sided tests.  

When the interaction between silage and corn was evaluated, fixed effects of the logit model 

included silage, corn, and silage-by-corn interaction.  The exact p-value was used to test for 

interaction.  In the case that the interaction was not significant, fixed effects of the logit model 

included the main effects of silage and corn only. Exact p-values were used to test for main 

effects.  Statistical analyses were performed using Statistical Analysis Software (SAS version 

9.4; Cary, NC) PROC LOGISTIC with sampling date in the STRATA statement. 

 3.4. Results 

The overall, non-adjusted E. coli O157:H7 prevalence rates (Table 3.4) for each diet 

combination were low, ranging from 0.0% (n=0/75) to 10% (n=8/80) depending on sampling 

day. Summarized in Table 3.4, diet ESEC yielded 5.0% (n=4/80), 3.6% (n=3/84), and 0.0% 

(n=0/75) E. coli O157:H7 prevalence for sampling days 1, 2, and 3, respectively. Diet CSCC 

yielded 10.0% (n=8/80), 3.6% (n=3/84), 2.7% (n=2/75) E. coli O157:H7 prevalence for sampling 

days 1, 2, and 3, respectively.  Diet ESCC yielded 8.8% (n=7/80), 8.3% (n=7/84), 2.7% (n=2/73) 

E. coli O157:H7 prevalence for sampling days 1, 2, and 3, respectively.  Diet CSEC yielded 

3.8% (n=3/80), 5.9% (n=5/85), 2.7% (n=2/75) E. coli O157:H7 prevalence for sampling days 1, 

2, and 3, respectively.  Diet CSCC yielded 10.0% (n=8/80), 3.6% (n=3/84), 2.7% (n=2/75) E. 

coli O157:H7 prevalence for sampling days 1, 2, and 3, respectively.   

The statistical model followed the conditional logistic regression approach with sampling 

date as the stratifying variable. The model assumes no interaction between corn x sampling date, 

silage x sampling date, and silage x corn x sampling date because the low prevalence rate 

observed in this study prevents testing 2-way and 3-way interactions of the sampling date 
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stratifying variable. Tests for the silage x corn interaction were not significant (P=0.5308). Tests 

for the main effect of silage (EFC and CON) were not significant (P=1.0000); thus, no silage 

effect on E. coli O157:H7 prevalence in finishing cattle was observed. The p-value for the main 

effect of corn (with levels EFC and CON) was 0.0706, which was not statistically significant at 

the P<0.05 level.   

The exact conditional logistic regression approach (logit linear model) yields odds ratio 

data, similar to the ratio of prevalence rates, both of which are commonly used measures of 

association in research studies (Tamhane et al., 2016). Analysis using odds ratio provided further 

comparison between the 2 levels of each main effect (grain and silage). The odds of E. coli 

O157:H7 positive in cattle fed with EFC silage was observed to be 1.004 as high as that in cattle 

fed CON silage.  The odds of E. coli O157:H7 in cattle fed EFC corn is observed to be 0.567 as 

high as cattle fed with CON corn; in other words, a diet containing EFC reduced the odds of E. 

coli O157:H7 prevalence by 43.3% in comparison to a CON corn diet.  

 3.5. Discussion 

In the present study, the impact of feeding EFC as steam-flaked corn and silage in cattle 

finishing diets to reduce the burden of E. coli O157:H7 in feedlot cattle was analyzed. A 43.3% 

reduction in the odds of E. coli O157:H7 prevalence in cattle fed diets containing EFC grain 

versus a CON grain diet was observed. A possible explanation for this observed reduction of E. 

coli O157:H7 could be due to increased production of VFAs, a known Gram negative bacteria 

toxicant (Hentges, 1992), due to changes in post-ruminal fermentation within the hindgut; 

however, VFA data were not collected as a part of this experiment, representing only a 

hypothesis. The data described herein are critical for the beef and feed grain industries—in 
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addition to the public health community—as pre-harvest reductions of E. coli O157:H7 in cattle 

are of great interest in order to reduce foodborne illness outbreaks. 

Shifts in E. coli O157:H7 prevalence based on feed composition could be explained by 

changes in post-ruminal starch digestibility. Published data demonstrates increased hindgut 

starch digestion leads to increased hindgut VFA concentration, making it a less suitable site for 

E. coli O157:H7 proliferation (Buchko et al., 2000; Callaway et al., 2004, 2009), a mechanism 

first presented in 1969 by Dr. Meyer Wolin (Wolin, 1969). Increases in post-ruminal starch 

digestion can lead to increased VFAs and decreased pH within the hindgut (Van Kessel et al., 

2002); however, this starch digestion and absorption is limited by the animal’s ability to secrete 

sufficient amounts of α-amylase from the pancreas (National Academies of Sciences, 2016). 

Volatile fatty acids have been reported to have an inhibitory effect on E. coli O157:H7 shedding 

in cattle (Kudva et al., 2014; Lowe et al., 2010; Munns et al., 2015; Ohya et al., 2000; 

Rasmussen et al., 1993; Shin et al., 2002). Previous data on EFC used in finishing diets show an 

increase in post-ruminal starch digestion (Harris et al., 2016; Jolly-Breithaupt et al., 2016, 2018) 

and improved feed efficiency (Johnson et al., 2018, 2019); however, data on the influence of 

EFC on total tract starch digestibility is limited. If EFC corn increases hindgut starch 

fermentation and subsequent VFA production this may be a potential explanation for the reduced 

odds of E. coli O157:H7 prevalence observed in cattle fed the EFC vs CON corn, yet this 

requires further investigation.   

Sampling of VFA concentrations in the hindgut throughout animal feeding was beyond 

the scope of this study and is a limitation, but also represents an opportunity for future research. 

More specifically, if VFA quantities and composition are known (% acetic, propionic, butyric, 

etc.) in conjunction with E. coli O157:H7 shedding, the resultant data can be used to inform anti-
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E. coli O157:H7 mitigation strategies, as well as future research. Mao et al. (2012) demonstrated 

that alteration of VFA concentrations in the hindgut significantly impacts the fecal microbiome 

and, potentially, animal health and productivity (Mao et al., 2012); however, this concept is not 

well understood. Additionally, an overabundance of fermentable carbohydrate in the hindgut can 

lead to hindgut acidosis, which is characterized by damage to the gut epithelium, increased 

production of lactic acid and VFAs, and decreased fecal pH (Gressley et al., 2011). The difficult 

challenge of maintaining hindgut fermentation while also balancing ruminant nutrition, health, 

productivity, and food safety must be addressed in subsequent research studies. 

Modification of feed to influence cattle microbiota was first demonstrated in 1998 by 

shifting animal diets containing high grain to a period of hay-based rations, thereby significantly 

reducing acid resistant E. coli by 106 fold after 5 days (Diez-Gonzalez et al., 1998). Further 

research provided additional evidence for this influence on E. coli prevalence, but reported that 

switching cattle from grain to hay decreased body weight gain (approximately 1.25lb/ head per 

day) (Keen et al., 1999). This research posed many questions on the effect animal diets have on 

foodborne pathogen prevalence—some of which have yet to be answered—and illustrates the 

difficulty in balancing animal efficiency and food safety. The research described herein suggests 

that EFC decreases the odds of E. coli O157:H7 prevalence in cattle without compromising 

efficiency. In fact, research has shown that EFC increases feed efficiency and average daily gain 

by up to 5.50% and 6.00% respectively, when fed as grain or silage (Johnson et al., 2018, 2019; 

Jolly-Breithaupt et al., 2019).  

Recently, research on the food safety implications of modifying cattle diets has increased. 

Inclusion of distiller’s grains (DGs) in cattle feed has shown to be a cost effective, nutrient dense 

feed supplement; however, reports indicate an association with increased E. coli O157:H7 
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prevalence depending upon the percentage of DGs included (Chaney et al., 2018; Jacob et al., 

2008; Wells et al., 2009). Purple prairie clover and sainfoin—two legume forages—have 

demonstrated potential anti-E. coli O157:H7 action (Liu et al., 2013). Additionally, supplements 

containing seaweed, specifically Ascophyllum nodosum, decreased the prevalence of E. coli 

O157:H7 due to its bacteriostatic and bactericidal characteristics (Braden et al., 2004; Wang et 

al., 2009). Orange peel and pulp—a common citrus byproduct—reduced E. coli O157:H7 in the 

gastrointestinal tract of ruminants (Callaway et al., 2011), with at least 2 log reductions of  E. coli 

O157:H7 and Salmonella observed in inoculated ruminal fluid (Callaway et al., 2008; 

Nannapaneni et al., 2008). Impacts of the aforementioned feed supplements are only beginning 

to be understood, thus requiring additional research on animal efficiency and anti-E. coli 

O157:H7 activity in vivo. Regardless, feed modification continues to be a growing area of 

research, with substantial pre-harvest food safety potential. 

 3.6 Conclusion 

The United States food supply is not immune to the persistence of food safety threats. 

Improvements in postharvest sanitation, slaughter, and processing methods reduce carcass 

contamination; however, pre-harvest interventions aimed at reducing E. coli O157:H7 

populations in the animal—prior to arrival at the abattoir—will enhance the effectiveness of in-

plant interventions (Callaway et al., 2009). Additionally, this pre-harvest control technology 

provides a practical means to control foodborne pathogens, intervening at the farm level 

(LeJeune & Wetzel, 2007). The present study was designed to address the need for novel pre-

harvest interventions, and the data described herein suggest that feeding Enogen® feed corn may 

reduce E. coli O157:H7 carriage in cattle. To our knowledge, this was the first research study 

undertaken to determine if a food safety benefit exists by feeding Enogen® feed corn. Therefore, 
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these data are limited in scope and further research is necessary. Future research should also 

include additional analyses, such as quantifying VFA production in the hindgut, in order to probe 

at a possible mechanism of action.   
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 3.8. Tables & Figures 

Table 3.1. Finishing diet composition fed to steers for 62 (sampling day 1), 78 (sampling 

day 2), and 93 (sampling 3) days during the finishing period.  

Composition of finishing diets fed to steersa. 

 CON silage  EFC silage 

Item CON grain EFC grain  CON grain EFC grain 

Ingredient, % of DM      

Control steam-flaked corn 74.5 0.0  74.5 0.0 

EFC steam-flaked corn 0.0 74.5  0.0 74.5 

Control corn silage 8.0 8.0  0.0 0.0 

Enogen® corn silage 0.0 0.0  8.0 8.0 

Ground alfalfa 2.0 2.0  2.0 2.0 

Sweet Bran® 12.0 12.0  12.0 12.0 

Supplementb 3.5 3.5  3.5 3.5 

      

Analyzed nutrientsc, % of DM      

Crude protein 14.04 14.26  13.89 14.11 

Acid detergent fiber 7.43 8.31  6.79 7.58 

Ether extract 2.96 4.34  3.00 4.39 

Calcium 0.71 0.72  0.71 0.72 

Phosphorous 0.29 0.37  0.28 0.37 

Potassium 0.75 0.87  0.68 0.80 

a Diets were top dressed with 400 mg/animal daily of ractopamine (Optaflexx, Elanco Animal 

Health, Greenfield, IN) in a ground corn carrier for 35 d prior to harvest. 
b Consisted of urea, salt, limestone, trace mineral premix, and potassium chloride, and provided 

36.4 mg/kg monensin (Rumensin; Elanco Animal Health) in the total diet dry matter. 
c Analyzed nutrient composition of monthly composite of each ingredient in total diet by SDK 

Labs (Hutchinson, KS) 
d Animals were sampled in cohorts of 300-340 animals on 3 sampling days (6/12/18, 6/28/2018, 

and 7/13/2018) 
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Table 3.2. Silage analyzed nutrients and composition fed to steers for 62 (sampling day 1), 

78 (sampling day 2), and 93 (sampling day 3) days during the finishing period. 

Composition of silages fed to steers.  

Item CON silage EFC silage 

Dry matter 26.96 35.67 

Acid detergent fiber 22.15 32.78 

Neutral detergent fiber 57.47 38.21 

Starch 2.79 30.73 

Ash 0.0 0.0 

pH 3.93 3.78 

   

Analyzed nutrients composition, % of DM   

Crude protein 9.15 7.26 

Acid detergent fiber 36.15 27.07 

Ether extract 2.04 2.63 

Calcium 0.39 0.30 

Phosphorous 0.24 0.19 

Potassium 2.28 1.29 
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Table 3.3. Nutrient composition of Enogen® Feed Corn (EFC) and control (CON) corn fed 

to steers for 62 (sampling day 1), 78 (sampling day 2), and 93 (sampling day 3) days during 

the finishing period. 

Composition of grain fed to steers.  

Analyzed nutrient composition, % DM CON corn EFC corn 

Crude protein 8.81 9.11 

Acid detergent fiber 2.84 4.02 

Ether extract 3.20 5.05 

Calcium 0.002 0.011 

Phosphorous 0.178 0.293 

Potassium 0.307 0.468 
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Table 3.4. Summary of E. coli O157:H7 (EC) binary responses from RAMS samples 

collected from cattle fed each diet sampling days 1, 2, and 3. Prevalence rates are not model 

adjusted. 

 

   Sampling Day 1  Sampling Day 2  Sampling Day 3 

Silage Corn  N EC* 

Pos. 

Prevalence   N EC* 

Pos. 

Prevalence   N EC* 

Pos. 

Prevalence  

Enogen Enogen  80 4 5.0%  84 3 3.6%  75 0 0.0% 

 Control  80 7 8.8%  84 7 8.3%  73 2 2.7% 

Control Enogen  80 3 3.8%  85 5 5.9%  75 2 2.7% 

 Control  80 8 10.0%  84 3 3.6%  75 2 2.7% 

*EC Pos. represents E. coli O157:H7 positive samples. 
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Chapter 4 - Sodium Bisulfate and Peroxyacetic Acid 

Reduce Escherichia coli O157:H7 Populations on Fresh-Cut 

Romaine Lettuce When Applied as a Postharvest Wash Intervention 

 4.1. Abstract 

Romaine lettuce has recently been implicated in multiple outbreaks of Escherichia coli 

O157:H7. Sodium hypochlorite (chlorine), commonly used to control foodborne pathogens in 

fresh-cut romaine lettuce wash water, is only moderately effective at decontaminating the 

product surface and research exploring novel interventions is necessary to improve fresh-cut 

romaine lettuce safety. In order to address this need, the purpose of this study was twofold: 1) 

evaluate sodium bisulfate (SBS) and peroxyacetic acid (PAA) effect on product quality in 

comparison to chlorine, water, and unwashed control treatments, and 2) quantify the reduction of 

E. coli O157:H7 on lettuce using a blend of SBS and PAA as a postharvest intervention. Lettuce 

exposed to one of six triple-wash treatments (30 seconds/wash and 90 seconds total exposure): 

municipal tap water, 80 ppm PAA, 0.75% SBS, 80 ppm PAA+0.75% SBS, chlorine (free 

chlorine; 10 ppm wash 1, 20-30 ppm wash 2 & 3), and an unwashed control. Washed lettuce was 

centrifuged to <2% additional moisture by weight, packaged in retail display packages, and 

stored at 7°C. The impact of each treatment on product quality and artificially inoculated E. coli 

O157:H7 populations was determined throughout shelf-life in two separate experiments. Quality 

was evaluated using visual, phytotoxic, browning, and color measurements. E. coli O157:H7 was 

enumerated on days 0, 1, 3, 5, 7, 10, 12, and 14, plating on Sorbitol MacConkey supplemented 

with cefixime and tellurite. Colorless E. coli O157:H7 colonies were counted following 37°C 

incubation for 18-24 hours. Treatment had no significant effect on phytotoxicity (P=0.1840) or 
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brownness & discoloration (P=0.0580). A significant treatment effect on overall visual quality 

was observed (P<0.0001); however, no mean quality scores were below the salable threshold of 

≤4. Quality data indicate that SBS and SBS+PAA postharvest washes did not negatively 

influence fresh-cut romaine lettuce quality. Microbiological analysis revealed treatment was a 

statistically significant variable (P<0.0001). All treatments achieved significant reductions 

compared to the unwashed control (P<0.0001), with SBS, PAA, and SBS+PAA significantly 

more effective than chlorine at reducing E. coli O157:H7 (P<0.05). While SBS yielded the 

largest reduction in comparison to the unwashed control (2.2 log CFU/g), SBS, PAA, and 

SBS+PAA were not statistically different (P>0.05). PAA was not more effective than washing 

with water (P=0.2783). Application of SBS, PAA, and SBS+PAA represent effective chlorine 

alternatives for reducing E. coli O157:H7 on fresh-cut romaine lettuce. 

 4.2. Introduction 

Escherichia coli O157:H7 is estimated to cause over 63,000 foodborne illnesses annually 

(Scallan et al., 2011) with 255 outbreaks (65% total outbreaks from 2003-2012) where food was 

identified as the transmission route (Heiman et al., 2015). Romaine lettuce has been implicated 

in numerous outbreaks of E. coli O157:H7, including the 2018 multistate outbreak originating 

from the Yuma, AZ region of the United States that infected 210 people, hospitalized 96 people 

(27 of those developed Hemolytic Uremic Syndrome (HUS)), and resulted in 5 deaths (Centers 

for Disease Control and Prevention, 2018). A recent 2019 outbreak of E. coli O157:H7 in fresh-

cut romaine lettuce, originating from Salinas Valley CA, resulted in 167 cases, 85 

hospitalizations, and 15 cases of HUS (Centers for Disease Control and Prevention, 2019c). 

Outbreaks of foodborne illness associated with romaine lettuce consumption are becoming 

increasingly common and present a significant public health threat. 
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Romaine lettuce, particularly fresh-cut, lacks a thermal processing step, leading to 

reliance on postharvest interventions to reduce the risk of contamination prior to consumption 

(Gil et al., 2015; Schuenzel & Harrison, 2002). Additionally, diverse surface morphologies, 

commodity epidermis abrasions, increases in consumer preferences for fresh produce, changes in 

production methods, and emergence of pathogens not previously associated with fresh produce 

have all contributed to increases in produce-related outbreaks (Burnett & Beuchat, 2001; C. 

McDaniel & Jadeja, 2019; Meireles et al., 2016). Fresh-cut produce handling, processing, and 

packaging influence a greater potential for microbial contamination compared to their unaltered 

counterparts (Qadri et al., 2015). Sodium hypochlorite (chlorine) is frequently used in fresh-cut 

romaine lettuce wash water to reduce the risk of contamination of foodborne pathogens 

(Feliziani et al., 2016); however, increases in produce outbreaks challenge its efficacy (Centers 

for Disease Control and Prevention, 2019b; Ölmez & Kretzschmar, 2009). Production of toxic 

disinfection byproducts following the reaction of chlorine with organic matter is concerning 

(Joshi et al., 2013) and even led to the ban of chlorine-based sanitizers in many countries of the 

European Union (Haute et al., 2013; Meireles et al., 2016).  

A common chlorine alternative, peroxyacetic acid (PAA), is an organic acid consisting of 

acetic acid and hydrogen peroxide (Kitis, 2004). This antimicrobial compound demonstrates a 

wide spectrum of effectiveness, creating reactive oxygen species that damage bacterial cell 

membranes and denature proteins and enzymes (Kitis, 2004; Ölmez & Kretzschmar, 2009; 

Vandekinderen et al., 2009; Warburton, 2014). Recent research has described reductions of 

generic E. coli on romaine lettuce of 4.07 log CFU/g, following a 5 minute exposure to 100 ppm 

of PAA (Pahariya et al., 2019). In a similar study, efficacy of PAA against E. coli O157:H7, 

Salmonella Typhimurium, and Listeria monocytogenes was evaluated against chlorine-based 
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sanitizers, with 100mg/L producing a reduction of 2.2 log CFU/g of E. coli O157:H7 and near-

neutral electrolyzed water producing 2.3 log CFU/g reductions (Singh et al., 2018). Current 

literature has explored the application of PAA to fresh produce; however, PAA efficacy—alone 

or in combination with sodium bisulfate—against E. coli O157:H7 on fresh-cut romaine lettuce, 

the principle research question posed by this study, has yet to be evaluated. 

Sodium bisulfate (SBS), once dissolved in water, lowers pH (Kim et al., 2018) creating 

an osmotic effect, which stresses bacterial cells, and often results in cell death (Y. Li et al., 

1997).  Declines in cytoplasmic pH requires enteric bacteria to expend energy to maintain 

homeostasis, stressing the bacteria and leading to cell death (Laury, et al., 2009). SBS is a natural 

food acid with GRAS status (Generally Recognized as Safe; 21 CFR 582.1095) that has been 

used in combination with PAA as an effective postharvest treatment against Listeria innocua on 

inoculated whole apples (Kim et al., 2018) and Salmonella spp. on whole chicken drumsticks 

(Dittoe et al., 2019). Additionally, both the Food and Agriculture Organization of the United 

Nations and the World Health Organization have recommended the use of SBS with no 

restrictions (FAO JECFA, 2007); thus, the use of SBS as a potential fresh-cut romaine lettuce 

intervention warrants investigation. 

Research on postharvest interventions primarily focuses on efficacy of reducing 

foodborne pathogens; however, a need exists to investigate both produce quality and 

antimicrobial efficacy simultaneously (Ramos et al., 2013).  Within the literature, several 

antimicrobial produce interventions, depending on concentration and duration of application, 

have shown deleterious effects on produce quality attributes including color, firmness, texture, 

along with visual and sensory quality (Alexandre et al., 2012; Guan et al., 2010; Karaca & 

Velioglu, 2007; Ramos et al., 2013).  Conversely, treatments such as chlorine dioxide, acidified 
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sodium chlorite, hot-water surface pasteurization, and irradiation have shown little to no 

observable changes in produce quality (Fan et al., 2006; López-Gálvez et al., 2010; Nei et al., 

2009; Sapers, 2014); thus, including both quality and microbial analyses is necessary when 

evaluating novel interventions.  

The objective of this study was twofold: 1) evaluate the impact of SBS and PAA, alone 

or in combination, on visual, phytotoxic, browning, and color quality parameters of fresh-cut 

romaine lettuce compared to chlorine, water, and unwashed control treatments, and 2) quantify 

the reduction of E. coli O157:H7 on fresh-cut romaine lettuce using a novel blend of SBS and 

PAA as a postharvest intervention. 

 4.3. Materials and Methods  

 4.3.1 Quality Analysis 

Fresh-cut romaine lettuce quality analysis was performed first utilizing non-inoculated 

product, and the quality data obtained informed the intervention concentrations used in the 

subsequent inoculation study. 

 4.3.1.1. Romaine Lettuce Preparation and Treatments 

Fresh, field packed, unwashed romaine lettuce (Lactuca sativa) was purchased from a 

local wholesale supplier, cut into 2-inch sections using sterile tools, and held at 4oC for 

approximately 2 hours until treatment application. Fresh-cut romaine lettuce was washed with 

one of ten treatments: 1) municipal tap water, 2) 80 ppm PAA, 3) 150 ppm total chlorine, 4) 

0.25% SBS, 5) 0.5% SBS, 6) 0.75% SBS, 7) 0.25% SBS+ 80 ppm PAA, 8) 0.5% SBS + 80 ppm 

PAA, 9) 0.75% SBS + 80 ppm PAA, and 10) an unwashed control.   

 4.3.1.2. Treatment Preparation and Washing Procedure 
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Fresh-cut romaine lettuce was separated into 250g portions, and each portion was 

randomly assigned to one of the study treatments, and treated using the following parameters: 

control water wash applied for 2 minutes; chlorine wash applied for 2 minutes followed by a 10 

second water wash; and SBS, PAA, and SBS+PAA applied for 2 minutes. To prepare all 

treatments, 1.5 gallons of municipal tap water was added to each 2.5-gal plastic tub (Thermo 

Scientific, Rochester, NY) and mixed with the appropriate chemical, yielding ten treatments. 

Treatment 1 consisted of municipal tap water; treatment 2 was prepared by adding 4.5 mL of a 

commercial produce wash (Tsunami 100TM, Ecolab, St. Paul, MN) containing 15% PAA into the 

plastic tub and measured using PAA kit 311 (Ecolab, St. Paul, MN) according to manufacturer’s 

guidelines in order to achieve a target concentration of 80±5 ppm of PAA (21 CFR § 173.315).  

Treatments 4, 5, and 6 were prepared by mixing 28.39, 56.78, and 85.17g of SBS (pHaseTM, 

Jones Hamilton Co., Walbridge, OH) for 3 minutes to achieve a target concentration of 0.25, 0.5, 

and 0.75% SBS weight by volume, respectively. Combining steps outlined above for SBS 

treatments 4, 5, and 6 along with PAA treatment 2, yielded treatments 7, 8, and 9.  Treatment 3 

was prepared with the addition of germicidal bleach (Clorox Professional Products Company, 

Oakland, CA) to achieve a target concentration of 150 ppm total chlorine.  Total chlorine was 

measured using an ultra-high range chlorine meter (Hanna Instruments, Woonsocket, RI).  The 

pH of the chlorine solution was determined using a pH meter (AccumetTM AE150 Benchtop pH 

Meter, Fisher Scientific, Waltham, MA) and adjusted using 1 N HCl or 1 N NaOH 

(ThermoFisher Scientific Inc., Asheville, NC) to achieve pH 6.5-7.0.  

A total of 250g fresh-cut, non-inoculated lettuce product was placed into slotted 

containers (8.6 cm x 24.1 cm x 19 cm; InterDesign, Solon, OH) and submerged into 1 of 10 

treatments, following the previously mentioned parameters. Following washing, lettuce was 
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dried via centrifugation using a salad spinner (26 cm diameter; Prepworks®, Kent, WA) that was 

pulled 50 times to remove excess liquid, thereby achieving <2% additional moisture by weight. 

Product was packed into retail display packages (American Packaging Corporation, Columbus, 

WI; structure: 48ga. OPP/1.5 mil linear low-density polyethylene (LLDPE), roll width: 19.5”, 

OTR: 120cc/100in2/day) designed for fresh-cut romaine lettuce (21.66 x 14.78 cm; 50 g lettuce) 

and stored at 7oC in a low temperature incubator (ThermoFisher Scientific Inc., Asheville, NC) 

to mimic retail display conditions (O’Beirne et al., 2015). The ratio of packaging size to lettuce 

weight was chosen to simulate the ratio in larger packages of commercially sold fresh-cut 

romaine lettuce.  

 4.3.1.3. Visual Quality Evaluation 

Quality was evaluated by trained personnel using the following parameters and rating scales: 

(1) Overall visual quality (OVQ) was evaluated by rating 10 randomly selected leaves 

using a previously developed scale (Kader and Cantwell, 2010) with ratings of 1 to 9 

with 9 being excellent; scores ≤4 indicating an unsalable product (Table 4.1). 

(2) Browning and Discoloration was evaluated by rating the 50 g of fresh-cut romaine 

lettuce in each package using a previously developed scale (Cantwell, 2013) with 

ratings of 1 to 5 with 1= less than 5% of leaves showing visible defects and 5= ≥30% 

(Figure 4.1) 

(3) Phytotoxic effects—caused by high concentrations of chemical compounds, i.e., 

pesticides, produce washes, or phytotoxins—were evaluated by rating 10 randomly 

selected leaves using a newly developed phytotoxicity scale (Figure 4.2). Special 

attention was drawn to deformation, necrosis, or yellowing of leaves and leaf edges. 



115 

 

 

A score of 1= no observable phytotoxic effects and 5=>75% total leaf area with 

observable phytotoxic effects. 

For OVQ and phytotoxicity measurements, 10 pieces of leaves were selected randomly 

and evaluated against the scale. For browning and discoloration measurements, 50g of fresh-cut 

product was evaluated and scored against the scale. Quality evaluations were conducted 

immediately after removal from incubation at 7oC with 85% relative humidity (Forma 

Environmental Chambers; ThermoFisher Scientific Inc., Asheville, NC), on days 0, 1, 3, 5, 7, 

and 10.  

 4.3.1.4. Color Measurements 

In addition to visual evaluations, color was determined using an A5 Chroma-Meter 

Minolta CR-400 (Minolta Co. Ltd., Osaka, Japan) and expressed as CIELAB color system, and 

L* (lightness), a* (-greenness to +redness), and b*(-blueness to +yellowness) readings were 

collected. Additionally, the intensity of color saturation, Chroma [C*= (a*2 +b*2)0.5], and hue 

angle [ho= 180o + tan-1 (b*/a*)] were calculated from the a* and b* values as previously outlined 

(Lancaster et al., 1997; McGuire, 1992). A single color measurement was taken on 10 separate 

pieces of lettuce from each treatment, on each measurement day. Chroma-Meter was calibrated 

using manufacturer’s standard white tile.  

 4.3.2 Microbiological Analysis 

 4.3.2.1. Culture Preparation 

Frozen stock cultures of Escherichia coli O157:H7, stored in tryptic soy broth (TSB; BD 

Difco, Franklin Lakes, NJ) with 15% glycerol at -80oC, were used to create the inoculum 

cocktail. Cultures were initially isolated from fellow researchers at Kansas State University and 

were originally isolated from cattle. The cocktail consisted of four E. coli O157:H7 strains, and 
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included 2 pansusceptible and 2 resistant to one or more of the following veterinary 

antimicrobials: cefoxitin, azithromycin, chloramphenicol, tetracycline, ceftriaxone, 

amoxicillin/clavulanic acid, ciprofloxacin, gentamicin, nalidixic acid, ceftiofur, sulfisoxazole, 

trimethoprim/sulfamethoxazole, kanamycin, ampicillin or streptomycin.  In addition to 

susceptibility testing, all strains were previously confirmed and serotyped.  Each strain was 

activated from frozen storage by streaking onto tryptic soy agar (TSA; BD Difco, Franklin 

Lakes, NJ) and incubating at 37oC for 24 h. One colony from each plate was transferred to a 9 

mL TSB tube, with a single TSB tube for each strain (4 TSB tubes total), and incubated at 37oC 

for 18 h. For each strain tube, 5.2 mL was combined and added to an empty centrifuge tube and 

centrifuged at 5,500 x g for 15 min at 4oC (Allegra X-30R, Beckman Coulter, Brea, CA). The 

supernatant was discarded, and the resultant pellet was resuspended in 20.9 mL of buffered 

peptone water (BPW; Difco, Franklin Lakes, NJ) and diluted in 20.88 L of BPW, to achieve a 

target inoculum titer of 6.0 log CFU/mL. 

 4.3.2.2. Romaine Lettuce Preparation and Inoculation 

Fresh-cut romaine lettuce (2400 g total), procured and prepared as described in section 

4.3.1.1, was inoculated via submersion with an E. coli O157:H7 cocktail as previously described 

(Gragg & Brashears, 2010). Lettuce was submerged in inoculum for 20 minutes then dried on 

four stainless steel trays with grates under a biosafety cabinet for 60 minutes. To facilitate even 

drying, the lettuce was rotated using sterile tongs after 30 minutes of drying.  

 4.3.2.3. Wash Preparation and Application 

Following inoculation and drying, the inoculated lettuce was subjected to postharvest 

wash treatments. Each treatment was applied to the lettuce in a sequence of three washes, 

simulating a triple-wash industry application. The treatments included: 1) municipal tap water, 2) 
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80 ppm PAA, 3) chlorine (free chlorine; 10 ppm wash 1, 20-30 ppm wash 2 & 3), 4) 0.75% SBS, 

5) 0.75% SBS + 80 ppm PAA, and 6) an unwashed control. Treatments were prepared according 

to the washing protocols outlined in the quality analysis section, with minor variations. Each 

wash consisted of gentle, manual agitation for 30 seconds, with a 10 second drain period 

separating each wash, yielding 90 seconds of total exposure.  Control of wash water temperatures 

for all treatments were maintained at <60oF for washes 1 and 2, and 36±3oF for wash 3.   

Inoculated lettuce was washed and centrifuged as described above. To protect against 

aerosol generation, the salad spinner was placed in a biohazard bag and centrifugation occurred 

under a biosafety cabinet (BSC), with the biohazard bag opening aimed inside the BSC and 

closed tightly by hand during operation. Following centrifugation, the salad spinner was removed 

from the biohazard bag and opened under the BSC for sampling and packaging. The product was 

packaged as described in section 4.3.1. in retail display packages (American Packaging 

Corporation, Columbus, WI; structure: 48ga. OPP/1.5 mil LLDPE, roll width: 19.5”, OTR: 

120cc/100in2/day) designed for fresh-cut romaine lettuce (21.66 x 14.78 cm; 50 g lettuce). 

Utilizing a passive atmosphere approach, each package was flushed with nitrogen (Matheson 

Gas, St Joseph, MO) prior to sealing, achieving 3-5% oxygen, and packaging atmosphere was 

confirmed using a portable gas analyzer (model 900141; Bridge Analyzers, Alameda, CA). 

Sealed packages were stored at 7oC in a low temperature incubator (ThermoFisher Scientific 

Inc., Asheville, NC) to mimic retail display conditions (O’Beirne et al., 2015). 

 4.3.2.4. E. coli O157:H7 Enumeration 

E. coli O157:H7 populations were enumerated on days 0, 1 , 3 , 5 , 7 , 10, 12, and 14 by 

homogenizing (Stomacher® 400 Circulator, Seward, Bohemia, NY) 25g of product with 225mL 

of Dey-Engley neutralizing broth (DNB; BD BBL TM, New Jersey) for 1 minute at 230 rpm. 
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Homogenized samples were diluted with 0.1% peptone water (PW; BD Difco, Franklin Lakes, 

NJ), spread plated onto Sorbitol MacConkey agar (CT-SMAC; Remel, Lenexa, KS) 

supplemented with cefixime and tellurite (CT-Supplement, Milipore Sigma, St. Louis, MO), and 

incubated at 37°C for 18-24 hours. 

 4.4. Statistical Analysis 

Three replications of both quality and microbiological studies were completed. For each 

study, data were statistically analyzed using the MIXED procedure with Tukey’s adjustment of 

Statistical Analysis Software (SAS 9.4; Cary, NC). Statistical significance of the main effects of 

day and treatment, as well as the day x treatment interaction, was evaluated at the P<0.05 

threshold. 

During the microbiology portion of the study, increased background flora growth was 

observed on the CT-SMAC plates after sampling day 10. This resulted in difficulty obtaining 

accurate plate counts and questionable plate count data from days 12 and 14. Therefore, these 

data were eliminated from the data set, and statistical analyses were performed on data from days 

0 through 10 only. 

 4.5. Results 

 4.5.1 Quality Analysis 

 4.5.1.1. Overall Visual Quality 

The main effects of sampling day (P<0.0001, Figure 4.3) and treatment (P<0.0001; 

Figure 4.4) were significant for OVQ score.  OVQ declined throughout the shelf-life, as is shown 

in Figure 4.4. Although treatment significantly impacted OVQ, no treatment was different than 

the unwashed control or below the salable threshold of ≤4. The treatment x day interaction 

(P=0.4361) was not significant; therefore, data are only presented for main effects. 
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 4.5.1.2. Browning  

Browning score varied according to sampling day (P<0.0001), as is depicted in Figure 

4.5. Browning increased during the shelf-life, with a notable and significant increase occurring 

after sampling day 3. Treatment (P=0.0580) did not impact browning and the treatment x day 

interaction (P=0.3151) was also not significant. 

 4.5.1.3. Phytotoxicity 

The main effect of treatment did not impact phytotoxicity score (P=0.1840) and the 

treatment x day interaction was also not significant (P=0.2664). As Figure 4.6 illustrates, 

sampling day was a significant main effect (P=0.0298), with phytotoxicity increasing throughout 

the shelf-life. However, the adjusted p-values for multiple comparisons, calculated using Tukey’s 

adjustment, did not result in significant differences between sampling days, indicating no 

statistical difference in phytotoxicity.  

 4.5.1.4. Color 

Treatment had no statistically significant effect on L* (P=0.9880), a* (P=0.1650), 

b*(P=0.8518), or C* (P=0.7146), which indicates that lettuce color was not affected by 

treatment. The main effect of day was significant for L* (P=0.0163), a* (P=0.0030), 

b*(P<0.0001), and C* (P<0.0001), indicating that color varied throughout shelf-life. The 

treatment x day interaction was not significant for L* (P=0.8871), a* (P=0.5347), b*(P=0.8653), 

or C* (P=0.8282).   

 4.5.1.5. Treatment Selection for Inoculated Study 

 The compilation of diverse quality data collected suggests that that all treatments are 

acceptable as a postharvest wash for fresh-cut romaine lettuce. Therefore, the highest 

concentration of SBS (0.75% w/v) was selected for use in the subsequent inoculation study, as it 
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was hypothesized that the strongest concentration would be the most effective at reducing E. coli 

O157:H7 on fresh-cut romaine lettuce. 

 4.5.2. Microbiological Analysis 

The main effect of sampling day was significant (P<0.0001; Figure 4.7), with E. coli 

O157:H7 populations declining throughout the storage period. The effect of treatment was a 

significant main effect (P<0.0001; Figure 4.8), indicating differences in efficacy exist between 

treatments. All treatments significantly reduced E. coli O157:H7 populations in comparison to 

the unwashed control, with SBS+PAA, PAA, and SBS yielding reductions of 2.3 log CFU/g, 1.9 

log CFU/g, and 2.2 log CFU/g, respectively. SBS (P=0.0032) and SBS+PAA (P=0.0002) were 

both more effective at reducing E. coli O157:H7 populations compared to the water wash 

treatment; however, PAA (P=0.2783) and chlorine (P=0.3284) were as effective as washing with 

water.  Reductions achieved by SBS, PAA, and SBS+PAA were statistically the same as one 

another (P>0.05) and all were more effective than the industry standard chlorine wash (P<0.05). 

Because the treatment x sampling day interaction was not significant (P=0.9421), data are only 

presented according to the significant main effects.  

 4.6. Discussion 

The present study investigated the effect of washing fresh-cut romaine lettuce with 

concentrations of SBS, PAA, SBS+PAA, and chlorine on lettuce quality and inoculated E. coli 

O157:H7 populations. Quality data indicated that all treatments were acceptable for lettuce, and 

these data informed treatment concentration selection for use in the subsequent inoculation 

study. When applied to inoculated product, all treatments achieved significant reductions of E. 

coli O157:H7 in comparison to the unwashed control. SBS+PAA produced the greatest reduction 

(2.3 CFU/g), followed by SBS (2.2 CFU/g), and PAA (1.9 CFU/g); however, these reductions 
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were statistically similar to one another (P>0.05). To our knowledge, this represents the first 

study analyzing the efficacy of SBS and PAA, alone or in combination, against E. coli O157:H7 

for application as a postharvest wash intervention for fresh-cut romaine lettuce.  

Research in the literature has explored SBS and PAA applications separately in whole 

apples, poultry processing, frankfurters, chicken drumsticks, and pet food (Bodie et al., 2019; 

Dhakal et al., 2019; Dittoe et al., 2019; Kim et al., 2018; Micciche et al., 2019). Kim et. al, 

demonstrated a 4.30 log CFU/g reduction of Listeria innocua on whole apples using 1% SBS+60 

ppm PAA (Kim et al., 2018) while Dittoe et. al, achieved a 5.42 log CFU/g reduction on whole 

chicken drumsticks using 1% SBS+200 ppm PAA (Dittoe et al., 2019). In poultry, SBS alone or 

in combination with PAA yielded pathogen reductions that were not statistically different (Dittoe 

et al., 2019).  Comparison of the present study to SBS and PAA efficacy reported in the literature 

presents a difficult challenge, as reductions were observed using different food matrices, 

concentrations, and foodborne pathogens. Presently, efficacy of PAA, SBS, and SBS+PAA have 

not been explored for fresh-cut romaine lettuce; in this regard, the research presented herein 

provides foundational understanding for how these interventions may be used to effectively 

control E. coli O157:H7 as a postharvest intervention for fresh-cut romaine lettuce.  

Recently, analysis of treatment efficacy on lettuce, spinach, and other leafy greens has 

compared both alternative and traditional methodologies. Jung et al (2017), reported that soaking 

romaine heads in electrolyzed water yielded significant reductions of Salmonella enterica (2.8 ± 

1.5 log CFU/g), Listeria monocytogenes (2.6 ± 0.7 log CFU/g), and E. coli O157:H7 (3.4 ± 1.1 

log CFU/g) compared to municipal tap water, lactic and phosphoric acid-based sanitizers, and a 

citric acid-based sanitizer (Jung et al., 2017). The 3.4 log CFU/g reduction in E. coli O157:H7 

reported by Jung et al. (2017) exceeds the <2.5 log CFU/g reductions achieved in the present 
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study. Pahariya et al. (2019) compared acidified sodium chlorite and sodium hypochlorite to 

PAA, with PAA producing significant reductions of generic E. coli (4.07 log CFU/g) after 

soaking fresh-cut romaine lettuce for 5 minutes (Pahariya et al., 2019). When comparing PAA 

and chlorine efficacy against E. coli O157:H7 in romaine lettuce, Singh et al, observed a 2.2 and 

2.1 log CFU/g reduction, respectively (Singh et al., 2018), which is similar to the reductions 

observed by PAA and chlorine treatments in the present study. Differences in methodology are 

often attributed to variations in foodborne pathogen reductions. In the present experiment, fresh-

cut romaine lettuce was inoculated via submersion (Gragg & Brashears, 2010) in an E. coli 

O157:H7 cocktail as a “worst-case scenario”, which also mimics a contamination scenario 

wherein the romaine becomes contaminated while submerged during washing and may also lead 

to internalization. Similar studies utilized pipette spot inoculation on romaine lettuce leaves or 

leaf punches (J. L. Banach et al., 2020; Jung et al., 2017; Pahariya et al., 2019; Qi & Hung, 

2019), were inoculated using a pressurized sprayer (Luo et al., 2012), or spot inoculated then 

surface spread using an un-inoculated leaf as an applicator (Singh et al., 2018).  Variation in 

inoculation methodology likely contributes to reported differences in treatment efficacy and 

repeating this study utilizing different approaches to inoculation presents an opportunity for 

future research. 

Leafy green quality, particularly fresh-cut, is heavily influenced by environmental 

changes, harsh handling and processing, and water loss (Qadri et al., 2015). Investigation into 

any produce safety intervention for use on leafy greens requires both microbial and quality 

analyses. In the present study, treatment did not significantly impact color, browning, or 

phytotoxicity of fresh-cut romaine lettuce. Treatment did impact the OVQ, with differences 

observed among treatments; however, all treatments were not significantly different than the 
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control and all treated fresh-cut romaine lettuce was rated above the salable threshold of ≤4. Fan 

et. al, (2009) observed that SBS, when used as a postharvest wash treatment, demonstrated an 

anti-browning effect in apples, and that effect increased as concentration increased (Fan et al., 

2009).  Salgado et. al, (2014) reported significantly higher OVQ of romaine lettuce treated with 

chlorine in comparison to PAA and other washes (Salgado et al., 2014); however, this was not 

observed in the present study.  Recently, activated persulfate demonstrated a 3.5 log CFU/g 

reduction of E. coli O157:H7 and Listeria monocytogenes populations without causing 

significant changes in romaine lettuce color quality (Qi & Hung, 2019). In a review by Ramos et 

al. (2013), postharvest interventions consisting of hydrogen peroxide, ozone, organic acids, and 

electrolyzed water reportedly caused significant negative impacts on the quality of fruits and 

vegetables, regardless of their potential to reduce foodborne pathogens (Ramos et al., 2013). The 

body of literature suggests that postharvest washes may be effective at reducing populations of 

E. coli O157:H7 and other pathogens; however, the impact on product quality must always be 

considered. 

The antimicrobial efficacy of chlorine, the most widely used treatment in the fresh-cut 

industry, has been challenged due to increasing numbers of produce related outbreaks (Centers 

for Disease Control and Prevention, 2019b; Kintz et al., 2019; C. McDaniel & Jadeja, 2019; 

Ölmez & Kretzschmar, 2009). Moreover, chlorine has been shown to react with organic matter, 

producing carcinogenic halogenated disinfection byproducts (Batterman et al., 2000; Hua & 

Reckhow, 2007; Singer Philip C., 1994).  Environmental concerns, particularly the association of 

chlorine with high amounts of wastewater production and very high levels of biological oxygen 

demand, have led to a chlorine ban in the European Union for use in organic production (Ölmez 

& Kretzschmar, 2009).  Food safety, health, and environmental risks associated with the use of 
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chlorine in postharvest wash water necessitate research for validated, effective alternatives for 

the produce industry. In the present study, SBS, PAA, and SBS+PAA washes were more 

effective than the industry standard chlorine at reducing E. coli O157:H7 on fresh-cut romaine 

lettuce.  This combined with the fact that SBS, PAA, and SBS+PAA did not negatively influence 

product quality suggests that these treatments may be effective alternatives for postharvest 

washing of fresh-cut romaine lettuce.  

 4.7. Conclusion 

This research demonstrates that including SBS, PAA, and SBS+PAA in postharvest wash 

water is effective at reducing E. coli O157:H7 on fresh-cut romaine lettuce and did not 

negatively influence product quality. There is opportunity for future research to investigate 

efficacy of these treatments as postharvest food safety interventions in other produce or meat 

products. Ground beef, sprouts, pork products, and pre-cut melon applications should all be 

considered given their implication in recent outbreaks (Centers for Disease Control and 

Prevention, 2019b; Reiley, 2019). Additionally, future research efforts focused on determining 

antimicrobial efficacy of SBS, PAA, and SBS+PAA at reducing foodborne pathogens as organic 

load increases in produce wash water would provide practical information that may improve 

adoption of these treatments as postharvest interventions.  As increases in produce-associated 

foodborne illness outbreaks are reported, investigation into new and effective interventions is 

warranted in order to protect public health.  
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 4.9. Tables & Figures 

Table 4.1. Overall visual quality rating scale for romaine lettuce. 

Scale considers water loss, color, discoloration, flavor, and other visual quality parameters. A 

value of <4 represents an unsalable product.  Adapted from Kader and Cantwell (2010) and 

created by Jeff Brecht. 

 

Romaine Lettuce Quality Rating Scale 

Rating Definition 

9 Fresh appearance with bright green color; crisp texture; no discoloration or 

decay. 

7 Slight loss of green color; no russeting; slight water loss not objectionable; 

slight butt-end discoloration 

5 Noticeable loss of green color; noticeable water loss on outer leaves; moderate 

discoloration of butt-end 

3 More yellow than green; outer leaves limp and need trimming; severe 

discoloration; decay may  be noticeable. May have bitter flavor. 

1 Yellow. Severe wilting and extreme discoloration; soft rot or fungal mycelium 

on outer leaves. 
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Figure 4.1. Discoloration and browning rating scale for fresh-cut romaine lettuce. 

The scale ranks from 1-5, where 1= less than 5% of leaves show visible defects, 2= 5-10% of 

leaves show visible defects, 3= 10-20% of leaves show visible defects, 4= 20-30% of leaves 

show visible defects, 5= ≥30% of leaves show visible defects. Scale was adapted from Cantwell 

(2013) as derived from Cantwell and Suslow (2002). 
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Figure 4.2. Phytotoxicity scale for fresh-cut romaine lettuce evaluating discoloration, 

deformation, necrosis, or yellowing of leaves.  

The scale ranks product from 1-5, where 1 = no observable phytotoxic defects (not pictured), 2= 

25% total leaf area with observable phytotoxic defects (discoloration, deformation, necrosis, 

yellowing of leaves or leaf edges), 3= 50% total leaf area with observable phytotoxic defects, 4= 

75% of total leaf area with observable phytotoxic defects, 5= >75% total leaf area with 

observable phytotoxic defects. 
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Figure 4.3. Overall visual quality of fresh-cut romaine lettuce following treatment with 

postharvest wash interventions, objectively measured utilizing the overall visual quality 

scale (Table 4.1) throughout a 10-day storage period (7°C). 

The main effect of sampling day was significant (P<0.0001). A value of ≤4 represents an 

unsalable product.   

Error bars represent the standard error of the mean. 

a,b,c Observations with a common superscript do not differ statistically at the P<0.05 threshold. 
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Figure 4.4. Overall visual quality of fresh-cut romaine lettuce following treatment with 

postharvest wash interventions, objectively measured utilizing the overall visual quality 

scale (Table 4.1) throughout a 10-day storage period (7°C). 

The main effect of treatment was significant (P<0.0001). A value of ≤4 represents an unsalable 

product. Although treatment significantly impacted overall visual quality, no treatment was 

different than the unwashed control or below the salable threshold of ≤4.  

Error bars represent the standard error of the mean. 

a,b,c Observations with a common superscript do not differ statistically at the P<0.05 threshold. 
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Figure 4.5. Discoloration and browning rating of fresh-cut romaine lettuce following 

treatment with postharvest wash interventions, objectively measured utilizing the 

discoloration and browning scale (Figure 4.1) throughout a 10-day storage period (7°C). 

The main effect of sampling day was significant (P<0.0001).   

Error bars represent the standard error of the mean. 

a,b,c Observations with a common superscript do not differ statistically at the P<0.05 threshold. 
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Figure 4.6. Phytotoxicity rating of fresh-cut romaine lettuce following treatment with 

postharvest wash interventions, objectively measured utilizing the phytotoxicity scale 

(Figure 4.2) throughout a 10-day storage period (7°C). 

The main effect of sampling day was significant (P=0.0298). The adjusted p-values for multiple 

comparisons, calculated using Tukey’s adjustment, did not result in significant differences 

between sampling days, indicating no statistical difference in phytotoxicity.  

Error bars represent the standard error of the mean. 

a Observations with a common superscript do not differ statistically different at the P<0.05 

threshold. 

 

 



138 

 

 

 

Figure 4.7. E. coli O157:H7 populations on fresh-cut romaine lettuce subjected to 

postharvest wash interventions and sampled throughout 10-day storage period at 7oC 

(P<0.0001) by plating on Sorbitol MacConkey Agar (CT-SMAC). 

The main effect of sampling day was statistically significant (P<0.0001). The sampling day x 

treatment interaction was not significant (P=0.9421); thus, data for each day are not shown 

according to treatment.   

Error bars represent the standard error of the mean.   

a,b,c Observations with a common superscript do not differ statistically at the P<0.05 threshold. 
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Figure 4.8. E. coli O157:H7 populations on fresh-cut romaine lettuce subjected to 

postharvest wash interventions and sampled throughout a 10-day storage at 7oC by plating 

on Sorbitol MacConkey Agar (CT-SMAC). 

The main effect of treatment was statistically significant (P<0.0001). The sampling day x 

treatment interaction was not significant (P=0.9421); thus, data for each treatment are not shown 

according to sampling day.   

Error bars represent the standard error of the mean.   

a,b,c,d Observations with differing superscripts are statistically different at the P<0.05 threshold. 
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Chapter 5 - Policy Considerations for Food Safety Technologies 

Explored in this Dissertation 

 5.1. Introduction 

This dissertation presents novel food safety technologies and their resulting benefits. 

Probiotics (Chapter 2), genetically enhanced feed (Chapter 3), and postharvest produce wash 

interventions (Chapter 4) offer food safety innovation within agricultural settings, specifically 

targeting the foodborne pathogen E. coli O157:H7 in beef and leafy greens.  

Chapter 2 evaluated the inclusion of the probiotic microorganism Megasphaera elsdenii 

in cattle finishing diets for potential anti-E. coli O157:H7 effects. This probiotic did not 

significantly reduce the prevalence of E. coli O157:H7, yet it represents a novel approach to 

controlling foodborne pathogens pre-harvest. Chapter 3 explored addition of Enogen® feed 

corn—genetically enhanced to maximize starch availability—in cattle finishing diets with 

respect to its effect on E. coli O157:H7 carriage in cattle. The observed reduction in the odds of 

E. coli O157:H7 prevalence in cattle fed diets containing Enogen® feed corn demonstrated the 

food safety potential of this variety of genetically enhanced corn. Chapter 4 presented the effect 

of washing fresh-cut romaine lettuce with various concentrations and combinations of sodium 

bisulfate, peroxyacetic acid, chlorine, and water to reduce E. coli O157:H7. All postharvest wash 

treatments reduced this pathogen in comparison to an unwashed control, with minimal 

deleterious effects to postharvest quality. Additionally, sodium bisulfate, followed by sodium 

bisulfate and peroxyacetic acid in combination, produced the greatest observed reduction of E. 

coli O157:H7. 
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The benefits of the food safety technologies presented in this dissertation go further; they 

add additional weapons to combat transnational public health threats, including antimicrobial 

resistance. The aspiration of this chapter, along with the dissertation as a whole, is to contribute 

beneficial research to the scientific community while providing next steps for the incorporation 

of these research methods into the European Union and United States marketplaces. An 

encapsulation of the policy considerations and regulatory milieu for both countries are provided, 

in the context of the food safety technologies presented herein. The author hopes the scientific 

and regulatory considerations presented provide a framework for future research methodologies 

addressing complex, transnational public health threats, such as E. coli O157:H7 in agriculture 

(revealed in Chapters 2-4), and antimicrobial resistance.  

 5.1.1. The Challenge of Antimicrobial Resistance 

The need exists for discovery and development of novel alternatives to antimicrobial 

drugs (i.e., antibiotics) in the field of animal agriculture. Analogous to the dangers of E. coli 

O157:H7 in agriculture (declared earlier in this dissertation; see Chapter 1), antimicrobial 

resistance (AMR) constitutes an apolitical, global health threat, unrestrained by diplomatic 

ideology and immune to political persuasion.  AMR—recognized as one of the greatest public 

health dangers facing human and animal populations (Walker et al., 2009)—impacts thousands 

and, if left unchecked, threatens to eliminate future lifesaving antimicrobial use within the 

human and animal population. Urgently, the AMR problem (including multi-drug resistant 

bacteria and other pathogens who acquired resistance competence), necessitates a 

multidisciplinary, global response. The World Health Organization (WHO) estimates that 25,000 

patients die within the European Union (EU) each year, due to AMR infections (European 
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Centre for Disease Prevention and Control, 2018). In the United States (U.S.), methicillin-

resistant Staphylococcus aureus (MRSA) alone kills more Americans each year (~19,000) than 

HIV/AIDs, Parkinson’s, emphysema, and homicide combined (Klevens et al., 2007).  Generally, 

AMR refers to a microorganism’s ability to evade the drugs designed to destroy them via the 

acquisition of genes or DNA mutations (Aarestrup et al., 2008). Transmission of AMR genes is 

not confined to a bacterial species or host (human, animal, environment, etc.) (Leverstein-van 

Hall et al., 2002; Schaberg & Zervos, 1986). The transnational reach of AMR, paired with its 

fundamentally complex nature, reinforces the urgency required to confront this public health 

danger. 

Reports dating back to 1969 indicate concerns regarding the use of antibiotics for growth 

promotion purposes and transference of resistance to humans (Anadón, 2006). Echoed in 1997, 

this concern led to the development of the Special Advisory Committee on Antimicrobial 

Resistance (SACAR) in 2001 within the United Kingdom (Wise, 2007). The EU developed a 

formal approach towards combating AMR, including the development of a strategic action plan 

strengthening surveillance, multisectoral coordination, and antibiotic stewardship (Baku, 2011). 

Following the EU ban of antibiotics for growth promotion in 2006, subsequent lower rates of 

AMR were observed (Laxminarayan et al., 2013). Within the food sector, the European Food 

Safety Authority (EFSA) developed robust infrastructure for assessing emerging risk, established 

antibiotic monitoring, and imparted restrictions on all injudicious use of antimicrobials (Roca et 

al., 2015). Recently, the EU revised their strategic action plan, including a “one-health” approach 

(The European Commission, 2017). This revised action plan established the most comprehensive 

AMR policy to date. 
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The U.S. developed their first governmental “antibiotic policy” alongside the clinical 

introduction of penicillin. During WWII, prophylactic antibiotic use, aimed toward the 

prevention of bacterial infection of war wounds, led to the abandonment of sulfonamides and 

their replacement with penicillin (Gould & Meer, 2005).  Sixty years later, the Centers for 

Disease Control and Prevention (CDC) released the first report quantifying the global health 

threat of AMR pathogens, with penicillin resistance considered a significant threat (Centers for 

Disease Control and Prevention, 2013). This report spurred the development of policy combating 

AMR, starting with U.S. Presidential Executive Order 13676, calling for establishment of a 

national task force (Obama, 2014).  Subsequently, the National Action Plan directed federal 

agencies to increase multi-sector responses toward AMR (President’s Council of Advisors on 

Science and Technology, 2015).  In 2015, the U.S. Interagency Task Force released a 5-year 

National Action Plan, calling for strengthened surveillance efforts, upgraded diagnostics, 

increased research, and improved international collaboration and stewardship (President’s 

Council of Advisors on Science and Technology, 2015). In 2017 the U.S. Food and Drug 

Administration (FDA) released Guidance for Industry #213 containing the Veterinary Feed 

Directive (VFD), legislation banning growth promotion use of antibiotics in food-producing 

animals and requiring veterinary prescription for use of all medically important antibiotics 

(Center for Veterinary Medicine, 2019a, 2019c). Policy analysts are in agreement with 

government opinion regarding the urgency of the AMR problem, proposing, in some cases, 

nonantibiotic interventions as effective alternatives (Hoelzer, 2020). 

 5.1.2. Technologies To Aid In the Comprehensive Fight Against AMR 

 5.1.2.1. Probiotics 
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 For years, microorganisms have been supplemented in human and animal diets, hoping to 

harness their beneficial properties (Bernardeau & Vernoux, 2013). Growing concerns 

surrounding overreliance on antimicrobials in agriculture, along with the threat of increasing 

AMR, led to investigation into other potential management practices, or “antibiotic alternatives” 

(Centers for Disease Control and Prevention, 2019a; Simon, 2005). One such alternative includes 

the addition of probiotics, or live microorganisms which are administered at appropriate dosages 

to confer positive health benefits upon the host (Bernardeau & Vernoux, 2013; FAO/WHO 

working group, 2002; Fuller, 1992). Within the U.S., direct fed-microbials (DFM)—defined as 

“a source of live (viable) naturally-occurring microorganism”—refine the definition of a 

probiotic used within commercial agriculture production (Brashears & Guillen, 2014; Yoon & 

Stern, 1995). In the U.S., DFMs in animal feed represent a significant market, with an estimated 

value of $4.6 billion in 2019 (Markets and Markets, 2019). The EU defines these beneficial 

microbes as “feed additives” (Bernardeau & Vernoux, 2013).  Administration of these 

microorganisms targets specific health benefits, including increased feed conversion and 

efficiency, resistance to colonization of pathogens, prevention of a disease state, or improved 

stress response (Gorsuch et al., 2019; McAllister et al., 2011). Researchers continue to explore 

the specific pre-harvest food safety applications of probiotic administration, with Lactobacillus 

acidophilus NP51 significantly reducing E. coli O157:H7 shedding in cattle by 48-80% 

(Stephens et al., 2007; Younts-Dahl et al., 2005). Similar to research on probiotics for human 

consumption, animal probiotics receive constant attention, with potential benefits to agriculture 

under exploration (Khan et al., 2016). 

 5.1.2.2. Genetically Enhanced Animal Feed 
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Another potential pre-harvest control for foodborne pathogens within agriculture includes 

the modification of animal diets. Demonstrated in 1998 by shifting cattle diets containing high 

grain, to a period of hay-based rations, reducing E. coli significantly (106 fold after 5 days; Diez-

Gonzalez et al., 1998), diet modification is carried out in many different ways.  Recently, 

inclusion of distiller’s grains—a common high-protein byproduct of ethanol biofuel 

production—indicate an association with increased E. coli O157:H7 prevalence, depending on 

percentage added in cattle diets (Chaney et al., 2018; Jacob et al., 2008). Notably, orange peel 

and pulp—common citrus production byproducts—addition to animal diets produced observable 

reductions of E. coli O157:H7 in the gastrointestinal (GI) tract of ruminants (Callaway et al., 

2011). Modification of animal diets—including the addition of genetically enhanced (GE) feed 

and regardless of method—constitutes a relatively understudied, yet important area of pre-

harvest food safety research (Allen et al., 2013; G. R. Gibson & Roberfroid, 1995; Glenn R. 

Gibson et al., 2004).  

 5.1.2.3. Postharvest Produce Wash Interventions 

 Recently released U.S. foodborne illness surveillance data indicates row crop vegetables 

(such as leafy greens) as the primary food (46.3% of illnesses) implicated in all E. coli O157:H7 

outbreaks between 2003-2017 (Interagency Food Safety Analytics Collaboration, 2019).  

Numerous outbreaks of E. coli O157:H7 have implicated romaine lettuce, with an outbreak in 

2018 resulting in 210 cases, 96 hospitalizations, and 5 deaths (Centers for Disease Control and 

Prevention, 2018); foodborne illness outbreaks associated with fresh-cut vegetables are 

becoming increasingly common. Industrial leafy green production includes cutting, washing, 

drying, and packaging steps, frequently with the use of chlorine as a produce wash (Feliziani et 
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al., 2016; Salgado et al., 2014). Doubt surrounds chlorine’s efficacy and safety, alluding to the 

toxic disinfection byproduct production following reaction of chlorine to organic matter (Joshi et 

al., 2013). This phenomenon influenced the ban of chlorine-based sanitizer use in Germany, 

Denmark, and other EU countries (Meireles et al., 2016).  Chlorine use within fresh-cut 

applications is influenced by low cost and a wide spectrum of antimicrobial activity; yet, these 

factors do not outweigh its limited efficiency (Ramos et al., 2013; Weng et al., 2016; Yaron & 

Römling, 2014) and potential risk to those who handle it (Joshi et al., 2013; Meireles et al., 

2016).  Notwithstanding widespread chlorine use, efforts to find safer and more effective 

sanitizing agents will undoubtedly reduce dependence on this type of sanitizer.  

 5.1.2.4. Current Research 

 The scientific community demands high-quality, interdisciplinary research on safe and 

effective foodborne pathogen control methodologies. Suggested in the preceding chapters of this 

dissertation, application of “systems biology”—a concept used to describe the understanding of 

both the structure and dynamics of a system, equally (Breitling, 2010; Kitano, 2002)—is required 

when addressing complex health issues. For instance, Chapter 2 presents an investigation into a 

novel probiotic organism and its potential effect against E. coli O157:H7. This study requires 

analysis of the probiotic organism’s interaction against E. coli with an understanding of its 

impact throughout the entire cattle gastrointestinal tract. Microbiome research necessitates this 

type of intricate and systematic thinking. The regulation and integration of this organism into the 

global food supply provide an additional veil of complexity worth exploring.  
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 5.2. Policy Considerations For Each of the Technologies Studied in This 

Dissertation 

 The following sections provide a brief summary of the three technologies explored within 

this dissertation. The author provides a report of the main findings of chapters 2, 3, and 4  along 

with an overall recommendation of the next steps in researching the specified technologies 

(probiotics, genetically enhanced animal feed, and postharvest produce wash interventions). 

Following the research summary, a description of the regulatory framework and policy 

considerations for the technologies is provided. The research summary and policy consideration 

sections represent the broader application of the research described in this dissertation. 

 5.2.1. Impact of the Probiotic Organism Megasphaera elsdenii on Escherichia coli 

O157:H7 Prevalence in Finishing Cattle 

 5.2.1.1. Research Summary of Megasphaera elsdenii 

 Cattle producers feed Megasphaera elsdenii (ME), a lactic acid-utilizing bacterium 

present in the rumen of cattle, as a DFM to reduce lactic acid buildup within the rumen of grain-

fed cattle, halting the disease state known as rumen acidosis (RA; L. Chen & Wang, 2016; 

Lianmin Chen et al., 2019). In this project, ME was fed as a DFM to determine the effect, if any, 

on E. coli O157:H7 prevalence in finishing cattle. Crossbred steer (n=448) were randomly 

assigned to a treatment diet containing 2 levels of ME, and following 117-126 days on feed, E. 

coli O157:H7 prevalence was measured by sampling animals twice via rectoanal mucosal swab 

sampling (RAMS; n=896), analyzed using standard laboratory methods.  
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This study demonstrated several noteworthy insights: 

• Inclusion of ME in cattle finishing diets did not significantly reduce the prevalence of E. 

coli O157:H7 

• A diet containing ME reduced the odds of E. coli O157:H7 prevalence by 50% during the 

first sampling period; conversely, a diet containing ME increased the odds of E. coli 

O157:H7 prevalence by 23% during the second sampling period, indicating the true 

influence of ME on E. coli O157:H7 carriage is not well defined 

• In a companion study, investigation into the use of ME as a potential preventative agent 

of ruminitis and liver abscessation was evaluated along with performance and carcass 

characteristics. The study revealed a diet containing ME did not significantly impact 

feedlot performance, carcass weight, or liver abscess incidence (Veloso et al., 2019) 

• Recommendation: From these results, conclusions on the food safety benefit of feeding 

cattle M. elsdenii as a DFM cannot be made; more research on use of M. elsdenii in this 

application is needed.  

 

 5.2.1.2. Policy Considerations for Megasphaera elsdenii 

 Although more research is needed, it is wise to anticipate the policy and approval context 

that probiotic technologies like ME face, or may face if found to be effective in a food safety 

context. As previously mentioned, the ban of antibiotics from the EU feed market in 2006 led to 

significant interest in research and development of novel microorganisms (Anadón, 2006; 

Bernardeau & Vernoux, 2013).  Drug resistant bacteria constitute a tremendous public health 

threat, with recent advances in EU policy and legislation reflecting that concern (Alban, 2016).  

Following the ban of antibiotics in feed, adjustment of food safety policy by the European 

Commission included revised rules for labeling, marketing, and packaging feed additives (EC 

Regulation 1831/2003). Article 5 of this regulation describes general prerequisites:1) additives 

should have no adverse effect on animal health, human health, or the environment, 2) additives 
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shall not be presented in a manner misleading the user, and 3) additives shall not harm or mislead 

the consumer. Article 5 defines categorizations of feed additives, including 1) technological, 2) 

sensory, and 3) nutritional or zootechnical additives (Anadón, 2006). More specifically, 

zootechnical additives include those which enhance digestibility, stabilize gut flora, favor the GI 

environment, or provide other zootechnical benefit (Anadón, 2006; Bernardeau & Vernoux, 

2013). Review of applications for a “novel food”—a newly developed or innovative food or food 

process—within the EU is governed by EC Regulation 285/97 and 2015/2283; the scientific risk 

assessment is completed by EFSA (Brodmann et al., 2017).  Furthermore, the application 

requires 1) a description, 2) compositional data, 3) production process, 4) specifications, 5) 

proposed uses and levels, and 6) anticipated intake (Brodmann et al., 2017). Similar to the US 

GRAS status, the qualified presumption of safety (QPS) was introduced to harmonize the 

assessment and approval process (Markowiak & Śliżewska, 2018), with the intent to generate a 

system for microorganism used in feed and food production, applying to DFMs or “feed 

additives” as they are described in the EU (Dibner & Richards, 2005). QPS applications require 

the taxonomic characterization, a body of research on the application of the substance and 

potential pathogenicity, and a description of the end use (Koutsoumanis et al., 2020). Differing 

from GRAS, the EFSA requires QPS probiotic strains to not carry any transferable antimicrobial 

resistance (Sanders et al., 2010). The presence of AMR genes within a probiotic strain is a 

concern, as research demonstrates their ability to transfer to other bacterial species, possibly 

within the host gastrointestinal microbiome (Broaders et al., 2013). 

 Within the U.S., the Association of American Feed Control Officials (AAFCO) offers a 

process by which animal feeds and ingredients can be manufactured, labeled, and sold (CVM, 

2020). AAFCO collaborates with state and federal agencies, including the FDA, to unify the 



150 

 

 

laws, regulations, and standards surrounding these products (FDA, 2019a). DFMs are regulated 

under the Federal Food, Drug, and Cosmetic Act (FDCA) and listed in 21 CFR § 573 and 579 

unless given a Generally Recognized as Safe (GRAS) status (21 CFR § 170.30). DFM regulation 

depends upon the “intended use” of the product. Claims of disease mitigation, treatment, or 

prevention require the DFM to be considered a new animal drug and necessitate a new animal 

drug application (NADA) for approval (Office of Regulatory Affairs, 2019). If the DFM is 

labeled with claims that the product impacts the structure or function of the animal, the DFM is 

considered a drug, as the benefits are not derived from its nutritional characteristics (Office of 

Regulatory Affairs, 2019).  DFM products labeled with an AAFCO-approved label statement, 

describing the live microorganism content, without any structure/function claims are regulated as 

a food and considered a food additive (Office of Regulatory Affairs, 2019). Food additives are 

intended to supply nutrients, aid processing and packaging, or alter the food’s characteristics 

(Center for Veterinary Medicine, 2019b). Furthermore, GRAS status is given to substances that 

have adequately proven safe under its intended use conditions, with the responsibility being on 

the producer of the substance (Brodmann et al., 2017; FDA, 2020). Substances classified as 

GRAS by a safety assessment done my independent experts, are not considered food additives 

(FDA, 2019b) and require scientific procedures addressing the safety of the animal and human 

consuming the food-producing animal (FDA, 2020).  In the case of a novel probiotic or DFM for 

use in animal populations, the first step toward approval for use, and subsequent regulation, 

should be completion of an Investigational Food Additive (IFA) file, or if the specific intended 

use and safety of the substance is known, either an animal food additive petition (FAP) or a 

GRAS notice (Center for Veterinary Medicine, 2020). 
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 Currently, the FDA approved ME for use as a DFM in cattle (along with holding GRAS 

status), regulating ME as a feed additive and marketing as a lactic acid utilizer (AAFCO, 2019).  

No applications for use within the EU have been filed. Any effect of M. elsdenii on E. coli 

O157:H7 prevalence in cattle would not hinder the feed additive regulation; quite simply, it 

contributes to the body of research on this organism and demonstrates safety within the cattle 

host. As cattle are the primary asymptomatic reservoir of E. coli O157:H7 (Callaway et al., 

2006), any effect on reducing ME prevalence does not impact its feed additive or regulatory 

status. 

Navigating U.S. and EU regulation for microbial food additives provides a significant 

challenge. The Joint Food and Agriculture Organization (FAO) of the United Nations 

(UN)/World Health Organization (WHO) Expert Consultation on Evaluation of Health and 

Nutritional Properties of Probiotics attempted to consolidate the global standards for probiotic 

evaluation in 2001 (FAO/WHO working group, 2002). Within these guidelines lies a framework 

for the evaluation of probiotics and substantiation of their health claims. These recommendations 

include 1) identification of genus and species of probiotic strain, 2) in vitro testing to 

demonstrate probiotic effect, and 3) substantiation of health benefit of the agent with in vivo 

trials (Venugopalan et al., 2010).  Standardization of probiotic regulatory guidelines—including 

a universally recognized definition—is needed to simplify research, development, manufacture, 

and marketing. Additionally, probiotics require extensive research and development, including 

interdisciplinary translational research emphasizing aspects of the host and microbe system. For 

instance, current research provides a framework for characterizing novel probiotic strains (Ayala 

et al., 2019).  This research utilized techniques including whole genome sequencing, cell culture, 

and competitive broth exclusion assays to evaluate pre-harvest food safety applications of DFMs.  
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More specifically, the study evaluated the probiotic’s: 1) ability to attach and colonize intestinal 

epithelial cells of the host, 2) susceptibility to antibiotics, 3) survivability and metabolic activity 

within the host, and 4) viability during delivery into the host (Ayala et al., 2019).  Additional 

research on host microbiota interactions, physiology, and immunology components would help 

to fully characterize the safety and efficacy of potential probiotics and their resulting regulation. 

Moreover, determination of the intended use, host interactions, risk assessment, and post-market 

surveillance of the probiotic is required to establish a safe context for these technologies 

(Sanders et al., 2010).  

 5.2.2. Reduction of Escherichia coli O157:H7 in Finishing Cattle fed Enogen® Feed 

Corn 

 5.2.2.1. Research Summary regarding Enogen® Feed Corn 

 Enogen® Feed Corn (EFC) contains a GE α-amylase enzyme trait that improves starch 

digestion in feedlot cattle by maximizing starch availability (Erickson et al., 2018; Jolly-

Breithaupt et al., 2019). Research suggests EFC improves energy availability and feed 

efficiency; however, the potential food safety impact of feeding feedlot cattle EFC has not yet 

been explored. It is possible that EFC may increase post-ruminal fermentation impacting the 

ability of foodborne pathogens—such as E. coli O157:H7—to colonize and persist within the 

hindgut.  In this project, steers (n=960) were fed diets consisting of 2 levels of silage and 2 levels 

of corn (EFC or Control) for 62-93 days. E. coli O157:H7 prevalence was measured by sampling 

animals via rectoanal mucosal swabs (RAMS) samples, analyzed using standard laboratory 

methods.  
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The results of this study included the following: 

• Addition of EFC, fed as grain in cattle finishing diets did not significantly reduce the 

prevalence of E. coli O157:H7 

• EFC fed as silage in cattle finishing diets did not significantly reduce the prevalence of E. 

coli O157:H7 

• A diet containing EFC fed as corn reduced the odds ratio of E. coli O157:H7 prevalence 

by 43.3% in comparison to a control corn diet 

• In a companion study, investigation into the impact of feeding EFC—as corn silage and 

steam-flaked corn—on carcass characteristics and feedlot performance was evaluated, 

revealing diets containing EFC as silage resulted in less consumption of dry matter and 

an improvement in efficiency, with no observed effect of EFC on performance when fed 

as grain. Liver abscess incidence and carcass measurements were unaffected by grain or 

silage source (Baker et al., 2019) 

• Recommendation: The present study suggests that feeding Enogen® feed corn may 

reduce E. coli O157:H7 carriage in cattle; however, the data are limited in scope and 

understanding, requiring further research to understand the mechanisms of this anti-E. 

coli effect.  

 

 5.2.2.2. Policy Considerations regarding Enogen® Feed Corn 

 Policies surrounding GE or genetically modified (GMO) crops for animal feed differ 

between the EU and U.S. The U.S. regulatory framework—known as the Coordinated 

Framework for the Regulation of Biotechnology (51 Federal Register[FR] 23302, 57 FR 

22984)—consists of oversight by three major agencies: the USDA’s Animal and Plant Health 

Inspection Service (APHIS), the FDA, and the Environmental Protection Agency (EPA). The 

FDA ensures safety and proper labeling of GMO animal feed while the EPA is responsible for 

the pesticides often produced by these GE crops (USDA, 2011). Under the Plant Protection Act 

(7 USC § 7701 et seq.) APHIS has primary responsibility for regulating GMOs in regard to their 
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plant and environmental impact. This multi-agency approach ensures a thorough investigation 

into the safety of new GMO technologies. Currently, 92% of corn, 94% of soybeans, and 94% of 

cotton in the U.S. are GMOs (USDA ERS, 2019), representing a significant influence on U.S. 

economic and agriculture sectors. Enogen® corn—containing a thermostable alpha-amylase 

enzyme enhancing ethanol production—was approved in 2007 by the FDA for use as food, 

animal feed, and the production of food products or ingredients, and in 2011, was approved by 

the USDA for commercial cultivation (USDA, 2011). The FDA concluded that the Enogen® 

corn was not “materially different in composition, safety, or any other relevant parameter” from 

other corn on the market (Pollack, 2011; USDA, 2011).  Regardless of the potential 

improvements in ruminant digestion, feed efficiency gains, or anti-E. coli O157:H7 effects, the 

FDA regulates Enogen® corn as a food and animal feed (Erickson et al., 2018; M. Johnson et al., 

2018; Jolly-Breithaupt et al., 2019).   

Although approved, Enogen® corn is still met with objection, primarily from the North 

American Millers’ Association (General Mills, ConAgra Mills, etc.) who claim Syngenta’s corn 

has contaminated their corn via cross-pollination or unintentional mixing within grain elevators 

(Pollack, 2011). The current approval status for Enogen® corn in human food, animal feed, and 

commercial farming operations help soften these objections; however, effects on food industry 

corn quality, and potential disruption of export to countries where Enogen® corn is not 

approved, warrant attention. Differing opinions among those within the food and agriculture 

sectors surrounding genetically enhanced crops—regardless of regulatory approval or scientific 

risk assessment—appear inevitable.  
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Approval of Enogen® corn for use in the EU has had limited success, contrary to its 

regulatory acceptance within the U.S.  GMO food and feed governance by EFSA resides within 

EC Regulation 1829/2003. This regulation establishes criteria based on potential risk and risk 

assessment harmonization, providing labeling and marketing requirements. Syngenta’s 

application (EFSA-GMO-UK-2006-34)—in compliance with EC Regulation 503/2013 

requirements including relevant research, purpose, scope, monitoring plan, labeling proposal, 

and detection method—was rejected in June 2013, the EU’s report stating Syngenta had not 

provide key information to allow a full risk assessment to take place (EFSA, 2013).  The EFSA 

GMO panel was unable to complete a risk assessment and could not conclude on the safety of 

this corn variety on human and animal health (Glass, 2013). In 2019, the GMO panel analyzed 

additional information related to the EFSA-GMO-UK-2006-34 application, concluding the 

agronomic and phenotypic characteristics of the forage and grain “do not give rise to food and 

feed safety, and nutritional concerns when compared to non-GMO maize” (p. 12, Naegeli et al., 

2019). Syngenta supplied substantial scientific information regarding the safety of dried 

distillers’ grains with solubles (DDGS; a common byproduct of ethanol production), with hopes 

to export this animal feed ingredient to the EU. The GMO panel performed an allergenicity 

assessment and concluded that DDGS from Enogen® corn “does not raise concerns when 

compared to DDGS from non-GMO corn” (p. 3, Naegeli et al., 2019). Currently, Enogen® corn 

is not approved for use in animal feed or human food but is approved for its byproduct, DDGS. 

In summary, regulatory approaches toward GMOs differ significantly between the US 

and EU. Within these approaches lies complex regulatory administration, multi-agency 

oversight, and globalization of agricultural trade, all influencing the decision—whether the GMO 

in question is safe for use within a country’s jurisdiction. At the heart of EU GMO regulation lies 
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the precautionary principle (Article 7 of EC 178/2002), with regulatory decisions on GMO safety 

requiring a high burden of proof prior (Alban, 2016). The U.S. approach is similar, yet different, 

with emphasis on risk assessment of GMOs vs their non-GMO counterparts (Bodiguel & 

Cardwell, 2010; Lau, 2015). Similar to the regulatory disputes which began in 1981 between the 

US and EU concerning hormone-treated beef, the U.S. has historically taken an approach 

focused on probability (likelihood), differing from the EU approach utilizing the precautionary 

principle and focusing on the mere possibility of a hazard or unwanted outcome occurring (R. 

Johnson, n.d.; J. Kastner, 2018; J. J. Kastner & Pawsey, 2002).  Even with differences amid 

regulatory approaches, approval outcomes of GMO crops in the U.S. and EU are made based on 

the same scientific criteria from the same body of research. With this in mind, contributing high 

quality, unbiased research supports regulators in making the most informed decisions. 

 5.2.3. Sodium Bisulfate and Peroxyacetic Acid Reduce the Foodborne Pathogen 

Escherichia coli O157:H7 When Applied as a Postharvest Wash on Romaine Lettuce 

 5.2.3.1. Research Summary on SBS and PAA postharvest wash interventions 

 Fresh-cut romaine lettuce has recently been recognized as a significant vehicle of 

foodborne illness bacteria, with several outbreaks of E. coli O157:H7 in this commodity  

encouraging the need for novel interventions (Centers for Disease Control and Prevention, 

2019b). Potential interventions include the use of peroxyacetic acid (PAA) and sodium bisulfate 

(SBS) as postharvest wash sanitizers. In this project, a) quality of fresh-cut romaine and b) anti-

E. coli O157:H7 activity were evaluated following application of various triple-wash treatments: 

1) municipal tap water, 2) 80±5 ppm PAA, 3) 0.75% SBS, 4) 80±5 ppm PAA + 0.75% SBS, 5) 

chlorine (free chlorine; 10 ppm wash 1, 20-30 ppm wash 2 & 3), and 6) an unwashed control. 
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Quality was evaluated using subjective measurements including overall visual quality, 

phytoxicity, and browning/discoloration and objective color measurements of the treated lettuce 

surfaces. For the microbiological analysis, fresh-cut romaine was inoculated with 1x106 CFU/g 

of E. coli O157:H7, dried, subjected to a triple-wash treatment, stored at 7°C, and enumerated on 

days 0, 1, 3, 5, 7, 10, 12, and 14 to measure treatment efficacy against E. coli O157:H7 on 

romaine product.  

The results of this study can be summarized as follows: 

• Quality analysis revealed treatment type had no significant effect on color 

• Quality analysis found no impact of treatment type on phytotoxicity score 

• Treatment produced no observable impact on browning and discoloration of romaine 

product 

• A significant treatment effect was observed on overall visual quality; yet, not below the 

salable threshold established for romaine lettuce using the quality scale 

• Microbiological analysis revealed a significant treatment effect, with all treatments 

significantly reducing E. coli O157:H7 populations compared to the unwashed control 

• SBS+PAA produced the greatest reduction of E. coli O157:H7 (2.3 log CFU/g) compared 

to the unwashed control, followed by SBS (2.2 log CFU/g), and PAA (1.9 log CFU/g) 

• SBS, PAA, and SBS+PAA washes were not more effective than one another, but were all 

more effective than the industry standard (chlorine) 

• Recommendation: This study suggests SBS, PAA, or SBS in combination with PAA, 

applied as a postharvest wash water intervention, are more effective against E. coli 

O157:H7 than the industry standard chlorine, with minimal deleterious effects on fresh-

cut romaine quality. 

 

 5.2.3.2. Policy Considerations for use of Sodium Bisulfate and Peroxyacetic Acid 
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The U.S. FDA, alongside AAFCO, approved SBS in 1997 as a general-use feed additive 

used in poultry feed and granted SBS GRAS status (21 CFR § 175.105) in 1998 (Knueven, 2001; 

Organic Materials Review Institute, 2015). SBS is also an EPA registered pesticide, fungicide, 

herbicide, and microbicide (EPA registration 33907-3, EPA PC codes 073201 and 873201). In 

the EU, SBS—described as sodium hydrogen sulphate (SHS)—obtained approval for use as a 

food additive (EC Regulation 231/2012 and EU Regulation 2015/1416) under the E number 

E514ii.  Recently, the Panel on Food Additives and Flavorings (FAF) completed a re-evaluation 

of SHS with concerns regarding safety of use as a food additive; however, the EFSA assessment 

concluded sulphates (including SHS) represent a “natural constituent of human, animals, and 

plants and is present in all biological materials, including foodstuffs” with no safety concern 

when used at approved doses (p. 3, EFSA Panel on Food Additives and Flavourings (FAF) et al., 

2019).  SBS meets international safety requirements set forth by the Food Chemicals Codex 

(FCC)—a compendium of international standards for food ingredients (Organic Materials 

Review Institute, 2015). Generally, SBS appears to be well-researched and globally accepted for 

use on or within food and feed products. 

Regulatory approval of PAA (also known as peracetic acid) in the U.S. continues the 

theme of complexity, similar to SBS, involving multiple federal agencies involved in human, 

animal, and environmental safety. Focusing solely on the postharvest produce application of 

PAA, the FDA approved this substance for two uses: 1) as a secondary direct food additive 

permitted in food (21 CFR § 173) and 2) as an indirect food additive, sanitizer, or production aid 

(21 CFR § 178). PAA is legally classified as a pesticide, thus a memorandum of understanding 

(MOU 225-73-8010) between the EPA and FDA exists, streamlining the regulatory efficiency of 

drugs and pesticides that could adulterate food and feed (Organic Materials Review Institute, 
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2016). Approved concentrations and application of PAA is codified in 21 CFR § 173 and 178 

along with specifications for use in organic applications in rinse water (7 CFR § 205.605b). The 

EU granted approval for use of PAA as a food and feed disinfectant (EC Regulation 1935/2004), 

with provisions for use in leafy-greens still under review (Banach et al., 2015). EFSA has 

evaluated and approved PAA for use in poultry processing, as it has produced significant 

reductions of E. coli and coliforms with no environmental risks (EFSA Panel on Biological 

Hazards, 2014). Presently, it appears that the EU requires more data to perform a sound risk 

assessment on the safety of PAA use as a postharvest treatment in fresh-cut leafy greens. The 

research presented in Chapter 4 of this dissertation, provides evidential support for completion of 

a PAA risk assessment by the EU. 

In the last 3 years, E. coli O157:H7 leafy greens outbreaks resulted in a combined 464 

cases, 215 hospitalizations, and 6 deaths (Centers for Disease Control and Prevention, 2019c). 

Foodborne illness outbreaks within this commodity are becoming increasingly common, 

representing a significant public health threat. The EU observed 8,161 cases of shiga toxin-

producing E. coli (STEC) in 2018, with strong evidence to support 5 foodborne related 

outbreaks, 1 of which relating to “vegetables, juices, and other products thereof” (EFSA & 

ECDC, 2019). At first glance it would appear that in recent years the EU has been less 

susceptible to STEC outbreaks within leafy greens; however, the U.S. exported € 307, € 367, and 

€ 311 million euros of vegetables (fresh, chilled, and dried) to the EU during 2016, 2017, 2018, 

respectively (European Commission, 2019).  Furthermore, in 2018 the U.S. exported $510.3 

million of lettuce (18.2% of all global lettuce exports), second only to Spain (Workman, 2019). 

The U.S. E. coli O157:H7 outbreaks in leafy vegetables significantly influence global public 

health and trade.  With U.S. outbreaks of foodborne pathogens in leafy greens becoming 
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increasingly commonplace, the export of these products to countries within the EU will no doubt 

render them susceptible to the same danger. Produce outbreaks impact the multilateral trading 

system and shed light on the need for additional weapons to combat transnational public health 

threats. 

 5.3. Concluding Remarks 

 The author acknowledges that the three technologies (probiotics, genetically enhanced 

animal feed, and postharvest wash water interventions) described in this dissertation are not 

perfect solutions to food safety nor AMR problems; yet, they do offer promise (see chapters 2, 3, 

and 4). If that promise is one day fully realized, the pioneers or owners of the technologies will 

face complex policy, regulatory, and risk analysis contexts. This chapter explored these very 

policy and regulatory considerations.   

Although many issues are anticipated, the author suggests the following approval and 

regulatory challenges, perceives the following conclusions, and recommends the following 

actions: 

• Regulatory approval of Megasphaera elsdenii—and other probiotics for use in animals—

requires a complete characterization of the microorganism’s safety and health benefit(s) 

within the host, susceptibility to antibiotics, and intended use. 

• In order to perform a comprehensive risk assessment along with post-market surveillance 

research to establish continued safe use, additional research on the probiotic’s impact on 

the host microbiome is needed. 

• Policies surrounding genetically enhanced animal feed—similar to Enogen® feed corn—

differ between U.S. and EU regulatory bodies, with emphasis on the “precautionary 

principle” in the EU and “risk assessment” in the U.S. 
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• Postharvest wash interventions—including sodium bisulfate and peroxyacetic acid—

require a defined application for use (sanitizer, production aid, food additive, etc.) and 

demonstration of safety for that use, to avoid adulteration of food and feed products. 

• Regardless of the governing body and regulatory approval process, reproducible, peer-

reviewed research is needed to assist regulators in making informed decisions. 

Overall, both U.S. and EU food safety regulatory and intervention-approval systems have 

made tremendous strides in the safeguarding of domestic and global food systems; however, 

transnational public health threats persist.  The technologies presented do not provide an ultimate 

solution, rather, they illustrate additional weapons for use against these threats. 

The use of probiotics in animal feed to control pathogens remains poorly understood, 

with varying layers of complexity throughout the regulatory process limiting adoption into 

commercial practice. Dr. Steve Traylor, regulatory manager at MS Biotec which produces the 

DFM Lactipro advance product, indicated that this M. elsdenii product “does not fit well in most 

global regulatory schemes for animal feeds, veterinary health products, or animal remedy laws 

and regulations.” Dr Traylor said, “we are at the mercy of each regulatory body on how they 

want to classify the product”, referring to the process and necessary requirements for submitting 

applications for approval to one authority over another (Traylor, 2020).  DFM approval for use 

within the U.S.U. and EU requires characterization of the microbe’s impact on human and 

animal populations along with the greater environmental influence—a process needing decades 

of research. Although this technology holds promise, regulatory approval requires a tremendous 

amount of data in order to perform an appropriate safety assessment. This consideration may 

impede those eager to use this technology.  Genetically enhanced feed, although seen in Chapter 

2 to be effective against foodborne pathogens, seem to be the most difficult technology to adopt 

into a commercial application. This difficulty stems from a fundamental difference in how the 
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EU and U.S. regulate this type of technology, thus the approval process comes with significant 

regulatory hurdles. The final technology, postharvest produce wash interventions, appears well 

researched, with regulatory approval of these treatments underway. Although the findings in 

chapter 4 seem optimistic, the produce safety community should avoid overreliance on any 

single intervention, as their efficacy is not absolute.  

João Vale De Almeida, Ambassador of the EU to the United Nations, spoke of the 

globalization of trade and technological advancement, stating “So much has happened, in so little 

amount of time, that has affected so many people” (Vale de Almeida, 2019).  Present at 

Ambassador Almeida’s speech at the European Horizons Conference, the author participated in a 

transatlantic collaboration, mingling with policy experts and delivering a policy talk. 

Ambassador Almeida’s speech, the author’s policy presentation, and this final dissertation 

chapter all resonate the same message: globalization of people, animals, and food have shaped 

the interconnectedness we experience today; however, one-health threats like AMR or E. coli 

O157:H7 endanger the privilege of safe and secure food.  Access to safe food is not simply 

important for the global food market but represents a fundamental human right (Food and 

Agriculture Organization of the United Nations, 2013). It is the duty of those who research and 

regulate within the food sector to protect this right. Researchers must collaborate with those who 

regulate, and vice versa. The development of new food safety technologies ought to be 

celebrated. The author hopes this dissertation celebrates the promise of novel food safety 

technologies while capturing the scientific, regulatory, and approval-related issues surrounding 

them. 
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Appendix A - SAS Code for Analysis of Megasphaera elsdenii 

Impact on E. coli O157:H7 Prevalence in Feedlot Cattle 

 

PROC IMPORT OUT= WORK.set1  
            DATAFILE= "&path\2018-01 E coli_stat.csv"  
            DBMS=CSV REPLACE; 
     GETNAMES=YES; 
     DATAROW=2;  
     GUESSINGROWS=3000;  
RUN; 
data dat1.MegaSph;set set1; 
if Ecoli=100 then resp=1; 
else if Ecoli=0 then resp=0; 
if EarTag in (57, 137,309,269,332,468) then resp=.; 
if EarTag in (12) and week=2 then resp=.;/*See the e-mail on 
06/25/2019*/ 
run;  
proc sort data=dat1.MegaSph;by lactipro lysine pen; 
proc means data=dat1.MegaSph noprint ;by lactipro lysine pen; 
var resp; 
output out=pensize n=pensize; 
where week=1; 
run; 
 
proc freq data=pensize; 
table lactipro*lysine*pensize/norow nocol nopercent; 
run; 
 
proc freq data=dat1.MegaSph; 
table lactipro*lysine*block/norow nocol nopercent; 
where week=1; 
run; 
ods rtf file="&path\sasoutput.doc" style=monochromeprinter; 
proc tabulate data=dat1.MegaSph; 
class week lactipro lysine; 
var resp; 
table lysine*lactipro, week=' '*resp=' '*(n sum='Number of Pos. 
Animals'*f=8.0 mean='Prevalence Rate'*f=percent8.1); 
run; 
 
 
proc glimmix data=dat1.MegaSph ; 
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class pen eartag block lactipro lysine week; 
model resp= week lactipro lysine lactipro*lysine week*lactipro 
week*lysine week*lactipro*lysine /link=logit d=b ddfm=none s; 
random intercept/subject=eartag; 
random block pen; 
lsmeans week*lactipro/ilink; 
estimate 'wk1' lactipro -1 1 week*lactipro -1 0 1 0/exp cl; 
estimate 'wk2' lactipro -1 1 week*lactipro 0 -1 0 1/exp cl; 
ods output lsmeans=lsm1 estimates=est; 
run; 
 
proc glimmix data=dat1.MegaSph ; 
class pen eartag block lactipro lysine week; 
model resp= week lactipro lysine lactipro*lysine week*lactipro 
week*lysine week*lactipro*lysine /link=logit d=b ddfm=none s; 
random intercept/subject=eartag; 
random block pen; 
lsmeans week*lactipro*lysine/ilink; 
ods select lsmeans; 
ods output lsmeans=lsm2; 
run; 
data lsm2;format mu percent8.1 comb $30.;set lsm2; 
if lysine=0 and lactipro=0  then  comb='0g Lysine;  0 ml Lactipro    
'; 
if lysine=0 and lactipro=20 then  comb='0g Lysine;  20 ml Lactipro'; 
if lysine=40 and lactipro=0 then  comb='40g Lysine;0 ml Lactipro    '; 
if lysine=40 and lactipro=20 then comb='40g Lysine;20 ml Lactipro'; 
run; 
goptions vsize= 4 in hsize=5 in; 
proc sort data=lsm2;by lysine lactipro week; 
symbol1 i=j color=black line=1 value=plus; 
symbol2 i=j color=black line=1 value=circle; 
axis1 order=1 to 2 by 1 offset=(25 25) minor=none; 
axis2 order=0 to 0.2 by 0.1 offset=(2 2) minor=(n=5) label=(a=90 
'Prevalence Rate'); 
proc gplot data=lsm2;by lysine; 
plot mu*week=lactipro/haxis=axis1 vaxis=axis2; 
run; 
proc sort data=lsm2;by comb week; 
symbol1 i=j color=black line=1 value=plus; 
symbol2 i=j color=black line=1 value=circle; 
symbol3 i=j color=red line=1 value=plus; 
symbol4 i=j color=red line=1 value=circle; 
axis1 order=1 to 2 by 1 offset=(25 25) minor=none; 
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axis2 order=0 to 0.25 by 0.05 offset=(2 2) minor=(n=4) label=(a=90 
'Prevalence Rate'); 
legend1 label=(' ') repeat=2 shape=symbol(2,1); 
proc gplot data=lsm2; 
plot mu*week=comb/haxis=axis1 vaxis=axis2 legend=legend1; 
run; 
ods rtf close; 
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Appendix B - SAS code for Analysis of Enogen® Feed Corn Impact 

on E. coli O157:H7 Prevalence in Feedlot Cattle 

 

PROC IMPORT OUT= WORK.set1  
            DATAFILE= "C:\Users\qkang\OneDrive - Kansas State 
University 
\Sara Gragg\Enogen\Adrian Cattle EC Results final_Stat.csv"  
            DBMS=CSV REPLACE; 
     GETNAMES=YES; 
     DATAROW=2;  
     GUESSINGROWS=1000;  
RUN; 
proc format; 
value $sd 'A'='June 12' 
      'B'='June 28' 
   'C'='July 13'; 
run; 
data dat1.Enogen;format sample_date $sd.;set set1; 
if E_coli='1' then resp=1; 
else if E_coli='0' then resp=0; 
else if E_coli=' ' then resp=.; 
else if E_coli='Removed' then resp=.; 
run; 
 
proc sort data=dat1.Enogen;by treatment studypen; 
proc means data=dat1.enogen noprint missing;by treatment studypen; 
var resp; 
output out=pensize n=pensize; 
run; 
 
proc freq data=pensize; 
table treatment*pensize/norow nocol nopercent; 
run; 
ods rtf file="&path\sasoutput.doc" style=monochromeprinter; 
proc tabulate data=dat1.Enogen; 
class sample_date silage corn; 
var resp; 
table silage*corn, sample_date=' '*resp=' '*(n sum='Number of Pos. 
Animals'*f=8.0 mean='Prevalence Rate'*f=percent8.1); 
run; 
 
proc tabulate data=dat1.Enogen; 
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class sample_date silage corn; 
var resp; 
table corn*silage, sample_date=' '*resp=' '*(n sum='Number of Pos. 
Animals'*f=8.0 mean='Prevalence Rate'*f=percent8.1); 
run; 
 
proc logistic data=dat1.Enogen descending; 
class silage corn sample_date/param=glm; 
model resp=silage corn silage*corn; 
strata sample_date; 
exact 'Interaction' silage*corn; 
run; 
proc logistic data=dat1.Enogen descending; 
class silage corn sample_date/param=ref; 
model resp=silage corn ; 
strata sample_date; 
*lsmeans silage corn/ilink; 
exact 'Silage' silage/cltype=exact alpha=0.05 estimate=odds; 
exact 'Corn' corn/cltype=exact alpha=0.05 estimate=odds; 
run; 
ods rtf close; 
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Appendix C - SAS Code for Sodium Bisulfate and Peroxyacetic Acid 

Effect on Phytotoxicity, Browning, and Overall Visual Quality 

Analyses in Fresh-Cut Romaine Lettuce  

proc print data=phyto; 
title 'Phytotoxicity DataLines'; 
run; 
 
proc mixed data=phyto; 
class rep treatment day score; 
model score=rep; 
title 'Phytotoxicity Analysis of Rep Effect'; 
run; 
 
proc mixed data=phyto; 
class rep treatment day score; 
model score=treatment day treatment*day; 
title 'Phytotoxicity'; 
run; 
 
proc mixed data=phyto; 
class rep treatment day score; 
model score=treatment day treatment*day; 
LSMEANS day / pdiff cl adjust=tukey; 
title 'Phytotoxicity by Day'; 
run; 
proc print data=browning; 
title 'Browning'; 
run; 
 
proc mixed data=browning; 
class rep treatment day score; 
model score=rep; 
title 'Browning Analysis of Rep Effect'; 
run; 
 
proc mixed data=browning; 
class rep treatment day score; 
model score=treatment day treatment*day; 
title 'Browning Significant Effects'; 
run; 
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proc mixed data=browning; 
class rep treatment day score; 
model score=treatment day; 
title 'Browning Significant Effects w/out Interaction'; 
run; 
 
proc mixed data=browning; 
class rep treatment day score; 
model score=treatment day; 
LSMEANS treatment day/pdiff cl adjust=tukey; 
title 'Browning LSMEANS for treatment and day'; 
run; 
proc print data=OVG; 
title 'Overall Visual Quality'; 
run; 
 
proc mixed data=OVG; 
class rep treatment day score; 
model score=rep; 
title 'OVG Analysis of Rep Effect'; 
run; 
 
proc mixed data=OVG; 
class rep treatment day score; 
model score=treatment day treatment*day; 
title 'Analysis of Significant OVG Effects'; 
run; 
 
proc mixed data=OVG; 
class rep treatment day score; 
model score=treatment day treatment*day; 
title 'Analysis of Significant OVG Effects'; 
run; 
 
proc mixed data=OVG; 
class rep treatment day score; 
model score=treatment day; 
LSMEANS treatment day / pdiff cl adjust=tukey; 
title 'LSMEANS of Treatment and Day for OVG'; 
run; 
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Appendix D - SAS Code for Sodium Bisulfate and Peroxyacetic Acid 

Effect on Color Visual Quality Analysis in Fresh-Cut Romaine 

Lettuce 

proc mixed data=color; 
class rep treatment day parameter response; 
model response=rep; 
title 'Color Analysis of Rep Effect'; 
run; 
 
proc mixed data=color; 
class rep treatment day parameter response; 
model response=treatment day parameter parameter*day treatment*day; 
title 'Color Analysis'; 
run; 
 
proc mixed data=lightness; 
class rep treatment day response; 
model response=treatment day treatment*day; 
title 'L Analysis'; 
run; 
 
proc mixed data=A; 
class rep treatment day response; 
model response=treatment day  treatment*day; 
title 'A Analysis'; 
run; 
 
proc mixed data=B; 
class rep treatment day response; 
model response=treatment day  treatment*day; 
title 'B Analysis'; 
run; 
 
proc mixed data=Chroma; 
class rep treatment day response; 
model response=treatment day  treatment*day; 
title 'Chroma Analysis'; 
run; 
 
proc mixed data=hue; 
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class rep treatment day response; 
model response=treatment day  treatment*day; 
title 'hue Analysis'; 
run; 
 
proc mixed data=color; 
class rep treatment day parameter response; 
model response=treatment day parameter parameter*day treatment*day; 
title 'Color Analysis by Day and by Parameter'; 
run;  
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Appendix E - SAS Code for Analysis of Sodium Bisulfate and 

Peroxyacetic Acid Effect on E. coli O157:H7 in Fresh-Cut Romaine 

Lettuce 

proc print data=romaine; 
title 'Romaine SBS/PAA'; 
run; 
 
proc mixed data=romaine; 
class rep treatment day count; 
model count=rep; 
title 'Analysis of Rep Effect'; 
run; 
 
proc mixed data=romaine; 
class rep treatment day count; 
model count=treatment day treatment*day 
title 'Count Significant Effects' 
run; 
 
proc mixed data=romaine; 
class rep treatment day count; 
model count=treatment day; 
title 'Count Significant Effects without interaction'; 
run; 
 
proc mixed data=romaine; 
class rep treatment day count; 
model count=treatment day treatment*day; 
LSMEANS day treatment / pdiff cl; 
title 'Count LSMEANS for day and treatment without tukey'; 
run; 
 
proc mixed data=romaine; 
class rep treatment day count; 
model count=treatment day treatment*day; 
LSMEANS day treatment treatment*day / pdiff cl adjust=tukey; 
title 'Count LSMEANS for day and treatment with tukey'; 
run; 
 


