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ABSTRACT 

 

Shiga toxin-producing Escherichia coli are enteric pathogens that can cause severe 

illnesses in humans including Hemolytic Uremic Syndrome (HUS) and Hemorrhagic 

Colitis (HC). These pathogens may be present in the gastrointestinal tract and hide of cattle 

and during the harvesting process might be transmitted to the meat. It is of significant 

importance to prevent the contamination of check and head meat, as these are often used 

in the production of ground beef. If the head or cheek meat has been contaminated with 

pathogens during head processing, that contamination can further spread during grinding. 

The purpose of this study is to examine the application of commonly used carcass 

antimicrobial interventions [lactic acid (LA), peroxyacetic acid (PAA), acidified 

peroxyacetic acid (aPAA), and 1,3-Dibromo-5,5-dimethylhydantoin (DBDMH)] for the 

reduction of STEC on fresh head and cheek meat during beef head processing. On the first 

phase of the study four replications were performed. Beef heads (n=20) were inoculates 

with STEC surrogates and assigned to one of 10 different treatments for 5 or 15 min: 1. 

Control (no treatment), 2. Water, 3. 1% LA, 4. 2% LA, 5. 200 ppm PAA, 6. 400 ppm 

PAA, 7. 200 ppm aPAA, 8. 400 ppm aPAA, 9. 200 ppm DBDMH and 400 ppm DBDMH. 

For the second phase of the study two additional replicates of 4 different treatments were 

performed: control, water, 2% LA, and 400 ppm PAA. After each treatment, the heads 

were allowed to drip for 5 min, and were then sampled to obtain head and cheek meat 

subsamples. The subsamples were subjected to serial dilutions using BPW and plated into 

3M™ Petrifilm™ E. coli/Coliform count plates for enumeration.  
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Results from this study showed that dipping treatments including 2% LA, and 400 

ppm PAA are capable of significantly (P < 0.05) reduce surface bacteria on fresh head 

and check meat by more than 1.2 log CFU/g.  Neither water nor DBDMH dipping 

treatment produced a significant reduction on head or cheek meat surface bacteria. Further 

investigations are recommended in order to validate an adequate system to be employed 

within beef processing facilities to provide adequate decontamination of heads while 

preventing cross-contamination. 
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CHAPTER I 

INTRODUCTION 

Pathogenic Escherichia coli cause several outbreaks worldwide each year and 

therefore are considered to be major foodborne pathogens. Shiga toxin-producing E. coli 

(STEC) has been linked to several outbreaks (35, 37, 38, 40) and in recent reports it has 

been estimated to cause 175,905 illnesses annually (63,153 STEC O157:H7, and 112,752 

STEC non-O157:H7) (116). The most common STEC serogroups related to human 

disease are O157, O26, O45, O103, O111, O121, and O145, and these serotypes are 

recognized as food adulterants by the Food Safety and Inspection Service (FSIS) (17, 131). 

STEC transmission to humans occurs through consumption of contaminated food, 

water or direct contact with infected people or animals (106), and the fecal-to-oral route 

is the primary pathway for infection. This pathogen has a low infective dose that has been 

estimated to be 10 to 100 organisms (81, 136). Once ingested, the pathogen enters the 

human digestive system via the mouth and must survive the stomach acidic environment 

to reach the colon where it attaches and releases Shiga toxin (63, 106). The diarrheal 

disease produced by this pathogen may range from mild to bloody. Infected patients may 

develop severe complications, such as hemorrhagic colitis (HC), and hemolytic-uremic 

syndrome (HUS) characterized by acute kidney failure, microangiopathic hemolytic 

anemia, and thrombocytopenia (13, 70).   

Beef products may become contaminated with STEC during the slaughter and 

dressing of cattle. Ruminant species have been recognized as STEC natural reservoirs (74, 

110). It is commonly accepted that internal and intact muscles of an animal are sterile until 
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the hide is removed during harvesting. When the knife cuts through the hide and into 

muscle, as the tissue is exposed, the meat may become contaminated. (3, 134). During the 

hide removal step the head is usually hanging down. This positioning of the carcass may 

allow in microbial contamination to migrate from carcass surfaces to the head (56, 111).   

Different decontamination methods have been designed to effectively reduce 

microbial contamination on carcass, primal and subprimal cut surfaces, and their 

effectiveness has been widely tested (15, 30, 44, 79, 112). However, use of these methods 

to obtain an optimal reduction of pathogens on head and cheek meat has not been widely 

studied or implemented. The intent of this study is to examine the application of 

commonly used carcass antimicrobial interventions [lactic acid (LA), peroxyacetic acid 

(PAA), acidified peroxyacetic acid (aPAA), and 1,3-Dibromo-5,5-dimethylhydantoin 

(DBDMH)] for the reduction of STEC on fresh head and cheek meat during beef head 

processing. 
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CHAPTER II 

LITERATURE REVIEW 

 

Impact of foodborne illness  

Foodborne pathogens are a significant cause of illness and death. Recognized 

foodborne pathogens include protozoa, helminths, fungi, bacteria, viruses, and prions (75). 

It is estimated that in the U.S. approximately 48 million people suffer foodborne diseases 

annually, however, only 20% of these cases can be linked to a specific pathogen (69). The 

economic burden of foodborne pathogens in the U.S. has been reported to be 

approximately $15.5 billion per year (69). 

Foodborne diseases result from the consumption of contaminated food products. 

These illnesses may be caused by pathogens, allergens and chemicals that contaminate the 

food at some point in the production chain (123). Foodborne illnesses have an impact on 

the world economy. It is estimated that 76 million illnesses associated with the 

consumption of food occur each year in the U.S., resulting in productivity losses and 

medical costs that range from $6.6 billion to $37.1 billion (22, 95). The costs associated 

with foodborne diseases include, but are not limited to, workers productivity, medical 

costs, and, in the worst scenario, death expenses. The economic losses also include the 

recall of products and the image damage that may be produced by the association of an 

outbreak to a specific product or company. In order to prevent foodborne illnesses, 

government agencies and food industries spend a significant amount of resources on 

prevention (69).  
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The Foodborne Disease Active Surveillance Network (FoodNet) data gathering 

system is a collaborative program among the U.S. Department of Agriculture Food Safety 

and Inspection Service (USDA-FSIS), Centers for Disease Control and Prevention (CDC), 

and the U.S. Food and Drug Administration (FDA). It conducts surveillance on nine 

foodborne pathogens in California, Colorado, Connecticut, Georgia, Maryland, 

Minnesota, New Mexico, New York, Oregon and Tennessee. The pathogens monitored 

by FoodNet include Campylobacter spp., Cryptosporidium spp., Cyclospora, Listeria 

monocytogenes, Salmonella, Shiga toxin-producing Escherichia coli (STEC) O157 and 

non-O157, Shigella spp., Vibrio spp., and Yersinia. (36, 66).  

Foodborne illnesses are often underreported. The most common causes for this 

are: people with acute diarrhea usually do not seek medical care, or in the cases that do 

pursue medical care sometimes it is not possible to identify the cause, or the cause is not 

adequately reported (54). FoodNet monitors changes in the incidence of the selected 

pathogen, attributes illnesses produced by each pathogen to food sources, and estimates 

the total numbers of foodborne illnesses in the country (66). Pathogenic E. coli, 

Salmonella, and Campylobacter spp. constitute the greatest burden of foodborne diseases 

for which etiology is known (87). 

Salmonella is recognized as one of the main causes of foodborne disease in 

developed countries (24). Most salmonellosis cases do not result in a medical visit, 

however, Salmonella infections are potentially serious and may be fatal for people that are 

immunocompromised (54). FoodNet estimates that in the U.S. 1.3 million cases of 

salmonellosis occur annually due to the consumption of food contaminated by Salmonella 
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(54). The economic burden due to this pathogen in the U.S. is estimated at $2.8 billion to 

$3.6 billion annually (4, 66, 69). 

Campylobacter together with Salmonella are recognized as the two most common 

causes of bacterial foodborne illnesses in the U.S. (93). The annual cost of foodborne 

illness estimates for Campylobacter enteritis range from $800 million to $5.6 billion (23, 

69). Campylobacteriosis disease can range from mild diarrhea that may resolve in less 

than a week without professional medical attention, to severe bloody diarrhea that requires 

medical attention. In some cases Campylobacter may lead to the development of Guillain-

Barré syndrome a few weeks after infection (22, 75).  

Shiga toxin-producing E. coli is widely recognized as an important cause of 

foodborne diseases. The severity of the diseases may range from a mild diarrhea to severe 

complications such as hemorrhagic-uremic syndrome (HUS) and hemorrhagic colitis 

(HC). It was reported that the estimated cost of illness due to STEC O157:H7 is 

approximately $405.2 million per year (53). The reported economic cost associated with 

STEC O157 infections has been shown to be higher than the cost related to non-O157 

cases (69). 

The study and prevention of foodborne diseases is dynamic and in constant 

evolution. New pathogens could emerge, and the currently recognized pathogens may 

appear on different food vehicles or acquire new virulence or resistance characteristics. 
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Escherichia coli 

The genus Escherichia, named after the German pediatrician Theodor Escherich, 

consist of facultative anaerobic Gram-negative, mesophilic, rod shaped bacteria that 

belong to the Enterobacteriaceae family (49, 75). E. coli species include nonpathogenic 

bacteria that are a part of the normal microbiota of the intestinal tract of humans and 

animals, and a small number of pathogenic bacteria that have acquired genes that enable 

them to cause intestinal or extra-intestinal disease (58, 63). E. coli can be serologically 

classified based on their somatic (O), flagellar (H), and capsular (K) antigens, The O 

antigen identifies the serogroup of a strain, and the H antigen identifies its serotype (80, 

96). Several E. coli serogroups have been identified, however, not all of them have been 

shown to cause illness. 

E. coli pathogens are one of the most important etiological agents of diarrheal 

disease. Diarrheagenic E. coli strains have acquired particular sets of virulence factors 

through horizontal gene transfer, and the specific combination of these factors determine 

pathotype characteristics, regarding preferential host colonization site, virulence 

mechanisms, and clinical symptoms (58). Pathogenic E. coli can be categorized into six 

pathotypes according to virulence factors and mechanisms by which they cause disease. 

The pathotypes described include: enteropathogenic E. coli (EPEC), enterotoxigenic E. 

coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), diffusely 

adherent E. coli (DAEC) and enterohemorrhagic E. coli (EHEC) or Shiga toxin-producing 

E. coli (STEC) (80).   
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Enteropathogenic E. coli (EPEC) 

EPEC was first described as a causative agent of infant diarrhea, characterized by 

watery stools, often accompanied by vomiting and low grade fever (68). This E. coli 

pathotype does not causes diarrhea by toxin production, EPEC-induced diarrhea is a multi-

factorial process that involves disturbances in ion transport, intestinal permeability 

disruption, intestinal inflammation, serotonin butyrate transporters modulation and loss of 

absorptive surface area resulting from microvillus effacement (68, 75, 80) 

EPEC produces a characteristic attaching and effacing (A/E) lesion which is 

marked by effacement of microvilli on the epithelial surface at the site of bacterial 

attachment (80). A/E lesions are encoded by a pathogenicity island (PAI) of around 35kb 

known as locus of enterocyte effacement (LEE), which is organized into five operons 

(LEE1 to LEE5) (58). The A/E lesion begins with a nonintimate bacterial attachment, 

followed by the injection of type III proteins, and the secretion of various effector proteins 

including tir, espF, espG, espH and Map, that are translocated into the host cell. The 

bacteria binds through the tir-intimin interaction, leading to the activation of protein 

kinase C (PKC), phospholipase Cγ, myosin light-chain kinase and mitogen-activated 

protein (MAP) kinases, producing several downstream effects, which include permeability 

increase due to loosened tight junctions that effect cytoskeletal changes and microvilli 

effacement (80). 

The infection of intestinal epithelial cells with EPEC decreases epithelial ion 

absorption. The type III secretion system of EPEC releases E. coli secreted proteins (esp) 

into the host cytosol, espF inhibits the function of the Na+/H+ exchanger isoform 3 



 

8 

 

(NHE3), whereas espG, affect the apical Cl-/HCO3- exchanger downregulated in adenoma 

(DRA) via disruption of microtubules, leading to a decrease in the exchange activity (68). 

All these together lead to the diarrhea production.  

 

 Enterotoxigenic E. coli (ETEC) 

ETEC is the recognized cause of travelers’ diarrhea, characterized by watery 

diarrhea with little or no fever, abdominal pain, nausea and vomiting (50, 97). Humans are 

the main reservoir of ETEC strains associated with human diarrheic illness (96). The 

infective dose of ETEC has been estimated to be 106 to 1010 cells, but in 

immunocompromised people, elderly and children the infective dose may be lower (50, 

75, 97). Pathogenesis is due to enterotoxin production, which gives rise to intestinal 

secretion (80). ETEC strains attach to and colonize the small intestine by the use of 

fimbrial colonization factor antigens, followed by toxin secretion once attached (75). 

ETEC enterotoxins include a 91kDa heat-labile toxin (LT) that is destroyed at 60°C in 

approximately 30 min and a 4kDa heat-stable toxin (STa or ST-1, and STb or ST-II) that 

can resist 100°C for 15 min (50, 75).  

ETEC enterotoxins produce diarrhea by various mechanisms. The LT has a 

mechanism of action similar to that of the cholera toxin, increasing Cl- secretion via 

activation of cAMP (cyclic adenosine monophosphate) (50, 68). The STa binds to a 

specific high-affinity non-ganglioside receptor, starting a transmembrane signal that 

triggers the production of intracellular cyclic guanosine monophosphate (cGMP). The 

increased levels of mucosal cGMP lead to loss of fluids and electrolytes, producing 
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diarrhea (75, 80). While, the STb induces elevation of cytosolic Ca2+ concentrations, 

stimulating prostaglandin E2 and serotonin release, which lead to increased ion and water 

secretion, resulting in diarrhea (80). 

 

Enteroinvasive E. coli (EIEC) 

EIEC cause an invasive inflammatory colitis, with watery diarrhea, 

indistinguishable from that due to other pathogenic E. coli infection and occasionally 

dysentery (80). The infective dose of EIEC has been estimated to be 106 cells (50). EIEC 

pathogenesis is primarily due its ability to invade and destroy colonic tissue, it possess 

140MDa enteroinvasive plasmids (pINV) that are similar to those found in Shigella 

flexneri and are essential for their invasiveness (75). Epithelial cell penetration is followed 

by lysis of the endocytic vacuole, intracellular multiplication, directional movement 

through the cytoplasm and extension into adjacent epithelial cells (80). 

 

Enteroaggregative E. coli (EAEC) 

EAEC are recognized by a distinctive adherence to HEp-2 cells in an aggregative 

stacked brick-like pattern (101). EAEC strains cause a persistent diarrhea that may last 

more than 14 days, especially in children and immunocompromised individuals (75, 99, 

100). The watery diarrhea may be accompanied by occasional presence of mucus and 

blood, abdominal pain, nausea, vomiting and low-grade fever (58, 83).  

EAEC carry a 60MDa plasmid that is needed for the production of fimbriae that 

are responsible for the aggregative expression, and for a specific outer membrane protein 
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involved in bacteria-eukaryotic cell adherence, bacteria-bacteria adherence and biofilm 

formation (75, 92). Pathogenesis initiates with the adherence of the bacteria to the 

intestinal mucosa and the mucus layer in an aggregative pattern (101). The initial 

adherence is mediated by the aggregative adherence fimbriae (AAF), it promotes auto-

agglutination of EAEC and mediate bacterial adherence to extracellular matrix proteins 

such as fibronectin, laminin, and collagen IV (92, 101).  

In order to neutralize negative charge polysaccharides of the bacteria, EAEC 

secrete a protein named dispersin that permit the positively charged AAF fimbriae to 

mediate distant interactions (99). EAEC form mucoid biofilms at the surface of the 

intestinal epithelium of the terminal ileum and of the colon and some strains may elaborate 

toxins (64, 99). The oligomeric enterotoxin called Shigella enterotoxin 1 (ShET1) and the 

E. coli heat-stable enterotoxin EAST1 contribute to the watery, secretory diarrhea; and the 

plasmid encoded toxin (Pet), a cytotoxin that modifies the cytoskeleton of enterocytes, 

leads to cell elongation and exfoliation and cell detachment (58, 83, 99).  

 

Diffusely adherent E. coli (DAEC)  

DAEC are recognized by a characteristic, diffuse adherence pattern on HeLa and 

HEp-2 cells, in which the bacteria uniformly cover the entire cell surface (80, 115). It may 

cause intestinal and urogenital infections (62, 118). 

DAEC strains induce a cytopathic effect that is characterized by the development 

of long cellular extensions, which wrap around the adherent bacteria (80). This adherent 

pattern is mediated through afimbrial (Afa) and fimbrial adhesins that interact with the 
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brush border-associated complement decay-accelerating factor (43). The secreted 

autotransporter toxin (Sat), a serine protease autotransporter, act as a virulence factor by 

promoting lesions in the tight junctions of polarized epithelial cells (62). EAEC also 

triggers a Ca2+ dependent signaling cascade, that induce the elongation and lesions in the 

brush border microvilli through the disorganization of key components of the cytoskeleton 

(43). The structural damage of brush border is accompanied by a decrease in the enzyme 

activity and expression of functional brush border-associated proteins (118). 

 

Shiga toxin-producing E. coli (STEC) 

STEC is capable of expressing one or more subtypes of Shiga toxin (stx). This 

cytotoxic toxin possess a structure and function similar to the Shiga toxin produced by 

Shigella dysenteriae (17, 63). Numerous STEC strains are capable of producing one or 

both Shiga toxins (stx1 and stx2), but not all of them are significant human pathogens (82). 

Patients with a STEC infection will present diarrhea from mild to bloody and may develop 

severe complications as HC, and HUS. HC symptoms include bloody diarrhea, abdominal 

cramps, fever, and vomiting, while HUS is characterized by thrombocytopenia, renal 

failure, and hemolytic anemia (13, 70). 

Different STEC serotypes have been implicated as the cause of foodborne 

outbreaks. The most common serogroups related to human disease are O157, O26, O45, 

O103, O111, O121, and O145 (17), and these serotypes are recognized as food adulterants 

by FSIS in raw intact and non-intact beef products that are intended for use in raw non-

intact products (131). 
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STEC virulence factors  

STEC virulence factors vary to some extent among strains, but all strains by 

definition produce Shiga toxin (82). Described virulence factors include Shiga toxin (stx), 

intimin (eae), hemolysin (hlyA), extracellular serine protease gene (espP), catalase 

peroxidase gene (katP), and etpD among others (13, 48) 

Most of the primary virulence determinants of STEC are chromosomally encoded, 

however, some virulence factors encoded in plasmids have been reported to play a role in 

the pathogenesis of STEC (14). The stx genes are encoded on bacteriophages integrated 

in the chromosome of the bacteria (27, 63). Two types of Shiga toxin that share 

approximately 55% amino acid homology and different antigenic variants of them have 

been identified: stx1 (stx1a, stx1c, stx1d), and stx2 (stx2a, stx2b, stx2c, stx2d, stx2d-

activatable, stx2e, stx2f and stx2g) (58, 80, 121).  

The Shiga toxin consists of one enzymatically active A subunit non-covalently 

associated to five B subunits that are responsible for binding the toxin to the glycolipid 

globotriaosylceramide (Gb3) on the target cell surface (76, 80, 103).  Various cell types 

are sensitive to this toxin, including enterocytes, renal, aortic, and brain endothelial cells, 

platelets and erythrocytes, among other cell types (110). The A subunit is responsible for 

the ribosomal RNA cleavage, leading to protein synthesis disruption, pro-inflammatory 

cytokine expression and cell death (76, 80). 

The toxin is produced in the colon, where it causes local damage resulting in 

bloody diarrhea and hemolytic colitis. It may travel to the kidney by the bloodstream, 

where it damages the endothelial cells and occludes the microvasculature, leading to 
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inflammation that may contribute to HUS (80). Different studies have indicated that 

strains carrying stx2 have a higher virulent potential than those with stx1 or both stx1 and 

stx2 (12, 55) 

STEC strains may carry the pathogenicity island of 43kb, LEE, that contains a 

cluster of genes whose products contribute to their pathogenesis (80). Genes associated 

with adherence to the host cell include the chromosomally located genes iha, long polar 

fimbriae (lfp) and genes located in the LEE (14, 98). The locus of enterocyte effacement 

is functionally composed by three modules: one that encodes for a type III secretion 

system, one that encodes the secreted proteins espA, espB and espD, and one that encodes 

for intimin (eae) and the translocated intimin receptor (tir) (27). 

Intimin is encoded by the eae gene, and it allows the STEC tight adherence to the 

host intestine during infection (14). Fourteen antigenic variants of the eae gene that encode 

14 different intimin types and subtypes can be identify using intimin type-specific PCR 

assays (α1, α2, β1, β1, γ1, γ2/θ, δ/κ, ε, ξ, η, ι, λ, μ, ν) (11). Different STEC serotypes 

express different intimin subtypes for example the subtype eae-γ1 is associated with 

highly pathogenic STEC serotypes O157:H7 and O145:H-, intimin ε is associated to 

serogroups O103 and O121 and the subtype β have been linked to serogroup O26 (14, 27, 

48). Intimin along with the tir gene are responsible for the adherence and effacing (A/E) 

lesion, an arrangement of the intestinal epithelial cell architecture in a characteristic 

pedestal formation (63, 100) 

STEC O157 possess a large virulence plasmid of approximately 90kb named 

plasmid pO157. This is a dynamic structure, which consists of different mobile genetic 
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elements such as prophages, transposons, and parts of other plasmids assembled together 

by recombination events (27). This plasmid carries a type II secretion system, toxB, hly 

operon, katalase-peroxidase (katP) and a serin protease (espP) (27). The extracellular 

serine protease (espP) is able to cleave pepsin and coagulation factor V, leading to 

hemorrhagic colitis exacerbation, it also cleaves multiple complement system components 

protecting bacteria from the immune system-mediated elimination (18, 110). Large 

plasmids similar to pO157 that carry the hly operon can be found in most non-O157 STEC, 

while the other markers are not usually found as part of these plasmids (27). 

 

Pathways of infection- animal reservoirs 

Cattle and other ruminant animals have been recognized as natural reservoirs of 

STEC. E. coli O157:H7 is considered a member of the normal microbiota in cattle and 

does not cause disease (74, 110). Cattle are able to carry STEC asymptomatically due to 

the lack of the Gb3 receptor in the blood vessels of their gastrointestinal tract, allowing 

STEC to colonize without causing clinical symptoms typically observed in humans (102). 

Meat products may be contaminated through the harvesting and processing of 

STEC colonized animals. In whole carcasses, the prevalence rates will range from 0.01% 

to 43.4% for STEC O157, and from 1.7% to 58.0% for non-O157 STECs (70). 

Shedding by these animals can also contaminate the soil and water, leading to the 

contamination of other products (19). Produce can become contaminated with STEC 

before harvest when grown in fields fertilized with contaminated manure or irrigated with 

contaminated water. The presence of cattle feed yards near farms where produce is 
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cultivated, is a big risk factor, as the feces of the cattle may contaminate the water that is 

used for irrigation (73, 122). STEC O157:H7 can remain viable in bovine feces for more 

than 7 weeks (135) and can survive in soil fertilized with contaminated manure or irrigated 

with contaminated water for more than 7 months (73). The long persistence of the 

pathogen in the environment increases the risk for transmission through wash-off to 

nearby farms. Because of this, proper management of cattle waste is critical in controlling 

STEC spreading into vegetable crops. 

STEC transmission occurs through consumption of contaminated food, water or 

direct contact with people or animals (106). The fecal-to-oral route is the primary pathway 

for E. coli infections in humans. In several outbreaks, ingestion of contaminated food 

products has been recognized as one of the main causes of infection. Consumption of 

undercooked ground meat has been associated with up to 40% of outbreaks. Products such 

as apple juice, unpasteurized dairy products, vegetables and other meat products have also 

been implicated in outbreaks worldwide (19, 110). 

The low infectious dose of this foodborne pathogen is of particular interest (28, 

80). The infectious dose has been estimated to be as low as 10 to 100 cells (81, 136). Once 

ingested, the pathogen enters the gastrointestinal system through the mouth and must 

survive the acidic environment of the stomach before moving through the intestines to the 

colon, where the bacteria attaches to the cell wall, producing cellular damage and releasing 

Shiga toxin (63, 106).  

Symptoms usually appear 3 to 4 days after exposure, most of the people infected 

with STEC will experience mild diarrhea, abdominal cramps, nausea, or no symptoms at 
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all (69). On average, the acute illness ends 6 to 8 days after onset (24), and a high 

percentage of infected people recover without medical care, but around 15% of cases 

experience more serious symptoms, such as bloody diarrhea or severe complications as 

HUS (69). 

 

STEC outbreaks 

An outbreak occurs when two or more people report illnesses that are traced to the 

same exposure source (61). From 1998 to 2016, there have been 142 outbreaks, 2,075 

illnesses, 498 hospitalizations and 9 deaths from Escherichia-related incidents in beef 

registered in the National Outbreak Reporting System (NORS) (35).  

The first outbreak linked to STEC was reported in 1982. E. coli O157:H7 was 

found in stool samples of patients with gastrointestinal illness who developed bloody 

diarrhea and abdominal cramps after eating hamburgers (96, 113). In January 1993, the 

Jack in the Box STEC O157:H7 outbreak caused the deaths of 3 children under the age of 

3 years old (88). The presence of E. coli O157:H7 in ground beef is considered adulterated 

and is not allowed into commerce (86). 

According to the CDC more than 265,000 illness each year have been associated 

with STEC, causing more than 3600 hospitalizations annually (39). Fey et al., (51) found 

a 4.2% STEC prevalence in stool samples associated with sporadic diarrhea cases in 

Nebraska. The largest percentage of foodborne outbreaks caused by STEC is attributed to 

beef (58%), followed by leafy vegetables (17%), dairy, and fruits/nuts commodities (59). 
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In the U.S., 55.2% of O157 foodborne outbreaks and 40% of non-O157 STEC outbreaks 

between 1999 and 2008 were linked to beef (9).  

E. coli O157:H7 causes 63,000 cases of foodborne illness in a typical year while 

non-O157 STECs causes around 112,000 cases. This represents less than 1% and 1.2% of 

the cases of foodborne illnesses acquired in the U.S. for which a specific pathogen cause 

can be found respectively, with almost half of the STEC O157 cases requiring 

hospitalization (69).  

In 2014, a STEC O157:H7 outbreak linked to ground beef occurred and twelve 

people from 4 different states (Michigan, Ohio, Missouri, and Massachusetts) reported 

illness. Patient’s ages ranged from 16 to 46 years old and 58% of the patients were 

hospitalized; however, there were no deaths associated with the outbreak (38). Traceback 

investigations indicated that contaminated ground beef produced by Wolverine Packing 

Company (Detroit, Michigan) was the likely source of this outbreak, leading to the recall 

of approximately 1.8 million pounds of ground beef products (129).  

In 2018 a multistate outbreak of STEC O157:H7 infections linked to romaine 

lettuce produced in the Yuma region (Arizona) affected 210 people from 36 states. The 

illnesses occurred from March 13, 2018 to June 6, 2018 with 96 hospitalizations, 27 HUS 

cases and five deaths reported. The strain of E. coli O157:H7 associated whit this outbreak 

was identified in canal water samples taken from the Yuma growing region (37). The same 

year, on September 19, Cargill Meat Solutions (Fort Morgan, Colorado) recalled ground 

beef products that were produced and packaged on June 21 and shipped to retailers. This 

recalled ground beef was associated with 18 STEC O26 cases in 4 states (Colorado, 
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Florida, Massachusetts and Tennessee). Six hospitalizations and 1 death were reported in 

this outbreak (40). 

In 2019 a multistate E. coli O103 outbreak involving 196 people from 10 states 

was related to ground beef.  The illnesses occurred from March 01, 2019 to April 19, 2019 

with 28 hospitalizations, 2 HUS cases and no deaths reported. Two companies, Grant Park 

Packing (Franklin Park, Illinois) and K2D Foods-Colorado Premium Foods (Carrollton, 

Georgia), recalled ground beef products that were sold to restaurants and institutions 

because they may be contaminated with E. coli O103 (41). 

 

Meat byproducts (offal-variety meat): beef head and cheek meat 

Animal byproducts, or offal, include all parts of a live animal that are not part of 

the dressed carcass. In the case of cattle it is approximately 44% of the live weight of the 

animal (94). These byproducts may be classified into edible and inedible for humans. 

Inedible offal consists of the hide and skin, blood, and fat. While edible offal includes 

variety meats such as liver, brain, heart, kidney, tongue and feet (3).  

Variety meats are an excellent source of essential nutrients required in the human 

diet. In some developing countries, consumption is associated with low-income 

populations as they are an inexpensive way to obtain high-quality protein (1, 104), while 

in other countries offal products are part of traditional dishes associated with cultural and 

religious practices (3, 71). In some Asian countries, edible offal products such as liver and 

heart are eaten raw. For example, sashimi, a food that consists of very fresh raw meat or 

fish sliced into thin pieces, is consumed in Japan (8). 
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Meat industry byproducts have economic importance as they can be used in a 

variety of industries, including pharmaceutical, textile, cosmetic, and human or animal 

food (3, 108). Offal attribute for 4.9% of the total revenue for beef slaughter (42). In the 

U.S., edible offal are primarily used as ingredients in products such as sausages and ground 

meat (94). Animal bones and skin can be used in gelatin production, intestines are used as 

sausage casings, cheek and head trimmings are commonly used in sausages and 

hamburger patty manufacturing, and kidneys and spleens can be found as an ingredient in 

pet food (3, 56). 

When beef cheek meat is used in the preparation of ground beef, the amount used 

is limited to 25%, and it should be declared on the label if used in higher proportions (131). 

A 24.3% non-O157 STEC prevalence was observed in commercial ground beef samples 

obtained from numerous manufacturers across the U.S. (14). When beef is ground, the 

surface area of the product is increased and microorganisms that may be present on the 

exterior of the meat will be spread through the rest of the meat, possibly increasing the 

chance of exposure to contamination. Ground beef contaminated with pathogens 

represents a high risk if hamburger patties are not cooked well done and the center of the 

patty is not exposed to lethal temperatures (160 ºF or 71.1ºC) (106).  

 

Harvest of beef head and cheek meat 

The muscle tissue of healthy animals before slaughter is considered sterile, 

however, microbial contamination of carcasses can occur at beef harvesting facilities 
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during processing (3). Higher bacterial counts have been found on head and cheek meat 

when compared to other beef trimmings (28) 

Bacteria on the hides of animals at slaughter, including pathogens such as STEC 

O157:H7 and Salmonella, have been identified as the main source of contamination during 

the processing of beef carcasses (7, 13, 134). Pathogens may be part of the cattle hide 

microbiota due to the close proximity of animals during transport and lairage (20).  

When harvesting beef head tissues, critical hygiene points may be applied in order 

to avoid cross-contamination from the carcass, the equipment, workers and the 

environment (91, 111). Identification of sites where antimicrobial interventions should be 

applied on the harvest floor is critical. This, along with strict hygiene practices and 

adequate zone division can help to reduce the incidence of pathogens in the processing 

environment. 

At harvesting the animal is rendered unconscious, typically by mechanical 

stunning that uses air pressure. Buncic et al., (20) showed that penetrative stunning of food 

animals carries a risk of introducing pathogenic bacteria from the skin into edible parts of 

the animal. The possible dissemination of Bovine Spongiform Encephalitis (BSE) agents 

from the brain of infected animals to edible tissues also exists during this procedure (111). 

After stunning, the animal is positioned with the hind legs in the air and the head 

toward the ground. The exsanguination process is carried out immediately after stunning 

and the animal is allowed to bleed out before going through a hide-on carcass wash that is 

usually used as the first microbial intervention on the harvest floor (56).  
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In typical beef harvesting processes applied in the U.S., the head, as the lowest part 

of the animal during the early stages of dressing, is at particular risk of contamination due 

to splash, draining of surface water, and worker handling (56, 111). The head is usually 

removed from each carcass after dehiding, prior to evisceration, and the heads are carried 

by chain conveyors through the processing floor (28, 56). Proper procedures including 

flushing nasal, throat, and mouth cavities, and washing the whole head and tongue, must 

be followed when processing whole heads (65). During removal of meat tissue from the 

head and cheek, the meat is usually dropped onto a conveyor belt for transport to drums 

where it can be washed, drained and packed (56).  

Variety meats tend to be more perishable than carcass meat, due to a higher 

glycogen and lower fat content. Therefore, these products must be handled with sanitary 

procedures and chilled quickly after slaughter (3, 104). During the washing of head meat 

several interventions may be applied in order to reduce the possible presence of bacteria. 

Keen et al., detected STEC O157:H7 in the cattle oral cavity during harvesting (84). This 

may act as a source of contamination that is not affected by antimicrobial treatments 

applied to the head exterior surface throughout processing. 

 

Meat inspection and federal regulations 

Food safety regulations are designed to reduce the risk of human illnesses through 

prevention and control of the presence and amount of foodborne pathogens and other 

hazards in food products (24). The Federal Meat Inspection Act (FMIA) of 1906 and the 

Wholesome Meat Act of 1967 were designed and implemented to provide the public with 
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a safe, wholesome meat supply (72). FMIA established sanitary standards for slaughter 

and processing establishments and mandated ante- and post-mortem inspection of every 

carcass, including cattle, hogs, sheep and goats (3). 

Required programs such as the implementation of Hazard Analysis Critical 

Control Point system (HACCP) and Sanitary Standard Operating Procedures (SSOPs), 

allow establishments to adjust their practices to fit the needs of their operations and meet 

microbiological performance standards (130, 133). This control system has been used in 

food production to prevent problems by applying control points in a food production 

process where hazards could be controlled, reduced, or eliminated (128). HACCP was 

adopted voluntarily in 1996 by a group of beef harvesting facilities, but USDA made the 

implementation of this program mandatory between 1998 and 2000, starting with large 

plants with more than 500 employees on January 26, 1998, small establishments (between 

10 and 500 employees) on January 25, 1999 and finalizing with very small plants (less 

than 10 employees or annual sales of less than $2.5 million) on January 25, 2000 (130). 

STEC O157:H7 was declared an adulterant in 1994 by the USDA-FSIS, 

establishing a zero-tolerance policy for this pathogen. In 2011 another six STEC 

serogroups (O26, O45, O103, O111, O121 and O145) where declared as adulterants by 

FSIS (131). In food processing environments the presence of non-pathogenic E. coli may 

serve as an indicator of process failure, and meeting performance criteria for E. coli 

determines if a beef harvesting facility is operating within the limits of Title 9 of the U.S. 

Code of Federal Regulations (CFR), part 310.25. The CFR outlines criteria that 
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establishments must follow to verify their process through written procedures, sampling, 

and analysis for the reduction of E. coli (125).  

 

Antimicrobial interventions 

Interventions used in the U.S. must be approved by the FDA as generally 

recognized as safe (GRAS), and under the FMIA, FSIS is responsible for determining the 

suitability of FDA-approved substances in meat products. (16, 126). The FSIS directive 

7120.1 “Safe and suitable ingredients used in the production of meat, poultry, and egg 

products” provides a list of substances that may be used as an intervention in beef 

production, the amount of antimicrobial allowed, and the point in the process where it can 

be applied (127). 

 

Carcass interventions 

Throughout harvesting and subsequent processing, microbial contamination of 

meat products may occur. It may be introduced onto the edible product from the hide, 

gastrointestinal tract, workers, and the environment (137). Since beef is one of the major 

proteins consumed worldwide, in order to improve safety, the meat industry employs 

numerous methods to reduce pathogen loads in the meat products supply. Multiple carcass 

interventions have been implemented as a control measures for STEC in the meat industry.  
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Hot water 

For a hot water (HW) treatment of carcass surfaces to be effective in reducing 

bacteria, temperature is the most important factor to be considered; however, other factors 

such as volume of the spray, type of nozzle, and distance from the nozzle to the carcass 

play an important role in influencing effectiveness of a HW treatment (30). It has been 

reported that 80 to 82°C water was required in order to deliver 72°C water to a carcass 

surface located 15 cm from the wash nozzle tip, and that any increase in water pressure 

above 20 psi would induce additional atomization of the water, resulting in a lower carcass 

surface temperature (46). 

Castillo et al., (32) evaluated the use of HW for beef carcass contamination. They 

compared the effect of a warm water wash (manual wash at 25°C, 10 psi, 10s followed 

high pressure wash at 35°C, 250 to 400 psi, for 9 s) and a warm water wash followed by 

a HW spray (95°C, 24 psi, 5 s) on fecal contaminated carcass areas. In this investigation, 

inside and outside rounds, brisket, flank and clods were contaminated with inoculated 

bovine feces containing 106/g rifampicin-resistant E. coli O157:H7 or with uninoculated 

feces to evaluate indicator organisms (aerobic plate counts (APC), total coliforms and 

thermotolerant coliforms) (32). Antimicrobial treatments were evaluated according to two 

different time delays with respect to the inoculation (5 min and 20-30 min). The 

researchers reported that all treatments significantly reduced indicator organisms and 

pathogen levels from the initial inoculation level without being affected by the treatment 

delay (32). However, treatments which included HW were associated with significantly 

greater reductions than those obtained by water wash alone. In the case of indicator 
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organisms, a reduction of 1.3 to 2.3 log CFU/cm2 was obtained by the water wash and an 

additional reduction of 0.5 to 2.3 log CFU/cm2 was obtained after the use of the HW spray. 

Mean reductions of 3.8 log CFU/cm2 and 2.1 log CFU/cm2 of E coli O157:H7 were 

observed after applying wash and HW spray and water wash alone, respectively (32).  

Dorsa et al., (46) evaluated the use of a water wash and the combination of water 

wash plus steam at three different temperatures (15.6°C, 54.4°C, and 82.2°C) on the 

treatment of beef and sheep carcasses inoculated with a fecal slurry (6 log CFU/cm2). They 

reported that inoculated carcasses subjected to water wash treatments at 82.2°C 

experienced higher reductions in inoculated fecal bacterial populations, approximately 1 

log unit more than carcasses treated at 54.4°C. When HW wash (82.2°C) was followed by 

the use of steam, the bacterial reductions where higher than when using HW alone, 4.0 log 

CFU/cm2 and 3.3 log CFU/cm2, respectively. It was observed that regardless of the level 

of inoculum (4 or 6 log CFU/cm2) on inoculated carcasses, the bacterial population was 

not reduced more that 2.5 to 3.0 log CFU/cm2, suggesting that extended hydration of a 

carcass before and during moist heat interventions protects a limited bacterial population 

(46). 

Kalchayanand et al., (77) evaluated the effect of different spray treatments HW 

(85°C), 4% LA (25°C), acidified sodium chlorite (ASC, 1000 ppm, 25°C), and 200 ppm 

PAA (25°C) on fresh beef inoculated with non-O157 STEC serogroups O26, O45, O103, 

O111, O121, and O145 compared with E. coli O157:H7. The HW followed by the 4% LA 

were the most effective treatments at reducing the pathogens by 3.2 to 4.2 log CFU/cm2 

and 1.4 to 2.7 log CFU/cm2 respectively. However, elimination of STEC present on meat 
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surfaces was not completely achieved. Some of the disadvantages of using HW in the beef 

industry are the high water volume used and the costs of maintain the water at high 

temperatures (78).  

 

Organic acids - lactic acid 

The antimicrobial activity of organic acids is influenced by pH, the dissociation of 

the acid and the specific effect of the acid molecule (6). The antimicrobial effect of LA is 

due to the pH reduction below the growth range and the metabolic inhibition by the 

undissociated molecule (75). LA is one of the most commonly used antimicrobials in beef 

harvesting facilities (34). Many studies have demonstrated the effectiveness of this organic 

acid throughout the harvest process from the time the hide is opened to post-chill 

interventions.  

It has been shown that a combination of HW followed by LA spray treatment will 

reduce fecal contaminants. The temperature of the sprayed organic acid solution can affect 

the effectiveness of the treatment (5, 30, 31, 33, 60). Anderson and Marshall (6), 

demonstrated that an increase in the concentration or temperature in the application of a 

mixture of organic acids (acetic, lactic, citric and ascorbic acid), increased the reduction 

of microbial loads on beef tissues.  

Bosilevac et al., (15) compared the use of 2% LA (42°C), HW washing (74°C, 5.5 

s), and the combination of HW followed by 2% LA as pre-evisceration carcass 

interventions, resulting in reductions of 1.6, 2.7 and 2.2 log CFU/100cm2 for APC and 1.0, 

2.7 and 2.5 log CFU/100cm2 for Enterobacteriaceae count, respectively. The prevalence 
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of E. coli O157:H7 was reduced 35% by LA wash, 81% by HW wash and 79% by the 

combined treatment. The researchers concluded that the combination of treatments did not 

achieve the expected reduction due to the low temperature of the LA sprayed on the 

carcasses after the HW wash (15). The temperature of the LA was significantly cooler 

than the carcass surface and thus may have accelerated the carcass surface cooling, 

reducing the effectiveness of the organic acid. 

Immersion in 2% LA at 55° for 30s reduced E. coli O157:H7 populations on 

inoculated beef carcass tissues and lean tissue pieces by 3.3 log CFU/cm2 and 1.3 

CFU/cm2, respectively (112). Castillo et al., (34) reported a significant bacterial reduction 

on outside rounds contaminated with Salmonella Typhimurium and E. coli O157:H7 after 

a pre-chill wash water treatment alone and wash water followed by 2% LA (55°C for 15s), 

with an additional reduction if a post-chill acid treatment was applied (4% LA, 55°C for 

30s). In this study, the ground beef produced from the outside rounds that received pre-

chill and post-chill acid spray treatments had significantly lower counts of both pathogens 

than the ground beef produced from those that only received a post-chill spray treatment 

(34). 

The temperature of the acid solution has a profound effect on the magnitude of the 

microbial reduction in bacterial counts on carcass surfaces (6, 34). Synergistic interactions 

between organic acids and heat may increase the antimicrobial activity of a determined 

treatment. In the case of LA and acetic acid (AA) a synergistic effect has been shown in 

several reports (5, 6, 30). This interaction is dependent on the organic acid used, and did 

not always occur. For example, in the case of formic acid and heat a negative interaction 
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is observed, leading to lower inhibitions than expected at high temperatures and acid 

concentrations. This effect could be due to the high volatility of formic acid (114).  

 

Peroxyacetic acid 

Peroxyacetic acid (PAA) is an oxidizing agent that is commonly used in food 

processing. The use of a PAA spray at 200 ppm as an antimicrobial treatment was 

evaluated on beef flanks inoculated with non-O157 STEC serogroups (O26, O45, O103, 

O111, O121, and O145) and compared with E. coli O157:H7 (77). The reductions on 

STEC populations obtained ranged from 0.9 to 1.5 log CFU/cm2, with no significant 

differences between the reduction of STEC O157:H7 and non-O157 STECs (77). 

To evaluate the effect of PAA as a post-chilling intervention, beef carcass surfaces 

were inoculated with fecal matter or with fecal matter containing rifampicin-resistant 

STEC O157:H7 (85) and subjected to a simulated pre-chill carcass wash with and without 

2% LA. After chilling, the carcass pieces were sprayed with 200 ppm PAA (0.85MPa, 

43°C, for 15 s). This post-chill application of PAA had no effect on the counts of coliforms 

and STEC O157:H7 (85). When PAA was applied before chilling a 0.7-log CFU/cm2 

reduction on STEC O157:H7 was observed (85). These investigators reported that PAA 

was not an effective post-chilling carcass intervention.  

Ransom et al., (112) obtained greater STEC O157:H7 reductions (1.4 log CFU/cm2 

and 1.0 log CFU/cm2 on inoculated beef carcass tissues and lean tissue pieces, 

respectively) using PAA than reported by King et al., (85) (0.7 log CFU/cm2). However, 

the application of the treatment between the two studies was different. King et al., (85) 
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used a PAA spray treatment (200 ppm, 15 s) while Ransom et al., (112) immersed the 

inoculated samples in 500 mL of 0.02% PAA, allowing for a longer and more uniform 

application of the treatment. 

Ellebracht et al.,  (47) reported that PAA is effective in reducing populations of 

rifampicin-resistant E. coli O157:H7 on beef trim by approximately 1.0 log CFU/cm2. 

When comparing the effectiveness of PAA and LA at reducing E. coli O157:H7 on fresh 

beef trimmings, the authors reported a reduction in E. coli O157:H7 of 0.7 log CFU/cm2 

due to PAA, whereas LA caused a reduction of 1.3 log CFU/cm2.  

 

Other antimicrobial interventions 

Bromine compounds  

The use of bromine compounds, such as 1,3-Dibromo-5,5-dimethylhydantoin 

(DBDMH), have been approved for decontamination of beef carcasses and variety meats 

(127). The hypobromus acid derived from this compound in aqueous solution is a strong 

oxidant, highly reactive with biomolecules (29).  

Carr et al., (29) evaluated the reactivity of hypochlorous (HOCl) and hypobromous 

(HOBr) acids on E. coli purified phospholipid. When HOCl interact with E. coli 

phosphatidyleyhanolamine (PE) chloramines are predominantly produced, whereas when 

PE interact with HOBr, bromamines and bromo-hydrins are produced. HOBr contributes 

to disruption of cell membranes at reacting with double bonds of unsaturated fatty acids 

of the bacterial membrane (78). 
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Different studies using DBMDH as an antimicrobial treatment on beef products 

reported contradictory results. Sexton (119) compared the effectiveness of 650 ppm 

DBMDH, 3.5% LA, and water spray treatments (37°C) on the reduction of STEC (a 

cocktail containing the serotypes O26, O45, O103, O111, O121, O145, O157:H7) on 

inoculated cheek and head meat (7 log CFU/cm2). LA significantly reduced STECs counts 

on head meat by 0.87 log CFU/cm²; however, the reduction on cheek meat was not 

significant and neither the DBMDH nor the water treatment produced significant 

reductions on either head or cheek meat. 

Kalchayanand et al., (78) exposed cutaneous trunci (CT) muscle sections and beef 

hearts inoculated with a cocktail mixture of pathogens (8 log CFU/cm2), including E. coli 

O157:H7 (6 log CFU/cm2), to different concentrations (75, 175 and 270 ppm) of DBDMH 

spray (25°C for 12 s CT and 28 s for hearts), in order to evaluate the use of this 

antimicrobial for washing carcasses and variety meats. DBDMH treatments on CT 

reduced E. coli O157:H7 in a range between a 1.6 and 1.8 log CFU/cm2, while on hearts 

it caused a reduction ranging between 1.7 and 2.1 log CFU/cm2 (78). 

 

Colicins E1 (ColE1) 

Colicins are antimicrobial proteins produced by certain E. coli strains and other 

members of Enterobacteriaceae that are able to kill or inhibit the growth of other E. coli 

strains (26, 89). Colicin V kills target cells by membrane potential disruption and it has 

been shown to be effective in killing E. coli O157:H7 in ground beef at 4°C (2). 
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The bacteriocin ColE1 was studied by Patton et al., (107) as a potential 

intervention strategy for controlling E. coli O157:H7 contamination on beef carcasses. 

The ability of sprayed ColE1 treatments to reduce STEC O157:H7 on inoculated beef 

round roast samples was evaluated at different concentrations (0, 100, 500, and 1000 

µg/mL). Samples treated with 500 and 1000 µg/mL reduced E. coli O157:H7 by 5 log 

CFU/cm2 or more. However, after 4 days, growth of the pathogen was observed, 

suggesting the ability of the pathogen to harbor resistance against ColE1 (107). Further 

studies are needed in order identify optimum conditions for the use of this compound as 

an antimicrobial against E. coli O157:H7. 

 

Variety meat interventions 

Few studies focus on variety meats interventions. Delmore et al., (44) evaluated 

treatments commonly used for decontaminating carcasses and tested their potential use on 

beef variety meats. They applied different treatments (2% AA at 50°C, 2% LA at 50°C, 

chlorine 0.005% at 50°C and HW at 80°C) using two application methods (spraying or 

immersion) on cheek meat, large intestine, lips, liver, oxtail, and tongue meat. LA spray 

and immersion, AA spray and immersion, and HW immersion, were effective in reducing 

APCs by 0.7 log CFU/g or more in five of the six of the variety meats studied. 

Pokharel et al., (109) reported that a 4.5% LA spray treatment was effective in 

reducing indicator bacteria (APC, total coliforms and generic E. coli) on variety meats. 

Generic E. coli was reduced by 0.15, 0.41, and 0.5 log on head, heart and liver samples, 

respectively, while APC and coliform counts were reduced by 1.96 log and 0.41 log in 
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beef head samples, by 1.3 log and 1.06 log in heart samples and by 1.08 log and 1.16 log 

in liver samples, respectively. The efficacy of 4.55% LA and a 2.5 % blend of LA/AA 

(50/50) in reducing STEC (O157:H7, O26, O111, O45, O145, O103, O121) and 

Salmonella on offal meats was evaluated at three different temperatures, including: cool 

(21.11°C), warm (37.78°C), and hot (54.44°C) by Parks et al., (105). the investigators 

found that hot 4.55% LA caused the greatest reductions for both pathogens compared with 

the other treatments. 

 Kalchayanand et al., (79) evaluated the effectiveness of different antimicrobial 

interventions in the treatment of head and cheek meat inoculated with E. coli O157:H7 

using a beef head wash cabinet. The antimicrobial treatments evaluated in the study 

included HW (74°C, 10 psi for 26 s), 2% LA (25°C, 25 psi for 26 s), and freshFx (FF) 

(25°C, 25 psi for 26 s), Electrolyzed oxidizing water (EO) applied in the acidic form (EO-

I) (25°C, 13 s, 25 psi) and alkaline form (EO-II) (13 s, 25 psi, 25°C) and ozonated water 

(OZ) applied at 25°C for 26 s at 25 psi. The researchers reported reductions of 1.72, 1.52, 

and 1.06 log CFU/cm2 for HW, LA and FF, respectively, while EO and OZ reduced E. 

coli O157:H7 less than 0.50 log CFU/cm2. 

Delmore et al., (44) evaluated different decontamination treatments on beef variety 

meats, including 2% AA (50°C, pH 2.8) immersion and spray, 0.005% sodium 

hypochlorite immersion (50°C, pH 6.5), HW immersion (80°C) and spray (78 to 80°C), 

2% LA immersion (50°C, pH 2.8) and spray (40 to 50°C), steam pasteurization system 

(SPS, 76.6°C), steam cabinet (SC, 82.2°C for 15 and 30 s), steam vacuum (82°C), and 

12% trisodium phosphate (50°C, pH 12.5) immersion and spray. The authors reported that 
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were no differences among treatments evaluated for the ability to reduce E. coli counts on 

cheek meat or tongue samples, with reductions ranging between -0.1 and 0.3 log CFU/g. 

The authors attributed these results to a low initial contamination level (<0.7 log CFU/g) 

on tongue meat and a possible protection of the microorganisms to exposure by the 

treatments due to the physical structure of cheek meat, which contains large amounts of 

connective tissue (44, 67).  

Beef cheek meat inoculated with O157:H7 STEC and non-O157:H7 STEC was 

immersed in seven antimicrobial solutions, including HW (80°C for 10 s), 1% Aftec 300, 

2.5% Beefxide (BX), 2.5% LA, 5% LA, 200 ppm PAA, HOBr and 0.5% levulinic acid 

and 0.05% sodium dodecyl sulfate (LEV-SDS). These interventions were applied for 1, 

2.5, or 5 min, in order to evaluate bacterial reductions due to the activity of the 

antimicrobials and compare obtained results to immersion in HW (117). HW immersion 

was the most effective intervention, reducing the STEC by 2.2 log CFU/cm2 on adipose 

tissue and by 1.7 log CFU/cm2 on the muscle surface. Inoculated cheek meat immersed 

for 1 min in Aftec 300, BX, 2.5% LA, 5% LA, and PAA reduced the pathogens ranging 

from 1.0 to 2.0 log CFU/cm2 on the adipose surface and ranging from 0.7 to 1.4 log 

CFU/cm2 on the muscle surface. In general, increasing the duration of immersion did not 

significantly increase the antimicrobial effect of each treatment (117). The bacterial 

reductions results obtained after 1 min immersion in HOBr and LEV-SDS did not 

significantly differ from the control treatment, suggesting that these antimicrobials in the 

conditions employed in the study are not effective as an intervention in cheek beef 

treatment (117).  
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CHAPTER III 

MATERIALS AND METHODS 

Experimental design 

The first phase of the study consisted of treating hot beef heads in 3 replications of 

4 different antimicrobial treatments at 2 different concentrations and dipping times (5- and 

15-min) and included 2 non-treated inoculated controls per replication. Hot beef heads 

were obtained from the production line of a Tyson beef harvesting facility in Dakota 

Dunes, SD. 

Each replication consisted of 20 beef heads surface inoculated with nonpathogenic 

STEC surrogates. Following a 30-min inoculum attachment period, each head was 

assigned to one of the following treatments for 5 or 15 min: control (no antimicrobial 

treatment), water wash, LA (1% or 2%), DBDMH (200 ppm or 400 ppm), aPAA (200 

ppm or 400 ppm), or PAA (200 ppm or 400 ppm).  

For the second phase of the study, the two antimicrobial treatments that provided 

better bacterial reductions in the first phase were selected and compared again in two 

additional replications. Each replication consisted of 8 (4 different treatments and 2 

application times for each) beef heads surface inoculated with nonpathogenic STEC 

surrogates. Following a 30-min inoculum attachment period, two heads were assigned to 

one of the following treatments: control (no antimicrobial treatment), water wash, 2% LA, 

and 400 ppm PAA, for each treatment two different dipping times (5 and 15 min) were 

evaluated. For the analysis of the respective treatments on the second part, the data 
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analyzed included that obtained in both phases of the experiment for the respective 

antimicrobial treatments. 

 

Inoculum preparation and meat inoculation 

The inoculum was prepared from stock cultures obtained from the Kansas State 

University Food Safety and Security Laboratory (Manhattan, KS). It consisted of a mixed 

5-strain cocktail solution (108 CFU/ml) of non-pathogenic E. coli Biotype I (Non-RifR) 

strains (STEC surrogates), containing strains of the American Type Culture Collection 

(ATCC), E. coli (Migula) Castellani and Chalmers ATCC® BAA-1427™, ATCC® BAA-

1428™, ATCC® BAA-1429™, ATCC® BAA-1430™, and ATCC® BAA-1431™. 

Previous research (25, 52, 124) has validated that these microorganisms demonstrate 

similar thermal and acid resistance properties to STEC O157:H7. These marker 

microorganisms were combined into a cocktail to represent possible contamination with 

enteric pathogens of fecal origin such as STEC.  

Each E. coli strain was grown in 40 ml of sterile brain-hearth infusion broth (BHI; 

Difco Laboratories, Detroit, MI) and incubated at 37°C for 24 h. Equal volumes of each 

strain were mixed into 250 ml sterile centrifuge bottles to prepare an inoculum mixture 

containing approximately 108 CFU/ml. Concentrated pellets of the microorganism were 

obtained by centrifugation at 6000 rpm for 15 min at 4°C using a Beckman J2-21M/E 

centrifuge (Beckman Coulter, Inc., Indianapolis, IN). 

Each respective day of the study a concentrated cocktail pellet was resuspended in 

200 ml of 0.1 % buffered peptone water (BPW) and diluted to a final volume of 2000 ml 
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using 0.1% BPW in order to achieve a concentration of approximately 105 CFU/g on the 

inoculated heads. For the beef head inoculation, 3 ml of the nonpathogenic STEC 

surrogate cocktail was sprayed within the internal oral cavity using a refillable disposable 

spray bottle and 50 ml of the inoculum was painted on the external head tissues using a 

foam paint brush (SeaChoice, Pompano Beach, FL). The inoculated heads were left 

undisturbed for 30 min at room temperature to allow for inoculum attachment before 

proceeding with the assigned antimicrobial treatments.  

To conduct this investigation, normal harvesting procedures were followed. Hot 

heads were separated from the production line to a place in the plant where no other 

production was in process. This to ensure that sanitary conditions were maintained, 

products were controlled, and there was no potential for cross-contamination with non-

experimental products.  

 

Initial bacterial counts 

After the 30-min attachment period, two heads were used as controls and were 

immediately deboned to obtain head and cheek meat. Subsamples of 100-120 g 

representing both head and cheek meat were collected to determine initial inoculation 

levels for all treatments. The subsamples were placed in sterile Whirl-Pak® bags 

containing 225 ml of Dey-Engley (D/E) neutralizing broth before transportation to the 

laboratory for analysis. 
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Antimicrobial treatments 

Antimicrobial solutions tested on the first phase of the study included water wash, 

LA (1% and 2%) PAA (200 ppm and 400 ppm), aPAA (200 ppm and 400 ppm), and 

DBDMH (200 ppm and 400 ppm). For the second phase of the study the antimicrobial 

solutions tested included water wash, 2% LA and 400 ppm PAA. Treatment solutions were 

prepared in clean 55-gal drums according to manufacturer`s recommendations and chilled 

to 3°C (38°F) using ice. Solution concentration, temperature and pH was measured before 

and after each treatment. Corporate representatives of Zoetis Services LLC (Parsippany, 

NJ) and Passport™ Food Safety Solutions (West Des Moines, IA) prepared and verified 

the concentration of aPAA and DBDMH solutions, respectively, during the first phase of 

the study.  

After a 30-min attachment period, heads were treated with their assigned 

antimicrobial.  The inoculated head was dipped into the drum containing the assigned 

solution and was manually agitated for 5 or 15 min as determined by the treatment.  Heads 

were removed from the drum and hung with steel hooks to drip for 5 min. Each head was 

visually observed following application of each decontaminating treatment to document 

any changes in product color or appearance. Heads were deboned after the 5-min drip time 

and head and cheek meat samples of 100-120 g were collected to determine bacterial levels 

after treatment. The subsamples were placed in sterile Whirl-Pak® bags containing 225 

ml of D/E neutralizing broth in order to neutralize the effects of the antimicrobial 

treatments.  
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In the second phase of the study, a 50-ml sample of the assigned dipping solution 

was collected after each head treatment, in order to evaluate the presence of 

microorganisms in the dipping solution. Each 50-ml sample was mixed with 100 ml D/E 

neutralizing broth and kept chilled on ice until transportation to the laboratory for analysis. 

 

Post treatment bacterial counts 

Homogenate samples were processed using a stomacher. Serial dilutions of each 

subsample were made using 0.1% buffered peptone water (BPW), and these were plated 

on 3M™ Petrifilm™ E. coli/Coliform count plates for enumeration. 

 

Statistical analysis 

Data was analyzed for significant differences between carcass treatments. The 

bacterial counts were transformed into log CFU/g values prior to statistical analyses. All 

data were analyzed using JMP® Software (JMP Pro, v14.0.0, SAS Institute Inc., Cary, 

NC). The Fit Model function was used for analysis of variance (ANOVA), determining 

interactions from the full model. Least squares mean comparisons were performed using 

Student’s t tests with an α = 0.05.  
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CHAPTER IV 

RESULTS AND DISCUSSION 

First phase 

Four replicates of the different 18 treatments where performed in the first phase to 

evaluate STEC reduction; however, only the last 2 replicates were used during the analysis 

and evaluation of the different treatments on the first phase. The first two replicates did 

not have reliable results due to the use of water containing an unknown concentration of 

DBDMH to prepare the antimicrobial solutions. As the concentration of DBDMH was not 

being monitored, it is not possible to assume a constant concentration of the compound in 

the water, and the results obtained in the replicates 1 and 2 could be biased. For these 

reasons, it was decided to eliminate replicates 1 and 2 from the study, and only include the 

results from replicates 3 and 4 from phase one.  

 

Bacterial attachment 

The desired STEC inoculation level on the heads after attachment was 

approximately 104 CFU/g, as illustrated in Figure 1. The concentration of the STEC 

cocktail was 6.7 ± 0.1 log CFU/ml, while the control mean counts were 3.9 ± 0.02 log 

CFU/g and 3.6± 0.4 log CFU/ g on head and cheek meat, respectively. 
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Figure 1. Mean log counts (CFU/g) of cheek and head meat treated with different 

antimicrobials. 

 

Surrogate reductions 

Reductions of the STEC surrogate microorganisms from the 5- and 15-min post-

intervention sampling interval for LA, PAA, aPAA, DBDMH were similar for head and 

cheek meat beef products (Table 1), demonstrating slightly higher reductions on cheek 

meat. More favorable reductions where obtained with the 15-min dipping time using 200 

ppm aPAA, 2% LA and 200 ppm PAA on cheek meat (1.7, 1.5 and 1.4 log CFU/g 

respectively), and 200 ppm PAA on head meat (Table 1). The bacterial log counts (CFU/g) 

after treatment are shown in figure 1. 

The mean log reductions recorded after the respective 5- or 15-min DBDMH (200 

ppm and 400 ppm) treatments ranged between 0.1 and 0.7 log CFU/g in both head and 

cheek meat are comparable to those obtained with water treatment alone (0.0 to 0.3 log 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5 15 5 15 5 15 5 15 5 15 5 15 5 15 5 15 5 15

Control Water 1% LA 2% LA 200 ppm 

DBDMH

400 ppm 

DBDMH

200 ppm aPAA 400 ppm aPAA 200 ppm PAA 400 ppm PAA

lo
g 

co
u

n
ts

 (
C

FU
/g

)

Antimicrobial treatment

Head Cheek



 

41 

 

CFU/g). This results agrees with Sexton (119) who study the effect of a DBMDH 650 ppm 

(38°C) spray treatment on the decontamination of inoculated head and cheek meat, and 

found that the treatment was not able to significantly reduce STEC or Salmonella counts 

on either cheek meat or head meat.  

This study results also agree with Schmidt et al. (117) who studied the effect of 

immersion in different antimicrobials on cheek meat. They tested a concentration of 300 

ppm HOBr, which is the end product of DBMDH hydrolyzed in water. In Schmidt et al., 

beef cheeks were inoculated with a cocktail containing STECs and Salmonella at a 

concentration of 7.7 log CFU/cm², and treated by dipping into the treatment solution at 

intervals of 1, 2.5, and 5 min. It was determined that while HOBr  produced a 0.1- to 0.4-

log CFU/cm² reduction, this reduction was not significantly different (P < 0.05) from 

reductions obtained when the cheek meat was immersed in room temperature water (117). 

Kalchayanand et al., (78) reported greater reductions (1.8 to 2.2 log CFU/cm2) on 

inoculated heart and cutaneous trunci surfaces after applying a spray of DBDMH (270 

ppm, 25°C, 35 psi) and HW (85°C, 20 psi) on inoculated fresh meat. The observed 

reduction may be due the temperature and method employed to apply the antimicrobial 

treatment. However, the results of the present study agrees with those of Kalchayanand et 

al. in the sense that the DBMDH treatment was not effective in reducing pathogen counts 

since the treatment was not significantly different than the water treatment (78).   
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TABLE 1. Least square means of the interaction treatment x time on STEC 

reductions (log CFU/g) on inoculated beef head and cheek meat.  

Antimicrobial treatment 
Reduction post treatment (mean log10 CFU/g) 

Head Cheek 

5 min    

Water  0.1 0.3 

1% LA 0.2 0.4 

2% LA 0.6 1.3 

200 ppm PAA 0.9 1.2 

400 ppm PAA 0.7  1.0 

200 ppm aPAA 0.5 1.0 

400 ppm aPAA 0.5 1.0 

200 ppm DBDMH  0.7 0.3 

400 ppm DBDMH 0.0 0.3 

15 min   

Water  -0.2 -0.1 

1% LA 0.5 0.6 

2% LA 0.9 1.5 

200 ppm PAA 1.2 1.4 

400 ppm PAA 1.0 1.0 

200 ppm aPAA 1.0 1.7 

400 ppm aPAA 1.1 1.2 

200 ppm DBDMH  0.6  0.5 

400 ppm DBDMH 0.2 0.4 

SEM2 0.140 0.315 

p-value 0.052 0.166 
1SEM is the standard error of the least square means. 

 

Appearance of beef heads after treatment 

Color changes were observed on beef heads treated with LA, PAA and aPAA after 

5 and 15 min, where a browning effect was observed on heads after the respective 

treatment (Figures 3 to 5) This discoloration was not observed on the heads immersed on 
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DBDMH 5- and 15-min treatment, where the observed color was similar to that seen with 

water treatment for the respective dipping times. (Figures 2 and 6). 

Several researchers have studied the effect of organic acids on sensory properties, 

primarily meat color. It has been reported that potential discoloration of carcasses might 

occur when high acid concentrations and/or longer exposure time is used in 

decontamination treatments (45, 90, 138). Woolthuis and Smulders (138) evaluated LA in 

concentrations of 0.75% to 2.5% on calf carcasses and determined that concentrations up 

to 1.25% LA resulted in substantial reductions in total aerobic counts with minimal carcass 

discoloration. They reported that for LA concentrations up to 2%, discoloration was 

restricted to the subcutaneous fat, but at 2.50% there was denaturation of the lean and cut 

surfaces (138).  

Bell et al., (10) reported that treating beef with 1.2% v/v AA for 1 min did not 

result in discoloration; however, a solution of 0.6% LA for 10 min resulted in significant 

discoloration when compared with untreated controls. In contrast, Goodard et al., (57) 

reported that meat color of acid-sprayed strip loins was not affected by a treatment of a 

mixture of 50:50 2% LA and 2% AA. 
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Figure 2. Control beef heads inoculated with STEC cocktail (A,B) and dipped on cold 

water (3°C) for 5 min (C) and 15 min (D). 

A C 

D B 
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Figure 3. Beef heads inoculated with STEC cocktail and dipped on cold (3°C) 1% LA 

for 5 min (A) and 15 min (B) and 2% LA for 5 min (C) and 15 min (D)  

A C 

D B 
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Figure 4. Beef heads inoculated with STEC cocktail and dipped on cold (3°C) 200 

ppm PAA for 5 min (A) and 15 min (B) and 400 ppm PAA  for 5 min (C) and 15 min 

(D)  

 

A C 

D B 
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Figure 5. Beef heads inoculated with STEC cocktail and dipped on cold (3°C) 200 

ppm aPAA  for 5 min (A) and 15 min (B) and 400 ppm aPAA  for 5 min (C) and 15 

min (D)  

 

A C 

D B 
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Figure 6. Beef heads inoculated with STEC cocktail and dipped on cold (3°C) 200 

ppm DBDMH  for 5 min (A) and 15 min (B) and 400 ppm DBDMH  for 5 min (C) 

and 15 min (D)  

 

Second phase 

 Bacterial attachment 

The desired STEC inoculation level on the heads after attachment was 

approximately 104 CFU/g as illustrated in Figure 7. The concentration of the STEC 

cocktail was 7.1 ± 0.5 log CFU/ml, while the control counts means were 4.2 ± 0.3 log 

CFU/g and 3.8± 0.4 CFU/ g on head and cheek meat, respectively. 

 

A C 

D B 
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Figure 7. Mean log counts (CFU/g) of cheek and head meat treated with different 

antimicrobials. 

 

Surrogate reductions 

The two antimicrobials that were used in the second phase of the study were chosen 

according to their common use in industry (21, 86, 112, 120, 132). No difference was 

observed among the bacterial counts obtained after treating the inoculated head and cheek 

meat with the different antimicrobial treatments in the first phase of the study (Figure 1). 

Therefore, 2% LA and 400 ppm PAA, commonly used antimicrobials in beef harvesting 

facilities, were chosen to be compared in the second phase of the study.  

2% LA and 400 ppm PAA provided significantly higher bacterial reductions (p 

<0.05) than water dipping alone on cheek meat 5- and 15-min treatment and on 15-min 

head treatment (Table 2). The effect of time did not manifest itself as having a significant 
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role in the comparison (p >0.05), and the difference observed relied primarily on the 

antimicrobial treatment employed (p <0.05). This agrees with Schmidt et al., (117) who 

found that, in general, increasing the immersion duration in antimicrobial solutions did 

not significantly increase the effectiveness of the treatment.  

TABLE 2. Least square means of the interaction treatment x time on STEC 

reductions (log CFU/g) on inoculated beef head and cheek meat.  

Antimicrobial treatment 

Reduction post treatment 

(mean log10 CFU/g) 

Head1 Cheek1 

5 min    

Water  0.3a  0.2A 

2% LA 1.2ab  1.5B 

400 ppm PAA 1.4 ab  1.3B 

15 min   

Water  0.1a -0.1A 

2% LA 1.8b  2.1B 

400 ppm PAA 1.8b  1.9B 

SEM2 0.825 0.498 

p-value 0.054 0.001 
1Numbers within a column with different letters differ (P < 0.05). 
2SEM is the standard error of the least square means. 

 

The effectiveness of water as a decontamination treatment is determined by the 

temperature, pressure and time at which the treatment is applied; therefore, increasing 

these factors correlate with an enhancement in the bacterial reduction (32). In the present 

study, the water dipping treatment was applied at a cold temperature 3°C (38°F), and no 

significant reductions were observed. The counts obtained after the respective 5- or 15-

min water treatment were similar to the control (Figure 2), with mean reductions ranging 

between 0.1 and 0.3 log CFU/g.  
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In previous research, Ellebracht et al., (47) evaluated PAA as a decontamination 

method applied to beef trimmings. PAA reduced rifampicin-resistant E. coli O157:H7 on 

beef trim by approximately 1.0 log CFU/cm2.  In this study the use of 400 ppm PAA 

significantly (P < 0.05) reduced STEC counts on head and cheek meat, with no significant 

difference reported between the two types of meat. 

 Immersion in either 2% LA or 400 ppm PAA effectively reduced STEC surrogate 

counts on head and cheek meat. Mean reductions between 1.2 and 2.1 log CFU/g were 

obtained with these treatments in the present study. Similar results were reported by 

Schmidt et al., (117) who found that immersion in LA (2.5%, and 5% for 5 min) resulted 

in significant reductions (P < 0.05) of STEC O157:H7 and non-O157:H7 on cheek meat, 

ranging from 1.3 to 2.1 log CFU/cm2 . In the same study significant reductions (P < 0.05) 

ranging from 1.0 to 1.3 log CFU/cm2 were obtained after a 220 ppm PAA, 5-min 

treatment. 

LA is one of the most widely studied organic acids currently used in the beef 

industry. The effects of the use of LA differ among published studies, but generally 

suggest the achievement of a 1.0- to 2.0-log reduction, and its effect is enhanced by an 

increase in the application temperature (33, 34, 44, 112). In this study the use of 2% LA 

significantly (P < 0.05) reduced STEC counts on both head and cheek meat, with a slightly 

higher reduction of the total bacterial populations observed on the cheek meat.  

 The observed results in the present study correlated with those found in the 

literature. Sexton (119) found LA (3.5%, 21°C) to be effective in reducing STEC counts 

on head meat by 0.87 log CFU/cm² (P < 0.05). Kalchayanand et al., (79) reported a 1.5-
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log CFU/cm² reduction on bovine head inoculated with E. coli O157:H7  using 2% LA 

sprayed at 25 psi at 25 °C.  Ramson et al., (112) obtained a reduction of 3.1 log CFU/cm2 

when using a 2% LA (55°C) dipping treatment on beef carcass tissue inoculated with E. 

coli O157:H7, while the reductions obtained using water and PPA dipping treatments were 

0.6 and 1.4 log CFU/cm2, respectively.  

In general, higher counts were observed on head meat compared with cheek meat 

after the respective antimicrobial interventions (Figure 2). One theory for this difference 

would be that the antimicrobial treatments can access crevices of cheek meat, due to the 

greater exposed surface of the cheek tissue compared with head meat, and this may 

facilitate the contact between the antimicrobial treatment and the meat tissue. In contrast 

to the results seen in the present study, Schmidt et al., (117) did not observe a significant 

difference between the reductions obtained with different antimicrobial treatments, 

including 2.5% LA, 5% LA, 2.5% Beefxide, 1% Aftec, 220 ppm PAA, 0.5% LEV-SDS 

and tap water, on adipose and muscle cheek surfaces when comparing them. 

 

Solutions after treatment 

Samples (50 ml) of the different antimicrobial treatments were collected after each 

dipping treatment in order to evaluate the presence of surviving bacteria in the head 

dipping solutions. The results are presented in Table 3. The D/E neutralizing broth was 

unable to buffer the 50-ml samples of LA, and this was observed by a change in color of 

the broth from purple to yellow. In this case, if there were surviving bacteria present in the 

solution, the acid likely continued to affect survival for a longer period prior to analysis. 
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To evaluate this possibility, an additional sample consisting of 5 ml of 2% LA after the 

head treatment was added to 100 ml D/E broth, and this dilution revealed a bacterial count 

of 1.9 log CFU/ml. The presence of residual bacteria in the head dipping solution is of 

significance, as it could serve as a point of cross-contamination between heads during 

treatment. It is possible that a counter-flow treatment system similar to that used in poultry 

carcass chill tanks might alleviate potential cross-contamination issues. Further studies are 

recommended to assess the use of a recirculated antimicrobial treatment as well as the 

disposition and flow of the treatment.  

TABLE 3. Bacterial counts on the corresponding washing solutions after the 

determined treatment.  

Antimicrobial treatment Count on washing solution post treatment  

(mean log10 CFU/ml) 

  5 min Water  3.3  

15 min Water 3.4  

  5 min 2% LA <0.0a 

15 min 2% LA <0.0a 

  5 min 400 ppm PAA <0.0a 

15 min 400 ppm PAA <0.0a 
a Plate count was below the detection limit of the method used (3 CFU/ml). 
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CHAPTER V 

CONCLUSIONS 

 

Results from this study showed that dipping treatments including lactic acid, and 

peroxyacetic acid are capable of significantly reducing surface bacteria on fresh head and 

check meat. Heavy bacterial contamination on the heads may inoculate the antimicrobial 

solution, which might allow cross-contamination of head and cheek meat during 

treatment; however, it is unlikely that naturally occurring contamination levels would 

resemble those used for evaluation in this study. Further investigations are recommended 

in order to validate an adequate system to be employed within beef processing facilities to 

provide adequate decontamination of heads while preventing cross-contamination. 
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