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ABSTRACT 

 

Marinated meat products hold a significant portion of the retail and foodservice 

meat industry. The internalization and survivability after cooking of Shiga toxin-

producing Escherichia coli (STEC) serogroups in these products is a concern for beef 

processors and the consumer. We addressed these concerns in this dissertation in two 

separate studies.  One of our studies evaluated the internalization and cooking 

susceptibility of seven individual STEC serogroups considered adulterants in non-

intact meat products (O157:H7, O26, O45, O103, O111, O121, and O145) in 

marinated beef sirloin steaks.   

Beef bottom sirloin flaps (IMPS #185A; USDA Select) were inoculated (10
6
 

log CFU/cm
2
) with a multi-strain cocktail of individual serogroups (seven total) prior 

to vacuum tumbled marination (30 or 60 min) and storage (14 d). After storage, flaps 

were cooked to various endpoint temperatures (55, 60, 65, and 71°C) for evaluation of 

pathogen survival by direct plating on MacConkey agar with tryptic soy agar overlay.  

Pathogen presence after marination, storage, and cooking was determined by direct 

plating or rapid PCR based detection (BAX
®
) when numbers were below the 

enumeration limit. The data indicate varied internalization, translocation, and heat 

susceptibility patterns among the evaluated STEC serogroups. Sirloin flap sections 

inoculated with –STEC O145 and marinated for 60 min had more internalized STEC 

(P< 0.05) than sections marinated for 30 min. However, after storage, internalized 

STEC populations did not differ (P > 0.05) in sections marinated for 30 min versus 

those marinated for 60 min. Escherichia coli serogroups O26, O103, and O111 were 
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detected in flaps cooked to 55 and 60°C, while E. coli O157:H7 survived in flap 

sections cooked to 60 and 65°C. However, STEC O145 was the only serogroup with 

confirmed pathogen survivability at all cooking temperatures (55, 60, 65, and 71°C).  

The other two serogroups (STEC O121 and O45) were not detected in any cooked 

products.  

In our second study we evaluated Salmonella survival in the products.  As the 

incidence of multidrug resistance (MDR) Salmonella enterica serotype Typhimurium 

is increasing, data regarding the antimicrobial interventions and pathogen 

internalization in marinated meat products is important. Our second study evaluated 

the antimicrobial interventions and internalization of Salmonella Typhimurium in 

marinated beef sirloin steaks.   

Beef bottom sirloin flaps (IMPS #185A; USDA Select) inoculated (10
8
 log 

CFU/cm
2
) with Salmonella Typhimurium were sprayed (lactic acid (4%) and buffered 

vinegar (2%)) prior to vacuum tumbled marination (0.35% sodium chloride and 0.45% 

sodium tripolyphosphate) for 30 min. Pathogen presence after antimicrobial spray, 

vacuum tumbled marination, and translocation was determined by direct plating on 

Xylose Lysine Deoxycholate (XLD) agar with tryptic soy agar (TSA) overlay. The 

data indicated varied internalization and antimicrobial susceptibility pattern of 

Salmonella Typhimurium in marinated meat. Salmonella Typhimurium was reduced 

by 2.4 log10 CFU/cm
2
 in post-inoculated surface attachment. Lactic acid (4%) spray (P 

<0.0001) and buffered vinegar (2%; P <0.0001) reduced surface populations of 

Salmonella Typhimurium on inoculated beef sirloin flaps prior to vacuum marination. 

However, reductions in surface populations were greater (~ 2 log10 CFU/cm
2
) for 



 Texas Tech University, Siroj Pokharel, May 2016 

ix 

lactic acid in comparison with buffered vinegar (P <0.0001). Alternatively, the 

translocation of Salmonella Typhimurium following vacuum marination was not 

influenced (P <0.333) by the application of a surface organic acid spray prior to 

marination.  

Both of these studies emphasize the importance of considering food safety 

hazards that can be associated with vacuum marinated meat. Similarly, these data 

confirm the efficacy and utility of interventions prior to vacuum tumbled marination. 

Additionally, although surface interventions are efficacious, these data suggest that 

further research is needed to identify additional strategies to mitigate internalization 

and translocation of STEC and salmonella Typhimurium into vacuum-marinated meat 

products.  
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CHAPTER I 

 

GENERAL OVERVIEW 

Foodborne diseases and infections are a major burden having serious economic 

and public health impacts in the United States. Scallan and his colleagues in 2011 

conducted a study that estimates the number of pathogens that cause diseases each year. 

This paper estimated that each year 31 major known pathogens cause an estimated 9.4 

million episodes of foodborne illness, resulting in 56, 000 hospitalizations and 1,400 

deaths (17). But there are still an additional proportion of illnesses caused by 

heterogeneous groups of non-specified agents (16). The total estimate of illnesses caused 

by both non-specified agents and 31 known pathogens is significant. The same paper by 

Scallan and his team estimated the total annual number of hospitalizations and deaths to 

be around 128,000 and 3,000 respectively (16, 17).   

Pathogenic Escherichia coli and Salmonella (nontyphoidal) alone can cause more 

than 11% of domestically acquired foodborne illnesses in the United States (8). Both of 

these organisms pose a greater risk to under-aged children, the elderly, and immune 

compromised individuals. Nontyphoidal Salmonella is a leading cause for acute 

gastroenteritis, which causes diarrhea. Most types of the E. coli are harmless (9, 11). 

However, there are six pathotypes of pathogenic E. coli strains which are associated with 

diarrhea and are largely known as diarrheagenic E. coli (9). These organisms are also 

associated with multiple outbreaks inside and outside the country and most of those 

outbreaks are related to raw, frozen, ground, and ready-to-eat meats (10). These 
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outbreaks can lead to a major economic burden and hamper the quality of life of an 

individual. Most of the studies that calculate the economic burden caused by foodborne 

illness are incomplete because they rely on limiting assumptions and fail to address the 

long term burden for acute foodborne illness (3, 4, 6, 18). However, a report published by 

Scharff in 2010 estimated that the annual cost of foodborne illness due to medical care 

and quality of life is around $157 billion (15).  

 Because these pathogenic microorganisms are associated with meat or meat 

related products, there are a numbers of intervention techniques that have been developed 

and implemented by the meat industry to control the risk of these pathogens. Ideally, the 

intervention techniques are scientifically evaluated and validated. There is research done 

by Bosilevac and colleagues that summarizes numerous intervention techniques to 

include hide, carcass, and trim, which have lowered the E. coli O157: H7 contamination 

(5). To further minimize the contamination, a hurdle technology can be used which 

combined multiple interventions in which each hurdle factor works in a combination to 

provide an effective control (12). Some of the examples of hurdles that are being used in 

animal food industries are multiple-sequential decontamination interventions, including: 

steam vacuuming, pre-evisceration carcass washing, pre-evisceration organic acid 

solution rinsing, hot water carcass washing, post- evisceration final carcass washing, and 

post-evisceration organic acid solution rinsing, which are proved to be effective in 

reducing pathogen load and increasing the quality of beef carcasses (2, 14).  
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 Even after going through multiple hurdle approaches to minimize the risk of 

harmful pathogens in the animal food industry, there were some outbreaks which have 

been associated with non-intact meat products.  

Meat is designated as non-intact when it goes through the process of mechanical 

tenderization, whether that is blade or needle tenderization. During this tenderization 

process, the surface bacteria or harmful pathogens are translocated from the exterior to 

the interior of the product. Therefore, it is important that the interior of the beef product 

or other meat products is fully cooked (13). The United State Department of Agriculture 

(USDA), Food Safety and Inspection Services (FSIS) published a final rule in May 18, 

2015 as a Code of Federal Regulations stating that the raw or partially cooked needle- or 

blade tenderized beef products must require the use of the descriptive designation 

“mechanically tenderized,” “blade tenderized,” or “needle tenderized” on the labels 

starting on May 17, 2016 (13). However, FSIS lacks sufficient data to designate vacuum 

marinated product a non-intact product and this final rule is not applicable for all vacuum 

marinated products (13).  

 To address the continuing issues of thermal susceptibility and translocation of 

pathogenic microorganisms in non-intact meat products, we developed a two-phase 

research study design. During the first phase of the research study, the focus was on 

internalization and thermal susceptibility of Shiga toxin-producing E. coli (STEC) in 

marinated beef systems, where vacuum tumbling marination was utilized. Individual 

steaks after vacuum tumbling marination and aging for 14 days were cooked to varied 

internal temperatures. This was followed by taking a central core of the cooked meat to 
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observe if there was any presence of translocated pathogenic bacteria. The second phase 

mainly focused on intervention strategies by using organic acid before the vacuum 

marination process and observation of translocated pathogens. 

 To control STEC, Salmonella and other harmful pathogens in the food supply 

chain, the United States government had set forth an objective in the Healthy People 

2010 initiative. Their food safety goal was to reduce the burden or incidence of 

foodborne illness by fifty percent by the end of the year 2010 (1, 7). This goal was 

achieved for E. coli O157: H7 in 2009, but other pathogens needed additional efforts. On 

the other hand, the U. S. Department of Health and Human Services (DHHS) set forth 

goals for the Healthy People 2020 initiative. For this goal, DHHS is expecting to lower E. 

coli infection by 0.6 cases per 100, 000, whereas for Salmonella it is 11.4 cases per 100, 

000 (1).  New technologies must be developed to meet these goals.   

Therefore the objectives of our study are to: 

1) Demonstrate the translocation and migration patterns of individual STECs in 

marinated meat. 

2) Observe individual STECs post cooking survivability.  

3) Demonstrate the efficacy of lactic acid and buffered vinegar on reducing 

Salmonella Typhimurium attachment on marinated meat surface. 

4) Demonstrate the translocation pattern of Salmonella Typhimurium in marinated 

meat. 
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CHAPTER II 

LITERATURE REVIEW 

Escherichia coli (E. coli) 

Escherichia coli is a normal inhabitant of intestinal tract inside humans and other 

warm-blooded animals and is in the family Enterobacteriaceae. E. coli is a Gram-negative 

rod-shaped bacilli, non-spore forming, facultative anaerobe, and can ferment lactose into 

acid and gas. Growth temperature of E. coli ranges from 7 to 50º C with an optimum 

temperature of 37º C. This bacterium can grow in the pH of 4.5 and with a minimum 

water activity (aw) of 0.95 (25, 49). 

Pathogenic Escherichia coli and nonpathogenic E. coli can be distinguished by 

the presence of a virulence gene. These virulence gene codes for adherence and 

colonization, invasion, cell surface molecules, secretion, transportation, and siderophore 

formation (62, 125). Pathogenic E. coli is responsible for causing 265, 000 infections 

each year in the United States. E. coli O157: H7, a Shiga toxin-producing E. coli (STEC), 

causes 36% of this infection where the remainder are caused by non-O157:H7 E. coli 

(110, 147). There are several strains of Shiga toxin-producing E. coli (non-O157 H:7 

STECs) where some of them are more pathogenic than others; O121, O111, O145, O103, 

O26, O45 (9, 76). Because of these pathogens, every year hundreds of people get 

infected, hospitalized, and a few of them die worldwide.   

Non-pathogenic E. coli supplies the human or animal body with many vitamins, 

for example vitamin K. Research suggests that it also helps to out compete other harmful 

organisms inside the body that might enter through food and water (100). 
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There are different serotypes of diarrheagenic/pathogenic E. coli known so far. 

These bacteria are divided according to their O, H, and K antigens where O antigens are 

cell- wall antigens, H antigens are flagellar antigens, and K antigens are capsular antigens 

(159). Furthermore, the serogroup of a strain is based upon its O antigen and the H 

antigens indicates the serotype of the bacterium (59, 178). The presence of these antigens, 

virulence factor, and host clinical symptoms, diarrheagenic E. coli strains are categorized 

into six different pathotypes: (i) enterotoxigenic E. coli (ETEC), which causes travelers 

diarrhea as well as porcine and bovine diarrhea; (ii) enteroinvasive E. coli (EIEC), which 

causes watery diarrhea and dysentery; (iii) enteropathogenic E. coli (EPEC), which 

causes diarrhea in children and animals; (iv) enteroaggregative E. coli (EAEC), which 

causes persistent diarrhea in humans; (v) diffusely adhering E. coli (DAEC), which 

causes diarrhea in children; (vi) and enterohemorrhagic E. coli (EHEC), which is 

responsible for hemorrhagic colitis and hemolytic-uremic syndrome (94, 100, 125, 159).  

E. coli O157:H7 (EHEC)  is more of a concern in US because the bacteria are responsible 

for producing Shiga-like toxin (also called verocytotoxic E. coli (VTEC) or 

enterohemorrhagic E. coli (EHEC). Shiga-like toxin is responsible for causing almost 50 

% of O157:H7 related outbreaks, however rest is caused by non-O157:H7 STECs (112, 

113). 

Escherichia coli Pathogenicity 

The exact dose for E. coli infection to cause clinical illness is not known; 

however, it has been speculated that fewer than 10 bacterial cells of O26 are able to infect 

humans (166, 168). But, based upon E. coli O157:H7 outbreak data, it is speculated to be 

fewer than 50 cells to a few hundred organisms (76, 138). In addition to the infectious 
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dose of bacteria, a person’s normal health condition, his or her immunity, and age also 

plays a very important role in the development of disease.  

The pathogenicity of E. coli is not well understood. However, the literature 

describes the attaching and effacing mechanism of EHEC (89, 90, 177). The general 

hypothesis about the pathogenicity of EHEC is bacteria attach to the host cell surfaces or 

membranes and get colonized. As described by Jerse et al. (90) , different animal models 

have been presented to describe the attaching and effacing mechanism. This is simply a 

two phase process, where in the first phase the destruction of the gastric microvillus 

brush border occurs, which is basically a restructuring of the cytoskeleton by signal 

transduction between bacterial and host cells. In the second phase, intimate attachment 

occurs by forming AE lesion and plateau formation (66). Plateau is the accumulation of 

actin in the cytoplasm.  

Enterohemorrhagic Escherichia coli producing AE lesion has eae gene on Locus 

of Enterocyte Effacement (LEE) Pathogenicity Island. The eae gene is responsible for 

encoding the attaching and effacing lesion, and also codes for intimin product, which is 

an attaching and effacing protein (89, 90). Intimin helps in adhering to the host cell. 

Locus of Enterocyte Effacement Island also poses Tir gene which codes for Tir protein; a 

translocated intimin receptor. E. coli pour the toxin into the host cell directly through a 

type iii secretion system (90). 

Stxs are the toxin secreted by EHEC, which is genetically similar with the toxin 

secreted by Shigella dysenteriae. There are mainly two different types of toxins identified 

so far; Stx1 and Stx2. Stx1 is completely identical to Stx produced by S. dysenteriae with 

only one amino acid difference, whereas Stx2 shares almost 60% sequence homology 



 Texas Tech University, Siroj Pokharel, May 2016 

10 

 

(101). These toxins are located on the genomes of lysogenic lambdoid bacteriophage 

(64). These toxins have two subunits; A and B, also called A1B5 toxins. The function of 

the B subunit is not clear. However, it is believed that the B subunit binds to the host cell 

and the A subunit is endocytosed, which later blocks protein synthesis by altering 60s 

ribosomal subunit (101, 103).   

E.coli Infections and Outbreaks 

Enterohemorrhagic Escherichia coli has become the continuous threat to the 

public since 1982 (151). At that time, people got unusual gastrointestinal illness and 

many of them usually went unnoticed. Most of the outbreaks were traced back to the 

slaughter house and animal products. Since then, a large no outbreaks of E. coli O157:H7 

infection have occurred not only in the United States but also in other countries including 

Canada, Japan, Mexico, Germany, and United Kingdom (31, 37, 112, 113). In the US, 

350 outbreaks of E. coli O157:H7 infections were reported in 49 states from 1982 to 2002 

(112, 113).  

In humans, an E. coli infection causes nonbloody diarrhea, bloody diarrhea 

(hemorrhagic colitis), hemorrhagic uremic syndrome (HUS) - kidney disease, and 

thrombotic thrombocytopenic purpura (TTP). Some of the infected people might only be 

an asymptomatic carrier (25, 76, 94, 101, 118, 166). The incubation period is from 2-12 

days, and in this stage colonization of bacteria occurs inside large intestine. During the 

first phase, severe abdominal cramps occur with nonbloody diarrhea for 1 or 2 days. This 

illness progresses into bloody diarrhea for up to 10 days. In most of the cases diagnosed 

after an outbreak have bloody diarrhea and 90% or less of those cases progresses into 
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bloody diarrhea. However, only 6% or less of diagnosed cases enter into HUS. Likewise, 

the fatality rate is 1% of the confirmed cases (25, 118).  

Recording of E.coli O157:H7 infections began officially after the 1983 Jack in the 

Box outbreak. However, active surveillance of infections attributed to non-O157 STEC 

began in 2001 (63). Between 2000 and 2005, the number of non-O157 STEC infections 

increased from 171 to 501 cases. The number jumped so high because there was an 

increase in testing for Stx in diarrheal cases for STEC serotypes other than O157 (113). It 

is estimated that 20 to 50% of all STEC infections are from non-O157 strains. However, 

the percentage differs from country to country and regions within a country (91, 113, 

121). Later in September 2011, Food Safety and Inspection Services (FSIS) published a 

document in the federal register that the raw, intact beef products that are intended for use 

in raw non-intact product, which are contaminated with Shiga toxin-producing 

Escherichia coli (STEC) O26, O45, O103, O111, O121, and O145 are adulterated 

because of the presence of poisonous or deleterious substance injurious to health (169).  

An E. coli O157:H7 outbreak with contaminated hamburger in 1983 signifies that 

the predominant sources of illness in early days were meat and undercooked products. 

Scientists were able to trace back the root cause of the outbreak and control the spread of 

disease. But, today, the source of illness or disease outbreak is not only limited to meat 

and O157 STEC infection, it is now expanded to contaminated fruits, vegetables, 

recreational water (lake, swimming pools), horizontal spread from people to people and 

non-O157 STEC’s infection (25, 118). Some of the notable outbreaks pertaining to non-

O157 STEC strains in the U.S. are outbreak involving E. coli O104 in post-pasteurization 

contaminated milk, with 11 confirmed and 7 suspected cases of illness in 1994 (27, 113). 
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Likewise, another outbreak in 1999, involves E. coli O111 in ice and salad from a salad 

bar, where 58 individuals got ill (24, 113). Similarly, E. coli O121 outbreak in 2006 was 

linked to an iceberg lettuce from a fast food restaurant where 73 people got ill and 3 of 

them developed the kidney disease (50). Another O111 outbreak happened in Australia in 

1995, which was linked to semidry uncooked, fermented sausage. In this outbreak 16 

patients were given dialysis and one died because of HUS (22). Similarly, in 2007 an 

outbreak of E.coli O145 and O26 has occurred in Belgium associated with ice cream 

product in a dairy farm (43). In the same year, Denmark had an outbreak of E. coli O26 

as well but was related to organic fermented beef sausage (55). One of the notable 

outbreaks (largest) of E. coli  worldwide in the year 1996 when there were more than 11, 

000 reported cases of illness and 21 deaths (118). A similar outbreak involving thousands 

of cases occurred in South Africa and Switzerland following consumption of 

contaminated surface water (118). Likewise, a multi-state outbreak occurred in the U.S., 

which was linked to organic spinach and spring mix blend where 33 persons were 

infected and 2 of them developed a hemorrhagic uremic syndrome, a type of kidney 

failure (25).  

With all of these past outbreaks, we can conclude that non-O157 STEC strain 

infections are more or less similar to O157:H7 infection quantitatively. For instance, in 

the U.S., Canada, U.K., and Japan, E. coli O157:H7 is the STEC serotype most 

frequently linked to illness, but this does not hold true for other countries (18, 50, 54, 

113). In Europe, Argentina, Australia, Chile, and South Africa, non-O157 STEC 

serotypes are more prevalent than O157:H7 infections (18, 50, 113). In one of the 

behavioral studies conducted by Hedican et al. (80) in 2009, they compare the infection 
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rate and overall characteristics of O157:H7 versus a non-O157 STEC infection. A stool 

culture collected over a period of 6 years revealed that O157 STEC infections were more 

likely than non-O157 STEC infections to result in bloody diarrhea, hospitalization, and 

development of kidney disease (80, 113). 

Escherichia coli in Food 

            Escherichia coli, both O157 and non-O157 STECS, use different varieties of food 

products as a vehicle for disease transmission. Some of the contaminated foods are 

undercooked ground beef (87, 171), unpasteurized milk and juice (39, 91), cheeses made 

from raw milk (27), raw fruits, and vegetables (5). Foods in the past, those associated 

with illness due to E. coli O157:H7 strains, were likely contaminated with non-O157 

STEC’s as well (128). Arthur et al.(8) in 2002 looked at the prevalence of non-O157 

STEC strains on beef carcasses in U. S. processing plants and found that almost 54% 

were positive for at least one strain prior to evisceration. However, the percentage 

declined to 46% following processing interventions, including steam vacuum, hot water, 

organic acids, and stem pasteurization (8, 113). Eating these contaminated products can 

cause infection in a human.  

            Several studies have focused on reducing the growth and survival of this 

pathogen. Most of the studies were conducted to understand the behavior of E. coli in 

different food products for a varying length of time. Likewise, studies were conducted to 

better understand the relationship between intrinsic and extrinsic factors and their effect 

on survivability of E. coli. Some of the factors include but are not limited to different 

temperatures, pH, salinity, acidity, water activity, fat content, and preservatives used (51). 
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            To cope with the amount of food contamination and to eliminate the harmful 

bacteria from the food and food contact surfaces, microbiologists have developed a 

parameter called the D value. The D value, which is used more in food industry and 

microbiology, is referred to as the decimal reduction time; the time required at the given 

temperature to kill 90% of the exposed microorganisms in certain food products. The 

decimal reduction time is influenced by pH of the food, type of food and microorganisms, 

water activity content of the food, and more importantly the applied temperature (51, 

114). Some of the studies have observed that cooking meat (80:20 fat to lean ratio) at 

different temperatures has given different D values.  

            Food industries use different intervention technologies, only one or in 

combination, to reduce the microbial load. The major concern of E. coli outbreak will be 

only after there is a breach in intervention procedure, where the food does not go through 

a series of treatments to eliminate the pathogen or if cross contamination might have 

occurred in the process.  

Salmonella 

 Similar to E. coli, Salmonella are also members of the family Enterobacteriaceae. 

These organisms are Gram negative, facultatively anaerobic rods capable of surviving in 

drying or freezing environment, and low pH. Most of the species grow at temperature 

ranges of 5 to 47 ºC with optimum temperature within 35 to 37 ºC. These pathogens use 

pH of 4 to 9 for their growth and an optimum between 6.5 and 7.5 (82, 137). These 

pathogenic organisms are sensitive to heat and are often killed at a temperature of 70 ºC 

or above and require high water activity (aw) between 0.94 – 0.99 for survival (82, 137).  

Salmonella spp. are classified into serovars (serotypes) based on the antigens present. 
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There are three different types of antigens: lipopolysaccharide (O), flagellar protein (H), 

and sometimes the capsular (Vi) antigens(82, 175). Based upon these antigens, there are 

more than 2500 known serovars of Salmonella and within these serovars there may be a 

strain that differs in virulence (175).  

 Classification of Salmonella is not clear yet and not completely standardized. 

While going through the literature, several synonyms can be found for the same species 

or subspecies, which makes it more complicated to understand. However, the U.S. 

Centers for Disease Control and Prevention (CDC), World Health Organization (WHO), 

and some reputed journals use only two species in the genus Salmonella: S. enterica and 

S. bongori. S. enterica has six subspecies, namely enterica, salamae, arizonae, 

diarizonae, houtenae, indica, and these subspecies are further subdivided into serovars, 

which are differentiated by their flagellar, carbohydrate, and lipopolysaccharide (LPS) 

structures (38, 123). The main serovars include Typhimurium, Enteritidis, and Typhi (6).  

 According to the literatures (126, 127, 162), Salmonella Typhimurium and S. 

Enteritidis are the most common serotypes in the United States. In addition, S. 

Typhimurium is found worldwide, which is the most common cause of food poisoning. 

However, in humans S. Typhimurium does not cause as serious of an illness as S. Typhi, 

because is not normally fatal (6).  

Salmonella Pathogenicity 

 The disease caused by Salmonella is known as salmonellosis. The clinical pattern 

of this disease can be classified into four different categories namely enteric fever 

(typhoid), gastroenteritis/enterocolitis, bacteremia, and other complications of 

nontyphoidal salmonellosis and an asymptomatic chronic carrier state as well (38, 82). 
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The severity of this disease is solely based upon both host immunity and the infectious S. 

enterica serovars (38). In the case of humans, most serovars cause gastroenteritis and/or 

diarrhea (38, 61). However, serovars Typhi, Paratyphi, and Sendai are known to cause 

enteric fever in humans (38, 61). In addition, serovar Typhi is mostly found in human 

infections but other serovars are more broadly host adapted (38). For example, serovars 

Dublin, Typhimurium, and Choleraesuis cause disease in both humans and animals. In 

animals they are more host specific: serovar Dublin causes intestinal inflammatory 

disease, bacteremia, and abortion in cows; serovar Typhimurium causes a typhoid-like 

systematic illness in mice; and serovar Choleraesuis causes septicemia in pigs (38).  

 Virulent Salmonella that are swallowed in food can survive the gastric acid barrier 

in the gastrointestinal tract and colonize in the ileum and cecum by outcompeting normal 

microflora. However, in most of the cases, a large variety of antimicrobial peptides that 

are present in the gastric epithelium may protect the invasion by environmental microbial 

pathogens. Despite the presence of antimicrobial peptides if colonization occurs, 

Salmonella might invade epithelial M-cells covering Peyer’s patches and might be 

carried away by dendritic cells. These cells are translocated across the intestinal 

epithelium and may get into host circulation or can be carried away from the gut by the 

help of CD18 expressing phagocytes (38, 148, 157). Inside the cell, the only way of 

Salmonella to become virulent is to survive the phagocytic engulfing.  

 There have been studies conducted to show the multiple virulence determinants 

critical for the induction of inflammatory and immune responses in infected hosts (1, 38, 

92). This induction process or the proinflammatory stimuli during Salmonella infection 

may be broadly differentiated into two categories. The first category includes pathogen-
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associated motifs, which are responsible for provoking innate immunity and the second 

category deals with virulence-associated proinflammatory behaviors resulting in disease 

pathology (38, 92). Salmonella with virulence-associated proinflammatory behaviors are 

directly bonded to Salmonella pathogenicity islands and in particular pathogenicity 

island-1 and -2 (38, 92). These pathogenicity islands encode for type III secretion 

systems, which are capable of injecting bacterial toxins. These toxins, with the help of 

injectors, cross the bacterial and host membranes and reach into the host cells or 

extracellular milieu (1, 38, 92). Bacterial toxins or these virulence factors are capable of 

influencing host biochemistry and cell physiology.    

Salmonella Infections and Outbreaks 

 In humans, infection with Salmonella typically occurs following the ingestion of 

≥ 50,000 bacteria in contaminated food or water (38). However, outbreak data suggests 

that the dose of Salmonella ingested in a natural setting is 1,000 organisms or fewer and a 

dose between 100 and 500 organisms have been associated with consumption of 

contaminated chocolate and cheese (11, 88). Onset of symptoms occurs between 6 to 72 

hours after consumption. Onset of infection also depends upon number of organisms in 

infective dose where higher organisms generally correlates with a high attack rate and 

shorter incubation period (88, 116, 163). The general symptoms include but are not 

limited to fever, malaise, abdominal cramps, headache, nausea, and anorexia. However, 

onset of symptoms is characterized by acute abdominal pain and diarrhea with or without 

blood.   

 Most cases of Salmonella infection are sporadic and only 10% of salmonellosis is 

acquired during outbreaks (98). The risk for sporadic salmonellosis is directly associated 
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with chronic underlying medical conditions, age of children or adults, and inconsistent 

hand washing techniques when handling meat and non-meat items (98). Despite the 

number of Salmonella infections involved, outbreak in itself creates a big problem. Most 

of the time, Salmonella infections in an outbreak are either directly related to imported, 

exotic, ready-to-eat, or unpasteurized food or to an increased volume of food production 

(73, 88, 98). Thus, to control the Salmonella transmission in food, serotyping and/or other 

typing methods interrupt transmission or contamination and reduce the number of 

infections. For example, in one of the advantage of serotyping on food product resulted in 

a batch of contaminated chocolate product being removed from the production and 

distribution preventing an estimated five deaths, 185 to 230 hospitalizations, and 29, 000 

to 36, 000 infections (88, 142).  

 In 1990, Salmonella Enteritidis increased worldwide causing a pandemic in 

Europe with rates ranging from 100 to 200 cases per 100, 000 in Germany to 10 cases per 

100, 000 in France (75, 88). The number of cases per 100, 000 peaked in 1997 but later 

declined. In the U.S., there were 3.8 cases per 100, 000 of Salmonella Enteritidis in 1995 

of which later dropped to the rate of 1.9 cases per 100, 000 in 1999, and remained stable 

through 2001(30). For 12 years, from 1990 to 2001, a total of 677 Salmonella Enteritidis 

outbreaks had occurred, which accounted for >23, 000 illnesses, >1, 900 hospitalizations, 

and 33 deaths (30). Most of these outbreaks were associated with shell eggs and most 

importantly when a food vehicle was involved.  

 In 2014, Salmonella infection outbreaks related to live poultry, primarily chicks 

and ducklings, were identified through PulseNet, the national molecular subtyping 

network for foodborne disease surveillance (26). A total of 363 persons were infected 
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with outbreak stains of Salmonella serotypes Infantis, Newport, and Hadar between 

February and October of 2014 making it the largest live poultry-related Salmonella 

outbreak in the U.S. (26). Among the sick persons, 35% were aged ≤ 10 years, and 33% 

were hospitalized where no deaths were reported (26). Routine environmental testing of 

hen houses with diversion of eggs for pasteurization, when tested positive with 

Salmonella Enteritidis, has decreased human Salmonella Enteritidis rates (88). While 

looking at the Salmonella outbreaks from year 2006 to 2015, apart from chicken and 

eggs, the outbreak is also related to other food products, namely: tomatoes, cantaloupes, 

peanut butter, pistachios, alfalfa sprouts, cucumber, pork, as well as ground beef (29).  

 When compared with other Salmonella serotypes, Typhimurium is the serotype 

most commonly isolated from humans (88). In 1999, Salmonella Typhimurium accounted 

for 25% of all culture-confirmed Salmonella infections (139). Most of the strains of this 

serotype are multidrug resistant (MDR), which are mostly resistance to ampicillin, 

tetracycline, chloramphenicol, sulfonamides, and streptomycin, with occasional resistant 

to trimethoprim and ciprofloxacin (164). In the United States, the incidence of MDR 

Salmonella serotype Typhimurium increased from 0.6% in 1979 to 36% in 1996, which 

might be because of the advance serotyping and isolation techniques (117).  

Salmonella in Food 

 Salmonella in food has always been a problem and became more pronounced 

when scientists realized that Salmonella and its serovars were liable to cause 

gastroenteritis illness. In 1934, health authorities noted the frequent occurrence of single, 

sporadic cases of salmonellosis were not recognized well (77). However, now-a-days, 

sporadic cases of Salmonella make a huge bulk of salmonellosis.  
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 Salmonella serovars are adapted to a wide range of hosts from domestic to wild 

animals. This adaption is why food from animal origin has always become a problem for 

the food industry and its consumers. Animal food serves as a vehicle for disease 

transmission if it is not handled hygienically. On top of that, asymptomatic carriers, who 

get infected with the pathogen and do not show any symptoms, can also transfer 

Salmonella to food and equipments while handling and preparing the food.  

 Salmonella is a very resistant microorganism when it comes to pH, moisture, and 

heat. It has an ability to survive in food for a very long period of time. Salmonella 

Typhimurium can express low-pH-inducible log-phase and stationary-phase acid 

tolerance response systems, which function in a minimal or complex medium to protect 

cells with pH of 3.0 (104). This microorganism also expresses a pH-independent general 

stress resistance system that contributes to acid survival during a stationary phase (104).  

 Low water activity foods or low moisture foods such as peanut butter, infant 

formula, chocolate, cereal products, and dried milk do not support growth of vegetative 

pathogens such as Salmonella(130, 131, 144). In this case, significant food safety risk 

might occur when there is a contamination after a kill-step in the processing. The survival 

of Salmonella spp. in these products is for a long period of time. However, during the 

storage there might be some reductions in the level of pathogens. This reduction is 

mainly due to the storage temperature, type of product, and product formulation (130, 

131, 144) . The cross-contamination of Salmonella in low-moisture foods has been traced 

to numerous factors such as poor sanitation practices, poor equipment design, and poor 

ingredient control (131). 
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 Thermal destruction of pathogen during pasteurization of food is time-

temperature related, which is described as time required to cause a one log10 decrease in 

bacterial numbers at a given temperature (D) and also the temperature difference required 

for the thermal inactivation curve to drop a logarithmic cycle (z) (7, 120). Scientific 

literature shows that some of the food additives, for example, polyphosphates, hydrogen 

peroxide, and the lactoperoxidase, increase Salmonella sensitivity to heat (48). In 

addition, the heat-resistance power of Salmonella in low-moisture products is affected by 

factors prior to heating (e.g., composition of growth medium, growth phase, growth 

temperature, stress such as heat or acid) and factors during heating (e.g., acidity, fat 

content, as well as different strains of Salmonella used) (130, 131). For instance, studies 

were conducted in chocolate for heat resistance of Salmonella for the application of a 

heat process to eliminate the pathogen (122). Chocolate candies have low moisture 

content (aw 0.3-0.5) and the organisms heated on them were subjected to dry heat (122). 

The D-value of Salmonella Typhimurium in molten chocolate at 71.1 ºC and 65.6 ºC 

were 396 minutes and 816 minutes, respectively (122). For these type of food (dry food 

products), for any cooking temperature, as the initial water activity of the sample prior to 

heating decreased, the heat resistance of Salmonella increased.  

 Good hygienic practices are of the utmost importance in aiding food products 

(either animal or plant origin) to withstand exposure to further pathogen contamination. 

These organisms may hide in the plant or equipments for months, but proper cleaning and 

sanitizing of the processing area, by following all good manufacturing practices, standard 

operating procedures, and sanitation, might prevent this pathogen from further 

contamination. 
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Isolation and Enumeration of E. coli (STEC) and Salmonella 

 Early detection and recognition of foodborne pathogens is very important to stop 

further contamination. Identification of these pathogens also helps in better treatment of 

the patients. Accurate and sensitive tests are required for E. coli O157:H7, non-O157:H7, 

and Salmonella by the food net service and government agencies in order to initiate 

procedures to recall food products (51). In addition to this, food industry demands rapid 

and accurate identification methods to verify their processes including sanitary condition 

of the plant (51). 

 Based upon the public health concerns about non-O157 STEC, effective June 4, 

2012, FSIS expanded the zero tolerance policy for E. coli O157:H7 to include the top 6 

non-O157 STEC serogroups in raw, non-intact beef products (169). Because of this 

regulation, it is even more essential that accurate, rapid, and reliable detection methods be 

available to test for non-O157 STEC in beef and other food products (172). Detection 

methods become more challenging when low numbers of target cells are present with 

high levels of background flora, non-homogeneous distribution of target pathogens, and 

when complex food matrices are involved (69, 172). For this reason, effective sampling 

and sample preparation prior to actual analysis is very critical (16, 160, 172).  

 Considering the background flora, other enteric bacteria like Citrobacter, 

Klebsiella, and Enterobacter, which are similar to E. coli in phenotypic characteristics, 

usually make the isolation and enumeration process difficult. Because of this similarity, 

the whole group is known as ‘coliform’. Detecting coliforms is relatively easy, however, 

their association with fecal contamination is questionable because some of them are 

found naturally in environmental samples (58).  
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 E. coli O157:H7 differs from generic E. coli in some aspects, including absence or 

slow sorbitol fermentation (111), no haemolysis on sheep and rabbit blood agar (140), 

and no manifestation of β-glucuronidase activity (109). In another note, E. coli O157:H7 

rapidly ferments lactose and is indistinguishable from most other E. coli on traditional 

lactose-containing media. Sorbitol-MacConkey (SMAC) agar was developed to take 

advantage of slow sorbitol fermentation by E. coli O157:H7(23). For the isolation of this 

pathogen, usually three general steps are required, namely enrichment of the sample, 

isolation of the presumptive colonies, and final confirmation of the bacteria (51).  

E. coli O157 and non-O157 Enrichment and Isolation 

 Buffered peptone water (BPW) supplemented with vancomycin is commonly 

used as a pre-enrichment of E. coli O157 and non-O157 STECs (41). In some of the 

cases, Gram-negative broth is also used as a selective medium, which is normally used 

for the microbiological examination of foods that allows the growth of coliforms while 

inhibiting competitive flora such as Gram-positive bacteria (41). Gram-negative broth is 

usually supplemented with vancomycin, cefixime, and cefsulodin, which is used in the 

detection of E. coli O157:H7 from fecal samples, feed and water (13, 47, 51). Tryptic soy 

broth (TSB) is another pre-enrichment medium, which is known to support the growth of 

different microorganisms (93, 161). For non-O157 enrichment, base media including 

trypticase soy broth (TSB), BPW, and E. coli broth (EC) are commonly used and are 

supplemented with novobiocin, cefixime, potassium tellurite, vancomycin, acriflavin, and 

cefsulodin to suppress the growth of background flora (170, 172).  

 One of the differential methods for the detection of E. coli O157:H7 is based upon 

the biochemical use of chromogenic compounds where substances remain colorless until 
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acted upon by an enzyme. An example of the compound is Fluorocult E. coli O157 agar, 

a medium that contains 4-methylumbelliferyl-b-D-glucuronide (MUG), which is 

colorless until acted upon by an enzyme. E. coli strains produce β-D-glucuronidase 

enzyme, which cleaves MUG and produces 4-methylumbelliferone compound yielding a 

blue color. However, E. coli O157:H7 do not possess the enzyme and cannot hydrolyze 

MUG. As a result, the compound remains colorless (51).  

 Many of the media in use for enumeration and isolation of non-O157 STEC are 

modified from the originally developed media for E. coli O157:H7 (172). For culturing 

non-O157 STEC, sorbitol is replaced with rhamnose in MacConkey agar (RMAC) for 

differential isolation of STEC O26, O111, and O145 because of high-level tellurite 

resistance observed among these serogroups (21, 83, 172). In addition to these media, 

there are also several commercially available chromogenic agars for non-O157 STEC 

isolation, e.g., modified rainbow agar and CHROMagar STEC (172).  

Salmonella Enrichment and Isolation 

 The pre-enrichment step helps in resuscitation of injured cells during processing 

of the food product including collection and transportation of the samples. This step also 

helps in growth and multiplication of pathogens when their presence is very low in food 

products. Buffered peptone water is normally used for the pre-enrichment procedure 

when the food contain high nutrient concentrations or lactose broths in food with less 

nutrients (51). The bacteriological analytical manual (BAM) recommends expanded use 

of Rappaport-Vassiliadis (RV) medium for foods with both high and low numbers of 

competitive microflora (56). Whereas, Tetrathionate (TT) broth continues to be used as 

the second selective enrichment broth in which TT broth is to be incubated at 43 ºC for 
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the analysis of high microbial load foods and at 35 ºC for the analysis of low microbial 

load foods (56). These broth mediums allow Salmonella to selectively grow while 

suppressing the growth of other coliforms or gram positive microorganisms (45). The 

presence of Salmonella in food is usually determined by plating them from RV or TT 

broth into selective media, such as Xylose Lysine Deoxycholate (XLD) agar or Xylose 

Lysine Tergitol 4 (XLT4). These agars help in differentiating Salmonella from other 

enteric pathogens based on color changes (45, 96). Most of the Salmonella strain colonies 

form black centers, which is indicative of microorganisms that can decarboxylate lysine 

and must be confirmed with further biochemical testing.  

 Isolation of Salmonella from food products is considered difficult because of the 

hassle on following each and every step. In addition, two factors confound the selective 

isolation of Salmonella from food products: (i) physiological ‘dormancy’ of the 

Salmonella, and (ii) the adverse effect of soluble food components on the selectivity of 

the enrichment media (153). On a positive note, the dormancy can be overcome by 

preliminary enrichment of the sample in a noninhibitory medium and contaminating 

bacteria can be centrifuged (153). However, the series of Salmonella isolation involves 

the following steps: pre-enrichment, enrichment, selective-differential plating, isolation, 

and identification (51).  

 E. coli O157:H7 and other non-O157 STECs are difficult to differentiate without 

using a molecular method. Principally, the lactose positive colonies are tested in a pool 

by multiplex polymerase chain reaction (PCR) for the presence of Shiga toxin (stx1 and 

stx2) and intimin (eae) genes (124). If positive by PCR method for any of the above 
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mentioned genes, colonies are individually tested to find the type of STEC by using 

chromogenic selective indicator plates for O157 and non-O157 types (167).  

 

Beef Marination 

  Marination is the process used to enhance the flavor, juiciness, and tenderness of 

cooked meat. In this technique, marinated beef is submerged in a solution containing 

ingredients known to increase tenderness and juiciness, and enhance flavor (17). Besides 

increasing the sensory properties only, many ingredients perform multiple functions 

when properly selected and incorporated through marination (2, 85). For example, 

sodium chloride with phosphate not only provides flavor properties but also enhances 

water-holding capacity of the meat system. Sodium chloride aids muscle protein 

extraction, which has a positive impact on yield and product texture minimizing package 

purge and cooking loss (2, 85). In addition, phosphates also have chelating properties that 

effectively reduce oxidation and warmed over flavor (17, 36, 85). Additionally, natural 

flavorings, such as rosemary spice extract, are also used in the marination process 

because of their strong antioxidative properties (17, 146). These antioxidative properties 

increase the shelf-life of products by protecting the beef color change while in retail 

display (17).  

 The marination process can involve several steps and can either be a very simple 

process or a highly complex and expensive process, depending on the volume, time, type 

of product, and desired outcome (85). The basic practices of marination are accomplished 

by a single process or a combination of processes: (1) static soaking, (2) massaging, (3) 
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injecting, (4) tumbling, and (5) mixing/blending to incorporate solutions and ingredients 

for many species (85, 154).  

 Ingredients used in the meat marination system differ from company to company. 

The levels and the amount of solution delivered into the products also vary, and are often 

proprietary (17). The injection levels (8 to 12%) in beef are expressed in percentages, 

which directly reflects the percentage increase in weight after solution injection (17). 

Scientific literature have shown that consumer perception on the tenderness and juiciness 

of enhanced beef steaks does not change with injection levels ranging from 7.5 to 15% 

(17, 86, 97, 115, 141). Consumers were also able to detect the tenderness attribute on 

enhanced steaks, which were more tender and juicier than steaks that were not enhanced 

or pumped with water only (17, 115, 141). However, consumer failed to detect the 

difference between controls or antimicrobial treatments to beef trims or ground beef at 6 

or 24 h (78). 

Issues with Meat Marination 

 The above mentioned single process or combination of marination processes 

makes the meat non-intact. Therefore, bacteria on the surface of the meat may transfer 

some of these microorganisms to the interior of the meat where they may be protected 

from outside chemicals or cooking heat (33, 52, 60, 106, 107, 156). As of May 2015, 

FSIS is requiring the labeling of raw or partially cooked needle- or blade- tenderized beef 

products (67). Including beef products injected with marinade or solution, these labels 

will bear a descriptive designation that clearly indicates the product has been 

mechanically tenderized (67). As mentioned in the Federal Register final rule, the 

affected products will have to include the descriptive designation ‘mechanically 
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tenderized,’  ‘blade tenderized,’ or ‘needle tenderized’ and an accurate description of the 

beef  component by May 17, 2016 (67). Even though vacuum-tumbled or enzyme-formed 

beef products are processed in a way that they can introduce pathogens below the product 

surface, FSIS has concluded there is not sufficient data to understand whether the risk 

that pathogens may be introduced into product as a result of vacuum tumbling or enzyme 

formed beef product is similar to that associated with needle- and blade-tenderized beef 

(67).  

 It is obvious that the internal muscles and deep tissues of the carcass are sterile 

unless they are subjected to a continuous breakdown of the muscle structure during the 

process of carcass fabrication or mechanical tenderization (100). There are numerous 

studies that show the translocation of surface bacteria to the interior muscle structure (34, 

53, 102, 108, 135). In most of the studies, there is always 1.5 to 2 log10 reduced bacterial 

population in internal muscles and deep tissues when compared to the surface population 

(34, 40, 53, 132).  

 There have been numerous outbreaks related to non-intact meat products. Since 

2000, the Center for Disease Control and Prevention (CDC) has received reports of six 

outbreaks determined to be attributable to needle- or blade-tenderized beef products and 

those were prepared in restaurants and consumers’ homes (67). A total of 176 E. coli 

O157:H7 cases were included in those outbreaks, where 32 were hospitalized and 4 

developed hemolytic uremic syndrome (67). Since these outbreaks had occurred, USDA-

FSIS published notice requiring establishments produce mechanically tenderized and 

moisture-enhanced beef products to reassess their respective hazard analysis and critical 

control point systems, due to possible risk to the consumers (52).  
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 There have been multiple outbreaks attributed to non-O157 STEC strains in the 

U.S. Most of the cases and outbreaks have been associated with the consumption of raw 

or undercooked non-intact beef products, especially ground beef (74). Therefore, in 

September 2011, the U.S. Department of Agriculture (USDA) declared six E. coli 

serogroups- O26, O103, O111, O145, O45, and O121 as adulterants in non-intact raw 

beef (68, 152). As a result, raw ground beef, its components, and tenderized steaks found 

to contain these bacteria will be prohibited from sale to consumers (68). Even though the 

E. coli O157 and non-O157 prevalence is typically low on beef subprimals, processors 

must still be concerned about contaminating the marinade (119). Reusing the spare 

marinade might contaminate further processing and products. Therefore, using some 

antimicrobial ingredients before using the spent marinade for further use might lower the 

risk of cross contamination (119).  

 Over the years, Salmonella has caused the highest number of outbreaks and 

illnesses. These outbreaks and illnesses are mainly associated with the consumption of 

undercooked eggs, dairy products, raw produce, and vegetable products (29). However, 

in 1994, an outbreak of Salmonella serotype Typhimurium occurred in Wisconsin that 

was associated with eating contaminated undercooked ground beef (28). In addition, an 

outbreak related with multidrug-resistant Salmonella Newport was also involved with 

ground beef (32). For this reason, Salmonella contamination in non-intact meat products 

cannot be ignored.  

 



 Texas Tech University, Siroj Pokharel, May 2016 

30 

 

Intervention Technologies 

 Outbreaks of foodborne pathogens such as E. coli O157:H7, non-O157 STECs, 

and Salmonella Typhimurium continue to draw public attention to food safety. In order to 

reduce or eliminate these food pathogens from entering the food supply chain, there are 

numerous control measures that are applied in the food industry. However, there is 

always a risk of food products being contaminated after control measures are in place. 

For example, contamination of the carcasses can occur during de-hiding and evisceration 

processes even though different intervention procedures are already in place (51).  

 Hazard Analysis and Critical Control Point (HACCP) is a scientific managerial 

system in which food safety is addressed through the analysis and control of biological, 

chemical, and physical hazards; from raw material production, procurement and 

handling; and to manufacturing, distribution and consumption of the finished product 

(57). This scientific tool helps all beef processors and plants to identify the hazards, 

monitor their critical control points in their respective process and further helps in 

implementing different control measures to mitigate likelihood of harmful pathogens. 

The control measure that is used in the industry to minimize the presence of harmful 

pathogens is called intervention. As a result, the evolution of routine slaughter practices 

led to the adoption of the multiple hurdle technology approach to microbial carcass 

interventions (84).  

 Some of the control measures that are established as interventions can be 

categorized into: i) physical (hot water spray, steam pasteurization, stem-vacuuming, 

water wash cabinet, and knife trimming); ii) chemical (organic acids, polyphosphates, 

chlorine, acidified sodium chlorite, ozone, peroxyacetic acid, nisin, and lactoferrin); iii) 

emerging technologies (hydrostatic pressure, irradiation, pulsed electric fields, and 
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microwaves); and iv) biological (lactic acid bacteria and bacteriophages) (46, 51, 84, 

143). Use of lactic acid bacteria as an intervention method and their effect on sensory 

properties of meat has been extensively studied (3, 14, 15, 53, 155). 

 In the recent literature there is more focus on the potential for control or reduction 

of pathogens in livestock prior to slaughter (71, 105, 145). It is a challenge to validate 

and implement microbial intervention strategies at the farm level. However, if livestock 

could arrive at the slaughter facility with lower prevalence of certain microorganisms, the 

effectiveness of subsequent intervention strategies in the slaughter process could be 

enhanced (84).  

Lactic Acid  

 It is well known that lactic acid is a non toxic organic chemical compound, 

generally recognized as safe (GRAS) and is commonly used in the beef and pork industry 

to decontaminate carcasses (51). Lactic acid shows an immediate bactericidal and 

delayed bacteriostatic effect on beef and pork carcasses (42). The use of lactic acid on 

beef and pork carcasses has been approved by USDA-FSIS with not more than 5% as 

concentration (136). In recent years, lactic acid has become the most commonly used 

organic acid for treatment of postevisceration beef carcasses (12, 20). However, many 

processors have also implemented 2% lactic acid washes on preeveisceration carcasses 

(12, 20). This organic acid spray is also being used for offal and variety meats (173).    

 A study by King et al., (95) reported that 2% lactic acid was effective as a carcass 

wash. This 2% acid was able to reduce counts of E. coli O157:H7 and Salmonella 

Typhimurium on a beef carcass while entering the chilling cooler and prevented growth 

during the chilling period (95, 173). In another study by Castillo et al., 2% lactic acid 
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spray in combination with hot water (95 ºC at the source) had higher log reductions of E. 

coli O157:H7 and Salmonella Typhimurium than independent treatments (19). In a 

different study, 2.5%, 5%, and 2% activated lactoferrin followed by warm 5% lactic acid 

was applied to beef subprimal cuts to control E. coli O157:H7. The result shows that in a 

lower bacterial population, if these treatments are applied before mechanical 

tenderization of beef subprimal, it can effectively reduce the transfer of E. coli to the 

interior (81). In another finding, 2% and 4% lactic acid was applied as a spray for beef 

trimmings to control natural flora, where 4% acid spray was most effective to reduce the 

aerobes (72). Also, pathogen levels were lower in ground beef produced from products 

that received the prechill and postchill acid spray (20, 173). Regarding the vacuum 

storage after lactic acid spray on beef subprimals, the treatment improved the 

microbiological quality of meat for 14, 28, 56, 84, and 126 days of vacuum storage (136). 

In one of the recent studies, lactic acid was evaluated as an initial and secondary 

subprimal intervention for E.coli O157:H7, non-O157 STECs, and a nonpathogenic 

E.coli surrogate (129). In that study, initial use of lactic acid was validated as a subprimal 

intervention during beef fabrication followed by a secondary application to a vacuum-

packaged product. As a result, total inoculum counts were reduced from 6 log CFU/cm
2
 

to 3.6, 4.4, and 4.4 log CFU/cm
2
 for the E.coli surrogates, E. coli O157:H7, and non-

O157 STEC inoculation groups, respectively (129). After the second application, total 

inoculum counts were 2.6, 3.2, and 3.6 log CFU/cm
2
 for the E.coli surrogates, E. coli 

O157:H7, and non-O157 STEC inoculation groups, respectively. In this study, lactic acid 

treatments effectively reduced counts of pathogenic and nonpathogenic strains of E. coli 

on beef subprimals (129).  
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 In another study, 5% lactic acid was sprayed on beef steaks either with high (10
5
 

CFU/ml) or low (10
3
 CFU/ml) levels of E. coli O157:H7. After 21 days of dark storage, 

surface population of E. coli O157:H7 was reduced by more than 1.0 log CFU/cm
2
 

regardless of the inoculation level (34). Similar to this study, 5% lactic acid spray was 

also able to reduce the non-O157:H7 STECs on beef subprimal surface (102). In a 

different  study, lactic acid spray was used to reduce the translocated E. coli O157:H7 

and Salmonella Typhimurium DT 104 in inoculated choice strip loins (53). In this study, 

lactic acid spray prior to mechanical tenderization or enhancement reduced E. coli 

O157:H7 and Salmonella Typhimurium DT 104 loads up to 3.0 and 2.3 log10 respectively 

(53).  

 In different studies conducted at Texas Tech University, the effectiveness of lactic 

acid based antimicrobial product chicxide was evaluated. In this study, whole broiler 

carcasses were inoculated with 10
5
 CFU/ml of Salmonella strains. The carcass was either 

sprayed or immersed in chicxide solution for 5, 10, or 20 s. Chicxide significantly 

reduced Salmonella by 1.3 log10 CFU/ml with spray treatment and 2.3 log10 CFU/ml for 

all dip treatments (99). In a similar study at the same university, 4% lactic acid spray was 

able to reduce the level of E. coli O157:H7 and Salmonella Typhimurium in beef trims 

and ground meat by more than 1.5 log10 cycles (79). However, in a separate study, lactic 

acid dip treatment method was significantly more effective in reducing pathogens when 

compared with the lactic acid spray treatment method (174).  

Buffered Vinegar  

 The active component of buffered vinegar is acetic acid, which is appearing 

frequently as a natural preservative in processed meat as well as in poultry products (70). 
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Acetic acid is generally regarded as safe and is a potent antimicrobial that has been used 

against some harmful pathogens. These organic acids (lactic acid, acetic acid, citric acid) 

contain high levels of weak acid anions that accumulate in the bacterial cytoplasm 

resulting in an osmotic effect in the cell’s metabolic function (44). As a result, vinegar 

helps in inhibition of pathogen survival and growth in food products. Typical household 

vinegar has a pH of 2-3, whereas buffered vinegar has a pH range of 6-6.5, which will 

allow the food to keep a neutral taste profile (70).  

 Research has proven that vinegar can be effective at reducing Salmonella in 

suspension tests (176), as well as in produce such as rocket and spring onions (149), and 

carrots (150). Similarly, buffered vinegar is effective at reducing E. coli in lettuce (35, 

158), in enhanced beef rounds, and top sirloins (133, 134). In a different study, 2% acetic 

acid was applied to beef flank sections prior to chilling and the treatment was able to 

reduce E. coli O157:H7 by 0.65 log CFU/cm
2
 and Salmonella by 0.87 to 0.91 log 

CFU/cm
2
 (10). In another study, beef carcasses were treated with 2% acetic acid spray or 

acetic acid plus pulsed-power electricity treatment, which significantly reduced the 

incidence of E. coli O157:H7 and caused a 1-log CFU/cm
2
 reduction of Salmonella 

Typhimurium (165). In a separate study, beef cores were dipped in 0, 1, 2, and 3% acetic 

acid at 25, 40, 55, and70 ºC, where the most effective treatment was with 3% acetic acid 

at 70 ºC (4).  

 In another research study, 1.5% vinegar-lemon-cherry powder blend, 2.5% 

buffered vinegar and a 3% cultured sugar-vinegar blend all proved effective in lowering 

microbial population when incorporated into alternative-cured ham, uncured roast beef, 

and deli-style turkey breast (70). In all types of meat, the addition of either the vinegar-
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lemon-cherry powder blend or buffered vinegar delayed Listeria monocytogenes growth 

for an additional two weeks when compared with the control (70). Likewise, addition of a 

cultured sugar-vinegar blend delayed growth for an additional four weeks (70).  

 On the other hand, acetic acid (2%) has a potential to produce off color, off flavor 

or odor when used on raw meat in a spray or dip. However, these product changes can be 

minimized when acetic acid is paired with lactic acid. Therefore, food industries are 

willing to use buffered vinegar with a pH range of 6-6.5 that can result in microbial 

protection with minimal off notes (65). 

Conclusion 

E. coli O157, non-O157 STEC and Salmonella contamination in meat and poultry 

products has been a concern in the beef and poultry industry for many years.  Reductions 

of surface pathogens on carcasses and subprimal cuts have been evaluated. However, 

there are little data on the reduction of internalized versus external E. coli and Salmonella 

contamination in non-intact meat products subjected to marination. Deep tissue 

marination, which relies on the osmotic transfer of solutes across the meat surface, is one 

of the most commonly utilized and cost-effective methods to add value to and improve 

the consistency of beef. Therefore, the objective of our first study was to determine if the 

seven serogroups were internalized during marination and to determine the thermal 

susceptibility of internalized pathogens. 

 Even though safety is the number one priority for the industry, beef processors 

and purveyors are also responsible to maintain the palatability, quality, and marketability 

of their products. Due to massive demand for diversity in meat case and varieties of meat 

products, producers and retailers are intent to add value to the less marketable cuts in 
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order to maximize the profit without sacrificing palatability or consumer acceptance. 

Deep tissue marination is one of the most commonly utilized and cost-effective methods 

to add value and to improve consistency in the meat products. However, our recent data 

indicate that there is a food safety concern due to pathogen internalization during 

marination of intact beef products.  

 Therefore, our objective for second project was focused on validating intervention 

strategies such as lactic acid and buffered vinegar in marinated beef system. The 

industrial vacuum marination process was simulated in our BSL-II lab, where 

intervention strategies were applied as pre-marinade interventions.  

 These studies will support the importance of validation of interventions to 

improve the safety of non-intact meat products. Some of the non-intact research done in 

the past concluded that there is a high risk of bacterial internalization and translocation 

while marinating. Data regarding minimum required concentration of organic acids and 

other used chemicals for the intervention of E. coli and Salmonella spp. in marinated beef 

products without deteriorating the flavor profile and palatability of meat will be helpful.  
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CHAPTER III 

 

INTERNALIZATION AND THERMAL SUSCEPTIBILITY OF 

SHIGA TOXIN-PRODUCING ESCHERICHIA COLI (STEC) IN 

MARINATED BEEF PRODUCT 

 

 

1. INTRODUCTION 

 
 Fresh meat contamination with Shiga-toxin producing Escherichia coli (STEC) 

has been a preeminent concern of the U.S. meat industry for the past three decades. Until 

recently, E. coli O157:H7 was the primary STEC of concern; however, number of illness 

occurring from a group of six non-O157 STEC serogroup is increasing. These non-O157 

STEC serogroups specifically O26, O45, O103, O121, O111, and O145, can cause 

illnesses that are equally as severe and impactful as their O157:H7 counterparts.  

Furthermore, despite the advances in O157:H7 mitigation, a report published by Scallan 

and colleagues (22) provided evidence that illnesses associated with non-O157:H7 

serogroups were more than four times more frequent than estimates published in 1999 (9, 

17). It should be noted that the regulatory status and sampling methodology were 

different in each assessment. Nonetheless, in 2012, the six additional STEC serogroups 

O121, O111, O145, O45, O26, and O103 were added to the list of adulterants for non-

intact and ground beef products (12) in the United States. 

 Deep tissue marination, which relies on the osmotic transfer of solutes across the 

meat surface, is one of the most commonly utilized and cost-effective methods to add 

value to and improve the consistency of beef. In 2007, the National Cattlemen’s Beef 

Association reported that over 16% of retail available meats are marinated (6). While 
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marination satisfies the objective of improving beef palatability, prior research suggests a 

potential for increased food safety risks due to pathogen internalization during marination 

of previously intact beef products (18, 19). In fact, research indicates the principles 

inherent to marination may be acting to enhance the internalization (19, 20) and thermal 

tolerance (20, 25) of pathogenic bacteria.  

 Though E. coli O157:H7 has been used as a suitable indicator for non-O157 

STEC, research generated during the past five years suggests that critical differences may 

exist which provide protection to non-O157 STEC serogroups to previously validated 

lethal cooking temperatures (15, 27). Given the public health risk and current regulatory 

status of pathogenic STEC in non-intact beef products, including marinated products, a 

more comprehensive understanding of not only the bacteria’s ability to migrate, but also 

the susceptibility of each serogroup to validated cooking temperatures is needed (1, 7, 9). 

To our knowledge, no such evaluation of individual STEC serogroup translocation and 

survivability in marinated fresh beef has been described previously.  Therefore, this 

research aims to evaluate the influence of marination on the translocation and 

survivability of vacuum tumbled pathogens exposed to various cooking temperatures.  

 

2. MATERIALS AND METHODS 

2.1.  Product Procurement. Beef bottom sirloin flaps (IMPS #185A; USDA 

Select) (sirloin flaps here after) were procured from a federally inspected meat processing 

facility approximately 7 d postmortem and transported to Gordon W. Davis Meat 

Laboratory at Texas Tech University (Lubbock, TX). Upon arrival, the sirloin flaps (n = 

4 per STEC; 28 total) were portioned into five equal sections. One section was vacuum 
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packaged and  frozen (-20°C) for later analysis of biochemical properties (described 

below) and the four remaining sections were immediately transported to the Texas Tech 

University BSL-II pathogen processing facility (Lubbock, TX) for inoculation and 

processing.  

 2.2. Marinade Preparation. A standard marination solution was formulated 

with potable water at room temperature to deliver 0.35% sodium chloride (Alberger 

Flake Salt; Cargill, Wichita, KS), 0.45% sodium tripolyphosphate (Brifisol 512; ICL 

Food Specialties, Simi Valley, CA), and 0.15% food-grade blue dye (FD&C Blue No. 1; 

LeMelange, Wellington, FL) in the final product at a targeted 10% uptake. In order to 

minimize marinade variation among serogroups, the marinade was prepared in a single 

batch for use in all serogroup inoculations. 

 2.3. Subprimal Inoculation. One day following portioning, sirloin flap sections 

were inoculated (10
5 

CFU/cm
2
) by submersion into one of seven STEC cocktails 

separately. Each STEC cocktail (n = 7; representing each STEC serogroup) was prepared 

using three strains of each STEC serogroup from the TTU Food Microbiology Stock 

Culture Collection (Table 2). Prior to formulation of each serogroup cocktail, frozen 

cultures were enumerated following the method described by Echeverry et al. (11). 

Frozen stock cultures were grown in 50 ml of Tryptic soy broth (TSB) and passaged three 

times at 37º C for 18 to 24 h and by serially diluting and spread plating onto MacConkey 

agar (EMD Chemicals inc. Gibbstown, NJ) plates with incubation at  37˚ C for 18 to 24 

h. After enumeration, the concentration of individual strains per serogroup was 

determined as 1.0 × 10
8
 CFU/ml. Per serogroup, 16.7 ml of each strain-culture were 
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combined to give 50 ml and then diluted to a final concentration of 1.0 × 10
6
 CFU/ml in 5 

L buffered peptone water (BPW; EMD Chemicals Inc., Gibbstown, NJ). 

For inoculation, individual sections were immersed into their respective STEC 

inoculation broth (5 L per serogroup) for approximately two minutes. After the two 

minute inoculation period, sections were removed from the inoculation broth and allowed 

to rest at 4°C for approximately 30 min to facilitate bacteria attachment. Surface 

attachment was verified by obtaining one 50-cm
2
 swab sample from one section per 

serogroup (1 out of 4 samples were swabbed) using a sponge moistened with 10 ml of 

BPW (World BioProducts, Mundelein, IL). Swabs were stomached for 2 min at 230 rpm 

using a table top stomacher (Seward 400C stomacher; England).  Serial dilutions for the 

swab and cocktail samples were prepared in 9.9 ml of BPW. The appropriate serial 

dilutions were spiral plated (Autoplate® 4000; Spiral Biotech Inc., Norwood, MA) onto 

MacConkey’s  agar with a trypticase soy agar (TSA; Becton-Dickinson Co., Sparks, MD) 

overlay to allow for recovery of injured cells (5). Plates were incubated for 18 to 24 h at 

37°C. After incubation, STEC colonies were counted using a colony counter (QCount
®
 

530; Advanced Instruments, Inc., Norwood, MA).  

 2.4. Marination of Beef Samples. After inoculation, sirloin flap sections were 

placed into a vacuum tumbler (Model MC-25; Inject Star of America, Brookfield, CT) 

and sufficient marination solution to accommodate a 10% uptake was added prior to 

formation of a vacuum environment (0.6-0.7 bar) within the tumbler. Sirloin flap sections 

were allowed to tumble for either 30 or 60 min (n = 8 sections per length of time for each 

inoculum). After 30 and 60 min of vacuum tumbling, half of the samples (n = 8 per 
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serogroup) were removed from the tumbler for processing. Section weights were obtained 

prior to and after marination in order to determine percent uptake. 

 After marination, two sections from each marination length were reserved for 

initial (d 0) evaluation of marinade uptake and pathogen translocation. The remaining six 

sections were individually vacuum packaged (Model MVS 45; Minipack-Torre; 

Dublin/Manchester) in high-barrier vacuum bags (Sealed Air- Cryovac; Bolingbrook, IL) 

and stored in the dark for 14 d (0 to 2°C) for subsequent evaluation of marinade uptake, 

pathogen translocation, and thermal tolerance. 

          2.5. Pathogen Translocation in Raw Samples. Immediately after marination (d 0) 

and following 14 d of storage, half of each section (2 sections total) reserved for analysis 

of pathogen translocation were utilized for the enumeration of pathogens on the external 

and internal meat surfaces. Prior to obtaining a sterile core (5 cm × 2 cm) sample, 50 cm
2
 

surface swabs were obtained from each half-section using a sponge moistened with 10 ml 

of BPW. After swabbing, a sterile subsection from the centermost portion of the flap 

section was obtained using flame-sterilized knives.  The subsection was surface sterilized 

with a flame using the methods of Muras et al. (19) to assure sterility on the sample’s 

external surface. The sterile core was ground in a sterile food processor (HC306; Black 

and Decker; Townson, MD) and diluted in 90 ml of BPW prior to stomaching at 230 rpm 

for 2 min. Serial dilutions from both cores and swabs were prepared in 9 ml of BPW and 

spread plated onto MacConkey agar with a TSA overlay (3). Plates were incubated for 18 

to 24 h at 37°C. After incubation, colonies were manually counted.  

  2.6. Evaluation of Marinade Migration in Raw Samples. Immediately after 

marination and after 14 d of refrigerated storage, half of each section (2 sections total) 
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reserved for analysis of marinade uptake was frozen (-20°C) for later analysis of 

marinade uptake using the procedures of Xiong and Kupski (28), with modifications. 

Briefly, samples were thawed for approximately 24 h prior to homogenization of 10 g 

from each section using a commercial food processor (HC306; Black and Decker; 

Townson, MD). After homogenization, 10 ml of deionized water was added to the 

homogenate prior to centrifugation (Model 5804R; Eppendorf North America, Inc., 

Westbury, NY) for 10 min. After centrifugation, the absorbance of the supernatant was 

evaluated at 627 nm using a spectrophotometer (Genesys 20; Thermo Electron Scientific 

Instruments Corp., Madison, WI). Likewise, the absorbance of standard solutions 

containing known amounts of dye (g dye/g of H20) was evaluated at 627 nm to develop a 

standard curve.  

 2.7. Analysis of Thermal Tolerance in Cooked Samples. The four remaining 

sections from each marination duration were split into equal subsections to obtain eight 

equal portions for cooking to one of four targeted internal temperatures (55, 60, 65, or 

71°C; n = 2 portions per temperature and marination duration). Internal temperature of 

each section was monitored according to the sensory guidelines of the American Meat 

Science Association (3). Briefly, a thermocouple wire (Type J; Cole Parmer, Vernon 

Hills, IL) was threaded into the centermost portion of the flap section and attached to a 

remote temperature logging device (Model OMB-DAQ-56, Personal Daq; OMEGA 

Engineering Inc., Stamford, CT) to allow for continuous internal temperature monitoring. 

After threading, portions were cooked to their targeted internal temperature using clam-

shell style grills (George Forman Model GRP99b; Salton Inc., China) preheated to a 

surface temperature of 195°C. After the desired internal temperature was reached, the 
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portion was removed from the heat source and allowed to rest at room temperature for 3 

min. The start and stop time of cooking, as well as the temperature of the steak upon 

removal from the grill, peak temperature during rest, and temperature at the conclusion of 

rest were recorded.  

After the rest period, a 2 cm × 5 cm core was aseptically obtained from each 

portion using an ethanol and flame sterilized knife. After removal, the core surface was 

briefly flame sterilized to eliminate inadvertent contamination from the surface.  Cores 

were homogenized using a sterile food processor and 10 g of the homogenate was diluted 

in BPW as previously described (Section 2.5). Serial dilutions were made by placing 1 ml 

of diluted sample in 9 ml of sterile BPW. The appropriate dilutions were spread plated 

onto MacConkey agar with TSA overlay prior to incubation for 18 to 24 h at 37°C. Plates 

were hand counted following incubation.  

2.8. Processing of non-enumerable plates. Samples which were not enumerable 

(no growth on culture media) by direct plating were subjected to rapid polymerase chain 

reaction (PCR) -based detection of the stx and eae genes using the BAX
®
 system (Dupont 

Qualicon, Wilmington, DE). The original stomached samples (5 cm × 2 cm core) were 

incubated for 18 to 24 h at 37°C in buffered peptone water (BPW) and PCR analyses 

conducted to manufacturer guidelines. After incubation, 20 µl of the enriched sample was 

added to 200 µl of lysis reagent (a combination of lysis buffer and protease; Dupont 

Qualicon), in a lysis tube. Each lysis tube was heated at 37°C for 20 min, then at 95°C for 

10 min. After the heating cycles, lysis tubes were cooled at 5°C in a cooling block for 5 

min. In a separate cooling block, PCR tubes were arranged and 30 µl of the lysate was 

transferred from the prepared sample. Samples were then subjected to PCR analysis on 
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the BAX
®
 system. BAX

® 
negative samples were discarded, while BAX

® 
positive samples 

were subject to further analysis.  

 The PCR based methodology of the BAX
®
 system allows for the conservative 

detection of E. coli DNA fragments. In the case of cooked samples, this method may 

allow for the detection of destroyed or dead cells. Therefore, confirmation of BAX
® 

positive samples was performed by spread plating BAX
® 

positive samples onto 

Chromagar™ STEC selective media. Stomached samples were spread plated onto 

Chromagar™ STEC agar (DRG International inc. Springfield, NJ) plates for isolation of 

morphologically representative colonies (mauve colonies represent STEC, whereas other 

bacteria from the Enterobacteriaceae family are colorless or blue). After incubation at 

37°C  for 24 h, morphologically representative colonies on  Chromagar™ were 

confirmed using latex agglutination (O157:H7) or BAX
®
 panel screens (for individual 

serogroups; Dupont Qualicon).  

 2.9. Raw and Cooked Meat Biochemical Properties. Biochemical evaluation of 

samples prior to inoculation and marination (composition and raw pH) was performed at 

the Gordon W. Davis Meat Laboratory before transportation to the pathogen processing 

facility. Subsequent evaluation of postmarination and cooked samples was performed on 

the sample remaining after removal of the core for evaluation of pathogen survivability. 

Evaluation of samples post-inoculation and after cooking was conducted at the TTU Food 

Microbiology Laboratory.  

  2.9.1. Compositional Analysis (Raw, unioculated only). Compositional 

variables (% fat, moisture, protein, and collagen) were measured on raw samples using an 
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AOAC- (4) approved near infrared spectrophotometer (FOSS FoodScan; Hilleroed, 

Denmark). 

  2.9.2. pH analysis (Raw- premarination and cooked). pH was measured 

on raw steaks samples using the procedure described by Luque et al. (16). Samples were 

evaluated in duplicate and values averaged prior to statistical analysis. 

  2.9.3. Water Activity Analysis (Raw- post-marination and cooked). 

Raw steaks were first grounded in a sterile food processer (for each cooking 

temperature). Water activity was then measured using a Hygrolab 3 bench-top water 

activity meter (Rotronic Inc., Huntington, NY). 

  2.10. Experimental Design and Statistical Analysis. The experiment 

was a completely randomized block design with a split-split-plot arrangement. Inoculum 

serogroup (non-O157 STEC and O157:H7) served as the block (16 samples per 

serogroup in one replication). The subprimal sections assigned to a single serogroup 

served as the whole plot within which marination duration (30 or 60 min), storage length 

(0 and 14 d) and internal cooking temperature (when applicable) served as subplot 

factors. Cooking temperature, storage length, and marination duration served as 

independent variables. Response variables of interest included surface pathogen 

attachment (0 and 14 d), internal pathogen concentration (0 and 14 d), and absorbance 

spectra (as an indicator of marinade uptake). Pathogen cell counts were converted to log 

CFU/ cm
2 

for surface and log CFU/g for core prior to statistical analysis. Microbial and 

marinade uptake data were analyzed using the PROC MIXED procedure of SAS (v. 9.3, 

SAS Inst., Cary, NC) using a model which incorporated replication (n = 3) and subprimal 
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number as random effects. Likewise, microbial concentrations for d 0 and d 14 core 

samples used their corresponding surface swab samples as covariates. Least squares 

means, generated using the LSMEANS statement, were separated using the PDIFF 

statement and considered significant at an α of 0.05. Cooking temperature observations, 

inoculation cocktail concentration, and post-inoculation surface attachment (log 

CFU/cm
2
) were assessed using the PROC MEANS procedure of SAS. The proportions of 

cooked cores with detectable STEC were assessed using the Chi-Square option of the 

PROC FREQ procedure of SAS.  

 

3. RESULTS AND DISCUSSION 

3.1. Biochemical. The initial biochemical analyses (% fat, moisture, protein, collagen, 

and pH) are shown in Table 1. Overall, no differences in composition or pH were noted 

for the beef sirloin flaps intended for inoculation with one of seven STEC serogroup 

cocktails. Water activity was analysed from post-marination of raw steaks (Table 4). 

There was no significant difference among raw steaks for different tumbling times. 

However the difference was observed on O45 inoculated sirloin flaps in d 0 and on O111 

ionculated sirloin flaps in d 14.  

3.2. Inoculation. The concentration of each inoculation cocktail (log CFU/ml), as well as 

the post-inoculation attachment (log CFU/cm
2
) of STEC serogroups on the surface of 

beef sirloin flap sections are shown in Table 2. While the inoculum concentration was 

higher than anticipated for all serogroups, a 1.5 to 2 log reduction in the surface 

attachment was noted regardless of serogroup. To make it clear, the inoculum 
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concentration was 6.9-7.2 log CFU/ml whereas the surface attachment was 4.9-5.2 log 

CFU/cm
2
. 

3.3. Marination and tumbling. Increased marination duration (60 vs. 30 min) increased 

(P < 0.05) the percentage of marinade uptake,  regardless of inoculation serogroup (Table 

3). Likewise, Figures 1 and 2 illustrate the marination length influence on marinade 

uptake as assessed by dye concentration. As with percent uptake, increased marination 

length resulted in increased dye penetration (P < 0.05). Furthermore, the data suggest that 

dye penetration was enhanced with vacuum storage for 14 d (Figure 2).  

Vacuum tumbled marination is intended to result in a build-up of pressure on the 

meat surface and facilitate the uptake of marination solutions into the internal tissues. The 

percentage uptake of marination solution on beef sirloin flaps inoculated with one of 

seven STEC serogroups increases with increase in marination time (30 min vs. 60 min). 

In agreement with previous research (27), the current project illustrated the vacuum 

tumbled marination for facilitated the uptake of pathogenic bacteria. However, with the 

exception of STEC O145, there were no differences in internalization when marination 

length was extended to 60 min versus 30 min (Table 5). 

In theory, the enhanced uptake and dye penetration with increased marination 

duration would equate to enhanced pathogen internalization. However, marination length 

had little influence on the immediate (d 0) internalization of STEC in sirloin beef flap 

sections (Table 5). Of all serogroups, only cores from sirloin flaps inoculated with STEC 

O145 were indicative of increased (P = 0.0327) pathogen internalization with a longer 

marination duration.  Likewise, marination duration did not influence (P > 0.05) the 

population of STEC present on the subprimal surface after vacuum marination. 
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Regardless, this data indicates that a minimal vacuum marination duration (30 min) was 

sufficient for substantial uptake of the dye (Figure 3, 4).  

Similarly, Table 6 illustrates the influence of marination duration on surface and 

internal core STEC populations in beef sirloin flaps after 14 d of storage. As with d 0 

samples, marination length had no influence (P > 0.05) on the attachment of STEC 

serogroups to sirloin flap surfaces. A similar response was observed for core samples. 

Regardless, the data do not indicate a reduction in pathogen populations over time due to 

vacuum storage. Further research regarding thresholds for marination-facilitated 

pathogen internalization and persistance once internalized might be warranted.  

3.4. Cooking. The simple means (± stdev) for cooking length (min), immediate 

post-cook temperature, peak temperature, and post-rest (3 min) temperature are shown in 

Table 7. The presence of STEC survivors, detected by the PCR-based BAX
®
 method,  in 

the internal cores of flap sections cooked to one of four internal temperatures (55, 60, 65, 

or 71°C) after resting for three min are shown in Table 8. Direct plating of core samples 

yielded no enumerable plates, which means no growth on culture media and the 

populations were reduced to below quantitative concentrations. Subsequently, all samples 

were subjected to PCR-based detection of phylogenically characteristic genetic material 

using the BAX
®
 system. The results of this initial screen are indicated in the “BAX 

Positive” column for each marination length (30 and 60 min). Samples deemed as BAX
® 

positive were subjected to confirmation by plating on STEC Chromagar™ plates for 

isolation of morphologically representative colonies before further confirmation with 

agglutination (O157:H7) or BAX
® 

panel screening (non-O157 STEC serogroups). 

Approximately 56% of core samples were deemed “positive” after BAX
®
 screening for 
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stx and eae genes. Of those, however, only 3.27% were confirmed positives for specific 

serogroups. Within the serogroups with confirmed post-cook pathogens, surviving 

pathogens were restricted to 55 and 60°C for O26, O103, and O111, while serogroup 

O157:H7 survived in flap sections cooked to 60 and 65°C. Serogroup O145 was the only 

serogroup with confirmed pathogen survivability across all internal cooking temperatures 

(55, 60, 65, and 71 °C). Serogroup O45 was only detected on cooking temperature of 65 

°C, however serogroup O121 was negative on all cooking temperatures.  

Marination is well known for its ability to  increase flavor, improve tenderness, 

increase  juciness, and increase product shelf-life. In the industry , there are 3 different 

methods for producing marinated products namely immersion, injection, and vacuum 

tumbling (2). Of of these 3 methods, vacuum tumbling creates a vacuum environment 

inside a tumbler which helps to dissolve salt soluble muscle proteins and make meat more 

tender and increase juiciness (2). However, with increased penetration of marinade into a 

meat product in a vacuum environment, there is no doubt that surrounding 

microorganisms will follow the same route. 

Though E. coli O157:H7 has been used as a suitable indicator for non-O157 

STEC, research generated during the past five years suggests that critical differences may 

exist between strains which provide protection to non-O157 STEC serogroups to 

previously validated lethal cooking temperatures (14, 27). Given the public health risk 

and current regulatory status of pathogenic STEC in non-intact beef products, including 

marinated products, a more comprehensive understanding of not only the bacteria’s 

ability to migrate, but also the susceptibility of each serogroup to validated cooking 

temperatures is needed (1, 7, 9). To our knowledge, no such evaluation of individual 
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STEC serogroup translocation and survivability in marinated fresh beef has been 

described previously.  Therefore, this research aims to evaluate the influence of 

marination on the translocation and survivability of vacuum tumbled meat exposed to 

various cooking temperatures.  

It is important to note that the BAX system is based on PCR technology. The 

major criticism of PCR is that it can amplify DNA from both live and dead cells if the 

initial cell concentration is high like that observed in an inoculated product. For the dead 

cells to be detected by BAX system, it should be present at a sufficient concentration, 

approximately 4 logs CFU/ml (10). A previous study in our laboratory using the BAX 

system (21) evaluated the detection of killed cells of E. coli O157:H7 at concentrations 

from 1-9 log CFU/ml.  The resulting detection rate was 100% of samples with 8 log/ml or 

more, and between 9.5% to 14% of samples with less than 2.0 log/ml of killed E. coli 

O157:H7 cells. Because the inoculation concentration in our study was considered high 

and the cells were subjected to heat and could have been killed but still detected by the 

BAX system, we felt it was essential to not only detect but to also culture confirm the 

presence of live cells for confirmation of survival after heat treatment. All positive results 

were not only positive by BAX/PCR detection, but also from culture confirmation of an 

isolated cell. Most of the STEC were recovered on Chromagar
TM

 STEC agar plates when 

cooked at low temperatures. However, those colonies were not enumerable at first on 

MacConkey plates with TSA overlay after cooking, which might be because of the lack 

of enrichment. The data for serogroup O145 indicates that the organism survives all 

cooking temperatures (55, 60, 65, and 71°C). This is in contrary with US regulatory 

authorities like Food and Drug Administration (FDA) (23), even with holding 3 min after 



 Texas Tech University, Siroj Pokharel, May 2016 

69 

 

cooking on specified temp could not deliver safety of non-intact meat. Liao et al. (13) has 

similar findings where lower cooking temperatures did not significantly reduce the 

concentration of non-O157 STECs evaluated as a cocktail mixture of 4 different 

serogroups (O26, O103, O111, and O145). Similar to this finding, some unexpected 

survivors (O157:H7 and non O157- STEC) after cooking a mechanically tenderized steak 

on a gas grill to an internal temperature of 48.9-71.1˚C were found (14) . However, 

Vasan et al. (24) found no difference in heat tolerance characterstics between non-O157 

and O157 STECs at 54.6, 58, or 63.6ºC.  

  Furthermore, research generated over the past five years suggests there may be 

inherent differences which make certain non-O157 STEC serogroups more tolerant of 

previously validated lethal processes, specifically cooking. Recent research (13, 14, 15) 

indicated surviving non-O157 STEC cells can be found in the internal portions of 

mechanically tenderized beef steaks cooked to temperatures considered lethal to 

O157:H7. Though O157:H7 is often thought to be a suitable indicator for other 

pathogenic STEC, our data suggests that the serogroups act differently when exposed to 

similar stresses. Subsequent investigations of the heat tolerance of individual STEC 

strains indicated the serogroups have differing susceptibility to standardized cooking 

temperatures in a broth model. Specifically, the O45 serogroup expressed resistance to 

destruction at temperatures ranging from 65.5 to 71°C and all non-O157 STECs had 

higher decimal reduction values at 60°C when compared to their O157:H7 counterparts 

(25). 
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4. CONCLUSION 

Data from this study indicate that the various O serogroups of STECs can be 

internalized during marination.  These data imply that O157:H7 may exhibit more 

susceptiblity to traditional cooking temperatures when compared to O26, O103, O111, 

and O145 STEC.  The survivability of these STECs after cooking might be due to 

marination duration and dark storage stress. Uneven cooking of steaks at required 

temperature may also lead to STEC survivability. Further research on the potential risks 

of marinaded product is needed. 
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Table 1. Biochemical properties (% protein, moisture, fat, collagen, and pH) of beef 

sirloin flaps prior to inoculation with Shiga toxin-producing Escherichia coli (STEC) 

serogroups.  

STEC 

Serogroup 

Biochemical Variable 

Protein Moisture Fat Collagen pH 

O26 20.69 72.61 5.21 1.58 6.00 

O45 20.17 72.72 5.44 1.62 5.94 

O103 20.20 71.15 6.89 1.87 5.88 

O111 20.36 71.71 6.40 1.65 5.96 

O121 19.76 72.69 6.03 1.73 5.98 

O145 20.51 72.79 5.49 1.75 5.89 

O157:H7 20.37 72.55 5.29 1.59 5.93 

P – Value 0.2407 0.0761 0.1591 0.2656 0.7485 

SEM 
1
 0.34 0.55 0.64 0.09 0.07 

1
 Standard Error of the Mean. 
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Table 2. The concentration (log CFU/ml) of inoculation cocktail (with individual strain) and post-inoculation surface 

attachment
1
 (log CFU/cm

2
 ± standard error of the mean (SEM)) of seven Shiga toxin-producing Escherichia coli 

serogroups. 

STEC 

Serogroups 
Strain 1 Strain 2 Strain 2 

CFU/

ml 

Post-

Inoculation 

Attachment  ± 

SEM 

O26 

ECRC 7.1556 

ground beef 

isolate 

ECRC 0.1302 

bovine isolate 

ATCC BAA-

1653 human 

isolate 

7.01 4.93 ± 0.75 

O45 
ECRC 2.0164 

bovine isolate 

ECRC 92.0244 

bovine isolate 

CSU E1-138 

human isolate 
7.09 4.93 ± 0.31 

O103 
ECRC 97.1241 

bovine isolate 

ECRC 97.1377 

bovine isolate 

ATCC 23982 

human isolate 
6.94 5.20 ± 0.28 

O111 
ECRC 4.0005 

bovine isolate 

ECRC 3.1009 

bovine isolate 

ATCC BAA-

181 human 

isolate 

6.92 5.04 ± 0.49 

O145 
ECRC 95.0187 

bovine isolate 

ECRC 9.0538 

ground beef 

isolate 

CSU E1-169 

clinical isolate 
6.99 4.91 ± 0.29 

O121 
ECRC 3.1064 

bovine isolate 

CSU E1-158 

clinical isolate 

CSU E1-159 

clinical  isolate 
6.87 5.15 ± 0.35 

O157:H7 
A1-920 

bovine isolate 

A4-966 

bovine isolate 

A5-528 

bovine isolate 
7.15 5.17 ± 0.30 

1
 Sirloin flaps (n = 4/ replication) were inoculated in 5 L of a single serogroup cocktail for 2 min prior to a 30 min attachment 

period. Surface swabs (50 cm
2
) were obtained from one subprimal per inoculation group for verification of surface pathogen 

attachment prior to marination and storage.  
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Table 3. The influence of vacuum tumbled marination duration (min) on the uptake 

(%)
1
 of marination solution in beef sirloin flaps inoculated

2
 with one of seven Shiga 

toxin-producing Escherichia coli (STEC) serogroups.  

STEC Serogroup 
Marination duration (min) 

P-Value SEM 
3
 

30 60 

O26 4.50
b
 7.37

a
 < 0.0001 0.48 

O45 5.01
b
 8.22

a
 <0.0001 0.46 

O103 5.82
b
 9.53

a
 0.0002 0.65 

O111 5.25
b
 7.41

a
 0.0303 1.20 

O121 4.88
b
 8.07

a
 <0.0001 0.44 

O145 5.24
b
 8.41

a
 <0.0001 0.47 

O157:H7 4.60
b
 8.10

a
 0.0005 0.65 

1
  Uptake of marination solution: [{Marinated flap wt (g) – Initial unmarinated flap wt 

(g)}/ initial unmarinated flap wt (g)] *100.  
2
 Beef sirloin flaps were inoculated (5 log CFU/cm

2
 targeted attachment) with one of 

seven STEC serogroup cocktails prior to vacuum tumbled marination for 30 or 60 

min. 
a-b 

Least squares means within a row lacking a common superscript letter differ (P < 

0.05). 
3
 Standard Error of the Mean. 
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Table 4. The influence of vacuum tumbled marination duration (min) on initial (d 0) and 

dark storage (d 14) water activity in beef sirloin flaps inoculated
1
 with one of seven Shiga 

toxin-producing Escherichia coli (STEC) serogroups.  

STEC Serogroup 
Marination duration (min) 

P-Value SEM 
2
 

30 60 

d 0 initial Water activity (Aw)   

O26 0.97
a
 0.96

a
 0.06 0.005 

O45 0.96
b
 0.97

a
 0.03 0.003 

O103 0.96
a
 0.97

a
 0.69 0.003 

O111 0.97
a
 0.97

a
 0.99 0.175 

O121 0.97
a
 0.96

a
 0.52 0.012 

O145 0.97
a
 0.97

a
 0.76 0.011 

O157:H7 0.97
a
 0.96

a
 0.08 0.003 

     

    d 14 dark storage            Water activity (Aw) 

O26 0.97
a
 0.96

a
 0.31 0.003 

O45 0.97
a
 0.96

a
 0.20 0.004 

O103 0.97
a
 0.98

a
 0.39 0.006 

O111 0.99
a
 0.95

b
 0.01 0.011 

O121 0.97
a
 0.96

a
 0.30 0.013 

O145 0.97
a
 0.98

a
 0.43 0.009 

O157:H7 0.98
a
 0.98

a
 0.69 0.006 

1
Beef sirloin flaps were inoculated (5 log CFU/cm

2
 targeted attachment) with one of 

seven STEC serogroup cocktails prior to vacuum tumbled marination for 30 or 60 min. 
a-b 

Least squares means within a row lacking a common superscript letter differ (P < 

0.05). 
2
 Standard Error of the Mean. 
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Table 5. The influence of vacuum tumbled marination duration (min) on initial (d 0) 

attachment (swab- log CFU/cm
2
) and internalization (core- log CFU/g) of Shiga 

toxin-producing Escherichia coli (STEC) in beef sirloin flaps inoculated
1
 with one of 

seven serogroups prior to vacuum marination.  

Sample Type & 

STEC Serogroup 

Marination duration 

(min) 
P- 

Value 
SEM 

30 60 

Core  Log CFU/g   

O26 4.34 4.29 0.6868 0.31 

O45 4.37 4.19 0.4917 0.18 

O103 4.51 4.39 0.3306 0.08 

O111 4.33 4.06 0.1793 0.14 

O121 4.66 4.72 0.7483 0.27 

O145 3.99
b
 4.47

a
 0.0327 0.22 

O157:H7 4.12 4.44 0.1718 0.18 

     

Swab  Log CFU/cm
2 

  

O26 3.98 4.53 0.3302 0.76 

O45 3.76 3.67 0.3940 0.74 

O103 4.45 4.48 0.6647 0.33 

O111 4.34 4.07 0.1333 0.45 

O121 4.50 4.48 0.8909 0.16 

O145 4.43 4.58 0.3980 0.22 

O157:H7 4.74 4.63 0.1693 0.24 
1
 Beef sirloin flaps were inoculated (5 log CFU/cm

2
 targeted attachment) with one of 

seven STEC serogroup cocktails prior to vacuum tumbled marination for 30 or 60 

min.  
a-b 

Least squares means within a row lacking a common superscript letter differ (P < 

0.05). 
2
 Standard Error of the Mean.
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Table 6. The influence of vacuum tumbled marination duration (min) on dark storage 

(d 14) attachment (swab- log CFU/cm
2
) and internalization (core- log CFU/g) of 

Shiga toxin-producing Escherichia coli (STEC) in beef sirloin flaps inoculated
1
 with 

one of seven serogroups prior to vacuum marination.  

Storage Day & 

STEC Serogroup 

Marination duration 

(min) 
P- 

Value 
SEM 

2
 

30 60 

Core (CFU/g) Log CFU/g   

O26 4.10 4.35 0.3364 0.36 

O45 4.22 4.17 0.6807 0.27 

O103 4.30 4.29 0.7634 0.27 

O111 4.28 4.16 0.4492 0.30 

O121 4.40 4.31 0.5848 0.12 

O145 4.45 4.59 0.3445 0.21 

O157:H7 4.29 4.15 0.1031 0.32 

     

Day 14 Swab 

(CFU/cm
2
) 

Log CFU/cm
2
   

O26 4.33 4.42 0.4279 0.14 

O45 4.12 4.32 0.1635 0.16 

O103 4.08 4.20 0.4170 0.13 

O111 3.88 3.65 0.3372 0.56 

O121 4.17 4.01 0.3993 0.46 

O145 3.79 3.84 0.7045 0.45 

O157:H7 3.79 3.86 0.7912 0.60 
1
 Beef sirloin flaps were inoculated (5 log CFU/cm

2
 targeted attachment) with one of 

seven STEC serogroup cocktails prior to vacuum tumbled marination for 30 or 60 

min. 
2
 Standard Error of the Mean. 
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Table 7. Mean cooking attributes (± standard deviation) of beef sirloin flap sections inoculated  (10
5
 CFU/ml) with one of seven Shiga 

toxin-producing Escherichia coli (STEC) serogroups prior to vacuum tumbled marination, dark storage (14 d), and cooking to targeted 

internal temperatures (°C).   

Cooking Attribute and 

Targeted Internal 

Temperature (°C) 

Serogroup 

O26 O45 O103 O111 O121 O145 O157:H7 

Cooking Time (min)
1
        

55 6.25 ± 2.09 6.42 ± 1.44  6.75 ± 2.34 5.55 ± 2.91 5.46 ± 3.07 5.82 ± 2.60 6.08 ± 2.87 

60 7.25 ± 2.45 7.42 ± 2.47 8.17 ± 3.19 6.33 ± 3.52 6.00 ± 2.90 6.27 ± 1.68 7.92 ± 4.17 

 65 9.17 ± 2.79 8.33 ± 1.92 9.08 ± 3.18 5.36 ± 2.29 7.18 ± 1.78 5.67 ± 1.83 9.67 ± 3.55 

 71 10.33 ± 3.31 9.00 ± 3.88 10.33 ± 2.81 8.25 ± 2.34 7.08 ± 2.61 7.42 ± 1.68 9.67 ± 3.42 

End of Cooking 

Temperature (°C)
2
 

       

55 58.57 ± 3.45 55.66 ± 0.76 57.55 ± 1.79 55.66 ± 1.04 57.91 ± 4.33 57.92 ± 8.93 55.92 ± 1.27 

60 60.95 ± 1.77 61.42 ± 2.49 60.32 ± 0.21 61.56 ± 2.75 60.98 ± 0.86 58.67 ± 6.55 61.78 ± 2.17 

 65 65.49 ± 0.72 65.73 ± 1.45 65.46 ± 0.33 65.35 ± 0.24 65.27 ± 0.24 67.10 ± 4.06 65.53 ± 2.42 

 71 71.31 ± 0.27 71.38 ± 0.26 71.67 ± 1.31 71.28 ± 0.27 71.53 ± 0.58 71.71 ± 1.29 71.69 ± 1.62 

Peak Temperature 

(°C)
3
 

       

55 65.44 ± 6.36 64.47 ± 1.87 65.55 ± 2.58 63.45 ± 2.81 64.46 ± 4.13 66.14 ± 4.82 63.27 ± 3.24 

60 66.99 ± 3.93 66.14 ± 3.18 66.33 ± 2.81 66.38 ± 2.39 67.38 ± 3.44 69.16 ± 3.07 68.77 ± 3.16 

 65 69.90 ± 2.14 72.17 ± 3.21 70.90 ± 2.90 71.84 ± 2.23 71.32 ± 3.07 71.16 ± 3.88 71.41 ± 3.34 

 71 75.98 ± 1.84 74.88 ± 5.27 75.46 ± 1.18 76.09 ± 2.42 74.78 ± 2.33 76.29 ± 3.20 76.63 ± 1.99 

Post-Rest 

Temperature (°C)
4
 

       

55 64.34 ± 4.73 64.56 ± 1.81 65.26 ± 2.29 63.17 ± 3.17 63.81 ± 4.73 65.00 ± 7.26 62.98 ± 3.66 

60 66.40 ± 4.90 65.97 ± 3.33 64.10 ± 6.32 63.91 ± 7.56 65.20 ± 0.24 65.06 ± 9.25 68.38 ± 3.41 

 65 68.65 ± 3.91 70.99 ± 1.74 69.67 ± 5.65 70.38 ± 3.26 70.14 ± 5.29 68.05 ± 8.09 70.69 ± 5.20 

 71 75.75 ± 2.28 74.88 ± 5.27 73.20 ± 4.14 75.63 ± 3.00 67.28 ± 3.98 76.33 ± 3.20 76.13 ± 3.34 
1
 Beef sirloin flaps sections were cooked on clam-shell style grills preheated to a surface temperature of 195°C until the desired 

internal temperature was obtained.  
2
 Internal temperature of the beef sirloin flap steak when removed from the grill.  

3
 After removal from the cooking surface, beef sirloin flap steaks were allowed to rest at room temperature for three min. The peak 

internal temperature was considered the greatest internal temperature obtained from the time of removal to the end of the rest period.  
4
 Post-rest temperatures: internal temperature at

 
the conclusion of the three min rest period.
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Table 8. The presence of Shiga toxin-producing Escherichia coli (STEC) serogroups in 

the cores of inoculated
1
 and vacuum tumbled marinated (30 or 60 min) beef sirloin flap 

steaks as determined by a PCR-based rapid detection (BAX
®
)
 
and confirmed using either 

agglutination or BAX
 ®

 panel screening
2,3

. 
 

1
Beef sirloin flaps were inoculated (5 log CFU/cm

2
 targeted attachment) with one of seven STEC 

serogroup cocktails prior to vacuum tumbled marination for 30 or 60 min. 
2 
Cooked core samples (n = 6 per temperature  tumbling time; 12 total / temperature within a 

serogroup) were subjected to the detection of E. coli using the rapid PCR-based BAX
®
 detection 

method. Samples deemed as “positive” by initial detection were subjected to direct plating on 

selective media (STEC Chromagar™) prior to serogroup confirmation of morphologically 

representative colonies using agglutination (E. coli O157:H7) or BAX
®
 screening panels (non-

O157 STEC). Escherechia. coli was not detectable (i.e. BAX
®
 negative) in the cooked core 

samples for all steaks from O121 serogroup.   
3
STEC  0121 was not detected at any temperature.  

STEC 

Serogroups
2
 and  

internal 

Temperature (°C)  

30 min  60 min 

BAX
®
 

Positive 

% 

Confirmed 

% 

 BAX
®
 

Positive 

% 

Confirmed 

% 

O26      

55 (1/6) 16.7 (1/6)  16.7  (6/6) 100.0 0 

60 0 0  (5/6) 83.3 0 

65 0 0  (6/6) 100.0 0 

71 0 0  (4/6) 66.6 0 

O45      

55 0 0  0 0 

60 0 0  0 0 

65 0 0  (1/6)  16.7 0 

71 0 0  0 0 

O103      

55 (6/6) 100.0 0  (6/6) 100.0 (1/6) 16.7 

60 (5/6) 83.3 0  (4/6) 66.6 0 

65 (6/6) 100.0 0  (6/6) 100.0 0 

71 (6/6) 100.0 0  (5/6) 83.3 0 

O111      

55 (5/6) 83.3 (1/6)  16.7  (5/6) 83.3 0 

60 (4/6) 66.6 0  (5/6) 83.3 (1/6) 16.7 

65 (5/6) 83.3 0  (6/6) 100.0 0 

71 (5/6) 83.3 0  (4/6) 66.6 0 

O145      

55 (4/6) 66.6 0  (3/6) 50.0 (1/6) 16.7 

60 (5/6) 83.3 (1/6) 16.7  (5/6) 83.3 0 

65 (4/6) 66.6 0  (5/6) 83.3 (1/6) 16.7
 

71 (5/6) 83.3 0  (5/6) 83.3 (1/6) 16.7 

O157:H7      

55 (2/6) 33.3 0  (3/6) 50.0 0 

60 (3/6) 50.0 (2/6) 33.3  (5/6) 83.3 0 

65 (3/6) 50.0 (1/6) 16.7  (1/6) 16.7 0 

71 (3/6) 50.0 0  (4/6) 66.6 0 
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Figure 1. Immediate (d 0) penetration of marination solution in beef sirloin flap sections 

as a function of vacuum tumble marination time (30 or 60 min). Marinade migration was 

evaluated by measuring the absorbance of dye extracted from 10 g of tissue.  
1
A higher absorbance value doesn’t correlate to more pathogen penetration. Instead, a 

minimal vacuum marination length (30 min) was sufficient for substantial internalization 

of surface pathogens.  
a-b 

Least squares means within same serogroup with different letters differ (P < 0.05). 
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Figure 2. Penetration of marination solution in beef sirloin flap sections stored for 14 d as 

a function of vacuum tumble marination time (30 or 60 min). Marinade migration was 

evaluated by measuring the absorbance of dye extracted from 10 g of tissue. 
1
A higher absorbance value doesn’t correlates to more penetration. Instead, a minimal 

vacuum marination length (30 min) was sufficient for substantial internalization of 

surface pathogens.  
a-b 

Least squares means within same serogroup with different letters differ (P < 0.05). 
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Figure 3. Marinade penetration following 30 min of marination. 
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Figure 4. Marinade penetration following 60 min of marination. 
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CHAPTER IV 

 

ANTIMICROBIAL SUSCEPTIBILITY AND INTERNALIZATION 

OF SALMONELLA TYPHIMURIUM IN MARINATED BEEF 

PRODUCTS 

 

 

1. INTRODUCTION 

 
 The most common cause of foodborne illness from Salmonella is due to 

Salmonella enterica serovar Typhimurium or often Salmonella Typhimurium (2). In 

humans S. Typhimurium does not cause as severe disease as S. Typhi. However, in case 

of immunocompromised people, that is elderly, young, or people with depressed immune 

systems, Salmonella Typhimurium infections are often fatal (2). The clinical pattern of 

this disease can be classified into four different categories namely enteric fever (typhoid), 

gastroenteritis/ enterocolitis, bacteremia, and other complications of nontyphoidal 

salmonellosis and an asymptomatic chronic carrier state as well (6, 13). When compared 

with other Salmonella serotypes, Typhimurium is the serotype most commonly isolated 

from humans (27). In 1999, Salmonella Typhimurium accounted for 25% of all culture-

confirmed Salmonella infections (1). Most of the strains of this serotype are multidrug 

resistant (MDR), which are mostly resistance to ampicillin, tetracycline, 

chloramphenicol, sulfonamides, and streptomycin, with occasional resistant to 

trimethoprim and ciprofloxacin (2). In the United States, the incidence of MDR 

Salmonella serotype Typhimurium increased from 0.6% in 1979 to 36% in 1996, which 

might be because of the advance serotyping and isolation techniques (1). S. Typhimurium 

along with other Salmonella pathogens can have a large socioeconomic impact due to 
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illness, medical costs, lost of productivity, disability, deaths, litigation, and recalls due to 

contaminated products (4).  

 Deep tissue marination relies on the osmotic transfer of solutes across the meat 

surface, which is one of the most commonly utilized and cost-effective methods to add 

value to the beef (23). According to the National Cattlemen’s Beef Association, over 

16% of retail available meats are marinated(3). Though successful in improving 

palatability, the risk of pathogen internalization propagated by vacuum-tumbled 

marination has been documented  and prior research suggests a potential for increased 

food safety risks due to pathogen internalization during marination of previously intact 

beef products (18). In fact, the published research indicates that the marination principles 

may promote the internalization of pathogenic bacteria (21, 28). While marinated beef 

products are fundamentally different from mechanically tenderized meat, the migration of 

pathogenic bacteria from the surface to interior of meat products has been demonstrated 

(19, 29).  

 Many studies have been conducted on the antimicrobial properties of lactic acid 

(5, 9, 11, 14, 15) and buffered vinegar (8, 24, 25, 26) in the form of spray on carcasses. 

According to Code of Federal Regulations Title 21, these antimicrobials are generally 

recognized as safe (10). In previous studies, lactic acid and buffered vinegar have 

effectively reduced pathogen loads on beef carcasses or cuts (9, 11, 12, 26). In most of 

the studies, 2 – 4% of lactic acid and 2 – 2.5% of buffered vinegar showed a 1.5 to 2.0 

log reduction for Salmonella from the spray application procedure. Though tremendous 

improvements in the understanding and reduction of Salmonella or E. coli have been 

made through antimicrobial application, significantly less progress has been made to 
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determine the effectiveness of interventions on marinated, enhanced, or mechanically 

tenderized meat products.  

 Therefore, the objective of this research was to evaluate the influence of vacuum 

tumbled marination on the translocation and survivability of Salmonella Typhimurium on 

beef sirloin flaps exposed to different concentration of lactic acid or buffered vinegar 

spray. 

 

2. MATERIALS AND METHODS 

2.1. Product Procurement 

Beef bottom sirloin flaps (IMPS #185A; USDA Select) were procured from a 

federally inspected meat processing facility approximately 7 d postmortem and 

transported to Gordon W. Davis Meat Laboratory at Texas Tech University (Lubbock, 

TX). Upon arrival, the sirloin flaps were immediately transported to the Texas Tech 

University BSL-II pathogen processing facility (Lubbock, TX) for inoculation and 

processing. The sirloin flaps (n = 2 per replication; 6 total) were portioned into six equal 

sections (total of 36 sections in all replications).  

2.2 Marinade Preparation 

A standard marination solution was formulated with potable water at room 

temperature to deliver 0.35% sodium chloride (Alberger Flake Salt; Cargill, Wichita, KS) 

and 0.45% sodium tripolyphosphate (Brifisol 512; ICL Food Specialties, Simi Valley, 

CA) in the final product at a targeted 10% uptake. The marinade was prepared in a single 

batch in order to minimize marinade variation among different treatments. 
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2.3. Subprimal Inoculation 

  On the same day as portioning, sirloin flap sections were inoculated (10
8 

CFU/cm
2
) by submersion into Salmonella enterica serovar Typhimurium broth. Each 

inoculation was formulated using the strain of Salmonella Typhimurium from the TTU 

Food Microbiology Stock Culture Collection. Prior to formulation of inoculum, frozen 

cultures were enumerated by serially diluting with mTSB (Modified Tryptic Soy Broth) 

and spread plating onto XLD (Xylose Lysine Deoxycholate) agar (EMD Chemicals inc. 

Gibbstown, NJ) plates and incubated for 18 to 24 h at 37˚ C. After enumeration, the total 

concentration of the frozen cultures was calculated in CFU/ ml.  

For inoculation, six sections at a time were immersed into inoculation broth of 6 L 

for one minute. After 30 seconds of attachment, sections were flipped in the inoculation 

broth for better coverage. After attachment, sections were removed from the broth and 

allowed to rest at 4°C for approximately 30 min to facilitate final bacteria attachment. 

Surface attachment after immersion was verified by obtaining two 50-cm
2
 swab samples 

per replication using a sponge moistened with 10 ml of BPW (World BioProducts, 

Mundelein, IL). Swabs were blended for 2 min at 230 rpm using a table top stomacher 

(Seward 400C stomacher; England).  Serial dilutions for the swab and cocktail samples 

were prepared in 9 ml of BPW. The appropriate serial dilutions were plated onto XLD 

agar with a trypticase soy agar (TSA; Becton-Dickinson Co., Sparks, MD) overlay to 

allow for recovery of injured cells. Plates were incubated for 18 to 24 h at 37°C. After 

incubation, Salmonella Typhimurium colonies (red colonies with black center) were 
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enumerated using a colony counter (QCount
®
 530; Advanced Instruments, Inc., 

Norwood, MA).  

 

2.4. Microbial Challenge 

 In the pathogen processing facility, 8 randomly assigned subprimal 

sections (generated from two subprimals) were passed through a commercial Chad 

cabinet (conveyor belt system, series 800, Intralox Inc., Harahan, LA). This conveyor belt 

system is similar to those used in the meat industry where meat is treated by spraying one 

of the antimicrobial interventions on the surface as they move down the belt. The 

interventions evaluated in this research were: 1) control (no spray); 2) 4% lactic acid 

(Corbion Purac, East Rutherford, NJ) spray; and 3) 2% buffered vinegar (World 

technology Inc. Jefferson, GA) spray. Sprayed sections were collected at the end of the 

cabinet on stainless steel mesh racks. Those sections were held for 30 minutes in a room 

temperature (four sections per antimicrobial treatment). Surface attachment after 

treatment was verified by obtaining two 50-cm
2
 swab samples per treatment using a 

sponge moistened with 10 ml of BPW. Swabs were blended for 2 min at 230 rpm using a 

table top stomacher.  Serial dilutions for the swab and cocktail samples were prepared in 

9 ml of BPW. The appropriate serial dilutions were plated onto XLD agar with a 

trypticase soy agar overlay to allow for recovery of injured cells. Plates were incubated 

for 18 to 24 h at 37°C. After incubation, Salmonella Typhimurium colonies (red colonies 

with black center) were counted using a colony counter.  
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2.5. Marination of Beef Samples 

 After treatment and holding for 30 min, sirloin flap sections (n= 4 sections per 

acid treatments and 2 sections of control) were placed into a vacuum tumbler (Model 

MC-25; Inject Star of America, Brookfield, CT). Different tumblers were used for 

different treatments. Sufficient marination solution to accommodate a 10% uptake was 

added prior to formation of a vacuum environment (0.6-0.7 bar) within the tumbler. 

Sirloin flap sections were allowed to tumble for 30 min. After 30 min of vacuum 

tumbling, sections were removed from the tumbler for processing. Surface attachment 

after vacuum tumbling was verified by obtaining two 50-cm
2
 swab samples per treatment 

using a sponge moistened with 10 ml of BPW. Swab sample processing was same as 

described above. Section weights were obtained prior to and after marination in order to 

determine the percent uptake. 

 After marination and surface swabbing, sirloin flap sections from each treatment 

(10 sections per replication) were kept for the evaluation of pathogen translocation.  

 

2.6. Pathogen Translocation 

Immediately after marination, sections were utilized for the enumeration of 

translocated pathogens on internal meat surfaces. A sterile subsection (core) from the 

centermost portion of the flap section was obtained using flame-sterilized knives.  The 

subsection was surface sterilized with a flame using the methods of Muras et al. to assure 

sterility on the sample’s external surface. The sterile core ground in a sterile food 

processor (HC306; Black and Decker; Townson, MD) and 25 g of the core was diluted in 

225 ml of modified Tryptic Soy Broth (mTSB) prior to stomaching at 230 rpm for 2 min. 

Serial dilutions from cores were prepared in 9 ml mTSB and spread plated onto XLD 
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agar with a trypticase soy agar overlay to allow for recovery of injured cells. Plates were 

incubated for 18 to 24 h at 37°C. After incubation, Salmonella Typhimurium colonies 

(red colonies with black center) were counted using a colony counter. 

  

2.7. Experimental Design and Statistical Analysis.  

 The experiment was a completely randomized block design with a split-plot 

arrangement. Inoculum serogroup of Salmonella served as the block. The subprimal 

sections assigned to a serogroup served as the whole plot within which marination length 

(30 min), treated sections served as subplot factors. Concentration of antimicrobials and 

marination length served as independent variables. Response variables of interest 

included surface pathogen attachment before and after the treatments, internal pathogen 

concentration after marination, and surface pathogen attachment after marination. 

Pathogen cell counts were converted to log CFU/ cm
2 

prior to statistical analysis. 

Microbial migration data were analyzed using the PROC MIXED procedure of SAS (v. 

9.3, SAS Inst., Cary, NC) using a model which incorporated replication (n = 3) and 

subprimal number as random effects. Least squares means, generated using the 

LSMEANS statement, were separated using the PDIFF statement and considered 

significant at an α of 0.05.  

 

3. RESULTS AND DISCUSSION  

The data indicated varied reductions and surface attachment after vacuum 

tumbled marination of Salmonella Typhimurium among treated beef sirloin flaps. The 

study was designed for a high inoculum attachment on beef sirloin flaps to understand the 

translocation or internalization of Salmonella Typhimurium from surface to the internal 
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core after vacuum marination. The concentration (log10 CFU/ml) of inoculum and post-

inoculation surface attachment (log10 CFU/cm
2
) of Salmonella Typhimurium on beef 

sirloin flaps is illustrated in Table 9. All of the inoculated flaps had initial surface 

attachment of more than 6.0 log10 CFU/cm
2
.  

Regardless of the high inoculum concentration (>8 Log10 CFU/ml), Salmonella 

was reduced by 2.4 log10 CFU/cm
2
 in post-inoculated surface attachment (Table 9). As an 

antimicrobial intervention, Lactic acid (4%) and buffered vinegar (2%) were sprayed on 

the sirloin flaps surface, which reduce (P <0.0001) surface populations of Salmonella 

prior to vacuum tumbled marination. Lactic acid treated flaps had greater reductions of 

Salmonella (~ 2 log10 CFU/cm
2
) when compared with buffered vinegar treated flaps 

(Table 10, Fig. 5). In this study, lactic acid effectively reduced more than 1.90 log10 

CFU/cm
2
 load of Salmonella on flaps surface prior to vacuum tumbling. However, 

buffered vinegar spray only reduced 0.83 log10 CFU/cm
2
 load of Salmonella on flaps 

surface.  

 The use of lactic acid or buffered vinegar as a decontaminating or an 

antimicrobial agent has been extensively studied. Research has shown that buffered 

vinegar can be effective at reducing Salmonella populations in suspension tests as well as 

on enhanced beef rounds and top sirloins (24, 30). Other researches have shown that 

lactic acid significantly reduce Escherichia coli (E. coli) O157:H7 and Salmonella 

Typhimurium by 1.5 to 2.0 log cycles in trim and ground beef (12), on beef tips and 

whole chicken carcasses (14), in mechanically tenderized and brine enhanced beef (9). 

These antimicrobials intervention are capable of significantly reducing the high 



 Texas Tech University, Siroj Pokharel, May 2016 

94 

inoculated levels of pathogen whereas, low inoculation concentrations are reduced to 

non-detectable numbers. 

Alternatively, the translocation of Salmonella Typhimurium following vacuum 

marination was not influenced (P <0.333) by the application of a surface organic acid 

spray prior to marination. Recent studies have reported that after the mechanical 

tenderization process, translocation of E. coli O157:H7 and Salmonella Typhimurium 

from the surface into the internal muscles occurred at concentrations between 2.0 to 4.0 

log10 CFU/g (5, 7, 9, 16, 17). However, studies related to vacuum tumbling marination 

and translocations of surface pathogens are limited (20, 22). In one of the studies, E. coli 

O157:H7 was detected in core samples from high inoculum (10
5
 CFU/ml) treated 

mechanically tenderized steaks cooked to 55, 60, or 70 ºC. However, E. coli O157:H7 

was not detected on low inoculum (10
3
 CFU/ml) treated mechanically tenderized steaks 

cooked to  varied internal temperatures (5). Luchansky et al. (2008) found the similar 

results on blade tenderized steaks, where the tenderization mechanism transfers E. coli 

O157:H7 primarily into the topmost 1 cm, but also into the deeper tissues of beef 

subprimals (16). The translocation of pathogens is true for vacuum marinated meat as 

well.  

In a recent study, there were varied internalization or translocation patterns among 

the big six Shiga toxin-producing E. coli (STEC) serogroups when vacuum marinated for 

30 or 60 minutes after inoculation (22). However, in the same study, after 14 days of 

storage, internalized STEC populations did not differ (P > 0.05) in sections marinated for 

30 min versus those marinated for 60 min. In a recent study, beef inside skirt steaks and 

tri-tip roasts were vacuum tumbled marinated for 60 min and the depth of E. coli 
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O157:H7 and Salmonella Typhimurium dispersion and their ability to survive in 

enhanced beef products were determined (20). It was observed that both pathogens were 

able to dispersed throughout the inside skirt steaks and tri-tip roasts during vacuum 

tumbling. However, pathogen dispersion in the tri-tip roasts depended on the thickness, 

but those pathogens were detected on all days even after 14 days of storage (20).  

In this study, vacuum tumble marination for 30 min does not reduce the surface 

bacterial count on treated (lactic acid (4%) and buffered vinegar (2%)) and not-treated 

(control) beef sirloin flaps (Table 11, Fig. 6). However, treated beef sirloin flaps 

significantly (P < 0.05) lower the bacterial counts when compared with not-treated beef 

sirloin flaps. In addition, lactic acid treated flaps had more reductions on surface bacteria 

after vacuum tumble marination when compared with not-treated and buffered vinegar 

treated beef sirloin flaps (Table 11, Fig. 6).  

The translocation or internalization of Salmonella Typhimurium does not differ 

between treated and not-treated beef sirloin flaps after vacuum tumble marination for 30 

min (Table 12, Fig. 7). Likewise, there is no difference between surface and internalized 

bacterial count before and after vacuum tumble marination of beef sirloin flaps.  

These data imply that vacuum tumble marination pose a greater risk of 

internalizing surface pathogens. As detailed in the Federal Register FSIS final rule (9 

CFR part 317), vacuum-marinated, vacuum-tumbled meat products are not designated as 

“mechanically tenderized’’. As such, the internalization and potential survival of 

Salmonella spp. in marinated beef products is a concern for beef processors. Overall, the 

results emphasize the importance of considering food safety issues associated with 

vacuum marinated meat. Similarly, these data confirm the efficacy and utility of 
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interventions prior to vacuum tumbled marination. Additionally, although surface 

interventions are efficacious, these data suggest that further research is needed to identify 

additional strategies to mitigate internalization and translocation of pathogens into 

vacuum-marinated meat products.  
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Table 9.The concentration (log10 CFU/ml) of inoculum
1
 and post-inoculation surface 

attachment (log10 CFU/cm
2
) of Salmonella Typhimurium on beef sirloin flaps. 

Replication Log10 CFU/ml Log10 CFU/cm
2
 Difference 

1 8.68 6.48
a
 2.20 

2 9.16 6.50
a
 2.66 

3 8.79 6.28
a
 2.51 

a 
Least squares means within a row lacking a common superscript letter differ (P < 0.05). 

1
 Sirloin flap sections were inoculated (10

8 
CFU/cm

2
) by submersion into Salmonella 

enterica serovar Typhimurium broth. 
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Table 10. The influence of lactic acid (4%) and buffered vinegar (2%) spray on beef 

sirloin flaps inoculated with Salmonella Typhimurium.  

Interventions Log10 CFU/cm
2
 SEM

1
 P value 

Control 6.42
a
 0.03 <0.001 

Lactic acid spray 4.50
c
 0.03 <0.001 

Buffered vinegar 

spray 
5.59

b
 0.03 <0.001 

a , b, c
Least squares means within a row lacking a common superscript letter differ (P < 

0.05). 
1
Standard Error of the Mean. 
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Figure 5. The influence of lactic acid (4%) and buffered vinegar (2%) spray on beef 

sirloin flaps inoculated with Salmonella Typhimurium. 
a , b, c

Least squares means within a row lacking a common superscript letter differ (P < 

0.05). 
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Table 11. The influence of vacuum marination (tumbling) on surface attachment of 

Salmonella Typhimurium on treated (lactic acid (4%) and buffered vinegar (2%)) and 

not-treated (control) beef sirloin flaps.  

Sample types Log10 CFU/cm
2
 SEM

1
 P value 

Control 6.31
a
 0.01 <0.001 

Lactic acid spray 4.49
c
 0.01 <0.001 

Buffered vinegar 

spray 
5.56

b
 0.01 <0.001 

a , b, c
Least squares means within a row lacking a common superscript letter differ (P < 

0.05). 
1
Standard Error of the Mean. 
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Figure 6. The influence of vacuum marination (tumbling) on surface attachment of 

Salmonella Typhimurium on treated (lactic acid (4%) and buffered vinegar (2%)) and 

not-treated (control) beef sirloin flaps. 
a , b, c

Least squares means within a row lacking a common superscript letter differ (P < 

0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 

1 

2 

3 

4 

5 

6 

7 

Control Lactic acid spray Buffered vinegar spray 

Lo
g 1

0
 C

FU
/c

m
2
 

Antimicrobial spray 

b 

c 

a 



 Texas Tech University, Siroj Pokharel, May 2016 

106 

Table 12. The influence of vacuum marination (tumbling) on translocation of Salmonella 

Typhimurium on treated (lactic acid (4%) and buffered vinegar (2%)) and not-treated 

(control) beef sirloin flaps. 

Sample types Log10 CFU/g SEM
1
 P value 

Control 6.32
a
 0.13 <0.333 

Lactic acid spray 5.95
a
 0.13 <0.333 

Buffered vinegar 

spray 
6.03

a
 0.13 <0.333 

a 
Least squares means within a row lacking a common superscript letter differ (P < 0.05). 

1
Standard Error of the Mean. 
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Figure 7. The influence of vacuum marination (tumbling) on translocation of Salmonella 

Typhimurium on treated (lactic acid (4%) and buffered vinegar (2%)) and not-treated 

(control) beef sirloin flaps. 
a 
Least squares means within a row lacking a common superscript letter differ (P < 0.05). 
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CHAPTER V 

CONCLUSION 

 
 The United State Department of Agriculture (USDA), Food Safety and Inspection 

Services (FSIS) published a final rule in May 18, 2015 as a Code of Federal Regulations 

stating that the raw or partially cooked needle- or blade tenderized beef products must 

require the use of the descriptive designation “mechanically tenderized,” “blade 

tenderized,” or “needle tenderized” on the labels starting on May 17, 2016 (1). However, 

FSIS lacks sufficient data to designate vacuum marinated product a non-intact product 

and this final rule is not applicable for all vacuum marinated products (1). Therefore it 

was necessary to develop a study design including vacuum marinated products to observe 

the translocation and thermal susceptibility of pathogenic microorganisms.  

To address the above mentioned issues of translocation and thermal susceptibility 

of pathogenic microorganisms in non-intact meat products, we developed a two-phase 

research study design. During the first phase of the research study, the focus was on 

internalization and thermal susceptibility of Shiga toxin-producing E. coli (STEC) in 

marinated beef systems, where vacuum tumbling marination was utilized. The second 

phase mainly focused on intervention strategies during the vacuum marination process 

and observation of translocated pathogens. 

Our first study evaluated the internalization and cooking susceptibility of seven 

individual STEC serogroups (O157:H7, O26, O45, O103, O111, O121, and O145) in 

marinated beef sirloin steaks.  Beef bottom sirloin flaps (IMPS #185A; USDA Select) 

were inoculated (10
6
 log CFU/cm

2
) with a multi-strain cocktail of individual serogroups 
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(seven total) prior to vacuum tumbled marination (30 or 60 min) and storage (14 d). After 

storage, flaps were cooked to various endpoint temperatures (55, 60, 65, and 71°C) for 

evaluation of pathogen survival by direct plating on MacConkey agar with tryptic soy 

agar overlay.  Pathogen presence after marination, storage, and cooking was determined 

by direct plating or rapid PCR based detection (BAX
®
). The data imply varied 

internalization, translocation, and heat susceptibility patterns among the evaluated STEC 

serogroups. Sirloin flap sections inoculated with –STEC O145 and marinated for 60 min 

had more internalized STEC (P< 0.05) than sections marinated for 30 min. However, 

after storage, internalized STEC populations did not differ (P > 0.05) in sections 

marinated for 30 min versus those marinated for 60 min. Escherichia coli serogroups 

O26, O103, and O111 were detected in flaps cooked to 55 and 60°C, while E. coli 

O157:H7 survived in flap sections cooked to 60 and 65°C. However, STEC O145 was 

the only serogroup with confirmed pathogen survivability at all cooking temperatures 

(55, 60, 65, and 71°C).  The other two serogroups (STEC O121 and O45) were not 

detected in any cooked products.  

Our second study evaluated the antimicrobial intervention and internalization of 

Salmonella Typhimurium in marinated beef sirloin steaks. As the incidence of multidrug 

resistance (MDR) Salmonella enterica serotype Typhimurium is increasing, data 

regarding the antimicrobial interventions and pathogen internalization in marinated meat 

products is important. 

Beef bottom sirloin flaps (IMPS #185A; USDA Select) inoculated (10
8
 log 

CFU/cm
2
) with Salmonella Typhimurium were sprayed (lactic acid (4%) and buffered 

vinegar (2%)) prior to vacuum tumbled marination (0.35% sodium chloride and 0.45% 
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sodium tripolyphosphate) for 30 min. Pathogen presence after antimicrobial spray, 

vacuum tumbled marination, and translocation was determined by direct plating on 

Xylose Lysine Deoxycholate (XLD) agar with tryptic soy agar (TSA) overlay. The data 

imply varied internalization and antimicrobial susceptibility pattern of Salmonella 

Typhimurium in marinated meat. Salmonella Typhimurium was reduced by 2.4 log10 

CFU/cm
2
 in post-inoculated surface attachment. Lactic acid (4%) spray (P <0.0001) and 

buffered vinegar (2%; P <0.0001) reduced surface populations of Salmonella 

Typhimurium on inoculated beef sirloin flaps prior to vacuum marination. However, 

reductions in surface populations were greater (~ 2 log10 CFU/cm
2
) for lactic acid in 

comparison with buffered vinegar (P <0.0001). Alternatively, the translocation of 

Salmonella Typhimurium following vacuum marination was not influenced (P <0.333) 

by the application of a surface organic acid spray prior to marination.  

Both of these studies emphasize the importance of considering vacuum marinated 

meat as a non-intact meat product. Similarly, these data confirm the efficacy and utility of 

interventions prior to vacuum tumbled marination. Additionally, although surface 

interventions are efficacious, these data suggest that further research is needed to identify 

additional strategies to mitigate internalization and translocation of STEC and Salmonella 

Typhimurium into vacuum-marinated meat products.  
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