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ABSTRACT 

 
Recent outbreaks of foodborne illness have resulted in increased regulatory 

pressure on meat processors.  Validation of production processes to determine their 

ability to produce microbiologically safe finished product has been emphasized.  Control 

of pathogen growth in raw products and pathogen lethality during heat processing of 

cooked ready-to-eat (RTE) products are important.  Cross-contamination of carcass 

surfaces with bacteria, including pathogens such as Salmonella and Escherichia coli 

O157:H7, can occur during animal harvest.  Sources of contamination include the 

digestive tract and hide of the animal and the processing environment. Raw meat 

products are not generally subjected to interventions during processing that reduce 

bacterial counts.  Therefore, it is necessary to control the growth of bacteria on the 

product during processing. Control of product and/or processing environment 

temperature is generally the only available means to control bacterial growth.  Control of 

bacterial growth in raw meat for use in the production of cooked RTE meat products is 

less important than in product to be sold in the raw state.  Safety of cooked RTE products 

depends on proper cooking and post processing sanitary practices.  Thermal processing 

parameters should be designed to result in a Salmonella lethality that meets or exceeds 

regulatory performance standards.  Parameters of interest include oven temperature, 

product internal temperature, processing time and process humidity.  The purpose of the 

studies performed were (1) to determine the effects of environmental and product 

temperature on the growth of Salmonella and E. coli O157:H7 in raw meat products and 

(2) to determine the effects of product temperature and process humidity on the lethality 



 vi

of surface inoculated Salmonella during the thermal processing of cooked RTE roast 

beef.  Results suggest that meat processors can safely process raw meat products under a 

variety of conditions, ranging from 4.4ºC (40ºF) to room temperature (23.3ºC/74ºF) if the 

time of product exposure is considered relative to the product or environmental 

temperature.  Furthermore, thermal processing of cooked RTE roast beef in the presence 

of humidity levels ranging from 30-90% resulted in an adequate Salmonella lethality 

when processed to an internal temperature of 62.8ºC (145ºF).  Overall results provide 

parameters that can be utilized by meat processors to produce microbiologically safe 

finished products. 
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CHAPTER I 

INTRODUCTION 

 
The presence of bacterial pathogens in raw meat and poultry products is well 

established.  Improper handling and preparation of raw meat products at the foodservice 

or consumer level has the potential to cause consumer illness, as does the inadequate 

processing of commercially produced, cooked, ready-to-eat meat products.  Almost 14 

million cases of foodborne illness, caused by known foodborne pathogens, are estimated 

to occur in the United States annually, resulting in approximately 60,854 hospitalizations 

and 1,800 deaths (Mead et al., 1999).  An additional 62 million foodborne illnesses, 

resulting in 263,000 hospitalizations and 3,400 deaths are estimated to be caused by 

unknown agents each year.  Of the known foodborne pathogens, illnesses caused by 

Salmonella and Escherichia coli O157:H7 are of particular concern.  

Salmonellae are an important cause of food-borne illness resulting in more than 

1.3 million illnesses each year in the United States (Mead et al., 1999).  These cases 

represent 9.7% of total annual foodborne illness (13,814,924) resulting in 30.6% (553) of 

deaths from foodborne illness of known etiology.  Salmonella surpassed Campylobacter 

as the most common cause of observed food-borne illness in 2001 (CDC, 2002).   

Nontyphoid, foodborne salmonellosis usually results in a self-limiting 

gastroenteritis within 12 to 72 hrs of ingestion.  In rare instances, gastroenteritis can lead 

to systemic infections such as septicemia or even the inducement of chronic disease 

syndromes such as reactive arthritis or Reiter’s syndrome (Samuel et al., 1995; Ziprin and 

Hume, 2001).  Salmonella is associated with a number of meat products including raw 
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pork and poultry.  It has also been implicated in several outbreaks traced to the 

consumption of inadequately processed cooked roast beef (CDC, 1982). 

First recognized in 1982 (Riley et al., 1983), Escherichia coli O157:H7 is also an 

important cause of foodborne illness.  E. coli O157:H7 is often associated with beef 

products, which can become contaminated with E. coli O157:H7 and other pathogens in a 

number of ways.  One of the most common routes of contamination is via cross 

contamination of carcass surfaces during slaughter (Collis et al., 2004; Fegan et al., 2005; 

McEvoy et al., 2003).  Cross contamination can come from a variety of sources including 

fecal material, hides, ingesta and the processing environment.  Beef trim used for ground 

beef production often contains surface tissue which is more easily contaminated during 

slaughter and subsequent processing.  This has the potential to lead to contamination of 

the final ground product with E. coli O157:H7 (Murphy and Seward, 2004). 

Escherichia coli O157:H7 cases account for only about 0.5% of total foodborne 

illness cases in the United States; however, it is of concern because its symptoms can be 

severe for individuals in susceptible populations (Mead et al., 1999).  Foodborne disease 

caused by E. coli O157:H7 generally results in diarrhea with abdominal pain and 

cramping sometimes progressing to bloody diarrhea (Ochos and Cleary, 2003; Peacock et 

al., 2001).  In some instances the disease can also progress into hemolytic uremic 

syndrome (HUS), one of the leading causes of renal failure in children (Siegler and 

Oakes, 2005).  The severity of the illness combined with the documented presence of the 

pathogen in raw beef products has led the USDA-FSIS to classify E. coli O157:H7 as an 
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adulterant in raw ground beef and other non-intact, raw beef products (USDA-FSIS, 

2004) making its control even more of a concern for meat processors.  

Recent outbreaks of foodborne illness have resulted in increased regulatory 

pressure on meat processors.  The regulatory agency responsible for inspection of 

establishments producing meat and poultry products, the United States Department of 

Agriculture - Food Safety and Inspection Service (USDA-FSIS), has implemented a 

number of regulations regarding the control of pathogens in meat products.  One such 

regulation, known as the Pathogen Reduction; Hazard Analysis and Critical Control Point 

(HACCP) systems rule (USDA-FSIS, 1996), has led to an increased emphasis on 

scientific evaluations of production practices to determine their safety.   

There is currently a deficiency of published scientific information for use in 

validation of basic meat production practices.  With this in mind, we conducted three 

studies to generate data useful for validation of common production practices.   

Study 1 examined the effect of processing temperature on the growth of 

salmonellae in raw pork.  Growth was measured at four temperatures likely to be 

encountered in meat processing environments; 4.4ºC (40ºF), 7.2ºC (45ºF), 10.0ºC (50ºF) 

and room temperature (22.2-23.3ºC/72-74ºF).  Samples of refrigerated samples were 

taken at regular intervals for 72 h, while those held at room temperature were sampled for 

12 h.  Growth was measured in both ground pork and boneless pork chops.  Study 2 was 

similar in design to study 1 but examined the growth of Escherichia coli O157:H7 in 

ground beef. 
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Study 3 examined the effect of process humidity on the lethality of surface 

inoculated salmonellae during thermal processing of cooked RTE roast beef.  Previous 

research has indicated that either high oven temperatures or elevated humidity levels are 

necessary to inactivate Salmonella located on the surface of cooked RTE roast beef 

(Goodfellow and Brown, 1978).  However, we were unable to identify any published data 

discussing the effect of reduced humidity levels on Salmonella lethality.  Humidity levels 

ranging from 0 to 90% were explored at an oven temperature of 82.2ºC (180ºF). 

Results of these studies can be used by meat processors to design or validate meat 

production practices.  These data are especially important for smaller meat processing 

establishments which may lack the expertise or resources to conduct their own validation 

studies.  Validation of the ability of specific processes to produce microbiologically safe 

finished products not only helps processors to meet regulatory requirements but also has 

a positive impact on public health by reducing the occurrence of foodborne pathogens in 

the general food supply. 
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CHAPTER II 
 

LITERATURE REVIEW 
 
 

Salmonella 

 Salmonella, a member of the Enterobacteriaceae family, are gram negative, 

mesophilic, heterotrophic, facultative anaerobic non spore-forming rods.  Ideal conditions 

for growth are at moderate temperatures (35-37ºC) and pH (6.5-7.5) in an environment 

with a high water activity and low osmolarity (Anderson and Ziprin, 2001).   

Non-typhoidal Salmonellae are an important cause of food-borne illness.  

Approximately 95% of human Salmonella disease can be attributed to foodborne 

exposure and it is estimated to cause more than 1.3 million illnesses each year in the 

United States.  These cases represent 9.7% of total annual foodborne illness (4,175,565) 

resulting in 30.6% (553) of deaths from foodborne illness of known etiology. (Mead et 

al., 1999)  Most non-typhoid Salmonella, which cause human disease, are non-host 

adapted serovars while others are host-adapted animal pathogens that can be transmitted 

to humans (Ziprin and Hume, 2001).   

A majority of salmonellosis cases result in a self-limiting gastroenteritis within 12 

to 72 hrs of ingestion.  The resultant diarrhea is a consequence of the simultaneous 

invasion and inflammation of the intestinal mucosa by the pathogen.  This response is 

due to the action of a type III export system found on Salmonella pathogenicity island 1 

and may also be affected by the production of enterotoxins (Morales Espinosa et al., 

1993; Watson et al., 1998).  Enterocolitis is treated via oral fluid replacement.  

Antimicrobial treatment is generally unnecessary but if required should be guided by 
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susceptibility testing because of the emergence of antimicrobial resistant strains of 

Salmonella such as DT104 (Ryan, 1990).  In rare instances, non-typhoid Salmonella 

infection can cause systemic infections such as septicemia or even lead to the inducement 

of chronic disease syndromes such as reactive arthritis or Reiter’s syndrome (Samuel et 

al., 1995; Ziprin and Hume, 2001).   

 

Escherichia coli O157:H7 

Escherichia coli, members of the Enterobacteriaceae family, are gram negative, 

mesophilic, heterotrophic, facultative anaerobic non spore-forming rods.  Ideal conditions 

for growth are similar to those for Salmonella including environments with a moderate 

temperatures and pH combined with an elevated water activity.  Diarrheagenic E. coli are 

divided into five major categories including; (1) enteropathogenic (EPEC), (2) 

enterotoxigenic (ETEC), (3) enteroinvasive (EIEC), (4) enterohemorrhagic (EHEC) or 

shiga toxin producing (STEC) and (5) enteroaggregative (EAEC) (Neill et al., 2001).  

While members of each category have the potential to cause outbreaks of foodborne 

illness, current emphasis by regulatory agencies governing food production has been on 

members of EHEC, especially  E. coli O157:H7. 

First recognized in 1982 (Riley et al., 1983), Escherichia coli O157:H7 is an 

important cause of foodborne illness.  E. coli O157:H7 cases account for only about 0.5% 

of total foodborne illness cases in the United States (Mead et al., 1999).  However, the 

organism has a low infective dose and symptoms of the illness can be severe for 

individuals within susceptible populations, often resulting in hemorrhagic colitis which 
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typically has a hospitalization rate of >50% (Neill et al., 2001; Vernozy-Rozand et al., 

2002).  Foodborne disease caused by E. coli O157:H7 generally results in diarrhea with 

abdominal pain and cramping, which often progresses to bloody diarrhea (Ochos and 

Cleary, 2003; Peacock et al., 2001).  In some instances, the disease can progress into 

hemolytic uremic syndrome (HUS), one of the leading causes of renal failure in children 

(Siegler and Oakes, 2005).   

E. coli O157:H7 illness is often associated with beef products, which can become 

contaminated with E. coli O157:H7 and other pathogens in a number of ways.  The most 

common route of contamination is via cross contamination of carcass surfaces during 

slaughter (Collis et al., 2004; Fegan et al., 2005; McEvoy et al., 2003).  Cross 

contamination can come from a variety of sources including fecal material, hides and 

ingesta.  Beef trim used for ground beef production often contains surface tissue which is 

more easily contaminated during slaughter and subsequent processing.  This can lead to 

contamination of the final ground product with E. coli O157:H7 (Murphy and Seward, 

2004). 

Recent outbreaks of foodborne illness (Jay et al., 2004; Lane et al., 2005; Tuttle et 

al., 1999; Vogt and Dippold, 2005) and a large multi-state outbreak associated with 

undercooked hamburgers (CDC, 1993), have led to an increased emphasis on the control 

of Escherichia coli O157:H7 in raw beef products [USDA-FSIS, 2004(b)].   The severity 

of the illness combined with the documented presence of the pathogen in raw beef 

products has led the USDA-FSIS to classify E. coli O157:H7 as an adulterant in raw 
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ground beef making its control even more of a concern for meat processors [USDA-FSIS, 

2004(b)].  

 

Isolation and Enumeration of Salmonella from Foods 

Isolation of Salmonella from foods is a complex procedure involving a number of 

steps.  Suitable media to be used at each step is dependant on the food being assayed and 

the standardized method which is employed.  Because of the low levels of contamination 

and potential for injured cells in many foods, most standardized methods employ a pre-

enrichment / resuscitation step.  Pre-enrichment is commonly carried out in a non-

selective media such as buffered peptone water or lactose broth.  Peptone water is used 

for foods with high nutrient (protein) value while lactose is used to isolate Salmonella 

from less nutritionally complex foods.  After pre-enrichment, which allows for recovery 

of injured cells, the culture is transferred into a selective enrichment broth such as 

tetrathionate or selenite cystine, which suppresses the growth of competing flora while 

allowing for the growth of Salmonella.  Following enrichment, cultures are plated onto 

selective media for differentiation via phenotype.  Many selective agars, such as xylose 

lysine desoxycholate (XLD) agar, rely on the ability of Salmonella to produce hydrogen 

sulfide (H2S) resulting in black colonies (Sherrod et al., 1995).  It should be noted that the 

ability of Salmonella serovars to produce H2S is variable so the absence of a black color 

should not be the only means of determining that Salmonella is not present.  Presumptive 

positive colonies are then subjected to a number of biochemical tests including triple 

sugar iron agar (TSI) and lysine iron agar (LIA), before serological testing for 
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confirmation.  Specific methods suitable for the isolation of Salmonella from a number of 

foods can be found in the United States Food and Drug Administration (FDA) 

bacteriological analytical manual (BAM) (FDA, 2005).  In addition to the traditional 

Salmonella isolation methods outlined above, many rapid methods have also been 

approved for use. 

Enumeration of Salmonella from foods has proven more difficult than isolation.  

Direct plating of food samples, especially raw meat, onto non-selective media can result 

in overgrowth from background flora while direct plating onto selective media often 

results in insufficient counts due to the inability of injured cells to grow in the presence of 

selective supplements.  While raw meat and poultry are often considered ideal 

environments for the growth of bacteria, most have been exposed to some type of stress 

in the plant environment (Yousef and Courtney, 2003).  Heat shock, cold stress, 

starvation and acid stress are examples of stressors microorganisms may encounter in a 

meat or food production environment which are capable of injuring the cells.   

Injured bacterial cells, including Salmonella, are often not viable on the media 

commonly used to select for them (Hoadley and Cheng, 1974; Ray, 1979).  This 

sensitivity is a result of structural or metabolic damage including the alteration of cell 

membranes and damage to cytoplasmic cell components such as RNA, DNA and 

ribosomes (Foegeding and Ray, 1992; Ray, 1979).  Pre-enrichment in non-selective 

media allows injured cells to undergo repair and become functionally normal (Kang and 

Fung, 2000).  Unfortunately, pre-enrichment can result not only in repair of injured cells 

but also growth, preventing accurate enumeration.  Wesche et al. (2005) found that heat-, 
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cold- and starvation-injured Salmonella yielded significantly lower counts on XLD agar 

plates when compared to the same culture plated on tryptic soy agar with yeast extract 

(TSAYE).  To overcome this problem, two-step plating procedures have been developed 

that allow for injured cells to recover from injury prior to selection (Foegeding and Ray, 

1992; Hartman et al., 1975; McCleery and Rowe, 1995; Ray, 1979; Smith and Archer, 

1988).  These methods involve culturing of cells on non-selective agar for a short time (2 

to 4 h) to allow for repair followed by an overlay of selective media which allows 

resuscitated target pathogens to grow while the selective agents suppress growth of 

background flora.  These techniques are known as overlay resuscitation (OV) methods 

and have been found to be effective for enumeration of injured pathogens from food 

samples and are much less labor intensive than commonly used most probable number 

(MPN) enumeration techniques. 

Kang and Fung (1999, 2000) developed a method based on the principle of the 

overlay resuscitation method with the benefit of being less cumbersome in practice.  This 

thin agar layer (TAL) method consists of overlaying the selective media with non-

selective agar (TSA) just prior to direct plating of the sample for enumeration.  This 

allows injured cells to be resuscitated on the non-selective media prior to the diffusion of 

the selective agents through the overlay inhibiting non-target bacteria and producing 

target pathogen colonies typical of those seen on the selective media alone.  Originally, 

the method was developed for the enumeration of heat-injured Listeria monocytogenes.  

However, subsequent studies have confirmed its efficacy for use in enumeration of other 

injured pathogens, including Escherichia coli O157:H7, Salmonella Typhimurium, 
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Staphylococcus aureus and Yersinia enterocolitica (Wu et al., 2001).  The ability of the 

method to enumerate heat-injured Salmonella Typhimurium has been explored in great 

detail (Kang and Fung, 2000).  No statistical difference was observed in counts of heat 

injured Salmonella Typhimurium plated on TSA, OV and TAL (P>0.05) and counts on 

these media were significantly higher (P<0.05) than those on XLD. 

 

Enumeration of Antibiotic Marked Bacteria 

An alternative means of enumerating pathogens is through the use of antibiotic 

marked strains.  Antibiotic marked strains are resistant to a particular concentration of an 

antibiotic.  This allows the researcher to utilize a rich growth medium, such as tryptic soy 

agar (TSA) or brain heart infusion (BHI) agar, with added antibiotic for selection of the 

inoculated pathogen in the presence of natural flora in the sample.  This method is most 

appropriate when measuring pathogen growth in response to a treatment.  The use of 

marked strains in lethality studies must be done with caution as the antibiotic resistance 

may confer resistance to the treatment resulting in an erroneous estimate of lethality.  

This concept is illustrated by Brashears et al. (2001) who found that nalidixic acid 

resistant Salmonella were not significantly (P<0.05) inhibited by lactic acid while the 

same treatment resulted in a 3 log reduction of non-resistant Salmonella.  A similar 

response was observed in nalidixic acid resistant E. coli O157:H7. 

Validation of antibiotic marked pathogen strains is important to ensure that their 

response to a given treatment is similar to what would be expected in wild type strains.  

Blackburn and Davies (1994) found that most antibiotic resistant strains exhibited slower 
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growth rates than wild type strains.  This tendency was reduced when temperatures were 

decreased from optimal.  Because of this, the use of antibiotic marked strains to 

determine the growth of pathogens under refrigerated conditions, such as the storage of 

perishable foods, may be the best way to utilize marked strains for research.   

 

Prevalence of Salmonella in Raw Pork Products 

 Prevalence of Clostridium perfringens, Staphylococcus aureus, Listeria 

monocytogenes, Campylobacter jejuni/coli., Escherichia coli O157:H7 and salmonellae 

for a number of raw meat product categories was determined by the USDA-FSIS in the 

mid 1990s (USDA-FSIS, 1996).  The purpose of this testing program was to determine 

baseline levels of contamination for use in the development of regulatory testing 

programs, as described above.  Unlike other regulatory sampling programs (Levine et al., 

2001), the baseline data collection program is designed to give a statistically valid 

estimate of the prevalence of pathogens on a national level. 

 Baseline testing of market swine carcasses indicated a national salmonellae 

prevalence of 8.7%.  This estimate was set as the performance standard in the USDA-

FSIS Pathogen Reduction and HACCP rule (Federal Register, 1996).  Subsequent 

regulatory testing, from 1998 to 2000, found that 80.8% of market hog slaughter 

establishments were able to meet the standard during the first testing period (Rose et al., 

2002).  Larger establishments were more likely than smaller establishments to meet the 

performance standards, with 90.5% of large establishments meeting the guidelines during 

the first sample set vs. 65.2% of smaller establishments.  Overall prevalence of 
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Salmonella in samples from all plants in this time period was 7.0%, 4.1% in large and 

10.9% in smaller establishments. 

Baseline and subsequent regulatory testing data only addresses the prevalence of 

salmonellae on hog carcasses.  Salmonella contamination of pork sausage at retail was 

found to be as high as 50% in the mid 1980s (Silas et al., 1984).  However, more recent 

studies have found a lower prevalence of the pathogen in retail pork products.  Zhao et al. 

(2001) examined the prevalence of pathogens in various retail meat products in the 

greater Washington DC area and found a prevalence of 3.3% for Salmonella in raw pork 

products.  Duffy et al. (2001) explored the prevalence of salmonellae in raw retail pork 

products from six cities in the United States; 9.6% of retail pork products contained 

Salmonella as did 5.8% of similar products sampled in six production plants. 

International studies of Salmonella prevalence have indicated a wide range, 

depending on the country.  Belgian minced pork sampled at retail indicated a salmonellae 

prevalence of 11.1%, similar to estimates in the United States (Ghafir et al., 2005).   

Lower levels of contamination were found in Irish retail pork sausage, ranging from 1.7% 

to 4.4% of samples, depending on season (Boughton et al., 2004).  Much higher levels of 

contamination have been observed in other countries.  A recent survey of Mexican retail 

pork found a Salmonella prevalence of 58.1% while a study in the Netherlands found an 

prevalence of 25-30% in pork primals and retail cuts along with a prevalence of 50-55% 

in minced pork and pork sausages (Berends et al., 1998; Zaidi et al., 2006). 
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Prevalence of Escherichia coli O157:H7 in Raw Meat Products 

Another bacterial pathogen of concern in meat products is Escherichia coli 

O157:H7.  Prevalence of E. coli O157:H7 in the feces of beef cattle has been reported to 

be as high as 27.8% (Hussein and Bollinger, 2005).  Prevalence has been found to be 

even higher (60.6%) on hide surfaces just prior to slaughter; this is most likely due to 

fecal cross contamination during the transport and handling of the cattle (Barkocy-

Gallagher et al., 2003; Rivera-Betancourt et al., 2004).  Cross contamination of carcass 

surfaces results in E. coli O157:H7 contamination of as many as 26.7% of carcasses prior 

to the pre-evisceration wash (Barkocy-Gallagher et al., 2003).  Post-evisceration and 

post-intervention contamination of carcasses has been shown to be significantly less 

(≤6%) than pre-evisceration levels (Barkocy-Gallagher et al., 2003; Fegan et al., 2005). 

It is well established that raw meat products are common sources of foodborne 

pathogens, including E. coli O157:H7.  USDA-FSIS testing of raw ground beef over a 

three year period ending in September 2002, found an E. coli O157:H7 prevalence of 

0.797% (Federal Register, 2002).  USDA-FSIS testing in FY2004 indicated a reduced 

prevalence of 0.2% [Naugle et al., 2005(b)].  Comparison of these results to those 

obtained from FY1995 to FY2003 [Naugle et al., 2005(a)] indicates a sustained decline in 

the prevalence of E. coli O157:H7, which the authors attribute to FSIS policy changes 

and industry actions. A recent risk analysis by the FSIS calculated an estimated risk of 

just less than one E. coli O157:H7 induced illness for each one million servings of ground 

beef consumed in the United States (Ebel et al., 2004).  Surveys of raw meat products in 

other countries have also indicated a relatively low prevalence of the pathogen.  Levels of 
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E. coli O157:H7 of 0.12% were found in minced beef samples in France (Vernozy-

Rozand et al., 2002), 1.1% in raw beef products in England (Chapman et al., 2000) and 

.002% in raw meat products in Scotland (Coia et al., 2001).   

 

Growth of Salmonellae and Escherichia coli O157:H7 in Raw Meat Products 

 The growth kinetics of Salmonella and Escherichia coli O157:H7 have been 

explored in both broth and food systems.  Results from these studies can be used as 

validation of HACCP systems for production of meat and other food products.  Currently, 

the USDA-FSIS prefers data from studies conducted in meat systems for use as 

validation.  Alternatively, predictive models can be developed using data from broth or 

meat studies.  Many such models have been combined by the USDA to produce the 

pathogen modeling program (PMP) for use by both industry and regulatory officials to 

determine the safety of specific meat production practices.  However, it should be noted 

that USDA-FSIS regards predictions from these models as useful for guidance but does 

accept mathematical growth or inactivation models as the sole source of verification for 

meat production processes (USDA-FSIS, 2005). 

Salmonella 

Very little research has been published examining the growth of Salmonella in 

meat products held under temperatures that would likely be encountered in meat 

processing facilities (≤10ºC).  Alford and Palumbo (1969) observed that a cocktail of 

Salmonella grew well in ground pork at 10ºC but not at 4ºC, where it was shown to 

actually decrease over the 16 day test period.  It was also shown that increased NaCl 
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levels (>2%) inhibited the growth rate of Salmonella with levels of 5% NaCl resulting in 

static counts over time.  Decreased pH was also found to inhibit Salmonella growth, but 

only when levels were less than those that would be expected in non-fermented meat 

products. 

 Numerous studies have been performed with the intent of producing mathematical 

modeling equations for use in the validation or design of meat production parameters.  

The best of these studies incorporate a performance evaluation to validate their efficacy 

on actual meat products.  In a series of studies, Oscar [1998, 1999(a), 1999(b), 1999(c)] 

examined the effect of isolate, culture conditions (temperature and pH) and previous 

growth conditions (temperature, NaCl concentration and pH) on growth kinetics of 

Salmonella in culture media and cooked chicken.  These studies found that the developed 

models were generally accurate in chicken products within the range of environmental 

conditions used to develop the model.  However, further work by Oscar (2002, 2005) 

regarding the development of more advanced models found that tertiary simulation 

models, which allow for prediction outside of the conditions used for development, were 

not necessarily indicative of Salmonella behavior in cooked chicken.  These results 

illustrate the need to apply models only to situations similar to those used for their 

development and also illustrates the need for validation of production parameters derived 

from mathematical models. 

Escherichia coli O157:H7 

 Limited research has been conducted regarding the growth of E. coli O157:H7 in 

meat products held at temperatures commonly encountered in meat processing facilities 
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(≤10ºC).  Tamplin (2002) found that E. coli O157:H7 counts increased exponentially for 

five days from approximately 3 to 8.5 log10 cfu/g, with no lag phase, in ground beef held 

at 10ºC.  Interestingly, he found that the USDA PMP (ver 5.1) underestimated the growth 

of Salmonellae under these conditions.  This study also indicated that increasing either fat 

levels or the number of background microflora resulted in a decrease of both exponential 

growth rate and maximum population density.  Another study indicates that no E. coli 

O157:H7 growth occurred below 6ºC in ground beef (Tamplin et al., 2005)  Barkocy-

Gallagher, et al. (2002) found that E. coli O157:H7 counts increased slightly over 14 

days, following an initial decrease, when inoculated ground beef was stored at 1ºC.  

Significant increases in counts were seen when inoculated products were held at 7ºC, 

with population increases of 0.9 to 1.5 log10 occurring over the 14 day test period. 

 Studies examining the effects of temperature, pH, NaCl concentration, water 

activity, strain and lactic acid concentrations have been performed.  The robustness of a 

broth based growth model for use in ground beef was measured using previously 

published data sets (Campos et al, 2005).  It was found to be effective for estimating E. 

coli O157:H7 growth at temperatures between 15º and 40ºC.   Another broth based 

prediction study found that the strain of E. coli O157:H7 significantly impacted the 

validity of the model and that the potential presence of all strains should be considered 

when designing production processes using mathematical models.  Mellefont et al. (2003) 

found that their model, examining the effects of temperature, water activity, pH and lactic 

acid concentration, performed better than existing models, including USDA PMP, for 

prediction of growth of E. coli.  Sutherland et al. (1995) found that their E. coli O157:H7 
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growth model gave realistic estimates in meat, poultry, milk and cheese.  The results of 

these studies, when considered together, reinforce the need to apply models within the 

range of the parameters from which they were developed. 

 

Prevalence of Salmonella in Ready-to-Eat Meat and Poultry Products 

 Several Salmonella outbreaks associated with the consumption of pre-cooked, 

ready-to-eat roast beef were reported in the mid-1970’s [CDC, 1976(a), 1976(b), 1977].  

In response to these outbreaks, the USDA implemented emergency regulations regarding 

the proper cooking of RTE roast beef (Federal Register, 1977).  Three additional 

outbreaks were reported in 1981 [CDC, 1981(a), 1981(b), 1982; Riley et al., 1983; 

Spitalny et al., 1984] with similar etiologies to the earlier outbreaks.  With the exception 

of an outbreak involving restaurant cooked roast beef in 1996 (Shapiro et al, 1999), no 

further outbreaks involving roast beef have been reported.   

Numerous programs for the regulatory microbiological testing of RTE meat 

products at federally inspected meat processing facilities were implemented by the 

USDA-FSIS during the late 1980’s and early 1990’s.  Pathogens and toxins of interest in 

RTE meat products include Salmonella, Listeria monocytogenes, Escherichia coli 

O157:H7 and staphylococcal enterotoxins.  Regulatory sampling programs have not been 

based on establishment size or production volume nor has sampling been carried out at 

the retail level (Levine et al., 2001).  Because of these factors, the data collected for these 

programs cannot be relied on to present a statistically valid estimate of overall pathogen 
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presence in the United States.  However, the data can give an insight into prevalence of 

pathogens of concern for RTE meat products.  

 The presence of Salmonella in RTE meat products is indicative of insufficient 

thermal processing of the product or of inadequate sanitary conditions during or after 

production resulting in post-process contamination.  Yearly Salmonella prevalence in 

RTE cooked, roast and corned beef from 1990 to 1999 ranged from 0.00 to 0.61%, with a 

mean prevalance of 0.22%.  During this same time frame, nine recalls were initiated for 

Salmonella contamination of RTE products.  The USDA has determined that the low 

prevalence of Salmonella in this product group indicates that “heat lethality processes 

used in manufacturing these products were generally effective in eliminating this 

pathogen and that post-process contamination was not a significant problem” (Levine et 

al., 2001). 

 

Stress Response in Salmonella 

 Induction of the stress response in bacteria can enhance its ability to survive under 

adverse environmental conditions.  Under some circumstances, increased resistance to 

stress can lead to the survival of Salmonella during the thermal processing of cooked 

meat products.  Therefore, it is necessary to explore the mechanism of this response. 

Transcription of specific genes in bacterial cells relies on sigma factors.  Sigma 

factors combine with the core enzyme of RNA polymerase to form a holoenzyme 

complex which binds specific gene promoters of the chromosomal DNA.  Exponential 

growth is predominantly modulated by σ70.  However, alternative sigma factors are also 
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present in the cells.  These alternative sigma factors are capable of combining with the 

core to form holoenzymes, which initiate transcription of specific subsets of genes 

necessary for dealing with environmental changes. 

 The ability of a variety of organisms to initiate a phenotypic response to 

environmental stressors is well documented.  Response to environmental stressors by 

bacteria is generally mediated by alternative sigma factors.  Included in these alternative 

sigma factors are σS, σN, σE and σH; which become active in response to the induction of 

stationary phase, nitrogen limiting conditions, periplasmic stress or cytoplasmic stress 

caused by heat shock, respectively (Record et al., 1996).  Alternative sigma factors direct 

the holoenzyme to alternative promoters resulting in the transcription of a specific subset 

of genes necessary for mounting a response to each specific stress condition. 

 Two of the more important stress response mechanisms for foodborne pathogens 

are those governing entry into stationary phase (σS) and the induction of the response to 

heat shock (σH) (Record et al., 1996).  Conditions encountered in the environment of a 

food processing facility are generally limiting in nutrients and would be expected to 

induce the σS regulon.  Bacteria in processing environments, especially those producing 

thermal processed products, have a reasonable chance of being exposed to heat shock.  

This exposure could occur either during processing or during cleaning and sanitation with 

hot water. 

 The ability of bacteria to survive under starvation conditions is essential to their 

survival in natural environments, which are often characterized by lack of nutrients 

(Hengge-Aronis, 2002).  Exhaustion of one or more necessary nutrients induces the 
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bacterial cells to enter stationary phase, a physiological state characterized by an ability 

to survive prolonged periods of starvation and the induction of mechanisms of multiple 

stress resistance.  The induction of this response is mediated by σS and marks a metabolic 

shift from growth and division to maintenance.  Concomitant stress responses include 

mechanisms to deal with high temperatures, NaCl, ethanol, acidic pH and alkaline pH, 

among others (Gross, 1996).  While starvation conditions are generally responsible for 

inducing the σS response, acid stress can also induce it.  This is significant to the meat 

industry as acid-based interventions and sanitizers are commonly used during the 

production of meat products and during sanitation of the processing environment. 

 Heat stress of bacteria, including Salmonella, results in the induction of the heat 

shock response, mediated by the alternative sigma factor H (σH) (Strauss et al., 1987).  

Initiation of the heat shock response results in transcription of a number of genes 

encoding heat shock proteins (hsps) designed to protect the cell from cytoplasmic 

consequences of increased temperature, such as unfolded and denatured proteins.  Heat 

shock proteins consist mainly of chaperones and proteases, which monitor and respond to 

the state of protein folding in the cell.   

Chaperones interact with intracellular proteins throughout their transcription and 

assembly.  Mechanisms of action include interaction with newly translated protein 

strands to ensure that they are properly folded, transfer of unfolded proteins to locations 

in the cell where they will be transported out of the cytoplasm or further processed prior 

to folding and binding of proteins with non-native conformations to prevent their 

aggregation (Haslbeck et al., 2005; Keller and Simon, 1988; Straus et al., 1988).  



 24

Proteases degrade misfolded or otherwise aberrant proteins, which are the consequence of 

the application of heat to the cytoplasm.  Heat shock proteases most likely interact with 

chaperones in the degradation of abnormal proteins.  Heat shock chaperones and 

proteases are also necessary for normal cell growth.  This is facilitated by the presence of 

low levels of σH in cells growing under normal conditions (Kanemori et al., 1994). 

Experimental results indicate that the heat shock response is induced when growth 

temperatures exceed 30ºC (Arsene et al., 2000).  The rate of hsp synthesis increases with 

rising environmental temperature.  Protein synthesis increases 10-fold when cultures 

grown at 30ºC are rapidly shifted to 42ºC, this is known as the induction phase (Straus et 

al., 1987).  Immediately following induction, the rate of hsp synthesis decreases to a level 

approximately twice that observed at 30ºC.  A rapid decrease in temperature from 42º to 

30ºC has the opposite affect.  A 90% decrease in hsp production is followed by an 

eventual return to basal concentrations.  The reduction in concentration is due primarily 

to dilution of remaining hsps during subsequent growth and cell division. 

Exposure to extreme elevated temperatures, those at or near lethal levels, results 

in the induction of a second heat shock response mediated by alternative sigma factor E 

(σE) (De Las Penas et al., 1997; Gross, 1996; Missiakas et al., 1997).  Activity of σE is 

induced by the extracytoplasmic accumulation of misfolded outer membrane proteins.  It 

appears that the primary responsibility of σE is to promote transcription of rpoH, the gene 

encoding σH, which accounts for approximately 90% of total transcription at 50ºC 

(Erickson et al., 1987). 
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While heat shock proteins are necessary for bacteria to survive at elevated 

temperatures, they have also been shown to contribute to pathogen virulence.  The hostile 

environment that Salmonella is exposed to in host cell macrophage induces several stress 

response systems, including heat shock.  This response not only helps the invading cells 

to survive in the hostile environment but also aids in virulence.  Several heat shock 

proteins have been shown to contribute to infection.  In particular, two chaperones, 

GroEL and DnaJ, have been implicated in autoimmune infections (Georgopolous and 

McFarland, 1993; Mahan et al., 1996; Young, 1992).  Induction of the stress response can 

also lead to the production of proteins that are necessary for virulence with no apparent 

role in protection of the cell from stress conditions.  An example of this is the induction 

of internalin (inl) during the general stress response in Listeria monocytogenes 

(Kazmierczak et al., 2003).  

 

Thermal Resistance of Salmonella 

 As discussed above, one consequence of the stress response is an increase in 

thermal resistance.  Thermal resistance of Salmonella has been studied in many food and 

culture systems (Doyle and Mazzotta, 2000).  Generally, resistance has been observed to 

be more pronounced in foods than in culture media, as evidenced by increased D-values 

in food vs. broth systems [Juneja, 2001(a)].  The complexity of the food matrix is the 

most likely explanation for these observations.  Within food systems, differences in pH, 

water activity and composition and changes in formulation have each been shown to 

impact thermal resistance.  Thermal resistance of Salmonella is also influenced by 
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serotype, competing microflora, culture preparation method, growth phase, heating 

menstruum and methods used for recovery or enumeration (Doyle and Mazzotta, 2000). 

 Variation in thermal resistance between Salmonella serotypes has also been 

extensively studied (Doyle and Mazzotta, 2000).  Salmonella Senftenberg, which is not 

an important foodborne pathogen, has been found to be the serotype that exhibits the 

greatest natural heat resistance (Ng, 1979).  Many studies have utilized this serotype to 

design thermal processing schedules for heat processed foods (Manas et al., 2003; 

Murphy et al., 1999; Murphy et al., 2001; Murphy et al., 2002).  Sufficient destruction of 

Salmonella Senftenberg during a process is considered indicative of the ability of the 

process to control other Salmonella serotypes (Doyle and Mazzotta, 2000).  However, 

these processes may be overly conservative because of the disparity in heat resistance 

between serotypes.  Among the serotypes that commonly cause foodborne illness, 

Salmonella Enteritidis has often been shown to be the most heat resistant serotype.  It has 

been shown to be more resistant than Salmonella Typhimurium in eggs, although this is 

not always the case in culture systems (Palumbo et al., 1995; Shah et al., 1991). 

 Environmental conditions and growth phase also influence thermal resistance of 

Salmonella.  Cells exposed to elevated growth temperatures or heat shock during growth, 

as well as cells grown in conditions of limiting carbohydrates, tend to exhibit elevated 

thermal resistance levels (Wesche et al., 2005; Ng et al., 1969).  In addition to inducing 

heat shock, sub-lethal heating can also lead to increased lag times which may result in an 

inability to detect the cells in finished product using traditional microbiological methods.  

Attachment of Salmonella cells to surfaces including stainless steel, glass and meat also 
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results in increased thermal resistance when compared to unattached cells under similar 

conditions (Dhir and Dodd, 1995; Humphrey et al., 1997).  Exposure of Salmonella to 

decreased temperatures following a treatment to increase thermal resistance has been 

shown to result in a decrease in thermal resistance (Humphrey, 1990).  Salmonella cells 

in the stationary phase of growth have been shown to be more heat resistant than those 

undergoing exponential growth, because of the natural induction of the stress response 

under these conditions (Humphrey et al., 1995). 

Product formulation and composition can also have an important effect on 

thermal resistance of Salmonella during processing.  Food additives such as EDTA, 

polyphosphates and hydrogen peroxide can be used to decrease thermal resistance of 

Salmonella.  Polyphosphates and EDTA destabilize cell walls and membranes through 

the chelation of metal ions found in these structures (Garibaldi et al., 1969).  Phosphates 

are commonly used in meat, poultry and egg products while EDTA is used predominantly 

in egg products. Addition of hydrogen peroxide to food and bacterial cultures can result 

in the formation of oxidative compounds which reduce thermal resistance of Salmonella.  

The use of hydrogen peroxide has been successful in egg products (Unluturk and 

Tarantas, 1987).  While many additives have proven to be highly effective against 

Salmonella in culture systems, their efficacy in food systems is often much less 

pronounced, most likely to interactions between the compounds and components found in 

the food matrix such as proteins and fats (Doyle and Mazzotta, 2000). 

Water activity of food products also has an enormous impact on thermal 

resistance of Salmonella.  Increased water activity levels tend to result in reduced thermal 
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resistance, likely due to the more efficient transfer of heat from the environment to the 

bacteria under these conditions.  Salmonella found in foods with low water activity, such 

as dried egg products, dried milk, flours, chocolate and pet foods are often extremely heat 

resistant and can have D-values measured in days rather than minutes (Barrile and Cone, 

1970; Miller et al., 1972; VanCauwenberge et al., 1981).  The introduction of moisture 

during the thermal processing of these foods can effectively overcome this resistance.  

Introduction of steam during dry roasting of inoculated roast beef leads to increased 

Salmonella lethalities when compared to those processed in the absence of humidity 

(Blankenship et al., 1980; Goodfellow and Brown, 1978).  Similar results have been 

observed in other food products.  Dramatic reductions in D-values for Salmonella 

occurred in chocolate, a low moisture food, with the addition of moisture during 

processing (Barile and Cone, 1970).  In addition, cooked chicken patties cooked in a 

water bath showed significantly greater reductions of inoculated Salmonella Senftenberg 

than those cooked in an air impingement oven (Murphy, et al. 2001). 

Proximate composition of food products impacts thermal resistance of 

Salmonella.  Lag times for thermal inactivation of Salmonella increased in response to 

increased fat levels in poultry [Juneja et al., 2001(b)].  An interaction of fat level with 

specie was detected, with increasing fat levels having a greater effect on D-values in 

ground chicken when compared to ground turkey.  Juneja and Eblen (2000), observed 

similar tendencies in beef with increased fat levels leading to increased lag times for 

thermal inactivation.  Decreases in D-values in response to increasing fat levels were also 

observed. 
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 Juneja, et al. [2001(a)], addressed thermal inactivation of a number of Salmonella 

serotypes in chicken broth and ground beef, pork, turkey and chicken.  Observed D-

values were found to be significantly higher in meat than those in chicken broth.  

Significant differences in D values were also observed between meat animal species.  It is 

important to note that the author indicated that the results of this study were largely 

inconsistent with results observed in other studies with D values being lower than those 

reported elsewhere.  This may be due to differences in the method used to calculate D 

values; Juneja included lag times in his survival curves while many other studies have 

used only linear regression analysis when calculating D values.   

Traditionally, first order inactivation kinetics have been used to design thermal 

processing schedules for cooked food products.  First order kinetics rely on log linear 

inactivation of bacteria during processing.  Log linear reductions allow for the use of 

decimal reduction (D) values, the time necessary for a 90% reduction in bacterial counts 

at a given temperature, for calculating the process parameters.  The mode of thermal 

inactivation has been debated.  Humpheson et al., (1998) contrasts two theoretical 

approaches regarding thermal inactivation kinetics, the mechanistic and vitalisitic 

models.  For the mechanistic model, which would best explain log-linear inactivation 

kinetics, inactivation is treated as a monomolecular reaction where intracellular target 

molecules are subject to the transfer of energy from surrounding water molecules 

resulting in inactivation through cell damage (Gould, 1989).  Target molecules may 

include membranes, nucleic acids, proteins or ribosomes, each of which has been shown 

to be damaged by heat (Mackey et al., 1991).  In contrast, the vitalistic approach suggests 
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that differences in phenotype within a genetically homogenous population result in 

differences in resistance to heat within the population (Humpheson et al., 1998).  This 

model accounts for bi-phasic inactivation kinetics with evident shouldering of the curve 

in which the initial death rate is slower than logarithmic death and a heat resistant 

population results in tailing following the logarithmic portion of the curve. 

A review of thermal death curves by Doyle and Mazzotta (2000) indicates the 

widespread occurrence of tailing, or biphasic inactivation kinetics, in foods supporting 

the vitalistic approach to thermal inactivation.  One study, examining the thermal 

inactivation of eight Salmonella serotypes in milk, found extensive tailing in thermal 

survival curves (Dabbah et al., 1971).  The author suggests that the response is the result 

of the presence of two sub-populations of Salmonella, genetically homogenous but 

phenotypically different in regards to the magnitude to which stress response proteins 

have been expressed.  Humpheson et al. (1998) also found two discrete populations of 

Salmonella during thermal inactivation resulting in a bi-phasic inactivation curve.  Both 

groups conclude that the use of D-values calculated from the logarithmic portions of 

thermal death curves could be unreliable when designing thermal processing schedules. 

Juneja et al. [2001(a)], agrees and states that the use of linear inactivation models, such as 

those used to calculate first order inactivation kinetics, may lead to the underestimation of 

the time and temperature exposure necessary to reduce bacterial numbers during thermal 

processing.  Humpheson et al. (1998) notes that the common practice of incorporating 

margins of safety into thermal processing cycles may control low level tailing but the 
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trend towards minimal processing may eventually result in persistence of the pathogens 

in finished product.   

 

Lethality of Salmonella in Ready-to-Eat Products during Thermal Processing 

 Inadequate thermal processing during the production of cooked meat products 

commonly contributes to outbreaks of foodborne illness (Bean et al., 1990).  Several 

studies have been conducted regarding the thermal inactivation of Salmonella in cooked 

meat products.  However, research into the lethality of Salmonella in cooked RTE roast 

beef during thermal processing is limited.  Regulatory guidelines for the cooking of RTE 

roast beef are based predominantly on data from three studies performed in the late 

1970’s in response to a cluster of salmonellosis outbreaks linked to the consumption of 

cooked RTE roast beef.   

 Goodfellow and Brown (1978) examined lethality of Salmonella in large (7.3-8.2 

kg) water cooked and dry roasted “rare” RTE roast beef.  Internal and external 

inoculation studies were performed using a cocktail of six Salmonella serotypes including 

a reference strain, a strain isolated from ground beef and four isolated from foodborne 

outbreaks related to meat.  Beef roasts to be water cooked were inoculated internally and 

cooked to internal temperatures ranging from 48.8ºC (120ºF) to 62.7ºC (145ºF).  Beef 

roasts for dry roasting were surface inoculated and cooked to a target internal temperature 

range of 51.6ºC (125ºF) to 57.2ºC (135ºF).  Water cooking to an internal temperature of 

57.2ºC resulted in a 7 log10 reduction of internally inoculated Salmonella.  Dry roasting 

required an oven temperature of 121ºC (250ºF) to produce a 7 log10 reduction of surface 
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inoculated Salmonella when the product was cooked to 54.4ºC (130ºF) internally.  The 

introduction of steam into the smokehouse for a minimum of 30 minutes at the beginning 

or end of the thermal processing cycle resulted in a 7 log10 reduction of surface 

inoculated Salmonella at cooking temperatures as low as 79.4ºC (175ºF) in product 

heated to an internal temperature of 48.9ºC (120ºF) or above. 

 Blankenship (1978) examined lethality of Salmonella in smaller (4.9-5.7 kg) beef 

roasts cooked to an internal temperature between 58.3ºC (137.0ºF) and 64.1ºC (147.5ºF) 

in a gas fired food processing oven maintained at 109.4ºC (229ºF).  Internal inoculation 

of the raw roasts with a single, nalidixic acid resistant strain was performed prior to 

thermal processing.  Cores from all roasts cooked to internal temperatures of 58.3ºC 

(137.0ºF) or higher were negative for Salmonella indicating a reduction of more than 7 

log10 cfu/g.  An exception was a roast cooked to 60.8ºC (141.5ºF) which the author states 

may have been contaminated during sampling.  However, viable Salmonella was detected 

on at least one sample from the surface of each of these cooked roasts.  This is most 

likely due to insufficient humidity in the cooking chamber during thermal processing as 

observed by Goodfellow and Brown (1978). 

 Further work by Blankenship et al. (1980) explored three methods of controlling 

surface inoculated Salmonella on dry roasted beef roasts.  One method, submerging fully 

cooked, dry roasted roast beef in plastic bags into 89.4-93.3ºC water for 3 m was not 

effective.  However, submerging fully cooked and cooled roasts into hot oil (160 or 

180ºC) and introduction of steam during a portion of the cook cycle each resulted in a 7 

log reduction of Salmonella.  Introduction of 100% steam for ≥10 m at the beginning of 
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the process or during the last 20-26 m of the thermal processing cycle were each 

effective. 

 Thermal lethality of Salmonella in cooked RTE poultry products has also been 

examined.  A recent study focused on thermal processing of cooked RTE chicken 

products in an air impingement oven or in water (Murphy et al. 2001), found that thermal 

processing of chicken patties in an air convection oven resulted in significantly lower 

reductions of Salmonella than those observed when the product was cooked in a water 

bath.  These results are consistent with those observed in roast beef where cooking 

environments with a higher moisture level resulted in increased Salmonella lethalities. 

Several recent studies have been carried out with the goal of validating thermal 

processing parameters for the production of a number of cooked meat products.  Products 

that have been studied include ground turkey and beef (Murphy et al., 2004), chicken 

patties, chicken tenders, franks, beef patties and beef-turkey patties (Murphy et al., 2002).  

In each study, significant differences in D and Z-values were observed between products 

and meat animal species.  Results from these two studies may be overly conservative for 

the determination of true “critical limits” for use in thermal processing of RTE meat 

products because of the inclusion of Salmonella Senftenberg in their inoculum, which, as 

discussed previously, has been shown to be much more heat resistant than more common 

Salmonella strains associated with foodborne outbreaks. 

Hazard Analysis and Critical Control Point Systems 

 Hazard analysis and critical control point (HACCP) is a production management 

system designed to assure the safe production of food products.  This approach requires 
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processors to break their production practices down into individual steps, which are then 

individually examined.  Step-wise examination of the production process allows the 

processor to identify points in the process where a food safety hazard could potentially be 

introduced or controlled (Stevenson and Bernard, 1999).  Once these points are 

identified, the processor is then able to implement controls at these steps to control the 

potential hazards.   

Pillsbury, NASA and the U.S. Army Natick Laboratories pioneered the HACCP 

concept in the 1950’s (Stevenson and Bernard, 1999).  HACCP principles were 

developed as a way to ensure that food products destined for use on manned space 

missions were safe for consumption.  Quality control programs requiring testing of the 

finished product to determine safety were found to be inadequate for this application.  

Traditional quality control required the destructive testing of finished product to ensure 

its safety.  Unfortunately, the need for 100% assurance of safety for the space program 

would require the testing of all finished product.  Because of this, the use of process 

control methods for assuring food safety was explored. 

 After examining other programs, the “Modes of Failure” concept developed by 

the U.S. Army Natick Laboratories was adapted for use in food production for the space 

program and served as the model for what eventually became known as HACCP 

(Stevenson and Bernard, 1999).  This concept involved evaluation of a product, its 

ingredients and its production to predict hazards that could be associated with the product 

and where they might occur during its production.  Monitoring of production at these 
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points allowed the processor to measure process control and subsequent safety of the 

finished product.  These process steps came to be known as “critical control points.” 

 A more formalized version of HACCP was presented by the U.S. Department of 

Health, Education and Welfare in 1971 (DHEW, 1971).  The system was made up of 

three principles; (1) identification and assessment of hazards, (2) identification of critical 

control points to control identified hazards and (3) establishment of systems to monitor 

critical control points.  Following this formal introduction of HACCP, the FDA showed 

interest in the system for its inspected plants.  However, interest faded and regulatory 

HACCP disappeared until the mid-1990s.   

A report by the Subcommittee of the Food Protection Committee of the National 

Academy of Sciences in the mid 1980’s recommended the adoption of HACCP by 

industry and regulatory agencies (NAS, 1985).  In response to this report, the National 

Advisory Committee on Microbiological Criteria for Foods (NACMCF) was formed and 

subsequently described seven HACCP principles and a systematic approach to their 

application to food production (NACMCF, 1989).  Revisions were made by the 

NACMCF in 1992 and 1997 with the latter revisions being adopted by the Codex 

Alimentarius Committee on Food Hygiene for international use (Codex, 1997).  Just prior 

to international adoption of HACCP principles, the United States Department of 

Agriculture, Food Safety Inspection Service (USDA-FSIS) officially adopted HACCP as 

a regulatory program, requiring it to be implemented in all FSIS inspected establishments 

producing meat and poultry products (Federal Register, 1996). 
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 The seven HACCP principles described by the NACMCF and later adopted by the 

USDA-FSIS require the processor to; (1) conduct a hazard analysis, (2) identify critical 

control points, (3) establish critical limits for each critical control point, (4) establish 

critical control point monitoring requirements, (5) establish corrective actions, (6) 

establish record keeping procedures and (7) establish verification procedures.  Recently, 

the USDA-FSIS has placed an increased emphasis on HACCP principle 7, especially 

regarding scientific validation of critical limits. 

 

HACCP Verification and Validation 

 Immediately following the inception of the HACCP rule (Federal Register, 1996), 

the primary focus of FSIS inspection personnel was assisting in the implementation of 

HACCP plans by all inspected establishments.  While these early plans were required to 

meet regulatory standards, little emphasis was placed on scientific validation.  Recently, 

the emphasis has shifted and HACCP plan verification has become more important to 

inspection personnel. 

Verification actually encompasses two separate components; the first, generically 

known as verification, involves determining if the plan is being administered as written 

and the second, known as validation, determines if the plan is written in a way that 

ensures finished product safety (Stevenson and Bernard, 1999).  The NACMCF defines 

validation as “the element of verification focused on collecting and evaluating scientific 

and technical information to determine if the HACCP plan will effectively control 

hazards” (NACMCF, 1998).  The regulatory basis for validation is found in 9 CFR 417.4 
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and states that “every establishment shall validate the HACCP plans adequacy in 

controlling the food safety hazards identified during the hazard analysis” (Federal 

Register, 1996).  Verification is carried out by both plant and inspection personnel. 

Verification activities are on-going and, as indicated above, are designed to 

determine if production is being carried out as written in the HACCP plan.  Activities 

predominantly include review of records and monitoring practices to determine their 

compliance with the HACCP plan (Federal Register, 1996).  Records of interest include 

CCP monitoring records, equipment calibration records, prerequisite program records and 

corrective action records.  Review of prerequisite programs and equipment calibration 

programs are also considered verification activities. 

Regulatory validation activities are varied and include initial validation of the 

HACCP plan, revalidation in response to changes in the process and the collection of 

scientific documents supporting decisions made regarding critical control points and 

critical limits (Federal Register, 1996).  Initial validation involves review of the hazard 

analysis to determine if the analysis was complete and also review of control measures to 

determine if they effectively control the identified hazards.   Revalidation, involves a 

reassessment of the entire HACCP system any time a change is made in the process.  The 

FSIS requires inspected establishments to reassess each HACCP plan at least once per 

year.  The final component of verification, collection of scientific documents supporting 

HACCP decisions, is currently getting the most attention from FSIS inspection personnel. 

 Validation documents supporting HACCP decisions can come from a number of 

sources.  Sources include regulatory documents, third party studies, documented in-house 
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studies and peer reviewed journal articles, among others.  Peer reviewed journal articles 

are generally preferred but there are many instances where these types of articles are not 

available.  In these instances it is often necessary for the processor to carry out in-house 

studies or to commission a third party to conduct a challenge study.  The safety of unique 

products or production practices is often not supported in the published literature.  This is 

also the case with many basic production practices, such as processing temperature, as 

the larger processors often use in-house data for validation.  Unfortunately, the results of 

these studies are generally not published or shared with others in the meat industry. 

 Modeling data can also be useful for determining the safety of a process.  Many 

models, including the USDA’s own pathogen growth modeling program (PMP), are 

available for the estimation of pathogen growth or inactivation under various processing 

conditions.  These models should be especially useful when other data is not available.  

However, it should be noted that USDA-FSIS regards predictions from these models as 

useful for guidance but does accept mathematical growth or inactivation models as the 

sole source of verification for meat production processes (USDA-FSIS, 2005). 

Many studies have been conducted regarding the validation of meat production 

practices.  A large proportion of recent validation studies have focused on the use of 

chemical interventions for the reduction of pathogens on carcass and hide surfaces during 

slaughter and carcass and fabricated cut surfaces during processing (Bosilevac et al., 

2005; Castillo et al., 1999; Castillo et al., 2001; Dormedy et al., 2000; Dorsa et al., 1998).  

Control of Listeria monocytogenes in cooked RTE meat products has also been 

extensively studied.  The inclusion of anti-listerial compounds during the production of 
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processed meat products has received significant attention (Mbandi and Shelef, 2002; 

Samelis et al., 2002; Seman et al., 2002) as has the use of post packaging pasteurization 

(Ingham et al., 2005; Muriana et al. 2002; Murphy et al., 2003).  Less emphasis has been 

placed on growth of bacteria under processing conditions.  While several studies have 

examined the growth of pathogens at elevated temperatures [Dickson and Olson, 2001; 

Ingham et al., 2005(b); Juneja et al., 2003; Koutsoumanis et al., 2004], few studies have 

explored their growth in raw meat products held under refrigerated conditions (Tamplin, 

2002; Tamplin, et al., 2005).  Many research opportunities exist for validation of meat 

production practices.  In particular, further research into the growth of foodborne 

pathogens in raw meat products under typical processing conditions is warranted. 

 

Current USDA-FSIS Regulations Regarding Ready-to-Eat Meat Products 

 Historically, regulations for thermal processing of cooked meat products were in 

the form of minimum time and temperature combinations which a product had to reach 

during production.  However, current regulations regarding control of pathogens in 

cooked RTE meat products are in the form of performance standards (Federal Register, 

2001).  This change is due to the implementation of the hazard analysis and critical 

control point (HACCP) regulations (Federal Register, 1996).  The performance standards 

are designed to allow processors to develop thermal processing schedules without the 

need to adhere to the previous regulatory requirements.  Processors designing thermal 

processing schedules in this way must have statistically valid data indicating that their 

chosen thermal processing schedule meets the regulatory performance standards. 
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 Lethality performance standards are based on the reduction of reference 

organisms.  In the case of cooked RTE meat products, the reference organism for thermal 

processing is Salmonella.  Reference organisms are used as their destruction is presumed 

to indicate the destruction of other pathogens of concern.  Salmonella was chosen as the 

reference organism for thermal process lethality in RTE meat and poultry products 

because it is (1) prevalent in raw meat and poultry, (2) it causes a high incidence of 

foodborne illness and (3) foodborne illness associated with Salmonella has the potential 

to be severe (Federal Register, 2001).  While validation of the destruction of other 

foodborne pathogens during these processes is not required, it is expected that the 

procedures employed will result in an adequate lethality of other foodborne pathogens so 

that the finished product is not adulterated.  In addition, the finished product should be 

free of toxins or toxic metabolites produced by foodborne pathogens. 

Performance standards for these products are expressed as the probability of the 

presence of viable reference organisms in a 100g sample of the product following a 

successful thermal processing treatment and are based on “worst case” scenarios.  Worst 

case scenarios were determined by the USDA via a risk assessment using historical data 

collected for regulatory programs.  Utilizing this data, the USDA FSIS has offered an 

alternative means for process validation which is to design the process to result in a 

specific Salmonella lethality.  Risk assessment calculations indicated that a worst case 

scenario would consist of 6.2 log10 Salmonella in 100g of raw beef or pork and 6.7 log10 

Salmonella in raw poultry.  Utilizing these numbers, the USDA added a margin of safety 

of 0.3 log10 resulting in target lethality levels of 6.5 log10 Salmonella throughout RTE 
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meat products produced from red meat and 7.0 log10 Salmonella throughout RTE 

products containing any amount of poultry.  This alternative method for determining 

adequate lethality is often employed instead of the probability method described above. 

Validated time and temperature parameters that can be used as critical limits 

during thermal processing of RTE meat and poultry products have been published in the 

form of a “compliance guide” (USDA-FSIS, 1999).  Compliance guides are designed so 

that “small and other establishments that do not have technical resources to demonstrate 

that they are meeting the proposed performance standards may use these compliance 

guides to develop their HACCP systems.”  These guidelines are conservative estimates of 

time and temperature combinations necessary to result in an adequate Salmonella 

lethality during thermal processing and are based on previous research.  They are referred 

to as “safe harbors” and can be adopted by processors without the need to provide 

additional validation information.  Initially, these guidelines were designed only for RTE 

cooked beef, corned beef, roast beef and RTE products containing poultry; however, the 

USDA FSIS has recently proposed that they be extended to all other cooked meat 

products. 
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Current USDA-FSIS Regulations Regarding Salmonellae and Escherichia coli O157:H7 

in Raw Meat Products 

Salmonella 

Regulations governing the presence of salmonellae in raw meat products are 

outlined in the USDA-FSIS Pathogen Reduction and HACCP rule in the form of 

performance standards (Federal Register, 1996).  These performance standards apply to a 

number of products including cattle carcasses, swine carcasses, broilers, ground beef, 

ground chicken and ground turkey.  Performance standards vary from product to product 

and are applied according to their prevalence in a product as determined by a national 

baseline established by the FSIS.  Samples are collected in sets, the size of which is 

product dependant, and a certain number of positives are allowed per set, again 

depending on the product.  Compliance with these guidelines is used by the FSIS as 

verification that regulatory HACCP and sanitation standard operating procedures (SSOP) 

programs are effective in controlling contamination.   

Salmonella was chosen as the target organism for the performance standards for 

four reasons; (1) it is a problem pathogen that is among the most common causes of 

bacterial foodborne illness, (2) it is relatively easy to detect with current methodologies, 

(3) it is a useful indicator whose reduction is likely indicative of the reduction of other 

pathogens and (4) it occurs in frequencies that permit changes in its occurrence to be 

detected and monitored (USDA-FSIS, 2001).  Specifics of the performance standards for 

each category are outlined in table 2.1. 
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Table 2.1: Salmonella performance standards 

Product Class  
Performance Standard

(% positive) 
Sample Set 

(# of products tested)
Maximum number of Salmonella  

positives per set 
Steer / Heifer Carcasses  1.0 82 1 
Cow / Bull Carcasses  58 58 2 

Ground Beef  7.5 53 5 
Swine Carcasses  8.7 55 6 

Broilers  20.0 51 12 
Ground Chicken  44.6 53 26 
Ground Turkey  49.9 53 29 

Data compiled from 9 CFR 310.25 and 381.94   
 

Escherichia coli O157:H7 

 Beginning in 1994, the USDA-FSIS has considered any raw ground beef 

contaminated with Escherichia coli O157:H7 to be adulterated, this is commonly referred 

to as zero tolerance [USDA-FSIS, 2004(a)].  Zero tolerance has since been extended to 

intact cuts intended for further processing into non-intact cuts prior to distribution 

(Federal Register, 1999).  Current USDA-FSIS regulations provide for FSIS testing of 

raw beef products in establishments producing raw ground beef products, raw ground 

beef components or raw beef patty components [USDA-FSIS, 2004(b)].  These 

regulations also provide for testing of product upstream, at the supplier level, in the case 

of a positive E. coli O157:H7 test at the further processing or retail levels. 

 Further action regarding the contamination of raw beef products with E. coli 

O157:H7 was taken in 2002 (Federal Register, 2002).  At this point the USDA required 

all processors producing beef products, non-intact or intact, to reassess their HACCP 

plans to determine if E. coli O157:H7 contamination was reasonably likely to occur in 

their production process for raw beef products.  In addition, processors receiving raw 
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meat for the production of non-intact products also had to address E. coli O157:H7 

during the production of their products.  Establishments are required to illustrate that 

control methods for the pathogen are being employed during raw beef production. 

Slaughter and fabrication facilities generally include validated interventions for 

the control of E. coli O157:H7 in their HACCP plans or sample finished product prior to 

shipment to illustrate control of the pathogen during processing.  Further processing 

operations generally request letters from suppliers indicating that a validated intervention 

was applied during processing or that the product has been tested for E. coli O157:H7 

prior to receiving.  Alternatively, further processors can test the product prior to its use in 

the production of ground beef or other non-intact raw beef products. 
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CHAPTER III 

VALIDATION OF TIME AND TEMPERATURE VALUES AS CRITICAL LIMITS 

DURING THE PRODUCTION OF FRESH GROUND AND FABRICATED PORK 

PRODUCTS. 

 

Abstract 

In order to provide pork processors with valuable data to validate the critical 

limits set for temperature during pork fabrication and grinding, a study was conducted to 

determine the growth of salmonellae at various temperatures.  Growth of salmonellae was 

monitored in ground pork and boneless pork chops held at various temperatures to 

determine growth patterns.  Case ready, modified atmosphere packaged ground pork and 

fresh, whole pork loins were obtained locally.  Fresh, boneless pork loins were sliced into 

2 cm thick portions.    Boneless chops and ground pork were inoculated with a cocktail of 

streptomycin-resistant Salmonella to facilitate recovery in the presence of background 

flora.  Samples were held at 4.4ºC, 7.2ºC, 10ºC and room temperature (22.2ºC -23.3ºC) to 

mimic, typical processing and holding temperatures observed in pork processing 

environments.  Salmonella counts were determined, on trypticase soy agar (TSA) 

supplemented with 1000ug/ml of streptomycin.  Samples were taken at regular intervals 

over 12 and 72 h, respectively, at room and refrigerated temperatures.  No significant (P 

> 0.05) growth of Salmonella was observed in boneless pork chops held at refrigeration 

temperatures.  Boneless pork chops held at room temperature showed significant growth 

at 8 h.  Salmonella grew at faster rates in ground pork.  Significant growth was observed 
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at 6, 24 and 72 h when samples were held at room temperature, 10°C and 7.2°C, 

respectively.  No significant growth was observed at 4.4°C.  These results illustrate that 

meat processors can utilize a variety of time and temperature combinations as critical 

limits to minimize Salmonella growth during production and storage of raw pork 

products.   

 

Introduction 

Salmonellae are an important cause of food-borne illness.  Approximately 95% of 

human salmonellosis cases can be attributed to food-borne exposure (Mead et al., 1999).  

Non-typhoid, foodborne salmonellosis usually results in a self-limiting gastroenteritis 

within 12 to 72 hrs of ingestion.  In rare instances, gastroenteritis can lead to systemic 

infections such as septicemia or even the inducement of chronic disease syndromes such 

as reactive arthritis or Reiter’s syndrome (Samuel et al., 1995; Ziprin and Hume, 2001).  

Surveillance conducted for the Centers for Disease Control and Prevention’s (CDC) 

FoodNet program indicated an increase in salmonellosis cases in 2001, surpassing 

Campylobacter as the most common cause of observed food-borne illness (CDC, 2002).  

Additionally, Salmonella is the leading cause of death from food-borne bacterial 

illnesses.  Although less prevalent in pork than in poultry products it is still of great 

concern to pork processors.   

Recent USDA-FSIS regulatory requirements, including the implementation of the 

Pathogen Reduction; Hazard Analysis and Critical Control Point (HACCP) systems rule 

(USDA-FSIS, 1996), have led to an increased emphasis on scientific evaluation of 
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production practices to determine safety limits.  Included in the Pathogen Reduction rule 

are provisions for a Salmonella performance standard based on a national baseline 

determined by USDA-FSIS (USDA-FSIS, 1996).  While performance standards have 

been determined for market hog carcasses, there are currently no performance standards 

for fresh ground or fabricated pork products.   

Numerous studies have illustrated the presence of Salmonella on pork carcasses 

as well as on finished retail products.  Duffy et al. (2001) found a mean Salmonella 

prevalence of between 5.8% and 9.6%, depending on product and production plant type, 

for whole muscle retail and ground pork products.  In addition, USDA-FSIS data indicate 

a national Salmonella baseline of approximately 30% in fresh pork sausage (USDA-FSIS, 

1998).  The presence of spoilage organisms on these types of products is also well 

established (Borch et al., 1996; Gill and Bryant, 1992).  Assessment of methods to 

control the growth of Salmonella and other pathogens, should also decrease the growth of 

spoilage organisms, which should, in turn, increase product quality as well as extend 

product shelf-life. 

Time and temperature parameters have been found to be especially important for 

the production of a safe raw finished product.  For many raw meat products, temperature 

control throughout the process is the only viable CCP available to control microbial 

growth.  Because of a lack of pertinent scientific data, there has been debate over where 

to properly set critical limits to adequately control microbial growth during processing.  

Previous studies have shown that Salmonella Typhimurium is able to grow at 

temperatures as low as 2oC in minced chicken (Baker et al., 1996).  Modern meat 
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processing environments generally exceed this temperature.   Typically, refrigerated 

processing areas are maintained at temperatures ranging from 4.4oC to 10oC.  In some 

instances, raw product is even produced at ambient temperature.  Critical limits are often 

established based on these values, usually in association with a time parameter.  

  The objectives of this research were to examine the effects of commonly encountered 

product holding temperatures as well as time at these temperatures on the microbial 

safety of ground and sliced, boneless pork in order to provide pork processors with time 

and temperature combinations that can be used during processing to produce a safe 

product. 

 

Materials and Methods 

Experimental Design and Analysis 

A randomized complete block design was used in this study.  Experimental units 

were individual samples; 100g portions of ground pork or individual boneless pork 

chops.  Replication was used as the blocking factor. 

Four storage temperatures were used for each study.  Ground pork samples were 

collected at eleven time intervals and boneless pork chop samples were collected at nine 

intervals.  Duplicate plates of each dilution were plated at each sampling time.  Plate 

counts were converted to units of log CFU/g for ground pork or log CFU/cm2 for 

boneless loin chops, prior to statistical analysis.  Three replications of each study were 

performed. 
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Data were analyzed using the mixed procedure of SAS (SAS Institute, Inc., Cary, 

NC) (SAS, 1999).  Replication was considered as a random effect.  Mean separations 

were performed utilizing the least-squares means method.  

Microorganisms 

One isolate each of Salmonella Typhimurium and Salmonella Enteritidis, each 

resistant to 1000 ug/ml streptomycin, were obtained (University of Nebraska Department 

of Food Science & Technology).  Individual strains were grown for 18h at 37ºC in tryptic 

soy broth (TSB) supplemented with 1000 ug/ml streptomycin, each strain was passed 

three times prior to experimental use.  Antibiotic resistant organisms were used to 

facilitate recovery in the presence of background flora.  Cultures were mixed to form a 

cocktail and serially diluted in buffered peptone water (BPW) prior to inoculation.   

Sample Preparation 

Fresh ground pork was obtained at local retail establishments and stored at 4.4ºC 

prior to use.  Two equal portions of approximately 7 kg were prepared.  The diluted 

Salmonella cocktail (25 ml) was thoroughly mixed into one portion to yield a 

concentration of approximately 1 x 104 Salmonella / g of pork.  An equal amount of 

sterile TSB was mixed into the second portion as a control.  Mixing was performed by 

hand in a sterile container for approximately five minutes at room temperature.  After a 

representative sample was removed for determination of baseline microbial counts, each 

treatment was further divided into approximately 100 g portions, which were aseptically 

placed into sterile whirl-pak bags and placed on ice for approximately 1 h.  Eight bags 

each of the inoculated sample and the control were placed in refrigerated incubators at 
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4.4º, 7.2º, and 10.0ºC to simulate actual processing conditions.  An additional 6 bags of 

each treatment were held at room temperature (22.2 to 23.3ºC).  One sample held under 

each refrigerated temperature was examined at 1, 4, 8, 12, 24, 32, 48, and 72 h.  Samples 

held at room temperature were examined at 4, 6, 8, 10 and 12 h because of the shorter 

shelf life expected at this temperature.  Three replications were performed. 

Whole, fresh boneless pork loins were obtained at the Texas Tech University 

meat science laboratory.  Loins were sliced into approximately 2 cm thick portions.  

Boneless chops were immersed in the diluted Salmonella cocktail to yield a concentration 

of approximately 1 x 104 Salmonella / cm2 on the muscle surface.  Inoculated samples 

were placed on sterile drying racks in a biological safety cabinet for 20 minutes at room 

temperature to allow bacterial attachment and then aseptically placed in whirl-pak bags.  

Control chops were immersed in sterile BPW and dried in the biological safety cabinet 

for 20 minutes at room temperature prior to being aseptically transferred to whirl-pak 

bags.  Samples were held on ice for approximately 1 h prior to use.  Six of each of the 

inoculated and control samples were placed in refrigerated incubators at 4.4º, 7.2º, and 

10.0ºC.  Five additional samples of each were held at room temperature (22.2 to 23.3ºC).  

Samples held under each refrigerated temperature were examined at 4, 8, 12, 24, 48 and 

72 h.  Samples held at room temperature were examined at 4, 6, 8, 10 and 12 h.  In 

addition, a baseline inoculation level was determined from one sample at time 0.  Three 

replications were performed. 
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Microbiological Analysis 

For each treatment and holding temperature, at each of the above specified times, 

a randomly chosen sample was placed on ice prior to further analysis.  For each ground 

pork sample, 11 g of sample and 99 ml of sterile BPW were placed into a sterile 

stomacher filter bag and stomached for one minute to mix the contents.  For each 

boneless chop sample, 99 ml of BPW was added to the whirl-pak bag, which was then 

stomached for one minute.  If necessary, samples were further diluted in sterile BPW 

prior to plating.  Each dilution was spiral plated using an Autoplate 4000 (Spiral Biotech, 

Inc., Norwood, MA).  Samples were plated onto two media types; tryptic soy agar (TSA) 

plus 1000 ug/ml streptomycin, to determine streptomycin resistant Salmonella counts, 

and TSA, to determine total aerobic plate counts.  Plates were incubated 24-48 hrs at 

37.0ºC and counted utilizing a Q-Count automatic plate counter (Spiral Biotech, Inc., 

Norwood, MA).   

 

Results 

Salmonella – Ground Pork 

At time zero (T=0), mean counts of 3.95 log10 cfu/g streptomycin-resistant 

Salmonella were present in the inoculated samples (Table 3.1).  There were no 

streptomycin resistant bacteria recovered from the uninoculated controls at any sampling 

time (data not illustrated).  Inoculated samples held at room temperature showed no 

significant increase in Salmonella (P > .05) for the first four hours; however, a significant 
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increase (P < .05) was observed at 6 hrs.  Significant increases in counts were observed at 

24 and 72 h for samples held at 10.0ºC and 7.2ºC, respectively.  For the duration of this 

study, no significant increase in Salmonella counts was observed for samples held at 

4.4ºC. 

Aerobic Plate Count – Ground Pork 

A significant increase (P < .05) in APC was observed at 8 hrs for inoculated 

samples held at room temperature (Table 3.1), while uninoculated samples showed a 

significant increase at 10 h (Figure 3.1).  Samples held at 10.0ºC and 7.2ºC showed a 

significant increase in APC at 24 h for both inoculated and control samples.  At 4.4ºC, a 

significant increase in APC was observed at 24 h for inoculated samples, while control 

samples held did not show a significant increase in APC until 32 h. 

Salmonella – Boneless Pork Chops 

At time zero mean counts of (T=0), 4.10 to 4.45 log cfu/cm2 streptomycin-

resistant Salmonella were present in the inoculated samples (Table 3.2).  There were no 

streptomycin resistant bacteria recovered from the uninoculated controls at any sampling 

time (data not illustrated).  Inoculated samples held at room temperature showed no 

significant increase in Salmonella (P > .05) for the first six hours.  For the duration of this 

study, no significant increase in numbers of Salmonella was observed for samples held at 

refrigerated temperatures. 

Aerobic Plate Count – Boneless Pork Chops 

A significant increase (P < .05) in APC was observed at 6 h for both inoculated 

(Table 3.2) and control samples (Figure 3.2) held at room temperature.  Inoculated 
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samples held at refrigerated temperatures (4.4-10ºC) showed a significant increase in 

APC at 24 h.  Significant growth was observed at 24 h for control samples held at all 

refrigerated temperatures. 

 

Discussion 

 Very little research has been published examining the growth of Salmonella in 

meat products held under temperatures likely to be encountered in meat processing 

facilities (≤10ºC).  Alford and Palumbo (1969) observed that a cocktail of Salmonella 

grew well in ground pork at 10ºC but not at 4ºC, where it was shown to actually decrease 

over the 16 day test period.  Our results are in agreement, with significant growth 

observed in ground pork held at 10ºC and no significant growth observed at 4.4ºC over 

the course of our study. 

  There is currently a need for pathogen growth data in meat systems for use in 

validation of processing parameters.  While there are numerous mathematical growth 

models available, they do not always give accurate estimates of growth in meat systems.  

Analysis of growth conditions, similar to those observed in our study, utilizing the USDA 

predictive microbiology program (PMP, version 6.0; salmonellae, aerobic growth, pH 

5.8) indicate that a lag phase of 64.8 h, with a lower confidence of 37.0 h and an upper 

confidence of 113.6 h, would be expected prior to the initiation of Salmonella growth at 

10ºC.  Our results in ground pork and boneless pork chops do not agree with these 

predictions.  In ground pork, we observed a significant increase in Salmonella counts at 

24 h.  This value is not only less than the predicted lag time but is also less than the lower 
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confidence limit of the prediction.  Our observed lag time in boneless pork chops was in 

excess of the predicted value although it may be within the upper confidence limit of the 

prediction as our last sampling time was at 72 h.  Tamplin (2002) compared the growth of 

Escherichia coli O157:H7 in ground beef to predicted values from PMP version 5.0 and 

found that the model underestimated growth.  These results illustrate the need for 

validation of production parameters derived from mathematical models and underscore 

the variation in growth of bacteria between similar products. 

No significant Salmonella growth was observed in ground pork held for ≤12 h 

under refrigerated conditions (≤10ºC).  These results can be used as guidance by 

processors for setting time and temperature parameters for the production of 

microbiologically safe ground pork.  For instance, a processor could set a critical limit 

consisting of a product or room temperature of ≤10ºC with no time component, as long as 

product exposure times did not exceed 12 h.  Product quality could also be maintained 

when operating under these parameters as no significant increase in APC was observed 

within 12 h in either inoculated or uninoculated samples at 10ºC.  However, it should be 

noted that the incubation conditions utilized for APC determination (37ºC for 24 h) may 

have precluded the growth of some psychrophylic food spoilage bacteria.  

Salmonella growth was less rapid on boneless chops than in ground pork, likely due 

to the greater surface area of the ground product.  Under refrigerated processing 

conditions of ≤10°C, no significant Salmonella growth was observed over the course of 

the study.  However, significant increases of APC did occur in this time frame.  This 

suggests that even though Salmonella counts would remain static for at least 72 h at 
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≤10°C, product quality could suffer.  Therefore, it may be wise for processors to set 

processing limits, more stringent than the necessary safety limits, to ensure product 

quality.   

Some smaller processors operate under non-refrigerated conditions, making it 

necessary to determine critical limits at elevated processing temperatures.  Because of 

this, we examined the effect of exposure to room temperature (22.2 to 23.3oC) on 

Salmonella and aerobic bacteria growth in ground pork and boneless pork chops.  Using 

conditions similar to those encountered during this study, the USDA PMP (version 6.0; 

salmonellae, aerobic growth, pH 5.8) predicted a lag phase of 5.1 h, with a lower 

confidence of 3.5 h and an upper confidence of 7.4 h, prior to the initiation of Salmonella 

growth at 23.3ºC.  Actual increases in Salmonella counts occurred at 6 h in ground pork 

and at 8 h on boneless pork chops, within or near the confidence limits of the prediction.  

Utilizing this data, processors without refrigerated processing areas could set an 

environmental temperature of ≤22.2ºC as the critical limit with a time restriction of 4 h.  

Product quality could also be maintained when operating under these parameters as no 

significant increase in APCs was observed under these conditions.   

In addition to the suggestions above, these data could be used to support numerous 

time and temperature combinations as critical limits for the production of 

microbiologically safe finished products under different processing and storage 

conditions.  However, the results of this study, and others addressing the growth of 

pathogens in food products, should be applied with caution, as generalized studies rarely 

account for all conditions encountered in a food processing environment.  Pathogens in a 
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food processing environment would likely be exposed to stress conditions which could 

alter their growth rates (Yousef and Courtney, 2003).  In addition, growth phase of the 

pathogen and the degree to which it is acclimated to its growth environment can also 

impact bacterial growth rates. 
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Table 3.1: Microbial growth in ground pork held at refrigerated and room temperatures 
    Population - Log10 CFU/g 

 Salmonella APC - Inoculated 
Time (hr) 

  RT1 10ºC 7.2ºC 4.4ºC  RT1 10ºC 7.2ºC 4.4ºC 

0  3.95a 3.95a 3.95a 3.95a 5.05a 5.05a 5.05a 5.05a 

1   3.95a 3.93a 3.86a  5.12a 5.07a 4.88a 

4  4.24ab 3.93a 3.93a 3.91a 5.07a 5.17a 5.12a 4.83a 

6  4.48b    5.18a    

8  4.91c 3.92a 3.85a 4.03a 5.98b 4.88a 4.98a 4.76a 

10  5.45d    6.22bc    

12  5.97e 3.89a 4.11a 4.07a 6.8c 5.51a 5.43a 5.04a 

24   4.32b 4.03a 3.98a  6.47b 5.93b 5.5b 

32   4.44b 4.1ab 4.02a  6.9bc 6.3bc 5.5b 

48   4.94c 4.1ab 4.87a  7.19c 6.74cd 6.1c 

72   5.29c 4.62bc 3.98a  7.26c 7.14d 6.42c 

SE  0.15 0.17 0.21 0.78 0.45 0.42 0.49 0.44 

1Room temperature: 22.2 - 23.3ºC 

abcDiffering superscripts within columns indicate a significant difference in microbial counts (P<0.05)
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Table 3.2: Microbial growth on boneless pork chops held at refrigerated and room 
temperatures 
    Population - Log10 CFU/ml diluent 

 Salmonella  APC - Inoculated 
Time (hr) 

  RT1 10ºC 7.2ºC 4.4ºC  RT1 10ºC 7.2ºC 4.4ºC 

0  4.1a 4.1a 4.45a 4.1a  5.27a 5.27a 5.67a 5.27a 

4  4.2a 4.28a 4.37a 4.12a  5.49ab 5.2a 5.67a 5.46a 

6  4.48ab     5.92b    

8  4.74bc 4.17a 4.6a 4.14a  6.42c 5.43a 5.84ab 5.61ab 

10  4.88bc     6.87cd    

12  5.13c 4.19a 4.48a 3.26a  7.08d 5.7a 5.64a 5.36a 

24   4.46a 4.51a 4.34a   6.71b 6.35bc 6.02bc 

48   4.5a 4.58a 4.17a   7.56c 7.26d 6.48c 

72   4.47a 4.53a 4.03a   7.61c 7.47d 7.07d 

SE  0.42 0.34 0.19 0.63  0.27 0.26 0.29 0.33 

1Room temperature: 22.2 - 23.3ºC 

abcDiffering superscripts within columns indicate a significant difference in microbial counts (P<0.05)
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Figure 3.1:  Aerobic plate counts of uninoculated control ground pork held at refrigerated 
and room temperatures (RT)1,2,3,4 
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1 No room temperature (RT) samples were collected after 12 hrs 
2Significant increases at RT occurred between 8 and 10 hrs (P<.05) 
3Significant increases for 10oC and 7.2oC occurred between 12 and 24 hrs (P<.05) 
4Significant increases for 4.4oC occurred between 24 and 32 hrs (P<.05) 
 
Figure 3.2:  Aerobic plate counts of uninoculated control boneless pork chops held at 
refrigerated and room temperatures (RT)1, 2, 3 
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1 No room temperature (RT) samples were collected after 12 hrs 
2Significant increases at RT occurred between 4 and 6 hours (P<.05) 
3Significant increases for 10oC, 7.2oC and 4.4oC occurred between 12 and 24 hours (P<.05) 
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CHAPTER IV 

VALIDATION OF TIME AND TEMPERATURE VALUES AS CRITICAL LIMITS  

FOR THE CONTROL OF ESCHERICHIA COLI O157:H7 DURING THE 

PRODUCTION OF FRESH GROUND BEEF. 

 

Abstract 

In order to provide ground beef processors with valuable data to validate critical 

limits set for temperature during grinding, a study was conducted to determine 

Escherichia coli O157:H7 growth at various temperatures in raw, ground beef.  Fresh 

ground beef samples were inoculated with a cocktail mixture of streptomycin-resistant E. 

coli O157:H7 to facilitate recovery in the presence of background flora.  Samples were 

held at 4.4ºC, 7.2ºC, 10ºC and room temperature (22.2ºC -23.3ºC) to mimic typical 

processing and holding temperatures observed in meat processing environments.  E. coli 

O157:H7 counts were determined by direct-plating onto TSA with streptomycin (1000 

ug/ml), at 2 h intervals over 12 h for samples held at room temperature.  Samples held 

under refrigeration temperatures were sampled at 4, 8, 12, 24, 48 and 72 h.  Less than one 

log cycle of E. coli O157:H7 growth was observed at 48 h for samples held at 10ºC.  

Samples held at 4.4ºC and 7.2ºC showed less than one log of E. coli O157:H7 growth at 

72 h.  Samples held at room temperature showed no significant increase in E. coli 

O157:H7 counts for the first 6 h, but increased significantly thereafter.  These results 

illustrate that meat processors can utilize a variety of time and temperature combinations 
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as critical limits in their HACCP plans to minimize E. coli O157:H7 growth during the 

production and storage of ground beef.   

 

Introduction 

 First recognized in 1982 (Riley et al., 1983), Escherichia coli O157:H7 is an 

important cause of foodborne illness.  E. coli O157:H7 is often associated with beef 

products, which can become contaminated with E. coli O157:H7 and other pathogens in a 

number of ways.  One of the most common routes of contamination is via cross 

contamination of carcass surfaces during slaughter (Collis et al., 2004; Fegan et al., 2005; 

McEvey et al, 2003).  Cross contamination can come from a variety of sources including 

fecal material, hides, ingesta and the processing environment.  Beef trim used for ground 

beef production often contains surface tissue which is more easily contaminated during 

slaughter and subsequent processing.  This has the potential to lead to contamination of 

the final ground product with E. coli O157:H7 (Murphy and Seward, 2004). 

Recent outbreaks of foodborne illness (Jay et al., 2004; Laine et al., 2005; Tuttle 

et al., 1999; Vogt and Dippold, 2005) and a large multi-state outbreak associated with 

undercooked hamburgers (CDC, 1993), have led to an increased regulatory emphasis on 

the control of E. coli O157:H7 in raw beef products (USDA-FSIS, 2004).   While E. coli 

O157:H7 cases account for only about 0.5% of total foodborne illness cases in the United 

States, symptoms can be severe for individuals in susceptible populations (Mead et al., 

1999).  Foodborne disease caused by E. coli O157:H7 generally results in diarrhea with 

abdominal pain and cramping sometimes progressing to bloody diarrhea (Ochos and 
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Cleary, 2003; Peacock et al., 2001).  In some instances the infection can also progress 

into hemolytic uremic syndrome (HUS), one of the leading causes of renal failure in 

children (Siegler and Oakes, 2005).  The severity of the illness combined with the 

documented presence of the pathogen in raw beef products has led the USDA-FSIS to 

classify E. coli O157:H7 as an adulterant in raw ground beef (USDA-FSIS, 2004) making 

its control even more of a concern for meat processors.  

It is well established that raw meat and poultry products are common sources of 

foodborne pathogens including E. coli O157:H7 (Thorns, 2000).  With this in mind, the 

USDA has implemented the Hazard Analysis and Critical Control Point (HACCP) 

regulations (USDA-FSIS, 1996), effective in all federally inspected meat and poultry 

processing facilities.  These regulations are designed to allow the processor to develop 

systems to reduce, control or eliminate food safety hazards during the production process.  

While HACCP systems give processors flexibility for control of potential hazards, all 

controls must be validated to illustrate their efficacy (USDA-FSIS, 1996).  Unfortunately, 

the control of E. coli O157:H7 growth in ground beef is not adequate to meet the zero 

tolerance guidelines set forth by the USDA-FSIS (USDA-FSIS, 2004).  However, 

temperature control is currently the primary method for controlling E. coli O157:H7 in 

ground beef due to the lack of an effective antimicrobial treatment for raw ground beef 

and trimmings used for its manufacture.  

Much of the research regarding the growth of E. coli O157:H7 has been carried 

out in model systems, such as nutrient rich growth media.  Mathematical growth kinetics 

models and the computerized bacterial growth modeling programs derived from them 
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often rely on the results generated from these types of studies to model pathogen growth 

in foods.  While some mathematical models have been shown to closely approximate 

bacterial growth kinetics in food systems (Mellefont et al., 2003; Sutherland et al., 1995), 

others may not (Campos et al., 2005).  For instance, Tamplin (2002) found that growth of 

E. coli O157:H7 in raw ground beef stored at 10ºC differed substantially from values 

predicted utilizing the USDA Pathogen Modeling Program (ver. 5.1).  With this in mind 

we designed this study to determine the effect of time and temperature on the growth of 

E. coli O157:H7 in raw ground beef held under temperatures commonly encountered in 

commercial meat processing operations.  The results of the present study can be used by 

processors to assist in the identification of time and temperature parameters for use in the 

establishment and validation of critical limits for the production and storage of raw 

ground beef and similar products.  

 

Materials and Methods 

Experimental Design and Analysis 

A randomized complete block design was used for this study.  Experimental units 

were individual 100 g ground beef samples.  Replication was used as the blocking factor. 

 Four storage temperatures were examined.  Ground beef samples were collected 

at ten time intervals over 72 h.  Duplicate plates of each dilution were plated at each 

sampling time.  Plate counts were converted to units of log10 CFU/g prior to statistical 

analysis.  Three replications of each study were performed. 
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Data were analyzed using the mixed procedure of SAS (SAS Institute, Inc., Cary, 

NC) (SAS, 1999).  Replication was considered as a random effect.  Mean separations 

were performed utilizing the least-squares means method.  

Microorganisms 

Three strains of Escherichia coli O157:H7, each isolated from cattle, were used 

for this study.  Strains included streptomycin resistant (1000 ug/ml) FRIK 922, FRIK 944 

and FRIK 966, obtained from the University of Nebraska Department of Food Science & 

Technology, where they were validated against wild type parent strains for growth 

characteristics (data not published).  Parent strains of each streptomycin resistant isolate 

were originally isolated from the gastro-intestinal tract of cattle.  Antibiotic resistant 

organisms were used to facilitate pathogen recovery in the presence of background flora.  

Individual strains were grown overnight at 37ºC in tryptic soy broth (TSB) supplemented 

with 1000 ug/ml streptomycin, each strain was passed three times prior to experimental 

use.  Individual cultures were combined to form a cocktail prior to inoculation.  The 

pathogen cocktail was mixed and serially diluted in buffered peptone water (BPW) to 

achieve the desired concentration for inoculation of ground beef.   

Sample Preparation 

Fresh ground beef was obtained from a commercial processor and stored at 4.4ºC 

prior to use.  Two equal portions of approximately 7 kg were prepared.  The diluted E. 

coli O157:H7 cocktail (25ml) was thoroughly mixed into one portion to yield a 

concentration of approximately 1 x 104 E. coli O157:H7 / g of beef.  An equal amount of 

sterile BPW was mixed into the second portion as a control.  Mixing was performed by 
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hand in a sterile container for approximately five minutes at room temperature.  After a 

representative sample was removed for determination of baseline microbial counts, each 

treatment was further divided into approximately 100 g portions, which were aseptically 

placed into sterile whirl-pak bags and held on ice.  Six bags each of the inoculated sample 

and the control were placed in refrigerated incubators maintained at 4.4º, 7.2º, and 

10.0ºC.  An additional 6 bags of each treatment were held at room temperature (22.2 - 

23.3ºC).  Samples reached treatment temperature within one hour.  One sample held 

under each refrigerated temperature was examined at 4, 8, 12, 24, 48, and 72 h.  Samples 

held at room temperature were examined at 2, 4, 6, 8, 10 and 12 h.  Three replications of 

the above process were performed. 

Microbiological Analysis 

For each treatment and holding temperature at each of the above specified times, a 

randomly chosen sample was placed on ice prior to analysis.  For each ground beef 

sample, 11 g of sample and 99 ml of sterile BPW were placed into a sterile stomacher 

filter bag and stomached for one minute to mix the contents.  If necessary, samples were 

further diluted in sterile BPW.  Each dilution was spiral plated using an Autoplate 4000 

(Spiral Biotech, Inc., Norwood, MA).  Samples were plated onto two media types; tryptic 

soy agar (TSA) plus 1000 ug/ml streptomycin, to determine streptomycin resistant E. coli 

O157:H7 counts, and TSA, to determine total aerobic plate counts.  Plates were incubated 

24-48 h at 37.0ºC and counted utilizing a Q-Count automatic plate counter (Spiral 

Biotech, Inc., Norwood, MA).   
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Results 

Escherichia coli O157:H7 

At time zero (T=0), mean counts of 4.51 log10 cfu/g streptomycin-resistant E. coli 

O157:H7 were present in the inoculated samples (Table 4.1).  There were no 

streptomycin resistant bacteria recovered from the uninoculated controls at any sampling 

time (data not illustrated).  Inoculated samples held at room temperature showed no 

significant increase in E. coli O157:H7 (P > .05) for the first 6 hr; however, a significant 

increase (P < .05) was observed at 8 h.  Significant increases in counts were observed at 

48 h for samples held at 10.0ºC.  For the duration of this study, no significant increase in 

E. coli O157:H7 counts were observed for samples held at either 4.4º or 7.2ºC. 

Aerobic Plate Counts 

A significant increase (P < .05) in aerobic plate count (APC) was observed at 8 h 

for inoculated samples held at room temperature (Table 4.1), while uninoculated samples 

showed a significant increase at 6 h (Figure 4.1).  Inoculated samples held at 10.0ºC 

showed a significant increase in APC counts at 24 h while uninoculated samples showed 

a significant increase at 12 h.  These times were extended to 48 h and 24 h, respectively, 

when held at 7.2ºC or 4.4ºC. 

 

Discussion 

 There is currently a need for pathogen growth data in meat systems for use in 

validation of processing parameters.  While there are numerous mathematical growth 

models available, they do not always give accurate estimates of growth in meat systems.  
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Analysis of growth conditions, similar to those observed in our study, utilizing the USDA 

predictive microbiology program (PMP, version 6.0; Escherichia coli O157:H7, aerobic 

growth, pH 5.8) indicate that a lag phase of 57.4 h, with a lower confidence of 43.9 h and 

an upper confidence of 75.1 h, would be expected prior to the initiation of E. coli 

O157:H7 growth at 10ºC.  Our results in ground beef agree with these predictions.  In 

ground beef, we observed a significant increase in E. coli O157:H7 counts at 48 h.  While 

this is within the predicted lag phase, the actual increase occurred somewhere between 24 

and 48 h and may or may not have occurred within the predicted range.  The PMP 

predicts an increase in counts from an initial level of 4.5 to 5.5 log cfu/ml in 77.3 h.  We 

observed a mean increase from 4.51 to 5.51 log cfu/g in 72 h.  When temperature was 

adjusted to 7.2ºC, the PMP indicated that population survival or decline was more likely 

than growth.  We found no significant growth over 72 h at this temperature.  A previous 

study compared the growth of E. coli O157:H7 in ground beef to predictions from the 

USDA-FSIS PMP (version 5.0) (Tamplin, 2002).  Results of the study indicated that the 

model underestimated growth.  Under the refrigerated conditions of our study, it appears 

that PMP version 6.0 closely approximates growth of E. coli O157:H7 in ground beef. 

 There were no significant increases in E. coli O157:H7 counts during the 72 h 

duration of the study for inoculated samples held at less than 10oC.  A significant increase 

(P<.05) was observed for samples held for more than 24 hr at 10ºC.  This suggests that 

processors working under refrigerated conditions would be able to safely establish an 

environmental or product temperature of 10ºC as the critical limit for control of E. coli 
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O157:H7 in raw ground beef.  In this case, a time parameter would not be necessary, 

even for operations with consecutive processing shifts.   

Significant increases in aerobic bacterial counts were observed prior to significant 

increases in E. coli O157:H7 counts.  Because of this, processors may find it necessary to 

establish operational time and temperature limits based on the growth of aerobic bacteria 

to assist in the maintenance of finished product quality and safety.  No samples held at 

refrigeration temperature exhibited significant increases (P<.05) in APCs until they had 

been stored for at least 8 h, with most samples showing significant increases at 24 h or 

more.  These parameters suggest that growth of aerobic background flora would not be a 

problem in a majority of processing operations utilizing refrigerated processing 

conditions as exposure of products to the processing environment would rarely exceed 

these times.  Operations which utilize more than one shift or have operations exceeding 8 

h may consider using these data to establish operational limits.   However, these data 

should only be used as a guide for designing production parameters to control 

background flora as the culture conditions used to determine aerobic plate counts (37ºC 

for 24-48h) may have precluded the growth of psychrophilic spoilage microorganisms.   

Many smaller meat processing operations do not process in a refrigerated 

environment.  Therefore, it is important to determine critical limits at room temperature 

(22.2-23.3oC).  Using conditions similar to those encountered during this study, the 

USDA PMP (version 6.0; Escherichia coli O157:H7, aerobic growth, pH 5.8) predicted a 

lag phase of 4.5 h, with a lower confidence of 3.8 h and an upper confidence of 5.4 h, 

prior to the initiation of E. coli O157:H7 growth at 23.3ºC.  The model overestimates 
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growth with an actual increase of E. coli O157:H7 in ground beef observed between 6 

and 8 h.  The PMP predicts an increase in counts from an initial level of 4.5 to 6.4 log 

cfu/ml in 9.8 h.  Again, predictions overestimated growth in ground beef where a mean 

increase from 4.51 to 6.35 log10 cfu/g was observed in 12 h.  While actual growth does 

not fit as nicely into the model as what was observed at refrigerated temperatures, an 

overestimation of growth rates adds a safety factor and wouldn’t necessarily preclude its 

use for determining safe production practices.  Processors operating under these 

conditions could utilize time in the processing area of ≤6 h as the critical limit for control 

of E. coli O157:H7.  Alternatively, product temperature could be utilized as the critical 

limit using the previously discussed time and temperature data from the refrigerated 

storage portion of this study.  

Samples held at room temperature showed significant increases (P<.05) in aerobic 

bacterial counts within 6 to 8 h.  Again, these results could be used as a guide to establish 

operational limits to assist in the maintenance of finished product quality and safety.  

While aerobic plate counts increased more quickly than was observed under refrigerated 

conditions, processors may be able to have product exposed to this temperature range for 

up to 4 h with no appreciable affect on counts of aerobic background flora.  However, it 

should be noted that sensory quality may suffer with prolonged exposure to elevated 

temperatures.  As discussed above, culture conditions used in this study to determine 

aerobic plate counts (37ºC for 24-48h) may have precluded the growth of psychrophilic 

spoilage microorganisms.   
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In addition to parameters outlined above, these data could be used to support a 

number of time and temperature combinations as critical limits for the production of 

microbiologically safe finished product under different processing and storage conditions.  

However, the results of this study, and others addressing the growth of pathogens in food 

products, should be applied with caution, as generalized studies rarely account for all 

conditions encountered in a food processing environment.  Pathogens in a food 

processing environment would likely be exposed to stress conditions which could alter 

their growth rates (Yousef and Courtney, 2003).  In addition, growth phase of the 

pathogen and the degree to which it is acclimated to its growth environment can also 

impact bacterial growth rates. 
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Table 4.1: Microbial growth in ground beef held at refrigerated and room 
temperatures 

 

 

 

 

 

 

 

    Population - Log10 CFU/g 

 E. coli O157:H7 APC – Inoculated 
Time (hr) 

  RT1 10ºC 7.2ºC 4.4ºC  RT1 10ºC 7.2ºC 4.4ºC 

0  4.51a 4.51a 4.51a 4.51a 4.71a 4.71a 4.71a 4.71a 

2  4.61a    4.69a    

4  4.73a 4.65a 4.57a 4.57a 4.92a 4.81a 4.69a 4.76a 

6  5.00ab    5.21ab    

8  5.49bc 4.66a 4.62a 4.55a 5.71bc 4.81a 4.55a 4.83a 

10  5.91cd    6.24c    

12  6.35d 4.67a 4.21a 4.58a 6.79c 5.26ab 4.84a 4.74a 

24   4.90ab 4.58a 4.60a  5.60b 5.22a 4.77a 

48   5.32bc 4.49a 4.60a  6.75c 6.47b 5.91b 

72   5.51c 4.56a 4.63a  7.14c 6.92b 6.57c 

SE  0.19 0.24 0.29 0.26 0.18 0.22 0.23 0.21 

1Room temperature: 22.2 - 23.3ºC 

abcDiffering superscripts within columns indicate a significant difference in microbial counts (P<0.05)



 90

Figure 4.1:  Mean aerobic plate counts of uninoculated control ground beef held at 
refrigerated and room temperatures (RT)1,2,3,4 
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1 No room temperature (RT) samples were collected after 12 hr (SE, 0.24) 
2 Significant increases at RT occurred between 4 and 6 hr (P<.05) 
3 Significant increases at 10oC occurred between 8 and 12 hr (P<.05) 
4 Significant increases at 7.2oC and 4.4oC occurred between 12 and 24 hr (P<.05) 
Standard errors (SE): RT – 0.24; 10ºC – 0.18; 7.2ºC – 0.22; 4.4ºC – 0.18 
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CHAPTER V 

CONTRIBUTION OF HUMIDITY TO THE LETHALITY OF SURFACE ATTACHED 

HEAT RESISTANT SALMONELLA DURING THE THERMAL PROCESSING OF 

COOKED READY-TO-EAT ROAST BEEF 

 

Abstract 

In order to provide meat processors with data to assess the safety of cooked ready-

to-eat roast beef production parameters, a study was conducted to determine the 

contribution of humidity to the lethality of salmonellae during thermal processing.  

Destruction of Salmonella during thermal processing at different humidity levels and a 

constant cooking temperature (82.2ºC/180ºF) was examined.  Raw beef top round roasts, 

purchased from a commercial supplier, were inoculated with a seven strain cocktail of 

heat shocked Salmonella.  Inoculated roasts were thermal processed to an internal 

temperature of 62.8ºC (145ºF) with humidity levels ranging from 0 to 90%.  Salmonella 

counts were determined utilizing the thin agar layer method on XLD to facilitate the 

enumeration of injured cells.  Significant differences (P<0.05) in Salmonella counts were 

observed for roasts processed at 30% humidity and those processed at 15% humidity or 

lower.  Salmonella reductions were less than the regulatory requirement of 6.5 log at 

humidity levels of <30%.  These results indicate that cooked ready-to-eat roast beef can 

be safely processed under conditions outside of the USDA-FSIS “safe harbor” guidelines.  

However, the results also indicate that one of the current USDA-FSIS “safe harbor” 

guidelines for the production of cooked RTE roast beef (≥145ºF product internal 
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temperature with relative humidity maintained for ≥50% of the cooking cycle) could 

result in a finished product that does not meet USDA performance standards.  This 

specific guideline should be clarified with a minimum relative humidity requirement in 

order to ensure the production of a safe product. 

 

Introduction 

Salmonellae are an important cause of food-borne illness.  Approximately 95% of 

human salmonellosis cases can be attributed to food-borne exposure (Mead, et al., 1999).  

Salmonella causes more than 1.3 million illnesses each year in the United States.  These 

cases represent 9.7% of total annual foodborne illness (13,814,924) resulting in 30.6% 

(553) of deaths from foodborne illness of known etiology.  Surveillance conducted for the 

Centers for Disease Control and Prevention’s (CDC) FoodNet program indicated an 

increase in salmonellosis cases in 2001, surpassing Campylobacter as the most common 

cause of observed food-borne illness (CDC, 2002).   

Non-typhoid, foodborne salmonellosis usually results in a self-limiting 

gastroenteritis within 12 to 72 hrs of ingestion.  In rare instances, gastroenteritis can lead 

to systemic infections such as septicemia or even the inducement of chronic disease 

syndromes such as reactive arthritis or Reiter’s syndrome (Samuel et al., 1995, Ziprin and 

Hume, 2001).   

Several Salmonella outbreaks associated with the consumption of pre-cooked, 

ready-to-eat roast beef were reported in the mid-1970’s [CDC, 1976(a), 1976(b), 1977].  

In response to these outbreaks, the USDA implemented emergency regulations regarding 
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the proper cooking of RTE roast beef (Federal Register, 1977).  Further, changes in 

regulations were implemented in 1978 with provisions for the use of steam for the control 

of Salmonella located on the product surface during dry roasting (Federal Register, 

1978).  Three additional outbreaks were reported in 1981 [CDC, 1981(a), 1981(b), 1982; 

Riley et al., 1983; Spitalny et al., 1984) with similar etiologies to the earlier outbreaks.   

Recent USDA-FSIS regulatory requirements, including the implementation of the 

Pathogen Reduction; Hazard Analysis and Critical Control Point (HACCP) systems rule 

(USDA-FSIS, 1996), have led to an increased emphasis on scientific evaluations of 

production practices to determine their safety.  Current regulations regarding control of 

pathogens in cooked RTE meat products are in the form of performance standards 

(Federal Register, 2001).  These performance standards are designed to allow processors 

to develop thermal processing schedules without the need to adhere to the previous 

regulatory requirements.  Processors designing thermal processing schedules in this way 

must have statistically valid data indicating that their chosen thermal processing schedule 

meets the regulatory performance standards. 

Performance standards for the production of cooked RTE meat products are 

expressed as the probability of the presence of viable reference organisms in a 100 g 

sample of the product following a successful thermal processing treatment and are based 

on “worst case” scenarios as determined by the USDA (Federal Register, 2001).  As an 

alternative to designing production practices to meet this probability, processors can 

design their process to result in a Salmonella reduction equal to or exceeding the worst 

case scenario, 6.5 log10 cfu/g in the case of cooked RTE beef products, in their finished 
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product.  This alternative method for determining adequate lethality is often employed 

instead of the probability method described above. 

Processors lacking documentation validating that their process meets the 

performance standards can design their process based on time and temperature 

parameters outlined in USDA-FSIS Appendix A:  Compliance guidelines for meeting 

lethality performance standards for certain meat and poultry products (USDA-FSIS, 

1999).  These guidelines are conservative combinations of time and temperature 

parameters necessary to result in an adequate Salmonella lethality during thermal 

processing and are based on previous research.  They are referred to as “safe harbors” and 

can be adopted by processors without the need to provide additional validation 

information. 

Guidelines for thermal processing of cooked RTE roast beef, outlined in the “safe 

harbors” are based predominantly on a series of studies conducted in the late 1970’s 

(Blankenship, 1978; Blankenship et al., 1980; Goodfellow and Brown, 1978).  While 

these studies are scientifically sound, they explore a limited range of thermal processing 

parameters.  As a result, guidelines regarding humidity during thermal processing may be 

overly constrictive.   

A further concern with previous studies was their use of non-stressed Salmonella 

cells for inoculation.  Much research has been conducted examining the effect of 

environmental stress on the thermal resistance of bacteria since these process validation 

studies were conducted (Arsene et al., 2000; Doyle and Mazzotta, 2000; Strauss, 1987, 

1988).  An increase in the heat resistance of Salmonella exposed to heat shock is well 
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established (Bunning et al., 1990; Wesche et al., 2005).  Other factors, such as pH, water 

activity, composition and formulation of the product as well as serotype, culture 

preparation method and growth phase of Salmonella have been shown to impact thermal 

resistance.  An excellent review of the effect of these factors on the heat resistance of 

Salmonella was recently prepared by Doyle and Mazzotta (2000). 

The objective of this study was to conduct a more thorough examination of the 

contribution of humidity to the inactivation of Salmonella during the thermal processing 

of cooked RTE roast beef.  Heat stressed, stationary phase Salmonella were utilized for 

the inoculum in an effort represent a “worst case” scenario resulting from elevated heat 

stress which are a consequence of these conditions (Bunning et al., 1990; Humphrey, et 

al., 1995). 

 

Materials and Methods 

Experimental Design and Analysis 

A nested design was used for this study, with experimental units arranged as a 

randomized complete block.  Sample site was nested within roast, which represents the 

experimental unit.  Replication was used as the blocking factor. 

Duplicate plates of each dilution were plated at each sampling time.  Phase 4 

experiments were carried out in triplicate.  Plate counts were converted to units of log 

CFU/cm2 prior to statistical analysis.  Data were analyzed using the mixed procedure of 

SAS (SAS Institute, Inc., Cary, NC).  Replication and roast weight were considered 
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random effects.  Mean separations were performed utilizing the least-squares means 

method.  

Salmonella Cultures 

Seven isolates of Salmonella were utilized for this study including; Thompson 

FSIS 120 (chicken), Enteritidis H3527 phage type 13A (clinical), Enteritidis H3502 

phage type 4 (clinical), Typhimurium DT104 H3380 (clinical), Hadar MF 60404 

(turkey), Copenhagen 8457 (pork) and Heidelberg F5038BG1 (ham slicer), each of which 

has been used in previous thermal resistance and inactivation studies (Juneja, et al., 2001 

and Wesche, et al., 2005).  All Salmonella strains were obtained from V.K. Juneja 

(USDA, Agricultural Research Service, Eastern Regional Research Center, Philadelphia, 

PA.).   

Frozen aliquots of each were thawed at room temperature, transferred to 10ml 

tubes of sterile tryptic soy broth with yeast extract (TSBYE) and cultured for 24 hr at 

37ºC, prior to holding at ≤4.4ºC.  Fresh cultures were prepared from frozen stocks each 

week.  Prior to product inoculation, 500ul of each refrigerated culture was transferred 

into 50 ml of TSBYE and incubated, with shaking (200 rpm), for 24 h at 37ºC resulting in 

late stationary phase cells for use in inoculation.   

Immediately following 24 h of growth, 25 ml of each culture was combined to 

form a cocktail.  The resulting cocktail was centrifuged at 10,000 rpm for 10 min at 4ºC, 

washed twice in sterile buffered peptone water (BPW) and re-suspended in 4 ml of BPW 

to a final concentration of approximately 10 log10 cfu/ml. 
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Heat Shock Treatment 

Concentrated cells were subjected to heat shock as outlined in Wesche, et al 

(2005) using methods adapted from Mathew and Ryser (2002) and Busch and Donnely 

(1992).  Briefly, 200 ml of TSBYE, in a 2800 ml Fernbach flask, was tempered to 54ºC 

in a shaking water bath at 30 rpm and inoculated with 5 ml of the Salmonella cocktail.  

Following inoculation, the culture was incubated under the conditions outlined above for 

30 min then transferred to an ice water bath for 5 m.  Cells were pelleted, washed and re-

suspended in BPW, as outlined previously.  The heat shocked culture concentrate was 

stored on ice for ≤ 1 hr prior to dilution.   

Raw Materials 

Fresh, large, beef top rounds (6.8-8.2 kg) were purchased each week from a 

commercial processor.  Top rounds were trimmed to remove the cap and its associated 

fat, leaving roasts consisting primarily of the semimembranosus muscle, which 

corresponds to specification 169A [Beef Round, Top(Inside), Cap Off] of the North 

American Meat Processors Association Meat Buyers Guide (NAMP, 1997). 

Product Inoculation 

 Heat shocked cells were diluted to approximately 8 log10 cfu/ml in sterile buffered 

peptone water (BPW).  Top rounds were placed on wire racks in sterile containers and the 

inoculum was poured over the entire surface of each roast.  This procedure was designed 

to result in a target inoculum level of ≥7 log10 cfu/cm2 on the meat surface.  Inoculated 

rounds were placed into covered containers and held overnight (approximately 16 h) at 

approximately 2.2ºC, allowing the Salmonella cells to attach to the meat surface and to 
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equilibrate to the meat environment prior to thermal processing.  For each treatment, two 

top rounds were inoculated, one for thermal processing and a second for determination of 

initial inoculum levels. 

Thermal Processing 

 In an attempt to minimize variation introduced by changes in the thermal 

processing cycle, all top round roasts were cooked at a constant oven temperature of 

82.2ºC (180ºF) until the target cooking time or internal temperature was achieved.  Target 

product temperature and humidity level were treatment dependant. 

 For each thermal processing cycle, one raw, inoculated top round was placed on a 

stainless steel wire shelf and oriented to place the product near the center of the oven 

during cooking.  Oven temperature, surface temperature and internal temperature were 

each logged throughout the cooking process at 1 min intervals.  Two stainless steel 

probes were inserted in each roast: one just below the surface on the top side of the roast, 

to measure surface temperature, and the second inserted as near the center of the thickest 

portion of the roast as possible, to measure internal temperature.  Oven temperature was 

monitored using an environmental probe clipped to the cooking rack approximately half 

the distance between the edge of the roast and the wall of the oven chamber. 

Phase 1 of the project involved determination of the threshold internal 

temperature resulting in a 6.5 log reduction of surface inoculated Salmonella.  Thermal 

processing was carried out in the presence of 90% humidity for the entire thermal 

processing cycle as outlined in the most stringent humidity guidelines of FSIS appendix 

A (USDA-FSIS, 1999).  Products were cooked to an internal temperature of 68.9ºC 
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(156ºF), which appendix A identifies as the minimum internal temperature sufficient to 

result in the regulatory target of a 6.5 log reduction of Salmonella counts.  Target internal 

temperatures were dropped in 1.1ºC (2ºF) increments with the purpose of identifying the 

minimum internal temperature resulting in a 6.5 log reduction of surface inoculated 

Salmonella.   

Phase 2 of the project involved the determination of the product surface 

temperature necessary to result in a 6.5 log reduction of surface inoculated Salmonella.  

Thermal processing was carried out in the presence of 90% humidity for the entire 

thermal processing cycle.  Target surface temperatures between 68.9ºC (156ºF) and 75.6º 

(168ºF) were examined. 

Phase 3 of the project involved the determination of cooking time necessary to 

result in a 6.5 log reduction of surface inoculated Salmonella.  Thermal processing was 

carried out in the presence of 90% humidity for the entire thermal processing cycle.  

Cooking times ranging from 30 to 90 m were examined. 

Phase 4 of the project examined the effect of humidity on the thermal lethality of 

surface inoculated Salmonella.  Thermal processing parameters included a constant oven 

temperature (82.2ºC/180ºF) and target internal product temperature (62.8ºC/145ºF).  

Process humidity levels were incrementally decreased from 90% to 0%.  Upon 

identification of the highest humidity resulting in an insufficient reduction of surface 

inoculated Salmonella (<6.5 log), three replications were performed at this level and 

those flanking it (+/- 15%).   
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Product Sampling 

 For each treatment, two top rounds were inoculated.  Sampling of the inoculated 

control was performed in the raw state.  One 10cm X 10cm surface sample was excised 

from the center of both the upper and lower surfaces of the top round for a total of two 

samples per roast.  Following thermal processing, the remaining roast was held at 2.2ºC 

for 30 to 60 m.  The treatment roast was sampled in an identical manner as the control. 

Microbiological Analysis 

Because of the presence of indigenous background flora on the beef surfaces, it 

was necessary to utilize selective media to enumerate Salmonella from the inoculated 

roasts.  Enumeration was performed utilizing the thin agar layer (TAL) method of Kang 

and Fung (1999,2000), developed to allow for the repair of injured cells prior to their 

selection.  Briefly, xylose lysine desoxycholate agar (XLD) was overlayed with two 

successive 7 ml layers of tryptic soy agar (TSA).  Serially diluted samples were applied 

to the TAL plates using the spread plate method, incubated for approximately 24 hr at 

37ºC and counted manually. 

 

Results 

Data collected in phase 1 of this study indicated that thermal processing of large, 

cooked RTE roast beef processed at 82.2ºC (180ºF) and 90% RH resulted in an adequate 

Salmonella lethality (≥6.5 log CFU/cm2) when target internal temperatures within the 

range listed in Appendix A (54.4- 71.1ºC/130-160ºF) were utilized (Figure 5.1) (USDA-

FSIS, 1999).  Therefore, we were unable to identify a threshold internal temperature 
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resulting in a nominal 6.5 log reduction of surface inoculated Salmonella for use in the 

determination of the contribution of humidity to the reduction of Salmonella during 

thermal processing.  Because of this, no replications were performed and we moved on to 

Phase 2 of the study. 

Further difficulties were encountered in phases 2 and 3 of the study.  Each was 

intended to define parameters which processors could use early in the thermal processing 

cycle to achieve an adequate reduction of Salmonella (≥6.5 log).  This would allow 

processors to design the remainder of the thermal processing cycle with product quality 

in mind instead of product safety.  Unfortunately, the parameters studied resulted in 

observed Salmonella lethalities of such variability that further exploration was 

determined to be unwarranted (Figures 5.2 and 5.3).  It appears that compositional 

variation observed in the commercial meat supply, such as variable surface fat, impacts 

thermal lethality in a manner which makes the identification of critical limits for 

Salmonella reduction in short time frames during thermal processing of cooked RTE 

roast beef impractical.  No replications were performed for phases 2 or 3. 

Phase 4 of the study was designed to measure the influence of humidity on the 

lethality of surface inoculated Salmonella during thermal processing.  A target internal 

temperature of 62.8ºC (145ºF) was used as the USDA has identified it as an acceptable 

endpoint for thermal processing of large cooked RTE roast beef (USDA-FSIS, 1999).  

Three replications of phase 4 were performed.  The effect of roast weight on Salmonella 

lethality was not significant (r = 0.09, P>0.05).  This was likely due to the narrow range 

of weights utilized for the study (6.8-8.2 kg). 
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A statistically significant (P<0.05) interaction between sampling site (top vs. 

bottom) and humidity was observed.  This interaction was the result of a difference in 

magnitude of Salmonella reductions between the top and bottom surfaces when the roasts 

were processed at 30% humidity versus that observed at 0 and 15% humidity (Figure 

5.4).  This interaction may be misleading as the 30% humidity treatment resulted in 100% 

lethality at both sampling locations.  Therefore, the results from the 30% humidity 

treatment may not be a good indicator of maximal lethality at the sampled sites as actual 

lethalities would likely be higher for roasts with Salmonella contamination exceeding that 

of the roasts used in this study.  While these results do not allow us to measure the 

maximum potential lethality at 30% humidity we have illustrated that the treatment is 

adequate to obtain the targeted lethality of 6.5 log.  

Humidity had a significant (P<0.05) effect on Salmonella lethality when large 

beef top round roasts (6.9-7.8 kg) were processed to an internal temperature of 62.8ºC 

(145ºF) in an 82.2ºC (180ºF) oven (Table 5.1).  Non-replicated data (not shown) indicates 

that humidity levels of 60 and 90% were each sufficient to obtain a ≥6.5 log reduction of 

Salmonella.  Replicated data show that processing at 30% humidity also results in a ≥6.5 

log reduction of Salmonella.  A significant difference was detected between Salmonella 

lethalities at 30% humidity versus those observed at 15 and 0% humidity at both 

sampling locations.  Mean reductions of 7.34, 3.37 and 3.34 log cfu/sq. cm were observed 

at 30, 15 and 0% humidity, respectively, on the top surface of the roasts.  Mean 

reductions on the roasts bottom surfaces of 6.91, 4.32, and 4.39 log cfu/sq. cm were 

observed at 30, 15 and 0% humidity, respectively.  Differences in lethalities observed 
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between the top and bottom surfaces were significant at both 0 and 15% humidity.  

However, there was no statistical difference between the sampling sites at 30% humidity. 

 

Discussion 

 The heat resistance of Salmonella in low moisture environments is well 

characterized and has been observed in a number of foods (Barrile and Cone, 1970; 

Miller et al., 1972; VanCauwenberge et al., 1981,).  However, the introduction of 

moisture during the thermal processing of these foods can effectively overcome this 

resistance.  Goodfellow and Brown (1978) found that Salmonella could survive on the 

surface of inoculated beef roasts dry roasted to an internal temperature of 62.8ºC (145ºF) 

at a cooking temperature of 79.4ºC (175ºF).  They also indicated that this resistance could 

be overcome either through elevated oven temperatures (≥121ºC) or with the introduction 

of steam into the cooking chamber for a portion of the cooking cycle.  Blankenship, et al. 

(1980) found that the introduction of 100% steam into the cooking chamber for 10 

minutes or more at the beginning of the thermal processing cycle at 82.2ºC (180ºF), 

followed by dry roasting at 109.4ºC (229ºF) resulted in a 7 log reduction of surface 

inoculated Salmonella.  Unfortunately, the contribution of lower concentrations of steam 

to Salmonella lethality was not thoroughly examined. 

Our results agree with those of previous studies (Blankenship et al., 1980; 

Goodfellow and Brown, 1978) regarding the effectiveness of high humidity cooking 

environments for obtaining increased Salmonella lethality.  However, we also found that 

reduced levels of humidity maintained throughout the process can effectively control 
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Salmonella.  Humidity levels as low as 30% were found to be sufficient for obtaining the 

6.5 log reduction of Salmonella prescribed in the USDA-FSIS performance standards 

(USDA-FSIS, 1998).  

 Current USDA-FSIS guidelines for meeting the Salmonella reduction 

performance standards state that the following is an acceptable method of processing 

roast beef: “heating roasts of any size to a minimum internal temperature of 145 °F 

(62.8°C) in an oven maintained at any temperature if the relative humidity of the oven is 

maintained … by continuously introducing steam for 50 percent of the cooking time …” 

(USDA-FSIS, 1999).  Our results suggest that this description is lacking in necessary 

detail.  We found that the introduction of <30% humidity for 100% of the cooking cycle 

resulted in Salmonella lethalities well below the 6.5 log reduction outlined in the 

performance standards.  Therefore, we feel that the aforementioned guideline should be 

amended to include more specific requirements regarding the level of humidity required 

during thermal processing.  This step would help to ensure the safety of products 

manufactured under the safe harbor guidelines. 

 Significant differences in lethalities of Salmonella between top and bottom 

surfaces of the roasts indicate that sampling location is an important consideration when 

validating thermal processing schedules.  This may be especially important as more 

precise determinations of the line between processes that result in adequate pathogen 

reductions and those that do not are explored.  Increased lethality on the bottom surface is 

likely influenced by an increased moisture level on the bottom of the roast during thermal 

processing.  Gravity likely carries surface condensation and cooking juices to the bottom 



 108

of the product during cooking.  Increased lethality would be expected on moist surfaces 

as energy is more easily transferred into bacterial cells in the presence of water.  The 

resultant transfer of energy from surrounding water molecules would result in 

inactivation of the cell through damage of intracellular molecules (Gould, 1989). 

The use of heat shocked cells for this study should allow for the application of 

these data to commercial operations where contaminating microorganisms may or may 

not have been subjected to heat stress.  Wesche et al. (2005) found that heat shocked 

Salmonella exhibited significantly higher D60ºC values than non-shocked controls.  

Similar increases in thermal tolerance of Salmonella following heat shock were observed 

by Bunning, et al. (1990).  This response is not limited to Salmonella and similar 

increases in thermal tolerance, in response to heat stress, have been observed in E. coli 

O157:H7 (Murano and Pierson, 1993).   

Although we did not examine the lethality of internally contaminated roasts, the 

findings of this study should be useful for the determination of thermal processing 

parameters.  Previous studies have indicated that thermal processing of roast beef to final 

internal temperatures as low as 54.4ºC (130ºF) was adequate to achieve a 7 log reduction 

of internally inoculated Salmonella, although this was dependant on maintaining the 

internal temperature for 30 to 60 m (Goodfellow and Brown, 1978).  The same study 

found that heating to an internal temperature of >57.2ºC (135ºF) resulted in a 7 log 

reduction of Salmonella without an added time component.  Blankenship (1978) found 

that internal temperatures of 58.6ºC (137.5ºF) or higher were adequate to achieve a 7 log 

reduction of internally inoculated Salmonella during thermal processing of roast beef.  
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Therefore, thermal processing of top round roasts to an internal temperature of ≥62.8ºC 

(145ºF) with the addition of ≥30% humidity throughout the process at an oven 

temperature of ≥82.2ºC (180ºF) would result in a ≥6.5 log reduction of Salmonella 

located both within the product and on its surface. 
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Figure 5.1: Effect of internal temperature on Salmonella lethality on the surface of 
cooked ready-to-eat roast beef  
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Figure 5.2: Effect of surface temperature on Salmonella lethality on the surface of cooked 
ready-to-eat roast beef 
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Figure 5.3: Effect of cooking time on Salmonella lethality on the surface of cooked 
ready-to-eat roast beef 
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Figure 5.4: Interaction of sample site and humidity 
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Table 5.1: Mean Salmonella lethality as a function of cooking humidity and  
sampling location (log10cfu/cm2) 
  Humidity 

Sampling Location 30% 15% 0% 
    

Top 7.34a,1 3.37b,1 3.34b,1 
Bottom 6.91a,1 4.32b,2 4.39b,2 

        
   SE - 0.15 

a,bMeans with the same superscript within rows are not significantly different (P>0.05) 
1,2Means with the same superscript within columns are not significantly different (P>0.05) 
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CHAPTER VI 

SUMMARY 

 
Current regulations require meat processors to verify their compliance with their 

written HACCP plan(s) and to validate the effectiveness of their production processes to 

reduce or eliminate food safety hazards in the finished product (USDA-FSIS, 1996).  The 

former involves the review of records, monitoring activities, prerequisite programs and 

equipment calibration programs to determine compliance.  The latter requires the 

processor to gather scientific documentation supporting the ability of their procedures to 

produce a safe finished product.   The objective of these studies was to provide 

information for processors to use for process validation.   

Food Safety and Inspection Service regulations state that “every establishment 

shall validate the HACCP plans adequacy in controlling the food safety hazards identified 

during the hazard analysis” (USDA-FSIS, 1996).  While chemical and physical hazards 

are each of concern, bacterial foodborne pathogens are the most common hazard 

encountered in meat products, especially in the raw state.  Pathogens can be controlled in 

a number of ways during production.  Controls are often product specific and include 

chemical antimicrobial interventions such as organic acids and physical interventions 

such as heat or irradiation.  Thermal processing schedules for cooked ready-to-eat (RTE) 

meat products should be designed to result in an adequate Salmonella lethality as 

indicated in the pathogen reduction performance standards, regardless of the actual 

pathogen load in the raw materials (USDA-FSIS, 1998).  Chemical interventions are 

often used during the slaughter process as a means of reducing pathogens on the carcass 
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surface which is likely to be cross-contaminated with pathogens from the digestive tract, 

hide or processing environment during processing.  Their use is less common in 

fabricated cuts and trim.  Control of product or environmental temperatures are often the 

only means of controlling pathogens in fabricated raw products and trim as chemical and 

physical interventions are often not approved for use in these products, are detrimental to 

finished product quality or are not readily accepted by consumers, as has been the case 

with irradiation. 

Many mathematical models have been developed to assist processors in the 

design of safe processing practices.  Models include those for predicting growth with 

changes in temperature and intrinsic and extrinsic product attributes as well as those 

designed to predict pathogen inactivation under varying thermal processing or ionizing 

radiation conditions.  A number of models have been combined by the USDA to produce 

the Pathogen Modeling Program (PMP) for use by industry.  However, the use of 

pathogen growth and inactivation models, including the PMP, for development of safe 

production parameters is regarded by the USDA-FSIS as useful for guidance but not as 

the sole source of verification for meat production processes (USDA-FSIS, 2005).  

Validation information derived from research in meat systems is preferred.  Growth or 

inactivation data observed in the product to be produced is the most acceptable. 

There is currently a deficit of published scientific information for use in validation 

of basic meat production practices, such as the effect of product or environmental 

temperatures on pathogen growth.  Many larger processors either conduct in-house 

studies or commission third party studies to determine the safety of basic production 
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parameters.  Unfortunately, most of these studies are not published, and are generally 

unavailable to other processors.  Smaller processing establishments are unlikely to have 

the expertise or resources to carry out these types of studies.  These processors also tend 

to produce a more diverse range of products than those produced by individual large-

scale commercial processors.  Therefore, a need exists for published studies examining 

the safety of basic production parameters.  With this in mind, we conducted three studies 

to generate data useful for validation of common production practices.   

Our first two studies examined the effects of various product and processing 

temperatures on the growth of pathogens in raw meat products.  Pathogen growth was 

measured at four temperatures likely to be encountered in meat processing environments; 

4.4ºC (40ºF), 7.2ºC (45ºF), 10.0ºC (50ºF) and room temperature (22.2-23.3ºC/72-74ºF).   

Salmonella growth was measured in ground and fabricated pork and Escherichia coli 

O157:H7 growth was measured in ground beef. 

Actual growth of Salmonella in ground pork and boneless sliced pork loin chops 

was compared to growth predictions, under similar conditions, from the USDA PMP.   

Under refrigerated conditions (10ºC), growth was underestimated by the model for 

ground pork and slightly overestimated for boneless sliced pork loin chops.  Actual 

growth observed in both products at room temperature (22.2-23.3ºC) was within the 

range predicted by the model.  No significant (P > .05) Salmonella growth was observed 

in ground pork held for ≤12 h under refrigerated conditions (≤10ºC).  Growth rates in 

boneless pork loin chops were much slower than those observed in ground pork, with no 

significant Salmonella growth observed over the course of the study (72 h).  Significant 
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(P < .05) increases in Salmonella counts occurred at 6 h in ground pork and at 8 h on 

boneless pork chops held at room temperature. 

 Similar comparisons between predicted and actual growth rates were performed 

for E. coli O157:H7 in ground beef.  Predicted and actual growth rates were similar for E. 

coli O157:H7 at 7.2 and 10ºC.  The model was found to overestimate growth rates at 

room temperature (22.2-23.3ºC).  Under refrigerated conditions (≤10ºC), no significant E. 

coli O157:H7 growth (P > .05) was observed at 24 h in ground beef.  A significant 

increase in pathogen counts was observed at 8 h at room temperature.   

 Results from the thermal inactivation study, indicate that thermal processing of 

cooked RTE roast beef at high humidity (90%) is an effective means of eliminating 

surface inoculated Salmonella at the magnitude required by the regulatory performance 

standard (USDA-FSIS, 1998).  In addition, we found that processing at lower humidity 

levels (≥30%) was also sufficient to meet the regulatory requirements.  We did not 

explore the ability of these thermal processing parameters to reduce internally inoculated 

Salmonella.  However, previous research has explored the lethality of internally 

inoculated Salmonella and the results could be used in combination with ours to validate 

the safety of specific thermal processing parameters. 

These data can be used by processors to design production processes or to 

validate or adjust existing production parameters.  For instance, both ground beef and 

pork processors could set product or processing room temperatures of 10ºC (50ºF) as the 

critical limit, with no time component, as long as product exposure did not exceed 12 h.  

Those processing at room temperature could set a room temperature of ≤22.2ºC (72ºF) as 
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the critical limit with a product exposure time of 6 h or less.  Results from the room 

temperature portion of the two studies could also be used to help determine the safety of 

product whose temperature exceeded a lower critical limit during production.   

Data from the thermal lethality study could be used to support production 

practices outside of the safe harbor guidelines.  These guidelines require high humidity 

(≥90%) during thermal processing of cooked RTE roast beef at reduced oven 

temperatures (<121ºC); however, our results support the use of lower humidity 

processing (≥30%) while maintaining adequate Salmonella lethalities. 

We recognize that there are many parameters that can impact actual growth or 

inactivation of pathogens in the processing environment and that it is not possible to 

account for each of them in a single study.  However, these data provide an insight into 

the behavior of Salmonella and Escherichia coli O157:H7 in meat systems.  These 

studies should be considered with others addressing pathogen growth and inactivation 

and serve as a foundation for further research regarding the control of bacterial pathogens 

during meat processing. 
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