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Preface
Refrigerated ready-to-eat (RTE) foods contaminated with foodborne 
pathogens such as Listeria monocytogenes, Salmonella spp., and Escherichia 
coli O157:H7 have been linked to numerous cases of food poisoning world-
wide. With the increasing demand for RTE foods that are wholesome and 
require less handling and preparation, the production and consumption 
of RTE foods has increased, and the varieties have expanded considerably 
in recent years. RTE foods now encompass a wide variety of food prod-
ucts, both meat and non-meat, such as cooked or dry meat and poultry 
products, deli salads, smoked/salted seafood, cheese, fermented dry and 
semi-dry sausage, and pre-packaged fruits and vegetables. These prod-
ucts are common in the marketplace and are consumed frequently and 
in large quantities by the general population. The safety of RTE foods has 
become a growing concern since they can be directly consumed without 
additional cooking or heating, a step that kills the potentially contami-
nated pathogenic microorganisms. Several severe and high-profile out-
breaks of foodborne illnesses caused by the consumption of RTE foods 
have prompted the U.S. Department of Agriculture (USDA) and the Food 
and Drug Administration (FDA) to issue stringent rules and regulations 
governing the manufacturing of RTE foods. The food industry, academia, 
and research institutes have conducted extensive research to examine the 
potential health risk of contaminated RTE foods, to investigate the growth 
behavior of common contaminating foodborne pathogens, and to develop 
intervention technologies and control measures. This book provides a 
comprehensive review of common RTE foods and related food safety 
issues. It is our desire that this book be a useful tool for scientists and pro-
fessionals in the areas of food safety and RTE food manufacturing.
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Microbiology of ready-to-eat foods
Divya Jaroni, Sadhana Ravishankar, and Vijay Juneja

1.1  Introduction
Ready-to-eat (RTE) foods are those food products that have gone through 
some kind of processing and can be consumed without undergoing any 
further bactericidal treatment such as thorough heating. These foods do 
not require further preparation prior to consumption, except washing, 
thawing, or moderate reheating (Farber and Harwig, 1996). As the name 
implies, RTE foods can be readily consumed without further preparation 
or processing and thus are extremely convenient for present-day, busy 
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consumers. Surveys of consumer purchase behaviors show an increas-
ing trend in the consumption of RTE foods (Anonymous, 2001, 2003). 
Hence, the demand for these products from the food industry is huge. 
Ready-to-eat sandwiches account for 32% of sales from vending machines 
and include a large share of a multibillion-dollar annual business in the 
United States (Anonymous, 2001). Supermarkets and convenience stores 
carry a large selection and variety of RTE food products.

Some examples of RTE foods include the following: meats (deli 
meats, sausages, hot dogs, corned beef), poultry (buffalo chicken, chicken 
wraps, deli cuts, chicken salad), dairy products (cheeses, yogurt, sour 
cream, pasteurized milk), fruits and vegetables (salads and leafy greens, 
salsa, juices, guacamole), and fish and seafood (cold smoked salmon, sushi, 
seafood salad, fish soup). Some frozen foods can be included among RTE 
foods, for example, ice cream, frozen yogurt, frozen fruits, and smoothies. 
Other non-refrigerated RTE foods include products such as breads, nuts, 
peanut butter, chocolate, and some snack items.

Due to the increasing demand for and consumption of RTE foods, and 
owing to the fact that these are not further processed, the microbiological 
risks to the consumer from these products have also increased. The prepa-
ration of RTE sandwiches, salads, and meats involves human handling 
(cutting or slicing), which can easily contribute to cross-contamination. 
Ready-to-eat food products have been involved in numerous foodborne 
illness outbreaks, especially due to cross-contamination of these products 
during processing and packaging in the food processing plant or handling 
in consumer households. For example, the Salmonella enterica outbreak in 
late 2008 and early 2009 involving peanut butter was due to heavy rain-
fall through a leaky roof and a faulty sprinkler system in the processing 
plant, which provided moisture for the growth of dormant salmonellae 
that were likely present in raw peanuts or peanut dust.

The most common foodborne pathogenic bacteria found in refrig-
erated RTE foods include Listeria monocytogenes, Salmonella enterica, 
Escherichia coli O157:H7, and Clostridium perfringens. Listeria monocytogenes 
has caused a number of outbreaks and recalls in dairy and RTE meat 
products. Salmonella enterica and E. coli O157:H7 have caused outbreaks 
due to contamination in fresh produce and salads. Salmonella enterica has 
also caused outbreaks and recalls due to cross-contamination in some 
non-refrigerated RTE foods such as chocolate, almonds, pistachios, pea-
nut butter–containing products, and infant formula. Improper cooling of 
prepared RTE foods in large volumes is believed to be the most common 
cause of C. perfringens outbreaks. In this chapter, the microbiology of RTE 
foods is discussed, with emphasis on four main pathogens: L. monocyto-
genes, S. enterica, E. coli O157:H7, and C. perfringens.
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1.2  Listeria monocytogenes
Listeria monocytogenes is a facultative, intracellular, Gram-positive bacte-
rium and is ubiquitous in the environment. It is a non-spore-forming and 
psychrotrophic bacterium that produces flat, dimpled colonies with a black 
halo on modified Oxford formulation (MOX) agar. Listeria monocytogenes 
is a hardy pathogen and can resist various stresses in the environment. 
It is well known for forming biofilms, and once L. monocytogenes forms 
biofilms in food processing environments, it is very difficult to eradi-
cate the pathogen from such environments. Hence, Listeria biofilms can 
be a threat to food processors. Listeria monocytogenes causes listeriosis in 
humans, which is accompanied by mild flu-like symptoms such as head-
ache, chills, and fever, along with gastrointestinal symptoms like nausea, 
vomiting, and diarrhea. Immunocompromised people, infants, pregnant 
women, and elderly people are more at risk for contracting the disease. 
Meningitis, abortion, and prenatal septicemia are some of the primary 
manifestations of listeriosis (FDA, 2001a), which in serious cases can be 
fatal. In serious cases, especially if untreated, mortality may exceed 25% 
in predisposed groups (Farber and Harwig, 1996). In healthy individu-
als, L. monocytogenes can cause febrile gastroenteritis characterized by 
fever, headache, muscle and joint pain, and diarrhea (Sim et al., 2002). In 
febrile gastroenteritis, usually the organisms are found in high numbers 
in implicated foods and, when ingested, can cause illness in healthy indi-
viduals. Due to differences in virulence of strains and host factors such as 
age, health, and exposure to certain foods, the minimum infectious dose 
for L. monocytogenes is not known (NACMCF, 1991).

1.2.1  Outbreaks of L. monocytogenes in RTE foods

Several foodborne outbreaks since the 1980s have been attributed to 
L. monocytogenes in the United States and many other countries (CDC, 
1999). In the United States, listeriosis has been estimated to cause 2,500 
cases of foodborne illness annually, resulting in deaths of 500 people 
and about $200 million in monetary losses (CDC, 2002; FDA, 2001a; Mead 
et al., 1999). In the 1980s outbreaks of L. monocytogenes associated with 
cheese and milk were of concern to the dairy industry. Soft cheeses made 
from raw and pasteurized milk such as Mexican-style cheese (Bula et al., 
1995; Linnan et al., 1988) have been involved in listeriosis outbreaks. The 
Mexican-style cheese outbreak of listeriosis that occurred in 1985 resulted 
in 142 cases, including 48 deaths (Linnan et al., 1988). In 1982, coleslaw 
made from cabbages contaminated with sheep manure caused an out-
break of listeriosis in 41 people (Schlech et al., 1983).
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In 1997, in Italy, a cold corn and tuna salad caused an outbreak of 
febrile gastroenteritis due to L. monocytogenes contamination (Aureli et al., 
2000). Other food products that have been involved as vehicles of non-
invasive febrile gastroenteritis due to L. monocytogenes contamination 
include smoked mussels (Misrachi et al., 1991), shrimp (Riedo et al., 1994), 
rice salad (Salamina et al., 1996), chocolate milk (Dalton et al., 1997), cold 
smoked rainbow trout (Miettenen et al., 1999), and imitation crab meat 
(Farber et al., 2000). In these outbreaks, a large number of organisms were 
suspected to have been consumed by patients. For example, in the choco-
late milk outbreak, the median numbers consumed were suspected to be 
as high as 1011 (Dalton et al., 1997). The issue with some of the RTE foods is 
that they may get cross-contaminated during handling and may initially 
contain small numbers of organisms. However, because L. monocytogenes 
is psychrotrophic, a high number of organisms may appear during stor-
age, even at refrigeration temperatures. The shelf life of some RTE foods, 
especially RTE meats, is as long as 2 to 3 weeks, which gives sufficient 
time for the organism to multiply and probably cause illness, even in 
immunocompetent individuals.

There have been many outbreaks of L. monocytogenes in RTE meat 
products. In 1992, there was an outbreak of listeriosis in France due to 
contaminated jellied pork tongue, in which there were 279 reported cases, 
63 deaths, and 22 miscarriages or abortions (Jacquet et al., 1995). The list-
eriosis outbreak in 1998–1999 in the United States resulted in more than 
100 cases of illness, including 21 deaths, in over 14 states and was caused 
by consumption of post-processing contaminated cured meat products. 
Listeria monocytogenes can contaminate cured meat products and grow to 
high numbers during refrigerated storage (Beumer et al., 1996; Buncic et al., 
1991). This is because the bacterium is able to multiply at temperatures 
as low as 2°C with curing salts and under low oxygen tension (Lou and 
Yousef, 1999). Another multistate outbreak of listeriosis in 2000 involved 
delicatessen sliced processed turkey meat that resulted in 30 cases of ill-
nesses, 4 deaths, and 3 miscarriages or stillbirths (CDC, 2000; Olsen et al., 
2005). This outbreak was traced to a single processing plant, and the indus-
try recalled 16 million pounds of processed turkey meat. In New Zealand, 
in 2000, a series of incidents (30 cases) of non-invasive febrile gastroenteri-
tis caused by L. monocytogenes were traced to RTE meats, including lun-
cheon ham and corned beef, and high levels of organisms were isolated 
from patient fecal samples and from implicated meats (Sim et al., 2002). In 
2001, another outbreak of febrile gastroenteritis associated with delicates-
sen meat (precooked sliced turkey) contaminated with L. monocytogenes 
occurred in the southwestern United States (Frye et al., 2002).

A multistate outbreak of L. monocytogenes infections in the north-
eastern United States was caused by the consumption of sliced turkey 
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deli meat in 2002 (Gottlieb et al., 2006). This outbreak resulted in 54 con-
firmed cases, 8 deaths, and 3 stillbirths. The outbreak strain was found 
in one processing plant and the industry recalled more than 30 million 
pounds of turkey deli meat. This outbreak prompted the Food Safety and 
Inspection Service (FSIS), an agency of the U.S. Department of Agriculture 
(USDA), to issue new regulations, including testing and control programs 
for L. monocytogenes in RTE meat and poultry processing plants.

The previously mentioned outbreaks suggest that the occurrence of 
L. monocytogenes in RTE food products, especially RTE meat products, is 
a major threat to public health. Outbreaks associated with L. monocyto-
genes therefore have prompted regulatory agencies to impose stringent 
regulations, especially with regard to RTE foods. Since 1989 there has 
been a “zero tolerance” policy for L. monocytogenes in RTE meat products 
issued by the USDA. In foods in which L. monocytogenes is not capable of 
growing, Canada and European countries have instituted an action level 
of 100 CFU/g (Farber and Harwig, 1996; Roberts, 1994; Teufel, 1994). The 
compliance criteria for L. monocytogenes in RTE foods and the sampling 
scheme for these foods have been discussed (Farber and Harwig, 1996) 
and are listed in Table 1.1. A quantitative risk assessment for L. monocyto-
genes in RTE foods has been discussed by Rocourt et al. (2003).

1.2.2  Incidence and prevalence of L. monocytogenes 
in RTE foods

Listeria monocytogenes can be prevalent in a variety of RTE foods. Ready-
to-eat products like vegetables, meat, poultry, seafood, and dairy have all 
been found to be contaminated with L. monocytogenes (Brackett, 1988). A 
survey of L. monocytogenes in Maryland and northern California showed 
577 positive samples out of 31,705 total samples of RTE foods, including 
luncheon meats, deli salads, soft cheeses, bagged salads, smoked seafood, 
and seafood salads (Gombas et al., 2003). Seafood salads from markets 
in Iceland showed a 16% prevalence rate of L. monocytogenes (Hartemink 
and Georgsson, 1991). In a recent survey of salads, L. monocytogenes was 
found in 4.7% of seafood salads and 2.4% of deli salads such as coleslaw, 
potato salad, tuna salad, and pasta salad (Hwang and Tamplin, 2005). The 
use of meat, seafood, and cheese in some salads could serve as a source 
of L. monocytogenes in these salads (Smittle, 2000). Listeria monocytogenes 
was isolated from open RTE salad vegetables in retail premises in the 
United Kingdom (Sagoo et al., 2003). In numerous studies, samples of RTE 
meat products from retail stores were collected to find the prevalence 
of L. monocytogenes. The contamination level of this pathogen was 72% 
in corned beef and 33.8% in ham (Grau and Vanderline, 1991) and 15.5% 
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in chicken and turkey products (Rijpens et al., 1996). Listeria monocytogenes 
was isolated from 12% to 18% of precooked RTE chilled foods in England 
(Gilbert et al., 1989) and about one-third of RTE meat products sampled in 
Europe and Canada (Johnson et al., 1990).

The survival of L. monocytogenes in traditional Greek salads, such as 
fish roe salad and eggplant salad, stored at 10°C for 15 days was studied 
(Tassou et al., 2009). In the absence of preservatives, the organism sur-
vived well with only one log reduction, and acid adapted cells survived 
well even in the presence of preservatives. Various RTE foods (3,063 sam-
ples) from Florida were tested for L. monocytogenes, and 91 samples (2.97%) 
tested positive (Shen et al., 2006); 71 (78%) of these isolates exhibited mul-
tiple antibiotic resistance, and 89 (97.8%) isolates were acid resistant. These 
results show that RTE food isolates can adapt to various environmental 
stresses and thus exhibit better stress resistance.

A number of researchers have surveyed RTE foods in various nations 
throughout the world for incidence of L. monocytogenes. Minimally pro-
cessed RTE fruits, vegetables, sprouts, and salads from retail outlets in 
Spain were surveyed for the presence of microorganisms; 0.7% of samples 
tested positive for L. monocytogenes (Abadias et al., 2008). Another survey 
of RTE foods (1,226 samples), including seafood, meat, dairy, and desserts 
obtained from the retail or food industry in Spain found L. monocyto-
genes in 20% of frozen Atlantic bonito small pies, 7.9% of smoked salmon 
samples, 11.1% of pork luncheon meat samples, 6.2% of frozen chicken 
croquettes, 16.9% of cured dried sausage samples, 12.5% of cooked ham 
samples, 20% of cooked turkey breast samples, 1.3% of fresh salty cheeses, 
and 15.1% of frozen cannelloni samples (Cabedo et al., 2008). A survey of 
retail outlet foods, including some RTE foods, in Japan showed the pres-
ence of L. monocytogenes in 5.4% of 92 smoked salmon, 3.3% of 213 raw sea-
food, 12.2% of 41 minced beef, 20.6% of 34 minced pork, 37% of 46 minced 
chicken, 25% of 16 minced pork-beef mixture, and none of the 285 vegeta-
ble samples (Inoue et al., 2000). However, another survey of various RTE 
foods, including raw vegetable salad, cooked salad, cooked rice, boiled 
noodles, bean curd, and cooked Japanese foods, revealed no presence of 
L. monocytogenes (Kaneko et al., 1999). RTE meat products in Belgian retail 
outlets were surveyed for L. monocytogenes and 13.71% of 824 raw cured 
meats, 4.9% of 3,405 cooked meats, 21.28% of 874 mayonnaise-based sal-
ads, and 11.7% of 786 prepared meals, tested positive for the organism 
(Uyttendaele et al., 1999). In this study for whole cooked meat products, 
more samples were positive after slicing than before slicing, indicating 
cross-contamination during slicing. Listeria spp. were recovered from 
about 15% of RTE food samples in Portugal (Guerra et al., 2001).

Ready-to-eat organic vegetables from retail outlets in the United 
Kingdom were sampled for the presence of foodborne pathogens, including 
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L. monocytogenes, and none was detected in 3,200 samples (Sagoo et al., 2001). 
In this survey only 0.5% of samples were of unsatisfactory quality due to 
presence of non-pathogenic E. coli and Listeria spp. Another survey of RTE 
organic vegetables in Northern Ireland found the absence of enteric patho-
gens, including L. monocytogenes, in 86 samples examined (McMahon and 
Wilson, 2001), indicating good agricultural, production, and harvest prac-
tices. Another sampling of 5,228 RTE food samples in the United Kingdom 
showed an incidence of >0.55% for L. monocytogenes and other pathogens 
(Meldrum et al., 2005). L. monocytogenes was present in 4% of samples of 
RTE baguettes and salads (out of 70 samples) prepared in retail delica-
tessens in South Africa (Christison et al., 2008). RTE street-vended foods 
(51 samples) in South Africa were tested for their microbiological quality 
and safety, and were found to be free of a number of foodborne pathogens, 
including L. monocytogenes (Mosupye and von Holy, 1999).

Sources other than foods can aid in promoting the transfer, survival, 
and growth of foodborne pathogens to RTE foods. Pesticides used in veg-
etable crop cultivation promoted the survival and growth of foodborne 
pathogens, including L. monocytogenes in some studies (Coghlan, 2000; 
Guan et al., 2001), while in some other studies L. monocytogenes did not 
survive in pesticides (Ng et al., 2005). Those pesticides promoting survival 
or growth are a concern for vegetable growers, since they can be a source 
of contamination of vegetables in the field. Cleaning and handling tools 
such as floor mops, cleaning cloths, and disposable gloves used in retail 
delicatessens in South Africa were sampled for the presence of bacteria, 
including L. monocytogenes (Christison et al., 2007). The organism was 
detected in five cleaning tool samples as well as other bacteria detected 
in several samples. These tools, therefore, can play a role as reservoirs for 
transferring contamination to RTE meats prepared in delicatessens.

Contamination of RTE products can occur from many different 
sources. Raw meat used for manufacturing of meat products, the process-
ing environment, processing equipment, and the workers engaged in the 
manufacturing can cause contamination. RTE meat products are cooked 
in casings but are re-exposed to the processing environment to be packed 
in a final retail-packaging wrap. This procedure can lead to contamina-
tion of RTE meat products with pathogens on conveyors, meat surfaces, in 
condensation drippage, contaminated air filters, splashed standing water, 
or the workers themselves. Many RTE products are often consumed with-
out further thorough cooking, which can lead to illness. Current efforts in 
meat and meat product safety have included reduction of pathogens in the 
raw meat during slaughtering, using treatments like carcass pasteuriza-
tion, vacuum steaming, acid or water rinse, and other methods. Strategies 
for controlling or reducing L. monocytogenes in RTE foods are discussed 
later in this chapter.
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Due to several large outbreaks that occurred in the 1980s and 1990s, 
the U.S. Food and Drug Administration (FDA) and the USDA-FSIS estab-
lished a policy for RTE foods which mandates that the presence of L. mono-
cytogenes at 0.04 CFU/g in a RTE food renders the product adulterated 
(Smoot and Pierson, 1997). Since then the RTE food industry has taken 
stringent measures to control L. monocytogenes in their products. However, 
L. monocytogenes contamination continues to occur, probably attributable 
to its ubiquitous nature. Surveillance and monitoring of RTE foods by 
the USDA and FDA have indicated that as many as 5% of some of the 
RTE foods such as sliced luncheon meats and prepared deli style salads 
show L. monocytogenes contamination (Hitchins, 1996; Levine et al., 2001). 
The incidence of L. monocytogenes in RTE foods can range from 1% to 10% 
(Farber and Harwig, 1996).

1.2.3  Strategies for controlling L. monocytogenes in RTE foods

In May 1999, the FSIS announced strategies for controlling L. monocytogenes 
in RTE food products (FSIS, 1999). These include mandatory implementa-
tion of Hazard Analysis and Critical Control Points (HACCP) at various 
processing steps to reduce the number of pathogens in the manufacturing 
environment, end-product testing, and educating consumers on the risk of 
listeriosis and prevention of L. monocytogenes growth. For long-term goals, 
the FSIS conducted studies of L. monocytogenes post-production growth 
and risk assessment in RTE meat products (FSIS, 1999). Based on the results 
of risk assessment conducted by FSIS with FDA, the agency acknowledged 
three other approaches for controlling Listeria monocytogenes in RTE meat 
products. The first alternative was for the establishments to check for 
HACCP plans, go through a lethality treatment, and incorporate growth-
inhibiting agents and processes for Listeria in their products. The second 
alternative was that the establishment would employ a lethality treatment 
and incorporate a growth-inhibiting agent or a process to address Listeria 
monocytogenes. The third alternative was for the establishment to rely on 
sanitation Standard Operating Procedures (SOPs) for processing environ-
ments, particularly food contact surfaces, to be free of Listeria.

Listeria monocytogenes is a difficult organism to control because of its 
hardy characteristics. It has a relatively high tolerance to heat compared 
to other non-spore-forming organisms, can survive and multiply at refrig-
eration temperatures in the presence or absence of oxygen, withstand a 
wide pH range (pH 4.1–9.6) and concentrations of salt up to 12% to 13% 
(Lou and Yousef, 1999). Some strains can grow at a water activity (aw) 
as low as 0.9 and at pH value as low as 4.4 (Farber and Peterkin, 1991; 
Miller, 1992; Walker et al., 1990). Also, Listeria can form biofilms on vari-
ous food and food contact surfaces. Since L. monocytogenes is able to grow 
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at refrigeration temperatures, if RTE foods are contaminated, it can grow 
to dangerous levels during storage and transportation from production 
facility to retail distributors, even at refrigeration temperatures.

On RTE fresh fruits and vegetables, L. monocytogenes can be removed 
using washing treatments with or without sanitizers. Washing fresh 
produce using cold chlorinated water is a common practice used by the 
industry. Washing, using solutions of natural antimicrobials such as plant 
extracts, could prove useful and is an area that needs further investiga-
tion. Delaquis et al. (2002) utilized warm (47°C) and cold (4°C) chlori-
nated water (100 mg/l chlorine) for washing cut iceberg lettuce which was 
stored at 1°C or 10°C. Cold chlorinated water was more effective against 
L. monocytogenes than was warm chlorinated water, which permitted 
growth of the organism on lettuce stored at 10°C. Washing treatments on 
whole cantaloupes using 1000 ppm chlorine or 5% hydrogen peroxide for 
2 minutes and storing at 4°C for 15 days reduced the pathogen population 
by 3.5 logs (Ukuku and Fett, 2002). On fresh cut pieces from the sanitized 
cantaloupes, L. moncytogenes survived but did not grow during 15 days 
storage at 4°C.

The growth of L. monocytogenes in RTE meat products can be con-
trolled by changing internal parameters of food products, such as reduc-
tion of aw and pH with direct acidification, incorporation of  antimicrobials 
in meat products, and modified atmospheric packaging (Nilsson et al., 
1997; Pothuri, 1995; Zeitoun and Debevere, 1991). In the processed meats, 
reduction procedures include incorporating antimicrobials and post-
packaging treatments of RTE meat products with microwave (Schalch 
et al., 1995), steam (Cygnarowicz-Provost, 1994), or hot water (Cooksey 
et al., 1993a, 1993b). Antimicrobials of natural origin or chemical preserva-
tives can be used and can be added as direct ingredients in the formula-
tion. Bacteriocins are compounds produced by microorganisms that have 
antimicrobial activity against closely related species. Pediocin and nisin 
are examples of commonly used bacteriocins. Compounds like organic 
acids and their salts have shown antimicrobial activity against com-
mon foodborne pathogens. These compounds are classified as Generally 
Recognized As Safe (GRAS) when added to RTE meat products.

Research undertaken within the past decade has indicated that bac-
tericidal compounds such as salts of organic acids and bacteriocins can 
control L. monocytogenes in meat products. In many instances combina-
tion treatments work better than individual treatments. Sodium diac-
etate used as a dipping treatment inhibited growth of L. monocytogenes 
on sliced pork bologna stored at 4°C for 120 days (Samelis et al., 2001). 
Sodium lactate used alone or in combination with sodium acetate, sodium 
diacetate, or glucono-δ-lactone inhibited growth of L. monocytogenes on 
frankfurters during 120 days of storage (Samelis et al., 2002). Heating the 
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frankfurters further reduced the organism population. A combination of 
sodium lactate and sodium diacetate was bacteriocidal against L. monocy-
togenes strain Scott A and bacteriostatic against a cocktail of six strains of 
L. monocytogenes (Mbandi and Shelef, 2002). Chen et al. (2002) showed that 
3000 and 6000 AU of pediocin reduced the population of L. monocytogenes 
by 1.5 and 2.0 logs, respectively, on frankfurters stored at 4°C for up to 
12 weeks. On beef franks, a combination of sodium lactate, sodium diac-
etate, and pediocin used as a dipping treatment reduced the populations 
of L. monocytogenes single strains as well as cocktail by 1 to 1.5 logs and 
1.5 to 2.5 logs, respectively, after 2 and 3 weeks of storage at 4°C (Uhart 
et al., 2004).

Sodium diacetate as individual treatment or in combination with 
potassium benzoate and/or sodium lactate as dip treatments inhibited 
L. monocytogenes on frankfurters (Lu et al., 2005). Acetic acid, sodium diac-
etate, and potassium benzoate inhibited L. monocytogenes growth on pork 
bologna for 120 days of storage (Samelis et al., 2001). Seman et al. (2008) 
assessed the effects and interactions of sodium benzoate, sodium diace-
tate, and sodium chloride for inhibiting L. monocytogenes in RTE meat 
products, and sodium benzoate was more effective when combined with 
sodium diacetate and sodium chloride. These authors concluded that low 
moisture products such as bologna or wieners could have a shelf life lon-
ger than 18 weeks, if they were formulated with 0.1% sodium benzoate 
and 0.1% sodium diacetate.

A number of studies have investigated the effectiveness of natural 
compounds derived from plants or microorganisms against L. monocy-
togenes in various non-meat RTE foods. Citron essential oil was effective 
against L. monocytogenes in fruit-based salads, reducing the population by 
>4 logs in 3 days, and below detection in about 7 days (Belletti et al., 2008). 
The antimicrobial activity of some plant extracts and essential oils used 
as flavor ingredients in confectionary products stored at 7°C and 20°C for 
9 days were studied; strawberry flavor in chocolate inhibited L. monocy-
togenes (Kotzekidou et al., 2008). A combination of nisin and ALTA™2341 
(pediocin-like product) reduced L. monocytogenes on smoked salmon pack-
aged under vacuum or 100% CO2 (Szabo and Cahill, 1999). Lactic acid bac-
teria were inhibitory to L. monocytogenes on vacuum-packed cold smoked 
salmon stored at 6°C or 8°C for 35 days (Mejlholm and Dalgaard, 2007). 
Green tea powder added to Oriental-style rice cakes stored at 22°C ± 2°C 
was more effective than rosemary leaf powder against L. monocytogenes 
(Lee et al., 2009).

Since RTE meat and poultry products have been involved in a num-
ber of outbreaks with L. monocytogenes, antimicrobial interventions on the 
surface of these products have been researched extensively. Nisin incor-
porated at 2500 IU/ml into methyl cellulose or hydroxypropyl methyl 
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cellulose solutions made into films inactivated L. monocytogenes on the 
surface of hot dogs (Franklin et al., 2004). Alginate films incorporated 
with essential oils of Spanish oregano, Chinese cinnamon, and winter 
savory and pretreated with 20% CaCl2 were effective against L. monocyto-
genes on bologna stored at 4°C; however, these films were not effective on 
ham (Oussalah et al., 2007). A combination of nisin with grapeseed extract 
inactivated L. monocytogenes on turkey frankfurters at 4°C and 10°C; how-
ever, neither antimicrobial treated alone was effective (Sivarooban et al., 
2007). Edible zein film coatings containing nisin and calcium propionate 
reduced the population of L. monocytogenes on RTE chicken by 5 logs at 
8°C and to undetectable levels at 4°C in 24 days (Janes et al., 2002).

Ready-to-eat meats can also be treated using physical means for 
inactivating L. monocytogenes. The physical methods employed include 
heat, high pressure, drying, smoking, and irradiation. High hydrostatic 
pressure treatment (400 MPa, 17°C, 10 min) of sliced cooked ham, in combi-
nation with 1.8% potassium lactate followed by storage at 1°C was effective 
in inactivating L. monocytogenes (Aymerich et al., 2005). Ionizing radiation 
alone and in combination with sodium diacetate and potassium lactate 
was effective against RTE frankfurter on a roll product (Sommers and 
Boyd, 2006). Foong et al. (2004) treated RTE meats using irradiation against 
L. monocytogenes. To obtain 3- and 5-log reductions, respectively, dosages 
of 1.5 and 2.5 kGy were needed for bologna, roast beef, and smoked turkey, 
and 2.0 and 3.0 kGy were needed for frankfurters and ham. Combining 
irradiation with antimicrobials may help reduce the high dose and also 
prevent the growth of L. monocytogenes during storage. Combinations 
of irradiation at 1- or 2-kGy doses with potassium benzoate and sodium 
lactate, or sodium lactate and sodium diacetate, or a combination of all 
three salts inhibited growth of L. monocytogenes on RTE turkey breast rolls 
stored at 4°C for 42 days (Zhu et al., 2009). Combination treatments help in 
maintaining sensory attributes of the product by permitting use of lower 
levels of antimicrobials or lower intensity of the physical treatment than 
needed, when these antimicrobials or physical treatments are used alone 
as a single treatment.

Using post-package pasteurization of RTE deli meats including tur-
key, ham, and roast beef by submersion heating for 2 to 10 minutes at 
195°F to 205°F, 2- to 4-log reductions in L. monocytogenes populations 
were achieved (Muriana et al., 2002). An integrated pasteurization-
packaging system using 121°C for 1.5 seconds, followed by vacuum 
sealing of the top films of food packages, rendered a 3-log reduction 
in L. monocytogenes population on cooked franks (Murphy et al., 2005). 
Processing bologna using a cooking cooling cycle commonly used by 
the industry resulted in a 5-log reduction of L. monocytogenes (Sallami 
et al., 2006). Ozone was found to be of limited effectiveness against 
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L. monocytogenes on RTE cured ham (Julson et al., 2001). RTE meat prod-
ucts such as summer sausage, smoked cured beef, beef jerky, and snack 
stick pork rind were made using drying, fermentation, and/or smok-
ing, inoculated with L. monocytogenes cocktail, repackaged under vac-
uum or air and stored at 21°C or 5°C for 11 weeks (Ingham et al., 2004). 
There was a decrease in the population of the pathogen from 0.8 to 
3.3 logs in various products under different conditions, indicating that 
these processes combined with storage for at least 1 week would be an 
effective post-lethality strategy for controlling L. monocytogenes in some 
of these products.

Al-Holy et al. (2004) employed radio frequency heating along with 
nisin to inactivate L. innocua (a surrogate for L. monocytogenes) on stur-
geon caviar, and the combination treatment at 65°C was effective; no 
survivors were detected. Pulsed electric field treatment (30–50 kV/cm) fol-
lowed by exposure to nisin (10–100 IU) reduced L. innocua (a surrogate 
for L. monocytogenes) population in skim milk by 2 to 3.8 logs (Calderón-
Miranda et al., 1999). Pulsed electric field treatment alone, however, was 
not effective against L. monocytogenes in skim milk (Fleischman et al., 
2004). Nisin in combination with moderate heat (60°C for 5 min or 65°C 
for 2 min) reduced L. monocytogenes population by 3 to 5 logs in cold pack 
lobster meat; either treatment alone had only 1- to 3-log reductions (Budu-
Amoako et al., 1999). Mild heating (60°C for 3 min) with nisin reduced 
L. monocytogenes on sturgeon caviar stored for 28 days at 4°C to below 
detection; no synergy was observed between nisin, lactic acid, or chlorous 
acid (Al-Holy et al., 2005).

1.3  Salmonella enterica
The Salmonella genus includes rod-shaped, Gram-negative, non-spore-
forming, predominantly motile enteric (intestinal) bacteria. The bacteria 
range in diameter from 0.7 to 1.5 µm, and in lengths from 2 to 5 µm, with 
peritrichous flagella. These bacteria obtain their energy from oxidation-
reduction reactions using organic substrates and are facultative anaerobes. 
Most Salmonella species produce hydrogen sulfide, are unable to ferment 
lactose, and can readily be detected by growing on media containing fer-
rous sulfate (Giannella, 1996).

Salmonella has been known to cause illness for over 100 years. The 
genus Salmonella was named after Daniel Elmer Salmon, an American 
veterinary pathologist. Although Theobald Smith was the actual dis-
coverer of the type bacterium (Salmonella enterica var. choleraesuis) in 
1885, Dr. Salmon was the administrator of the research program; hence 
the organism was named after him (USFDA, 2007). Smith and Salmon 
had been investigating the cause of common hog cholera and suggested 
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Salmonella as the causal agent. However, it was later found out that this 
organism (now known as Salmonella enterica) rarely caused enteric symp-
toms in pigs (Todar, 2008). Salmonella are closely related to Escherichia coli 
(~ 90% homology at DNA level) and are found in warm- and cold-blooded 
animals, in humans, and in nonliving habitats. They cause illnesses in 
humans such as typhoid fever, paratyphoid fever, and the foodborne ill-
ness salmonellosis (Ryan and Ray, 2004).

There are more than 2,500 serotypes of Salmonella, based upon the 
somatic or cell wall antigens (O-antigen), flagellar antigens (H-antigen), 
and surface or envelope antigens (Todar, 2008). Two of these serotypes, 
namely, Salmonella enterica serotype Enteritidis and Salmonella enterica 
serotype Typhimurium are the most common in the United States and 
account for 50% of all human infections (CDC 2005a; Vugia et al., 2004). 
The infectious dose of Salmonella is small, probably ranging from 15 to 
20 cells, and most strains cause gastroenteritis with an incubation period 
of 6 to 72 hours (CDC, 2001). The initial stage of infection includes symp-
toms such as nausea, cramping, and vomiting, followed by a second stage 
typified by severe diarrhea and cramping lasting for 2 to 7 days.

Salmonella causes one of the most common enteric infections in the 
United States, salmonellosis, which is the second most common bacte-
rial foodborne illness reported (second to Campylobacter infection) (CDC, 
2005b). However, the actual number of infections may be 30 or more 
times greater since many cases with mild symptoms are not diagnosed 
or reported (Mead et al., 1999). According to the CDC estimates, 1.4 mil-
lion cases occur annually in the United States, amounting to about 30,000 
confirmed cases of salmonellosis each year. Salmonella illnesses result in 
approximately 600 deaths annually, which accounts for 31% of all food-
related deaths (CDC, 2005b). The incidence of salmonellosis appears to 
be rising both in the United States and in other industrialized nations. 
In 2005, more than 36,000 cases were reported from public health labora-
tories across the nation, which represented a 12% decrease compared to 
the previous decade, but a 1.5% increase compared to those reported in 
2004 (CDC, 2007b). Isolation of S. Enteritidis from humans has shown that 
Salmonella infections have increased dramatically (six-fold or more) in the 
past decade, particularly in the northeast United States and is spreading 
south and west, with sporadic outbreaks in other regions (U.S. Food and 
Drug Administration, 2009).

1.3.1  Outbreaks associated with Salmonella in RTE foods

Salmonella has been linked to several foodborne outbreaks associated with 
RTE foods in the past two decades. RTE foods most commonly associated 
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with Salmonella include poultry products, egg products, milk and dairy 
products, seafood, yeast, coconut, sauces and salad dressings, cake mixes, 
cream-filled desserts and toppings, dried gelatin, peanut butter, cocoa, 
chocolate, and fresh produce (USFDA, 2009).

Foodborne outbreaks of Salmonella have been a major concern in RTE 
meat and poultry products. In June 2007, a multistate outbreak of Salmonella 
infections associated with frozen pot pies occurred in the United States 
(CDC, 2007a). The outbreak involved 401 cases of salmonellosis in 41 states; 
32% of affected people were hospitalized. The outbreak strain was iso-
lated from 13 samples of unopened Banquet pot pies collected from the 
homes of patients. Further investigations revealed that 77% of patients 
failed to cook the product properly due to confusion regarding microwav-
ing instructions. In February 1995, 93 cases of salmonellosis associated 
with beef jerky were identified by the New Mexico Department of Health 
(NMDOH) (CDC, 1995b). The Salmonella serotypes isolated from patients 
were Salmonella Typhimurium (31 persons), Salmonella Montevideo (12 per-
sons), and Salmonella Kentucky (11 persons).

While meat and poultry products top the list of RTE foods associated 
with Salmonella outbreaks, other RTE foods have also been implicated in 
Salmonella outbreaks. Toasted oats cereal was implicated in a multistate 
outbreak of Salmonella serotype Agona in April and May 1998 (Martin 
and Bean, 1995). A total of 209 cases with at least 47 hospitalizations 
were reported. Salmonella Agona is an uncommon serotype, accounting 
for approximately 1.5% of human isolates reported to the Public Health 
Laboratory Information System (PHLIS) (Martin and Bean, 1995). Like 
most other Salmonella serotypes, S. Agona is found in a variety of animal 
reservoirs, including poultry, cattle, pigs, and animal feed. This outbreak 
represented the first commercial cereal product to have been implicated 
in a Salmonella outbreak, although an infant cereal product was impli-
cated in an outbreak of Salmonella Senftenberg in the United Kingdom 
(Rushdy et al., 1988). Salmonella spp. are relatively resistant to desicca-
tion and can survive for long periods in dry environments such as cereal 
(Mitscherlich and Marth, 1984). Other outbreaks of this serotype have 
been attributed to dried milk and to a commercial peanut-flavored snack 
(Sramova et al., 1991). Another outbreak of Salmonella Enteritidis occurred 
in 1994 in ice cream which had 80 confirmed cases (CDC, 1994).

In recent years, fresh produce has been repeatedly implicated as a vehi-
cle for foodborne illnesses due to Salmonella. Together with E. coli O157:H7, 
S. enterica is responsible for approximately 61% of all produce-associated 
illnesses (Olsen et al., 2000). Green onions, lettuce, spinach, cantaloupes, 
tomatoes, cabbage, strawberries, raspberries (Beuchat, 1996), alfalfa 
sprouts, parsley (Harris et al., 2001), and tree nuts (CDC, 2009b; USFDA, 
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2004) have been implicated as vehicles of bacterial infections. According 
to the Center for Science in the Public Interest (CSPI, 2009), alfalfa sprouts 
have been implicated in more than 20 Salmonella outbreaks since 1995. An 
outbreak of S. enterica was associated with irrigation water used to produce 
alfalfa sprouts in California (Winthrop et al., 2003). Salmonella Saintpaul 
was identified as the causative agent for 228 cases of foodborne illnesses 
that recently occurred in Nebraska and 13 other states, due to consump-
tion of alfalfa sprouts between January and May 2009. The outbreak was 
traced to alfalfa sprouts grown at multiple facilities that used seeds possi-
bly originating from a common seed producer, identified as Caudill (CDC, 
2009b). In April 2008, another large outbreak of Salmonella Saintpaul was 
initially linked to raw tomatoes in New Mexico and Texas, when CDC 
issued warnings against consumption of raw tomatoes, including round 
red and Roma tomatoes (CDC, 2008). Over the summer, the outbreak 
spread to 43 states, the District of Columbia, and Canada. By August, more 
than 1,400 people were confirmed ill. However, as the outbreak continued 
to spread, the advisory on tomatoes was lifted and issued for Mexican-
grown raw jalapeño and serrano peppers. On July 30, the FDA confirmed 
the presence of Salmonella Saintpaul at a farm in Mexico, both in irrigation 
water and on produce.

Between October 2006 and January 2007, an outbreak of 26 cases 
of Salmonella Litchfield infection in the states of Western Australia and 
Queensland was linked to consumption of papaya (Gibbs et al., 2009). 
Inspection of two of the three farms in Western Australia that supplied the 
contaminated papaya revealed that Salmonella Litchfield was not detected 
in papaya samples, fungal sprays, or water samples from the farms; how-
ever, other serotypes of Salmonella were detected in untreated river water 
used for washing papaya at one of the farms.

The most recent peanut butter outbreak of S. enterica spanned 47 states 
and involved more than 500 cases and 8 fatalities (CDC, 2009c). Inadvert-
ent moisture in the production facility possibly allowed the growth of 
dormant Salmonella organisms that were likely present in raw peanuts or 
peanut dust. A leaky roof in the plant during a rainstorm and a faulty 
sprinkler system were suspected to have contributed to the moisture. 
An earlier outbreak in 2006–2007 involved peanut butter and S. enterica 
(CDC 2007b). Yet another Salmonella outbreak was definitively linked to 
raw almonds, leading to the recall of roughly 18 million pounds of raw 
almonds produced by Paramount Farms (USFDA, 2004). Environmental 
investigations into the outbreak revealed that Salmonella was present at the 
farm when three samples from two huller-shellers that supplied the farm 
during the period of interest tested positive for Salmonella contamination.
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1.3.2  Incidence and prevalence of Salmonella in RTE foods

Ready-to-eat products such as salad vegetables, leafy greens, meat, poul-
try, seafood, dairy, and tree nuts, along with herbs, spices, and dried seeds, 
have all been found to be contaminated with Salmonella. The organism 
is more prevalent in RTE products of animal origin, possibly due to its 
enteric nature and the ability to survive extreme environmental condi-
tions. Prevalence of Salmonella was estimated in different types of RTE 
food products of animal origin in Catalonia, Spain (Cabedo et al., 2008). 
A total of 1,379 samples consisting of 187 RTE fish products and 569 RTE 
meat products, 484 RTE dairy products, and 139 RTE dishes and desserts 
were collected and analyzed for the presence of Salmonella. The organism 
was isolated from 1.2% of smoked salmon samples, 1.5% of frozen chicken 
croquettes, 2% of cooked ham samples, and 11.1% of cured dried sausage 
samples. Between 1990 and 1999, FSIS conducted microbiological testing 
for nine different categories of RTE meat and poultry products that were 
produced at approximately 1,800 federally inspected production facilities 
(Levine et al., 2001). The cumulative Salmonella prevalence over the 10-year 
period was found to be 0.31% in jerky; 0.10% in cooked, uncured poul-
try products; 0.07% in large-diameter cooked sausages; 0.20% in small-
 diameter cooked sausages; 0.22% in cooked beef, roast beef, and cooked 
corned beef; 0.05% in salads, spreads, and pâtés; and 0.22% in sliced ham 
and luncheon meat. For dry and semidry fermented sausages, the cumu-
lative 3-year Salmonella prevalence was 1.43%.

Recent outbreaks of salmonellosis due to consumption of products 
from plant origin have highlighted the relevance of sources of infections 
other than animal origin (e.g., egg, poultry, meat). An international out-
break of multi-drug-resistant S. Typhimurium DT 104 was correlated to 
the consumption of halvah, an Asian sweet confection made from sesame 
seeds. In a follow-up study conducted by Brockmann et al. (2004), several 
sesame seed products were examined for the occurrence of Salmonella. Of 
the 117 RTE food products made from sesame seeds, salmonellae were 
isolated from 11 (9.4%) samples (Brockmann et al., 2004). In addition to 
finding S. Typhimurium DT 104 in the halvah involved in the outbreak, 
S. Offa, S. Tennessee, and S. Poona were also isolated from sesame paste 
(tahini) and sesame seed sold for raw consumption in cereals. Due to the 
high desiccation tolerance of Salmonella, dried herbs and spices have also 
been found to be contaminated with this organism. The FDA has noted 
an increase in the number of recalls of dried spices due to bacterial con-
tamination (Viji et al., 2006). Accordingly, Viji et al. (2006) reviewed spice 
recalls in the United States that took place between 1970 and 2003. Of the 
21 recalls involving 12 spice types contaminated with bacterial pathogens, 
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20 recalled spices contained Salmonella, with paprika being the most com-
mon spice involved in the recalls.

A more recent study carried out by the Health Protection Agency and 
the Local Authorities Co-ordinators of Regulatory Services (LACORS) 
(2009) revealed the presence of Salmonella in a small number of RTE dried 
seed samples. Between October 2007 and March 2008, 3,735 samples of RTE 
seeds of different varieties (alfalfa, hemp, linseed, melon, poppy, pump-
kin, sesame, sunflower, other [watermelon, celery] and mixed seeds) were 
collected from retail premises including supermarkets, health food shops, 
convenience shops, and market stalls. Salmonella was detected in 0.6% of 
samples collected; samples included sesame seeds, linseed, sunflower 
seeds, alfalfa seeds, melon seeds, and mixed seeds. The most frequently 
contaminated seed type was melon seeds (8.5% contained Salmonella).

Consumer demand for fresh fruits and vegetables and for convenience 
foods has increased in the past decade, causing an expansion of the mini-
mally processed vegetables (MPVs) market. Salmonella is one of the more 
common pathogenic microorganisms that can be transmitted to humans 
by these products. Fröder et al. (2007) evaluated the microbial quality of 
a variety of MPVs. A total of 133 samples of minimally processed leafy 
salads were tested for the presence of Salmonella from retailers in the city 
of São Paulo, Brazil. Salmonella was detected in 4 (3%) of the 133 sam-
ples. Similarly, a study of retail, bagged, prepared RTE salad vegetables 
was undertaken by Sagoo et al. (2003) to determine the microbiological 
quality of these vegetables. Examination of 3,852 samples of the salad 
vegetables revealed that 6 (0.2%) samples were of unacceptable microbio-
logical quality because of the presence of Salmonella (Salmonella Newport 
PT33 [1 sample], Salmonella Umbilo [3 samples], and Salmonella Durban 
[1 sample]). Prevalence of Salmonella on fresh produce collected from the 
southern United States was evaluated by Johnston et al. (2005). A total of 
398 produce samples (leafy greens, herbs, and cantaloupe) were collected. 
The prevalence of Salmonella for all samples was 0.7% (3 of 398).

1.3.3  Strategies for controlling Salmonella in RTE foods

Salmonella is associated with a number of foods. Due to its enteric nature, 
meat (cattle, pigs, goats, chickens, etc.) may be contaminated from the 
intestinal contents during evisceration of animals, during washing, and 
during post-harvest processing. However, proper cooking of the meat 
and meat products will generally eliminate the contamination. Therefore, 
control of Salmonella focuses on adequate cooking of potentially contami-
nated foods. The multistate outbreak of Salmonella infections associated 
with inadequately cooked frozen pot pies emphasizes the need to thor-
oughly cook non-RTE frozen foods. Additionally, these products need to 



Chapter one: Microbiology of ready-to-eat foods 19

be clearly labeled, with cooking instructions validated to account for vari-
ability in microwave wattage and common misconceptions among con-
sumers regarding the nature of non-RTE foods.

Ready-to-eat foods such as cream, mayonnaise, and creamed foods 
can support multiplication of Salmonella. Additionally, many RTE foods 
are either consumed raw or are minimally processed. Vegetables and 
fruits may carry Salmonella when contaminated with fecal matter or when 
washed with polluted water. Minimally processed cut and packaged 
salad is exposed to a range of conditions during growth, harvest, prepa-
ration, and distribution, and these conditions may increase the potential 
for microbial contamination. It is therefore essential to prevent cross-
 contamination by implementation of good agricultural practices and good 
hygiene practices from farm to fork.

Additionally, Salmonella is extremely tolerant to various growth con-
ditions. It can grow over a temperature range of 7°C to 46°C, survive in 
water activity as low as 0.94, and in pH ranging from 4.4 to 9.4 (FSIS, 2008). 
The desiccation resistance of Salmonella, along with its ability to survive 
varying temperature and pH conditions, plays a role in the survival of 
this organism in RTE products. Therefore, conditions recommended for 
the prevention of bacterial growth during production of certain RTE meat 
products such as jerky include rapid drying at high temperatures (i.e., 
initial drying temperature greater than 155ºF [68.3ºC] for 4 hours, then 
greater than 140ºF [60ºC] for an additional 4 hours) and decreased water 
activity (i.e., aw = 0.86) (Holley, 1985a, 1985b). Salmonella infection can thus 
also be prevented by avoiding multiplication of the organism in food (con-
stant storage at 4°C), and by using pasteurized and sterilized products 
(fruit juices, milk, and milk products).

FSIS is the public health regulatory agency in the USDA that is 
responsible for the safety of the United States’ commercial supply of meat, 
poultry, and egg products. As part of its responsibility, the FSIS issued 
the “Pathogen Reduction; Hazard Analysis and Critical Control Point 
(PR/HACCP) Systems, Final Rule” in 1996. This rule sets performance 
standards for establishments that slaughter a selective class of food ani-
mals, or those that produce selected classes of raw ground products, to 
verify that industry systems are effective in controlling the contamina-
tion of raw meat and poultry products with disease-causing bacteria, such 
as Salmonella. FSIS requires all plants to reduce bacteria by means of the 
PR/HACCP system. FSIS has also taken steps at addressing the problems 
of Salmonella contamination on meat and poultry products. Since 1983, 
FSIS has been conducting regulatory microbiological testing programs on 
RTE meat and poultry products. These programs are designed to evolve 
continuously in response to public health concerns and provide an overall 
indication of trends.
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1.4  Escherichia coli O157:H7
Escherichia coli, considered to be part of the normal micro-flora of the intes-
tinal tract of humans and other warm-blooded animals (Drasar and Hill, 
1974), was first described by Theodor Escherich in 1885 (Escherich, 1988). 
Generally, E. coli strains that colonize the human intestine are harmless. 
However, they may become pathogenic and have the potential to cause 
infection among immunocompromised individuals or when the integrity 
of the defense barrier system of the intestinal mucosa is compromised 
(Nataro and Kaper, 1998). Over the years some E. coli strains have devel-
oped the ability to cause disease of the gastrointestinal, urinary, or central 
nervous system, even in healthy individuals (Nataro and Kaper, 1998). The 
diarrheagenic E. coli that have been associated with foodborne illnesses 
are grouped into five categories: enteropathogenic E. coli (EPEC), entero-
invasive E. coli (EIEC), enterotoxigenic E. coli (ETEC), enteroaggregative 
E. coli (EAggEC), and enterohemorrhagic E. coli (EHEC). Escherichia coli 
O157:H7 belongs to the EHEC group of E. coli that has been associated 
with foodborne illnesses. It is one of the most important strains belonging 
to the EHEC group and has been commonly associated with hemorrhagic 
colitis and hemolytic uremic syndrome around the world.

Escherichia coli O157:H7 was first isolated in 1975 from a woman in 
California diagnosed with severe bloody diarrhea (Riley et al., 1983). It 
was first recognized as an important pathogen in 1982 following two 
foodborne outbreaks of hemorrhagic colitis (Riley et al., 1983; Wells et al., 
1983). In 1983, Karmali et al. (1983) reported an association between infec-
tion with Shiga toxin–producing E. coli and hemolytic uremic syndrome. 
In recognition of its distinct clinical manifestations, E. coli O157:H7 
became the first of several strains to be referred to as EHEC, which are 
now believed to account for more than 90% of all cases of hemolytic ure-
mic syndrome in industrial countries (Scotland et al., 1985). Escherichia coli 
O157:H7 is genetically very closely related to E. coli O55:H7, an EPEC strain 
associated with infantile diarrhea (Whittman et al., 1993). It can adhere 
to epithelial cells and produce the characteristic “attaching and effacing” 
lesions (Nataro and Kaper, 1998) similar to the EPEC strain. According to 
LeClerc et al. (1996), E. coli O157:H7 may be particularly adept at incorpo-
rating foreign DNA material due to its intrinsically high rate of defects in 
the DNA repair mechanisms.

Several factors have been associated with the virulence of E. coli 
O157:H7; one factor is its ability to produce one or more Shiga toxins. It 
was demonstrated in 1983 that the genes controlling the production of 
the two toxins are bacteriophage encoded (O’Brien et al., 1984; Scotland 
et al., 1983; Smith et al., 1983). It is believed that the bacteriophage was 
acquired by the E. coli O157:H7 strains directly or indirectly from Shigella 
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(Buchanan and Doyle, 1997). Production of Shiga toxins in itself is not 
sufficient to cause disease. E. coli O157:H7 has other characteristics that 
help make it virulent and deadly. Adhesion to the epithelial cells lining 
the intestinal tract may be one important aspect of the organism’s patho-
genic potential (Griffin, 1995). Other factors thought to contribute to the 
virulence of E. coli O157:H7 include a 60MDa virulence plasmid (pO157) 
and the locus of enterocyte effacement (LEE) (Mead and Griffin, 1998). 
The involvement of the 60MDa plasmid in adherence has been suggested, 
but the reports on its exact role are conflicting (Karch et al., 1987; Toth 
et al., 1991; Tzipori et al., 1987). It has also been suggested that the pO157 
encodes a hemolysin that, in concert with specialized transport systems, 
may allow E. coli O157:H7 to use iron from blood released into the intes-
tine (Law and Kelly, 1995).

1.4.1  Outbreaks associated with E. coli O157:H7 in RTE foods

In the 10 years following the 1982 outbreak, approximately 30 E. coli 
O157:H7 outbreaks were recorded in the United States (Griffin and Tauxe, 
1991). The actual number that occurred is probably much higher because 
E. coli O157:H7 infections did not become a reportable disease (required to 
be reported to public health authorities) until 1987 (Keene et al., 1991). As 
a result, only the most geographically concentrated outbreaks would have 
garnered enough attention to prompt further investigation (Keene et al., 
1991). It is important to note that only about 10% of infections occur in 
outbreaks; the rest are sporadic. It is estimated that E. coli O157:H7 causes 
approximately 73,000 illnesses in the United States each year. The Centers 
for Disease Control and Prevention (CDC) has estimated that 85% of E. coli 
O157:H7 infections are foodborne in origin (Mead et al., 1999). Between 
1982 and 2002, of the 350 outbreaks caused by E. coli O157:H7, 52% were 
caused by foodborne sources (Rangel et al., 2005). Although undercooked 
or raw hamburger (ground beef) has been implicated in many of the 
documented outbreaks, RTE foods and produce such as sausages, dried 
(uncooked) salami (Alexander et al., 1994), non-pasteurized milk and 
cheese, yogurt, non-pasteurized apple juice and cider (Cody et al., 1999), 
orange juice, alfalfa and radish sprouts (Breuer et al., 2001), lettuce, and 
spinach (Friedman et al., 1999) have also been implicated in several E. coli 
O157:H7 outbreaks.

Due to the association of E. coli O157:H7 with cattle, milk and milk 
products have been implicated in several foodborne disease outbreaks 
associated with this organism. Seven outbreaks of E. coli O157:H7 have 
been associated with dairy products, including four from consuming raw 
milk. The others involved cheese curds and butter made from raw milk, 
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and commercial ice cream bars (possibly due to cross-contamination) 
(Rangel et al., 2005).

Beef jerky and other processed meat products, including fermented 
salami and sausages which are considered to be RTE and, therefore, are 
expected to be pathogen-free, have also been implicated in foodborne out-
breaks of E. coli O157:H7 (Alexander et al., 1994; Williams et al., 2000). In 
the 1994 foodborne illness outbreak in Washington and California, 20 lab-
oratory confirmed cases of E. coli O157:H7 were linked to the consump-
tion of dry cured sausage. An outbreak of E. coli O157:H7 infection due 
to consumption of Genoa salami was identified in the spring of 1998 in 
southern Ontario. These products are made from raw ground meat, usu-
ally beef and pork, and are preserved through fermentation and drying, 
with the addition of salt and spices. It was a common belief among the 
manufacturers that pathogens like E. coli were unable to grow in foods 
processed under low pH, low water activity, and high salinity conditions 
and that fermented sausages, therefore, did not require cooking and were 
RTE with no further preparation.

Foodborne outbreaks of E. coli O157:H7 associated with fresh produce 
were first reported in 1991 (Rangel et al., 2005) and have become increas-
ingly common over the past two decades. The increased consumption of 
fresh fruits and vegetables in the United States appears to correlate with 
increased produce-associated outbreaks (Rangel et al., 2005). Since 1995, 
there have been 22 outbreaks of E. coli O157:H7 associated with fresh let-
tuce or spinach (USFDA, 2001). According to surveillance results for E. coli 
O157 outbreaks reported to CDC between 1982 and 2002, fresh produce 
accounted for 38 of 183 (21%) foodborne outbreaks and 34% of 5,269 cases 
related to foodborne outbreaks (Rangel et al., 2005). The median number 
of cases in produce-associated outbreaks was significantly greater than 
that of ground beef-associated outbreaks (20 vs. 8 at p <0.001) (Rangel 
et al., 2005). Fresh produce types most commonly associated with these 
outbreaks included lettuce (34%), apple cider or apple juice (18%), salad 
(16%), coleslaw (11%), melons (11%), sprouts (8%), and grapes (3%). These 
outbreaks most commonly occurred in restaurants (39%), out of which 
47% were reported to be due to cross-contamination during food prepara-
tion. However, more than half (53%) of the produce-associated outbreaks 
did not involve cross-contamination in the kitchen. The outbreaks were 
due to produce already contaminated with E. coli O157 before purchase 
and included 7 outbreaks associated with apple cider or apple juice, 7 of 
10 lettuce-associated outbreaks, 3 of 4 coleslaw-associated outbreaks, and 
3 alfalfa sprout or clover sprout associated outbreaks (Ackers et al., 1998; 
Besser et al., 1993; Cody et al., 1999; Hilborn et al., 1999; Mahon et al., 
1997). These produce items may have become contaminated in the field 
from manure or contaminated irrigation water; during processing due 
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to contaminated wash water or ice, contaminated equipment, or poor 
handling practices; during transport; or through contaminated storage 
equipment.

In 1996, a large E. coli O157 outbreak, attributed to the consump-
tion of commercial unpasteurized apple juice, occurred in three western 
states and British Columbia, involving 70 illnesses, mostly children. More 
than 30% of patients were hospitalized and hemolytic uremic syndrome 
developed in 20% resulting in death of one child (Cody et al., 1999). 
Since 1998, only two outbreaks due to unpasteurized apple cider have 
been reported, one at a local fair and one from locally produced cider. 
In September 2006, there was an outbreak of foodborne illness caused 
by E. coli O157:H7 in 26 U.S. states which was traced to organic bagged 
fresh spinach (CDC, 2006; FDA, 2007). The outbreak resulted in 204 cases 
of illness, including 31 cases involving hemolytic uremic syndrome, 
104 hospitalizations, and 3 deaths. Investigations by the CDC and a joint 
report by the California Department of Health Services (CDHS, 2007) 
and the FDA concluded that the probable source of the outbreak was a 
cattle ranch that had leased land to a spinach grower. Although it could 
not be definitively decided how the spinach became contaminated, the 
presence of wild pigs on the ranch and the close proximity of surface 
waterways to irrigation wells were considered “potential environmental 
risk factors.” The report also noted that flaws in the spinach producer’s 
transportation and processing systems could have further spread con-
tamination. A few months later, following this outbreak, another out-
break implicated bagged lettuce in fast-food restaurants (FDA, 2006a, 
2006b, 2006c), thus raising concerns about the microbiological quality of 
RTE produce.

1.4.2  Incidence and prevalence of E. coli O157:H7 in RTE foods

Although E. coli O157:H7 is most commonly associated with undercooked 
or raw hamburger (ground beef), RTE foods and produce including leafy 
greens, alfalfa sprouts, unpasteurized fruit juices, dry-cured salami, raw 
or unpasteurized milk, and cheese curds have also been associated with 
the organism. A survey of the prevalence of E. coli O157 in raw meats, raw 
cow’s milk, and raw-milk cheeses was conducted in southeast Scotland 
over a 2-year period starting in April 1997. Escherichia coli O157 was iso-
lated from beef sausage and beef burger produced by the same retail 
butcher shop. Cooley et al. (2007) described the incidence of E. coli O157 in 
a major produce production region in California following the produce-
associated outbreaks between 2002 and 2006. Approximately 1,000 E. coli 
O157 isolates obtained from cultures of more than 100 individual samples 
were typed using Multi-Locus Variable-number-tandem-repeat Analysis 
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(MLVA) to identify the potential fate and transport of E. coli O157 in this 
region. The organism was isolated at least once from 15 of 22 different 
watershed sites over a 19-month period. The incidence of E. coli O157 
increased significantly when heavy rain caused an increased flow rate in 
the rivers.

In a study by Dingman (1999), cider samples were obtained from 11 
cider mills operating in Connecticut during the 1997 to 1998 production 
season to test for the presence of E. coli. Three hundred fourteen cider 
samples were tested, out of which 11 (4%) were found to contain E. coli. Of 
the 11 mills, 6 (55%) tested positive for E. coli in the cider at least once dur-
ing the production year. The microbiological quality of RTE food products 
sold in Taiwan was determined in a total of 164 samples of RTE food prod-
ucts, purchased in 1999–2000 from convenience stores and supermarkets 
in central Taiwan (Fang et al., 2003). The incidence of E. coli in these RTE 
food products was found to be 7.9%. Among the five types of food prod-
ucts tested, the highest incidence of E. coli (16%) was detected in hand-
rolled sushi and food products made from ham.

More recently, a study was carried out by the Health Protection 
Agency and LACORS (2009) in 3,735 samples of RTE dried seeds, where 
1.5% seed samples were found to contain unsatisfactory levels of E. coli, 
an indicator of poor hygiene. Retail samples of seeds of different varieties 
(alfalfa, hemp, linseed, melon, poppy, pumpkin, sesame, sunflower, other 
[watermelon, celery] and mixed seeds) were collected from supermarkets, 
health food shops, convenience shops, and market stalls. Escherichia coli 
was detected in melon, pumpkin, sesame, hemp, poppy, linseed, sun-
flower, and mixed seeds. The most frequently contaminated seed type 
was melon seeds.

1.4.3  Strategies for controlling E. coli O157:H7 in RTE foods

Although outbreaks from E. coli O157:H7 are often associated with 
ground beef products, other food products have also been implicated, 
and these include salami, sprouts, lettuce, unpasteurized apple juice, 
unpasteurized milk, yogurt, and cheese. Since most of these foods are 
considered to be RTE with no final cooking step, control of the dis-
ease from these products is difficult. Since the infectious dose of E. coli 
O157:H7 is very low (Tilden et al., 1996), any survival in an RTE prod-
uct has the potential to cause illness. Escherichia coli O157:H7 may be 
present in raw ground beef that is used in the manufacturing of other 
RTE meat products (Alexander et al., 1994). Appropriate measures 
must therefore be taken to control E. coli O157:H7 in the final prod-
uct. Following good farm and manufacturing practices could be the 
first step to reducing the risk of contamination with E. coli O157:H7. In 
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a recent FDA report, surface waterways exposed to cattle feces were 
identified as potential environmental risk factors for E. coli O157:H7 
contamination of spinach associated with the 2006 outbreak (USFDA, 
2007). Several reported outbreaks of E. coli O157:H7 in the United States 
between 1986 and 1996 associated with fruits and vegetables were also 
due to contamination of produce with animal manure, contamination of 
the water supply used to wash produce, or by cross-contamination 
of the fresh produce with raw meat products during meal preparation 
(Beuchat, 1996). The prevention of cross-contamination from raw beef 
to RTE products is therefore also critical. In addition, proper personal 
hygiene practices should be followed by workers at the pre- and post-
harvest levels during handling of RTE products since even low doses 
can cause severe illness.

Several intervention strategies to reduce the prevalence of E. coli 
O157:H7 in meat are currently practiced by the food industry, including 
the HACCP program. According to the USDA regulation established in 
1994, any raw ground beef and non-intact cuts of beef contaminated with 
E. coli O157:H7 are considered to be adulterated. To minimize contami-
nation of food products that generally enter the food chain in the raw 
state, prevention of fecal contamination during slaughter, milking proce-
dure, and pre- and post-harvest processing of fresh produce is important. 
Washing of hides prior to removal has been shown to significantly reduce 
levels of contamination in beef products (Ahmadia et al., 2006; Bosilevac 
et al., 2004; Sheridan, 2007). Decontamination strategies, which include 
the use of FDA- and USDA-approved antimicrobial treatments to reduce 
E. coli O157:H7 counts on carcass surfaces, hot water or steam treatments, 
and steam vacuuming, are some of the procedures that can eliminate or 
significantly reduce the numbers of the organism on meat surfaces.

Escherichia coli O157:H7 is also known to be acid tolerant and sur-
vives well in fermented and acidic foods. Studies have shown that E. coli 
O157:H7 can survive many of the typical dry fermentation processing 
conditions (Faith et al., 1998; Glass et al., 1992; Tilden et al., 1996). The 
organism’s tolerance to acidic conditions has also been reported in the 
processing of other foods such as apple cider (Miller and Kaspar, 1994) 
and mayonnaise (Zhao and Doyle, 1994). These findings have led to signif-
icant changes in the industry and in the manufacturing of dry fermented 
sausage in the United States (Tilden et al., 1996). In 1996, the USDA-FSIS 
recommended that deli meat manufacturers adopt one of five options for 
the control of E. coli when they make fermented sausages (Blue Ribbon 
Task Force, 1996).

Pasteurization or other risk-reducing strategies, such as labeling, 
irradiation, disinfection, and sprays, for final product or ingredients are 
currently being considered by several countries. For fresh produce that is 
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consumed raw, good agricultural practices that significantly reduce the 
potential for fecal contamination of the crops growing in the fields is criti-
cal. In 2005 and 2006, produce-specific guidelines to minimize the poten-
tial for product contamination with E. coli O157:H7 were published by 
the FDA for fresh produce, including tomatoes, melons, lettuce, and leafy 
greens. For example, pasteurization of fruit juices was suggested as an 
effective control measure for these products, since E. coli O157:H7 is more 
sensitive to heat than is Salmonella. The range of temperatures that support 
growth of E. coli O157:H7 is more limited than that for generic E. coli, with 
a minimum of 46°F (8°C) and a maximum of 113°F (45°C). Interventions 
currently used by the fresh produce industry to reduce foodborne patho-
gens include several physical and chemical treatments (Gutierrez et al., 
2008; Periago and Moezelaar, 2001). Fresh-cut lettuce and leafy greens go 
through one or more vigorous washing processes before they are pack-
aged and sold to consumers. A wide range of sanitizers including ozone, 
peroxyacetic acid, chlorine dioxide, chlorinated trisodium phosphate, oxi-
dized water, and acidified sodium chlorite have been evaluated for their 
ability to reduce E. coli O157:H7 on fresh produce (Stopforth et al., 2008). 
A number of studies have investigated efficacies of various anti microbials 
on fresh produce such as tomatoes, lettuce, broccoli, and apples (Beuchat 
et al., 2001; Kilonzo-Nthenge et al., 2006) against E. coli O157:H7. However, 
these treatments do not always eliminate pathogenic micro organisms. 
For example, efforts by the industry to decrease contamination of sprouts 
have had limited success (Brooks et al., 2001; Taormina et al., 1999). 
Scientific studies have demonstrated that washing produce with water 
or a chlorine-based solution reduces E. coli O157 counts only modestly 
(Beuchat, 1999; Beuchat et al., 2004; Beuchat and Ryu, 1997). Water used 
in post-harvest operations to wash fresh produce may itself become a 
source of contamination if it contains pathogenic microorganisms and 
if there is insufficient wash water disinfectant present (Solomon et al., 
2003). Therefore, once consumers obtain contaminated produce intended 
for raw consumption, little can be done to prevent illness. Until effective 
measures for preventing E. coli O157 contamination of produce items such 
as lettuce, cabbage, and sprouts can be implemented, consumers should 
be educated about potential risks associated with consuming these items 
raw. Further regulatory and educational efforts are needed to improve the 
safety of produce items.

Government regulatory agencies in the United States such as the 
USDA and the FDA have also taken steps to reduce the incidences of 
foodborne illnesses associated with bacterial pathogens, including E. coli 
O157:H7. Following the large multistate outbreak of E. coli O157 infec-
tions in 1993 in the western United States, a surveillance network called 
PulseNet was developed, in order to prevent future severe outbreaks. 
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PulseNet is the national network for molecular sub-typing of foodborne 
bacteria, coordinated by CDC. The participating laboratories include state 
health departments, some local health departments, USDA, and FDA. 
Another surveillance network established by the CDC is the Foodborne 
Diseases Active Surveillance Network (FoodNet), which is a joint effort by 
10 state health departments, the USDA, and FDA. FoodNet conducts active 
surveillance for foodborne diseases and also conducts related epidemio-
logic studies to look at both sporadic cases and outbreaks to help better 
understand the epidemiology of foodborne illnesses and target effective 
prevention strategies.

1.5  Clostridium perfringens
Clostridium perfringens is an anaerobic (microaerophilic), Gram-positive, 
non-motile, spore-forming rod. The organism is widely distributed in the 
environment and is found in soil, dust, and raw ingredients such as spices, 
used in food processing, and in the intestinal tract of humans and ani-
mals (ICMSF, 1996; Juneja, Thippareddi, and Friedman, 2006). According to 
Smith and Williams (1984), it may be one of the most widely occurring bac-
terial pathogens. Raw protein foods of animal origin are frequently con-
taminated with C. perfringens. While the organism has the ability to produce 
enterotoxin (CPE), a large proportion of C. perfringens found in raw foods is 
CPE-negative (Saito, 1990). The CPE gene associated with food poisoning 
is commonly located on the chromosome while a non-food poisoning CPE 
gene is commonly located on a plasmid (Collie and McClane, 1998).

Clostridium perfringens food poisoning typically occurs from the inges-
tion of >106 viable vegetative cells of the organism in temperature-abused 
RTE meat products and is one of the most common types of foodborne ill-
nesses (Labbe, 1989; Labbe and Juneja, 2002). Acidic conditions encountered 
in the stomach may actually trigger the initial stages of sporulation of the 
vegetative cells of C. perfringens. Once in the small intestine, the vegeta-
tive cells sporulate, releasing an enterotoxin upon sporangial autolysis. 
The enterotoxin is responsible for the pathological effects in humans as 
well as the typical symptoms of acute diarrhea with severe abdominal 
cramps and pain (Duncan and Strong, 1969; Duncan et al., 1972). Pyrexia 
and vomiting are usually not encountered in affected individuals. The 
typical incubation period before onset of symptoms is 8 to 24 hours, and 
acute symptoms usually last less than 24 hours. Full recovery within 24 to 
48 hours is normal. Fatalities are rare in healthy individuals. Foodborne 
outbreaks of C. perfringens can be confirmed if >105 CFU/g of the organism 
or >106 spores/g are detected in the implicated food or feces, respectively 
(Labbe and Juneja, 2002).
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Intrinsic and extrinsic factors that affect survival and growth of C. per-
fringens in food products and contribute to outbreaks include temperature, 
oxygen, water activity (aw), pH, and curing salts. Clostridium perfringens 
strains that carry the CPE gene on the chromosome have previously been 
reported to be 60 times more heat resistant than the non-food poisoning 
strains (Sarker et al., 2000).

Heat treatment applied to raw product during preparation of RTE 
meat or poultry products is usually sufficient to kill vegetative cells of 
C. perfringens but not the spores present in the raw product. Likewise, 
slow cooking associated with low-temperature, long-time cooking will 
not eliminate C. perfringens spores. Cooking temperatures, if designed to 
inactivate C. perfringens spores, may negatively affect the product qual-
ity and desirable organoleptic attributes of foods. Therefore, spores are 
likely to survive the normal pasteurization/cooking temperatures applied 
to RTE foods. The surviving, heat-activated C. perfringens spores may ger-
minate, outgrow, and multiply into large number of vegetative cells in 
cooked RTE foods if the rate and extent of cooling are not sufficient or if 
the processed foods are temperature abused. The abuse may occur during 
transportation, distribution, storage, or handling in supermarkets or dur-
ing preparation of foods by consumers, which includes low- temperature, 
long-time cooking of foods as well as the scenarios when the foods are kept 
on warming trays before final heating or reheating. Thus, meat- containing 
RTE foods can be contaminated by vegetative cells that start out as spores 
originating in the raw meat or spices used in their production. In addi-
tion, cooking usually increases the anaerobic environment in food and 
reduces the number of competing spoilage organisms, which is ecologi-
cally important because C. perfringens competes poorly with the spoilage 
flora of many foods. Mean generation times in autoclaved ground beef 
during slow heating from 35°C to 52°C ranged from 13 to 30 minutes with 
temperature increases of 6°C to 12.5°C per hour (Willardsen et al., 1978). 
Another study also demonstrated growth of the organism in autoclaved 
ground beef during linear temperature increases (4.1°C–7.5°C per hour) 
from 25°C to 50°C (Roy et al., 1981).

Studies have described growth of C. perfringens during cooling of 
cooked RTE, uncured meat products. In a study by Tuomi et al. (1974), 
when cooked ground beef gravy inoculated with a mixture of vegetative 
cells and spores of C. perfringens NCTC 8239 was cooled in a refrigera-
tor, rapid growth of the organism was reported to occur during the first 
6 hours of cooling when the gravy temperature was in an ideal growth 
temperature range. Shigehisa et al. (1985) reported on germination and 
growth characteristics of C. perfringens spores inoculated into ground beef 
at 60°C and cooled to 15°C at a linear cooling rate of 5°C to 25°C per hour. 
They observed that the organism did not grow during exposure to falling 
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temperature rates of 25°C to 15°C per hour. However, multiplication of 
the organism was observed when the rate was less than 15°C per hour. 
Interestingly, the total population did not change for the first 150 minutes, 
regardless of the cooling rate. This study is not totally applicable to typi-
cal retail food operations because cooling is not linear; it is exponential. 
Steele and Wright (2001) evaluated growth of C. perfringens spores in tur-
key roasts cooked to an internal temperature of 72°C, followed by cool-
ing in a walk-in cooler from 48.9°C to 12.8°C in 6, 8, or 10 hours. Results 
of that study indicated that an 8.9-hour cooling period was adequate to 
prevent growth of C. perfringens with a 95% tolerance interval. To simulate 
commercial chili cooling procedures, Blankenship et al. (1988) conducted 
exponential cooling experiments in which the cooling time was 4 hours 
and 6 hours for a temperature decline from 50°C to 25°C. This is approxi-
mately equivalent to a cooling rate of 12 hours and 18 hours for tempera-
tures of 54.4°C to 7.2°C. They observed a declining growth rate in the case 
of 4 hours and 6 hours cooling time. Juneja et al. (1994) reported that no 
appreciable growth (<1.0 log10 CFU/g) occurred if cooling took 15 hours 
or less when cooked ground beef, inoculated with heat activated C. per-
fringens spores, was cooled from 54.4°C to 7.2°C at an exponential rate. 
However, C. perfringens grew by 4 to 5 log10 CFU/g if the cooling time was 
greater than 18 hours. This implies that C. perfringens is capable of rapid 
growth in meat systems, making this organism a particular concern to 
meat processors, as well as to the food service industry.

A limited amount of published research is available regarding growth 
of the pathogen in cooked cured meats during cooling. Taormina et al. 
(2003) inoculated bologna and ham batter with C. perfringens spores, fol-
lowed by cooking and either cooling procedures typically used in indus-
try or extended chilling. In that study, growth of the organism was not 
detected in any of the products tested during chilling from 54.4°C to 7.2°C. 
Zaika (2003) reported complete inhibition of C. perfringens germination 
and growth in cured ham with NaCl concentrations of 3.1% when cooled 
exponentially from 54.4°C to 7.2°C within 15, 18, or 21 hours. Cooked cured 
turkey cooled from 48.9°C to 12.8°C did not support C. perfringens growth 
in 6 hours; however, a 3.07-log increase was observed following 24 hours 
cooling time (Kalinowski et al., 2003).

1.5.1  Outbreaks of C. perfringens in RTE foods

The incidence of Clostridium perfringens gastrointestinal illnesses in the 
United States has been estimated by the CDC to be 248,000 cases per year 
leading to 41 hospitalizations and 7 deaths each year, with 100% of these 
cases being due to foodborne transmission of the pathogen (Mead et al., 
1999) and with an estimated cost of $200 per case (Todd, 1989). It is currently 
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estimated that the incidence of foodborne illness from C. perfringens is a 
factor of 10 to 350 times the number of cases actually reported (Mead et al., 
1999). In another report from 1993 to 1997, C. perfringens accounted for 2.1% 
of the outbreaks and 3.2% of the cases of foodborne illnesses and was the 
third most common cause of confirmed outbreaks and cases of foodborne 
illness (Olsen, 2000). There is no evidence to suggest that the contrary 
exists today. Most cases of C. perfringens food poisoning are mild and are 
not reported. In 1994, the total cost of illnesses due to C. perfringens was 
estimated at $123 million in the United States (Anonymous, 1995). The esti-
mated large number of illnesses due to C. perfringens clearly stresses the 
importance of cooling foods quickly after cooking with proper refrigera-
tion during shelf-life storage.

Clostridium perfringens outbreaks usually result from improper han-
dling and preparation of foods, such as inadequate cooling, at the home, 
retail, or food service level, rarely involving commercial meat processors 
(Bean et al., 1997; Bean and Griffin, 1990; Bryan, 1988; CDC, 2000; Taormina 
et al., 2003). Major contributing factors leading to food poisoning associated 
with C. perfringens include its ability to form heat-resistant spores that can 
survive commercial cooking operations, as well as the ability to germinate, 
outgrow, and multiply at a very rapid rate during post-cook handling, pri-
marily under conditions conducive to germination. Such conditions occur 
when the cooling of large batches of cooked foods is not fast enough to 
inhibit bacterial growth or the foods are held at room temperature for an 
extended period or are temperature abused. Germination and outgrowth 
of C. perfringens spores during cooling of thermally processed meat prod-
ucts has been reported extensively (Juneja et al., 1994, 1999). Accordingly, 
improper cooling (40.9%) of food products has been cited as the most com-
mon cause of C. perfringens outbreaks (Angulo et al., 1998).

Meat and poultry products were associated with the vast majority of 
C. perfringens outbreaks in the United States, probably due to the fastidious 
requirement for more than a dozen amino acids and several vitamins for 
the organism to grow in these products (Brynestad and Granum, 2002; 
Labbe and Juneja, 2002). Roast beef, turkey, meat-containing Mexican 
foods, and other meat dishes have been associated with C. perfringens 
food-poisoning outbreaks (Bryan, 1969, 1988). Roast beef and other types 
of cooked beef were primarily implicated as vehicles of transmission for 
26.8% of 190 C. perfringens enteritis outbreaks in the United States from 
1973 to 1987 and 33.9% of 115 outbreaks from 1977 to 1984, although poultry 
products were also commonly implicated (Bean and Griffin, 1990; Bryan, 
1988). In retrospect, most outbreaks of C. perfringens food poisoning can 
be avoided by adequate cooking of meat products followed by holding at 
hot temperatures or rapid cooling.
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1.5.2  Incidence and prevalence of C. perfringens in RTE foods

Clostridium perfringens is commonly found on vegetable products and 
in other raw and processed foods. The organism is frequently found 
in meats, generally through fecal contamination of carcasses, contamina-
tion from other ingredients such as spices, or post-processing contami-
nation. Clostridium perfringens was detected in 36%, 80%, and 2% of fecal 
samples from cattle, poultry, and pigs, respectively (Tschirdewahn et al., 
1991). The organism was found on 29%, 66%, and 35% of beef, pork, and 
lamb carcasses, respectively (Smart et al., 1979). Clostridium perfringens was 
isolated from 43.1% of processed and unprocessed meat samples tested in 
one study, including beef, veal, lamb, pork, and chicken products (Hall 
and Angelotti, 1965). Many areas within broiler chicken processing plants 
are contaminated with the organism (Craven, 2001), and the incidence of 
C. perfringens on raw poultry ranges from 10% to 80% (Waldroup, 1996). 
Clostridium perfringens was detected in 47.4% of raw ground beef sam-
ples (Ladiges et al., 1974), and a mean level of 45.1 C. perfringens per cm2 
was detected on raw beef carcass surface samples (Sheridan et al., 1996). 
Clostridium perfringens was detected on 38.9% of commercial pork sau-
sage samples (Bauer et al., 1981), and on raw beef, equipment, and cooked 
beef in food service establishments (Bryan and McKinley, 1979). In a sur-
vey conducted in the United Kingdom by Hobbs et al. (1965), 67% of the 
vacuum-packaged fish products samples were positive for clostridia, pre-
dominantly C. perfringens. About 50% of raw or frozen meat and poultry 
contains C. perfringens (Labbe, 1989). Clostridium perfringens spores were 
isolated from 80% of 54 different spices and herbs (Deboer et al., 1985). 
This presents a public health hazard since spices and herbs are commonly 
used in meat and meat products. However, early surveys of foods did not 
determine the enterotoxin-producing ability of isolates. In recent surveys, 
on the incidence of C. perfringens in raw and processed foods, an incidence 
level of 30% to 80% has been found (Lin and Labbe, 2003).

To determine the level of contamination, Kalinowski et al. (2003) 
reported that out of 197 raw comminuted meat samples analyzed, all but 
two samples had undetectable levels (<3 spores per g) and two ground 
pork samples contained 3.3 and 66 spores per gram. In another survey, 
Taormina et al. (2003) examined a total of 445 whole muscle and ground or 
emulsified raw pork, beef, and chicken product mixtures acquired from 
industry sources for C. perfringens vegetative cells and spores. Out of 194 
cured whole-muscle samples examined, 1.6% were positive for vegetative 
cells and spores were not detected. Out of 152 cured ground or emulsi-
fied samples, 48.7% and 5.3% were positive for vegetative cells and spores, 
respectively. Populations of vegetative cells and spores did not exceed 2.72 
and 2.00 log10 CFU/g. These studies suggest a low incidence of spores in 
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raw, cured, whole-muscle ham as well as low levels of spores in cured, 
ground, emulsified meats, and in raw comminuted meat samples.

Li et al. (2007) surveyed soils and home kitchen surfaces in the 
Pittsburgh, Pennsylvania, area to determine the prevalence of cpe-positive 
C. perfringens isolates in these two environments and reported that neither 
soil nor home kitchen surfaces represent major reservoirs for type A iso-
lates with chromosomal cpe that cause food poisoning, although soil does 
appear to be a reservoir for cpe-positive isolates causing non-foodborne 
gastrointestinal diseases. Rahmati and Labbe (2008) reported 17 samples 
positive for C. perfringens, one possessed enterotoxin gene, out of 347 fresh 
and processed seafood samples examined. In another study (Wen and 
McClane, 2004), a survey of American retail foods reported that approxi-
mately 1.7% of raw meat, fish, and poultry items sold in retail foods stores 
contained type A isolates carrying a chromosomal cpe gene, and no plas-
mid cpe gene was found in any of those surveyed retail foods. In a national 
survey of the retail meats conducted in Australia, C. perfringens was not 
recovered from any of the 94 ground beef samples and was isolated from 
1 of 92 samples of diced lamb (Phillips et al., 2008). These surveys indicate 
a low incidence of C. perfringens in retail meats.

1.5.3  Strategies for controlling C. perfringens in RTE foods

Due to its ubiquitous nature and rapid growth in meat products, C. per-
fringens can be a potential hazard in processed meat and poultry products. 
The FDA (2001b) Food Code dictates that cooked, potentially hazardous 
foods such as meats should be cooled from 60°C to 21°C within 2 hours 
and from 60°C to 5°C within 6 hours. In the United Kingdom, it is recom-
mended that uncured cooked meats be cooled from 50°C to 12°C within 
6 hours and from 12°C to 5°C within 1 hour (Gaze et al., 1998). Safe cooling 
times for cured meats may be up to 25% longer (Gaze et al., 1998). The 
USDA-FSIS compliance guidelines (USDA-FSIS, 2001) for chilling of ther-
mally processed meat and poultry products state that these products 
should be chilled following the prescribed chilling rates, or require that 
process authorities validate the safety of customized chilling rates to con-
trol spore-forming bacteria. Specifically, the guidelines state that cooling 
from 54.4°C to 26.7°C should take no longer than 1.5 hours, and cool-
ing from 26.7°C to 4.4°C should take no longer than 5 hours (USDA-FSIS 
2001). Additional guidelines allow for the cooling of certain cured cooked 
meats from 54.4°C to 26.7°C in 5 hours and from 26.7°C to 7.2°C in 10 hours 
(USDA-FSIS 2001). If meat processors are unable to meet the prescribed 
time-temperature cooling schedule, they must be able to document that the 
customized or alternative cooling regimen used will result in a less than 
1-log10 CFU increase in C. perfringens in the finished product. If the cooling 
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guidelines cannot be achieved, computer modeling, product sampling, or 
both, can be used to evaluate the severity and microbiological risk of the 
process deviation, and additional challenge studies may be necessary to 
determine if performance standards have been met.

The presence of inhibitory agents in the products can affect germina-
tion of C. perfringens spores and may also affect the minimum growth 
temperatures for the germinated spores. Recent studies have shown the 
efficacy of certain antimicrobial agents against the growth of C. perfrin-
gens during cooling of meat products. For instance, Sabah, Thippareddi, 
et al. (2003) found that 0.5% to 4.8% sodium citrate inhibited growth of 
C. perfringens in cooked, vacuum-packaged, restructured beef cooled from 
54.4°C to 7.2°C within 18 hours. The same researchers also demonstrated 
growth inhibition of the microorganism by oregano in combination with 
organic acids during cooling of sous-vide cooked ground beef products 
(Sabah, Juneja, et al., 2003). Organic acid salts such as 1% to 1.5% sodium 
lactate, 1% sodium acetate, 0.75% to 1.3% buffered sodium citrate (with 
or without sodium diacetate), 1.5% sodium lactate supplemented with 
sodium diacetate inhibited germination and outgrowth of C. perfringens 
spores during the chilling of marinated ground turkey breast (Juneja and 
Thippareddi, 2004a, 2004b). In another study, Thippareddi et al. (2003) 
reported complete inhibition of C. perfringens spore germination and out-
growth by sodium salts of lactic and citric acids (2.5% and 1.3%, respec-
tively) in roast beef, pork ham, and injected turkey products. Incorporation 
of plant-derived natural antimicrobials, such as thymol (1%–2%), cinnam-
aldehyde (0.5%–2%), oregano oil (2%), and carvacrol (1%–2%), as well as 
the biopolymer chitosan (0.5%–3%) derived from shellfish, and green tea 
catechins (0.5%–3%) individually inhibited C. perfringens germination and 
outgrowth during exponential cooling of ground beef and turkey (Juneja, 
Thippareddi, Bari, et al., 2006; Juneja, Thippareddi, and Friedman, 2006; 
Juneja and Friedman, 2007; Juneja et al., 2007). Therefore, natural com-
pounds can be used as ingredients in processed meat products to provide 
an additional measure of safety to address the C. perfringens hazard dur-
ing chilling and subsequent refrigeration of meat products, thus further 
minimizing risk to the consumer.

Numerous studies have examined the heat resistance of C. perfringens 
spores, vegetative cells, or both. Heat resistance varies among strains of 
C. perfringens, although both heat-resistant and heat-sensitive strains can 
cause food poisoning (Labbe and Juneja, 2006). Environmental stresses, 
such as storage and holding temperatures, and low-temperature, long-
time cooking expose the contaminating vegetative and spore-forming 
foodborne pathogens to conditions similar to heat shock, thereby render-
ing the heat-shocked organisms more resistant to subsequent lethal heat 
treatments. Researchers have reported on the quantitative assessment of 
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heat resistance, the heat shock response, and the induced thermotolerance 
to assist food processors in designing thermal processes for the inacti-
vation of C. perfringens, thereby ensuring the microbiological safety of 
cooked foods (Juneja, Novak, Eblen, et al., 2001; Juneja et al., 2003). Heat 
shocking vegetative cells suspended in beef gravy at 48°C for 10 minutes 
allowed the microorganisms to survive longer and increased the heat 
resistance to as high as 1.5-fold (Juneja, Novak, Eblen, et al., 2001). The 
thermal resistance (D-values in minutes) of C. perfringens cells heated in 
beef gravy at 58°C ranged from 1.21 minutes (C 1841 isolate) to 1.60 min-
utes (F 4969 isolate). Compared to the control (no heat shock), the increase 
in heat resistance after heat shocking at 58°C ranged from 1.2-fold (B 40 
isolate) to 1.5-fold (NCTC 8239 isolate). The D-values of C. perfringens 
spores heated in beef gravy at 100°C ranged from 15.50 minutes (NCTC 
8239 isolate) to 21.40 minutes (NB 16 isolate) (Juneja et al., 2003). Compared 
to the control (no heat shock), the increase in heat resistance of C. per-
fringens spores at 100°C after heat shocking ranged from 1.1-fold (NCTC 
8238 isolate) to 1.5-fold (F 4969 isolate). Similar results were obtained by 
Heredia et al. (1997), who found that a sublethal heat shock at 55°C for 
30 minutes increased tolerance of both spores and vegetative cells to a 
subsequent heat treatment. In their study, when the heat resistance of 
C. perfringens vegetative cells, grown at 43°C in fluid thioglycollate broth 
(FTG) to an A600 of 0.4 to 0.6, was determined, the D-values at 55°C of 9 
and 5 minutes for FD-1 and FD1041 strains, respectively, were reported. 
The D-values of the heat-shocked cells were 85 and 10 minutes, respec-
tively. Heredia et al. (1997) heat shocked sporulating cells of C. perfringens 
at 50°C for 30 minutes and then determined the D-values at 85°C or 90°C. 
The authors reported that a sublethal heat shock increased the thermotol-
erance of C. perfringens spores by at least 1.7- to 1.9-fold; the D-values at 
85°C increased from 24 to 46 minutes, and at 95°C, from 46 to 92 minutes, 
respectively. Bradshaw et al. (1982) reported D-values at 99°C for C. per-
fringens spores suspended in commercial beef gravy ranging from 26 to 
31.4 minutes. Miwa et al. (2002) found that spores of enterotoxin-positive 
C. perfringens strains were more heat-resistant than were enterotoxin-neg-
ative strains. Similarly, food poisoning isolates of the organism are gen-
erally more heat-resistant than C. perfringens spores from other sources 
(Labbe, 1989). Sarker et al. (2000) reported D-values at 100°C for 12 isolates 
of C. perfringens spores, carrying either chromosomal cpe gene or plasmid 
cpe gene, in DS medium ranged from 0.5 minutes to 124 minutes. Sarker 
et al. (2000) reported D-values at 55°C for C. perfringens cells grown at 37°C 
in FTG of 12.1 minutes and 5.6 minutes for E13 and F5603 strains, respec-
tively. These authors also reported a strong association of the food poison-
ing isolates and increased heat resistance; the D-values at 55°C or 57°C 
for the C. perfringens chromosomal cpe isolates were significantly higher 
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(p <0.05) than the D-values of the C. perfringens isolates carrying a plas-
mid cpe gene; however, differences in heat resistance were not observed 
at higher temperatures. Nevertheless, understanding these variations in 
heat resistance is certainly necessary in order to design adequate cooking 
regimes to eliminate C. perfringens vegetative cells in RTE foods.

Studies have been conducted to assess the effects and interactions 
of multiple food formulation factors on the heat resistance of spores 
and vegetative cells of C. perfringens. In a study by Juneja and Marmer 
(1996), when the thermal resistance of C. perfringens spores (expressed as 
D-values in minutes) in turkey slurries that included 0.3% sodium pyro-
phosphate at pH 6.0 and salt levels of 0%, 1%, 2%, or 3% was assessed, the 
D-values at 99°C decreased from 23.2 minutes (no salt) to 17.7 minutes 
(3% salt). In a beef slurry, the D-values significantly decreased (p <0.05) 
from 23.3 minutes (pH 7.0, 3% salt) to 14.0 minutes (pH 5.5, 3% salt) at 99°C 
(Juneja and Majka, 1995). While addition of increasing levels (1%–3%) of 
salt in turkey (Juneja and Marmer, 1996) or a combination of 3% salt and 
pH 5.5 in beef (Juneja and Majka, 1995) can result in a parallel increase in 
sensitivity of C. perfringens spores at 99°C, mild heat treatments given to 
minimally processed foods will not eliminate C. perfringens spores. Juneja 
and Marmer (1998) examined the heat resistance of vegetative C. perfrin-
gens cells in ground beef and turkey containing sodium pyrophosphate 
(SPP). The D-values in beef that included no SPP were 21.6, 10.2, 5.3, and 
1.6 minutes at 55°C, 57.5°C, 60°C, and 62.5°C, respectively; the values in 
turkey ranged from 17.5 minutes at 55°C to 1.3 minutes at 62.5°C. Addition 
of 0.15% SPP resulted in a concomitant decrease in heat resistance as evi-
denced by reduced bacterial D-values. The D-values in beef that included 
0.15% SPP were 17.9, 9.4, 3.5, and 1.2 minutes at 55°C, 57.5°C, 60°C, and 
62.5°C, respectively; the values in turkey ranged from 16.2 minutes at 55°C 
to 1.1 minutes at 62.5°C. The heat resistance was further decreased when 
the SPP level in beef and turkey was increased to 0.3%. Heating such prod-
ucts to an internal temperature of 65°C for 1 minute killed >8 log10 CFU/g. 
The z-values in beef and turkey for all treatments were similar, ranging 
from 6.22°C to 6.77°C. Thermal death time values from this study should 
assist institutional food service settings in designing thermal processes 
that ensure safety against C. perfringens in cooked beef and turkey.

Researchers have assessed the efficacy of added preservatives on 
inhibiting or delaying the growth of C. perfringens in extended shelf-life, 
refrigerated, processed meat products. When ground turkey containing 
0.3% sodium pyrophosphate and 0%, 1%, 2%, or 3% salt was sous-vide pro-
cessed (71.1°C) and held at 28°C, lag times of 7.3, 10.6, 11.6, and 8.0 hours 
were observed for salt level of 0%, 1%, 2%, and 3%, respectively (Juneja and 
Marmer 1996). Growth of C. perfringens spores in cooked ground turkey 
with added 0.3% sodium pyrophosphate was inhibited for 12 hours at 3% 
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salt, pH 6.0, and 28°C. After 16 hours, spores germinated and grew at 28°C 
from 2.25 to >5 log10 CFU/g in sous-vide processed (71.1°C) turkey samples 
regardless of the presence or absence of salt (Juneja and Marmer, 1996). 
While C. perfringens spores germinated and grew at 15°C to >5 log10 CFU/g 
in turkey with no salt by day 4, the presence of 3% salt in samples at 15°C 
completely inhibited germination and subsequent multiplication of veg-
etative cells even after 7 days of storage (Juneja and Marmer 1996). Thus, 
the addition of 3% salt in sous-vide processed ground turkey containing 
0.3% SPP delayed growth for 12 hours at 28°C and completely inhibited 
the outgrowth of spores at 15°C (Juneja and Marmer 1996). However, 3% 
salt in RTE products will not inhibit germination and growth of C. perfrin-
gens spores if refrigerated products are temperature abused to 28°C for an 
extended period. In another study (Juneja and Majka, 1995) the combina-
tion of 3% salt and pH 5.5 inhibited C. perfringens growth from spores in 
sous-vide processed ground beef supplemented with 0.3% SPP at 15°C and 
28°C. Growth from C. perfringens spores occurred within 6 days in sous-
vide processed (71.1°C) pH 7.0 ground beef samples, but was delayed until 
day 8 in the presence of 3% salt at pH 5.5 at 15°C (Juneja and Majka, 1995). 
C. perfringens growth from a spore inoculum at 4°C was not observed in 
sous-vide cooked turkey or beef samples (Juneja and Majka, 1995; Juneja 
and Marmer, 1996). In a related study, Juneja et al. (1996) showed that C. per-
fringens growth in cooked turkey can be effectively inhibited in an atmo-
sphere containing 25% to 75% CO2, 20% O2, and balance N2 in conjunction 
with good refrigeration; however, the atmosphere cannot be relied upon to 
eliminate the risk of C. perfringens food poisoning in the absence of proper 
refrigeration (Juneja et al., 1996). Kalinowski et al. (2003) investigated the 
fate of C. perfringens in cooked-cured and uncured turkey at refrigeration 
temperatures. In their study, C. perfringens decreased by 2.52, 2.54, and 2.75 
log10 CFU/g in cured turkey held at 0.6°C, 4.4°C, and 10°C, respectively, 
and the reductions in levels were similar in uncured turkey.

The efficacy of sodium lactate (NaL) in inhibiting the growth from 
spores of C. perfringens in a sous-vide processed food has been assessed. 
Inclusion of 3% NaL in sous-vide beef goulash inhibited C. perfringens 
growth at 15°C, delayed growth for a week at 20°C, and had little inhibi-
tory effect at 25°C (Aran 2001). While addition of 4.8% NaL restricted C. per-
fringens growth from spores for 480 hours at 25°C in sous-vide processed 
(71.1°C) marinated chicken breast, it delayed growth for 648 hours at 19°C. 
Clostridium perfringens growth was not observed at 4°C regardless of NaL 
concentration (Juneja, 2006). These studies suggest that NaL can have signif-
icant bacteriostatic activity against C. perfringens and may provide sous-vide 
processed foods with a degree of protection against this microorganism, 
particularly if employed in conjunction with adequate refrigeration.
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Predictive bacterial growth models that describe C. perfringens spore 
germination and outgrowth during cooling of food systems have been 
generated by researchers using constant temperature data. Juneja et al. 
(1999) presented a model for predicting the relative growth of C. per-
fringens from spores, through lag, exponential, and stationary phases of 
growth, at temperatures spanning the entire growth temperature range of 
about 10°C to 50°C. Huang (2003a, 2003b, 2003c) used different mathemati-
cal methods to estimate the growth kinetics of C. perfringens in ground 
beef during isothermal, square-waved, linear, exponential, and fluctuat-
ing cooling temperature profiles. Juneja, Novak, Marks, et al. (2001) devel-
oped a predictive cooling model for cooked, cured beef based on growth 
rates of the organism at different temperatures. This model estimated that 
exponential cooling from 51°C to 11°C in 6, 8, or 10 hours would result 
in an increase of 1.43, 3.17, and 11.8 log10 CFU/g, respectively, assuming 
that the ratio of the mathematical lag time to the generation time for 
cells in exponential phase of growth was equal to 8.068, the estimated 
geometric mean. A similar model was later developed for cooked, cured 
chicken (Juneja and Marks, 2002). Juneja, Huang, et al. (2006) also devel-
oped a model for predicting growth of C. perfringens from spore inocula 
in cured pork ham. In their study, isothermal growth of C. perfringens at 
various temperatures from 10°C to 48.9°C were evaluated using a meth-
odology that employed a numerical technique to solve a set of differen-
tial equations, simulating the dynamics of bacterial growth; the authors 
described the effect of temperature on the kinetic parameter kD by the 
modified Ratkowski model. According to the coefficient of the model, the 
estimated theoretical minimum and maximum growth temperatures of 
C. perfringens in cooked cured pork were 13.5°C and 50.6°C, respectively. 
The kinetic and growth parameters obtained from these studies can be 
used in evaluating growth of C. perfringens from spore populations during 
dynamically changing temperature conditions such as those encountered 
in meat processing.

In a model for growth of C. perfringens during cooling of cooked 
uncured beef (Juneja et al., 2008), for a temperature decline from 54.4°C 
to 27°C in 1.5 hours, a log10 relative growth of about 1.1 was predicted, 
with a standard error of about 0.08 log10. While the observed results for 
two replicates were 0.43 and 0.90 log10, for the same temperature decline 
in 3 hours, the predicted log10 relative growth was about 3.6 log10 (with 
a standard error of about 0.07), and the observed log10 relative growths 
were 2.4 log10 and 2.5 log10. When the cooling scenarios extended to lower 
temperature, the predictions were somewhat better, taking into account 
the larger relative growth: for a cooling scenario of 54.4°C to 27°C in 1.5 
hours and 27°C to 4°C in 12.5 hours, the average observed and predicted 
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log10 relative growths were 2.7 log10 and 3.2 log10, respectively; when cool-
ing was extended from 27°C to 4°C in 15 hours, the average observed and 
predicted log10 relative growths were 3.6 log10 and 3.7 log10, respectively. 
For the latter cooling scenario the levels were greater than 6 log10, still 
less than stationary levels of about 7 log10 or 8 log10. The differences of the 
estimates obtained for the models were insignificant. Smith-Simpson and 
Schaffner (2005) collected data under changing temperature conditions 
and developed a model to predict growth of C. perfringens in cooked beef 
during cooling. It was suggested that the accuracy of the germination, 
outgrowth, and lag (GOL) time model has a profound influence upon the 
overall prediction, with small differences in GOL time prediction (~1 hour) 
having a very large effect on the predicted final concentration of C. per-
fringens. Amezquita et al. (2004) developed an integrated model for heat 
transfer and dynamic growth of C. perfringens during cooling of cured 
ham and demonstrated that the effective integration of engineering and 
microbial modeling is a useful quantitative tool for ensuring microbio-
logical safety. The previously mentioned models can be successfully used 
to design microbiologically “safe” cooling regimes for cooked meat and 
poultry products.

Recent research has focused on combining traditional inactivation, 
survival, and growth-limiting factors at sub-inhibitory levels with emerg-
ing novel non-thermal intervention food preservation techniques using 
ionizing radiation, high hydrostatic pressure, or exposure to ozone. For 
example, the efficacy of high pressure is considerably enhanced when 
combined with heat, antimicrobials, or ionizing radiation. The effect of the 
combined intervention strategies is either additive or synergistic in which 
the interaction leads to a combined effect of greater magnitude than the 
sum of the constraints applied individually. For example, the lethal effect 
of heat on spores can be enhanced after exposure to ozone. Novak and 
Yuan (2004) reported that the spores were more sensitive to heat at 55°C or 
75°C following 5 ppm of aqueous ozone for 5 minutes. Shelf-life extension 
of meat processed with 5 ppm O3 for 5 minutes and containing C. perfrin-
gens spores combined with modified atmosphere packaging as a “hurdle” 
technology was proven to be effective in inhibiting spore germination and 
outgrowth over 10 days storage at CO2 concentrations above 30% and 4°C 
(Novak and Yuan, 2004). Likewise, C. perfringens cells exposed to 3 ppm 
O3 for 5 minutes following mild heat exposure (55°C for 30 min) were 
more susceptible to ozone treatment.

When C. perfringens spores were suspended in peptone solution and 
exposed to combination treatments of hydrostatic pressure (138–483 MPa), 
time (5 min), temperature (25°C–50°C), inactivation of spores ranged 
between 0.1 and 0.2 log cycles (Kalchayanand et al., 2004). When suspended 
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spores were pressurized at 50°C for 5 minutes and stored at 4°C or 25°C 
for 24 hours, 12% to 52% spores germinated, indicating that germination 
increased both at 4°C and 25°C during 24 hours. Log10 reductions of spores 
were 6.1 log/ml when bacteriocins were supplemented in the recovery 
medium. These results show that germinated spores at high levels could 
be killed by using a bacteriocin-based preservative in foods.

1.6  Conclusion
Ready-to-eat foods are becoming increasingly popular among the 
 present-day consumers due to their convenience value. Since these foods 
are either minimally processed or are consumed raw, the microbiological 
risks associated with these products has also increased. The four major 
pathogens that have been repeatedly implicated in foodborne illnesses 
associated with these foods are L. monocytogenes, Salmonella spp., E. coli 
O157:H7, and C. perfringens.

Among the four pathogens discussed in this chapter, L. monocytogenes 
has been historically the most common foodborne pathogen linked to 
RTE foods due to its hardy and ubiquitous nature and the difficulty in 
eradicating it from the food-processing environment. The high prevalence 
of L. monocytogenes in RTE products is a major threat to public health. 
Outbreaks associated with L. monocytogenes have prompted regulatory 
agencies to impose stringent regulations, with a USDA “zero tolerance” 
policy, in place since 1989, for L. monocytogenes in RTE meat products. The 
FSIS-USDA has also mandated three alternative approaches for control-
ling L. monocytogenes in RTE meats.

Salmonella and E. coli O157:H7 infections due to contamination of RTE 
foods are becoming increasingly common, especially in fresh produce. 
Since these microorganisms are part of the natural intestinal microflora 
of food animals, contamination of RTE food products from these organ-
isms is easy. Additionally, both Salmonella and E. coli O157:H7 can survive 
extreme temperature, moisture, and pH conditions, with Salmonella being 
slightly more temperature and desiccation tolerant than E. coli O157:H7. 
These traits make these pathogens adept at surviving and proliferating 
in food-processing environments, making their control or elimination in 
RTE foods challenging.

Meat and poultry are the most common foods associated with C. per-
fringens food poisoning. Foodborne illness by this organism is usually 
a result of inadequate refrigeration and inadequate reheating of RTE 
meat and poultry products. Ingestion of large number of organisms in 
a contaminated food is necessary for the pathogen to survive passage 
through the stomach and for it to sporulate and elaborate enterotoxin in 
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the intestines. The preferred method for controlling the growth of this 
pathogen is not necessarily initial heating, but rather adequate cooling 
and adequate reheating following cooling to inactivate any cells produced 
due to bacterial multiplication during cooling. Control measures are in 
place that take advantage of the microorganism’s limitations to growth 
with respect to oxygen, water activity, pH, curing salts, organic acids, and 
natural inhibitors. Recently, many predictive growth models have been 
developed to accurately estimate C. perfringens survival following vari-
ous types of food-processing scenarios. The best strategy for controlling 
C. perfringens appears to be a hurdle approach combined with careful han-
dling of foods to avoid temperature abuse. Regulatory requirements for 
C. perfringens in foods in the United States follow the USDA-FSIS compli-
ance guidelines.

However, foodborne infections from these pathogens can be reduced 
by following a comprehensive farm-to-table approach to food safety. The 
critical links in this food safety chain are the farmers, industry, food 
inspectors, retailers, food service workers, and consumers, who can play a 
significant role in improving the microbiological safety of RTE foods.

1.7  Future outlook
The popularity of RTE foods and the resulting increased consumption calls 
for enhanced and food-specific measures to control or eliminate patho-
gens in these foods. Mitigation strategies are needed to reduce or prevent 
contamination during growing, harvesting, and processing of raw ingre-
dients used in preparation of RTE foods. In addition, there is a critical 
need for continued education of food industry personnel at pre- and post-
harvest processing levels and at the retail level, and that of consumers 
about risks and prevention measures. In particular, continued efforts are 
needed to understand factors contributing to contamination of fresh pro-
duce and processed foods. Evaluation of the safety of processing methods 
can ensure more reliable and consequently safer processes. Efforts also 
need to be directed toward development and implementation of effective 
intervention strategies. Control measures must be applied along the entire 
production chain, from farm, via processing, to the table, and applied as 
early as possible in the production chain. The epidemiology of several of 
the existing and potential foodborne pathogens is also poorly understood. 
New DNA-based tools for the specific detection/enumeration and identi-
fication of pathogenic bacteria can be useful in clarifying which species 
and sub-groups are of real concern.

Microorganisms can successfully adapt to changes in food produc-
tion, processing, and preservation techniques, which can result in new and 
emerging foodborne pathogens and the re-emergence of pathogens with a 
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known history of causing foodborne illnesses. It is therefore important to 
meet the challenges, resulting from the extraordinary capability of food-
borne pathogens to adapt to stressful conditions, through science-based 
research. However, not all of the challenges of preventing foodborne ill-
ness can be met by scientific research alone. New food safety policies in 
response to scientific research, which increase understanding of food safety 
hazards and a constantly changing food-processing industry, must also be 
put in place to reduce future foodborne diseases. Regulatory agencies such 
as the FDA need to be provided with adequate funding to conduct suf-
ficient inspections, and the authority to mandate recalls. The laws, regula-
tions, agencies, and organizations that are part of the food safety system 
are frequently not up to date with the current scientific knowledge of the 
risks associated with foodborne pathogens. It is therefore crucial to better 
understand these risk factors along the farm-to-fork continuum, along with 
the associated costs and benefits of implementing mitigation strategies that 
would help implement future systemic changes to enhance food safety.
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Delicatessen salads
Cheng-An Hwang

2.1  Introduction
Delicatessen or deli-type salads are a category of refrigerated ready-to-eat 
food product. They are increasingly popular food items for many meal 
occasions. With various flavors and selections, deli salads are a favorable 
food choice for every season, particularly in warm weather. Deli salads 
are available from many places where foods are sold or served, such as 
supermarkets, deli shops, fast-food and full-service restaurants, and insti-
tutional foodservice establishments. Deli salads are also food dishes that 
can be easily prepared at home. Their variety, availability, and convenience 
have increased the consumption of deli salads. The estimated annual con-
sumption of deli salads is 5.63 billion servings in the United States alone. 
Deli salads commonly contain at least two major ingredients: a food 
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component and mayonnaise or salad dressings. The variety of deli salads 
are as many as the food ingredients that can be used in salads, which 
includes almost anything that is edible. There are the well-known and 
popular salads such as potato salad, macaroni salad, ham salad, seafood 
salad, and coleslaw, and there are regional, ethnic, or newly created salads 
such as Cajun-style seafood salad, deviled egg salad, Mediterranean sea-
food, spicy Mexican bean, Japanese rice wine vinaigrette, and Greek pasta 
salad (Decker, 2001). In addition to the variety of differences in terms of 
the main food components, deli salads in a variety of low-fat, low-salt, and 
low-calorie choices for health-conscious consumers are also increasingly 
available in the marketplaces. Deli salads provide some of the greatest 
variety and flavor of any food category. Deli salads in marketplaces come 
from off-site locations or are prepared on-site. The salads may come from 
a manufacturer, which prepares, packs, and ships the products to the mar-
ketplaces. The marketplace may produce salads on-site from individual or 
pre-packed ingredients. Salads prepared off-site are generally produced 
in larger quantity, cost less, and have longer shelf lives than those pre-
pared on-site. In general, deli salads have a relatively shorter shelf life 
than other types of ready-to-eat food products. Although deli salads may 
be formulated with preservatives to have longer shelf lives, it is gener-
ally recommended that deli salads like potato salad, macaroni salad, and 
coleslaw be consumed within 3 to 5 days after preparation. Deli salads 
should be kept at refrigerated temperature, and they should be consumed 
within 2 hours of removal from refrigeration temperature. The consump-
tion of deli salads has increased markedly in recent years. These products 
are potential sources of pathogenic microorganisms, and their microbial 
safety is a health concern.

The potential for mayonnaise-based salads to become contaminated 
with pathogenic microorganisms can be high during preparation and ser-
vice of the products. Salad ingredients may also be held for long periods 
of time under improper storage temperatures, which gives microorgan-
isms appropriate conditions to grow (Albrecht et al., 1995). Handling 
of products by customers after purchase also increases the potential of 
further contamination of the product or allowing contaminated micro-
organisms to grow. Since salads are consumed without prior heating or 
cooking, the contamination of salads with pathogenic microorganisms is 
a health hazard to consumers. Outbreaks of foodborne illness have been 
linked to the consumption of coleslaw contaminated with Listeria monocy-
togenes (Schlech et al., 1983), potato salad contaminated with Shigella flex-
neri (Lew et al., 1991), tuna salad contaminated with Clostridium perfringens 
(Khatib et al., 1994), and salads cross-contaminated with undercooked 
roast beef (Rodrique et al., 1995). Outbreaks have also been attributed to 
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contaminated tossed salads (Dunn et al., 1985) and starch-based salads 
(Bean and Griffin, 1990).

2.2  Pathogens commonly associated with salad 
ingredients and deli salads

A wide range of pathogenic microorganisms may be present in salad 
ingredients or deli salads. Pathogens that are commonly associated with 
deli salads or salad ingredients or have been implicated in foodborne 
illnesses associated with the consumption of deli salads or salad ingre-
dients are Escherichia coli O157:H7, Listeria monocytogenes, Salmonella spp., 
Staphylococcus aureus, Campylobacter jejuni, and Aeromonas spp.

2.2.1  Escherichia coli O157:H7

E. coli is a normal inhabitant of the intestines of all animals, including 
humans. One of the pathogenic strains, enterohemorrhagic E. coli (EHEC) 
is recognized as a dangerous human pathogen causing bloody diarrhea 
and producing life-threatening complications, such as hemolytic uremic 
syndrome (HUS) and thrombotic thrombocytopenic purpura in some 
individuals. HUS is the leading cause of renal failure and death in young 
children. E. coli serotype O157:H7 is a strain of EHEC that produces large 
quantities of one or more shiga-like toxins (verotoxin) that cause gastro-
enteritis in humans. Ground beef or undercooked meat products have 
been implicated in several foodborne outbreaks caused by E. coli O157:H7. 
This pathogen has also been implicated in outbreaks of foodborne illness 
associated with the consumption of alfalfa sprouts, unpasteurized fruit 
juices, dry-cured salami, lettuce, game meat, and cheese curds. As few as 
10 viable cells of E. coli O157:H7 may cause illness. E. coli O157:H7 has been 
isolated from the feces of livestock, wild birds, and fruit flies. Meat, fruits, 
and vegetables may be contaminated with E. coli O157:H7 by these carri-
ers (ICMSF, 1996a). Once E. coli O157:H7 contaminates the produce, it may 
proliferate despite the acidity of the product (Stopforth et al., 2004).

The survival of E. coli O157:H7 in food products with high acidity (low 
pH) such as apple cider, commercial mayonnaise, and related acidified 
foods has been examined (Abdul-Raouf et al., 1993; Miller and Kaspar, 
1994; Weagant et al., 1994; Zhao et al., 1993; Zhao and Doyle, 1994). Some 
of the results showed that E. coli O157:H7 was able to survive in acidic 
environments. E. coli O157:H7 demonstrated a remarkable tolerance to 
the acidic conditions of mayonnaise and salad dressings, acidified labo-
ratory media (Buchanan and Edelson, 1996; Erickson and Jenkins, 1991), 
dry salami (Cheville et al., 1996), apple cider (Miller and Martin, 1990), 
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and artificial gastric juice (Arnold and Kaspar, 1995). Hathcox et al. (1995) 
reported that E. coli O157:H7 could survive for 93 days in mayonnaise 
stored at 5°C. One enterohemorrhagic E. coli O157:H7 outbreak was linked 
to commercial real mayonnaise or salad bar mayonnaise-based dress-
ings that were cross-contaminated with EHEC-contaminated beef juice 
(Anonymous, 1993a,b).

2.2.2  Listeria monocytogenes
Studies have suggested that 1% to 10% of humans may be intestinal carri-
ers of L. monocytogenes, and that at least 37 mammalian species as well as 
at least 17 species of birds and some species of fish and shellfish are also 
carriers of this pathogen. In addition, L. monocytogenes has been isolated 
from soil, silage, and other environmental sources. L. monocytogenes is 
quite hardy and resistant to adverse effects of freezing, drying, and heat. 
Listeriosis is caused by L. monocytogenes. Symptoms of listeriosis include 
fever, nausea, vomiting, diarrhea, septicemia, meningitis, and it may 
cause spontaneous abortion or stillbirth. The infective dose of L. mono-
cytogenes is unknown. L. monocytogenes has been implicated in illnesses 
associated with the consumption of raw milk, under-pasteurized fluid 
milk, cheeses (particularly soft-ripened varieties), ice cream, raw vegeta-
bles, fermented raw-meat sausages, raw and cooked poultry and meat, 
and raw and smoked fish. Due to its ability to grow at temperatures as 
low as 3°C, L. monocytogenes is a pathogen of concern for refrigerated food 
products (ICMSF, 1996a). L. monocytogenes is ubiquitous and can be found 
in soil, dust, sewage, and water, which may contaminate food sources of 
meat, poultry, dairy products, fruits, and vegetables commonly used as 
ingredients in deli salads. An outbreak of listeriosis has been linked to 
the consumption of coleslaw contaminated with L. monocytogenes (Schlech 
et al., 1983). The U.S. Food and Drug Administration has completed several 
Class I recalls of various mayonnaise-based salads because of contamina-
tion with L. monocytogenes. These salads include potato salad, ham salad, 
chicken salad, vegetable salad mix, pasta salad, coleslaw, and crab salad.

2.2.3  Salmonella spp.

Salmonella spp. are widespread in nature, and environmental sources of 
this organism include water, soil, insects, animal feces, raw meats, raw 
poultry, and raw seafood. As few as 15 to 20 cells of Salmonella spp. may 
cause illness (salmonellosis) with symptoms such as nausea, vomiting, 
abdominal cramps, diarrhea, fever, and headache. The microorganisms 
have been isolated from foods such as raw meats, poultry, eggs, milk and 
dairy products, fish, shrimp, sauces and salad dressings, cream-filled 
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desserts and toppings, peanut butter, cocoa, and chocolate. Salmonella spe-
cies are often found in eggs, a main ingredient in mayonnaise-based salad 
dressings. One serotype, S. Typhimurium, was associated with an out-
break caused by commercially processed egg salad in the United States. 
A total of 18 cases of infection with S. Typhimurium were linked to kits 
for making egg salad that were distributed by a vendor to a supermar-
ket chain. This was the first reported S. Typhimurium outbreak associ-
ated with a commercially processed hardboiled egg product (CDC, 2004). 
Salmonella spp. are the most common pathogen implicated in foodborne 
illness associated with the consumption of fresh produce such as lettuce, 
sprouts, cauliflower, spinach, melon, and tomatoes (Thunberg et al., 2002; 
Sivapalasingam et al., 2004). Many of these produce items are used as 
ingredients in deli salads.

2.2.4  Staphylococcus aureus
S. aureus is widely distributed in the environment. Staphylococcal bacteria 
can be found on the mucous membranes and skin of humans. Therefore, 
these organisms may be transferred from humans to food. Some strains 
are capable of producing a heat-stable toxin that causes illness with symp-
toms of headache, vomiting, and abdominal cramping. A toxin dose of 
less than 1.0 μg, approximately S. aureus >105 cfu/g, in contaminated food 
may cause illness (ICMSF, 1996a). Foods that are frequently incriminated 
in S. aureus foodborne illness include meat and meat products, poultry 
and egg products, bakery products, sandwich fillings, and milk and dairy 
products. Salads that have been implicated in S. aureus foodborne illness 
include egg, tuna, chicken, potato, and macaroni salads (Bergdoll, 1990).

2.2.5  Campylobacter jejuni
C. jejuni is a microaerophilic organism capable of growth in environments 
with reduced levels of oxygen. It is the most common cause of gastro-
intestinal illness worldwide and is the leading cause of bacterial diar-
rheal illness in the United States (Evans et al., 2003). A dose of C. jejuni 
at 400 to 500 cells may cause illness in some individuals. C. jejuni is fre-
quently isolated from raw chicken. Surveys show that 20% to 100% of 
retail chickens are contaminated. Outbreaks are often linked to poultry 
or cross- contamination from poultry products (Gillespie et al., 2000). 
C. jejuni has been isolated from spinach, lettuce, radish, parsley, green 
onion, potato, and mushroom (Kumar et al., 2001; Park and Sanders, 1992). 
Epidemiological evidence suggests that salad vegetables are the second-
highest risk factor for Campylobacter infection after poultry (Evans et al., 
2003). Illness caused by C. jejuni has been linked to the consumption of 
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lettuce, sweet potatoes, cucumber, melon, and strawberries (Brandl et al., 
2004), which are ingredients used in many varieties of deli salads.

2.2.6  Aeromonas spp.

Aeromonas spp. are ubiquitous in water, soil, feces, and on vegetation 
(McMahon and Wilson, 2001). Aeromonas has been isolated from a wide 
range of fresh produce including sprouted seeds, asparagus, broccoli, 
cauliflower, carrot, celery, cherry tomatoes, cucumber, lettuce, mush-
room, pepper, turnip, and watercress (Merino et al., 1995, McMahon and 
Wilson 2001; Neyts et al., 2001; Isonhood and Drake, 2002; Heaton and 
Jones, 2008). Growth of Aeromonas can occur on shredded lettuce, chicory 
(Jacxens et al., 1999), and tomatoes (Velazquez et al., 1998). A. hydrophila 
is the species most isolated from fresh vegetables often linked to disease 
in humans (Callister and Aggar, 1987). Food isolates of Aeromonas have 
been shown to tolerate low pH and to grow at refrigeration temperatures. 
There are no documented cases of foodborne illness caused by A. hydro-
phila associated with consumption of deli salads. The high prevalence of 
A. hydrophila in vegetables and its ability to survive low pH and grow rap-
idly at the refrigerated temperature make the microorganism a concern 
for consumers of deli salads.

2.3  Microbiological quality of deli salads
The microbiological quality of deli salads is influenced by the microbio-
logical quality of ingredients used for salads and the practice of process-
ing, storage, and handling of the product during retailing or serving. Food 
components used in salads include meat, seafood, poultry, fruits, and veg-
etables. A wide range of microorganisms are commonly associated with 
these food ingredients and have been reported extensively. The poten-
tial for mayonnaise-based salads to become contaminated with spoilage, 
pathogenic microorganisms, or both, can be high because of the extensive 
handling of the food ingredients in salad preparation by workers and 
the handling of the salads during service by foodservice personnel. Also, 
salad ingredients and the finished products may be held for long periods 
of time under improper temperatures, giving microorganisms appropri-
ate conditions for growth (Albrecht et al., 1995).

This section presents the microbiological quality of the ingredients 
commonly used in salad preparation. The microbiological quality of the 
ingredients directly affects the quality of the prepared salads, since there 
is no terminal processing step in salad manufacturing processes that is 
capable of eliminating microorganisms present in the ingredients.



Chapter two: Delicatessen salads 67

2.3.1  Mayonnaise and salad dressings

Mayonnaise or salad dressing is one of the main ingredients used in the 
preparation of deli salads. According to the “standard of identity” clas-
sification of the U.S. Food and Drug Administration, mayonnaise must 
contain ≥65% oil and ≥0.25% acetic acid and be produced by using egg as 
an emulsifier, and with a final pH ≤4.1. Mayonnaise made with unpas-
teurized eggs must have a final pH ≤4.1 and contain ≥1.4% acetic acid in 
the aqueous phase, and the finished product must be held for 72 h before 
shipping. This regulation is to ensure that the product contains no viable 
Salmonella spp. Commercial mayonnaise and mayonnaise-dressing man-
ufacturers use pasteurized liquid or frozen eggs exclusively. The liquid 
eggs are required to be pasteurized between 55.6°C and 63.3°C for 3.5 to 
6.2 min depending on blend composition and addition of ingredients such 
as salt or sugar (CFR 7:59.500–59.580). Mayonnaise made by major produc-
ers in the United States contains approximately 0.31% acetic acid. Unlike 
mayonnaise, salad dressing is not a product with “standard of identity” 
classification, so it is not legally defined. Generally, salad dressing con-
tains ≥30% oil and with a final pH that is higher than that of mayonnaise. 
Due to their low pH (<4.6), both mayonnaise and salad dressing are clas-
sified as acid foods (CFR 21:114).

Although pasteurized eggs are commonly used for manufacturing 
commercial mayonnaise, pathogens such as Salmonella, L. monocytogenes, 
and S. aureus may be present in pasteurized eggs and in the final prod-
uct through contamination during processing. The high acidity (low pH) 
derived from ingredients in mayonnaise such as vinegar and other types 
of acidulants is the most important and significant factor that affects the 
survival of pathogenic microorganisms in mayonnaise and salad dress-
ings. The low pH is derived primarily from acetic acid and, to a lesser 
extent, lactic acid and citric acid (Smittle, 2000). Erickson et al. (1995) 
examined the survival of E. coli O157:H7 in commercial real mayonnaise 
and reduced-calorie and reduced-fat mayonnaise dressings (pH 3.1–3.9) at 
25°C. They reported that E. coli O157:H7 was inactivated in mayonnaise 
with pH ≤3.9, indicating that the acidity in mayonnaise quickly inac-
tivated E. coli O157:H7; therefore, commercial real mayonnaise, mayon-
naise-based products, and reduced-calorie and reduced-fat mayonnaise 
dressings had a low possibility of being sources of E. coli O157:H7. Similar 
studies have also been conducted to examine the survival of L. monocyto-
genes, Salmonella spp., S. Enteritidis, S. aureus, and Y. enterocolitica in mayon-
naise, salad dressing, and sauces. These pathogens were unable to survive 
in a variety of mayonnaises, dressings, and sauces (Brackett, 1986; Gomez-
Lucia et al., 1987; Perales and Garcia, 1990; Erickson and Jenkins, 1991; 
Glass and Doyle, 1991; Raghubeer et al., 1994; Hathcox et al., 1995; Cheville 



68 Ready-to-eat foods: Microbial concerns and control measures

et al., 1996, Gahan et al., 1996; Zhao and Doyle, 1994, Glass et al., 1992; 
Beuchat et al., 2004). Results from studies on the survival of pathogens 
in mayonnaise and salad dressing indicated that foodborne pathogens 
die off at various rates, depending on the organism (e.g., E. coli O157:H7 
died off slower than other pathogens), acid type and concentration, stor-
age temperature, organism adaptability, and pH (Smittle, 2000). In addi-
tion to the acidity, the presence of lysozyme in mayonnaise made with 
whole eggs may have an antimicrobial effect on L. monocytogenes, S. aureus, 
Clostridium perfringens (Paul and Potter, 1978; Erickson et al., 1991), and 
Gram-negative bacteria (Peterson and Hartsell, 1955). Glass and Doyle 
(1991) also speculated on a synergistic effect of acetic acid and lysozyme 
or other antimicrobial substances in egg whites on inactivating Salmonella 
in mayonnaise.

To examine the potential sources of contamination of mayonnaise, 
Erickson et al. (1995) evaluated the risk of EHEC contamination during 
commercial mayonnaise production by pasteurized liquid eggs and wet 
processing areas. Egg samples and environmental swab samples (floor 
drains, water and/or lubricant drip pans, and conveyor belts) were col-
lected from three mayonnaise and/or mayonnaise dressing processing 
plants and tested for the presence of E. coli O157:H7. There was no EHEC 
recovered from the egg samples (253 samples from 188 egg lots), and no 
E. coli or EHEC was recovered from 114 composite environmental swab 
samples. The study concluded that EHEC was not present in properly pas-
teurized liquid eggs and in processing areas that were properly cleaned 
and sanitized. The conclusions from this study and those of Weagant et al. 
(1994) and Zhao and Doyle (1994) indicated that commercial mayonnaise 
plants which use pasteurized eggs and follow good manufacturing prac-
tices and sanitation programs have a low risk for EHEC contamination.

There were few documented foodborne illnesses associated with the 
consumption of commercially prepared mayonnaise, salad dressings, or 
sauces. This indicates that these products generally would not contain 
infectious doses of pathogenic microorganisms during their shelf life. 
While commercial mayonnaise and salad dressings are microbiologically 
safe, cautions should be taken when these types of products are produced 
in house or are homemade. Mayonnaise or salad dressing produced from 
scratch in stores may deviate from the guidelines for products produced 
commercially. Microbial contamination of the products could occur if 
unpasteurized eggs are used and good manufacturing practice is not 
properly followed. The contaminated microorganisms could survive or 
even multiply in the products if there is an insufficient quantity of acids 
in the products to inhibit or inactivate the microorganisms. The pres-
ence of pathogenic microorganisms in these products could cause food 
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safety concerns. Therefore, non-commercial mayonnaise or salad dress-
ing should be prepared and processed according to the guidelines and 
good manufacturing practice (Anonymous, 2008).

2.3.2  Meat, poultry, and seafood

Meat, poultry, and seafood are common food components added to sal-
ads. The microbiological quality of these food products has been exten-
sively studied and reported (ICMSF, 1996b). The pathogens that are likely 
to be found on livestock (cattle, sheep, and swine) and poultry (chicken 
and turkey) are E. coli O157:H7, Salmonella, Campylobacter, L. monocytogenes, 
Yersinia enterocolitica, and Clostridium perfringens. These microorganisms 
are often carried over to the processed products due to inadequate pro-
cesses, for example, heating, to eliminate these pathogens or through 
cross- contamination via processing equipment or from the environ-
ment. These pathogens have been implicated in outbreaks of foodborne 
illness associated with the consumption of meat and poultry products. 
Consumption of meat and poultry products contaminated with patho-
genic microorganisms contributes to the majority of foodborne illness. In 
the United States, poultry products were implicated in 20% of the 1,426 
foodborne illness outbreaks that occurred between 1992 and 1999. Chicken 
was implicated in almost 75% of the outbreaks and turkey in over 20% of 
the outbreaks. Salmonella spp. were implicated in 30% of the outbreaks, 
and C. perfringens and Campylobacter were implicated in 21% and 6% of 
the outbreaks, respectively (Kessel et al., 2001). In a survey conducted in 
Canada, a total of 800 meat and poultry products, including raw ground 
beef, chicken legs, pork chops, and ready-to-eat fermented sausage, roast 
beef, processed turkey breast, chicken wieners, and beef wieners, from the 
retail marketplace in Edmonton, Alberta, were analyzed for Salmonella, 
Campylobacter spp., L. monocytogenes, and shiga toxin-producing E. coli. 
Salmonella and Campylobacter were found in 30% and 62% of raw chicken 
legs, respectively. L. monocytogenes was found in 52% of raw ground beef, 
34% of raw chicken legs, 24% of raw pork chops, 4% of fermented sausages, 
3% of processed turkey breast, 5% of beef wieners, and 3% of chicken 
wieners. One ground beef sample was positive for shiga toxin-producing 
E. coli O22:H8 (Bohaychuk et al., 2006). In New Zealand, 1,011 samples of 
beef, unweaned veal, chicken, lamb and mutton, and pork were collected 
from retail between August 2003 and June 2004, and tested for the pres-
ence of C. jejuni and C. coli. C. jejuni and C. coli were found in 89.1% of 
chicken, 9.1% of pork, 3.5% of beef, and 6.9% of lamb and mutton samples. 
C. jejuni was in 95% (246/259) of the positive samples (Wong et al., 2007). 
Seafood such as shrimp, crab meat, and surimi are food components in 
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many varieties of seafood salads. Vibrio parahaemolyticus is the pathogenic 
micro organism most commonly associated with seafood and has been 
linked to outbreaks of foodborne illness associated with the consumption 
of cooked shrimp, crab, and lobster (ICMSF, 1996b).

2.3.3  Non-meat ingredients

Non-meat food ingredients used in salad preparation are mostly fruits 
and vegetables. Consumption of fruit and vegetable products is consid-
ered as a potential risk to be infected with pathogens such as L. monocyto-
genes, Salmonella, and E. coli O157:H7. Outbreaks of foodborne illness have 
been linked to the consumption of lettuce, spinach, sprouts, green onions, 
and tomatoes, to name a few. Microbial contamination can be introduced 
to fruits and vegetables by irrigation water, insects, animals, birds, farm 
workers, processing equipment, and environmental cross-contamination 
(Heaton and Jones, 2008). Fruits and vegetables (produce) are ingredients 
frequently used in preparation of deli salads. The microbiological qual-
ity of the produce hence contributes to the microbiological quality of the 
finished salads. In the United States, it was estimated that 3% to 8% of 
the outbreaks of gastrointestinal illness were linked to produce (Madden, 
1992). Fresh produce has been known to be contaminated with various 
pathogenic microorganisms and cause foodborne illnesses (Beuchat, 1996; 
Tauxe et al., 1997). Albrecht et al. (1995) examined the vegetable salad ingre-
dients (lettuce, tomatoes, broccoli, and cauliflower) from three deli shops 
in grocery stores, and found the total aerobic counts ranged from 5.5 to 
6.6 log10 cfu/g and coliform counts ranged from 4.9 to 6.3 log10 cfu/g. In an 
inoculation study, fresh broccoli was processed into florets and inoculated 
with E. coli ATCC 23742, and then the floret was subjected to three wash-
ing treatments. When a chlorine wash solution was used, it only slightly 
reduced the aerobic microbial load and the inoculated coliform popula-
tion on the broccoli. The results indicated that vegetables commonly used 
for salad dishes are likely to contain high levels of microorganisms and 
washing the vegetables may not significantly reduce the microbial load 
on the vegetable. The high microbial loads in vegetables have also been 
reported by Albrecht et al. (1995), Hagenmaier and Baker (1998), Lin et al. 
(1996), and Johnston et al. (2005). Fruits and vegetables have also been 
known to be contaminated with various pathogenic microorganisms and 
cause foodborne illness (Beuchat, 1996; Tauxe et al., 1997; Johnston et al., 
2005). In Spain, 300 samples of fresh and minimally processed fruit and 
vegetables and sprouts from several retail establishments were tested for 
microbiological quality in 2005 to 2006. The samples included ready-to-eat 
fruits, whole fresh vegetables, sprouts, and ready-to-eat salads containing 
one to six types of vegetables. Results showed that fresh-cut grated carrot, 
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arugula, and spinach contained >7.4 log10 cfu/g, fresh-cut endive and let-
tuce contained >6.2 log cfu/g, and sprouts contained >7.9 log10 cfu/g aero-
bic mesophilic bacteria. Of the samples analyzed, 40% of the samples were 
positive for E. coli, 1.3% were positive for Salmonella, and 0.7% were posi-
tive for L. monocytogenes (Abadias et al., 2008). These reports indicate that 
fruits and vegetables are significant sources of microbial contamination 
for salad when used as ingredients.

In England and Wales from 1992 to 2000, 83 outbreaks of foodborne 
illness were associated with the consumption of salad vegetables or fruits. 
A total of 3,438 people were infected, 69 were hospitalized, and one per-
son died. Most outbreaks were linked to commercial catering (67.5%). The 
pathogen most implicated in the outbreaks was Salmonella (41.0%), such 
as in lettuce contaminated with S. enterica serovar Typhimurium DT 
104, and S. Typhimurium DT 204b (Long et al., 2002). Fresh produce con-
taminated with L. monocytogenes causing enteric infection has long been 
recognized (Blakeman, 1985). Harvey and Gilmour (1993) suggested the 
contamination probably came from the environment and occurred dur-
ing processing. The prevalence rates of L. monocytogenes in fresh produce 
in many countries have been reported. The prevalence data were varied 
among the locations and countries where the studies were conducted. 
Arumugaswamy et al. (1994) reported that L. monocytogenes was isolated 
from bean sprouts (85%), leafy vegetables (22%), and cucumbers (80%) in 
Malaysia. In Pakistan, 6.7% of cucumbers tested positive for L. monocy-
togenes (Beuchat, 1996). In two studies in Canada, L. monocytogenes were 
found in 2.2% (Schlech et al., 1983) and 6.7% (Odumeru et al., 1997) of 
the cabbage samples. In the United States, the prevalence rate was 1.1% in 
cabbage samples (Heisick et al., 1989). L. monocytogenes was also found 
in potatoes (27.1%) and radishes (14.4% and 36.8%) in studies conducted in 
the United States (Beuchat, 1996). Szabo et al. (2000) surveyed 120 bagged 
lettuce samples in Australia and reported that L. monocytogenes was posi-
tive in 2.5% samples. Thunberg et al. (2002) isolated L. monocytogenes from 
potatoes (50%) and field cress (18%) purchased at farmers’ markets. Crepet 
et al. (2007) reported that prevalence of L. monocytogenes on salad veg-
etables was usually <5%, with lower prevalence on leafy vegetables than 
on sprouted seeds, carrots, cabbage, celery, and spinach. Root vegetables 
seem to have a higher prevalence rate of L. monocytogenes than leafy veg-
etables do. Heisick et al. (1989) suggested that this might be due to the 
increased contact of the vegetables with soil. L. monocytogenes is a psy-
chrotrophic microorganism and is capable of growing during storage if 
present on fresh produce (Wonderling et al., 2004). Beuchat and Brackett 
(1990) showed that L. monocytogenes was capable of growth on lettuce 
when exposed to processing conditions. Although Listeria contamination 
of fresh produce and survival up to the points of service seems likely, 
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outbreaks linked to fresh produce are infrequent and tend to be limited 
to vulnerable groups. The two documented outbreaks which occurred in 
1979 and 1981, respectively, were attributed to cabbage (in coleslaw) and 
salad items (celery, lettuce, and tomatoes) served as part of hospital meals 
(Anonymous, 2001).

2.4  Deli salads
Results from surveys of microbiological quality of deli salads generally 
indicate that high levels of microorganisms are present in salad products. 
Christensen and King (1971) found bacterial counts in chicken salad rang-
ing from 4.0 to 7.0 log10 cfu/g and in coleslaw ranging from 2.7 to 4.5 log10 
cfu/g. In a study with deli salads obtained from various manufacturers, 
shrimp and egg salads were found to have bacterial levels of 6.1 log10 cfu/g 
and 4.1 to 6.8 log10 cfu/g, respectively (Fowler and Clark, 1975). A study 
of ready-to-eat foods at retail stores in Japan found bacterial counts of 3.5, 
3.4, and 3.7 log cfu/g in potato salad, macaroni salad, and coleslaw, respec-
tively (Kaneko et al., 1999). Deli salads obtained from butcher shops in 
Germany were found to have bacterial counts ranging from 5.0 to 8.0 log10 
cfu/g (Becker et al., 2002).

Bornemeier et al. (2003) examined mayonnaise-based salads in gro-
cery store delis for potential contamination with S. aureus and L. mono-
cytogenes. They examined potato (pH 4.1–4.6), macaroni (pH 4.0–4.5), and 
krab (surimi, pH 4.5–5.8) salads for total aerobic plate counts, L. monocy-
togenes, and S. aureus. The salads had total aerobic plate counts of 3.0 to 
3.8 log10 cfu/g and S. aureus counts of 1.4 to 2.5 log10 cfu/g. Coagulase-
positive S. aureus was found in krab salad and macaroni salad, while 
L. monocytogenes was not found in any sample. Results of this study also 
indicate that temperature conditions for all three salads and the pH range 
for krab salad could support growth of pathogenic microorganisms. In a 
study examining microbiological quality of commercially processed deli 
salads, Montville and Schaffner (2004) reported that deli salads contain-
ing poultry or eggs (chicken salad, egg salad, turkey salad) had bacterial 
counts of 3.3 log10 cfu/g, and shrimp salad and tuna salad had counts of 
3.7 and 3.0 log10 cfu/g, respectively. In Spain, American salad (40% white 
cabbage, 15% carrot, 12% onion; mayonnaise, mustard guar, xanthan 
gums, potassium sorbate, and sodium benzoate, pH 4.4) produced by a 
processing factory located in Navarra, Spain, was tested for the presence 
of Bacillus cereus. The results showed that B. cereus was positive in 8.3% of 
the samples (Valero et al., 2007).
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2.5  Survival of foodborne pathogens in salads
The behaviors of common pathogens in deli salads have been examined. 
Guentert et al. (2005) inoculated commercially produced pasteurized 
chicken salad (pH 4.0, 4.6, and 5.2) with L. monocytogenes and stored the 
samples at 5.0°C, 7.2°C, and 21.1°C for up to 119 days. At 21.1°C, a 6-log10 
reduction was seen after 14 days at pH 4.0, after 52 days at pH 4.6, and 
after 38 days at pH 5.2. Inactivation occurred in all pH levels and at all 
temperatures, particularly at lower storage temperatures. The researchers 
concluded that the L. monocytogenes was unable to survive in the salad due 
to the low pH. Arias et al. (2001) examined the survival of E. coli O157:H7 
in salads made of meat, chopped cabbage, or poultry mixed with vari-
ous quantities of commercial mayonnaise (0%, 18%, 37%, and 56% w/w) 
and stored at 12°C for 24, 48, and 72 h. They reported that E. coli O157:H7 
counts increased in all samples during the storage and concluded that 
E. coli O157:H7 was capable of surviving and growing in meat, cabbage, 
and poultry mixed with mayonnaise. Several studies have also shown 
that salads and sandwiches prepared with various concentrations of 
mayonnaise would support the growth of pathogens. Doyle et al. (1982) 
reported growth of Salmonella and S. aureus in chicken and ham salads 
made with mayonnaise at pH 5.6 and 5.2, respectively. Abdul-Raouf et al. 
(1993) reported that E. coli O157:H7 was not inactivated in beef salads (pH 
5.6–6.1) stored at 5°C, and growth of E. coli O157:H7 occurred in the salad 
stored at 21°C and 30°C. Growth of L. monocytogenes was observed in a 
chicken salad (pH 5.7) prepared with commercial mayonnaise after 7 days 
of storage at 4°C (Erickson et al., 1993). While mayonnaise and some food 
ingredients in salads, for example, fruits and vegetables, added to salads 
are acidic, some ingredients such as egg and egg yolks (pH 6.0–7.0), egg 
whites (pH 9.07), garlic (pH 5.3–5.8), onions (pH 5.3–5.8), and meat, poultry, 
and seafood (pH 6.0–7.5) are considered low-acid foods (ICMSF, 1996b). 
Studies have been conducted to examine the behaviors of L. monocytogenes 
in salads with food components that were low acid and contaminated 
with the pathogen (Hwang, 2005; Hwang and Tamplin, 2005; Hwang and 
Marmer, 2007). Seafood (shrimp and imitation crab meat), ham, potato, 
egg, and pasta were inoculated with L. monocytogenes before mixing with 
pH-adjusted mayonnaise (pH 3.6–5.2), and the salads were stored at 4°C 
to 16°C. The results showed that L. monocytogenes was able to grow in all 
salad samples except in some samples of potato salad. It is speculated 
that the food components (higher pH, aw, and nutrient contents) buffered 
the acidity of mayonnaise and provided a favorable growth condition for 
L. monocytogenes.
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2.6  Controls
Food preservatives have been used in deli salads to enhance microbiologi-
cal quality. The preservatives are mainly used to eliminate or inhibit the 
growth of L. monocytogenes. NovaGARD CB1, manufactured by Rhodia 
Co., is an antimicrobial ingredients system used to reduce or eliminate 
L. monocytogenes in meat-containing deli salads and sauces. It is a blend 
of cultured dextrose, sodium diacetate, egg white lysozyme, and nisin 
preparation that is recommended for use in coleslaw, chicken, tuna, and 
seafood salads to inhibit the growth of L. monocytogenes (Anonymous, 
2004). PURAC Fresh, manufactured by PURAC Co., is a product for deli 
salads for Listeria inhibition, shelf life extension, pH regulation, and flavor 
improvement. PURAC Fresh is a liquid lactic acid–based product and is 
used in deli salads, such as potato, chicken, tuna, and pasta salads, to con-
trol the growth of Listeria monocytogenes (Anonymous, 2009).

Following good manufacturing practice, deli salads manufactured 
or prepared with mayonnaise or salad dressing and ingredients of rea-
sonably good microbiological quality are pathogen-free without any 
food safety concerns. The safety of the salads is mainly contributed by 
the high acidity of mayonnaise that inhibits the growth of the few viable 
microorganisms that may be introduced by the food ingredients. Since 
the high acidity of mayonnaise may be diluted by low-acid foods, salad 
producers should recognize that mayonnaise or salad dressing cannot 
be solely relied upon to ensure the microbiological quality and safety of 
salad products. Good manufacturing, sanitation, and product handling 
practices must be followed to minimize cross-contamination, in addition 
to proper handling of the products during distribution and storage. In the 
marketplace and consumers’ homes, deli salads must be kept at refriger-
ated temperature and handled with stringent hygienic practices to pre-
vent cross-contamination by other food products and the environment.
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3chapter 

The safety of ready-to-eat 
dairy products
Annel K. Greene, Zeynep B. Güzel-Seydim, and Atif Can Seydim

Those who cannot remember the past are con-
demned to repeat it.

George Santayana (1905)

3.1  Milk as a food
Cattle, sheep, and goats were domesticated in the Near East at least 10,000 
years ago. Up until recently, the earliest known uses of milk as a food were 
believed to have been in the 4th millennium in Britain and the 6th mil-
lennium in eastern Europe. However, by analyzing pottery fragments for 
milk residues, it recently was determined that milk was also in use in 
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southeastern Europe and northwestern Anatolia as early as the fifth to 
the seventh millennium. Northwestern Anatolia, in what is now modern-
day Turkey, favored bovine milk probably because cattle growth condi-
tions were more favorable in that region. Sheep and goats were common 
in Anatolia, but their use as dairy animals was less frequent (Evershed 
et al., 2008).

Milk contains a unique balance of proteins, fats, carbohydrates, and 
water. It contains nine essential nutrients. In an 8-ounce glass, milk pro-
vides 30% of the daily value of calcium, 25% of vitamin D, 16% of protein, 
11% of potassium, 10% of vitamin A, 13% of vitamin B12, 24% of ribofla-
vin, 10% of niacin, and 20% of phosphorus (National Dairy Council, 2004). 
Because of the rich balance of readily available carbohydrates and pro-
teins, milk is a highly perishable product susceptible to bacterial growth. 
Not only is spoilage a concern for palatability and loss of nutrients, but 
milk also can support the growth and transport of pathogenic micro-
organ isms (Goff, 1995).

In order to prevent passage of foodborne disease entities through milk, 
ready-to-eat (RTE) dairy products are produced following strict modern 
sanitary guidelines to keep them microbiologically safe for consumers. 
Through the past several decades, the dairy industry and public health 
officials have developed a rigid series of processing and packaging guide-
lines for dairy processing. These guidelines take into consideration each 
potential hazard and provide a means of ensuring that no microbial haz-
ard occurs within the RTE product. However, failure to properly follow 
the sanitary guidelines for processing dairy products or consumption of 
raw milk can lead to disease transmission.

Raw milk is milk as it comes from the dairy animal—unprocessed. 
If consumed as raw milk, the product does not follow the complete sani-
tary safety guidelines recommended by public health agencies for pro-
tecting against potential disease transmission via milk products and 
may pose a risk to consumers. There are groups of raw milk proponents 
who insist that raw milk and raw milk products possess extraordinary 
health benefits which hypothetically can cure diseases such as cancer, 
allergies, digestive disorders, and numerous other conditions. These raw 
milk proponents often assert that public health agencies and the dairy 
industry are involved in a conspiracy to rob consumers of these sup-
posed health cures of raw milk (Sheehan, 2005). However, a review of 
scientific literature reveals that consumption of raw milk circumvents 
the public health protections afforded by decades of research and devel-
opment into safe dairy food handling and processing procedures. The 
purpose of public health is to protect the population from harm. Public 
health agencies were formed as a result of public outcry over devastat-
ing and often fatal disease transmission through foods and water. These 
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agencies are charged with protecting the masses from harm by using the 
most modern scientific knowledge available. However, the proponents 
of raw milk demand that public health agencies ignore the safety of the 
public and ignore knowledge learned from the past about potential dis-
ease transmission via milk—all because of unsubstantiated benefits of 
raw milk. Modern scientific knowledge is acquired through controlled 
experimentation and observation of natural phenomenon. Prior to pub-
lication in peer-reviewed journals, scientists must submit their research 
findings for stringent scientific review to ensure scientific accuracy and 
reproducibility. The purported health benefits of raw milk have not been 
documented in such “peer-reviewed” scientific literature, whereas the 
safety of correctly pasteurized dairy products has been proven repeat-
edly over the past century. Therefore, a comparison of risks to benefits 
reveals that the safety of properly pasteurizing dairy products to protect 
the populace far outweighs unproven health benefits claimed due to con-
sumption of raw milk.

A review of history provides lessons on dairy product safety and rea-
sons for not repeating the mistakes of the past.

3.2  History
Viral and bacterial disease in the dairy animal can be transmitted to 
humans through a number of means, including excretion of milk. Records 
indicate that as far back as the late 1500s, milk was identified as a potential 
source of disease in Europe. In Venice, in 1599, the senate banned sell-
ing or using milk, butter, or cheese during any epidemic. Public health 
safety was of such importance that the penalty for violating this law was 
death! Nearly 100 years later, in 1682, another law required burial of milk 
because of anthrax (Roadhouse and Henderson, 1941).

As early as the 1830s, the American public became concerned over the 
safety of milk sold in the larger cities. The practice of producing milk from 
animals confined within urban environments and fed distillery waste 
(“swill”) was of concern to many consumers. “Swill milk” eventually was 
outlawed in the United States. As a result, commercial milk production 
moved to rural areas, and milk was transported into the cities. However, 
rural milk production was unsanitary, and unrefrigerated transportation 
to the city compounded the problems. Adulterants such as bicarbonate 
of soda, sugar, molasses, and chalk were frequently used to mask spoil-
age. Oftentimes, milk was not even milk but instead a curious blend of 
ingredients made to appear to be milk. In real milk and adulterated milk 
though, disease outbreaks continued in the United States and abroad. As 
each outbreak occurred, public health officials learned more about the 
nature of the disease transmission (Meckel, 1998).
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In 1857, an outbreak of typhoid fever in Penrith, England, was reported 
and attributed to milk by local physician Dr. Michael Taylor. Ten years 
later, in 1867, this same Dr. Taylor also observed an outbreak of scarlet 
fever in the same locale and again concluded that the disease was spread 
via milk (Hammer, 1948).

In France, by 1864, Louis Pasteur had conducted his famous swan 
neck flask experiments and proven that micro organ isms could be spread 
through contamination (Anonymous, 1903). A new generation of scientific 
discovery into the nature of diseases and epidemics emerged thereafter. 
Unfortunately, after the U.S. Civil War, American government reforms and 
public health agencies were limited by severe budget cuts brought on by the 
start of the economic depression in 1873. But by the mid-1870s, American 
public health officials had better scientific knowledge and were able to 
begin applying these principles to preventing disease spread. However, 
many so-called “food reformers” touted wild claims related to food safety 
based on wives’ tales, misinformation, speculation, and unproven theo-
ries. Public health officials struggled to educate the public on the scientific 
principles for food sanitation against this passionate group. Eventually 
though, in the area of milk sanitation, the body of scientific data was so 
immense to prove the connection between adulterated milk and infant 
mortality that even the “food reformers” had to agree with public health 
officials. Based on this data, a number of laws concerning milk adultera-
tion and designed especially to curb the high infant mortality rate were 
passed in the 1880s. Although the laws to improve the quality of milk 
supplies within cities eventually led to milk that was indeed milk and 
not adulterants designed to mask spoilage, there still was the challenge of 
bacterial contamination of the milk (Meckel, 1998).

The U.S. Public Health Service reported 238 human disease epidem-
ics caused by milk during the period from 1911 to 1915 and 663 milk-
borne disease epidemics in the period from 1918 to 1936 (Roadhouse 
and Henderson, 1941; Hammer, 1948). These disease epidemics included 
typhoid fever, paratyphoid fever, strep throat, scarlet fever, diphtheria, 
dysentery, and gastroenteritis. In 1922, an outbreak of streptococcal sore 
throat was reported in Portland, Oregon. Raw milk was determined to 
be the cause of the 487 cases and 22 deaths. Further investigation revealed 
that the source was a single cow with a single infected quarter of her udder. 
In 1927, 4,755 people became ill with typhoid fever in Montreal, Canada. 
Within 4 months, 453 of the patients had died. Improperly pasteurized 
milk was implicated as the causative agent. An outbreak of diphtheria in 
Austin, Texas, in the 1930s caused illness in 52 people. The cause of the 
outbreak was raw milk provided by a single cow that had been infected 
by a milker with a chronic nasal ulcer caused by Corynebacterium diphthe-
riae. In 1932, 211 out of 626 cases of human brucellosis reported in Iowa 
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were directly attributable to raw milk consumption. In 1936, an outbreak 
of scarlet fever in Wellsville, New York, caused 200 illnesses. Again dur-
ing the investigation, the source was traced to raw milk consumed from 
one dairy. On this farm, one cow was found to have an infected udder 
(Roadhouse and Henderson, 1941).

As of 1938, raw milk caused 25% of all food and waterborne disease 
outbreaks in the United States. During the height of this period of milk-
borne outbreaks, in 1924, the first edition of the Pasteurized Milk Ordinance 
(PMO) had been released by the U.S. Public Health Service. State and local 
government agencies could voluntarily adopt the PMO as a model regula-
tion providing the most up-to-date scientific guidelines for safe processing, 
packaging, and distribution of dairy products. Pasteurization, a thermal 
process, was used to decontaminate raw milk and strict procedures for 
preventing re-contamination were included in the recommended guide-
lines. Since its inception, there have been 25 revisions/updates to the PMO 
to incorporate new knowledge. After widespread adoption of the sani-
tary guidelines set forth in the PMO, now less than 1% of food and water-
borne disease outbreaks in the United States are due to dairy foods (U.S. 
Public Health Service/Food and Drug Administration, 2003). Worldwide, 
public health agencies have adopted similar guidelines for processing raw 
milk into a microbiologically safe food (Turkish Ministry of Agriculture 
and Rural Affairs General Directorate of Protection and Control Vision, 
2000; FAO/WHO, 2004; Food Standards Australia New Zealand, 2006; 
Canadian Food Inspection Service, 2007). If properly followed, the guide-
lines set forth in the PMO can prevent milkborne disease transmission.

Because of the hazards associated with raw milk consumption, the U.S. 
Food and Drug Administration banned the sale of raw milk to consum-
ers in 1987 (Bren, 2004; Jayarao et al., 2006). However, intrastate raw milk 
sales are governed by state regulation, and as of 2004, 27 states allowed 
sale of raw milk directly to consumers (Headrick et al., 1997; Centers for 
Disease Control, 2007b). Between 1973 and 1992, 46 disease outbreaks 
were reported in 21 states due to raw milk consumption. A review of the 
outbreak trends indicated that states which had banned raw milk sale 
to consumers had drastically lower rates of milkborne disease (Headrick 
et al., 1998).

3.3  Sources of milk contamination
The U.S. Centers for Disease Control and Prevention reported that between 
1988 and 1992, bacterial pathogens were the cause of 79% of all foodborne 
outbreaks for which etiology was determined (Centers for Disease Control, 
1996). Milk may be contaminated via a number of means. Diseased dairy 
animals may harbor such organisms as Brucella abortis, Mycobacterium 
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tuberculi, Coxiella burnetti, Salmonella typhi, Corynebacterium diphtheriae, 
and other potential pathogens. Mastitis from the Greek “mastos” for 
breast and “-itis” for inflammation is an infection of the mammary gland 
(Nieminen et al., 2007). In dairy animals, mastitis may be due to a num-
ber of Gram-positive and Gram-negative bacteria including Staphylococci, 
Micrococci, Clostridium, Corynebacterium, Brucella, Listeria monocytogenes, 
Pseudomonas aeruginosa, Actinomyces farcinus, and Cryptococcus neoformans.

Microorganisms may be transmitted to the dairy animal from other 
animals, humans, air, water, soil, and the equipment used for milking. 
Udders may be contaminated with pathogens from grass, feces, soil, milk-
ing equipment, and hands. The animal herself may shed viruses or bacte-
ria. A diseased milker or an unsanitary milking machine may contaminate 
the milk as it is drawn from the udder. In smaller dairy operations, after 
collection, the milk is transported via buckets or portable vessels. In larger 
dairy operations, the milk is pumped via pipes to a holding vessel such 
as a bulk milk tank. At each transfer, milk may become contaminated by 
unsanitary equipment. Milk is then transferred from the farm to a milk 
processing/bottling operation. Any failure to keep the milk tank truck 
sanitary and to protect the milk against contamination during transport 
can lead to increased risk of spoilage and/or disease transmission via 
milk. Upon off-loading at the processing plant, pipes, pumps, and storage 
tanks must be free of disease-causing contaminants. In the case of raw 
milk, the product is then bottled without any protective step to destroy 
potential contaminants which may have been derived during all previous 
product-handling steps. Any pathogenic bacterial or viral contaminants 
inherent in the raw milk thus will be transferred in the product to the 
consumer. However, in the case of pasteurized milk, a thermal process is 
used to destroy any pathogenic micro organ isms that were acquired from 
the animal udder through to the processing plant. This thermal process 
is designed to destroy pathogenic contaminants. Continual reevaluation 
and study of thermal processing conditions ensure that the heat process 
is sufficient. After the milk is pasteurized, it is critical that each step there-
after is sanitary to prevent post-process contamination. Particular areas of 
concern for post-process contamination are dirty equipment and utensils, 
packaging materials, the processing plant environment, personnel with 
inadequate hygiene/illness, and improper storage. The flow of potential 
contaminants to the consumer via raw versus pasteurized milk is illus-
trated in Figure 3.1. Ready-to-eat dairy foods can potentially contain 
pathogens due to use of raw milk, inefficient heat treatment, post-process 
contamination, or a combination of these factors. Approximately 45 out-
breaks associated with unpasteurized milk and cheese made with raw 
milk occurred from 1998 to 2005, affecting a total of 1,000 individuals. 
However, improperly pasteurized milk is equally as dangerous as raw 
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Dirty milking machine
Diseased milk workers
Dirty pipes
Dirty storage

Disease
Dirt/Mud
Manure
Insects

Dirty pipes
Dirty storage
Dirty bottler
Dirty containers

Dirty pipes
Dirty storage
Dirty bottler
Dirty containers

PASTEURIZED MILK
�ermal decontamination step to destroy 

potential contamination

PASTEURIZER

Any post-process contamination begins here

RAW MILK
No decontamination step to destroy

potential contamination

All disease-causing
contaminants are 

destroyed by
pasteurization

Dirty truck
Contamination during 

 transport

Contamination by consumer

Contamination by consumer

Figure 3.1 Contamination risks and potential flow of milkborne disease-causing 
microorganisms to the consumer in raw (left) versus pasteurized (right) milk. 
(Illustration by S. D. Chambers and A.K. Greene.)
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milk in that the bacteria which were in the raw milk could potentially 
survive. Similarly, post-process contaminated milk or pasteurized milk 
that is mixed with raw milk poses potential hazards to consumers in that 
all of the risks of raw milk have been reintroduced into the product. The 
protections afforded by pasteurization are lost when raw milk is reintro-
duced and inoculates the milk with pathogenic bacteria. Most of the dairy-
 originated outbreaks recorded worldwide have occurred due to either 
consumption of raw milk or cheeses made using raw milk. However, due 
to the large scale of modern milk processing, post-process contamination 
of pasteurized milk has led to the greatest number of illnesses in recent 
years. Proponents of raw milk claim that the blame for these large-scale 
outbreaks is due to pasteurization. However, the blame is due to improper 
pasteurization resulting in the product being contaminated with disease-
causing organisms from raw milk or the environment.

3.4  Pasteurization
In an experiment conducted in March through April, 1862, Louis Pasteur 
and colleague Claude Bernard tested a process of thermal treatment to 
prevent decomposition of urine and blood (Royal Society of Chemistry, 
2008). This process, which is now known as pasteurization, proved useful 
in the dairy industry for decontaminating products from bacterial and 
viral adulteration. Pasteurization of milk proved to be the ideal food safety 
measure. The process effectively destroys pathogenic bacteria and viruses 
and, if used in conjunction with practices that prevent post-process con-
tamination, it prevents milkborne disease transmission. Pasteurization 
does not significantly change the flavor or color of the product, and 
because of the fluid nature of milk, it is easy to apply. Pasteurization is not 
sterilization; instead, pasteurization is designed to destroy all pathogenic 
contaminants, and during this process a percentage of spoilage micro-
organ isms are also destroyed.

The time and temperature relationships used in the process were 
determined by lengthy thermal death time studies. Therefore, commer-
cial pasteurization techniques were established to provide the minimum 
temperature and associated processing time required to destroy known 
pathogens which may be in raw milk (Table 3.1). Every particle of milk 
must be heated to these time temperature requirements in a process-
ing device that meets standard sanitary requirements as set forth in the 
regulations. Dairy products containing higher fats and solids require 
additional processing rigor to assure sufficient lethality to inherent micro-
organ isms. Pasteurization is but one tool used in the complete process of 
sanitary production of safe milk. Sanitary guidelines set forth in the PMO 
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require cleanliness, refrigeration, and hygienic handling of milk prior to 
pasteurization (Table 3.2).

Anecdotal evidence indicates that the established time-temperature 
relationships are sufficient to destroy all pathogenic micro organ isms 
which may be contained within raw milk. Through the years, there 
have been outbreaks associated with pasteurized products, but in every 
case, the cause was traced to improper pasteurization or post-process 
re- contamination of the product. Decades of data have proven that pasteur-
ization destroys and decontaminates raw milk, and if sanitary guidelines 

Table 3.1 Minimum Pasteurization 
Temperature and Time Requirements

Temperature Time

63°C (145°F)* 30 minutes
72°C (161°F)* 15 seconds
89°C (191°F) 1.0 second
90°C (194°F) 0.5 seconds
94°C (201°F) 0.1 seconds
96°C (204°F) 0.05 seconds
100°C (212°F) 0.01 seconds

* Processing parameters most commonly 
used by commercial dairy plants in the 
United States.

Source: From U.S. Public Health Service/
Food and Drug Administration, 2003.

Table 3.2 Grade “A” Raw Milk and Milk Products for Pasteurization, 
Ultra-Pasteurization, or Aseptic Processing for Cow’s Milk

Temperature Cooled to 10°C (50°F) or less within 4 hours or 
less of the commencement of the first milking, 
and to 7°C (45°F) or less within 2 hours after the 
completion of milking, provided that the blend 
temperature after the first milking and 
subsequent milkings does not exceed 10°C (50°F).

Bacterial limits Individual producer milk not to exceed 100,000 
per mL prior to commingling with other 
producer milk. Not to exceed 300,000 per mL as 
commingled milk prior to pasteurization.

Drugs No positive results on drug residue detection 
methods as referenced in Section 6.

Laboratory somatic cell 
count

Individual producer milk not to exceed 750,000 
per mL.

Source: From U.S. Public Health Service/Food and Drug Administration, 2003.
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are followed to protect the product from post-process contamination, then 
foodborne illness from milk should be prevented. However, there is con-
siderable evidence of foodborne illness from raw milk, from improperly 
pasteurized milk, and from post-process contaminated milk. The same is 
true of other dairy products such as flavored milk, cheese, yogurt, and ice 
cream. Butter has been implicated in only a very few foodborne disease 
outbreaks (Hammer, 1948).

3.5  Disease outbreaks associated 
with fluid milk products

Several pathogenic micro organ isms have potential to be present in raw 
and improperly processed dairy foods. These organisms can cause a vari-
ety of moderate to severe diseases ranging from gastroenteritis to chronic 
diarrhea to death (Centers for Disease Control, 1984d, 2001b). A number 
of disease outbreaks have been reported in the United States and Canada 
attributable to fluid milk products (Table 3.3).

Enterohemorrhagic Escherichia coli are Gram-negative short rods that 
are capable of producing one or more potent toxins that can cause severe 
disease in humans. The most notable of these strains is E. coli O157:H7. 
The illness manifests as a severe abdominal cramping and watery diar-
rhea followed by severely bloody diarrhea. Vomiting may occur, and fever 
is usually absent or minor. The disease can become severe and involve 
organs such as the kidney, but normally it is self-limiting and resolves 
on average by 8 days. Research data is incomplete, but it is believed that 
the infective dose for enterohemorrhagic E. coli may be as low as 10 cells 
(U.S. Food and Drug Administration Center for Food Safety and Applied 
Nutrition, 2009). Cattle have been reported as a source of E. coli O157:H7 
(Lahti et al., 2002).

Allerberger et al. (2001) reported Escherichia coli O157 infection in a 
9-year-old boy who had been fed one sample of raw goat milk by a farmer 
during a school visit. He became ill with bloody diarrhea and was hospital-
ized. After discharge, he remained an asymptomatic carrier of Escherichia 
coli O157:H-. Unfortunately, his younger sister (27 months) who had not 
consumed the raw milk, later became ill with the same sorbitol non-
 fermenting, Shiga toxin 2c-producing, E. coli O157:H- strain. Medical and 
public health personnel concluded that the younger sister became ill due 
to person-to-person transfer of the disease which was of raw milk origin.

In 2005, an outbreak of E. coli O157:H7 was reported in Washington 
due to raw milk obtained through a “cow share” program with five dairy 
cows. Sale of raw milk was legal in the state of Washington via licensed, 
inspected farms meeting state sanitary standards. Milk provided via this 
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cow share program was consumed by 140 people, and 13% of those became 
ill. Of these 18 patients, 94% of them had diarrhea, 72% had bloody diar-
rhea, and 72% experienced abdominal cramps. E. coli O157:H7 was iso-
lated from raw milk samples and from one patient (Centers for Disease 
Control, 2007a).

Campylobacter jejuni is a microaerophilic, Gram-negative motile 
rod-shaped bacteria which is now identified as the foremost cause of 
foodborne bacterial diarrheal disease in the United States. The disease 
manifests 2 to 5 days post-ingestion as diarrhea which may be bloody, 
along with nausea, abdominal pain, fever, headache, and muscle aches. 
The symptoms normally occur for 7 to 10 days duration. The illness is 
caused by an infection due to a low infective dose as low as 400 to 500 bac-
teria. Although rare, infections can lead to further complications includ-
ing arthritis, severe kidney damage via hemolytic uremic syndrome, or, 
if septicemia proceeds, any organ may be involved. Infections caused by 
C. jejuni are fatal in approximately 1 out of every 1000 cases (U.S. Food 
and Drug Administration Center for Food Safety and Applied Nutrition, 
2009). Doyle and Roman (1982) reported that C. jejuni was present in 0.9% 
of raw milk samples obtained from nine farms and from 64% of dairy 
cows. With this data, Doyle and Roman reiterated the need for proper 
pasteurization of milk and avoidance of raw milk consumption.

In 1981, an outbreak of gastrointestinal illness was caused by C. jejuni 
in the Atlanta, Georgia, suburbs. Correlation data indicated the source was 
raw milk, and although C. jejuni was isolated from cows at the raw milk 
source, the organism was never isolated in the milk (Potter et al., 1983).

In 1984, an outbreak of C. jejuni illness involving kindergarten 
children and adults occurred in California after a group field trip to a 
local certified raw milk bottling plant. During the tour, the group was 
served certified raw milk, ice cream, and kefir. Between 3 to 6 days later, 
9 children and 3 adults had become ill with fever and gastroenteritis. Stool 
samples indicated C. jejuni. Since only those who visited the raw milk 
facility became ill, it is believed that raw milk was the mode of disease 
transmission (Centers for Disease Control, 1984e).

In April, 1986, an outbreak of C. jejuni illness occurred in elementary 
school children. Milk was implicated as the source, and further investi-
gation revealed that milk had been improperly vat pasteurized at 135ºF 
(57.2ºC) for 25 minutes rather than at the required 145ºF (62.8ºC) for 
30 minutes. As a result of this violation of pasteurization regulations, the 
children suffered diarrhea, cramps, nausea, fever, vomiting, and bloody 
stools (U.S. Food and Drug Administration Center for Food Safety and 
Applied Nutrition, 2009). In another outbreak, 120 cases of C. jejuni infec-
tions were caused by drinking raw milk in Kansas (Centers for Disease 
Control, 1996).
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In late 2001, an outbreak of C. jejuni occurred in northwestern 
Wisconsin due to consumption of raw milk. The 75 reported cases 
involved patients ranging from 2 to 63 years old with a median age of 
30 years. The patients suffered diarrhea, abdominal cramps, fever, and 
nausea. Approximately one-fourth of the patients had grossly bloody 
diarrhea. Raw milk sale is illegal in Wisconsin. However, the owners of 
the dairy had circumvented the law by devising a “cow leasing” program 
in which consumers leased all or part of a cow. In return, the dairy farm 
operators milked the cows and stored the milk in a commingled bulk 
tank. “Owners” received their milk via home delivery or by picking it up 
at the farm (Centers for Disease Control, 2002).

Salmonella is another rod-shaped, motile, Gram-negative organism 
which causes foodborne infection. Symptoms include nausea, vomiting, 
abdominal cramps, diarrhea, fever, and headache and last for 1 to 2 days 
or longer. The infective dose may be as low as 15 to 20 cells (U.S. Food and 
Drug Administration Center for Food Safety and Applied Nutrition, 2009).

In 1981 and 1982, 46 and 70 cases of Salmonella Dublin illness, respec-
tively, were reported to health agencies in California and in each year 
24% of the patients had consumed certified raw milk. In 1983, there were 
123 cases of S. Dublin illness, and 44% reported consuming certified raw 
milk. A risk assessment performed at this time revealed that the risk of 
S. Dublin illness was 458.3 per million population for people drinking 
1 pint daily of raw milk versus 2.9 per million population for people who 
did not consume any raw milk. Therefore, consuming raw milk increased 
risk of S. Dublin illness by a factor of 158. This was equivalent to a 15-fold 
higher correlation between raw milk consumption and S. Dublin illness 
than the correlation between cigarette smoking and lung cancer (Centers 
for Disease Control, 1984a).

In April 1984, an outbreak of gastroenteritis was caused by Salmonella 
Typhimurium at a convent in western Kentucky. Milk was implicated as 
the cause, and further investigation revealed that improper pasteuri zation 
at 130ºF (54.5ºC) for 30 minutes rather than the required 145ºF (62.8ºC) 
for 30 minutes had allowed the pathogens to survive (Centers for Disease 
Control, 1984c).

In March and April 1985, the largest known outbreak of Salmonella 
illness in the United States was caused by contaminated pasteurized 2% 
fat milk from a processing plant in Illinois. More than 16,000 confirmed 
cases of salmonellosis occurred in six states. In total, between 168,000 and 
198,000 cases of salmonellosis were estimated to have been caused by this 
milkborne outbreak. Investigators determined that the pasteurization 
equipment had been modified, resulting in the pasteurized milk being 
contaminated with raw milk (Centers for Disease Control, 1985a).
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In 2007, the Pennsylvania Department of Health and the Pennsylvania 
Department of Agriculture received reports of illness from raw milk. 
Investigation revealed two separate incidents of diarrheal illness caused 
by S. Typhimurium due to consumption of raw milk from the same dairy. 
A total of 275 customers purchased raw milk from this dairy, and of the 
cases reported to authorities, 29 people were confirmed to have been 
made ill by the raw milk. Raw milk sales are allowed in Pennsylvania 
from permitted raw milk farms provided warning notices describing the 
potential hazards of raw milk are posted. In addition to fluid milkborne 
illness, it was found that milk from this same dairy had been used to 
make queso fresco cheese which was illegally sold unlabeled in a grocery 
store. Fourteen percent of the victims became ill from the raw milk cheese. 
After the raw milk dairy’s permit was suspended, another outbreak of S. 
Typhimurium occurred. Investigation revealed that the dairy had contin-
ued to distribute raw milk to the public even though its raw milk license 
was suspended. The raw milk license for this dairy was then revoked. 
The victims ranged in age from 5 months to 76 years with a median age of 
6 years old (Centers for Disease Control, 2007b).

In a survey of pathogenic bacteria in raw milk in Pennsylvania, 13% 
of all raw milk samples contained one or more disease-causing bacteria. 
C. jejuni was present in 2% of all raw milk samples, Shiga toxin–producing 
E. coli was found in 2.4% of the samples, and Listeria monocytogenes was 
found in 28% of the samples. Salmonella was found in 6% of the raw milk 
samples (Jayarao et al., 2006).

Yersinia enterocolitica is a small, Gram-negative rod bacterium 
which causes diarrhea and/or vomiting, fever, and severe abdominal 
pain. The abdominal pain can mimic appendicitis and, thus, is caused 
“pseudoappendicitis.” In a survey of pathogenic bacteria in raw milk 
in Pennsylvania, Y. enterocolitica was isolated from 1.2% of the samples 
(Jayarao et al., 2006).

In 1976, an outbreak of yersiniosis occurred in Oneida County, New 
York, involving school children. This was the first reported yersiniosis 
incident in the United States in which a food vehicle was identified. It was 
later determined that chocolate mix was added to previously pasteurized 
milk and not re-pasteurized (Black et al., 1978).

An outbreak of Y. enterocolitica O:8 occurred in October 1995 in Vermont 
and New Hampshire. Bottled pasteurized milk was identified as the source 
of the infection. No deficiencies were identified in the equipment or proce-
dures, but post-process contamination was suspected as a pig on the farm 
tested positive for the same strain of Y. entercolitica. Ten people, ranging in 
age from 6 months to 44 years old, became ill. Three people were hospital-
ized, and one underwent an appendectomy (Ackers et al., 2000).
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3.6  Disease outbreaks associated 
with cheese products

Cheeses made from raw milk pose risks to consumers. In recent years, 
a higher incidence of foodborne outbreaks in the United States has been 
associated with the Mexican-type cheeses that were homemade, pro-
duced, and sold without regulatory permits, or purchased during inter-
national travels. It was reported that the production of Latin-style cheeses 
increased from 68.8 million lbs. in 1997 to 190.5 million lbs. in 2007 in the 
United States (National Agricultural Statistical Services, 2008).

West (2008) delineated the differences between raw milk cheese 
advocates and pasteurized milk cheese advocates. He described raw 
milk advocates as “value based” and pasteurization advocates as “scien-
tific based” to indicate the difference in judgment via desire versus repro-
ducible fact. Evaluation of the cheeses associated with illness indicated 
that the most common product was fresh cheese made with raw milk and 
possessing a relatively high pH, high water activity, and low salt content. 
These conditions are favorable for growth of pathogenic micro organ isms. 
Proponents of raw milk cheese claim that the final product is tastier and 
healthier than pasteurized milk cheese. However, cheeses made from raw 
milk have been the source of several foodborne outbreaks in the United 
States (Table 3.4). MacDonald et al. (2005) reported 5 stillbirths, 3 prema-
ture births, and 3 infected newborns due to listeriosis in Winston-Salem, 
North Carolina, after the mothers consumed Mexican-style soft cheese 
made from raw milk (Centers for Disease Control, 2001a). Makino et al. 
(2005) reported an outbreak of foodborne listeriosis due to cheese in Japan, 
during 2001. Results of an investigation revealed extensive environmen-
tal contamination of the cheese processing plant with L. monocytogenes. 
Eighty-six people became ill during the outbreak.

The U.S. Centers for Disease Control reported that Group C strepto-
coccal infections were identified in northern New Mexico due to con-
sumption of queso blanco, which was produced in a small farm from raw 
cow milk (Centers for Disease Control, 1983b).

Multidrug-resistant Salmonella Typhimurium DT104 was linked to 
foodborne disease outbreaks after the consumption of unpasteurized, 
homemade Mexican-style queso fresco in Yakima County, Washington, 
and in northern California (Cody et al., 1999; Villar et al., 1999). An 
 outbreak of multidrug-resistant Salmonella enteric serotype Newport infec-
tions was associated with consumption of unpasteurized Mexican-style 
aged cheese in Illinois from March 2006 to April 2007 (Centers for Disease 
Control, 2008).

Shiga toxin–producing E. coli is prevalent in dairy cattle and their 
products (Hussein and Sakuma, 2005). Many countries allow production 
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of raw milk cheese provided that it is aged for a certain length of time. It 
has always been believed that the process of aging eliminates pathogenic 
bacteria. Castellano cheese is an uncooked and hard/semi-hard Spanish-
type cheese made from raw ewe’s milk. Caro and Garcia-Armesto (2007) 
analyzed 83 Castellano cheese samples with different aging times (2.5, 6, 
and 12 months) and were able to detect E. coli O157:H7 and other Shiga 
toxin–producing E. coli in 2.4% of the samples, including one of the 
12-month aged cheese samples.

In June 1998, eight laboratory-confirmed and four suspected E. coli 
O157:H7 cases were reported in west-central Wisconsin. The causative 
agent was determined to be fresh cheese curds (less than 60 days old) 
made from raw milk at a dairy processing plant (Centers for Disease 
Control, 2000).

Vernozy-Rozand et al. (2005) stated that in France, goat milk cheeses are 
usually produced from raw milk. They conducted a study on the growth 
and survival of E. coli O157:H7 in raw goat milk cheeses. Raw goat milk 
inoculated with E. coli O157:H7 was used to make experimental cheeses. It 
was determined that while the number of the E. coli O157:H7 population 
decreased, viable cells were still present after 42 days of ripening.

A large regional outbreak of gastroenteritis occurred in Spain in 
1995–1996 due to consumption of pasteurized fresh cheese. The source 
of this outbreak was traced to post-pasteurization contamination with 
Shigella sonnei (Garcia-Fulgueiras et al., 2001).

Botulism outbreaks due to the consumption of dairy products are rare. 
An outbreak of botulism occurred after consumption of tiramisu, a tra-
ditional uncooked Italian dessert made with mascarpone cheese (Aureli 
et al., 2000). In this outbreak, eight cases occurred in three different cities 
in southern Italy. Symptoms included abdominal pain, vomiting, nausea, 
diplopia, and difficulty in speaking after consumption of the tiramisu. 
Mascarpone cheese is a soft, high pH, high moisture, low salt cheese. In 
this outbreak, the time between the consumption of dessert and the start 
of the gastrointestinal symptoms was 8 to 72 h; neurological symptoms 
occurred thereafter. One victim died after 37 days of hospitalization. The 
remaining patients recovered after 37 to 78 days hospitalization. C. botuli-
num Type A spores were found in 5 out of 34 mascarpone cheese samples 
collected from the stores. However, samples of the cheese obtained from 
the processing plant did not contain spores. Cheese was made from pas-
teurized milk. However, investigators concluded that with a pH of 6.1 to 
6.2 and water activity of 0.945 to 0.988, post-process contamination and 
possible temperature abuse were involved (Aureli et al., 2000).

In yet another case, cheese sauce caused illness in 5 people and the 
death of another in Georgia. The causative agent was identified as C. botu-
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linum contamination of the cheese sauce which had been opened and left 
unrefrigerated at 22°C for a length of time (Townes et al., 1996).

After a nationwide outbreak of Salmonella paratyphi in France was traced 
to unpasteurized goat’s milk cheese, 30 tons of cheese was destroyed. The 
pathogen was detected in cheese samples from the cheese manufacturing 
plant (Desenclos et al., 1996).

Unpasteurized goat cheese produced in Mexico and sold by unli-
censed vendors from their cars caused an outbreak of Brucella melitensis 
infections in Texas. The 29 victims were Mexican immigrants. Fourteen 
people were hospitalized, and one person died (Centers for Disease 
Control, 1983c, 1990).

In a report by do Carmo et al. (2002), a foodborne illness outbreak 
was described as due to enterotoxigenic strains of Staphylococcus present 
in Minas cheese and raw milk in Brazil.

3.7  Disease outbreaks associated 
with other dairy products

Usually low pH fermented dairy products like yogurt are not conducive 
for growth of foodborne pathogens such as C. botulinum and E. coli O157. 
However, an outbreak of botulism occurred in Bitlis, in the eastern part 
of Turkey, due to the consumption of a traditional type of concentrated 
yogurt. Ten members of one family suffered symptoms similar to those 
of botulism: dry mouth, difficulty in talking and swallowing, weakness, 
headache, and blurred vision. All of the family members were admin-
istered botulinum antitoxin. All ten were hospitalized, yet two of the 
family members died. Type A botulinal toxin was found in the patients’ 
blood serum and attributed to consumption of yogurt. “Suzme yogurt” 
is a condensed yogurt which is traditionally produced in small villages. 
After yogurt production, excess free water is drained from the yogurt 
by hanging it in cloth bags. The concentrated yogurt is then placed into 
a plastic container. In this case, the container was buried in the ground 
for 2 months before consumption. The container was damaged and the 
yogurt contaminated with soil (Akdeniz et al., 2007).

An outbreak of verocytotoxin-producing E. coli O157 infection was 
associated with yogurt consumption in England. During this outbreak 
11 people became ill due to post-pasteurization contamination (Morgan 
et al., 1993).

Mycobacterium avium subspecies paratuberculosis is the etiologic agent 
of Johne’s disease, which causes chronic inflammatory bowel disease 
in ruminants. This same micro organ ism has been associated with the 
chronic gastrointestinal Crohn’s disease in humans (Beier and Pillai, 
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2007). From 2001 to 2004, 35 cases of M. bovis infection were reported in 
New York City. A 15-year-old boy died due to peritoneal tuberculosis 
caused by Mycobacterium bovis. M. bovis is a pathogen that mainly affects 
cattle. However, humans may become infected by consumption of unpas-
teurized dairy products (Centers for Disease Control, 2005).

The high fat, protein, sugar, and water content and neutral pH of ice 
cream creates a desirable environment for bacterial growth. Foodborne 
disease outbreaks from ice cream have been usually associated with 
use of raw milk, unpasteurized eggs, or environmental post-process 
contamination. In July 1986, Kraft, Inc. voluntarily recalled 25,000 cases 
(approximately 1.8 million squares) of its Polar B’ar ice cream bars made 
at its Richmond, Virginia, processing plant. The concern prompting the 
recall was for Listeria monocytogenes contamination (Farber and Peterkin, 
1991). According to Ryser and Marth (1999), more than 50 recalls of dairy 
products have been conducted since 1985 for Listeria. However, they point 
out that no cases of listeriosis have been attributed to dairy foods in the 
United States. In late 1994, an outbreak of Salmonella enteritidis foodborne 
illness was reported to the Minnesota Department of Health. An investi-
gation revealed that victims had consumed Schwann’s brand of ice cream. 
The source of the infection was traced to a tank truck that had been used 
to haul unpasteurized eggs immediately prior to carrying pasteurized 
ice cream mix from one processing plant to another. In violation of reg-
ulations, the ice cream mix was not re-pasteurized after transport. The 
mistake resulted in more than 24,000 people infected with salmonellosis 
(Hennessy et al., 1996).

3.8  Market and processing environment studies
A number of market studies have been conducted to determine poten-
tial pathogenic bacterial content of RTE dairy foods and raw ingredi-
ents. Surveys, reviews, modeling, and genotyping all improve the base 
of knowledge about how a pathogen is transmitted via dairy foods to 
consumers (Farber and Losos, 1988; Donnelly, 1990; El-Gazzar and Marth, 
1992; Holm et al., 2002; Hussein and Sakuma, 2005; Hamdi et al., 2007; Ho 
et al., 2007; Hong et al., 2007; El-Sharoud et al., 2008).

Clark et al. (2006) conducted a study on the prevalence of viable M. 
avium subspecies paratuberculosis and its genetic components, IS200 and 
hspX, in 98 cheese curd samples manufactured from pasteurized milk. 
Prescreen results indicated that samples did not have the viable cells; 
however, 5% of the curd samples contained both of the genetic compo-
nents. Further analysis by polymerase chain reaction (PCR) indicated that 
1% of the samples tested positive with both primers after the PCR con-
firmatory slant rinse. In Switzerland, 143 cheese samples made from raw 
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milk were analyzed for Mycobacterium avium subsp. paratuberculosis using 
cultivation and real-time PCR. No viable cells were found, but F-57 based 
real-time PCR identified 4.2% of the samples as positive for the presence 
of the organism’s genetic material (Stephan et al., 2007).

Ayele et al. (2005) studied M. avium subsp. paratuberculosis cultured 
from raw and commercially pasteurized cow milk in the Czech Republic. 
In this study, 19.7% of the raw milk from herds infected with M. avium 
subsp. paratuberculosis tested positive for the organism. Disturbingly, upon 
pasteurizing the milk from the contaminated herds, 1.6% to 2% of cartons 
of commercially and locally pasteurized milk, respectively, tested posi-
tive for the organism. These findings indicate that a review of pasteuriza-
tion standards may be required in areas where dairy animals are infected 
with M. avium subsp. paratuberculosis.

Callaway et al. (2005) measured the prevalence and variety of Salmonella 
species in lactating dairy cattle in four U.S. states. The researchers con-
cluded that 27% to 31% of U.S. dairy herds are infected with Salmonella.

In a total of 2,948 dairy products collected from different regions of 
Italy, none tested positive for the presence of verocytotoxin (VTEC) E. coli 
O157, even though 1,814 samples were produced from unpasteurized milk 
(Conedera et al., 2004). In Lima, Peru, approximately 8% of soft cheese 
samples tested contained Shiga toxin–producing E. coli O157:H7 (Mora 
et al., 2007). In a study in Ireland, E. coli O157:H7 and other VTEC E. coli 
strains were detected in raw milk filters from 74 milk production facilities. 
Five E. coli VTEC O157:H7, 17 E. coli O26 (four of which were VTEC), and 
22 non-virulent E. coli O157 strains were determined using PCR (Murphy 
et al., 2007).

Muehlherr et al. (2003) tested 407 samples of bulk tank milk from farms 
in Switzerland. Of these samples, 344 were of goat milk and 63 were of 
ewe milk. No Campylobacter spp. and Salmonella spp. were detected in any 
of the samples, but Enterobacteriaceae were detected in 61.6% of the goat’s 
milk samples and 71.4% of the ewe’s milk samples. S. aureus was present 
in 31.7% samples of goat’s milk and 33.3% samples of ewe’s milk. Using 
PCR testing, the researchers determined that 16.3% of the goat’s milk and 
12.7% of the ewe’s milk samples were positive for Shiga toxin–producing 
E. coli, and 23.0% of the goat’s milk and 23.8% of the ewe’s milk were pre-
sumptively positive for M. avium subsp. paratuberculosis. These results also 
indicate the hazard of consuming raw goat’s or raw ewe’s milk products.

Y. enterocolitica has the ability to grow in milk at refrigeration tem-
peratures. Lovett et al. (1982) reported that there are heat-resistant strains. 
Fortunately, the pasteurization process recommended by U.S. Public 
Health Service exceeds the temperature required for destruction of these 
heat-stable strains. In another study, the prevalence of Y. enterocolitica in 
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cheese samples produced from raw milk in Ontario, Canada, was reported. 
The researchers found that 18.2% of the raw milk and 9.2% of the raw milk 
cheese curd samples contained Y. enterocolitica (Schiemann, 1978, 1987).

Jayarao and Henning (2001) studied the prevalence of foodborne 
pathogens in bulk tank milk and determined that 26.7% of all bulk milk 
tank samples contained one or more pathogenic bacterial species. They 
determined that 9.2% of the samples contained C. jejuni, 3.8% contained 
Shiga toxin–producing E. coli, 4.6% contained L. monocytogenes, 6.1% con-
tained Salmonella spp., and 6.1% contained Y. enterocolitica. In 2004, Van 
Kessel et al. examined the prevalence of Salmonellae, L. monocytogenes, 
and fecal coliforms in U.S. dairy farm bulk tank milk. In the study, sam-
ples were collected from 861 bulk tank milk samples in 21 states. Results 
indicated 95% of the samples contained coliform bacteria, 2.6% contained 
Salmonella, and 6.5% contained L. monocytogenes. Karns et al. (2005) used 
real-time PCR as an improved method for determining Salmonella enterica 
in raw milk samples from bulk milk tanks from 854 farms in 21 states. 
Using this improved sensitivity technique, they determined that 11.8% 
of the raw milk samples were contaminated with Salmonella enterica, 
opposed to only 2.6% detected by using conventional culture techniques. 
Kagkli et al. (2007) reported contamination of milk with enterococci and 
coliforms from bovine feces. Konuk et al. (2007) isolated Mycobacteria 
from raw milk samples in the Afyonkarahisar district of Turkey. Clearly 
all of these studies indicate the extreme risk posed by consumption of raw 
milk. The U.S. Centers for Disease Control indicate that people who drink 
raw milk have a 158 time greater likelihood of being stricken by illness 
from Salmonella Dublin than people who drink properly pasteurized milk 
(Vasavada, 1988).

Growth of Staphylococcus aureus and resultant enterotoxin production 
was investigated during processing of uncooked, semi-hard, raw milk 
cheese (Delbes et al., 2006). In the samples, coagulase positive staphylo-
cocci were detected at 2.82 to 6.84 log cfu/g after 24 hours. The research-
ers reported that the higher the initial coagulase levels in the cheese, the 
higher the chance of enterotoxin being present in the cheese (Delbes et al., 
2006). In another study, it was reported that 33 fresh, soft, semi-hard, and 
hard raw milk cheese samples made with bovine and caprine raw milk by 
small- and large-scale Italian producers contained S. aureus and staphylo-
coccal enterotoxins (SEs) (Cremonisi et al., 2007). Angelidis et al. (2005) 
analyzed 42 RTE Greek cheese samples and while neither Salmonella spp. 
nor L. monocytogenes were detected, three samples tested positive for 
E. coli and/or S. aureus. Fremaux et al. (2006) studied the dissemination 
and persistence of Shiga toxin–producing Escherichia coli strains on French 
dairy farms. Shiga toxin (Stx) genes were present in 25% of fecal samples 
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and 20% of environmental samples from the dairy farms. Some of the 
toxigenic material persisted for up to 12 months in the farm environment. 
This study indicates the risk of contamination of raw milk from the dairy 
farm environment.

Kongo et al. (2006) investigated the presence of L. monocytogenes in a 
raw milk cheese known as Sao Jorge in the Azores Islands, Portugal. A 
total of 357 raw milk, curd, and cheese samples were collected over the 
course of 1 year. Among the samples, L. monocytogenes was identified by 
using PCR analysis and ribotyping in 2 of the raw milk samples. Boerlin 
et al. (2003) reported that 11% of healthy dairy cows in Switzerland had 
antibodies to listeriolysin O and internalin A antigens due to listeriosis in 
the cows. It was also reported that listeriosis in cows was associated with 
consumption of corn silage as well as related to the level of dairy farm 
sanitation. In Portugal, 213 Listeria spp. isolates were obtained from eight 
dairies; L. monocytogenes serotype 4b was the most prevalent as determined 
by PCR serotyping (Chambel et al., 2007). A study was conducted in Brazil 
on the presence of L. monocytogenes in 50 pasteurized milk samples (nine 
commercial brands) and 55 Minas Frescal cheese samples (10 commercial 
brands) (Brito et al., 2008). According to the results, all pasteurized milk 
samples tested negative while 60% of the cheese samples from one brand 
tested positive for L. monocytogenes. Due to these results, samples were 
collected directly from the specific processing plant which had produced 
the contaminated cheeses. The processing plant was later renovated to 
prevent contamination problems recurring (Brito et al., 2008).

Even though cheeses produced from raw milk have been reported to 
be an important source of L. monocytogenes, post-pasteurization contam-
ination can also pose hazards. A total of 357 fresh cheese and process-
ing plant environmental (food contact surfaces, drains, floors, walls, etc.) 
samples were collected from three Latin-style cheese processing plants in 
New York. This plant used pasteurized milk for production of the cheese. 
L. monocytogenes was isolated from 6.3% of the cheese samples. However, 
11% of environmental samples were positive for L. monocytogenes, which 
indicated that post-process contamination occurred. The authors also 
revealed that ribotype DUP-1044A subtype of L. monocytogenes, which has 
been previously linked in listeriosis outbreaks, was isolated from 20 of 
36 isolates (Kabuki et al., 2004). Carvallo et al. (2007) reported low preva-
lence (3%) of L. monocytogenes in Minas Frescal cheese made from pasteur-
ized milk.

In 1988, D’Aoust et al. studied the thermal inactivation of Campylobacter 
species, Y. enterocolitica, and hemorrhagic E. coli O157:H7 in fluid milk. This 
study confirmed that high temperature short time (HTST) pasteurization 
temperatures and minimum holding times were sufficient to destroy the 
then emerging pathogens hemorrhagic E. coli O157:H7, Y. enterocolitica, and 
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Campylobacter spp. (C. fetus, C. coli, and C. jejuni). However, the research-
ers reiterated that stringent thermal process control is critical to ensuring 
microbiological safety of RTE dairy products (D’Aoust et al., 1988).

In 1992, Cotton and White conducted a survey of L. monocytogenes, 
Y. enterocolitica, and Salmonella in milk and ice cream processing dairy 
plant environments. No Salmonella spp. were isolated from any of the envi-
ronmental samples, but 6.8% of the samples were positive for Y. enteroco-
litica, 6.5% were positive for L. monocytogenes, and 9.3% were positive for 
Listeria spp. other than L. monocytogenes. This indicates the critical need 
for tight environmental control within the processing plant environment 
to prevent post-process contamination (Cotton and White, 1992). In a 
more recent survey, Frye and Donnelly (2005) reported a low incidence of 
L. monocytogenes in pasteurized fluid milk.

During a 1-year-long study in France, the prevalence and character-
ization of Shiga toxin–producing E. coli isolated from cattle, food, and 
children was investigated (Pradel et al., 2000). The study results indicated 
that 101 of 603 cheese samples were positive for the Stx gene which was 
likely to be pathogenic for humans. Hemolytic uremic syndrome, hem-
orrhagic colitis, and uncomplicated diarrhea have been reported associ-
ated with the Stx gene. The dominant serotype isolated in the study was 
O157:H7. Stx positive samples showed a seasonal pattern with the highest 
number recorded during April to September. The researchers determined 
that many of the isolates belonged to serogroups that have specific prop-
erties which can allow them to survive in meat and cheese (Pradel et al., 
2000). Lekkas et al. (2006) reported the survival of Escherichia coli O157:H7 
in Galotyri cheese stored at 4°C and 12°C.

Streptococcus equi subsp. zooepidemicus belongs to Group C strepto-
cocci and rarely causes infections in humans. However, it was isolated 
from fresh goat cheese made from unpasteurized milk and throat swabs 
of three people who had consumed the cheese (Kuusi et al., 2006).

A study was conducted on the microbial quality of retail cheeses made 
from raw, thermized, or pasteurized milk in the United Kingdom by Little 
et al. (2008). Their results indicated that cheese samples made from raw or 
thermized milk had at least 4 log of S. aureus and E. coli. Cheese samples 
made from pasteurized milk also were contaminated with S. aureus and 
E. coli at 3 log. The researchers emphasized the importance of good manu-
facturing techniques. Mariani et al. (2006) demonstrated that the wooden 
shelves used in cheese aging rooms were one source of contamination with 
micro organ isms such as micrococci-corynebacteria, yeasts, and molds and 
at lower rates with enterococci, staphylococci, and pseudomonads.

Zhou et al. (2007) evaluated Chinese commercial pasteurized milk 
obtained from the chain supermarkets in Wuhan, China, in spring and 
in fall of 2006. Of the spring samples, 71.4% contained Bacillus cereus, 
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and 33.3% of the fall samples also contained the bacterium. PCR analyses 
indicated enterotoxin genes present in the bacteria.

3.9  Emerging techniques to prevent 
post-pasteurization contamination

Technological developments have resulted in significant alternatives to 
conventional methods of thermal processing. Technologies such as high 
pressure processing, pulsed electric field, irradiation, ultrasound, and 
bacteriocin applications are of specific interest for the food industry as 
a means to provide food safety while preventing undesirable sensory 
changes in food texture, color, and flavor. Improved pathogen testing 
methods allow more sensitive detection in shorter time.

LÓpez-Pedemonte et al. (2007) determined the effects of high hydro-
static pressure (HHP) application in cheese samples experimentally con-
taminated with two strains of L. monocytogenes (NCTC 11994 and Scott A). 
Pressures of 300, 400, and 500 MPa were applied at 5°C and 20°C. During 
the subsequent 30-day storage of the cheese samples, HHP treated cheese 
had significantly reduced levels of L. monocytogenes, especially the samples 
treated with the higher pressure applications (400–500 MPa). It was also 
suggested that a combination of high pressure treatments with bacterio-
cins would help to produce safe cheese from raw milk (LÓpez-Pedemonte 
et al., 2007; Rodríguez et al., 2005). Arqués et al. (2006) made Spanish 
semi-soft La Serena cheese using high pressure treatment. Their results 
indicated that 300 to 400 MPa applications were effective in decreasing 
coliforms, S. aureus, and enterococci.

LÓpez-Pedemonte et al. (2007) studied HHP at mild temperatures 
with addition of nisin on improving safety of soft-type cheeses. They 
determined that 400 MPa HHP with 1.56 mg/L nisin application caused 
a 2.4 log10 cfu/g inhibition of B. cereus ATCC 9139 in cheese samples. In 
another study, high pressure treatment (300–500 MPa) was combined with 
different bacteriocin-producing lactic acid bacteria as an adjunct culture 
in cheese production (Rodríguez et al., 2005). Raw milk was inoculated 
with E. coli O157:H7 and one of several different bacteriocin-producing 
cultures. High pressure treatments were applied at Day 2 after cheese pro-
duction at 300 MPa for 10 min and 500 MPa for 5 min, and at Day 50 at 
300 MPa for 10 min and 500 MPa for 5 min. The combined applications, and 
especially HP at 300 MPa on Day 50 with addition of nisin-A, bacteriocin 
TAB 57, enterocin I, or enterocin AS-48–producing LAB, inhibited E. coli 
O157:H7 in 2-month aged cheese (Rodríguez et al., 2005). Arqués et al. 
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(2005) inactivated S. aureus in raw milk cheese using a combination of 
high pressure treatment and bacteriocin-producing lactic acid bacteria.

Bacteriocins from food grade cultures are effective in inhibiting food-
borne pathogens, and preventing or reducing food spoilage (Nissen et al., 
2001). Bacteriocin applications have been well studied in dairy foods. Broad 
spectrum bacteriocin lacticin 3147, which is produced by Lactococcus lactis, 
was used against L. monocytogenes on the surface of smear ripened cheese 
(O’Sullivan et al., 2006). Cheese samples were experimentally contami-
nated with L. monocytogenes and inoculated with lacticin 3147- producing 
and non-producing lactic cultures. Although the application of lacticin 
3147–producing culture did not provide total elimination of the L. mono-
cytogenes, it did reduce the population. It was proposed that this tech-
nique might improve the safety of smear-ripened cheeses, which usually 
have only low levels of post-pasteurization contamination. Bizani et al. 
(2008) used the bacteriocin-like peptide cerein to inhibit L. monocytogenes 
in dairy products. McAuliffe et al. (1999) had similar results in cottage 
cheese using lacticin 3147.

The effect of irradiation on the microbial and sensory properties of ice 
cream samples was studied by Kamat et al. (2000). Ice cream samples were 
irradiated at 1, 2, 3, 4, and 5 kGy. High irradiation levels adversely affected 
the sensory properties of the ice cream and caused off-flavors. However, 
the 1-kGy irradiation treatment had acceptable sensory properties, and 
researchers indicated this was a viable method for producing microbio-
logically safe ice cream.

Rajagopal et al. (2005) determined that the combination of low pres-
sure carbon dioxide and refrigeration improved the microbial quality of 
raw milk and reduced pathogen populations.

In the past few decades, advances in packaging science have helped 
in the challenge of assuring food safety. New biodegradable and anti-
microbial food packaging materials containing spice extracts and bacte-
riocins (Seydim and Sarikus, 2006) and modified atmosphere packaging 
are important developments for dairy product safety (Robertson, 2005). 
Duan et al. (2007) reported that chitosan lysozyme coatings were effective 
against L. monocytogenes, Pseudomonas fluorescens, and E. coli on mozza-
rella cheese surfaces.

New methodologies for detecting pathogens are being rapidly devel-
oped (Bhaduri and B. Cottrell, 1998; Abubakar et al., 2007; Beutin et al., 2007). 
Karns et al. (2007) developed PCR methods for analyzing presence of E. coli 
O157:H7 and E. coli virulence factors in U.S. bulk tank milk. Test methods 
such as these allow quick monitoring of product to ensure pathogen control 
and elimination. These tools provide more rapid identification of causative 
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agents and will allow more effective testing of the finished product before 
it leaves the processing facility. Risk assessment studies improve knowl-
edge for preventing exposure of consumers to pathogenic organisms (Van 
Gerwen et al., 2000; McLauchlin et al., 2004; Clough et al., 2006).

The most effective tool in the prevention of foodborne disease 
outbreaks is education. To help prevent outbreaks, Washington State 
University conducted a project to develop queso fresco using pasteur-
ized milk. They then educated people on proper safe cheese production 
via a series of workshops directed toward older Hispanic women. These 
women were selected so they could then later train others in their commu-
nities. More than 250 individuals attended the workshops between 1997 
and 1998. Follow-up surveys indicated that the individuals continued to 
use pasteurized milk for the production of queso fresco (Bell et al., 1999).

3.10  Ensuring the safety of ready-to-eat 
dairy products

A review of literature reveals that dairy products made from raw milk pose 
a significant risk of causing foodborne illness. Because raw milk products 
now represent a minute portion of total commercial dairy production, 
outbreaks are usually confined regionally near the source. However, in 
the larger commercial dairy processing industry, which may have sales 
in multiple states or regions, failure to properly pasteurize products and 
to subsequently protect those products from post-process contamination 
can lead to widespread foodborne illness outbreaks. The tragic outbreaks 
that have resulted from failure to properly pasteurize the products indi-
cate the importance and significance of the pasteurization process as a 
protective measure. The failures can be equated to what would have hap-
pened if the milk was sold as raw milk or raw milk products.

The good manufacturing practices set forth in the Grade A Pasteurized 
Milk Ordinance and similar documents have been proven repeatedly to be 
the proper sanitation techniques and controls to ensure safe dairy product 
production. Proper adherence to these guidelines is essential to prevent 
contamination. In addition to processing the foods in accordance with the 
guidelines, manufacturers test finished dairy products for contamina-
tion. Total quality control assurance programs are significant in ensuring 
safety. The Hazard Analysis Critical Control Point (HACCP) system was 
developed in the 1960s by the Pillsbury Corporation for the U.S. National 
Aeronautics and Space Administration (NASA) and the U.S. military. It was 
first developed for ensuring absolute food safety for astronauts in space but 
has since been applied to food plants to effectively detect hazards/errors 
in processing environments and throughout the entire route to customers. 
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HACCP has had a significant effect on improving food safety. Many other 
countries have followed the U.S. approach and in the European Union, 
HACCP application is now mandatory for food plants. Determination 
of critical control points is crucial in dairy plants and for dairy product 
safety. Zero tolerance regulations for pathogens such as L. monocytogenes 
and E. coli O157:H7 have created pressure on the food processors to con-
tinue to improve dairy safety. Farm to plate quality programs are effective 
in preventing foodborne illness in RTE dairy products (Reed and Grivetti, 
2000; Allard, 2002; Valeeva et al., 2005; Beier and Pillai, 2007).

Furthermore, in Europe, International Organization for Standardiza-
tion (ISO) representatives have established quality assurance standards 
for food processing plants. These standards include: ISO 9000–2000 
Fundamental Quality Management System and Vocabulary, ISO 9001:2000 
Requirements for a Quality Management System, and ISO 19011:2002 
Principles for Auditing Quality and Environmental Management Systems. 
The generalized control mechanisms critical to total quality assurance in 
the safety of RTE dairy products is illustrated in Figure 3.2.

3.11  Raw milk versus pasteurized milk products 
and the safety of ready-to-eat dairy foods

Numerous individuals and groups actively campaign for the legaliza-
tion of raw milk sales. These groups claim that peer-reviewed scientific 
literature supports their arguments that raw milk is safe and contains 
profound nutritional and/or medicinal values not found in pasteurized 
milk. However, a review of the references provided on a raw milk website 
reveals that many of the journal articles do not exist, are misquoted, or 
are misinterpreted. A review of their arguments indicates that the authors 
often do not take into account all aspects of raw milk as a vehicle for dis-
ease transmission (Bren, 2004; Weston A. Price Foundation, 2007, 2008). 
In the Weston A. Price Foundation’s own documents, it is stated “That 
the consumption of raw milk carries some risk is undeniable” (Weston A. 
Price Foundation, 2007). On this point, public health officials agree. And 
it is based on this knowledge that public health officials attempt to limit 
and/or prevent disease transmission via milk. According to anecdotal 
data available through scientifically researched and observed disease 
outbreaks, public health officials and food microbiologists agree that the 
best known scientific method of preventing milkborne disease outbreaks 
is to properly pasteurize milk and to properly follow sanitary guidelines 
for bottling and distributing the pasteurized product. The key to success 
in this sanitary process is to properly follow the guidelines and to scientifi-
cally review any outbreak to ensure that the guidelines were adequate. If 
guidelines are found inadequate, modifications must be made.
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Figure 3.2 Control mechanisms for assurance of dairy safety. (Illustration by A.C. 
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The lessons of the past recorded in public health history clearly 
indicate that consumption of raw milk and raw milk products increases 
the chance of contracting disease. Analyses of raw milk repeatedly have 
indicated fecal and environmental contaminants can and do occur. Proper 
pasteurization of raw milk has been proven to destroy these pathogens. 
Using care to ensure that no post-pasteurization contamination occurs, 
results in microbiologically safe RTE dairy foods. However, failure to fol-
low sanitary processing guidelines and good manufacturing practices can 
result in hazardous dairy products. Strict vigilance to total quality control 
is essential for providing consumers with safe RTE dairy products.

Proponents of raw milk have pushed forward such bills as the 
California Senate Bill 201, dubbed “The Fresh Raw Milk Act of 2008,” 
which support and promote raw milk (Weston A. Price Foundation, 2008). 
Although the bill sets forth regulations on use of HACCP and other strict 
quality control measures, the risk from consuming raw milk remains. 
Unfortunately, “those who cannot remember the past are condemned to 
repeat it” (Santayana, 1905).
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The United States has nearly 13,000 miles of coastline bordering the Pacific 
and Atlantic Oceans, the Gulf of Mexico, the Gulf of Alaska, the Bering 
Sea, and the Arctic Ocean, which forms the world’s largest exclusive 
economic zone, consisting of approximately 3.4 million square nautical 
miles of oceans for fishing and marine resources covered by 200 nauti-
cal miles offshore. The U.S. commercial marine fishing industry, includ-
ing domestic and foreign markets, contributed $35.1 billion to the gross 
national product in 2006 (NMFS 2007). U.S. consumers spent an estimated 
$69.5 billion for fishery products in 2006: $46.6 billion at food service 
establishments, $22.7 billion in retail sales for home consumption, and 
$318.1 million for industrial fish products (NMFS 2007).

The United States imports about 84% of its seafood and is the third 
largest consumer of fish and shellfish, behind China and Japan. According 
to the National Marine Fisheries Service (NMFS) of the National Oceanic 
and Atmospheric Administration (NOAA), Americans consumed a total 
of 4.9 billion pounds of seafood in 2007. The average American consumed 
16.3 pounds of fish and shellfish (NOAA 2008). Of the total of 16.3 pounds 
consumed per person in 2007, 12.1 pounds were fresh and frozen finfish 
and shellfish; shrimp (4.1 pounds per person) remained the number one 
choice for seafood consumption in the United States.

Seafood is an important source of protein in many diets around the 
world. Fish and shellfish on average provide 25% of the protein consumed 
in developing countries and 13% in developed countries (NOAA 2007). 
Worldwide seafood consumption has doubled since 1973, and global wild-
caught fisheries production has peaked at approximately 93 million tons 
per year (Delgado et al. 2003). Consumer demand for seafood is expected 
to continue to grow as more and more consumers realize the health ben-
efits of eating seafood containing high levels of omega-3 fatty acids such 
as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Cold 
water fatty fish, such as herring, mackerel, sardine, salmon, and tuna, 
is the main source of EPA and DHA. Numerous studies have revealed 
strong evidence that omega-3 fatty acids reduce blood triglyceride levels, 
and regular intake of fish oil stimulates blood circulation and reduces the 
risk of secondary and primary heart attack (Willett et al. 1993; Roche and 
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Gibney 1996; Stone 1996; Harris 1997; Sanders et al. 1997; Bucher et al. 2002; 
Davidson et al. 2007).

The U.S. Food and Drug Administration (FDA) announced a qualified 
health claim about EPA and DHA, stating “Supportive but not conclusive 
research shows that consumption of EPA and DHA omega-3 fatty acids 
may reduce the risk of coronary heart disease” (FDA 2004). The FDA rec-
ommended that women and young children include up to 12 ounces (two 
average meals) a week of a variety of fish and shellfish as a regular part 
of their diet, but avoid eating shark, swordfish, king mackerel, or tilefish 
because they may contain high levels of mercury (FDA 2006).

4.1  Illness associated with seafood consumption
Seafood is highly perishable because it can harbor microorganisms, includ-
ing human pathogens, which exist in marine environments. The numbers 
and types of indigenous microorganisms on freshly harvested seafood 
depend on the geographical location, harvest season, and on-board han-
dling. While a majority of the indigenous microorganisms associated with 
seafood present no health threat to human health, human pathogens, such 
as Vibrio parahaemolyticus, Listeria monocytogenes, Staphylococcus aureus, and 
Clostridium botulinum, could sometimes be present in seafood and cause 
foodborne infection. Consumption of improperly cooked or ready-to-eat 
(RTE) seafood containing these pathogens may lead to development of 
acute gastroenteritis, sepsis, and, in rare cases, paralysis and death.

Since all the human pathogens associated with seafood can be destroyed 
by thorough cooking, RTE seafoods are the main vehicles for foodborne 
illness associated with seafood consumption. RTE seafoods include raw 
(such as oysters, clams, and sushi) or precooked (such as cooked shrimp, 
cooked crabmeat, and surimi seafood) products that require no heating 
or cooking prior to consumption and can be contaminated with human 
pathogens during handling or post-processing preparation.

The Center for Science in the Public Interest (CSPI) identified 5,778 
outbreaks in the United States between 1990 and 2006 involving 168,898 
individual illnesses that linked to specific foods (CSPI 2008). The food 
categories that were most commonly linked to outbreaks were seafood 
(1,140 outbreaks with 11,809 illnesses), followed by produce, poultry, beef, 
and eggs (Table 4.1). Among the outbreaks linked to seafood consump-
tion, 694 outbreaks (3,391 illnesses) were associated with consuming fin-
fish (such as tuna and grouper), and 175 outbreaks (3,794 illnesses) were 
associated with consuming molluscan shellfish including oysters, clams, 
and mussels. Seafood dishes like crab cakes and tuna burgers were the 
vehicles of 197 outbreaks (3,715 illnesses). Other seafood, such as shrimp 
and lobster, were involved in 74 outbreaks (909 illnesses). By comparing 
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the relative rates of outbreak-related illnesses caused by various foods 
(seafood, produce, poultry, beef, and eggs), the CSPI reported that fish and 
shellfish caused more sicknesses per bite than any other food categories.

4.2  Outbreaks linked to seafood consumption
RTE seafoods are usually safe to consume. However, various types of RTE 
seafoods, including seafood cocktail, seafood salad, shrimp cocktail, 
smoked fish, and raw shellfish have been linked to outbreaks because of 
contamination with human pathogens during processing, preparation, 
and distribution of products (Table 4.2).

4.2.1  Seafood salad and seafood cocktail

Seafood salad and seafood cocktail are common appetizers served at sea-
food restaurants and on cruise ships. While the seafood ingredients in 
seafood salad and cocktail are usually cooked before serving, produce 
(such as lettuce and spinach) used for salads are eaten raw. The produce 
may come in contact with organic fertilizers, such as manure, that contain 
human pathogens or viruses. In some cases, produce may be irrigated 
with contaminated waters or be handled by workers with poor hygiene 
practices, the latter of which provides an opportunity for post-harvest 
contamination of foodborne pathogens.

Seafood cocktail was implicated in 8 of 13 documented foodborne out-
breaks on cruise ships between 1975 and 1985 (Addiss et al. 1989). Among 
them, a large outbreak involving 403 passengers who developed gastro-
enteritis with symptoms clinically compatible with a 27-nm Norwalk-like 
virus after a 1-week Caribbean cruise was linked to shrimp cocktail con-
sumption (CDC 1988). A large outbreak of 242 cases associated with eating 
a seafood salad at a Mother’s Day brunch in a hotel in New York occurred 

Table 4.1 Foods Commonly Linked to Outbreaks 
that Occurred between 1990 and 2006

Food Categories Outbreaks Cases of Illness

Seafood 1,140 11,809
Produce 768 35,060
Poultry 620 18,906
Beef 518 14,191
Eggs 351 11,143

Source: Data adapted from CSPI 2008.
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in 1989 (CDC 1996). The seafood salad was contaminated with Clostridium 
perfringens and had been held at room temperature for hours before being 
served. An outbreak (75 cases) of cholera, infected by toxigenic Vibrio chol-
erae O1, occurred among more than 100 passengers who ate seafood salad 
during a flight from Peru to Los Angeles on February 14, 1992 (Besser et al. 
1994). A large outbreak of Brainerd diarrhea affecting 114 persons with 
diarrhea that lasted for more than 4 weeks was linked to seafood salad 
consumption at a restaurant in Texas in 1996 (Kimura et al. 2006).

In 1999, two patients reported severe diarrhea after eating a precooked 
ready-to-eat seafood salad including shrimps, scallops, mussels, hen 
clams, cuttlefishes, and squid in Italy (Cavalieri d’Oro et al. 1999). An epi-
demiologic case-control investigation involving 454 persons (94 who had 
eaten the seafood salad and 360 controls who had not eaten the seafood 
salad in the same canteen) revealed that 37 (39%) of those who had eaten 
the seafood salad had had at least one episode of diarrhea or other relevant 
gastrointestinal symptoms, while only one (0.3%) of those who had not 
eaten the salad reported diarrhea. Toxinogenic Vibrio cholerae O1 (biotype 
El Tor, serotype Ogawa) were isolated from stools of both patients.

Table 4.2 Outbreaks Linked to Consumption of Cooked 
or Smoked Ready-to-Eat Seafood

Seafood Products Cases Year Location Reference

Shrimp cocktail 403 1985 Caribbean cruise CDC 1988
Seafood salad 242 1989 New York CDC 1996
Smoked mussels   2 1991 Australia Mitchell 1991
Smoked mussels   2 1992 New Zealand Brett et al. 1998
Seafood salad  75 1992 Flight from Peru to 

Los Angeles
Besser et al. 
1994

Gravad, cold-
smoked rainbow 
trout

  9 1994– 1995 Sweden Ericsson et al. 
1997

Seafood salad 114 1996 Texas Kimura et al. 
2006

Surimi crabmeat   2 1996 Canada Farber et al. 
2000

Seafood salad   2 1999 Italy Cavalieri d’Oro 
et al. 1999

Peel-and-eat 
shrimp

 51 2000 Palm Beach Princess 
cruise ship

CDC 2000a

Cooked shrimp 110 2000 Disney Magic cruise 
ship

CDC 2000b
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4.2.2  Smoked fish

The process of smoking foods, including fish, to preserve them has a long 
history. Two types of processes, cold smoking and hot smoking, can be 
used to preserve fish. In cold smoking, the fish is cured with smoke at 
an air temperature not higher than 33°C to avoid significant coagulation 
of the proteins in the fish flesh. In hot smoking, fish is cured with smoke 
at a temperature of 70°C to 80°C at some stage in the process in order to 
cook the flesh (McK. Bannerman 2001). The hot-smoking process is gen-
erally sufficient to kill parasites and destroy non-sporeforming bacterial 
pathogens. Therefore, hot-smoked fish products do not require further 
heating before consumption. However, the cold-smoking process is not a 
cooking process and allows human pathogens to survive in the smoked 
fish products. Since cold-smoked fish is produced without intense thermal 
treatment and may be consumed without heating, this kind of RTE sea-
food can serve as a vehicle for foodborne illness. Outbreaks of listeriosis 
(illness caused by Listeria monocytogenes infection) linked to consuming 
cold-smoked rainbow trout and smoked mussels have been reported in 
Sweden (Ericsson et al. 1997) and New Zealand (Brett et al. 1998).

4.2.3  Shellfish

Shellfish are filter-feeding bivalves that filter water for nutrients and 
often accumulate bacteria and marine toxins from the surrounding water. 
Foodborne illnesses linked to seafood consumption are frequently asso-
ciated with eating shellfish contaminated with pathogens, mainly Vibrio 
parahaemolyticus, and marine toxins.

In the United States, V. parahaemolyticus was first identified as an etio-
logical agent of food-related gastroenteritis after three outbreaks involv-
ing 425 illnesses associated with consumption of improperly cooked crabs 
occurred in Maryland in August 1971 (Molenda et al. 1972). Between 1973 
and 1998, approximately 40 outbreaks of V. parahaemolyticus infections 
were reported to the Centers for Disease Control and Prevention (CDC) 
with most of the illnesses resulting from shellfish consumption (Daniels 
et al. 2000). Since then, several major outbreaks of V. parahaemolyticus have 
been recorded in the United States (Table 4.3). Four large outbreaks of 
V. parahaemolyticus infections resulting in more than 700 cases of illness in 
the Gulf Coast, Pacific Northwest, and Atlantic Northeast regions of the 
United States were reported in 1997 and 1998 (CDC 1998, 1999; DePaola 
et al. 2000). Nearly all the cases were associated with eating raw oysters 
harvested in the State of Washington and British Columbia of Canada. 
An outbreak of V. parahaemolyticus infection linked to consuming Alaska 
oysters occurred on board a cruise ship in Alaska in 2004 (McLaughlin 
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et al. 2005). More recently, in 2006 an outbreak of 177 cases of V. parahae-
molyticus infection (72 confirmed and 105 probable) in New York, Oregon, 
and Washington was linked to consumption of raw oysters harvested in 
Washington and British Columbia (CDC 2006a).

Other than bacterial infection, seafood-borne illness can also be 
caused by marine toxins, such as saxitoxin, okadaic acid, brevetoxins, 
and domoic acid, which shellfish accumulate from feeding on toxic algae. 
These toxins can cause shellfish poisoning, including paralytic shellfish 
poisoning (PSP), diarrheic shellfish poisoning (DSP), neurotoxic shell-
fish poisoning (NSP), and amnesic shellfish poisoning (ASP) (FDA 1992). 
Shellfish contaminated with these chemicals usually looks, smells, and 
tastes normal. A large outbreak of paralytic shellfish poisoning affected 
187 persons, killing 26, in Guatemala in 1987 (Rodrigue et al. 1990).

Between 1973 and 1987, 19 PSP outbreaks, with an average of 8 cases 
per outbreak, caused by consumption of mussels, clams, oysters, scallops, 
and cockles were reported to CDC’s Foodborne Disease Outbreak Sur-
veillance System (CDC 1991). Four episodes of PSP outbreak with 13 cases 
reported in Massachusetts and Alaska in 1990 were linked to consump-
tion of boiled blue mussels (Mytilus edulis), steamed butter clams, and 
butter clam broth (CDC 1991). Shellfish, including butter clams, mussels, 
cockles, steamer clams, sea snails, and razor clams, have been implicated 
in 42 PSP outbreaks documented in Alaska from 1976 through 1989 (CDC 
1991). Seven more PSP outbreaks affecting 43 persons with 13 of them hos-
pitalized occurred in the United States between 1998 and 2002 (Sobel and 
Painter 2005).

While most cases of PSP have occurred in individuals or small groups 
who collected shellfish for personal consumption, 10 illnesses caused by 
PSP toxin were reported in Florida, New Jersey, and Virginia in 2002 asso-
ciated with consumption of pufferfish caught in waters near Titusville, 
Florida (CDC 2002). It is estimated that 30 cases of poisoning by marine 
toxins are reported in the United States each year (CDC 2005). However, 

Table 4.3 Major Outbreaks of V. parahaemolyticus Infection Associated 
with Oyster Consumption in the United States Since 1997

Year Cases Location Reference

1997 209 Oregon, Washington, California, 
British Columbia of Canada

CDC 1998

1998  43 Washington DePaola et al. 2000
1998 416 Texas DePaola et al. 2000
1998   8 Connecticut, New Jersey, New York CDC 1999
2004  14 Alaska McLaughlin et al. 2005
2006 177 New York, Oregon, Washington CDC 2006a
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the actual number of poisonings may be much greater because many 
milder cases are not diagnosed or reported because the healthcare pro-
viders are not required to report the illnesses.

4.2.4  Other seafoods

In addition to RTE seafoods, other seafoods can also serve as vehicles 
for foodborne illness. On May 18, 2000, an outbreak of gastroenteritis 
associated with peel-and-eat shrimp and seafood stew served at a din-
ner buffet occurred on the cruise ship Palm Beach Princess (CDC 2000a). 
Investigators of the outbreak could not collect food or patient specimens 
to identify implicated pathogens because of a delay in receiving reports 
of the outbreak. However, questionnaire data suggested a statistical asso-
ciation between eating shrimp and seafood stew at the buffet and ill-
ness among 51 passengers. Two weeks later, a total of 100 passengers and 
10 crew members aboard the Disney Magic cruise ship developed gastro-
enteritis, characterized primarily by diarrhea and vomiting, after eating 
a lunch buffet containing cooked shrimp (CDC 2000b). Investigation of 
the outbreak revealed that cooked shrimp, which had been served at the 
lunch buffet, was contaminated with Salmonella Newport. Clinical analysis 
isolated Salmonella (S. Newport, S. Java, and S. Lexington) and enterotoxi-
genic E. coli (ETEC O25:NM and O6:H16) from stool specimens of several 
passengers and one crew member. Both Salmonella and ETEC E. coli can 
cause acute gastroenteritis characterized by nausea, vomiting, abdomi-
nal cramps, and diarrhea. Environmental investigations suggest that 
raw frozen shrimp could have been the source of contamination. Cross-
contamination of the cooked shrimp with raw shrimp occurred during 
food preparation, possibly by mishandling of cooked shrimp by food 
preparation workers.

Seafoods that have been thoroughly cooked and prepared under sani-
tary conditions by those practicing good personal hygiene should contain 
no pathogens. However, illness associated with seafood consumption can 
be caused by toxic chemicals, such as histamine or other biogenic amines, 
in fish. Two outbreaks of scombroid food poisoning (illness caused by high 
levels of histamine) associated with eating tuna steaks from Indonesia and 
Vietnam were reported in Louisiana and Tennessee in 2006 (CDC 2007a).

4.3  Microbial hazards associated with seafood
4.3.1  Listeria monocytogenes
L. monocytogenes is an important foodborne pathogen that is widely 
distributed in nature. This organism can be isolated from a variety of 
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sources, including soil, water, sewage, feces, and food processing environ-
ments (Watkins and Sleath 1981; Colburn et al. 1990; Eklund et al. 1995). 
Consumption of foods contaminated with L. monocytogenes can lead to 
development of serious diseases in humans (listeriosis), particularly in 
pregnant women, newborns, the elderly, and people with suppressed 
immune systems. Initial symptoms for listeriosis often include fever, 
muscle aches, and sometimes gastrointestinal symptoms such as nausea 
or diarrhea. The illness may be mild but symptoms such as headache, 
stiff neck, confusion, loss of balance, or convulsions can occur if infec-
tion spreads to the nervous system. While most cases of listeriosis occur 
in adults with weakened immune systems, the elderly, pregnant women, 
and newborns, infections can occur in healthy persons. Infections dur-
ing pregnancy can lead to miscarriages, stillbirths, and infection of new-
borns. The U.S. Department of Agriculture (USDA) estimated that 2,500 
cases of listeriosis occur each year in the United States, resulting in nearly 
2,300 hospitalizations and 500 deaths (USDA 2000).

L. monocytogenes is an environmental contaminant and has been iso-
lated from food processing environments. The cool and wet environment 
in seafood processing plants is conducive to the presence of L. monocy-
togenes and can be a source for L. monocytogenes contamination in sea-
food (Dillon and Patel 1992; Eklund et al. 1995; Rørvik et al. 1995). This 
pathogen has been frequently isolated from a variety of frozen and mini-
mally processed seafoods (Wong et al. 1990; Farber 1991; Autio et al. 1999). 
Incidences of L. monocytogenes in frozen seafood, including raw shrimp 
and lobster tails, scallops, cooked shrimp, and cooked crabmeat have been 
reported as high as 26% (Weagant et al. 1988).

One important characteristic of L. monocytogenes is that it is capable of 
growing at refrigeration temperatures to a significant number over time 
(Guyer and Jemmi 1991). Although L. monocytogenes can be destroyed by 
pasteurization and adequate thermal processes, it often enters cooked, 
RTE products as a post-processing contaminant. Therefore, outbreaks of 
listeriosis are more frequently associated with consuming RTE foods that 
are stored in the refrigerator before consumption. Cooked seafoods, par-
ticularly shrimp, crab, and lobster that are picked by hand, can be easily 
contaminated with L. monocytogenes during processing through poor man-
ufacturing practices or personal hygiene (McCarthy 1997). Outbreaks of 
listeriosis linked to consumption of RTE seafood, including cold-smoked 
fish, smoked mussels, and imitation crabmeat, have been reported in 
Sweden, New Zealand, and Canada (Ericsson et al. 1997; Brett et al. 1998; 
Farber et al. 2000).

Surimi seafoods are usually free of human pathogens because of the 
cooking process involved during production. However, L. monocytogenes 
can enter cooked products as post-processing contamination. Numerous 
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recalls of surimi seafoods have been recorded due to L. monocytogenes 
contamination since the first reported class I recall of crabsticks manu-
factured in Japan and distributed in three states in 1988 (Jinneman et al. 
1999) (Table 4.4). While no outbreaks of listeriosis linked to surimi seafood 
consumption have been reported in the United States, a small outbreak of 
listeriosis linked to the consumption of surimi-based crabmeat occurred 
in Canada in 1996 (Farber et al. 2000). A husband and wife were hospital-
ized with symptoms of nausea, fever, vomiting, and diarrhea shortly after 
consumption of the crabmeat product. Listeria monocytogenes serotype 1/2b 
was isolated from stools of both patients and the surimi-based crabmeat.

Contamination of L. monocytogenes in RTE foods usually results in the 
costly consequences of product recalls, extensive clean-up, investigation 
of contamination, and loss of consumer confidence. Between October 1993 
and September 1998, 813 of 1,328 food product recalls reported to FDA 
because of microbial contamination were due to L. monocytogenes contam-
ination (Wong et al. 2000). The social and economic impact of listeriosis is 
reported among the highest of foodborne illnesses because of the severity 
of the disease and its frequent involvement of RTE foods (Roberts and 
Pinner 1990). A “zero-tolerance” policy was established by the U.S. Food 
and Drug Administration for L. monocytogenes in RTE foods, including 
RTE seafood (FDA 1999).

4.3.2  Vibrio parahaemolyticus
Vibrio parahaemolyticus is a human pathogen that occurs naturally in 
marine environments and a well-documented causative agent of acute 
gastroenteritis associated with consumption of raw or undercooked sea-
foods. This organism is recognized as the leading cause of human gastro-
enteritis associated with seafood consumption in the United States and 
an important seafood-borne pathogen throughout the world (Ayres and 
Barrow 1978; Dalsgaard 1998; Kaysner and DePaola 2001). This organism 
is frequently isolated from a variety of seafoods including finfish (codfish, 
sardine, mackerel, and flounder) and shellfish (shrimp, crab, lobster, clam, 
crawfish, and oyster) (Liston 1990). Consumption of raw or undercooked 
shellfish, particularly raw oysters, contaminated with V. parahaemolyticus 
can lead to development of acute gastroenteritis characterized by diar-
rhea, vomiting, abdominal cramps and, sometimes, low fever (Rippey 
1994). The illness is often self-limited, but the infection may cause septi-
cemia that is life-threatening to people having underlying medical condi-
tions such as liver disease or immune disorders (Bonner et al. 1983).

Vibrio parahaemolyticus was first recognized in Japan as a cause of 
foodborne illness (272 illnesses and 20 deaths) associated with consump-
tion of sardines in 1950 (Fujino et al. 1953). Since then, V. parahaemolyticus 
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Table 4.4 Recalls of RTE Seafood Contaminated with Listeria monocytogenes 
in the United States

Recalled Product Date Distribution

Imitation breaded 
scallops

09/19/1990 New York, New Jersey

Imitation crab meat 
salad

08/06/1992 Iowa, Nebraska

Cold-smoked sablefish 11/17/1992 New York
Smoked mussels 12/28/1992 California, Colorado, Florida, 

Georgia, Illinois, Kansas, Maryland, 
Maine, Michigan, North Carolina, 
Nevada, Oklahoma, Oregon, 
Pennsylvania, Texas, Utah

Alaska snow crab legs 
and claws

01/27/1993 Northwest United States and Canada

Fresh crab meat 03/15/1993 Florida
Imitation crab meat 
(chunks)

03/29/1996 Arizona, California, Nevada, Oregon, 
Washington

Imitation King crab 
meat

06/02/1997 Washington

Surimi (imitation crab) 
spread

08/12/1997 Idaho, Nevada, Oregon, Utah, 
Wyoming

Smoked salmon dip 04/02/1999 Indiana, Kentucky, New Jersey, North 
Carolina, Pennsylvania, Virginia

Cold-smoked Atlantic 
salmon

06/14/1999 Massachusetts

Imitation crab meat 07/28/1999 Canada
Shrimp (cooked and 
peeled)

05/14/2001 California, Maryland, Montana, 
Oregon, Washington

Fresh crab claw meat 04/10/2003 Georgia, Maryland, New York, 
Pennsylvania, Texas

Smoked salmon 06/05/2003 Oregon, Washington
Sliced smoked Nova 
salmon

12/30/2004 New York

Ready-to-eat seafood 
dips

08/16/2007 Massachusetts, Maryland, New Jersey

Dried smoked catfish 
steaks, smoked 
seafood products

05/16/2008 Nationwide

Source: Data compiled from FDA Enforcement Report (http://www.fda.gov/opacom/
Enforce.html) (Accessed April 6, 2009).
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has been recognized as a major cause of illness associated with seafood 
consumption in many Asian countries and has been isolated from a vari-
ety of seafood in many countries around the world (Chen et al. 1991; Wong 
et al. 2000; Deepanjali et al. 2005). In Japan, V. parahaemolyticus is a major 
cause of foodborne illness, and fish is the primary vehicle for the infec-
tion (Alam et al. 2002). V. parahaemolyticus was the leading cause of 1,710 
food poisoning incidents (24,373 cases) reported in Japan between 1996 
and 1998 (IDSC 1999) and accounted for 67.5% (1,302 cases) of total bacte-
rial foodborne outbreaks (1,928 cases) reported in Taiwan from 1981 to 
2008 (Anonymous 2005).

Since V. parahaemolyticus occurs naturally in marine environments, 
human infection caused by V. parahaemolyticus is mainly related to con-
sumption of raw or partially cooked seafood. Outbreaks of V. parahaemo-
lyticus infection in the United States have been more frequently associated 
with raw shellfish consumption. However, illnesses can also occur through 
consuming products contaminated with V. parahaemolyticus after cooking. 
Cooked foods contaminated with V. parahaemolyticus were responsible for 
31.1% of the 5,770 foodborne outbreaks that occurred in China from 1991 
to 2001 (Liu et al. 2004).

Compared with Asian countries, infections of V. parahaemolyticus are 
less frequently reported in European countries. However, sporadic out-
breaks have been reported in countries such as Spain and France. Eight 
cases of V. parahaemolyticus gastroenteritis related to fish or shellfish inges-
tion occurred in Spain in 1989 (Martínez-Urtaza et al. 2004). An outbreak 
of 64 illnesses associated with eating raw oysters was reported in Spain in 
1999 (Lozano-León et al. 2003). A serious outbreak, affecting 44 patients, 
linked to consumption of shrimp imported from Asia was reported in 
France in 1997 (Robert-Pillot et al. 2004). In 2004, 80 guests suffered from 
V. parahaemolyticus infection after attending a wedding at a restaurant in 
Spain (Martínez-Urtaza et al. 2005). Epidemiologic investigation of the 
outbreak identified boiled crab, which was processed under unsanitary 
conditions and held at room temperature for hours before it was served, 
to be the most possible vehicle of infection.

In the United States, the risk of V. parahaemolyticus infection is primar-
ily associated with raw oyster consumption. The United States produces 
more than 27 million pounds of oysters each year, and most of them are 
sold live or shucked without further processing (Hardesty 2001; NMFS 
2007). It was estimated that 1 in 2,000 meals of raw molluscan shellfish 
serves as the vehicle for Vibrio infection (Ahmed 1991). Raw oyster con-
sumption was reported responsible for about 95% of all deaths associated 
with seafood consumption in the United States (Oliver 1989). The larg-
est outbreak of V. parahaemolyticus gastroenteritis recorded in U.S. history 
occurred in the summer of 1978, affecting 1,133 of 1,700 persons attending 
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a dinner in Port Allen, Louisiana (Montville and Matthews 2005). Between 
1973 and 1998, 40 outbreaks (>1,000 illnesses) of V. parahaemolyticus infec-
tions linked to seafood were reported to the CDC with a total of 345 
sporadic V. parahaemolyticus infections occurring between 1988 and 1997 
(Daniels et al. 2000). A majority (88%) of patients with acute gastroenteritis 
reported eating raw oysters 1 week prior to the illness.

The CDC estimated that 4,500 cases of V. parahaemolyticus infection 
occur each year in the United States (CDC 2008a). V. parahaemolyticus was 
the most frequently reported Vibrio species isolated from 232 (42%) of 
549 patients with Vibrio infection reported to Cholera and Other Vibrio 
Illness Surveillance (COVIS) in 2007 (CDC 2007b). It was also the most 
frequent (48%) Vibrio species reported from non–Gulf Coast states in the 
United States.

4.3.3  Vibrio vulnificus
V. vulnificus is more frequently found in the warm water of the Gulf Coast 
than in areas with cooler water such as New England and the Pacific 
Northwest. Therefore, outbreaks of V. vulnificus infection occur more fre-
quently in the Gulf Coast and the southeast regions. Typical symptoms of 
V. vulnificus infection include wound infection, primary septicemia, and 
gastroenteritis (Blake et al. 1979; Tacket et al. 1984). Symptoms of infections 
may include fever, chills, nausea, hypotension, abdominal pain, vomiting, 
and diarrhea (Janda et al. 1988). This organism is responsible for 20 to 
40 cases of primary septicemia each year in the United States (Shapiro 
et al. 1998). The fatality rate of septicemia developed from the infection 
is usually high (>50%) and >90% of the suffering patients could become 
hypotensive within 12 hours of being admitted to hospital (Yamamoto 
et al. 1990).

One notable clinical finding of V. vulnificus infection is the absence of 
significant diarrhea in a large percentage of patients before their septice-
mic illnesses. In some cases, the infected patients will develop secondary 
lesions, typically at the extremities, which often require surgical amputa-
tion (Oliver 1989). V. vulnificus was the most frequent of the Vibrio spp. 
reported from the Gulf Coast states to COVIS in 2007 (CDC 2007b). Among 
the 549 patients with Vibrio infections, 95 were infected with V. vulnificus; 
87 hospitalizations (92%) and 30 deaths (32%) resulted.

In addition to infection associated with seafood consumption, V. vul-
nificus can also cause non-foodborne infection through contact with sea-
water. Analysis of illnesses reported to CDC COVIS from 1997 to 2006 
revealed that V. vulnificus infections (423 cases) were the most common 
non-foodborne Vibrio infections; 72% of the infections were reported from 
residents of Gulf Coast states (Dechet et al. 2008). A total of 62 infected 
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patients died, and others suffered from fever (72%), cellulitis (85%), and 
amputation (10%). Persons with wounds, particularly those with liver dis-
ease, should avoid contact with seawater.

4.3.4  Clostridium botulinum
Clostridium botulinum is a strict anaerobic, spore-forming bacterium that 
can produce a series of neurotoxins (type A-G) causing human paraly-
ses and, in some cases, death. This bacterium is widely distributed in 
the environment, including soil, fresh water, seawater, and ocean sedi-
ments. C. botulinum type E is mainly associated with the marine environ-
ment, and its spores have been isolated from gills and intestinal tracts of 
a number of marine species (Eklund and Poysky 1965; Nickerson et al. 
1967). The classic symptoms of botulism, double vision, blurred vision, 
drooping eyelids, slurred speech, difficulty in swallowing, dry mouth, 
and muscle weakness, generally begin 18 to 36 hours after ingestion of 
food containing botulinal toxins (CDC 2008b). However, the incubation 
period may be as short as 6 hours or as long as 10 days.

Foodborne botulism is rare, but the mortality rate is high. Outbreaks 
are usually isolated incidents involving small numbers of people who con-
sumed canned or processed foods that were improperly prepared at home 
(Smith and Sugiyama 1988). A total of 962 botulism outbreaks involving 
2,320 cases and 1,036 deaths were recorded in the United States from 1899 
to 1977, with type E toxin involved in 105 outbreaks (CDC 1979). The largest 
foodborne botulism outbreak ever reported in the United States occurred 
in 1977 in Michigan when 58 people became ill after eating a hot sauce 
made with improperly home-canned peppers at a restaurant (Terranova 
et al. 1978). In the United States, 145 cases of botulism are reported each 
year. Of those, approximately 15% are foodborne, 65% are infant, and 20% 
are wound (CDC 2008b). While outbreaks of human botulism caused by 
the consumption of seafood have rarely been reported, sporadic illnesses 
have been linked to fishery products such as smoked, salted, or fermented 
products that were eaten without prior heating (Eklund 1982; CDC 1987; 
Varma et al. 2004).

C. botulinum is classified into two categories (proteolytic and nonpro-
teolytic strains) based on its enzymatic activities. Proteolytic strains of 
C. botulinum include all type A strains and some type B and F strains, 
which produce putrid odors during growth and form heat-resistant 
spores. Nonproteolytic strains include all type E strains and some type B 
and F strains, which do not produce putrid odors from growth and whose 
spores are less heat-resistant. Growth of proteolytic strains of C. botulinum 
can be inhibited by a water phase salt (WPS) of ≥10%, a water activity (aw) 
of <0.93, or a temperature <10ºC (50ºF) (Smelt and Haas 1978). Growth of 
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nonproteolytic C. botulinum can be inhibited by a WPS of ≥5% or an aw of 
≤0.96 (Abrahamsson et al. 1966). One important characteristic of nonprote-
olytic C. botulinum is that it can grow and produce toxins at temperatures 
as low as 3.3ºC (38ºF), which is a safety concern for vacuum-packed sea-
foods stored at temperatures higher than 3.3ºC (Solomon et al. 1982).

Despite the physiological characteristics of C. botulinum, all the botuli-
nal toxins can be inactivated by heating at 60ºC (140ºF) for 5 min (Sakaguchi 
1979). However, C. botulinum spores can survive a normal cooking process 
and germinate in vacuum-packed products under elevated temperatures. 
Many RTE seafoods that are packed in reduced oxygen or vacuum packs 
and sold under refrigerated storage may be at risk of growth of C. botulinum 
if products are contaminated with spores from nonproteolytic C. botuli-
num. Vacuum-packed RTE seafood products should be stored at tempera-
tures below 3.3ºC to prevent growth of type E strains of C. botulinum.

4.3.5  Viruses

It has been a common perception that most foodborne illnesses are 
caused by infections of pathogenic bacteria. However, current knowl-
edge reveals that viruses, particularly noroviruses, are the leading cause 
of foodborne illness in the United States. Many different viruses, includ-
ing rotaviruses, noroviruses, adenoviruses (type 40 or 41), sapoviruses, 
and astroviruses, can cause gastroenteritis with symptoms similar to 
those caused by pathogenic bacteria (CDC 2006b).

Seafood can serve as a vehicle for transmission of noroviruses 
because of contamination of marine environments by discharge of sewage 
from plants and fishing boats near harvest area. Noroviruses, previously 
known as Norwalk or Norwalk-like viruses, are a group of related, single-
stranded RNA, nonenveloped viruses that can cause acute gastroenteritis 
in humans. They can be transmitted via seafood harvested from areas 
with fecal contamination, or by an infected food handler with poor per-
sonal hygiene. Numerous outbreaks of viral gastroenteritis, including one 
affecting more than 180 persons in 23 clusters in four states (Louisiana, 
Maryland, Mississippi, and North Carolina) in 1993, have been linked 
to oyster consumption (Morse et al. 1986; CDC 1993). A review of out-
breaks of 50 foodborne diseases associated with passenger ships between 
January 1970 and June 2003 reported that seafood was the most common 
food vehicle implicated in the outbreaks (almost one-third) with 866 pas-
sengers and crew members infected by noroviruses in several outbreaks 
(Rooney et al. 2004).

Infection by noroviruses typically produces a sudden illness with 
main symptoms of vomiting and diarrhea within 12 to 48 hours (CDC 
2006b). Infected persons may also develop headache, nausea, fever, and 
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abdominal pain with symptoms lasting for a few days. Most people can 
recover from the illness without medications. However, dehydration 
caused by losing fluids through vomiting or diarrhea is a concern for per-
sons, such as infants and the disabled, who are unable to drink enough 
fluids during the illness.

In addition to noroviruses, seafood, particularly marine bivalves 
which filter water for nutrients, harvested from environments contami-
nated by discharge of sewage or feces can serve as a vehicle for transmis-
sion of hepatitis A virus (HAV) (Fiore 2004). Infection with HAV has a 
longer incubation time (10–50 days) and can cause liver disease with the 
typical symptom of jaundice.

The severity of the infection varies from a mild illness lasting a few 
weeks to a severe illness lasting several months. Humans are the main res-
ervoir for hepatitis A. Therefore, HAV can also be spread when an infected 
person gets in contact with foods during handling or processing.

4.4  Toxic chemicals produced by microorganisms
The majority of seafood outbreaks in the United States are caused by 
marine toxins, rather than by bacteria or viruses. Among the most common 
are scombroid fish poisoning, paralytic shellfish poisoning, neurotoxic 
shellfish poisoning, amnesic shellfish poisoning, and ciguatera poisoning. 
These seafood poisonings occur mostly in the summer because warmer 
water temperatures facilitate growth of the dinoflagellates that produce 
toxic chemicals (CDC 2005). Shellfish can easily become toxic when large 
numbers of dinoflagellates are present in the marine environment and 
create algal blooms known as “red tides.”

4.4.1  Scombroid fish poisoning

Scombroid fish poisoning is one of the most prevalent illnesses associated 
with seafood consumption in the United States (FDA 2001). The illness is 
frequently associated with eating fish containing high levels of histamine 
or other biogenic amines. Early symptoms of scombroid poisoning include 
tingling or burning sensations in the mouth with rash, nausea, diarrhea, 
flushing, sweating, and headache. The illness usually resolves within sev-
eral hours without medical attention. However, it can be severe enough 
that respiratory distress, throat swelling, and blurred vision develop and 
require hospitalization and medical treatment with antihistamines (CDC 
2007a). Incidence of scombroid poisoning has been consistently reported 
in the United States through surveillance and is often underestimated due 
to mild and transient symptoms. A total of 167 outbreaks with 703 cases 
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of scombroid poisoning were reported in the United States between 1998 
and 2002 (Sobel and Painter 2005).

Histamine can be produced by bacteria on fish through enzymatic 
decarboxylation of histidine. Many bacteria, including Morganella mor-
ganii, Proteus vulgaris, Klebsiella pneumoniae, and Enterobacter aerogenes, are 
known to be prolific histamine formers and have been frequently isolated 
from fish. Among them, Morganella morganii is the most prolific histamine 
former and plays the major role in histamine formation in fish during 
storage (Kim et al., 2001).

Once histamine is produced in fish, it will not be destroyed by cook-
ing, freezing, or smoking (Bremer et al. 1998; Sobel and Painter 2005). 
A high histamine level can exist in fish without noticeable changes in 
appearance or smell of the fish. Therefore, sensory examination com-
monly used to evaluate freshness of fish cannot be used to predict pres-
ence of histamine.

Scombroid poisoning is frequently associated with eating scom-
broid fish, such as tuna, mackerel, and bonito, which contain high levels 
of free histidine in muscles. However, non-scombroid fish (such as blue 
fish, mahi-mahi, sardine, and anchovy), which were not stored at proper 
temperatures, have also been linked to scombroid outbreaks (Taylor 1986; 
Rawles et al. 1996). Since formation of histamine in fish is mainly related to 
bacterial enzymatic activities, keeping fish at low temperatures between 
catching and consumption has been recognized as the most effective 
means to prevent scombroid poisoning. The FDA recommends that fish 
be chilled immediately down to <4.4°C (<40°F) upon death and has estab-
lished a guidance level of <50 ppm for histamine in fish for consumption 
(FDA 2001).

4.4.2  Shellfish poisoning

4.4.2.1  Paralytic shellfish poisoning
Paralytic shellfish poisoning (PSP) is caused by saxitoxin produced 
by planktonic algae (mainly dinoflagellates) accumulated in shellfish, 
mainly mussels, clams, cockles, and scallops. Symptoms of PSP may 
develop within 0.5 to 2 hours after ingestion of shellfish containing 
the toxin. Major symptoms of PSP include tingling, burning, numb-
ness, drowsiness, and incoherent speech. In severe cases, respiratory 
paralysis and death can occur (FDA 1992). Saxitoxin is heat- and acid-
stable and does not alter the odor or taste of food. This toxin cannot be 
destroyed by cooking or freezing. It is rapidly absorbed through the 
human gastrointestinal tract and excreted in urine (CDC 2002; Sobel 
and Painter 2005).
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4.4.2.2  Neurotoxic shellfish poisoning
Neurotoxic shellfish poisoning (NSP) is the result of exposure to a group 
of polyethers named brevetoxins. The toxins are produced by a dino-
flagellate (Gymnodinium breve) commonly found in the Gulf of Mexico, 
the Caribbean, and New Zealand (Daranas et al. 2001). Illness caused by 
NSP is characterized by gastrointestinal and neurological symptoms, 
including tingling and numbness of lips, tongue, and throat, muscular 
aches, dizziness, nausea, vomiting, diarrhea, and reversal of the sensa-
tions of hot and cold (FDA 1992). The symptoms typically occur within 
a few minutes to a few hours and disappear within 48 hours after onset. 
Recovery from the illness is usually complete, and most illnesses do not 
require hospitalization.

4.4.2.3  Diarrheic shellfish poisoning
Diarrheic shellfish poisoning (DSP) is caused by a group of high molecu-
lar weight polyethers, such as okadaic acid and related toxins, produced 
by certain dinoflagellates (Sobel and Painter 2005). DSP is more com-
monly associated with mussel, oyster, and scallop consumption and is 
primarily observed as a mild gastrointestinal disorder with symptoms of 
nausea, vomiting, diarrhea, and abdominal pain accompanied by chills, 
headache, and fever (FDA 1992). The onset of the poisoning is very rapid 
and may be as little as 30 minutes after toxin ingestion. The duration of 
the illness may last for 2 to 3 days with symptoms completely disappear-
ing within 3 to 4 days after onset. DSP is generally not life-threatening, 
and recovery is usually complete with no aftereffects. The illness is more 
common in Japan and Europe than in the United States (Scoging and 
Bahl 1998).

4.4.2.4  Amnesic shellfish poisoning
Amnesic shellfish poisoning (ASP) is caused by an unusual water-soluble, 
heat-stable amino acid (domoic acid) that is produced by certain pennate 
diatoms of the genus Pseudo-nitzschia spp. ASP is mainly associated with 
mussels and was first documented in 1987 after a large outbreak occurred 
in Canada (Perl et al. 1990). A total of 107 persons developed a distinct 
illness after consuming contaminated mussels. Among them, 19 per-
sons were hospitalized, and 4 of them died. The first symptoms of ASP 
are gastro intestinal disorders (vomiting, diarrhea, and abdominal pain) 
within 24 hours of exposure, followed by neurological problems (confu-
sion, memory loss, disorientation, seizure, and coma) within 48 hours 
(Jeffery et al. 2004). The illness is particularly serious in elderly patients, 
with most fatalities involving elderly patients.
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4.4.3  Ciguatera poisoning

Ciguatera poisoning is one of the most common seafood-borne illnesses 
with an estimated 20,000 to 50,000 cases occurring worldwide each year 
(Whittle and Gallacher 2000). The poisoning is caused by eating tropical 
reef fish containing ciguatoxins produced by dinoflagellates (Gambierdiscus 
toxicus). Ciguatoxins are lipid soluble, and high concentrations of cigua-
toxins can be accumulated in large predatory tropical reef fish (such as 
barracuda, black grouper, blackfin snapper, cubera snapper, dog snapper, 
greater amberjack, hogfish, horse-eye jack, king mackerel, and yellowfin 
grouper) through the food chain as large fish consume contaminated small 
fish. These fish are commonly caught by fishermen in tropical regions, 
and illnesses have been reported in the United States (CDC 2006c).

Illness caused by ciguatoxins usually occurs within a few minutes 
to 6 hours after eating contaminated fish. Common symptoms include 
nausea, vomiting, diarrhea, cramps, excessive sweating, headache, and 
muscle aches. People who have ciguatera may also experience neurologic 
symptoms such as unusual taste sensations, tingling fingers or toes, night-
mares, or hallucinations (Sobel and Painter 2005; CDC 2006c). Ciguatera 
poisoning is a self-limiting illness and rarely fatal. Symptoms usually go 
away in 1 to 4 weeks but can last for years.

4.5  Control measures for ensuring safety 
of ready-to-eat seafood

Smoked fish, cooked shrimp and crabmeat, and surimi seafood are com-
monly consumed without a heating process. These RTE seafoods are 
potential vehicles for foodborne illness if contamination with human 
pathogens occurs during production and processing. As mentioned ear-
lier, L. monocytogenes, V. parahaemolyticus, and C. botulinum type E are 
potential safety concerns for RTE seafood. Thorough cooking, proper 
storage temperature, avoiding cross-contamination, observing good per-
sonal hygiene, and putting a Hazard Analysis and Critical Control Points 
(HACCP) system into operation are the fundamentals for ensuring safety 
of RTE seafood for consumption.

4.5.1  Controls for L. monocytogenes

L. monocytogenes can grow at low temperatures (>0ºC), over a wide pH 
range (4.5–9.5), and in up to 10% NaCl (FDA 2001). Many RTE seafoods, 
such as smoked fish, lightly salted products (caviar and brine-cooked 
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shrimp), and surimi seafood will support growth of L. monocytogenes dur-
ing refrigerated storage. Incidences of L. monocytogenes in cold-smoked 
fish have been reported ranging from 17% to as high as 78% (Eklund 
et al. 1995; Heinitz and Johnson 1998). Investigation of vacuum-packed 
cold-smoked and “gravad” fish products (rainbow trout and salmon) has 
reported that up to 10% of the retail products contained L. monocytogenes 
(Loncarevic et al. 1996). A survey conducted by the FDA on domestic and 
imported RTE seafoods showed that crabmeat and smoked fish were fre-
quently contaminated with L. monocytogenes (Table 4.5).

In addition to raw fish, seafood processing plants have been recog-
nized as a main source of L. monocytogenes contamination in RTE sea-
foods. Effective sanitation programs and good personal hygiene need to 
be followed in plants producing RTE seafoods in order to minimize pos-
sible contamination of L. monocytogenes in the final products. Strategies to 
prevent L. monocytogenes contamination in RTE seafoods should include 
(1) complete inactivation of L. monocytogenes in heat-processed prod-
ucts, (2) avoiding cross-contamination of cooked products during post-
 processing handling, and (3) preventing growth of L. monocytogenes in 
RTE products during storage (Huss et al. 2000).

Since the cool and wet environment in seafood processing plants is 
conducive to the presence of L. monocytogenes, repeated cleaning and sani-
tizing are required to remove L. monocytogenes from the plants. A study 
conducted by Eklund et al. (1995) reported that L. monocytogenes could 
appear sporadically in a processing plant even after an excellent clean-
ing and sanitizing process. A thorough cleaning and sanitizing practice, 
such as heat treatment (80ºC by hot steam, hot air, or hot water), of the 
skinning, slicing, and brining equipment was capable of eliminating 

Table 4.5 FDA Survey of Listeria monocytogenes 
in Smoked Fish and Crab (1991–1996)

Year

Smoked Fish Crab
Sample 

Analyzed
Sample 

Positive (%)
Sample 

Analyzed
Sample 

Positive (%)

1991 133  16 (12.0) 260  12 (4.6)
1992 207  32 (15.5) 358  34 (9.5)
1993 233  38 (16.3) 400  37 (9.3)
1994 264  33 (12.5) 348  28 (8.0)
1995 177  23 (13.0) 297  25 (8.4)
1996 198  22 (11.1) 223   6 (2.7)
Total 1,212 164 (13.5) 1,886 142 (7.5)

Source: Data adapted from Jinneman et al. 1999.
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L. monocytogenes from the processing lines. No L. monocytogenes was iso-
lated from 188 samples taken over a 5-month period after introducing heat 
treatment in the eradication program.

Freezing a food is generally recognized as an effective process in pre-
venting growth of L. monocytogenes. However, freezing cannot be effective in 
preventing transmission of foodborne listeriosis through RTE products that 
are thawed and held in a refrigerator before consumption (e.g., frozen crab-
meat). Therefore, the FDA (2008) recommends that refrigerated RTE food be 
formulated with one or more of the following listeristatic control measures:

pH less than or equal to 4.4•	
water activity less than or equal to 0.92•	
contain one or more inhibitory substances that, alone or in combina-•	
tion, prevent the growth of L. monocytogenes

Other than listeristatic control measures, the FDA also recommends 
establishing a listericidal measure to control L. monocytogenes in RTE 
food. The control measures may include thermal processing, irradiation 
(provided that irradiation has been approved and listed in 21 CFR part 
179), ultraviolet light, high pressure, pulsed electric field, or listericidal 
agents. However, such control measures must be proven, in scientific 
studies, capable of destroying viable cells of L. monocytogenes consis-
tently to less than 0.04 CFU/g in the finished product. In the absence of 
scientific studies, a listericidal control measure that provides a reduction 
of the number of viable cells of L. monocytogenes of 6 orders of magni-
tude (6 logarithms), also known as a “6D” process, may be acceptable to 
achieve that goal. Finished products should be transported and stored at 
an internal temperature ≤4ºC (≤40ºF). More information can be obtained 
from the FDA’s Guidance for Industry: Control of Listeria monocytogenes in 
Refrigerated or Frozen Ready-To-Eat Foods (FDA 2008).

4.5.2  Controls for C. botulinum

C. botulinum food poisoning associated with seafood consumption is 
mainly related to vacuum-packed RTE products that are stored at refrig-
eration temperature. It is not a concern for vacuum-packed products that 
are frozen immediately after processing, held frozen throughout distribu-
tion and storage, and thawed under refrigeration immediately before use. 
RTE seafood, such as smoked fish, pasteurized surimi-based products, 
pasteurized crabmeat, and pickled fish, which is packed in a vacuum or 
reduced oxygen condition, requires special attention to prevent growth of 
C. botulinum and toxin formation.
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4.5.2.1  Guidance for controlling botulinal toxin formation 
in shelf-stable and refrigerated products

Several control measures, including water activity (aw), salt concen-
tration, pH, and temperature and thermal processing, can be used 
to prevent C. botulinum toxin formation during storage and distri-
bution of fishery products. The FDA Fish and Fisheries Products 
Hazards and Controls Guidance (ht t p://www.fda.gov/Food/
GuidanceComplianceRegulatoryInformation/GuidanceDocuments/
Seafood/FishandFisheriesProductsHazardsandControlsGuide/default.
htm) has provided guidance for controlling botulinal toxin formation in 
shelf-stable and refrigerated products. A summary of controls for botu-
linal toxin formation in various types of seafood products is provided 
here for information purposes. Readers should check the Guidance Web 
site for details.

Shelf-stable products that do not require refrigeration:
Finished product in its final container be heated sufficiently by •	
retorting to destroy the spores of C. botulinum types A, B, E, and F 
(e.g., canned fish).
Controlling the level of acidity (pH) in the finished product at ≤4.6 •	
to prevent the growth of C. botulinum types A, B, E, and F (e.g., shelf-
stable acidified products).
Controlling the water activity (a•	 w) in the product at ≤0.85 to prevent 
the growth of C. botulinum types A, B, E, and F and other pathogens 
that may be present in the product.
Controlling the amount of salt in the product at ≥20% salt to prevent •	
the growth of C. botulinum types A, B, E, and F and other pathogens 
that may be present in the product.

Pasteurized products requiring refrigerated storage:
Heating finished product in its final container sufficiently (generally •	
6D reductions) by pasteurization to destroy the spores of C. botuli-
num type E and nonproteolytic types B and F and then controlling 
growth of surviving C. botulinum type A and proteolytic types B and 
F in finished product with refrigerated storage at <4.4°C (<40°F) (e.g., 
pasteurized crabmeat, some pasteurized surimi-based products).
Heating the product sufficiently (generally 6D reductions) to destroy •	
the spores of C. botulinum type E and nonproteolytic types B and F and 
then minimizing the risk of recontamination by hot filling the prod-
uct into the final container in a continuous filling system followed 
by controlling the growth of the surviving C. botulinum type A and 
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proteolytic types B and F and other pathogens that may be present in 
the finished product with refrigerated storage at <4.4°C (<40°F).

  An example of a product that is properly cooked to eliminate 
nonproteolytic C. botulinum is a soup, sauce, or surimi-based product 
that is pasteurized at an internal temperature of 194°F (90°C) for at 
least 10 minutes. However, this pasteurization process may not be 
sufficient for the destruction of nonproteolytic C. botulinum in soups 
or sauces containing dungeness crabmeat, because naturally occur-
ring substances, such as lysozyme, may enable the pathogen to be 
more easily recovered after damage.
Controlling the amount of salt in the finished product, in combina-•	
tion with heat damage from pasteurization in the finished product 
container, sufficient to prevent the growth of C. botulinum type E 
and nonproteolytic types B and F and then controlling the growth of 
C. botulinum type A and proteolytic types B and F and other patho-
gens that may be present in the finished product with refrigerated 
storage at <4.4°C (<40°F).

  In some pasteurized surimi-based products, salt in combina-
tion with a milder pasteurization process of the finished product in 
its final package works to prevent growth and toxin formation by 
C. botulinum type E and nonproteolytic types B and F. Surimi-based 
product containing 2.5% salt (water phase salt) and pasteurized at 
an internal temperature of 185°F (85°C) for at least 15 minutes is 
considered properly pasteurized. However, this process may not be 
suitable for other types of products, because of the unique formula-
tion and processing involved in the manufacture of surimi-based 
products.

Products not pasteurized and require refrigerated storage:
Controlling the water activity (a•	 w) at <0.97 to inhibit the growth of 
C. botulinum type E and nonproteolytic types B and F by drying and 
then controlling the growth of C. botulinum type A, and proteolytic 
types B and F, and other pathogens that may be present in the fin-
ished product through refrigerated storage at <4.4°C (<40°F).
Controlling the level of acidity (pH <5.0), salt (>5 %), water activ-•	
ity (aw <0.97), or some combination of these barriers, in the finished 
product sufficiently to prevent the growth of C. botulinum type E and 
nonproteolytic types B and F by formulation and then controlling 
the growth of C. botulinum type A and proteolytic types B and F and 
other pathogens that may be present in the finished product with 
refrigerated storage at <4.4°C (<40°F).
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  The minimum temperature for growth and toxin formation by 
C. botulinum type E and nonproteolytic types B and F is 3.3°C (38°F). 
For type A and proteolytic types B and F, the minimum tempera-
ture for growth is 10°C (50°F). Therefore, non-pasteurized vacuum-
packed or reduced oxygen packaged RTE seafoods must be kept at 
<3.3°C (<38°F) from packing to consumption to prevent growth of 
nonproteolytic C. botulinum and their spores.

4.5.2.2  Salting
“Salting” is a process of using food grade salt to enhance flavor and lower 
water activity. Salting of fish can be conducted with dry salting, brining, 
or injecting salt solution into fish flesh. It is commonly used in preparing 
hot- or cold-smoked fish, which is produced by exposing fish to smoke 
from smoldering wood or plant materials (FAO 2008a). The safety of 
smoked fish relies on the amount of water phase salt and the intensity 
of heat treatment, as evidenced by outbreaks of botulism linked to salted 
and cold-smoked fish (Eklund 1982; CDC 1987).

The salt content in smoked fish is critical in controlling growth of 
C. botulinum during storage. The salt concentration in the water of a fin-
ished product (water phase salt, WPS) should be high enough to inhibit 
growth of C. botulinum but not to make the product unacceptable (too salty 
for consumption). The WPS in smoked fish can be formulated by divid-
ing the amounts of salt added to a product by the sum of the added salt 
and the amount of water in the product and expressed as percentage.

 Water Phase Salt (WPS) Salt added to produc= tt
Salt added to product Water in product+

×1000

WPS in smoked fish after smoking can be validated by taking a sample 
of flesh from the thickest part of the smoked fish one day after smoking 
(McK. Bannerman 2001). Cold-smoked fish should contain a WPS of >3.5% 
to prevent growth of C. botulinum (FAO 2008b).

4.5.2.3  Hurdle technology
Most RTE seafoods, except for a fully salted (>20% salt) or dried product, 
are not considered shelf-stable products and require time/temperature 
control during distribution and storage. While keeping RTE seafoods at 
temperature below 3.3°C (<38°F) can prevent the growth of C. botulinum, 
maintaining products at <3.3°C cannot be ensured once products leave 
the processors. Other barriers such as reduced water activity, increased 
salt content, or oxygen-permeable packaging should be considered to pro-
vide additional hurdles for C. botulinum toxin formation.
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An oxygen permeable package provides sufficient exchange of oxy-
gen to allow growth of aerobic spoilage organisms, which will spoil the 
product before botulinal toxin is produced under moderate abuse tem-
peratures. An oxygen-permeable packaging material allowing an oxygen 
transmission rate of 10,000 cc/m2/24 hrs (e.g., 1.5 mil polyethylene) can be 
used for fishery products (FDA 2001). However, oxygen permeable pack-
age is not suitable for products packed in oil or in deep containers because 
the exchange of oxygen in such a product is restricted.

Controlling C. botulinum in smoked fish by salt alone is very critical, 
but adequate salt levels in fish after brining may not always be achievable. 
Proper drying of the finished products may be required to achieve the 
minimum WPS level to inhibit growth and toxin formation of C. botuli-
num. Keeping smoked fish at a temperature below 4.4°C (<40°F) provides 
another barrier for botulinal toxin formation. Information about other 
hurdle technologies can be obtained from “Hurdle technology to ensure 
the safety of seafood products” by Leroi et al. (2008).

4.5.3  Controls for V. parahaemolyticus

Several post-harvest treatments including refrigeration, freezing, low-
temperature pasteurization, irradiation, and high-pressure processing 
can be used to control growth or reduce V. parahaemolyticus contamina-
tion in oysters. In addition, consumer education also plays an important 
role in reducing V. parahaemolyticus infection associated with raw oyster 
consumption. It is estimated that more than 60% of seafood-associated 
illness could be avoided if consumers would stop eating raw or under-
cooked molluscan shellfish (Liston 1990). People in the high-risk groups 
(those who have liver disease) should be informed of potential risks asso-
ciated with consumption of raw or undercooked seafood and possible 
life-threatening disease caused by Vibrio infection.

4.5.3.1  Temperature control
The levels of V. parahaemolyticus in oysters at the time of consumption 
depend on methods of harvesting and post-harvest handling. V. parahae-
molyticus can multiply quickly in oysters to an infectious dose upon expo-
sure to elevated temperatures before oysters are consumed (Gooch et al. 
2002). Nordstrom et al. (2004) reported that levels of V. parahaemolyticus 
in oysters were greatly affected by the intertidal harvest practice in the 
Pacific Northwest estuaries. Populations of V. parahaemolyticus in oysters 
increased by greater than fourfold after oysters were left in baskets at low 
tide and exposed to ambient air for several hours before being shipped 
to plants for processing at high tide. Exposure of oysters to warm air 
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temperature allows V. parahaemolyticus to proliferate in oysters between 
tides. An overnight submersion for a single tidal cycle reduced V. para-
haemolyticus in oysters to levels similar to those determined prior to the 
intertidal exposure. Intertidal harvest of oysters should be performed to 
avoid harvesting oysters after intertidal exposure to ambient conditions. 
Oysters should be cooled down to refrigeration temperatures as soon as 
they are harvested.

The National Shellfish Sanitation Program Guide for the Control of 
Molluscan Shellfish has established time-to-temperature regulations; 
these limit the time that oysters can be exposed to elevated temperatures 
prior to refrigeration to limit growth of V. parahaemolyticus post harvest 
(NSSP 2007). Shellfish harvested for raw consumption must be cooled 
down to 10°C (50°F) within 10, 12, and 36 hours of harvest when the aver-
age monthly maximum air temperature is ≥27°C (≥81°F), 19°C to 27°C 
(66°F–80°F), and <18°C (<66°F), respectively, by means of ice, mechanical 
refrigeration, or other approved means capable of lowering temperature 
of the shellstock to 10°C or lower. However, exposure of products to tem-
peratures higher than 10°C during transportation and storage cannot be 
totally avoided.

4.5.3.2  Low-temperature storage
Cold storage, including refrigeration, icing, and freezing, is commonly 
used to prevent growth of microorganisms in food. Thompson and 
Vanderzant (1976) found that holding shucked oysters at 3°C for 7 days 
could reduce V. parahaemolyticus in oysters from >11,000 to 0.36 MPN/g. 
In an early study, Cook and Ruple (1992) reported that V. vulnificus and 
V. parahaemolyticus levels decreased to nearly non-detectable levels after 
oysters were put on ice for 2 weeks. However, a recent study reported 
that neither on-board or dockside icing followed by refrigeration could 
reduce the levels of V. vulnificus or V. parahaemolyticus in the Eastern oyster 
(Crassostrea virginica), and icing negatively impacted oyster survival dur-
ing subsequent cold storage (Melody et al. 2008).

Frozen storage is the most effective means to preserve product quality 
and prevent spoilage from growth of bacteria. Several studies have dem-
onstrated that frozen storage was capable of achieving certain degrees 
of reductions of V. parahaemolyticus in oyster meat and half-shell oysters. 
Muntada-Garriga et al. (1995) reported that V. parahaemolyticus in oyster 
homogenates (105–7 CFU/g) could be completely inactivated after storage 
at –18 and –24°C for 15 to 28 weeks. Frozen storage of half-shell oysters 
for up to 4 months at –20°C was capable of reducing low populations of V. 
parahaemolyticus (<1,000 CFU/g) to non-detectable levels (Andrews 2004). 
A recent study demonstrated that a process of flash freezing (–95.5°C for 
12 minutes) followed by storage at –21 ± 2°C for 5 months was capable 
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of achieving >3.52-log (MPN/g) reductions of V. parahaemolyticus in half-
shell Pacific oysters (Liu et al. 2009). The reductions were validated with 
three individual processes (each separated by one week) according to 
the National Shellfish Sanitation Program’s post-harvest processing 
validation-verification interim guidance for Vibrio vulnificus and Vibrio 
parahaemolyticus.

4.5.3.3  Low-temperature pasteurization
V. parahaemolyticus is sensitive to heat. A heat treatment of V. parahaemo-
lyticus culture suspension at 70°C for 2 minutes was reported capable of 
reducing the organism by greater than 7-log units (Johnson and Brown 
2002). A low-temperature pasteurization process of placing shellstock oys-
ters in 55°C water for 10 minutes to achieve an internal temperature of 
48°C to 50°C for 5 minutes was developed for reducing V. parahaemolyticus 
(1.2 × 105 MPN/g) to non-detectable levels (<3 MPN/g) (Andrews et al. 
2000). Low-temperature pasteurized oysters had a raw-like quality as long 
as the internal temperature did not exceed 52.5°C and could be stored in 
ice for up to 3 weeks. An added benefit of the process is that oysters are 
likely to be killed during the heat treatment and will be shucked by the 
process. Therefore, oysters need to be banded before being pasteurized to 
avoid losing juice during the treatment.

4.5.3.4  Non-thermal processing
Irradiation and high-pressure processing (HPP) are both non-thermal pro-
cesses that can be applied to food processing to inactivate bacterial cells. 
A study of exposing raw oysters to Cobalt-60 gamma radiation found that 
irradiation with Cobalt-60 gamma radiation at doses of 1.0 kGy to 1.5 kGy 
reduced the V. parahaemolyticus O3:K6 strain from 4 log units to non-detect-
able levels (<3.0 MPN/g) in artificially inoculated oysters (Andrews et al. 
2003). Sensory analysis using difference tests involving 146 volunteers 
reported that the participants could not differentiate non-irradiated from 
irradiated oysters. Another study also reported that low dosages (<2 kGy) 
of irradiation did not significantly affect the sensory characteristics of 
oysters (Jakabi et al. 2003). However, consumers’ concerns of processing 
food with radiation limits its usage.

Hydrostatic high-pressure processing (HPP) has been reported an 
effective means of inactivating V. parahaemolyticus in oysters. Calik et al. 
(2002) reported that a HPP treatment of 345 MPa for 90 seconds could reduce 
V. parahaemolyticus cells in oysters (8.4 × 105 CFU/g) to non- detectable lev-
els (<10 CFU/g). Cook (2003) reported that a HPP treatment of 300 MPa for 
180 seconds could achieve a >5-log reduction of clinical strains (including 
O3:K6 strain) of V. parahaemolyticus in oysters. The efficacy of HPP in inac-
tivating bacteria is dependent on the processing temperature. A recent 
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study reported that a 5-log reduction of V. parahaemolyticus in live oys-
ters could be achieved by HPP treatments of ≥350 MPa for 2 minutes at 
temperatures between 1°C and 35°C or ≥300 MPa for 2 minutes at 40°C 
(Kural et al. 2008). The HPP can also be applied for oyster shucking by 
destroying the adduct muscle under higher pressures. A HPP process of 
240 to 275 MPa for 1 to 2 minutes was reported capable of shucking Pacific 
oysters with minimum changes in appearance (He et al. 2002).

4.6  Conclusion
Fish is subjected to rapid deterioration upon harvest because it can be 
easily contaminated with bacteria in the marine environment. Spoilage 
bacteria are commonly present on skin and in gills and digestive tracts 
of fish. Raw fish can also be a source of human pathogens for contamina-
tion of RTE seafood during production. Foodborne illnesses associated 
with seafood consumption usually occur because of inadequate cook-
ing or reheating, improper holding temperatures, improper cooling, or 
cross-contamination after cooking. Ensuring an efficient cold chain from 
harvest through distribution to consumers minimizes growth of bacteria 
in raw or finished products. Good manufacturing practices and good per-
sonal hygiene plus a working HACCP system all are critical to ensuring 
the safety of RTE seafood.
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Modified atmosphere packaging 
for fruits and vegetables
John S. Novak

5.1  Introduction
A market need for minimal processing solutions to add quality and safety 
during storage shelf-life for fresh fruits and vegetables has created and 
developed many prospective technologies and options including high-
pressure processing (HPP), pulsed electric field (PEF), radiowave fre-
quency, ultrasound, hypobaric storage, irradiation, electrolyzed water, 
ozone, natural and synthetic antimicrobials, organic acids, chlorine diox-
ide, hydrogen peroxide, and modified atmosphere packaging (MAP) (Rico 
et al. 2007). A brief review of available control measures and their benefits 
with respect to the microbial safety of minimally processed fruits and 
vegetables, as detailed in other chapters, is necessary as a background 
introduction to MAP.
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Traditionally, chlorine solutions have been widely accepted for the 
sanitation of minimally processed fruits and vegetables. It is known that 
organic compounds also react with chlorine in the unfavorable formation 
of carcinogenic compounds such as chloramines and trihalomethanes 
(Wei et al. 1999). Typically, the most common sanitizers used for decon-
taminating fresh produce include chlorine solutions at levels of 50 to 
200 ppm free chlorine for contact times from several seconds to several 
minutes (Watada and Qui 1999; Francis and O’Beirne 2002). The optimum 
contact time for 70 ppm chlorine solution has been determined to be 12 to 
13 sec (Kabir 1994).

Fresh-cut fruits and vegetables are minimally processed today 
through methods that mechanically cut and peel using sharp knives and 
rotating carborundum drums, chemical peels, or high-pressure peelers 
(Ahvenainen 1996). Dull knives can rupture cells and release tissue fluids 
impairing the quality of the produce (Ahvenainen 1996). Cold rinse water 
(<5°C) is recommended as well as 5 to 10 liters of water per kg of product 
before cutting and an additional 3 liters of water per kg of product after 
peeling or cutting (Ahvenainen 1996). In immersion therapy, the newest 
technology, fruit is cut while it is submerged in water to control turgor and 
prevent the movement of fruit fluids while the product is being cut and to 
flush potentially damaging enzymes away from plant tissues (Allende 
et al. 2006). Water-jet cutting using a concentrated stream of high-pressure 
water has also shown promise in cutting produce (Allende et al. 2006).

Chemical sanitizers are added to rinse waters to prevent recontamina-
tion of washed products. Chlorine dioxide has a high oxidation capacity, 2.5 
times greater than chlorine, and it does not react with nitrogen- containing 
compounds or ammonia to form dangerous chloramine compounds 
(Benarde et al. 1965; White 1992). Unfortunately, the microbial reductions 
were not expected to be more than 90% or 99% (Sapers 2003). Chlorine 
and chlorine dioxide at >50 ppm were equivalent in killing Enterobacter 
sakazakii on apples (Kim et al. 2006).

Although sulphites had been used to prevent browning in fruits and 
vegetables, the U.S. Food and Drug Administration (FDA) restricted the 
use of sulphites in 1990 due to side effects with asthma (Ahvenainen 
1996). Alternatives have included combinations of citric acid, ascorbic 
acid, potassium sorbate, or 4-hexylresorcinol (Ahvenainen 1996). There 
has also been a trend to use natural browning inhibitors including salad 
ingredients or pineapple juice (Lozano-de-Gonzales et al. 1993). Organic 
acids including lactic acid, citric acid, acetic acid, and tartaric acid have 
been shown to be strong antimicrobial agents for fresh-cut fruits and 
vegetables (Bari et al. 2005). Citric acid and ascorbic acid have been used 
to reduce microbial counts on vegetables (Priepke et al. 1976). Calcium 
propionate, due to its ability to uncouple microbial transport processes, 
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has been used for antimicrobial treatments of honeydew melons (Saftner 
et al. 2003). Hydrogen peroxide is useful as an oxidant and antimicrobial, 
but also may result in browning of shredded lettuce (Juven and Pierson 
1996; Parish et al. 2003).

Recently, warm water washes have served a need to remove produce 
contaminants. Blanching consists of heating produce at high temperatures 
(85°C –100°C) for short periods of time in water or steam as inactivation 
of microorganisms is temperature dependent whereas fruit and vegetable 
degradation is exposure time dependent (Rico et al. 2007). Heat shock 
is a method that combines a washing step at 45°C to 70°C for less than 
5 minutes combined with an alternative antimicrobial agent or chlorine 
(Loaiza-Velarde et al. 1997; Hisaminato et al. 2001). For certain vegetables, 
such as potatoes, browning could be reduced by a heat treatment of 15°C 
for 2 weeks prior to peeling as reducing sugars were decreased by the 
storage conditions (Mattila et al. 1995). Unfortunately, quality and micro-
bial safety quite frequently need to be balanced against each other.

Ozone is a strong oxidizing agent with antimicrobial properties that 
has been mainly used with whole or un-cut commodities such as apples, 
grapes, oranges, pears, broccoli, cucumbers, raspberries, and strawberries 
to reduce microorganisms (Beltran et al. 2005). Another positive attribute 
of ozone is the ability to convert many non-biodegradable organic mate-
rials into biodegradable forms, minimizing the accumulation of organic 
waste in the environment (Kim et al. 1999). Despite effectiveness against 
microorganisms in solution, the effectiveness of ozone in the presence of 
organic matter or microorganisms that are attached to food products is sig-
nificantly reduced (Guzel-Seydim et al. 2004). Containment of ozone gas at 
5 ppm in dried fruit storage for 60 min has been shown to be very effective 
against E. coli and Staphylococcus aureus (Najafi and Khodaparast 2009).

Electrolyzed water, generated by electrolysis of aqueous sodium chlo-
ride to produce an electrolyzed basic solution at the cathode and an elec-
trolyzed acidic solution at the anode, results in the production of oxygen 
gas, chlorine gas, hypochlorite ion, hypochlorous acid, and hydrochloric 
acid at the anode and hydrogen gas and sodium hydroxide at the cathode 
(Kim et al. 2000; Hsu 2003). It has been shown to have a higher efficiency 
against aerobic microorganisms than ozone, but at the expense of produce 
quality when the commodities are cut (Wang et al. 2004).

Microbial reductions of up to 2.0 logs have been reported using light 
pulses in the ultraviolet (UV) light spectrum (Marquenie et al. 2002). 
Ultraviolet light acts as an antimicrobial agent due to DNA damage, but 
high UV doses can also cause increased stress of the produce, respira-
tion rates, and induction of lignification-like processes that affect pro-
duce appearance negatively (Rame et al. 1997; Allende and Artes 2003). 
Low-dose gamma irradiation has been approved by the U.S. FDA for use 
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on fruit and vegetables at a maximum level of 1.0 kGy and is an effective 
control measure for eliminating pathogenic bacteria and parasites from 
the surfaces of fruits and vegetables (Molins et al. 2001; Rico et al. 2007). 
However, low-dose irradiation does not destroy toxins, is ineffective 
against spore-forming microorganisms, and suffers from poor consumer 
perceptions (Crawford and Ruff, 1996).

Other physical or non-chemical treatments for fruits and vegetables 
include HPP, PEF, and ultrasound technologies (Cortes et al. 2008; Mizrach 
2008; Oey et al. 2008). High-pressure processing (3,000–8,000 bars) inacti-
vates microorganisms and enzymes without harming fruit and vegetable 
flavors or nutrients, but expansion during pressurization and decompres-
sion also damages vegetable and fruit tissues (Palou et al. 2000). Alone 
HPP is not very effective against spore-formers. PEF can inactivate micro-
organisms by causing cell membrane permeability changes (Barbosa et al. 
1997). Bacteria in aqueous fruit and vegetable juices could be reduced 
3 to 5 logs, depending on the specific strain of bacteria, using 200 pulses 
separated by a 1 sec pulse period and an intensity of 25 kV (Wesierska 
and Trziszka 2007). Although using PEF only reduced the spoilage bac-
terium, Enterobacter aerogenes, by 1.1 logs in horchata, a Spanish low-acid 
vegetable beverage, the lag phase of surviving cells was significantly 
increased delaying continued growth (Selma et al. 2003). Sonication with 
ultrasound pressure waves of frequencies from 20 kHz to 10 MHz causes 
cavitation, thinning of cell membranes, localized heating, and production 
of free radicals in food processing to inactivate microorganisms (Butz and 
Tauscher 2002; Piyasena et al. 2003). Sonication alone has not been effective 
in inactivation of foodborne bacteria, but still holds promise when coupled 
with other technologies such as HPP, chlorine, heat, or ozone (Piyasena 
et al. 2003).

With respect to recent advancements in technology, computers and 
electronic monitoring systems are making a significant impact on the min-
imally processed fruit and vegetable industry. Electronic data acquisition 
loggers that are placed inside shipments or storage containers of produce 
are providing a means to certification and verification that temperature-
abused conditions have not occurred during long periods of shipment or 
storage (Studman 2001). In addition, preventative safety measures prac-
ticed through hazard analysis critical control point (HACCP) programs 
can play important roles in reducing foodborne illness (Kvenberg et al. 
2000; Meng and Doyle 2002). Better surveillance of fruit and vegetable 
conditions and pre-planned measures of control may provide better solu-
tions to increased safety concerns.

Biological control of foodborne pathogens on fruits and vegeta-
bles using competition for growth and survival among natural micro-
organisms or their products is an area of potential safety control for 
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the future. Antagonistic strains of Bacillus have proven effective for the 
postharvest control of gray mold on pears (Mari et al. 1996). A number of 
microbiological antagonists exist for the control of postharvest diseases 
including bacteria, yeasts, and yeast-like fungi (Ippolito and Nigro 2000; 
Chanchaichaovivat et al. 2007). Bacteriocins such as nisin and pediocin 
have been used in an attempt to replace chemical disinfection of fresh-
cut lettuce against contamination with Listeria monocytogenes decreasing 
viability by 1.2 to 1.6 logs, but only controlling growth to a minimal extent 
(Allende et al. 2007). The combined effectiveness of chemical disinfectants 
such as EDTA, citric acid, sodium lactate, potassium sorbate, or phytic acid 
have shown more promise against L. monocytogenes in combination with 
pediocin and nisin by causing a significant reduction of native microflora 
and inoculating populations on fresh produce (Bari et al. 2005).

In terms of natural plant extracts, flavonoids produced by plant cells 
possess antifungal, antiviral, and antibacterial properties with a diverse 
range of pharmacological properties (Cushnie and Lamb 2005). Many plant 
extracts have been shown to possess antimicrobial activities with regard 
to food spoilage and safety (Friedman et al. 2002). Vanillin, an essential oil 
extract of the vanilla bean, at 12 mM concentrations was found to inhibit 
total aerobic microbial growth by 37% and 66% in two varieties of apples 
(Rupasinghe et al. 2006). Other essential oils from clove and cinnamon 
were found to be effective against Candida albicans, Eurotium repens, and 
Aspergillus flavus (Rodriguez et al. 2007). Although not a plant-derived anti-
microbial compound, chitosan represents a natural deacetylated form of 
chitin obtained from crustacean shells or certain fungi that has been used 
as an antimicrobial film to cover fruits and vegetables (Du et al. 1997).

Recently, the FDA has approved a spray mixture of bacteriophage 
viruses for meat and poultry products to protect consumers from L. mono-
cytogenes (Bren 2007). Similar strategies should be applicable for improving 
fruit and vegetable safety. For L. monocytogenes, phage-mediated reduc-
tions have been reported on contaminated melons (Leverentz et al. 2003). 
Phages have also been used to control growth of Campylobacter jejuni, 
L. monocytogenes, Salmonella Typhimurium, and E. coli O157:H7 (Bigwood 
et al. 2008).

Unfortunately, none of the aforementioned alternative methods, 
including chlorine, are capable of providing microbial sterility with 
respect to foodborne pathogens without a corresponding loss of product 
quality. Con sequently, it has been recommended that by combining dif-
ferent  preservation techniques or hurdles, the damaging effects of higher 
levels of the processing technologies could be minimized with respect 
to fruit and vegetable quality while ensuring a reduction in microbial 
growth (Gorris and Tauscher 1999). As MAP is already in use by the pro-
duce industry, it holds significant advantages for acceptance over other 
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strategies for ensuring safety of fruits and vegetables that maintain fresh-
picked, minimally processed qualities. MAP is perceived by most consum-
ers as a mild preservation method and therefore may be more acceptable 
to consumers than any of the other technologies (Bruhn 1995). The main 
aspects of MAP follow.

5.2  Modified atmosphere packaging
MAP is defined as the displacement of air (78.08% N2, 20.95% O2, 0.93% 
Ar, 0.03% CO2) in a contained area in order to obtain an atmosphere sig-
nificantly different from air required to envelope a product (Kader and 
Saltveit 2003). The modified atmosphere is achieved by either of two ways: 
(1) passively, when a package is sealed under normal air conditions and 
allowed to change autonomously without external influence or (2) actively, 
when a package is flushed with a specific gas mixture prior to closure and 
sealing (Rico et al. 2007). Controlled atmosphere packaging (CAP) implies 
precise monitoring and control of the gaseous mixture (Floros 1990). The 
strategy used to create the desired atmosphere is less important than pro-
viding an atmosphere that can enable the product to maintain quality, 
freshness, and be safe to consume after an extended period of storage.

Fruits and vegetables continue to respire even after harvest. This 
results in a constantly changing environment when they are closed 
within a sealed container. Figure 5.1 depicts the change in the air com-
position of sealed barrier pouches containing a sliced apple or cut lettuce 
due to respiration of the produce stored at 4°C. Over time, O2 is consumed 
and CO2 is produced as a consequence of aerobic respiration (Figure 5.1). 
The variations in respiration rates are product specific and temperature 
dependent (Tano et al. 2007). The respiration rates can be measured by 
monitoring the composition of package headspaces (Del Nobile et al. 
2006; Figure 5.1). It is known that damaged, cut, sliced, or bruised plant 
tissues exhibit increased respiratory rates (Laties 1978). Tissues with 
high respiratory rates have shorter postharvest storage lives (Eskin 1990). 
Additionally, metabolic rates increase by a factor of 2 or 3 for each 10°C 
increase in temperature (Beaudry et al. 1992). Therefore, low temperatures 
can reduce respiration rates, and increase shelf-life, but very low tempera-
tures (<4°C) can also result in chill injury to the produce (Rico et al. 2007). 
MAP can therefore be beneficial to fruits and vegetables that possess 
high respiratory rates and are sensitive to chilling injury (Lee et al. 1996). 
Low temperature sensitive products include avocado, banana, cherimoya, 
grapefruit, lemon, lime, mango, papaya, pineapple, beans, cucumber, 
okra, pepper, and tomato (Kader, 1997; Saltveit, 1997). MAP is often used 
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to slow down respiration rates resulting in reduced product metabolism 
and maturation (Kader et al. 1989).

The gases traditionally used in MAP include CO2, O2, and N2. Carbon 
dioxide is bacteriostatic with inhibitory effects increasing with decreas-
ing temperature (Jay 1992). Oxygen is used to sustain respiration while 
decreasing the negative effects of anaerobic atmosphere genesis such as 
product degeneration, low pH, and an increased risk of botulism (Jayas 
and Jeyamkondan 2002). Nitrogen is often used as an inert filler gas for 

Apple Packaged in Air

0

10

20

30

40

50

0 5 10 15 20 25 30 35

Time (days)

Time (days)

% O2 

% CO2 

Lettuce Packaged in Air

0

10

20

30

40

50

0 5 10 15 20 25 30 35

%
 o

f T
ot

al
 G

as
 in

 P
ac

ka
ge

 
%

 o
f T

ot
al

 G
as

 in
 P

ac
ka

ge
 

% O2 

% CO2 

Figure 5.1 Effects of the respiration rate of fruits and vegetables on the gaseous 
headspace composition of a sealed barrier pouch initially packaged under air and 
stored at 4oC.
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displacement of air in a package (Jayas and Jeyamkondan 2002). The lit-
erature provides only sparse evidence for the replacement of N2 by other 
noble gases such as argon or helium (Kader and Watkins 2000).

5.3  Quality attributes
MAP can be used to inhibit or decrease many of the plant physiological 
effects caused by wounding fruit or vegetable tissues such as increased 
respiration rates, ethylene production leading to increased ripening rates, 
membrane deterioration, water loss, susceptibility to microbial spoilage, 
chlorophyll loss, pigment formation, decreased acidity, increased sweet-
ness caused by interconversion of sugars, volatilization of flavors, tissue 
softening, enzymatic browning, lipolysis, and lipid oxidation (Rico et al. 
2007). High CO2 environments inhibit ethylene biosynthesis and action 
(Kader and Saltveit 2003). In addition to preserving chlorophyll, MAP can 
enhance the production of other pigments such as carotenoids, anthocya-
nins, and phenolic compounds (Kader and Saltveit 2003). MAP can decrease 
enzymatic cell wall degradation causing fruit softening or enzymatic lig-
nification resulting in vegetable toughening (Kader and Saltveit 2003).

It is also important to keep precise control of MAP as the nutri-
tional quality of produce with respect to ascorbic acid (vitamin C) can 
be decreased in atmospheres containing O2 levels below 5% and CO2 lev-
els above 5% (Kader and Saltveit 2003). Additionally, O2 levels below 1% 
and CO2 levels above 20% result in the production of off-flavors due to 
the accumulation of ethanol, acetaldehyde, and ethyl acetate (Kader and 
Saltveit 2003). Figures 5.2 and 5.3 give a representative summary of the 
variations in recommended storage conditions with respect to preferred 
concentrations of CO2 and O2 for select products of fruits and vegetables, 
respectively. Changes in prescribed gas mixtures are also influenced by 
wounding or cutting (Figures 5.2 and 5.3).

Quality attributes of fruits and vegetables are the major visual param-
eters influencing consumers. To that extent, browning enzymes such as 
polyphenol oxidases play a central role. Browning in apples is more rapid 
than in lettuce due to a greater synthesis of polyphenol oxidases (Murata 
et al. 1995, 2004). If MAP is passive (Figure 5.1), the browning of produce 
has already occurred before package conditions become favorable for 
browning inhibition after 15 days or more (Figure 5.1). Active MAP, where 
the package conditions are instantaneously reached due to a gas flush, 
would provide better results. The control of browning has focused on 
phenyl-alanine ammonialyase (PAL), an enzyme in the phenylpropanoid 
pathway, induced by cutting or wounding (Hisaminato et al. 2001). Other 
enzymes involved in browning include peroxidase and polyphenol oxidase 
(Zawistowski et al. 1995). As these enzymes are O2-dependent catalysts, it 
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Fruit Whole Fresh-Cut

Apple ab

Cantaloupec
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Figure 5.2 The literature recommended storage conditions at 5°C for various 
fruits. Legend: a Irving 1984; b Kader 1985; c de Arruda et al.; 2004; d Rocculi et al. 
2005; e Porat et al. 2004; f Yang et al. 2005; g Ning et al. 1997; h Cia et al. 2006; i Artes 
et al. 2000; j Zhang et al. 2006; k Lei and Xu 2002.
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Vegetable Whole Fresh-Cut

Broccoli abc

Cabbage bc
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Figure 5.3 The literature recommended storage conditions at 5°C for various veg-
etables. Legend: a Ishikawa et al. 1998; b Irving 1984; c Kader 1985; d Alasalvar et 
al. 2004; e Beltran et al. 2005; f Nichols 1985; g Dong and Choe 2006; h Kidder et al. 
2007; i Ibaraki 2002.; j Howard and Hernandez-Brenes 1998; k Tudela et al. 2002; l 
Park et al. 2006.
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is believed that reducing O2 availability can be used to inhibit browning. 
Produce loss of firmness is caused by the demethylation of pectins by pec-
tin methylesterase followed by depolymerization to polygalacturonic acid 
by polygalacturonase (Vu et al. 2004). Likewise, the improvement of fruit 
texture can be enhanced by the increase of cross-linking between pectin 
chains and cations caused by a lower level of O2 availability (Roy et al. 
2001). This is a clear example where CAP is favored over passive MAP.

5.4  Packaging film characteristics
There are numerous types of films available for MAP. However, in order to 
achieve a favorable atmosphere specific to a particular fruit or vegetable, 
there are multiple criteria that require attention including product respi-
ration rate, product mass, film surface area, film thickness, and film gas 
transmission rates (Zagory 1997). Most films do not result in optimal O2 
and CO2 atmospheres, especially when the produce has a high respiration 
rate (Exama et al. 1993). To complicate matters, the respiration rates of fruits 
and vegetables are known to increase more with temperature than with 
film permeabilities, leading to anoxia and safety risks (Exama et al. 1993). 
The benefits of film packaging include maintenance of high humidity and 
reduced water loss, improved sanitation, minimized produce abrasions 
and bruises, reduced contamination among produce, and provision of a 
medium for transport of active ingredients such as fungicides, ethylene 
absorbers, O2 scavengers, CO2 emitters, and other chemicals (Kader and 
Watkins 2000).

With respect to film selection, precedence is given to O2 transmission 
as the limiting factor in successful MAP (Kader 1986). All films except those 
with barrier properties such as Saran, Mylar, and Nylon were reported 
to be capable of satisfying O2 transfer rates for foods with low respira-
tion rates including carrots, celery, cabbage, and green peppers (Exama 
et al. 1993). The diffusion of O2 and CO2 through air is 8.5 and 1.5 million 
times greater, respectively, than through low density poly ethylene films 
(Mannapperuma et al. 1989). Rubber type films such as natural rubber 
and polybutadiene were selected for produce with a moderate respira-
tion such as cauliflower (Exama et al. 1993). For produce with high res-
piration rates such as strawberry and mushroom, silicone rubber films 
would be expected (Exama et al. 1993). An additional counterbalance for 
films not meeting O2 transmission requirements could include the use of 
microperforations or microporous membranes (Exama et al. 1993). Films 
are needed that match the film permeability to O2 and CO2 with fruit and 
vegetable consumption of O2 and production of CO2 in order to maintain 
equilibrium of the atmosphere in the package.
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An empirical equation was developed to predict the dependence of 
O2 and CO2 transmission rates with respect to the size and number of 
microperforations in films for achieving desired gaseous compositions 
of MAP for fresh-cut produce (Gonzalez et al. 2008). The microperfora-
tions were small holes in film from 50 to 200 µm in diameter (Ghosh and 
Anantheswaran 2001). The O2 and CO2 transmission rates obtained using 
the equation for films 29 to 57 µm in thickness with pore dimensions of 
40 × 30 µm to 350 × 110 µm were in agreement with other models where 
the total diffusive pass length of a perforation was considered as the sum 
of the perforation length and a correction factor (Gonzalez et al. 2008). 
Landec Corporation of Menlo Park, CA, has developed a polymeric mem-
brane with an O2 transmission rate that increases with increasing tem-
perature thus avoiding anaerobic conditions after temperature abusive 
conditions (Zagory 1997). Numerous models are available for measuring 
gas transfer in packages as well as for predicting permeability of films for 
use with specific fruits and vegetables (Cameron et al. 1995).

5.5  Predictive modeling of MAP
Attention to the respiration rate variations of fruits and vegetables is cru-
cial to the successful design of MAP systems, and models must incorpo-
rate the changing O2 and CO2 concentrations within a package as well as 
the effects of temperature and storage time (Fonseca et al. 2002). Due to the 
complexity of the respiration process, empirical models were developed 
for each product as a function of controlled variables such as temperature 
or gas composition (Fonseca et al. 2002). The dynamic process can be rep-
resented using a respiratory quotient (RQ) as a measure of the ratio of CO2 
produced to O2 consumed for a given product (Fonseca et al. 2002). RQ 
values range from 0.7 to 1.3, lower if metabolic substrates are lipids, 1.0 if 
substrates are carbohydrates, and higher if substrates are acidic (Kader 
1987). A high RQ value above 1.0 is usually an indication of fermenta-
tion and anaerobic metabolism (Fonseca et al. 2002). Respiration rates are 
measured in one of three systems: a closed system, a flowing or flushed 
system, or a permeable system (Fonseca et al. 2002).

In the closed system, O2 consumption and CO2 production are mea-
sured following containment of the introduced gas mixtures (Fonseca et al. 
2002). A problem encountered with this measurement system involves the 
effect of O2 depletion and CO2 production on the respiration rates them-
selves (Fonseca et al. 2002). A method was developed for the determina-
tion of O2 consumption as a function of O2 concentration by mathematical 
characterization of O2 depletion by tomato fruit in a closed system with 
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time (Cameron et al. 1989). The flow-through system involves a constant 
gas flow rate, but it is very difficult to measure that rate (Fonseca et al. 
2002). Further complications include the need for an expected respiration 
rate estimation (Fonseca et al. 2002). However, the least accurate method 
for respiration rate measurement is the permeable system as it requires 
determination of additional variables including the package dimensions, 
thickness of the gas exchange material, and permeability characteristics 
(Fonseca et al. 2002). Other factors affecting respiration rates include fruit 
or vegetable maturity stage, increased respiration due to wounding, as 
well as the most important external factor influencing respiration rate, 
temperature (Fonseca et al. 2002). There has been difficulty comparing 
reported respiration rates for produce in the literature due to a lack of 
standardization among studies and non-uniformity of units used in exist-
ing respiration rate models (Fonseca et al. 2002).

Perforation-mediated MAP relies on the use of macroperforations in 
the film to control O2 and CO2 exchange (Fonseca et al. 2000). Empirical 
and additive models with several parameters relating O2 and CO2 mass 
transfer coefficients with temperature, diameter, and length of perfora-
tions in the films have been developed previously (Emond et al. 1991). 
A suitable estimation of gas transfer for O2 and CO2 exchange through 
a single perforation was obtained using different temperatures (5–20°C) 
and tube dimensions (length from 9 to 17 mm and diameter from 6 to 
30 mm) (Fonseca et al. 2000). The ratio between CO2 and O2 mass transfer 
coefficients for a single film perforation was found to be independent of 
temperature and perforation dimensions (Fonseca et al. 2000).

Software has been recently developed by Mahajan et al. (2007) (PACK 
in MAP) to select suitable packaging materials while defining the amount 
of product to be packed or the area of film that needs to be available for 
gas exchange taking into account respiration rate, temperature, packag-
ing film and film area, produce weight, package geometry, and package 
volume. The software database includes information from 38 products, 
75 respiration rate models, and permeability data for 27 polymeric films 
(Mahajan et al. 2007). Much of the film permeability data comes from the 
earlier study by Exama et al. (1993). The major benefit of such software is 
the avoidance of time-consuming experiments to determine the best film 
to be used in packaging a specific type of product (Mahajan et al. 2008). 
An added benefit is the ability of the PACK in MAP software to accu-
rately simulate the evolution of a gas composition with respect to tempera-
ture variations as would be expected during the unavoidable temperature 
abuse possibilities that exist during the normal distribution chain process 
for any given product (Mahajan et al. 2008).
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5.6  Microbiological safety challenges
Aside from the beneficial quality attributes, a common argument against 
MAP for produce commodities with high potential microbial contamina-
tion levels is the potential vulnerability from a safety standpoint as spoil-
age organisms may be inhibited while promoting the growth of pathogens 
(Farber et al. 2003). The primary MAP gas that has been shown to have 
inhibitory effects on microorganisms is CO2 through interference with 
cellular membrane function, enzyme inhibition, acidic pH, and effects on 
the physico-chemical properties of proteins (Farber 1991).

The main microflora present on fresh leafy vegetables include pre-
dominant soil bacteria such as Pseudomonas and Erwinia spp. (Ahvenainen 
1996). Levels of CO2 (10%–20%) that inhibit spoilage microorganisms such 
as the aerobic soil bacteria also enhance other spoilage bacteria that are 
common to food processes, such as lactic acid bacteria, and there may be 
a shift in the predominant microflora present (Amanatidou et al. 1999). 
Harmful pathogens such as Clostridium perfringens, C. botulinum, and 
Listeria monocytogenes that can withstand anaerobic conditions as well as 
concentrations of CO2 above 50% may proliferate at the expense of innocu-
ous food-spoilage indicator microorganisms (Phillips 1996; Zagory 1999). 
Combinations of gases used in MAP need to be carefully evaluated along 
with film permeabilities to ensure safety from anomalous but opportunis-
tic pathogens that may contaminate fruits and vegetables.

5.6.1  Clostridia
Clostridium botulinum is a strict anaerobic spore-forming bacterium that is 
found in the soil or associated with produce contacting soil and is capable 
of producing a very potent neurotoxin. The strains of this microorganism 
responsible for most cases of foodborne botulism can be distinguished 
as proteolytic, with minimal growth temperature requirements (12°C), 
minimal pH (4.6), minimal water activity (0.95), and maximum NaCl con-
centration (10%) as compared to nonproteolytic, with minimal growth 
temperature requirements (3°C), minimal pH (5.0), minimal water activ-
ity (0.97), and maximum NaCl concentration (4%) (Lund and Peck 2000; 
Novak et al. 2005). The microorganism can thrive and produce dangerous 
neurotoxins under conditions of low atmospheric oxygen. Therefore, low 
O2 packages (<1%) have been determined to provide a health risk potential 
from this pathogen as well as contributing to product off-flavors and odors 
due to anaerobic respiration (Zagory 1995). Fortunately, despite the poten-
tial for C. botulinum growth, MAP packages of produce were found to be 
grossly spoiled beyond consumer acceptability levels before the detection 
of toxins (Petran et al. 1995; Larson et al. 1997; Hao et al. 1998; Larson and 
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Johnson 1999). There are occasional lapses in proper temperature storage 
that could produce contrary results with fatal consequences, but these are 
often of low probability (Solomon et al. 1990). Research studies have shown 
that toxin production could also vary with the vegetable variety serving 
as the growth substrate for C. botulinum (Austin et al. 1998). For these rea-
sons, it is important to combine proper film characteristics with the right 
combination of gases.

Although of lessened concern with fresh fruits and vegetables as 
compared with cooked meat products, another anaerobic spore-former, 
C. perfringens, was found to be quite resistant to CO2 atmospheres espe-
cially under temperature abuse conditions (Novak and Yuan 2004). Low 
temperature in combination with 75% CO2 was shown to be effective in 
preventing the outgrowth of C. perfringens spores (Hintlian and Hotchkiss 
1987). CO2 at a lower concentration of 5% was able to stimulate germina-
tion of C. perfringens spores and influenced outgrowth and toxin formation 
(Enfors and Molin 1978). Additionally, temperature (>25°C) decreased the 
effectiveness of MAP, and enabled uninhibited growth of C. perfringens 
(Hintlian and Hotchkiss 1987). Conditions limiting growth of C. perfrin-
gens are often considered measures to limiting the growth of C. botulinum 
as well. As the primary reason for C. botulinum growth and toxin produc-
tion is low O2 concentration, the food industry practice of using perforated 
films with mushrooms reduces the risk of foodborne illnesses (Sugiyama 
and Yang 1975). Pursuant to such logic is the use of high O2 MAP.

5.6.2  High oxygen map

At low concentrations of O2, Staphylococcus aureus can grow and produce 
enterotoxin A if mushroom packages are temperature-abused (Martin 
and Beelman 1996; Gonzalez-Fandos et al. 2000). A novel approach to 
counteract risks of low O2 include the use of high O2 levels (70%–100%) 
combined with CO2 for MAP (Amanatidou et al. 1999). This strategy 
does not need to be used exclusively for concerns with anaerobes. 
High O2 (80%) MAP was found to inhibit the growth of several generic 
groups of bacteria, yeasts and molds, and a range of specific food-
 associated pathogenic and spoilage microorganisms such as Aeromonas 
hydrophila, Salmonella enteritidis, Pseudomonas putida, Rhizopus stolonifer, 
Botrytis cinerea, Penicillium roqueforti, P. digitatum, and Aspergillus niger 
(Day 2001). High O2 MAP was able to inhibit or stimulate the growth of 
Pseudomonas fragi, Bacillus cereus, Lactobacillus sake, Yersinia enterocolitica, 
and Listeria monocytogenes alone, but with the addition of 10% to 30% CO2 
all were inhibited (Day 2001). In another study, Aeromonas caviae was 
growth inhibited in 70% to 95% O2; yeast were also growth inhibited in 
high O2 MAP, as was L. monocytogenes (extended lag phase using 95% 
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O2), whereas Erwinia carotova was growth stimulated by high O2 MAP 
(Jacxsens et al. 2001).

The use of N2 for MAP serves the displacement of O2, inhibition of 
aerobic growth, and as a package filler to replace gases such as CO2 that 
can be absorbed by the product (Parry 1993). Argon-containing and N2O-
containing MAP were found to have little to no antimicrobial effects on 
microorganisms, when compared with N2-containing MAP (Day 2001). As 
expected 10% CO2 reduced respiration rates of produce, but high O2 or 
Ar did not influence respiration rates significantly (Day 2001). Whether 
for safety concerns, economics, or lack of applied effectiveness, currently 
high O2 MAP has not found commercial validation and is not practiced in 
the fruit and vegetable industry.

5.6.3  Listeria monocytogenes
L. monocytogenes is a very hardy Gram-positive bacilli that is isolated from 
the environment, capable of growth under refrigeration (4°C), invades the 
gastrointestinal epithelium, and can grow intracellularly within the host’s 
phagocytic cells. It also has a low infective dose (1,000 cells) that can lead 
to lethality for the host. The ability of L. monocytogenes to grow at low 
temperatures increased concerns over select MAP conditions that could 
delay growth of competitive lactic acid bacteria with respect to L. monocy-
togenes, which could proliferate over extended periods of low temperature 
storage under MAP (Farber et al. 2003). L. monocytogenes has been shown 
to be capable of growth on lettuce under 97% N2 + 3% O2 or 100% N2 at 
either 4°C or 8°C (Beuchat and Brackett 1990; Francis and O’Beirne 1997). 
Increased CO2 levels (20%) have been shown to increase growth of lactic 
acid bacteria, producing antilisterial agents such as nisin, leading to the 
inhibition of L. monocytogenes (Francis and O’Beirne 1998). However, other 
studies have shown that the growth of L. monocytogenes on produce under 
MAP conditions was influenced more by vegetable type than by the gas 
atmosphere used (Carlin and Nguyen-The 1994; Jacxsens et al. 1999). There 
have even been reports of L. monocytogenes growth on sliced apples under 
controlled atmospheres and in peeled potatoes under vacuum (Conway 
et al. 1998; Juneja et al. 1998). Certainly, more studies are required to fully 
understand the requirements for MAP control of L. monocytogenes.

5.6.4  Aeromonas hydrophila
Aeromonas hydrophila is a species frequently associated with human dis-
ease obtained from contaminated ready-to-eat salads (Ahvenainen 1996). 
Similar to L. monocytogenes, A. hydrophila is a psychrotroph that can grow 
at refrigerated temperatures and is not affected by O2 (1.5%) or CO2 (up to 
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50%) (Francis et al. 1999). The shelf-life of broccoli, asparagus, and cauli-
flower was extended under 11% to 18% O2, 3% to 10% CO2, and balance N2 
without affecting the growth of A. hydrophila (Berrang et al. 1989). Although 
similar to L. monocytogenes, CO2 levels above 50% that inhibited growth of 
the microorganism also resulted in damage to the produce (Bennik et al. 
1995). The high levels of CO2 might actually increase competitive micro-
flora such as lactic acid bacteria, reducing the produce pH, but also creat-
ing damage to the produce as a result (Garcia-Gimeno et al. 1996).

5.6.5  Other pathogens of concern: Salmonella and E. coli
Although E. coli is commonly regarded as a facultative anaerobe harm-
lessly associated with the gastrointestinal tract, there are a number of 
divergent pathogenic forms that can cause a number of illnesses rang-
ing from mild diarrhea to cholera-like and invasive dysentery (McClure 
2005). Salmonella are also common inhabitants of the gastrointestinal tract 
that under opportunistic conditions rank as leading causes of foodborne 
outbreaks worldwide (Maurer and Lee 2005). Taken together, Salmonella 
and E. coli contaminate fruits and vegetables primarily through the appli-
cations of fertilizers to growing crops or irrigation and processing water 
tainted with human or animal waste (Maurer and Lee 2005). With regard 
to Salmonella spp. and E. coli, 10% to 20% CO2 inhibited S. Enteritidis, but 
S. Typhimurium and E. coli were unaffected or even stimulated to increase 
growth (Amanatidou et al. 1999). Combining high O2 (90%) with the 10% 
to 20% CO2 was able to inhibit both S. Enteritidis and E. coli (Amanatidou 
et al. 1999). Produce effects also entered into the equation as S. Enteritidis 
growth decreased on carrots and lettuce when packaged under a low 
CO2 mix of 5% CO2, 5.2% O2, and 89.8% N2 (Kakiomenou et al. 1998). 
Unfortunately, E. coli O157:H7 and S. Typhimurium could only be inhibited 
by high concentrations of CO2 alone, which also resulted in damage to the 
produce (Amanatidou et al. 1999; Francis et al. 1999).

5.6.6  Other pathogens of concern: Campylobacter and others

Although the potential exists for microaerophilic Campylobacter spp. to 
exist on packaged produce with low O2 environments following contami-
nation from manure, irrigation water, or wild animal feces, there are few 
reports of its association with products other than meats (Wallace 1997). 
Lettuce, spinach, radish, green onions, parsley, and potatoes were exam-
ined for Campylobacter spp. without any positive findings (Park and 
Sanders 1992). Another study confirmed the absence of Campylobacter 
spp. on lettuce, carrot, cauliflower, celery, broccoli, and sliced green pep-
pers (Odumeru et al. 1997). Nevertheless, the potential risks cannot be 
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overlooked as studies have shown the potential for Campylobacter jejuni to 
survive on cilantro, green pepper, and romaine lettuce packaged under 
air, 5% O2, 10% CO2, 85% N2, and vacuum for 15 days at 4°C when pur-
posefully added (Tran et al. 2000).

Typically viruses, such as hepatitis A, have been involved in illnesses 
involving cold vegetable salads, but mostly these have been transmitted 
by infected food handlers as opposed to proliferation under MAP condi-
tions (Beuchat 1996). There have only been a few MAP produce products 
that have resulted in U.S. outbreaks in the last few decades and these have 
included coleslaw (C. botulinum), ready-to-eat salad vegetables (Salmonella 
Newport), and bagged spinach (E. coli O157:H7) (Farber et al. 2003; CDC 
2006). As consumer options for fresh produce have increased, so have food-
borne illnesses linked to fresh-cut produce; however, the same increases in 
illnesses due to produce packaged under MAP have not occurred (Farber 
et al. 2003). To that extent MAP has been proven to be a very safe option 
for shelf-life extension of fresh fruits and vegetables.

5.7  Summary/conclusions
In general, MAP of fruits and vegetables is an acceptable but complex 
combination of contained storage conditions that maintain quality and 
freshness under minimal processing in order to extend shelf-life and 
avoid spoilage and foodborne illness caused by microorganisms. The pro-
portions of common MAP gases such as CO2, O2, and N2 need to be tai-
lored and optimized to a specific product. Variations in respiration rates 
of fruits and vegetables ensure constantly changing conditions within 
a package and as such must be constantly adapted to maintain an opti-
mal equilibrium atmosphere specific to the product and its current state 
of quality: whole, cut, or bruised, and premature, ripe, or over-ripe. In 
that regard, individual commodity respiration rates are matched with 
film permeabilities that can provide a suitable equilibrium atmosphere. 
Temperature becomes the major parameter of control for decreasing res-
piration, slowing physiological changes due to ripening in the produce, 
and for minimizing growth of microorganisms causing either spoilage 
or foodborne illness. Numerous software models exist for measuring gas 
transfer in packages as well as for predicting permeability of films for use 
with specific produce.

Although the organoleptic quality attributes of fruits and vegetables 
are the determining primary factors for consumers’ purchase prefer-
ences, products can still harbor vulnerability from a safety standpoint at 
the microscopic level. Foodborne illness concerns from pathogens such as 
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C. botulinum, L. monocytogenes, or E. coli O157:H7 are sometimes lowered 
due to competition from natural and harmless spoilage microorganisms 
such as pseudomonads or lactobacilli. It is important that MAP conditions 
do not sway this competitive balance to favor the  illness-causing food-
borne pathogens. However, that concept only implies greater precision 
in control of MAP conditions and not the elimination of MAP as a useful 
strategy to enhance safety, quality, and shelf-life of fruits and vegetables. 
MAP technologies have withstood decades of challenges with extremely 
few anomalous safety-related outbreaks. As control measures and tech-
nologies for maintaining optimized MAP conditions continue to improve, 
it can be expected that MAP will continue to provide solutions to rather 
than causes for food safety concerns.
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6.1  Introduction
Clostridium perfringens is a spore-forming foodborne human pathogen that 
frequently complicates the safety of ready-to-eat (RTE) meat and poultry 
products. This microorganism is ubiquitously distributed in the envi-
ronment, including soil, water, air, and intestinal tracts of many warm-
blooded animals and humans (Brynestad and Granum, 2002; Juneja et al., 
2001). As a spore former, this organism can survive relatively harsh envi-
ronmental conditions and enter raw foods in the form of spores. As a 
result, raw materials used in preparing RTE meat and poultry products 
may be natural carriers of C. perfringens spores.

C. perfringens is a typical Gram-positive, anaerobic bacterium that 
thrives particularly well under conditions where oxygen is absent or the 
level is low. Cooking of meat and poultry products may create a condi-
tion that allows this microorganism to grow and multiply. Under normal 
cooking conditions, a thermal treatment process is usually designed to 
induce certain physical and chemical changes in RTE meats. Vegetative 
cells of common foodborne pathogens, such as Listeria monocytogenes, 
Salmonella spp., and Escherichia coli O157:H7, along with other spoilage 
microorganisms, are generally eliminated in the cooking step. However, 
the temperature conditions used in the cooking step are often insufficient 
to kill spores of C. perfringens. Instead, the spores may be activated dur-
ing cooking. Since cooking expels oxygen from the food and eliminates 
background flora, the spores may germinate, outgrow, and multiply dur-
ing cooling.

Under anaerobic conditions, germinated C. perfringens can grow rap-
idly at temperatures between 30°C and 47°C, a range of temperature that 
spores are exposed to during cooling (Craven, 1980). According to the 
literature, the optimum growth temperature for this microorganism is 
between 43°C and 47°C (Hall and Angelotti, 1965).

Cooling of cooked products is a critical step to prevent the germina-
tion, outgrowth, and multiplication of C. perfringens in cooked meats. As 
cooked products are cooled from their final cooking temperature to their 
final storage temperature, they are exposed to temperatures between 
50°C and 10°C, a range suitable for the growth of this organism. At the 
optimum temperatures, the generation time can be as short as 7.1 min in 
cooked ground beef (Willardsen et al., 1979). Due to the high growth rate 
of C. perfringens at optimum temperatures, rapid cooling is essential to 
prevent outbreaks caused by cooked meats. Because of the importance of 
cooling in preventing the growth of C. perfringens, the U.S. Department of 
Agriculture (USDA) Food Safety and Inspection Service (FSIS) has issued 
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guidelines that require the internal temperature of cooked meats during 
a cooling process be reduced from 54.4°C (130°F) to 26.7°C (80°F) in less 
than 1.5 h, and from 26.7°C to 4.4°C (40°F) in less than 5 h. If a meat pro-
cessor cannot meet this “safe harbor,” it is necessary to show that the cus-
tom cooling regimen (or in the case of a process deviation) would result 
in less than a 1-log increase in C. perfringens and no growth of Clostridium 
botulinum. In the event of process deviation, mathematical growth models 
can be used to assess the extent of C. perfringens growth and evaluate the 
safety of the implicated meat product. To estimate the potential growth of 
Clostridia in cooked or partially cooked meat products, it is necessary to 
understand the growth kinetics of microorganisms and develop mathe-
matical models that accurately describe the microbial growth behaviors.

6.2  Models and methods for microbial growth 
under isothermal conditions

The growth of bacteria in foods usually follows a sigmoidal trend and is 
affected by both intrinsic and extrinsic conditions. Examples of extrinsic 
conditions include temperature and time, which defines the temperature 
history of a food. Intrinsic conditions are the physical and chemical prop-
erties of a food, which may include pH, salt level, and the existence and 
concentration of antimicrobial agents. Under normal conditions, bacterial 
growth typically exhibits three sequentially progressing phases. The first 
phase is the lag phase, during which no apparent change in the counts of 
bacteria can be observed. The second phase is the exponential phase, dur-
ing which the number of bacteria increases exponentially. The last phase 
is the stationary phase, in which the number of bacteria reaches the maxi-
mum. The duration of the lag phase (λ) and the bacterial growth rate (K) 
in the exponential phase are affected primarily by temperature, but they 
also are influenced by many intrinsic conditions.

To estimate bacterial growth, a model must be able to describe these 
three distinct phases. A primary model is a mathematical model capable 
of describing the three-phase time-dependent growth curve under con-
stant temperature conditions. Since λ and K are affected by temperature, 
a secondary model is developed to describe the effect of temperature on 
these two parameters. A tertiary model is a mathematical model that cor-
relates kinetic parameters (λ and K) to both intrinsic and extrinsic factors, 
such as temperature, pH, salt concentration, water activity, and other rel-
evant ingredients. The combined application of the models of different 
levels makes it possible to estimate the growth of microorganisms under 
static or dynamic conditions.
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6.2.1  Primary models

The primary models are the basic block for predictive microbiology. 
Models at the primary level are designed to describe the growth of 
the microorganism as a function of time under isothermal conditions. 
Figure 6.1 illustrates a hypothetical growth curve with the three-phase 
growth phenomenon of microorganisms under isothermal conditions. 
A primary model must be a smooth curve that gradually progresses 
from the lag phase, through the exponential phase, and to the final sta-
tionary phase.

6.2.1.1  Empirical models
Primary models of different complexity have been developed and used 
in estimating the microbial growth. The simplest models are empirical 
models such as those modified from the original Gompertz and logistic 
equations. Both modified Gompertz and logistic models use a transition 
function that allows the curves to gradually progress from the lag phase 
to the stationary phase. For both modified Gompertz and logistic models, 
the general mathematical equation is expressed as

 L t L L L S t( ) = + −( ) ( )max max 0  Eq. 6.1

0
1
2
3
4
5
6
7
8
9

10

0 2.5 5 7.5 10 12.5 15

t

lo
g 1

0 c
el

l c
on

ce
nt

ra
tio

n Exponential phase

Stationary phase

Lag phase

Figure 6.1 A hypothetical isothermal growth curve with three distinctive growth 
phases (initial cell concentration = 2.5 logs, lag phase = 2.5, specific growth rate = 
1.0 log per unit time, final cell concentration = 9.0 logs).
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In Eq. 6.1, L(t) is the logarithm (base 10) of the counts of microorgan-
isms at any given time t; Lmax is the logarithm of the maximum counts of 
microorganisms; L0 is the logarithm of the initial counts; and S(t) is the 
sigmoidal function, which is written as

 S t

t M Gompertz

t

( ) =

− − −( )
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In Eq. 6.2, M is the inflection point of a growth curve, and µ is the rela-
tive rate constant at t = M, which is the point of the curve where the maxi-
mum slope is located. From Eqs. 6.1 and 6.2, two of the most important 
growth parameters can be derived. The first parameter is the duration of a 
lag phase (λ) under an isothermal condition, which can be calculated from
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The other parameter is the specific or exponential growth rate, K, 
which is located at the point where t = M, and can be calculated from
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Although slightly different in mathematical characteristics, both 
modified Gompertz and logistic models can adequately describe micro-
bial growth under isothermal conditions. Figure 6.2 illustrates the com-
parison between the modified Gompertz and logistic models used to fit 
the same hypothetical growth curve shown in Figure 6.1. Table 6.1 lists the 
growth parameters estimated using these two models. It is evident that 
the specific growth rates and the lag phases are slightly overestimated 
by the modified Gompertz and logistics models. The major difference 
between the modified Gompertz model and the modified logistic model 
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is the shapes of the first derivatives of Eq. 6.2 (Figure 6.2). The peak 
of each curve of the first derivative is actually the specific growth rate for 
each model. For the modified logistic model, the first derivative curve is 
symmetric with respect to its inflection point M, which is not the case for 
the modified Gompertz model.

The empirical mathematical models shown in Eq. 6.1 are suitable for 
describing isothermal growth of microorganisms in foods. It can derive 
important and sufficient information about the growth parameters (K and 
λ) to estimate the extent of microbial growth if the foods are held under 
constant temperature conditions.
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Figure 6.2 Comparison between Gompertz and logistic models used to fit the 
hypothetical growth curve shown in Figure 6.1.

Table 6.1 Growth Parameters Calculated 
from the Modified Gompertz and Logistic Models 
Used to Fit the Growth Curve Shown in Figure 6.1

Parameters Target Value Gompertz Logistic

L0 2.5 2.51 2.35
Lmax 9.0 9.23 9.11
K 1.0 1.29 1.26
λ 2.5 3.06 2.94
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6.2.1.2  Biologically based growth models
6.2.1.2.1  Baranyi model. The major criticisms of the empiri-

cal models are that these models are just curves that closely resemble 
microbial growth curves. The empirical models lack biological meaning, 
although two parameters (K and λ) derived from the modified Gompertz 
and logistic models, namely the lag and exponential phases, can be used 
to describe two of the most important phenomena of microbial growth.

The Baranyi model is probably one of the earliest models that 
attempted to describe the fundamental mechanism that drives microbial 
growth. Baranyi (1995) hypothesized that the growth of microorganisms 
was controlled by their physiological state, which was affected by the prior 
history, and the duration of the lag phase was controlled by the formation 
and accumulation of critical substances. Based on these assumptions, the 
differential equation for microbial growth can be expressed as

 d
dt

C t C C= ( ) ( )α µ  Eq. 6.5

In Eq. 6.5, C is the actual concentration of microorganisms; α(t) is 
called the adjustment function, which is a function of time and varies 
between 0 and 1; and µ(C) is the potential specific growth rate. The product 
of α(t) and µ(C) represents the actual specific rate (Baranyi, McClure, et al., 
1993; Baranyi and Roberts, 1994; Baranyi, Roberts, and McClure, 1993). In 
Baranyi and Roberts (1994) and Baranyi et al. (1995), the definitions of α(t) 
and µ(C) were further clarified, and a new term, µ(t), was used to represent 
the product of these two terms:
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where q(t) is related to the formation and accumulation of critical sub-
stances, which are governed by Michaelis-Menten kinetics (Baranyi et al., 
1995), and Cmax is the maximum cell concentration. With this definition, 
the differential equation for microbial growth becomes
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Using y to denote the natural logarithm of C, and assuming that ν is 
a constant, Eq. 6.7 can be solved analytically, and the most recent Baranyi 
model takes the form of

 y t y A t e
e

A t

y y( ) = + ( ) − + −
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, Eq. 6.8

where

 A t t e e et h t h( ) = + + −( )− − − −1 0 0

ν
ν νln . Eq. 6.9

In this equation, µmax is termed as the maximum growth rate to dif-
ferentiate it from specific growth rate K used in other equations. The value 
of µmax is equal to 2.303 × K, the specific growth rate expressed as the log10 
of the microbial count per unit time. To simplify the equation, it is further 
assumed that ν = µmax, and A(t) is then actually defined by

 A t t e e et h t h( ) = + + −( )− − − −1 0 0
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µ µ
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ln max max  Eq. 6.10

The final Baranyi growth model becomes
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In Eq. 6.11, h0 is a transformation of q at the time of inoculation, which 
is calculated from

 h q
q0
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 = − ( )ln ln α . Eq. 6.12

According to Baranyi and Roberts (1994), the lag phase of a growth 
curve under an isothermal condition can be calculated from

 λ
µ

= h0

max

. Eq. 6.13
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Nonlinear regression is used to obtain the parameters included in the 
Baranyi model (Eq. 6.11). Since h0 defines the initial physiological state of 
the microorganism, this value may vary from curve to curve. As a result, 
a mean of h0 values of different curves (either at the same temperature or 
under different temperature conditions) is calculated after the first round of 
curve fitting. A second round of curve fitting is performed again to obtain 
µmax and λ using the mean h0 value for each curve. Figure 6.3 shows the fit-
ting of the hypothetical growth (Figure 6.1) using the Baranyi model.

6.2.1.2.2  Huang Model
Based on the three-phase growth phenomenon, Huang (2008) developed 
a new model that includes a transition function and logistic kinetics to 
directly define the lag, exponential, and stationary phases. The derivative 
form of the model takes the form of

 dC
dt

kC C C f= −( ) ( )max λ , Eq. 6.14
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Figure 6.3 Comparison between Baranyi and Huang models used to fit the hypo-
thetical growth curve shown in Figure 6.1.
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where
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In Eq. 6.14, the term f (λ) is a transition function that defines the dura-
tion of the lag phase. This function has a unique mathematical property, 
with its value ranging from 0 to 1. Within the lag phase, f (λ) is zero. Outside 
the lag phase, f (λ) is 1.0. This function helps define the fact that no growth 
should be observed within the lag phase. After the lag phase, the micro-
bial growth would follow the simple logistic rule with Cmax as the carrying 
capacity. The constant α, which is different from α(t) in the Baranyi model, 
defines the rate of transition from the lag phase to the exponential phase. 
This value was fixed at 25 in Huang (2008) to ensure a smooth and rapid 
transition from the lag phase to exponential phase. This differential equa-
tion can be solved analytically, and the resulting equation is
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The definition of y(t) is the same as it is in the Baranyi model. The 
maximum growth rate is defined by

 µmax max= kC . Eq. 6.16

With this definition, Eq. 6.15 becomes
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Eq. 6.17

Figure 6.3 also shows the fitting of the Figure 6.1 hypothetical growth 
curve. The performance of the Huang model is almost identical to the 
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Baranyi model in the exponential and stationary phases since both mod-
els employ the competitive logistic rule for these two phases of microbial 
growth. However, the Huang model clearly has a more distinctive and 
mathematically identifiable lag phase than the Baranyi model.

The experimental data reported in Huang (2008) using the Huang 
model suggested that the duration of a lag phase is not affected by the 
initial concentration of bacteria. Under an isothermal condition, bacteria 
remain dormant in the lag phase, after which they enter the exponential 
phase of growth.

Due to the unique definition of the transitional function used in the 
Huang (2008) model, it is possible to use the same model to fit growth 
curves without the stationary phase (Figure 6.4). For this special case, the 
Huang model can be reduced to

 y t y k t
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6.2.1.2.3  Huang 2004 approach
Since C. perfringens may exist as spores in RTE meats, the spores must ger-
minate and outgrow before an increase in the number of the C. perfringens 
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Figure 6.4 Using the reduced Huang model to describe growth curves without 
stationary phases (Huang 2008).
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can be observed. It is assumed that not all spores germinate at the same 
time and some spores may germinate faster than others. The germinated 
spores begin to outgrow and actively divide until the number of cells 
increases to the maximum capacity, which is also governed by the logistic 
rule. The number of cells does not begin to increase during the germina-
tion and outgrowth of C. perfringens spores, which corresponds to the lag 
phase of the growth process. Mathematically, the cells are either in the 
state of dormancy or in the state of active dividing. According to Juneja 
et al. (2001), Juneja and Marks (2003), and Huang (2004), the germination, 
outgrowth, and growth of C. perfringens spores can be described by a set 
of two differential equations:
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 Eq. 6.19

In Eq. 6.19, CL represents the concentration of C. perfringens cells in 
the state of dormancy, and CD is the concentration of cells that are actively 
dividing. This equation also suggests that the dormant cells leave the state 
of dormancy following the first-order kinetics. After the cells leave the 
state of dormancy, they begin to actively divide. Apparently, CL is equal to 
the initial concentration of the inoculums. For C. perfringens spores, CD is 
equal to zero at the time of inoculation. At any given time, the number of 
cells recoverable from the food includes the cells in the state of dormancy 
and the cells that are actively dividing. Therefore, the total concentration 
of cells (C) recoverable from the food can be calculated from

 C C CL D= +  Eq. 6.20

According to Eq. 6.19, the increase in the number of actively dividing 
cells is affected by both the rate at which the cells leave the state of dor-
mancy and the rate at which the cells actively divide. To solve this equation 
for fitting an isothermal growth curve, it is necessary to determine both KL 
and KD. To simplify the problem, it is assumed that KL is a fraction of KD 
(Huang, 2004), and the relationship between KL and KD becomes

 K KL D= α  Eq. 6.21

With Eq. 6.21, the differential growth equation can be written as
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Within the limits of temperatures suitable for microbial growth, α 
ranges between 0 and 1; that is, 0 ≤ α ≤ 1. If α = 0, all the cells would remain 
in the state of dormancy and never enter the state of active division. The 
cell concentration would remain constant and is equal to the concentra-
tion of cells initially inoculated into the food. If α = 1, then all the initially 
inoculated cells would immediately enter the state of active division. In 
Huang (2004) and Juneja et al. (2006), α was fixed at 0.01 when this model 
was used to fit the growth curves of C. perfringens in cooked meats. It is 
necessary to mention that KD in Eq. 6.19 or 6.22 is equivalent to µmax in the 
Baranyi model or Huang model, which is equal to 2.303 × K.

The duration of the lag phase of an isothermal growth process is not 
explicitly expressed in Eq. 6.22. However, the duration of the lag phase 
during an isothermal process can be calculated from (Huang, 2004; Juenja 
and Marks, 2002):
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 Eq. 6.23

Eq. 6.22 is an initial value problem that cannot be solved analytically, 
but can be easily solved using a numerical method (Huang, 2004); this will 
be discussed in more detail in Section 6.3 of this chapter. Figure 6.5 shows 
the results of numerical analysis to solve Eq. 6.22 used to fit the hypotheti-
cal growth curve shown in Figure 6.1. The specific growth rate determined 
from solving the different equations (Eq. 6.22) is 1.06 log10 per unit time, 
and the duration of the lag phase is 2.48. Both the specific growth rate and 
lag phase are almost identical to the values specified in Figure 6.1. Another 
advantage of the Huang 2004 approach is that it also can be used to fit 
growth curves without stationary phase (Juneja et al., 2006).

6.2.2  Secondary models and the effect of temperature

The effect of temperature on microbial growth is primarily manifested in 
the changes in the growth rate and the lag phase duration as the growth 
temperature varies. Generally, microorganisms would grow within the 
lower limit (Tmin) and the upper limit (Tmax) of the temperature. At the 
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optimum temperature (Topt), the microbial growth would exhibit the high-
est growth rate and the lowest lag phase duration. Microorganisms cannot 
grow at temperatures below Tmin or above Tmax. At temperatures between 
Tmin and Topt, the growth rate would generally increase and the duration of 
lag phase would decrease with temperature. As the temperature increases 
above Topt, the microbial growth would generally slow down. Although 
many secondary models have been developed to describe the effect of 
temperature on microbial growth, the most widely used and the most 
practical secondary model is probably the Ratkowsky model, which is 
written as

 K T T T T Tmax min maxexp( ) = −( ) − −( )



{ }δ δ

β β1
2

21  Eq. 6.24

The δ value in Eq. 6.24 can be 0.5 or 1.0. If δ is 0.5, then Eq. 6.24 is the 
traditional Ratkowsky model, more commonly known as the square-root 
model (Ratkowsky et al., 1983). If δ is 1.0, then Eq. 6.24 becomes a modified 
Ratkowsky model (Zwietering et al., 1991), which is a variant of the origi-
nal square-root model. The coefficients β1 and β2 define the rate at which 
Kmax responds to temperature.
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Figure 6.5 Using the two-stage differential growth model to fit the hypothetical 
growth curve shown in Figure 6.1 (Huang, 2004).
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The lag phase duration usually changes inversely with Kmax. Therefore, 
the Ratkowsky model can also be used to describe the changes in λ as a 
function of temperature (Eq. 6.26; Juneja and Marks, 1999; Juneja et al., 
1999; Zwietering et al., 1991).

 λ β βδ δ− = −( ) − −( )



{ }1

2
21T T T Tmin maxexp  Eq. 6.25

Although Eq. 6.24 and Eq. 6.25 are empirical in nature, it is one of 
the best models for describing the effect of temperature on the growth 
of microorganisms in foods. The Tmin and Tmax estimated by the Ratkowsky 
model can be very close to the biological limits of temperature for micro-
organisms in foods (Ratkowsky et al., 1982; Ratkowsky et al., 1983).

6.2.2  Tertiary model

A tertiary model is a mode that relates both intrinsic and extrinsic con-
ditions to the growth parameters. Common intrinsic factors include pH, 
fat content, water activity, and concentrations of certain ingredients that 
affect the growth of microorganisms. For C. perfringens, Juneja et al. (1996) 
developed a comprehensive model to describe the effect of temperature, 
pH, sodium chloride, and sodium pyrophosphate on the generation time 
and growth rate of C. perfringens in a model food system.

6.3  Methods and models for growth 
under dynamic conditions

Under a dynamic condition, temperature changes with time, and so does 
the rate constant. Therefore, it is necessary to combine a primary model 
with a secondary model to estimate the growth of microorganisms under 
dynamic temperature conditions. The differential forms of the Baranyi 
model (Eq. 6.7), Huang model (Eq. 6.14), and Huang 2004 model (Eq. 6.22) 
can be directly used to estimate the dynamic growth of microorganisms. The 
empirical primary models, however, cannot be directly used in a dynamic 
temperature condition. A transformation of the modified Gompertz and 
logistic equations is needed. To transform the empirical models, a first 
derivative of Eq. 6.1 must be taken, resulting in
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Since the rate constant changes with temperature, all differential forms 
of the growth models cannot be solved directly by analytical methods, 
but they can be easily solved using proper numerical methods. Although 
many numerical methods can be used to solve differential equations, the 
Runge-Kutta method remains a method of choice for solving differen-
tial growth equations to estimate the growth of microorganisms under 
dynamic temperature conditions. This method is a standard method for 
solving differential equations and is discussed in more detail in many 
textbooks; however, a brief introduction of the fourth-order Runge-Kutta 
method is given here (Chandra and Singh, 1995).

Denoting f(x, t) as a general differential equation for the growth model:

 dx
dt

f x t= ( ), , Eq. 6.27

where x is L or C in Eqs. 6.7, 6.14, 6.22, or 6.26, and t is the growth time.
The Runge-Kutta method is based on the previous value and a small 

increment in the independent variable to solve an initial value problem. 
For growth models, the independent variable is time. To use the Runge-
Kutta method, the time domain is first divided into small segments of 
equal length, with each segment equal to h = t/n, where n is the number 
of segments. To estimate the value of x, the Runge-Kutta method first cal-
culates four coefficients based on the previous value:
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where i is the i th point of time (i = 1 to n). These four coefficients are then 
used to calculate the value of xi at the t = ti :

 x x k k k ki i= + + + +( )−1 1 2 3 4
1
6

2 2  Eq. 6.29

The Runge-Kutta method can be implemented using any computing 
language, even in a spreadsheet such as Microsoft Excel. In each growth 
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model, there is a rate constant. For the modified Gompertz and logis-
tic model, the relative growth rate µ should be used.

In a dynamic process, the temperature changes with time. Therefore, 
the rate constant is an implicit function of time. Let T = g(t), then the rate 
constant can be expressed as a function of time, which is

 K g t g t T g t Tmax min maxexp( )( ) = ( ) −( ) − ( ) −( )β β1
2

21 



{ }  Eq. 6.30

With a known initial value of microbial concentration, the dynamic 
growth equation can be successfully solved (Huang, 2003, 2004; Juneja 
et al., 2006).

6.4  Heat transfer and transient 
temperature history

As a product cools after cooking, the temperature of the food changes 
continuously. This is an unsteady state heat transfer process. To estimate 
the potential growth of C. perfringens in cooked meats during cooling, it 
is necessary to have an accurate temperature history at the slowest cool-
ing point, which is usually the geometric center of the RTE meats. Several 
methods can be used to obtain the temperature history at the geometric 
center of a solid food. The most accurate method is to directly measure the 
temperature history at the geometric center. The second method is to esti-
mate the temperature history using the starting and ending temperatures 
at the geometric center. Another method is to estimate the temperature 
history by computer simulation based on the physical properties of the 
food and environmental conditions. Due to the limitations of this book, it 
is impossible to discuss all these methods in detail, but a brief introduc-
tion to each of these methods is given in this chapter.

6.4.1  Direct measurement of temperature

With the advancement of measurement and data acquisition technolo-
gies, it is now relatively easy to measure the temperature of meats during 
cooling. Many types of data-loggers are commercially available. Modern 
data-loggers are sufficiently rugged, miniaturized, and can be attached 
and moved with cooked meats. Table 6.2 lists some of the websites of the 
manufacturers of data-loggers.

The most widely used transducers for measuring temperature are 
probably thermocouples that can be directly inserted into cooked meats. 
For the temperature range experienced during cooling of cooked meats, 
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Type-T thermocouple probes are probably the most suitable and accurate 
for measuring temperature changes. To accurately measure the tempera-
ture of cooked meats at the geometric center, it is necessary to choose a 
thermocouple probe that is small but strong enough to penetrate into the 
center of the meat. However, it is also important to ensure that the section 
of the probe inserted into the meat is 10 to 15 times longer than the diam-
eter of the probe to prevent the conduction of the heat through the metal 
sheath to the tip of the probe.

6.4.2  Estimation by start and end points of temperature

When a direct measurement of temperature is technically infeasible, one 
may try to use the starting and end-point temperatures to estimate the tem-
perature history of cooked meats. To use this method, one assumes that the 
temperature of the product changes exponentially with time. How ever, 
this method is the least accurate method for thermally conductive foods 
such as cooked meats, and it only works under certain physical conditions. 
In general, this method is also known as the lumped- capacitance method 

Table 6.2 Lists of Models and Manufacturers of Data-Loggers

Model Manufacturer/Distributor

OM-DAQPRO-5300 Omega Engineering 
(www.omega.com)

iTCX-W
OM-CP-BRIDGE110-10
OM-CP-EVENT101
OM-CP-HITEMP-150
OM-CP-HITEMP-150FP
OM-CP-LEVEL101-SS
OM-CP-OCTTEMP
OM-CP-QUADTEMP
OM-CP-TCTEMP1000
OM-CP-THERMOVAULT
HOBO U12 Stainless Steel Temperature (U12-015) MicroDAQ.com, Ltd 

(www.microdaq.com)
HOBO U12 Temp Logger w/5-in Stainless Probe 
(U12-015-02)

Advantech Data Acquisition I/O Module Cole-Parmer 
(www.coleparmer.com)

Model K-18808-06, K-18808-08
Cole-Parmer Temperature Datalogger
Model K-38010-15
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when the internal resistance to heat transfer is negligible (Inpcropera and 
DeWitt, 1996; Singh, 1992) and is based on the balance of heat energy dur-
ing cooling. Assuming that the temperature of the product is uniformly 
distributed at the start of cooling, the transfer of heat to the food is gov-
erned by (Inpcropera and DeWitt, 1996; Juneja et al., 1994)

 − −( ) =∞h A T T VC dT
dts pρ  Eq. 6.31

In Eq. 6.31, hs is the surface heat transfer coefficient (W/m²∙°C), A is the 
surface area (m²), T∞ is the ambient temperature (°C), ρ is density (kg/m3), 
V is the volume (m3), and Cp is the heat capacity (J/kg∙°C). Denoting T0 as 
the initial temperature, this equation can be integrated to produce
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 Eq. 6.32

Eq. 6.32 is more conveniently expressed as two important dimension-
less numbers in engineering—the Biot number and the Fourier number:
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In Eq. 6.33, Lc is the characteristic length of an object, which is half of 
the thickness of a plane, half of the radius of a long cylinder, or one-third 
of the radius of a sphere, and α is the thermal diffusivity of the product 
(W/m °C). The accuracy of the lump-capacitance model is highly depen-
dent on the Biot number. In general, the Biot number must be < 0.1 for the 
lamp-capacitance model (Inpcropera and DeWitt, 1996).

The coefficient terms in Eq. 6.32 also can be used to calculate the ther-
mal time constant, τ, which is equal to (ρVCp)/(hsA). Therefore, the lump-
capacitance model also can be expressed as

 T T
T T

t−
−

= −
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. Eq. 6.34

According to Eqs. 6.33 and 6.34, only under a special condition can 
the starting and end-point temperatures be used to estimate the tem per-
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ature history of cooked meats during cooling. The first condition is that 
the temperature is uniform at the initiation of the cooling process. The 
second condition is that the Biot number is < 0.1. The third condition is that 
the thermal time constant is equal to the total cooling time (t_cool). Under 
these strict physical conditions, the starting and end-point temperatures 
can be used to estimate the cooling history with reasonable accuracy:

 T T T T t
t cool

= + −( ) −








∞ ∞0 exp

_
 Eq. 6.35

6.4.3  Computer simulation of the cooling process

The entire history of cooking and cooling of meat products can be described 
by the physical laws governing the process of heat transfer. The transient 
heat transfer process during cooking and cooling of meats is basically a 
heat conduction problem with convective boundary conditions. Computer 
simulation can be used to solve this type of problem with relative ease. 
Including the cooking (heating) process in the simulation is actually ben-
eficial to solving the heat transfer problem and obtaining a more accurate 
temperature history at the geometric center of cooked meats during cool-
ing. The reason is that the transient heat transfer process during cooling 
is also an initial value problem. The accuracy of a computer simulation 
depends on the accurate definition of the initial conditions of a heat trans-
fer process. At the end of cooking and the starting of cooling, it is very dif-
ficult to obtain the temperature distribution within the cooked products, 
and it is highly unlikely in the real world that the temperature would be 
evenly distributed. By simulating the heating process together with the 
cooling of cooked products, it is possible to obtain a more accurate tem-
perature history during cooling. The transient heat transfer during cook-
ing and cooling of meats can be described by a general partial differential 
equation in Cartesian coordinates (Incropera and DeWitt, 1996):
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∂
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2  Eq. 6.36

In Eq. 6.36, k is the thermal conductivity of the product (W/m °C); 
ρ and Cp are density and heat capacity; and x, y, and z are the coordinates 
of any location in the product. For most meat products, the changes in the 
physical properties can be considered negligible during cooking or cool-
ing. The initial condition of this partial differential equation is T(x, y, z) = 
T0(x, y, z), which is the temperature profile before cooking or cooling starts. 
The boundary conditions for this equation are
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 − ∂
∂

= −( )+∞k T
n

h T T w Le v  Eq. 6.37

Eq. 6.37 describes the convection of heat to the surface of meats and 
the flux of thermal energy caused by evaporative loss. The terms we and Lv 
are rate of moisture evaporation (kg/m²s) and latent heat (J/kg). Eq. 6.36 
can be used to describe heat transfer in a three-dimensional system of 
any geometrical shapes. Many real foods have a much simpler geometry. 
If heat is conducted along one direction, the heat transfer equation can be 
simplified to

 dT
dt
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2  Eq. 6.38

For cylindrically shaped foods, the heat transfer equation becomes
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For a spherical food, the heat transfer equation becomes
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6.5  Numerical analysis of heat transfer
With the advancement of modern computing technology, the heat transfer 
equation can be routinely solved by numerical methods. The most frequently 
used numerical methods for solving the unsteady state heat transfer equa-
tions are finite difference methods and finite element methods (Chandra 
and Singh, 1995; Sheen and Hayakawa, 1991; Sheen et al., 1993). Huang (2007) 
developed an approach to simultaneously determine the surface heat trans-
fer coefficient and thermal diffusivity using an implicit finite difference 
method. This method can be directly used to simulate the process of heat-
ing and cooling of meat products. Many commercial packages for solving 
heat transfer partial differential equations are also available. One example 
of such products is FlexPDE (http://www.pdesolutions.com), a finite ele-
ment package capable of solving 3-D partial differential equations.

Solving transient heat transfer equations requires accurate data 
of physical properties. It is desirable to directly measure the physical 
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properties of meat products. However, for most meat products, the ther-
mal diffusivity is around 1.2 ~ 1.4 × 10–7 m²/s. The density of meats is 
very close to water, and the thermal conductivity ranges between 0.4 and 
0.5 W/m °C. The heat capacity is around 3.56 to 3.77 kJ/kg °C for beef meat 
and 3.62 kJ/kg °C for broilers (Rahman, 1996).

6.6  Practical applications of growth models 
and dynamic simulation

6.6.1  Primary and secondary models

All primary models, except the more recently developed Huang model, 
have been used to describe the growth of C. perfringens in cooked meats 
under temperature conditions applicable to cooling. Juneja et al. (1999) 
investigated the growth of C. perfringens in a broth system (trypticase-
peptone-glucose-yeast extract) at different temperatures and developed 
a secondary model to describe the exponential growth rate (K) and lag 
phase duration (λ) as a function of temperature.

 K T T
1
2 0 044 10 13 1 0 419 51 02= −( ) − −( )



{ }. . exp . .
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2  Eq. 6.41

 λ
1
2 0 020 10 13 1 0 190 51 02= −( ) − −( )
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Juneja et al. (2001) studied the growth of C. perfringens in irradiated 
ground beef (15% fat) and used Eq. 6.19 to solve growth curves without 
the stationary phase; they subsequently developed a secondary model 
for the exponential growth rate:

 K T T
1
2

1
20 035 11 18 1 0 231 51= −( ) − −( )



{ }. . exp .  Eq. 6.43

Using the same approach, Juneja and Marks (2002) continued to 
investigate the growth of C. perfringens in cured chicken, and developed a 
model to estimate the growth rate as a function of temperature:

 K T T
1
2 0 0358 12 3 1 0 201 51= −( ) − −( )
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2  Eq. 6.44
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The growth differential equation (Eq. 6.19) also was solved using 
the Runge-Kutta method (Huang 2004 approach) to fit the complete 
growth curves (including all three phases) of C. perfringens in 93% lean 
cooked ground beef (Huang 2004), and the resulting secondary equa-
tion is

 K T TD = −( ) − −( )


0 003187 9 11 1 0 5446 51 21
2

. . exp . . { }  Eq. 6.45

The Huang 2004 approach also was used to fit the growth curves 
obtained from cooked cured pork (Juneja et al., 2006). The secondary 
model for C. perfringens in cooked cured pork is

 K T T= −( ) − −( )



{ }0 00243 13 5 1 0 41 50 6

2
. . exp . .  Eq. 6.46

The Baranyi model was used by Amezquita et al. (2005) to fit the 
growth curves of C. perfringens in cooked boneless ham. The original 
Ratkowsky square-root model was used to describe the growth of C. per-
fringens as a function of the absolute temperature, which is expressed as

 k TKmax . .= −( )0 0599 283 9  Eq. 6.47

Juneja et al. (2008) also used the Baranyi model to fit the growth curves 
in C. perfringens in cooked uncured beef, resulting in

 K T T
1
2 0 0504 10 15 1 0 238 52 98= −( ) − −( )



{. . exp . . }}

1
2  Eq. 6.48

All the secondary models for exponential growth rate K suggested 
that the minimum growth temperature for C. perfringens in cooked meats 
is around 10°C to 14°C, which is the minimal temperature range for 
growth of C. perfringens. All secondary models, except Eq. 6.47, suggest 
that the maximum growth temperature for C. perfringens in cooked meats 
is between 51°C and 53°C. The optimum growth temperature is located 
between 45°C and 48°C, according to Figure 6.6, which is also agreeable 
with the data reported in the literature (Craven, 1980). In general, the 
growth rate of C. perfringens in cured meats is about one-third to one-half 
of the growth rate found in uncured meats (Figure 6.6).
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6.6.2  Dynamic simulation of C. perfringens growth

6.6.2.1  FlexPDE as a simulation package
Although a few papers have been published on dynamic simulation of 
growth of C. perfringens in cooked meats (e.g., Amezquita, Wang, and 
Weller, 2005; Huang, 2004), computer codes used for computation were 
specially developed. The computer program developed by Huang (2004) 
was based on Visual Basic Professional Version 6 (Microsoft, Redmond, 
WA). The program can simulate the growth of C. perfringens in cooked 
meats under both dynamic and isothermal conditions, but it does not 
have the capability to simulate the heat transfer process during cooking 
or cooling. The computational codes developed by Amezquita et al. (2005) 
were an integrated model capable of simulating the temperature history 
of cooked meats and the growth of C. perfringens. A finite element method 
was used by heat transfer during heating and cooling of boneless ham 
(Amezquita, Wang, and Weller, 2005). The computer program was based 
on a computational platform Matlab Version 6.5 (The Mathworks, Inc., 
Natick, MA), which requires special programming knowledge and is not 
a user-friendly computing package.
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Figure 6.6 The exponential growth rate (K) as a function of temperature and 
described by the Ratkowski models.
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The FlexPDE software is a user-friendly and multi-purpose finite ele-
ment analysis package capable of simulating complex physical processes. 
It can also solve ordinary differential equations (ODEs) for bacterial 
growth. For this reason, this finite element computing package is used 
in this chapter to demonstrate the dynamic simulation of C. perfringens 
growth in cooked meats.

Figure 6.7 illustrates the simulation of C. perfringens growth in cooked 
beef at 47°C using FlexPDE Version 4.2. The raw data in this figure were 
taken from Huang (2004), and the growth rate was calculated from Eq. 6.45. 
Figure 6.8 demonstrates the simulation of the growth of C. perfringens in 
cooked beef cooled exponentially from 51°C to 10°C in 18 h. The simula-
tion results shown in Figures 6.7 and 6.8 duplicated the results previously 
published by Huang (2004), indicating the FlexPDE is suitable for numeri-
cal analysis of growth of C. perfringens in cooked meats under both iso-
thermal and dynamic temperature conditions.

6.6.2.2  Computer simulation of C. perfringens growth 
during dynamic cooling

As mentioned previously, the accuracy of estimating the growth of 
C. perfringens in cooked meats during dynamic cooling is affected by the 
secondary growth models and the temperature history at the geometric 
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Figure 6.7 Simulation of C. perfringens growth in cooked beef at 47°C using 
Eq. 6.45. The raw data were taken from Huang (2004).
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center of the product. If it is possible to physically measure the tempera-
ture history of the product, the data can be directly used to simulate 
the growth of C. perfringens. If the temperature history cannot be physi-
cally obtained, it is possible to use a computer simulation to simulate 
the temperature of cooked meats during cooling. If the temperature of 
a product is not uniformly distributed at the end of cooking, it is neces-
sary to simulate the entire temperature history during both heating and 
cooling. This is the approach used in this chapter to demonstrate the 
application of computer simulation to estimate the growth of C. perfrin-
gens in cooked beef.

FlexPDE is used to simulate the growth of C. perfringens in cooked 
beef using physical examples taken from the literature. The objective of 
computer simulation was to demonstrate the effect of cooling tempera-
ture and heat transfer coefficient during cooling on C. perfringens growth 
in cooked meats. The physical example of cooking is taken from Obuz 
et al. (2002). Conditions for the cooling process are taken from Amezquita, 
Wang, and Weller (2005). Physical properties and conditions of the simu-
lated product are listed in Table 6.3. The product is a cylindrically shaped 
beef roast (0.09 m in diameter and 0.19 m in height). The thermal properties 
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Figure 6.8 Simulation of growth of C. perfringens in cooked beef with tempera-
ture changing exponentially from 51°C to 10°C in 18 h. The raw data were taken 
from Huang (2004).
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of the product are taken from Rahman (1996). It was assumed that heat 
loss through moisture evaporation was negligible during cooling. During 
cooking, however, it was assumed that moisture evaporated at a rate of 
1.8 × 10–3 kg/m2s. Moisture evaporation was needed to compensate the 
heating through latent heat, which is calculated from Amezquita, Wang, 
and Weller (2005).

 L Tv = − × + ×2 5 10 2 5 103 6. .  Eq. 6.49

Both the Baranyi model (Eq. 6.7) and Huang 2004 approach (Eq. 6.19) 
were used to estimate the growth of C. perfringens during cooling. The 
secondary model was based on Eq. 6.47 (Amezquita et al., 2005) for the 
Baranyi model and Eq. 6.45 for the Huang 2004 approach. To use Eq. 6.47 
during cooling, the upper temperature was set at 51.21°C, the same as the 
highest temperature used in Eq. 6.45. These two secondary models were 
chosen because they are very similar. The curves are almost identical at 
temperatures below 42°C.

To validate the suitability of using FlexPDE to simulate the heat 
transfer process, it was used to duplicate the heating process described 
in Figure 6.2 of Obuz et al. (2002). Figure 6.9 shows the temperature his-
tories on the surface and at the geometric center of a cylindrically shaped 
beef roast. The temperature histories simulated by FlexPDE are similar 

Table 6.3 Physical Conditions and Thermal Properties Used in 
Computer Simulation of C. perfringens Growth during Cooling

Parameters Value

Material and Shapea Cylindrical beef roast
 Diameter (m)a 0.09
 Height (m)a 0.19
Thermal conductivity (W/m °C)b 0.5
Thermal diffusivity (W/s²)b 1.3 × 10–7

Surface heat transfer coefficient (W/m² °C)
 Heatinga 75
 Coolingc 10
Rate of evaporation (kg/m²s) 1.8 × 10–3

Heating temperature (°C)a 163a

Cooling ambient temperature (Ta, °C) 1, 5, 10, 15
Heating time (h)a 1.5
Cooling time (h) 10
a Obuz et al. (2002)
b Rahman (1996)
c Amezquita, Wang, and Weller (2005)
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to the results reported in Figure 6.2 of Obuz et al. (2002), indicating that 
FlexPDE can be used as a tool to simulate the heat transfer process dur-
ing the cooking of processed meats, considering the fact that the thermal 
property data were not directly measured but taken from a reference book 
(Rahman, 1996).

6.6.2.3  Scenario 1—Effect of cooling temperature on growth 
of C. perfringens

In this example, FlexPDE was used to simulate the temperature histo-
ries of a cylindrically shaped beef roast during cooking and cooling. The 
objective was to evaluate the effect of cooling temperature on the growth 
of C. perfringens. FlexPDE was used to simulate both heating and cooling 
of the beef roast. The physical conditions for heating and cooling are listed 
in Table 6.3. In sum, all the beef roasts simulated using FlexPDE underwent 
the same heating conditions during cooking, and the same heat transfer 
coefficient (10 W/m²s) was applied during the cooling. The only difference 
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Figure 6.9 Computer simulation of the temperature profiles during cooking a 
cylindrically shaped beef roast (Diameter = 0.09 m, Height = 0.19 m). TC and TS 
are temperatures at the geometric center and on the surface of beef roast. TC1 and 
TS1 are temperature histories at the geometric center and on the surface of beef 
roast, taken from Figure 6.2 of Obuz et al. (2002). The initial temperature is 2°C. 
Other physical conditions and properties are listed in Table 6.3.
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was the cooling temperature. The initial cell concentration was 2 log10 
CFU/g. Figure 6.10 shows the simulated surface temperature histories of 
beef roast during cooking and cooling. Figure 6.11 shows the tempera-
ture histories at the geometric center of the beef roasts. The temperature 
histories shown in these two figures illustrate that the heating process 
was indeed the same among all these simulated processes. However, the 
temperature histories were significantly affected by the cooling air tem-
perature. In general, the surface temperature of the beef roasts began to 
decrease immediately after cooling started and gradually equilibrated to 
the cooling air temperatures (Figure 6.10). The center temperatures, how-
ever, did not begin to decrease immediately after cooling started. Instead, 
the center temperatures continued to increase because of the residual heat 
in the beef roasts at the initial stage of cooling. After the center tempera-
ture peaked, it also began to decrease gradually (Figure 6.12). With cooling 
temperatures of 0°C and 5°C, the center temperatures passed through the 
“growth zone (between Tmax and Tmin)” in 4.3 h and 5.6 h, respectively. 
With cooling temperatures of 10°C and 15°C, the center temperatures of 
beef roasts were above the minimum growth temperatures during the 
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Figure 6.10 Simulated surface temperature histories during cooking and cooling 
of beef roasts. The legends represent cooling air temperatures. The dotted hori-
zontal lines represent the upper and lower temperature limits. The heat transfer 
coefficient during cooling was 10 W/m²s.
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entire 10 h process of cooling. The time needed to pass through the tem-
perature range between 51°C and 27°C was approximately 1.4, 2.0, 2.3, and 
2.9 h with cooling air temperatures of 0, 5, 10, and 15°C, respectively.

Figure 6.13 shows the estimated growth of C. perfringens in beef roasts 
during cooling using the Huang 2004 approach. Using this method, the 
estimated overall growth during the entire 10 h cooling process was 
0.03, 0.05, 0.19, and 0.63 logs, corresponding to the cooling temperature 
maintained at 0, 5, 10, and 15°C, respectively. With the Baranyi model 
(Figure 6.14), the estimated overall growth of C. perfringens in cooked beef 
roasts was 0.09, 0.19, 0.54, and 1.09 logs, corresponding to cooling at 0, 5, 
10, and 15°C. The relative growth estimated by the Huang 2004 approach 
and the Baranyi model was basically identical at lower cooling tempera-
tures (0°C and 5°C). At higher cooling temperatures (10°C and 15°C), the 
relative growth estimated by the Baranyi model was slightly higher than 
that estimated by the Huang 2004 approach. The overestimation by the 
Baranyi model in the latter cases can be attributed to the incompleteness 
of the secondary model (Eq. 6.47). Since the secondary model used for the 
Baranyi model (Eq. 6.47) does not have a term to define the upper growth 
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Figure 6.11 Simulated center temperature histories during cooking and cooling 
of beef roasts. The legends represent center temperatures. The dotted horizontal 
lines represent the upper and lower temperature limits. The heat transfer coef-
ficient during cooling was 10 W/m²s.
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temperature limit, the growth rates estimated by this model were higher 
than those calculated by Eq. 6.45. Although an upper temperature was 
imposed during numerical analysis for the Baranyi model, the growth at 
temperatures above 42°C was overestimated, which led to slightly higher 
estimations than the Huang 2004 approach.

6.6.2.4  Scenario 2—Effect of heat transfer coefficient on growth 
during cooling

This example demonstrates the effect of reduced surface heat transfer 
coefficients during cooling on the growth of C. perfringens in cooked beef. 
The surface heat transfer coefficient measures the rate at which thermal 
energy is transferred from a solid surface to the ambient medium during 
cooling. A lower surface heat transfer coefficient suggests that the thermal 
energy is removed from cooked beef roasts in a less efficient manner. 
In the examples shown in the previous section, the surface heat trans-
fer coefficient was set at 10 W/m²s. In this section, the surface heat transfer 
coefficient was set at 5 W/m²s during cooling.
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Figure 6.12 Estimation of growth of C. perfringens in cooked beef during cooling 
using the Huang 2004 approach. Shown in the figure is the estimated growth 
during a 10 h period with cooling air maintained at 0, 5, 10, and 15°C, respectively. 
The heat transfer coefficient during cooling was 10 W/m²s.
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With a reduced surface heat transfer coefficient, heat was removed 
at a much slower rate than the examples shown in the previous section. 
Figure 6.14 illustrates the effect of cooling temperature on the surface tem-
perature of cooked beef roasts. It is apparent that the surface tempera-
ture is above the minimum growth temperature, except for the process 
with 0°C ambient temperature. At the geometric center, the time needed 
to pass through the temperature range of 51°C and 27°C was 3, 3.4, 4, 
and 5 h for cooling temperatures of 0, 5, 10, and 15°C, respectively, at the 
reduced heat transfer coefficient (Figure 6.15). The relative growth esti-
mated by the Huang 2004 approach was 0.54, 0.97, 1.54, and 2.12 logs, as 
compared to 1.18, 1.71, 2.50, and 3.15 logs estimated by the Baranyi model. 
The relative growth estimated by the Baranyi model was slightly higher 
than the results estimated using the Huang 2004 approach. The difference 
in the estimation of relative growth is not caused by the primary model, 
but the difference in the secondary models.
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Figure 6.13 Estimation of growth of C. perfringens in cooked beef during cooling 
using the Baranyi model. Shown in the figure is the estimated growth during a 
10 h period with cooling air maintained at 0, 5, 10, and 15°C, respectively. The heat 
transfer coefficient during cooling was 10 W/m²s.
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The computer simulation shown in these two sections clearly dem-
onstrates the effects of cooling temperature and the surface heat transfer 
coefficient on the growth of C. perfringens during cooling. It also demon-
strates that computer simulations can be used to estimate and evaluate 
the growth of C. perfringens in cooked meats during cooling in the event 
of process deviation.

6.7  Conclusions
In general, both empirical and mechanistic models can be used to 
describe the growth of C. perfringens in cooked meats under isothermal 
and dynamic conditions and achieve a reasonable degree of accuracy. 
Computer simulation can become a viable tool for evaluating the safety of 
cooked meat products exposed to temperature abuse at the stage of indus-
trial production and commercial distribution. It suggested, however, that 
any model and computer simulation methodology be experimentally vali-
dated before being used in the real-world applications.
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Figure 6.14 Simulated surface temperature histories during cooking and cooling 
of beef roasts. The legends represent cooling air temperatures. The dotted hori-
zontal lines represent the upper and lower temperature limits. The heat transfer 
coefficient during cooling was 5 W/m²s.
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Figure 6.15 Simulated center temperature histories during cooking and cooling 
of beef roasts. The legends represent center temperatures. The dotted horizontal 
lines represent the upper and lower temperature limits. The heat transfer coef-
ficient during cooling was 5 W/m²s.



Chapter six: Cooling of cooked ready-to-eat meats and computer simulation 225

2.0

2.5

3.0

3.5

4.0

4.5

1211109876543210

t (h) 

lo
g 1

0 C
FU

/g

0°C 5°C 10°C 15°C

CoolingCooking

Figure 6.16 Estimation of growth of C. perfringens in cooked beef during cooling 
using the Huang 2004 approach. Shown in the figure is the estimated growth 
during a 10 h period with cooling air maintained at 0, 5, 10, and 15°C, respectively. 
The heat transfer coefficient during cooling was 5 W/m²s.
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7.1  Introduction
In the last decade of the twentieth century the tragic deaths of four 
young children during a highly publicized foodborne illness outbreak of 
Escherichia coli O157:H7 in the Pacific Northwest helped to redirect our 
national food safety initiatives (Woteki 1998). This event, like the impact 
Upton Sinclair’s The Jungle had on the passage of the Pure Food and Drugs 
and Meat Inspection Acts in the early twentieth century, brought together 
government, public health groups, consumers, and industry to make last-
ing change in our overarching food safety goal of reducing the incidence 
of foodborne illness. Declaring E. coli O157:H7 as an adulterant in ground 
beef (regulatory control), requiring “safe handling” labels on packages of 
raw meat and poultry products (consumer education), as well as man-
dated Hazard Analysis Critical Control Point (HACCP) systems for the 
meat and poultry industries (shared responsibility for safety) were all a 
direct result of this collective stakeholder response to address root causes 
attributable to the outbreak (Woteki 1998).

Today, in the first decade of the twenty-first century, a large foodborne 
illness outbreak involving jalapeño and serrano peppers (and maybe 
certain varieties of tomatoes) contaminated with Salmonella Saintpaul 
(CDC 2008) is just the latest in a long line of food safety risks that have 
strained our response resources. Likely contributing factors to the scale 
of this outbreak were that foods prepared with these items were gener-
ally ready-to-eat (RTE) and once prepared may have been held at inap-
propriate temperatures. When this chapter was written this outbreak and 
its causes were still under investigation. Other notable outbreaks associ-
ated with RTE foods in the first decade of the twenty-first century include 
Salmonella contaminated peanut butter in 2006 and 2007 (CDC 2007) as 
well as E. coli O157:H7 contaminated RTE spinach in 2006 (CDC 2006a). 
Unfortunately, as a result of these outbreaks and many others, we are not 
currently meeting our “Healthy People 2010” national health objectives. 
So it is necessary, as we move forward in our efforts to reduce the inci-
dence of foodborne illness, to apply a systematic approach in allocating 
limited resources. This systematic approach is a risk analysis framework 
anchored firmly with a comprehensive risk assessment. Risk assessment 
not only provides a scientific base to the risk analysis framework but also 
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provides vital information which can be used in the development and 
execution of an effective HACCP system.

7.2  Hazard Analysis Critical Control 
Point (HACCP)

HACCP arrived on the scene in the early 1960s during a collaboration of 
the Pillsbury Company, U.S. Army Natick Research Laboratories, and the 
U.S. Air Force Space Laboratory Project Group in cooperation with the 
National Aeronautic and Space Administration to develop rations for 
the U.S. space program (FDA 2001). HACCP, as a widely accepted food 
safety system, really gained momentum when the National Academy of 
Sciences published “An evaluation of the role of microbiological criteria 
for foods and food ingredients” in 1985 (NAS 1985). Later, in 1992, the 
National Advisory Committee on Microbiological Criteria for Foods pub-
lished their HACCP principles (FDA 2001). These principles include:

Conducting a hazard analysis
Establishing critical control points
Setting critical limits
Monitoring to ensure limits are met
Establishing corrective actions for deviations
System verification
Record keeping

The first regulatory mandates for HACCP were by the Food and Drug 
Administration (FDA) in their low-acid canned food regulations and 
seafood HACCP regulations. However, HACCP had truly arrived in the 
food industry in 1996 when the USDA adopted the “Pathogen Reduction: 
HACCP Systems: Final Rule,” requiring all meat and poultry processors 
to have HACCP as their main food safety system (USDA 1996).

After the initial hazard analysis of an item specific HACCP system, 
individual process steps where identified hazards can be either prevented, 
eliminated, or reduced to a safe level are classified as critical control points 
(CCPs). It is on these individual process steps classified as CCPs that the 
remainder of the HACCP system is focused. However, as pointed out by 
Whiting and Buchanan (2008), these individual CCPs are not linked to each 
other to offer a comprehensive measure of control or that they have any 
direct impact on public health by reducing the incidence of foodborne 
illness. Also for a HACCP system to be successful, effective prerequisite 
programs that address agricultural practices, cleaning and sanitization, 
personal hygiene, etcetera, must be in place. As such the HACCP system 
is a limited tool with which food safety managers incorporate specific 
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process controls aimed at a specific hazard. In order to relate the potential 
for a certain food under an HACCP system and the system’s ability to 
result in a reduction of the incidence of foodborne illness associated with 
that food, a careful integration of the HACCP system into a comprehen-
sive risk analysis framework is needed.

7.3  Food safety risk analysis
Many excellent texts provide details of numerous specific aspects of risk 
analysis and its application in the food industry. For the purposes of this 
chapter a more generalized overview in the sections on food safety risk 
analysis and specifically risk assessment are excerpted, with permis-
sion, from Food Safety Risk Analysis, a Guide for National Food Safety 
Authorities, published by the Food and Agriculture Organization and the 
World Health Organization of the United Nations (FAO/WHO 2006).

7.3.1  Introduction

Changing global patterns of food production, international trade, tech-
nology, public expectations for health protection, and many other fac-
tors have created an increasingly demanding environment in which food 
safety systems operate. An array of foodborne hazards, both familiar and 
new, pose risks to health. These risks must be assessed and managed to 
meet growing and increasingly complex sets of public health objectives. 
Risk analysis, a systematic, disciplined approach for making food safety 
decisions developed primarily in the last two decades, includes three 
major components: risk management, risk assessment (which is discussed 
in detail in the following section), and risk communication.

It has been the Food and Agriculture Organization of the United 
Nations (FAO) and the World Health Organization (WHO) who have 
played leading roles in the development of food safety risk analysis. In 1991, 
the Joint FAO/WHO Conference on Food Standards, Chemicals in Food, 
and Food Trade recommended that the Codex Alimentarius Commission 
(CAC) incorporate risk assessment principles into its decision-making 
process. The 19th and 20th sessions of the CAC, in 1991 and 1993, endorsed 
the recommendation of the Conference to base its food safety decisions 
and standards on risk assessment and encouraged the relevant Codex 
Committees to harmonize their standard-setting methodologies. As part 
of the body of work being carried out by FAO/WHO and the CAC, consid-
erable progress has been made in developing a systematic framework for 
applying principles and guidelines for food safety risk analysis.

Food safety risk analysis has now gained wide acceptance as the 
preferred way to assess possible links between hazards in the food 
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 production/distribution chain and actual risks to human health, and 
takes into account a wide range of inputs to decision-making on appropri-
ate control measures. When used to establish public health goals relative 
to food standards and other food control measures, risk analysis fosters 
comprehensive scientific evaluation, wide stakeholder participation, 
transparency of process, consistent treatment of different hazards, and 
systematic decision-making by risk managers.

To use food safety risk analysis in establishing public health goals to 
reduce disease incidence/burden, there must be an agreed upon accept-
able level of protection (ALOP), a concept established by the Sanitary and 
Phytosanitary Agreement of the World Trade Organization (WTO 1995). 
Food production/distribution chain controls are then designed using risk-
based microbiological targets defined by CAC to achieve the ALOP and 
include the following:

Food Safety Objective (FSO)—maximum frequency and/or concentra-
tion of a hazard at the time of consumption which provides or con-
tributes to the ALOP.

Performance Objective (PO)—maximum frequency and/or concentra-
tion of a hazard at a specified step in the food chain which provides 
or contributes to an FSO or ALOP.

Performance Criteria (PC)—effect in frequency and/or concentration 
of a hazard by the application of one or more control measures to 
provide or contribute to a PO or an FSO.

These intermediate targets communicate in an explicit way to the affected 
food industry the limits required at specific points in the food produc-
tion/distribution chain to achieve a specified public health goal or ALOP. 
While an FSO can be used as a metrics for translating control measures 
into public health outcomes, POs and PC are more likely the metrics to be 
used because they can be applied at points in the food production chain 
where controls can be implemented, monitored, and verified (INFOSAN 
2007). This can be expressed using the following equation, introduced by 
the International Commission on Microbiological Specifications for Foods 
(ICMSF 2002):

 H0 – Σ R + Σ I ≤ FSO

where
H0 = initial level of the hazard
Σ R =  cumulative reduction of the hazard by application of POs 

and PC
Σ I = cumulative increase of the hazard
FSO = food safety objective
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7.3.2  Risk management

Fundamentally, food safety risk analysis is used to develop an estimate of 
the risks to human health and safety, to identify and implement appropri-
ate measures to control the risks, and to communicate with stakeholders 
about the risks and measures applied. In a typical instance, a food safety 
problem or issue is identified, and risk managers initiate a risk management 
process, which they then see through to completion. This is best accom-
plished within a systematic, consistent, and readily understood framework 
in which scientific knowledge of risk and evaluations of other factors rel-
evant to public health protection are used to select and implement appro-
priate control measures. There are four distinct risk management activities 
within this risk management process: (1) Preliminary risk management 
activities, (2) Identification and selection of risk management options, 
(3) Implementation of the risk management decision, and (4) Monitoring 
and review. The responsibilities of risk managers during this process also 
include commissioning a risk assessment when one is needed, and mak-
ing sure that risk communication occurs wherever necessary.

7.3.3  Risk assessment

Risk assessment is a scientific evaluation, either qualitative or quantitative, 
of the risk associated with an identified hazard. It provides risk managers 
information in order to make food safety risk analysis decisions. It should 
be detailed enough to adequately answer questions, but not so meticulous 
that it delays information gathering or confuses risk managers (Buchanan 
2004). This topic is covered at length in the following section.

7.3.4  Risk communication

Risk communication is an integral part of food safety risk analysis. Risk 
communication helps to provide timely, relevant, and accurate information 
to, and to obtain information from, members of the risk analysis team and 
external stakeholders, in order to improve knowledge about the nature 
and effects of a specific food safety risk. Successful risk communication is 
a prerequisite for effective risk management and risk assessment. It con-
tributes to transparency of the risk analysis process and promotes broader 
understanding and acceptance of risk management decisions. Good risk 
communication requires thoughtful planning and some commitment of 
resources; risk managers may find that establishing an infrastructure for 
communication and building a climate in which communication is encour-
aged, expected, and natural are among the most important steps they can 
take to achieve a successful outcome for a risk management process.



Chapter seven: Risk assessment and HACCP for ready-to-eat foods 235

7.4  Risk assessment
7.4.1  Introduction

Risk assessment is the central scientific component of food safety risk 
analysis and has evolved primarily because of the need to make decisions 
to protect health in the face of scientific uncertainty. Risk assessment can 
be generally described as characterizing the potential adverse effects to 
life and health resulting from exposure to hazards over a specified time 
period. Risk management and risk assessment are separate but closely 
linked activities, and ongoing, effective communication between those 
carry ing out the separate functions is essential. Individual risk assess-
ments should be “fit-for-purpose” and can generate estimates of risks in 
various forms. Although risk managers commission and guide the produc-
tion of a risk assessment and evaluate its outputs, the risk assessment itself 
is generally an external product, independently produced by scientists.

This section takes the broad view that several approaches to risk 
assessment can be used to establish an association of sufficient strength 
between foodborne hazards, control measures, and risks to consumers, 
such that controls can be genuinely described as “risk-based,” that is, 
based on a scientific assessment of risk. Risk assessment incorporating, 
in one way or another, the four analytical steps described by Codex is its 
main focus. These steps include:

 1. Hazard Identification—the identification of biological, chemical, and 
physical agents capable of causing adverse health effects and which 
may be present in a particular food or group of foods.

 2. Hazard Characterization—the qualitative and/or quantitative evalua-
tion of the nature of the adverse health effects associated with bio-
logical, chemical, and physical agents that may be present in food. 
For chemical agents, a dose-response assessment is performed. For 
biological or physical agents, a dose-response assessment should be 
performed if the data are obtainable.

 3. Exposure Assessment—the qualitative and/or quantitative evaluation 
of the likely intake of biological, chemical, and physical agents via 
food, as well as exposures from other sources if relevant.

 4. Risk Characterization—the qualitative and/or quantitative estimation, 
including attendant uncertainties, of the probability of occurrence 
and severity of known or potential adverse health effects in a given 
population based on hazard identification, hazard characterization, 
and exposure assessment.

For microbiological hazards, the occurrence and transmission of the haz-
ard at various stages from food production to consumption is evaluated, 
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thus moving “forward” through the various stages of the food chain to 
arrive at an estimate of risk. While the accuracy of estimated risks is often 
limited by uncertain dose-response information, the greatest strength of 
such risk assessments arguably lies in their ability to model the relative 
impacts of different food control measures on risk estimates.

7.4.2  Responsibilities of risk managers

The decision to proceed with a risk assessment depends on factors such 
as the health risk priority ranking, urgency, regulatory needs, and avail-
ability of resources and data. It is likely that a risk assessment will be com-
missioned when: (1) The hazard exposure pathway is complex, (2) Data 
on the hazard(s) and/or health impacts are incomplete, (3) The issue is of 
significant regulatory and/or stakeholder concern, (4) There is a manda-
tory regulatory requirement for a risk assessment, or (5) There is a need to 
verify that an interim (or precautionary) regulatory response to an urgent 
food safety problem is scientifically justified.

Risk managers, in consultation with risk assessors, should fulfill sev-
eral tasks when commissioning a risk assessment and seeing it through 
to completion. While risk managers do not need to know all the details of 
how a risk assessment is carried out, they do need a general understand-
ing of risk assessment methodologies and what the outcomes mean. This 
understanding is both acquired through, and contributes to, successful 
risk communication.

7.4.3  Forming the risk assessment team

A risk assessment team should be appropriate to the circumstances. When 
strategic and large-scale risk assessments are undertaken, the general cri-
teria described below relating to risk assessment teams apply. However, 
small-scale and straightforward risk assessments may be undertaken by 
very small teams or even by individuals, especially where a primary risk 
assessment is already available and the scientific work involves mostly 
adaptation using local data. A large-scale risk assessment generally 
requires a multidisciplinary team that may include experts with bio-
logical, chemical, food technology, epidemiological, medical, statistical, 
and modeling skills, among others. Finding scientists with the required 
knowledge and expertise can be a challenging task for risk managers. Risk 
managers need to take care to ensure that the assembled team is objec-
tive, balanced in terms of scientific perspectives, and free from undue 
biases and conflicts of interest. It is also crucial to elicit information about 
potential financial or personal conflicts of interest that could bias an indi-
vidual’s scientific judgment. Typically, this information is solicited by a 
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questionnaire before appointments are made to a risk assessment team. 
Exceptions are sometimes made if an individual has essential, unique 
expertise; transparency is essential when any such decisions on inclusion 
are made.

7.4.4  Specification of purpose and scope

Risk managers should prepare a “purpose statement” for a risk assess-
ment, which should identify the specific risk or risks to be estimated and 
the broad risk management goal(s). For example, a risk assessment might 
be designed to provide quantitative estimates of foodborne risks due to 
Campylobacter in broiler chickens on an annual basis for the national pop-
ulation, and the risk assessment might be primarily used to evaluate risk 
management options at various points from production to consumption 
of broiler chickens, to maximize reduction in risk. The purpose statement 
generally flows directly from the risk management goal(s) agreed on when 
the risk assessment is commissioned.

In some situations, an initial exercise may be to set up a risk assess-
ment framework model to identify data gaps and establish the research 
program required to generate the scientific inputs needed to complete 
a risk assessment at a later date. Where a risk assessment can be com-
pleted using currently available scientific knowledge, the model can 
still identify further research that will allow later refinement of the 
outputs. The “scope” portion of the risk assessment description should 
identify the parts of the food production chain that are to be evaluated 
and should establish boundaries for risk assessors with regard to the 
nature and extent of scientific information to be considered. By consid-
ering existing risk assessments in consultation with their risk asses-
sors, risk managers may be able to substantially narrow the scope of the 
work and the data needed.

7.4.5  Questions to be addressed by risk assessors

Risk managers, in consultation with risk assessors, should formulate 
the specific questions that need to be answered by the risk assessment. 
Depending on the scope of the risk assessment needed and the resources 
available, considerable discussion may be required to arrive at clear and 
realizable questions that will yield answers to guide risk management 
decisions. As with the statement on purpose and scope, questions to be 
addressed by the risk assessment often flow from the broad risk manage-
ment goal(s) agreed on when the risk assessment is commissioned. The 
questions asked by the risk managers can have an important influence on 
the choice of risk assessment methodologies used to answer them.
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7.4.6  Establishing risk assessment policy

While risk assessment is fundamentally an objective, scientific activity, it 
inevitably contains some elements of policy and subjective scientific judg-
ment. For example, when scientific uncertainty is encountered in the risk 
assessment, inferential bridges are needed to allow the process to con-
tinue. The judgments made by the scientists or risk assessors often entail a 
choice among several scientifically plausible options, and policy consider-
ations inevitably affect, and perhaps determine, some of the choices. Thus 
gaps in scientific knowledge are bridged through a set of inferences and 
“default assumptions.” At other points in a risk assessment, assumptions 
driven by values-based, social consensus, often developed through long 
experience with how such issues should be handled, may be required. 
Documentation of all such default assumptions contributes to the consis-
tency and transparency of risk assessments. These policy decisions are 
spelled out in a risk assessment policy, which should be developed by 
risk managers and risk assessors in active collaboration in advance of the 
risk assessment. Policies governing values-based choices and judgments 
should be decided primarily by risk managers, whereas policies govern-
ing science-based choices and judgments should be decided primarily by 
risk assessors, with active communication between the two functional 
groups in each case.

7.4.7  Specifying outputs

Outputs of a risk assessment may be sought in non-numerical (qualitative) 
or numerical (quantitative) form. Non-numerical risk estimates provide a 
less definitive basis for decisions but are adequate for several purposes, 
such as establishing relative risks or evaluating relative impacts on risk 
reduction of different control measures. Numeric estimates of risk can 
take one of two formats: (1) point estimate, which is a single numeri-
cal value representing, for example, the risk in a worst case scenario, or 
(2) probabilistic risk estimates, which include variability and uncertainty 
and are presented as a distribution reflecting more real-life situations. To 
date, point estimates have been more common outputs of chemical risk 
assessments while probabilistic outputs are the usual product of micro-
biological risk assessments.

7.4.8  Time and resources

While it is desirable to maximize scientific inputs and commission spe-
cific research to fill data gaps when conducting a risk assessment, all risk 
assessments are inevitably constrained in some ways. In commissioning 
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a risk assessment, risk managers must ensure that sufficient resources 
(e.g., time, money, personnel, and expertise) are available relative to the 
purpose and scope, and establish a realistic timetable for completion of 
the work.

7.4.9  General characteristics of risk assessment

Irrespective of the context, risk assessments generally share a number of 
basic characteristics. While these attributes are described comprehen-
sively in the sections that follow, in some situations a specific risk assess-
ment is a relatively simple and straightforward exercise. In such cases, the 
general characteristics can be substantially modified; for instance, it may 
sometimes be possible for food safety experts to conduct an adequate risk 
assessment quickly and efficiently, without the need to assemble a multi-
disciplinary risk assessment team.

7.4.10  Objectivity and transparency

A risk assessment should be objective and unbiased. Opinions or value 
judgments on issues other than science (for instance on economic, politi-
cal, legal, or environmental aspects of the risk) should not be allowed to 
influence the outcome, and risk assessors should explicitly identify and 
discuss any judgments on the sufficiency of the science that was relied 
on. A participatory process should be used in initiating, performing, and 
finalizing a risk assessment, and reporting should be in a style that allows 
risk managers and other stakeholders to properly understand the process. 
Above all, a risk assessment must be transparent, and in documenting the 
process the risk managers should, for example, reveal any biases, identify 
scientific inputs, and clearly state assumptions.

7.4.11  Functional separation of risk assessment 
and risk management

In general, the functions of risk assessment and risk management should be 
carried out separately to the extent practicable, so that the science remains 
independent from regulatory policy and values. However, delineating 
the functional boundaries between risk assessors, risk managers, and 
risk communicators in all situations is a significant challenge. Functional 
separation may be more obvious when different bodies or officials are 
responsible for risk assessment and risk management tasks. However, 
functional separation can also be achieved with limited resources and 
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personnel where risk assessments are undertaken by people who act as 
both risk assessors and risk managers. What is important in these cases 
is to have conditions in place which ensure that risk assessment tasks are 
carried out separately from risk management tasks. Whatever the func-
tional separation arrangements, a highly interactive, iterative process 
is essential for risk analysis as a whole to be effective. Communication 
between risk assessors and risk managers is also a critical element in 
the process.

7.4.12  Basis in science

It is a primary tenet that risk assessment be soundly based on scien-
tific data. Representative data of sufficient quality and detail must be 
located from appropriate sources and assembled in a systematic manner. 
Descriptive and computational elements should be supported with scien-
tific references and accepted scientific methodologies, as appropriate.

When a risk assessment is commissioned, there often are insuffi-
cient data available to complete the assignment. Scientific information 
to support many food safety risk assessments is available from a variety 
of sources. Risk assessments carried out at the national level are rapidly 
increasing in number, and many of them can be accessed through web-
based portals. For instance, microbiological risk assessments carried out 
by the U.S. Food Safety and Inspection Service are available at www.fsis.
usda.gov/Science/Risk_Assessments/index.asp. FAO and WHO admin-
ister international panels of experts on chemical and microbiological haz-
ards to provide risk assessments as the basis for Codex standards.

While risk assessors conducting a given risk assessment may try to fill 
data gaps and to obtain adequate input data, inevitably default assump-
tions will need to be made at some steps during risk assessment. These 
assumptions must remain as objective, biologically realistic, and consis-
tent as possible. Risk assessment policy provides broad guidelines, but 
default assumptions specific to a particular problem may have to be made 
on a case-by-case basis. It is essential that any such assumptions are trans-
parently documented.

Sometimes when data are lacking, expert opinions can be used to 
address important questions and uncertainties. A variety of knowledge 
elicitation techniques have been developed for this purpose. Experts may be 
unaccustomed to describing what they know or how they know it; knowl-
edge elicitation techniques reveal expert knowledge and help to make expert 
opinions as evidence-based as possible. Approaches that can be used include 
interviews, the Delphi method, surveys and questionnaires, among others.
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7.4.13  Uncertainty and variability

Definitive data needed to derive quantitative risk estimates are often 
lacking, and sometimes there are significant uncertainties inherent in 
biological or other models used to represent the processes that contrib-
ute to risk. Uncertainty about the available scientific information is often 
addressed in a risk assessment by using a range of possible data values.

Two distinct characteristics of scientific information are relevant in 
this context. Variability is a characteristic of phenomena that differ from 
one observation to the next; for example, people eat different amounts of 
a food, and the level of a particular hazard present in a food also can vary 
widely from one serving of food to another. Uncertainty is the quality of 
being unknown, for example because inadequate data exist or because the 
biological phenomena involved are not well understood. For instance, in 
assessing a chemical hazard scientists may need to rely on data from toxic-
ity tests in rodents because insufficient human epidemiological data exist.

Risk assessors must ensure that risk managers understand the impacts 
of limitations of available data on the results of the risk assessment. Risk 
assessors should provide an explicit description of uncertainties in the 
risk estimate and their origins. The risk assessment should also describe 
how default assumptions may have influenced the degree of uncertainty 
in the outputs. As necessary or appropriate, the degree of uncertainty in 
the results of a risk assessment should be described separately from the 
effects of variability inherent in any biological system.

7.4.14  Peer review

Peer review reinforces transparency and allows wider scientific opinion to 
be canvassed in relation to a specific food safety issue. External review is 
especially important where new scientific approaches are being applied. 
Open comparison of the outcomes of similar risk assessments where dif-
ferent scientific defaults and other judgments have been used can yield 
useful insights.

7.5  Risk assessment methodology
Different risk assessment methods are used to assess different kinds of 
food safety problems. Methods vary according to the class of hazard 
(i.e., chemical, biological, or physical hazard), the food safety scenario 
(e.g., concerning known hazards, emerging hazards, new technologies 
such as biotechnology, complex hazard pathways such as for antimicro-
bial resistance), and the time and resources available.



242 Ready-to-eat foods: Microbial concerns and control measures

Differences in risk assessment methodology are most apparent for 
chemical compared with microbiological hazards. This is partly due 
to intrinsic differences between the two classes of hazards. The differ-
ences also reflect the fact that for many chemical hazards, a choice can 
be made as to how much of the chemical may enter the food supply, for 
example, for food additives and for residues of veterinary drugs and 
pesticides used on crops. Use of these chemicals can be regulated or 
restricted so that residues at the point of consumption do not result in 
risks to human health. Microbial hazards, in contrast, are ubiquitous 
in the food chain, they grow and die, and despite control efforts, they 
often can exist at the point of consumption at levels that do present obvi-
ous risks to human health.

Risk assessment outputs can range from qualitative to quantitative 
with various intermediate formats. The characteristics of risk assessments 
presented above apply to all types. In qualitative risk assessments, out-
puts are expressed in descriptive terms such as high, medium, or low. In 
quantitative risk assessments, the outputs are expressed numerically and 
may include a numerical description of uncertainty. In some cases, inter-
mediate formats are referred to as semi-quantitative risk assessments. For 
instance, one semi-quantitative approach may be to assign scores at each 
step in the pathway and express outputs as risk rankings.

Deterministic (point estimate) approaches describe an approach in 
which numerical point values are used at each step in the risk assessment; 
for example, the mean or the 95th percentile value of measured data (such 
as food intake or residue levels) may be used to generate a single risk esti-
mate. Deterministic approaches are the norm in chemical risk assessment.

In stochastic (probabilistic) approaches to risk assessment, scientific 
evidence is used to generate statements of probabilities of individual 
events, which are combined to determine the probability of an adverse 
health outcome. This requires mathematical modeling of the variability 
of the phenomena involved, and the final risk estimate is a probability 
distribution. Stochastic (probabilistic) models are then used to create and 
analyze different scenarios of risk. This approach is generally viewed as 
being most reflective of the real world, but stochastic models are often 
complex and difficult to generate.

Stochastic models are only now beginning to be used to complement 
the “safety evaluation” approaches traditionally used in managing chemi-
cal foodborne hazards, in particular for contaminants. On the other hand, 
probabilistic approaches are the norm in the newer discipline of microbial 
risk assessment and provide a mathematical description of the dynam-
ics of hazard transmission from production to consumption. Exposure 
data are combined with dose-response information to generate probabi-
listic estimates of risk. Even one colony-forming unit of the pathogen in 
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an edible portion of food is assumed to have some probability of causing 
infection; in this respect, such risk models resemble risk assessment meth-
odology for chemical carcinogens.

Model validation is the process of evaluating a simulation model 
used in a risk assessment for its accuracy in representing a food safety 
system, for example, by comparing model predictions of foodborne dis-
ease with human surveillance data, or by comparing model predictions 
on hazard levels at intermediate steps in the food production chain with 
actual monitoring data. While validation of the outputs of a risk assess-
ment is desirable, this activity is not always practical. This is especially 
true for chemical risk assessments, where chronic adverse health effects 
in humans may be predicted from animal tests but can rarely be validated 
with human data.

7.5.1  Risk assessment for biological hazards

Biological risk assessments typically use a quantitative model to describe 
the baseline food safety situation and estimate the level of consumer pro-
tection currently afforded. Then, some of the inputs into the model are 
changed, such as the level of the hazard in the raw food at the time of 
primary production, the conditions of processing, and the temperature at 
which packaged material is held during retail and in the home. Changing 
inputs in a series of simulations enables the risk assessors to predict the 
impacts of the various control measures on the level of risk compared to 
that estimated in the baseline model.

7.5.2  Hazard identification

A wide range of biological hazards can cause foodborne illness. Long-
familiar hazards include microbes, viruses, parasites, and toxins of bio-
logical origin, but new hazards are continually being identified, such as 
the prion agent of BSE and multi-antibiotic resistant strains of Salmonella. 
In a given case, a risk profile may have identified specific strains or geno-
types of pathogens that pose risks in a particular situation, and assess-
ment may focus on these.

7.5.3  Hazard characterization

A wide range of hazard factors (e.g., infectivity, virulence, antibiotic 
resistance) and host factors (e.g., physiological susceptibility, immune 
status, previous exposure history, concurrent illness) affect hazard char-
acterization and its associated variability. Epidemiological information is 
essential for full hazard characterization.
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While dose-response data are essential for quantitative biological risk 
assessment, such data are often difficult to obtain for specific hazards. 
Relatively little human data is available to model dose-response curves for 
specific populations of interest, and assumptions often have to be made in 
this area, for example, by using surrogate dose-response data from a dif-
ferent pathogen. However, data from outbreak investigations can be a use-
ful source in establishing the dose-response relationship. Dose-response 
relationships can be developed for a range of human responses, such as 
infection, morbidity, hospitalization, and death rates associated with dif-
ferent doses.

7.5.4  Exposure assessment

A food-chain exposure pathway model up to the point of consumption 
is developed for the hazard so that a human dose-response curve can 
be used to generate estimates of risk. Consideration of the whole food 
chain, while not always necessary, should be encouraged to the extent 
required to answer the risk managers’ questions. The level of human 
exposure depends on many factors, including the extent of initial con-
tamination of the raw food, characteristics of the food and the food pro-
cesses in terms of the hazard organism’s survival, multiplication, or death, 
and storage and preparation conditions before eating. Some transmission 
pathways, for instance those for Campylobacter in poultry, may involve 
cross- contamination at retail or in the home.

7.5.5  Risk characterization

Risk estimates can be qualitative (high, medium, or low rankings for a 
pathogen) or presented in quantitative terms (cumulative frequency dis-
tributions of risk per serving(s), annual risks for targeted populations, or 
relative risks for different foods or different pathogens).

Considerable challenges lie ahead in carrying out quantitative micro-
bial risk assessments for hazard-food combinations that pose significant 
risks to human health. Codex has stated in its guidelines for microbio-
logical risk assessment that “a microbiological risk assessment should 
explicitly consider the dynamics of microbiological growth, survival, and 
death in foods and the complexity of the interaction (including sequelae) 
between human and agent following consumption as well as the potential 
for further spread.” However, biological characteristics of the pathogen/
host relationship are often uncertain. and modeling the exposure pathway 
from production to consumption often suffers from substantial data gaps.

Bearing these challenges in mind, risk characterization for micro-
bial hazards may be somewhat inaccurate, but the greater strength of 
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microbial risk assessment lies in its ability to model different food control 
measures and their impact on estimates of relative risks. Modeling “what-
if” scenarios, such as changing the assumed prevalence of infection in the 
live animal population from which the food is derived, is also an essential 
part of economic analysis.

7.5.6  Sensitivity analysis

Sensitivity analysis is a tool that can help risk managers select those con-
trols that best achieve risk management goals. Sensitivity analysis, as a 
scientific process, shows the effects of changes in various inputs (data or 
assumptions) on the outcomes of a risk assessment. One of the most use-
ful insights gained from a sensitivity analysis is estimating how much the 
uncertainty or variability associated with each input factor contributes 
to the overall uncertainty and variability in the risk estimate. Input dis-
tributions where uncertainty has the greatest impact on the outcome can 
be identified, and this process also can help set priorities for research to 
reduce uncertainty.

7.5.7  Establishment of “targets” in the food chain 
as regulatory standards

The concept of setting food safety “targets” at various points in the food 
production chain to achieve a defined FSO was described in the intro-
duction to food safety risk analysis above. Risk assessors are involved in 
developing risk-based microbiological targets by simulating their impacts 
in risk models. In most cases, the goal of such simulations is to develop 
practical risk-based metrics that can be directly incorporated (and moni-
tored) in HACCP plans, such as process criteria, product criteria, and 
microbiological criteria to achieve a performance objective. However, con-
siderable methodological challenges remain in this area.

7.6  Risk assessment and RTE foods
With the increased application of food safety risk analysis to enhance 
food safety systems like HACCP and establish food safety policy, there 
has been a deluge of recent research information. This information ranges 
from hazard identification and simple modeling tools that could be used 
in conducting a risk assessment addressing a specific food/hazard com-
bination to comprehensive risk assessments which address broad food 
groups and multiple hazards. Some recent reports on microbiological 
hazards associated with various RTE foods or environments in which 
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they are processed have shown many specific organisms pose a potential 
risk to human heath (Atanassova et al. 2008; Bassett and McClure 2008; 
Cabedo et al. 2008; Christison et al. 2007; Gombas et al. 2003; and Meldrum 
et al. 2005). More detailed information on specific microbiological hazards 
associated with RTE foods can be found in Chapter 1 of this book.

Although many microbiological hazards associated with RTE foods 
have been identified, Listeria monocytogenes has been, by far, the subject of 
most risk assessment research. Despite its low incidence of three cases per 
million people (CDC 2006b), Listeriosis (infection caused by L. monocyto-
genes) can cause severe illness and often death in immunodeficient popu-
lation subgroups, which is likely why it remains an important research 
topic, especially for RTE foods. Other reasons this organism is a target 
for study in RTE foods is that it is ubiquitous in nature, can enter the food 
production chain at many stages before consumption, and can grow at 
refrigeration temperatures given sufficient time. Further, there have been 
alarming prevalence rates reported for this organism in many RTE foods: 
for example, 72% of vacuum packaged corned beef samples obtained from 
retail stores in Australia, and ~8% (71% of one brand) of hot dog samples 
obtained from supermarkets in the United States among others (Lianou 
and Sofos 2007).

To provide sound scientific advice for mitigation strategies and 
respond to the needs of its member countries for adaptable risk assess-
ments the Codex Committee on Food Hygiene requested a risk assessment 
of L. monocytogenes in RTE foods to specifically address three questions 
(WHO/FAO 2004). First, what is the estimated risk of serious illness caused 
by L. monocytogenes based on level of contamination? Second, what is the 
estimated risk of serious illness to different immunodeficient population 
subgroups (very young, very old, pregnant, or otherwise immunocom-
promised) compared to the general population? And third, what is the 
estimated risk of serious illness caused by L. monocytogenes contamina-
tion of foods that support its growth compared to those foods which do 
not? The risk assessment was carried out according to the four analytical 
steps described by Codex, in that there was a hazard identification, haz-
ard characterization, exposure assessment, and risk characterization. The 
risk assessment is published in a WHO/FAO Technical Report entitled 
Risk Assessment of Listeria monocytogenes in Ready-to-Eat Foods as part 
of their Microbiological Risk Assessment Series (WHO/FAO 2004). The 
report indicates that estimating the likelihood of serious illness based on 
the level of contamination is complicated by the type of food, suscepti-
bility of the individual, and virulence factors of the specific strain of the 
pathogen. Models developed to predict this relationship indicate that 
most all cases of Listeriosis are a result of consuming high levels of this 
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pathogen, but risk still remains even at very low levels (1 CFU/g) (WHO/
FAO 2004). Estimating serious illness by comparing the general popula-
tion to population subgroups based on available information indicates 
equal risk among similar groups from one country to another (United 
States and France) with certain immunodeficient population subgroups 
having greater relative susceptibility than the general population. For 
example, there is nearly a 10-fold increase in dose-response for persons 
over 65 years of age compared to the reference population (<65 years of 
age with no other condition) in France and about a 1000-fold increase in 
dose-response for the perinatal subgroup compared to the intermediate-
age population (<60 years of age) in the United States (WHO/FAO 2004). 
Because of the varying properties of foods, defining a general value of 
increased risk of Listeriosis in RTE foods is not possible. However, find-
ings detailed in the report show that there is a 100- to 1000-fold increase 
in risk, on a per-serving basis, associated with foods which support the 
growth of L. monocytogenes compared to those which do not support 
its growth (WHO/FAO 2004).

The main strategies in achieving continuous improvement in reduc-
ing Listeriosis rates as identified by the ILSI Research Foundation/Risk 
Science Institute expert panel (ILSI 2005) include preventing L. monocyto-
genes contamination of food and preventing the growth of L. mono-
cytogenes to high numbers (the latter having the greater impact). The 
expert panel also identified science-based education targeted at immu-
nodeficient population subgroups and their caregivers on the risk of 
Listeriosis associated with certain (RTE) foods as an important effort. 
Production and process controls could be achieved by implementation 
of effective food safety measures which are consistently met. These 
include (1) programs to minimize/prevent contamination, including 
good manufacturing practices, sanitation standard operating proce-
dures, and HACCP, (2) intensive environmental sampling, (3) time and 
temperature controls throughout distribution, (4) reformulating foods 
so that they do not support the growth of L. monocytogenes, and (5) post-
packaging treatments to destroy L. monocytogenes (ILSI 2005).

HACCP as a food safety program to control contamination and pre-
vent growth is an effective tool, especially at the manufacturing level of 
industry. However, a great deal of risk associated with Listeriosis from 
RTE foods can be linked to practices at retail and food service. HACCP at 
this level in industry, though encouraged by the Food Code, is not manda-
tory. This is likely due, in part, to the intrinsic characteristics of retail and 
food service operations making mandated HACCP difficult to implement 
and regulate. To increase the application of HACCP, more appropriately 
HACCP-based food safety systems which incorporate HACCP principles, 
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at retail and food service requires simplicity and flexibility (Lianou and 
Sofos 2007). Without mandated HACCP at retail and food service but with 
an increase in the application of food safety systems based on HACCP 
principles, clarification of the role of regulators in compliance enforce-
ment is required. A manual developed by the FDA (FDA 2006) provides 
guidance in applying HACCP principles to risk-based inspections which 
can help regulators evaluate and improve HACCP-based food safety sys-
tems and help strengthen regulator/manager partnerships (Lianou and 
Sofos 2007).

7.7  Conclusion
It must be remembered that a risk assessment provides informa-
tion not solutions. It is still necessary for the risk manager or policy 
maker to determine if the risk is acceptable or if controls are neces-
sary (Wooldridge 2008). If the risk is acceptable it can then be said that 
the risk is within an established FSO which will result in an ALOP. 
If controls are necessary, POs or PC must be implemented at appro-
priate steps in the food production/distribution chain to achieve an 
established FSO and ALOP. A means to communicate these POs and 
PC to all levels of industry (manufacture, retail, food service, etc.) is 
through HACCP or other food safety system based on HACCP prin-
ciples. Because HACCP is not mandated for all categories of RTE food 
production or at retail and food service, other means of communicat-
ing information to all levels of the food production/distribution chain, 
including consumers, are necessary to achieve public health goals 
related to the incidence of foodborne illness. In addition to enhanc-
ing communications, further development of risk assessment tools to 
enhance precision and reduce uncertainty, conducting additional risk 
assessments as needs are identified, and determining how to best make 
risk management decisions based on risk assessments are all key to our 
food safety strategy (Woteki 1998).
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Acceptable level of protection (ALOP), 233
Acetic acid, 67, 68, 164
Acids, preservative effects, 67, 68, 164
Aeromonas caviae, 177
Aeromonas hydrophila, 177, 178–179
Aeromonas spp., 66
Amnesic shellfish poisoning, 131, 142
Argon, MAP, 178
Ascorbic acid, 164, 170
Aspergillus flavus, 167
Aspergillus niger, 177

B

Bacillus, antagonistic strains for 
preservation of fruits and 
vegetables, 167

Bacillus cereus
dairy products, 107–108

produce MAP, 177
salads, delicatessen, 71

Bacteriocins
dairy product treatment, 108–109
produce treatment, 167

Bacteriophage viruses, meat spray mixture, 
167

Baranyi model, microbial growth, 201, 203
and computer simulations, 217, 220, 

222, 226
dynamic conditions, 205
method, 197–199
practical applications, 213

Biogenic amines, seafood contents, 132, 
140–141

Biological controls, produce, 166–167
Biologically based growth models; See also 

specific models
Baranyi model, 197–199
Huang 2004 model, 201–203
Huang model, 199–201
microbiological growth during cooling 

of cooked meats, 197–203
Biot number, 209, 210
Blanching, produce, 165
Botrytis cinerea, 177
Botulinum toxin; See Clostridium botulinum
Brainerd diarrhea, 129
Brevetoxin, 131
Browning inhibitors, 164, 170, 173
Brucella abortis, 85
Brucella melitensis, 99, 102
Brucellosis, 84

C

Calcium propionate, 164–165
Campylobacter

dairy product inactivation studies, 
106–107

produce MAP, 179–180
salads, delicatessen, 69

Campylobacter jejuni, 180
dairy products

cheese product-associated, 100
fluid milk product-associated, 91, 92, 

95–96, 97
processing environment, 105

produce controls, 167
salads, delicatessen, 65–66, 69
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Chlorine dioxide, 164
Chlorine treatment, produce, 166, 167
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Citric acid, 67, 164, 167
Clostridia, produce MAP, 176–177
Clostridium botulinum

cheese product-associated, 101–102
produce MAP, 180
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seafood and restructured seafood 

control measures, 145–149
hurdle technology, 148–149
salting, 148
toxin formation in shelf-stable and 

refrigerated products, 146–148
seafood and restructured seafood 

hazards, 127, 138–139
Clostridium perfringens, 2

growth during cooked meat cooling; 
See Cooling of cooked meats
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control strategies, 32–39
incidence and prevalence, 31–32
outbreaks, 29–30
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salads, delicatessen, 62, 68, 69
seafood-associated outbreaks, 129
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Computer simulation; See Cooling of 

cooked meats
Controls/control measures; See also specific 

organisms and classes of foods
HAACP, 231–232
microbiology of RTE foods, 40

Clostridium perfringens, 32–39
Escherichia coli O157:H7, 24–27
Listeria monocytogenes, 9–13
Salmonella enterica, 18–19

modified atmosphere packaging; See 
Modified atmosphere packaging
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Cooling of cooked meats, 192–226
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estimation by start and end points 
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models and methods for microbial 
growth under isothermal 
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tertiary model, 205
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simulation of C. perfringens 
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heat transfer coefficient on growth 

during cooling, 221–223, 224–227
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Coxiella burnetti, 86
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cheese product-associated, 98–102
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and product safety, 111, 113
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Delicatessen salads; See Salads, 
delicatessen

Diarrheic shellfish poisoning, 142
Diphtheria, 84
Domoic acid, 131, 142
Dried fruit, ozone treatment, 165

E

EDTA, 167
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128

mayonnaise and salad dressing, 67, 68
salads, delicatessen, 71, 73

Electrolyzed water treatment, produce, 165
Emerging pathogens, 40–41
Empirical models, microbiological growth 

during cooling of cooked meats, 
194–196, 205–206

Enterobacter aerogenes, 141, 166
Enterobacteriaceae, dairy products, 104
Enterocins, dairy product treatment, 108
Enterohemorrhagic Escherichia coli, 90
Enterotoxigenic Escherichia coli, 132
Escherichia coli

dairy products, 98, 101, 102
fluid milk product-associated, 90
packaging science advances, 109
post-process contamination, 107
processing environment, 105–106

produce MAP, 179
salads, delicatessen, 69, 70, 71
seafood and restructured seafood 

hazards, 132
Escherichia coli O157:H7, 2

dairy products, 90, 95
bacteriocins and, 108–109
fluid milk product-associated, 92, 

93, 97

inactivation studies, 106–107
post-process contamination, 107
rapid detection methods, 109–110
regulatory standard establishment, 

111
microbiology of RTE foods, 20–27, 39

control strategies, 24–27
incidence and prevalence, 23–24
outbreaks, 21–23

produce controls, 167
produce MAP, 180
salads, delicatessen, 63–64

mayonnaise and salad dressing, 
67, 68

non-meat ingredients, 70
pathogen survival, 73
pathogen survival studies, 73

Essential oils, produce treatment, 167
Eurotium repens, 167
Ewe’s milk, 101, 104
Exposure assessment, 235, 244

F

Fish, 129; See also Seafood and restructured 
seafood

Flavonoids, produce treatment, 167
FlexPDE, 211, 214, 215, 216, 217–218
Food chain targets, regulatory standard 

establishment, 245–246
Food Safety Objective (FSO), 233
Fruits

chemical and physical control 
measures, 163–168

modified atmosphere packaging; See 
Modified atmosphere packaging

Fungal organisms, essential oil activity 
against, 167

G

Gamma irradiation, produce, 165–166
Gases, MAP, 168, 169–170, 173, 178
Gas transfer, MAP; See Modified 

atmosphere packaging (MAP)
Goat milk and products, 90, 92, 101, 102, 

104, 107
Gomperz equation, transformation of, 205
Gomperz model, microbial growth, 

194–196
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Hazard Analysis Critical Control Point 
(HAACP), 231–232, 247–248

dairy products, 110–111
fruits and vegetables, 166

Hazard characterization, 235, 243–244
Hazard identification, 235, 243
Heat shock, produce, 165
Heat transfer; See Cooling of cooked meats
Heat treatment, produce, 166
Hepatitis A, 140, 180
Hexylresorcinol, 164
High-oxygen MAP, 177–178
High-pressure processing (HPP)

cheese, 108
dairy products, 109
produce, 166

Histamine, scombroid fish poisoning, 132, 
140–141

Hot-smoked fish, 130
Huang model, microbial growth, 199–201, 

203, 205, 212
Huang 2004 model, microbial growth, 217

and computer simulations, 220, 221, 
222, 225

dynamic conditions, 205
method, 201–203

Hurdle technology, 40, 148–149
Hydrogen peroxide, 10, 163, 165

I

Incidence; See specific organisms and classes 
of foods

Irradiation
dairy products, 108, 109
produce, 163, 165–166
seafood, 145, 149, 151

J

Johne’s disease, 102–103

K

Klebsiella pneumoniae, 141

L

Lactic acid, 164
Lactic acid bacteria bacteriocins, 108–109

Lacticin, 109
Lactobacillus sake, 177
Lactococcus lactis, 109
Lag phase, microbial growth, 193

Gomperz and logistic models, 194, 195
Huang model, 200, 201
secondary models, 203

Listeria monocytogenes, 2
dairy products

bacteriocins and, 109
cheese product-associated, 98, 100
fluid milk product-associated, 93, 

94, 97
high-pressure processing, 108
high-pressure processing study, 108
ice cream, 103
packaging science advances, 109
processing environment, 105, 106, 107
regulatory standard establishment, 

111
microbiology of RTE foods, 3–13, 39

control strategies, 9–13
incidence and prevalence, 5–9
outbreaks, 3–5

produce MAP, 176
control measures, 167
high-oxygen MAP, 177–178

risk assessment models, 246–247
salads, delicatessen, 62, 64, 71

control measures, 74
mayonnaise and salad dressing, 

67, 68
meat, poultry, and seafood, 69
non-meat ingredients, 70, 71–72
pathogen survival studies, 73

seafood and restructured seafood
control measures, 143–145
hazards, 127, 132–134, 135
outbreaks, 130

Logarithmic growth phase, microbe, 193, 194
Logistic equation, transformation of, 205
Logistic models, microbial growth, 194–196
Low-temperature intolerant produce, 168
Lump capacitance model, 209
Lysozyme, 68, 109

M

MAP; See Modified atmosphere packaging
Marketing environment studies, dairy 

products, 103–108
Mastitis, dairy animals, 86
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Mayonnaise, 71, 74
microbiological quality of salad 

ingredients, 67–69
pathogen survival in, 73

Meat
bacteriovirus spray mixture, 167
cooked; See Cooling of cooked meats
foodborne illness outbreaks 1990–2006, 

128
microbiology of RTE foods, 39
salads, delicatessen, 69–70, 71, 73

Michaelis-Menten kinetics, 197
Microbiology of RTE foods, 1–41

Clostridium perfringens, 27–39
control strategies, 32–39
incidence and prevalence, 31–32
outbreaks, 29–30

C. perfringens growth during cooling 
of cooked meats; See Cooling of 
cooked meats

Escherichia coli O157:H7, 20–27
control strategies, 24–27
incidence and prevalence, 23–24
outbreaks, 21–23

future outlook, 40–41
Listeria monocytogenes, 3–13

control strategies, 9–13
incidence and prevalence, 5–9
outbreaks, 3–5

Salmonella enterica, 13–19
control strategies, 18–19
incidence and prevalence, 17–18
outbreaks, 14–16

Milk; See Dairy products
Modeling, 40

cooling of cooked meats; See Cooling of 
cooked meats

modified atmosphere packaging (MAP), 
174–175

Modified atmosphere packaging (MAP), 
163–181

chemical and physical control 
measures, 163–168

dairy products, 109
definition of, 168–170

gases used in, 168, 169–170
post-harvest physiology, 168–169, 170

microbiological safety challenges, 
176–180

Aeromonas hydrophila, 178–179
Campylobacter and others, 179–180
Clostridia, 176–177

high oxygen MAP, 177–178
Listeria monocytogenes, 178
Salmonella and Escherichia coli, 179

packaging film characteristics, 173–174
predictive modeling of, 174–175
quality attributes, 170–173
storage conditions, recommended, 170, 

171, 172
Morganella morganii, 141
Multidrug-resistant Salmonella 

typhimurium, 98
Mycobacteria, 105
Mycobacterium avium ssp. paratuberculosis, 

102–103, 104
Mycobacterium tuberculi, 85–86

N

Natural plant extracts, produce treatment, 
167

Neurotoxic shellfish poisoning, 131, 142
Nisin, 108, 167
Noroviruses (Norwalk and Norwalk-like 

viruses), 128–129, 139–140
NovaGARD CB1, 74

O

Objectivity, risk assessment, 239
Okadaic acid, 131, 142
Organic acids, 67, 68, 164
Outbreaks; See specific organisms and classes 

of foods
Output specification, risk assessment, 238
Oxidizing agents, produce treatment, 164, 

165
Oxygen, high-oxygen MAP, 177–178
Ozone treatment, produce, 165, 166

P

Packaging; See Modified atmosphere 
packaging

Paralytic shellfish poisoning, 131, 141
Paratyphoid fever, 84
Pasteurization

dairy products, 86, 87, 88–90
historical disease outbreaks 

associated with milk, 83–85
inactivation studies, 106–107
safety issues, 111, 112, 113

seafood and restructured seafood 
control measures, 151
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Pasteurized Milk Ordinance (PMO), 85, 
88–90, 110

Pectin demethylation, 173
Pediocin, 167
Peer review, risk assessment, 241
Penicillium digitatum, 177
Penicillium roquefortii, 177
Performance Criteria (PC), 233
Performance Objective (PO), 233
Peroxide, 10, 163, 165
Phage virus spray mixture, 167
Phytic acid, 167
Pineapple juice, as browning inhibitor, 164
Policy establishment, risk assessment, 238
Postharvest physiology and pathology 

of fruits and vegetables, 167, 
168–169, 170

MAP film characteristics, 173–174
microbiological antagonists as controls, 

167
quality attributes, 170
and storage lives, 168–169

Potassium sorbate, 164, 167
Poultry

bacteriovirus spray mixture, 167
foodborne illness outbreaks 1990–2006, 

128
microbiology of RTE foods, 39
salads, delicatessen, 69–70, 71, 73

Predictive growth models, 40
Prevalence; See specific organisms and classes 

of foods
Primary models, microbial growth, 194–203

biologically based, 197–203
and computer simulations, 222
empirical, 194–196
practical applications, 212–213, 214

Processing environment, dairy products, 
103–108

Produce; See also Modified atmosphere 
packag ing (MAP); Salads, 
delicatessen

foodborne illness outbreaks 1990–2006, 
128

Proteus vulgaris, 141
Pseudomonas, 176
Pseudomonas fluorescens, 109
Pseudomonas fragi, 177
Pseudomonas putida, 177
Pufferfish toxin, 131
Pulsed electric field (PEF) treatment, 

produce, 166

R

Radiation treatment; See Irradiation
Ratkowsky model, microbial growth, 204, 

205, 213, 214
Raw milk and milk products, 90, 95

historical disease outbreaks, 83–85
versus pasteurized milk products and 

product safety, 111, 113
risks versus benefits, 82–83

Regulatory standards, 5, 39, 40, 134
dairy products, 111
establishment of in risk assessment, 

245–246
HAACP, 231–232

Resources, risk assessment, 238–239
Respiration; See Postharvest physiology 

and pathology of fruits and 
vegetables

Rhizopus stolonifera, 177
Risk assessment, 230–248

approaches to and features of
basis in science, 240
functional separation of 

risk assessment and risk 
management, 239–240

general characteristics, 239
objectivity and transparency, 239
output specification, 238
peer review, 241
policy establishment, 238
questions to be asked, 237
risk manager responsibilities, 236
specification of purpose and scope, 

237
steps in, 235–236
team formation, 236–237
time and resources, 238–239
uncertainty and variability, 241

Hazard Analysis Critical Control Point 
(HAACP), 231–232

methodology, 241–246
biological hazards, 243
characterization of risk, 244–245
exposure assessment, 244
food chain targets, regulatory 

standard establishment, 245–246
hazard characterization, 243–244
hazard identification, 243
sensitivity analysis, 245

risk analysis, 232–234



Index 257

definition of concepts, 234
targets and standards, 232–233

and RTE food, 246–248
Risk characterization, 235
Risk managers/management, 235

definition of concepts, 234
functional separation of risk assessment 

and risk management, 239–240
responsibilities of, 236

Runge-Kutta method, 206–207, 213

S

Salad dressing, 71, 74
pathogen survival in, 73
salads, delicatessen, 67–69

Salads, delicatessen, 61–74
controls, 74
microbiological quality of ingredients, 

66–72
mayonnaise and salad dressing, 67
meat, poultry, and seafood, 69–70
non-meat ingredients, 70–72

microbiological quality of salads, 72
pathogens associated with

Aeromonas spp., 66
Campylobacter jejuni, 65–66
Escherichia coli O157:H7, 63–64
Listeria monocytogenes, 64
Salmonella spp., 64–65
Staphylococcus aureus, 65

survival of pathogens in, 73, 180
Salads, seafood, 128–130
Salmonella

microbiology of RTE foods, 39
produce MAP, 179
salads, delicatessen, 67, 70, 71, 73

Salmonella Dublin, 91, 96, 105
Salmonella enterica, 2

dairy products, 105
microbiology of RTE foods, 13–19

control strategies, 18–19
incidence and prevalence, 17–18
outbreaks, 14–16

Salmonella enteritidis, 67, 100, 103, 177
Salmonella Java, 132
Salmonella Lexington, 132
Salmonella Newport

dairy products, 98
produce, 180
seafood and restructured seafood 

hazards, 132

Salmonella paratyphi, 102
Salmonella Saint Paul, 91
Salmonella spp.

dairy products, 104
salads, delicatessen, 64–65, 69
seafood and restructured seafood 

hazards, 132
Salmonella typhi, 86
Salmonella typhimurium

dairy products, 91
cheese product-associated, 98
fluid milk product-associated, 92, 93, 

94, 96–97
produce controls, 167
salads, delicatessen, 71

Saxitoxin, 131, 141
Scarlet fever, 84, 85
Scombroid fish poisoning, 132, 140–141
Seafood and restructured seafood, 127–152

control measures, 143–152
Clostridium botulinum, 145–149
Listeria monocytogenes, 143–145
Vibrio parahaemolyticus, 149–152

delicatessen salads, microbiological 
quality of ingredients, 69–70

illnesses associated with consumption, 
127–128

microbial hazards associated with, 
132–140

Clostridium botulinum, 138–139
Listeria monocytogenes, 132–134, 135
Vibrio parahaemolyticus, 134, 136–137
Vibrio vulnificus, 137–138
viruses, 139–140

outbreaks associated with 
consumption, 128–132

other seafoods, 132
seafood salad and cocktail, 128–130
shellfish, 130–132
smoked fish, 130

salads, delicatessen, 69–70
toxic chemicals produced by 

microorganisms, 140–143
ciguatera poisoning, 143
scombroid fish poisoning, 140–141
shellfish poisoning, 141–142

Secondary models, microbial growth, 
203–205

and computer simulations, 214–215, 217, 
222

practical applications, 212–213, 214
Sensitivity analysis, risk assessment, 245
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Shellfish; See also Seafood and restructured 
seafood

outbreaks associated with 
consumption, 129, 130–132

toxins, 131, 141–142
Shiga toxin, 90; See also Escherichia coli 

O157:H7
dairy products, 98, 101

post-process contamination, 107
processing environment, 105–106

Shigella flexneri, 62
Shigella sonnei, 101
Simulations, cooling of cooked meats; See 

Cooling of cooked meats
Smoked seafood, 129, 130
Sodium lactate, 167
Sonication, juices, 166
Sorbate, 164, 167
Spice extracts, dairy product preservation, 

109
Spore-formers, irradiation and, 166
Square-root model, microbial growth, 204, 

213, 214
Standards; See Regulatory standards
Staphylococcal enterotoxins, 105
Staphylococcus

cheese product-associated, 102
mastitis in dairy animals, 86

Staphylococcus aureus
dairy products

post-process contamination, 107
processing environment, 105

high-oxygen MAP and, 177
salads, delicatessen, 65, 67, 68, 71, 73
seafood and restructured seafood 

hazards, 127
Stationary phase, microbial growth, 193, 

194
Storage conditions, produce, 168, 170, 171, 

172
Streptococcus equi ssp. zooepidemicus, 107
Streptococcus Group C, 99
Streptococcus Group C, 107
Streptocococcal diseases, raw milk-

associated, 84
Sulphites, 164

T

Targets, risk assessment, 232–233
Tartaric acid, 164

Team formation, risk assessment, 236–237
Temperature

cooling of cooked meats; See Cooling of 
cooked meats

produce storage, 168, 177
Tertiary model, microbial growth, 193, 205
Texture, fruit, 173
Time, risk assessment, 238–239
Toxins

marine, 140–143
ciguatera poisoning, 143
outbreaks, 131
scombroid fish poisoning, 140–141
shellfish poisoning, 141–142

microbial, 39–40
Clostridium botulinum control 

measures, 145–149; See also 
Clostridium botulinum

dairy products, 90, 95, 97, 98, 101, 102, 
104, 105–106, 107

Escherichia coli O157:H7, 20–21
irradiation and, 166
salads, delicatessen, 63, 69

Transition function, Gomperz and logistic 
models, 194

Transparency, risk assessment, 239
Two-stage differential growth model, 204
Typhoid fever, 84

U

Ultrasound, produce treatment, 166
Ultraviolet light treatment, produce, 165–166
Uncertainty, risk assessment, 241

V

Vanillin, 167
Variability, risk assessment, 241
Vegetables; See also Salads, delicatessen

chemical and physical control 
measures, 163–168

modified atmosphere packaging; See 
Modified atmosphere packaging

Verocytotoxin, 102
Vibrio cholerae, 129
Vibrio parahaemolyticus, seafood and 

restructured seafood
control measures, 149–152

low-temperature pasteurization, 151
low-temperature storage, 150–151
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non-thermal processing, 151–152
temperature control, 149–150

hazards, 127, 130–131, 134, 136–137
salad ingredients, 70

Vibrio vulnificus, 137–138
Viruses

phage-based produce treatment, 167
produce, 180
seafood and restructured seafood 

hazards, 128, 139–140

W

Water washes, produce, 165

Y

Yersinia enterocolitica
dairy products, 93, 94, 97, 104–105

inactivation studies, 106–107
post-process contamination, 107
processing environment, 105

produce MAP, 177
salad dressings and mayonnaise, 67

Z

Zero tolerance policy, Listeria 
monocytogenes, 5, 39, 111, 134
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