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ABSTRACT OF DISSERTATION

EVALUATION OF PROCESSES TO DESTROY ESCHERICHIA COLI O157:H7
IN WHOLE MUSCLE HOME DRIED BEEF JERKY

The United States Department of Agriculture-Food Safety and Inspection Service
(USDA-FSIS) recommends a S-log reduction in Escherichia coli O157:H7 in processed
fermented and semidry foods to be considered safe. Discrepancies exist as to whether
current practices for home dried jerky preparation can achieve such destruction. This
project was designed to investigate, in three phases, the survival of inoculated E. coli
O157:H7 in dried beef jerky, methods to enhance destruction of the pathogen, and
sensory properties of jerky prepared by selected procedures.

In phase one, the survival of inoculated E. coli O157:H7 cells during preparation
of whole muscle beef jerky with and without marinade and followed by drying at two
temperatures (62.5 or 68.3°C) was determined. Survival of bacterial cells was
determined by plating on two culture media. Significant (P < 0.05) bacterial destruction
occurred during the first 4 h of drying (2.14.1 log CFU/cm?), but little destruction
occurred between 4 and 10 h of drying and a 5-log reduction was not obtained (2.2-4.6

log CFU/cm?).

iit
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In phase two, the survival of inoculated E. coli O157:H7 populations in beef jerky
prepared by each of four pre-drying treatments and followed by drying at 62.5°C was
evaluated. Four pre-drying treatments were developed to enhance destruction of E. coli
0157:H7 before and during drying; survival of bacterial cells was evaluated using two
agar media. After 10 h of drying, significant (P < 0.05) bacterial destruction (4.3-5.8 log
CFU/cm?) was achieved; however, only one pre-drying treatment achieved a > 5-log
reduction (5.7-5.8 log CFU/cm?) with both media.

In phase three, consumer responses to uninoculated beef jerky prepared using the
four pre-drying treatments was evaluated. A taste panel (n=120) was conducted at three
central locations to evaluate five sensory characteristics typical of beef jerky for the
treatment methods, plus one commercial jerky product. Mean scores for the commercial
jerky were significantly (P < 0.05) higher than mean scores for the experimental
products. Consumer results indicated moderate acceptance of the experimental products.

Overall, this research provided information on survival of inoculated E. coli

O157:H7 in beef jerky, and sensory characteristics typical to beef jerky.

Susan Nesbitt Duncan Albright
Food Science and Human Nutrition
Colorado State University

Fort Collins, CO 80523

Summer, 2000
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CHAPTERI1]
INTRODUCTION

Escherichia coli O157:H7 is a unique challenge to food processors, as well as the
food consumer. The pathogen has a very low infectious dose and is unevenly distributed,
making spot testing of the pathogen in raw ingredients unreliable (Tilden et al., 1996). In
addition, E. coli O157:H7 has been found to survive many weeks at pH levels between
3.4104.3 (Leyer et al., 1995; Besser et al., 1993; Miller and Kaspar, 1994) and at
refrigeration (8 °C) for up to 31 days (Zhao et al., 1993). There is also a strong indication
for the potential risk of E. coli O157:H7 to survive in certain dried foods. Dried meats
(jerky) may cause a greater threat for contamination than fermented foods, since dried
jerky is easily prepared at home by consumers and does not require much equipment or
precision (Faith et al., 1998a).

Dried jerky is a favorite food among hikers and athletes, as well as others who
enjoy its flavor and texture (CNN, 19993, b, ¢). In addition, many hunters and their
families enjoy homemade game jerky throughout the long winter and spring months until
hunting season arrives the following year. Hunters and other consumers need to
understand that wild game should be handled and cooked with the same caution as other
meats, since investigations established deer jerky as the vehicle of E. coli O157:H7
transmission (Keene et al., 1997). Thus, it is crucial that consumers and hunters follow

jerky preparation methods that minimize the risk of E. coli O157:H7.
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The United States Department of Agriculture-Food Safety and Inspection Service
(USDA-FSIS) recommends a S-log reduction of E. coli O157:H7 for processed fermented
and semidry foods to be considered safe (Billy, 1997; Reed, 1995). However, it is not
established that current practices for home dried jerky preparation can achieve such
reduction. The USDA-FSIS Meat and Poultry Hotline (USDA-FSIS, 1998) has
suggested pre-heating meat to 71.1°C (160°F) before drying jerky. While safe, many
consumers may object to the heated flavor of jerky prepared in this manner.

Harrison and Harrison (1996) determined the survival of E. coli O157:H7 ina
whole muscle beef product made with either a commonly used jerky preparation method
(Reynolds and Williams, 1993) or the USDA suggested method of pre-heating meat to
71.1°C before drying jerky (USDA-FSIS, 1998). Inoculated samples were either
marinated at 4°C (39°F) for | h or placed in a shallow pan, covered with jerky marinade
and pre-heated on a hot plate to 71.1°C, for an unspecified time. All jerky samples were
dried at 60°C (140°F) for 10 h in home-type dehydrators. After 10 h of drying,
populations of E. coli O157:H7 on the inoculated, unheated meat decreased by 5.5 t0 6.0
log units. Populations on the inoculated, pre-heated meat decreased by 5 log units during
pre-heating, prior to drying, and after 10 h of drying populations decreased to
undetectable levels (detection limit not stated) (Harrison and Harrison, 1996). The
authors concluded that using a marinade in jerky preparation and drying at 60°C for 10 h
were sufficient to reduce levels of E. coli O157:H7 by at least S log units on unheated and
pre-heated meat (Harrison and Harrison, 1996).

Keene et al. (1997) assessed the fate of E. coli O157:H7 during jerky preparation

using marinated, whole muscle venison dried in home-type dehydrators at 51.7°C
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(125°F) or 62.8°C (145°F) and inoculated with 10° or 10° CFU/g of E. coli O157:H7,
respectively. Results indicated that E. coli O157:H7 counts declined slowly in marinated
meat when dried at 51.7°C for 10 h, while counts on marinated product dried at 62.8°C
declined over the first 6-8 h to levels undetectable by direct plating (<10 CFU/g).
However, upon enrichment, E. coli O157:H7 could be cultured from samples dried under
both conditions. Keene et al. (1997) concluded that low-temperature (< 62.8°C)
dehydration was an unreliable means of eradicating E. coli O157:H7 from contaminated
meat.

Harrison et al. (1998) investigated ground beef jerky inoculated with E. coli
O157:H7 and made with a spice and cure mix or a spice mix only. Before drying in
home-type dehydrators, half of the jerky was pre-heated to 71.1°C (160°F) in a
convection oven (time unspecified). Half of these pre-heated strips contained a spice
(ingredients not listed) and cure mix (salt and sodium nitrite), while the other half
contained a spice mix only. The remaining jerky was not pre-heated and half contained a
spice and cure mix, while half contained a spice mix only. All jerky strips were dried at
60°C (140°F) for 6 h (heated strips) or 8 h (unheated strips). Populations of inoculated E.
coli 0157:H7 were reduced by 5.2 logs CFU/g in both pre-heated and unheated strips
containing the spice and cure mix (Harrison et al., 1998). In contrast, log reductions of E.
coli O157:H7 populations were 4.8 and 4.3 logs CFU/g in pre-heated and unheated jerky
strips containing a spice mix only, respectively. The authors concluded that inactivation
of E. coli O157:H7 cells was enhanced through the addition of a cure mix to the spice

mix (Harrison et al., 1998).
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In addition, the survival of inoculated E. coli O157:H7 was evaluated in beef with
various levels of fat (5 and 20%) that was ground and formed into jerky (Faith et al.,
1998a). The researchers concluded that jerky should be prepared from leaner cuts of
meat and dried at temperatures > 63°C for at least 8 h in order to achieve an appreciable
reduction in E. coli O157:H7 (Faith et al., 1998a).

There are inconsistencies in the results of research conducted with dried jerky,
resulting in consumers and the public receiving mixed messages on food safety. As
homemade jerky gains popularity among hikers, athletes, and families, the probability of
future outbreaks increases. In the past, the information distributed to consumers
contained recommendations for preparing and drying jerky using traditional methods,
drying marinated raw strips at temperatures between 52 and 63°C (125 and 145°F) for 8
to 24 h (Reynolds and Williams, 1993). These methods (Reynolds and Williams, 1993)
are now being reconsidered as foodborne pathogens become more resistant to antibiotics
and chemicals (Levy, 1992). Home drying procedures must work to eliminate E. coli
O157:H7 risk in dried food products.

In addition, there are many home type dehydrators available for consumer use.
However, Faith et al. (1998a) found that the temperature settings on home-type
dehydrators and the equilibrated air temperature within the dehydrator were "not in good
agreement” and "the actual temperatures were 3 to 22°C higher"” than the temperature
indicated on the control dial of the dehydrator. These results emphasize the importance
of accurately monitoring dehydrator temperature, as well as the internal temperature or

the jerky temperature (Faith et al., 1998a).
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Considering the results of previous work, the objectives of the studies reported in
this dissertation were threefold:

1. To determine survival of inoculated E. coli O157:H7 populations during preparation
of whole muscle beef jerky with and without marinade and drying at two
temperatures.

2. To determine survival of inoculated E. coli O157:H7 populations during preparation
of whole muscle beef jerky following four pre-drying treatments.

3. To evaluate consumer responses to uninoculated beef jerky prepared following four
pre-drying treatments found to result in a 4.3 to 5.8 log reduction of inoculated E. coli

0157:H7 populations.
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CHAPTERII
REVIEW OF LITERATURE

INTRODUCTION

In July 1996, the United States Department of Agricuiture (USDA), Food Safety
and Inspection Service (FSIS) adopted Pathogen Reduction, Hazard Analysis and Critical
Control Point Systems (HACCP) to improve the food safety of meat and poultry (USDA-
FSIS, 1996; Hogue et al., 1998). One element of this rule is the mandatory testing of
Escherichia coli since the bacterium is the best indicator of fecal contamination.
Operations are also required to verify procedures that will prevent and reduce fecal
contamination. Part of the reason for the adoption of the Pathogen Reduction, HACCP
rule were reported findings that bacteria were emerging as causative agents for significant
health problems that were not previously associated with foodborne illnesses (Hogue et
al., 1998). With increased international travel and an increase in global economy,
bacteria are readily transported from one area to another and become adapted to various
food processes and conditions. One pathogenic bacterium known to be partially resistant
to numerous changes in a food’s physical and chemical situation is Escherichia coli
O157:H7.

In the past decade, news releases of outbreaks of foodborne illnesses caused by E.

coli O157:H7 have become common and seem to be increasing each year (CDC, 1999).
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The first documented occurrence of human illness associated with E. coli O157:H7
occurred in 1982 when two outbreaks due to undercooked hamburger meat were reported
(Riley et al., 1983). Through further investigation, ground meat was identified as the
carrier of the food pathogen, later identified as E. coli O157:H7 (Riley et al., 1983). Itis
currently estimated that there are 73,480 total illnesses of E. coli O157:H7 each year with
62,458 of these being foodborne (Mead et al., 1999). This pathogen makes up 0.2% of
the total estimated annual foodborne illnesses in the United States; however, it accounts
for 3% of all hospitalizations and deaths due to foodborne pathogens (Mead et al., 1999).
Originally, outbreaks of E. coli O157:H7 seemed to be limited to undercooked ground
meat products (Riley et al., 1983). However, as investigators continue to study E. coli
O157:H7, other food sources have been found as carriers of the pathogen or involved in
foodborne illness.

Concerns are raised for food products consumed raw, or with inadequate cooking,
such as unpasteurized juices (Besser et al., 1993), radish and alfalfa sprouts (Taormina et
al., 1999; Hara-Kudo et al., 1997), salad vegetables (Abdul-Raouf et al., 1993b), as well
as fermented meats (Hinkens et al., 1996; Faith et al., 1997, 1998a, b, c). Besides these
foods, E. coli O157:H7 outbreaks have also been associated with dry cured salami (CDC,
1995b), deer jerky (Keene et al., 1997), produce from manure-fertilized soil, and yogurt
(Buchanan and Doyle, 1997; Morgan et al., 1993). Outbreaks in the mid 1990s
associated with foodborne pathogens (Salmonella and E. coli O157:H7) in dried and
fermented meats (CDC, 1995b, c) prompted federal action mandating that manufacturers
of dry and semi-dry fermented meats demonstrate a 5-log reduction of E. coli 0157:H7

during processing (Billy, 1997; Reed, 1995). According to USDA-FSIS, a validated step
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in processing to obtain a 5-log reduction for processed fermented meat food systems or a
7-log reduction for roasted beef, in E. coli O157:H7 populations, is required to be
considered safe. Thus, previous food processing and preparation steps are being
evaluated to verify the prevention and reduction of contamination.

There is great public concern about foodbome pathogens and research indicates
that preservation methods previously thought to be safe, may not minimize the risk of E.
coli O157:H7; thus, there was a strong indication for the potential risk of E. coli O157:H7
surviving certain dried foods. Dried meats may cause a greater threat for contamination
than fermented foods, since dried jerky is easily prepared at home by consumers and does
not require much equipment or precision (Faith et al., 1998a). The cell populations of E.
coli O157:H7 that exist in the dried product pose a concern for individuals who prepare
jerky in their homes because there are severe consequences of infection that can affect all
age groups (Buchanan and Doyle, 1997). Escherichia coli O157:H7 is dangerous in part
because of a very low infectious dose (2-2000 cells) (Monnens et al., 1998; Buchanan
and Doyle, 1997). In addition, the pathogen is unevenly distributed in foods and this
makes spot testing of raw ingredients unreliable (Tilden et al., 1996). Furthermore, E.
coli O157:H7 has been found to survive many weeks at pH levels between 3.4 to 4.3
(Leyer et al., 1995; Besser et al., 1993; Miller and Kaspar, 1994); at refrigeration (8°C)
for up to 31 days (Zhao et al., 1993) and after freezing (-20°C) (Sage and Ingham, 1998).

Making jerky is a popular past time with the increase in commercial home
dehydrators available to consumers and those active in local 4-H groups across the
country. Beef jerky continues to be sold at convenience stores, supermarkets, and

roadside stands across the county. Even entire Internet web sites are devoted to beef
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jerky recipes: www beefjerky.net; www.greatjerky.com; www.beefjerkyoutlet.com;

www.thejerkyguy.com (www.iwon.com, 2000). Beef jerky is a convenient, inexpensive
way to preserve red meat when prices are low and the beef jerky can be stored for long
periods. In addition, many hunters and their families enjoy homemade game jerky
throughout the long winter and spring months until hunting season arrives the following
year. Hunters and other consumers need to understand that wild game should be handled
and cooked with the same caution as other meats since investigations established deer
jerky as the vehicle of E. coli O157:H7 transmission (Keene et al., 1997). Thus, it is
crucial that consumers and hunters follow jerky preparation methods that minimize the
risk of E. coli O157:H7.

There are inconsistencies in results of research conducted with dried jerky,
resulting in consumers and the public receiving mixed messages about its safety. Dried
jerky is a favorite snack and food among hikers and athletes, as well as others who enjoy
its flavor (CNN, 19993, b, c). As homemade jerky gains popularity among hikers,
athletes, and families, the probability of future outbreaks increases. Throughout the
nation, many consumers obtain information concerning drying jerky from local and State
Cooperative Extension agents. Cooperative Extension is a primary source of home
drying information (Cooperative Extension Service, Colorado State University, 1994);
thus, it is necessary and pertinent that Extension agents are able to distribute acceptable
home drying procedures. In the past, the information distributed contained
recommendations for preparing and drying jerky using traditional methods drying
marinated raw strips at temperatures between 52 and 63°C (125 and 145°F) for8 to 24 h

(Reynolds and Williams, 1993). These methods (Reynolds and Williams, 1993) are now
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being reconsidered as foodborne pathogens become more resistant to antibiotics and
chemicals (Levy, 1992). With foodborne pathogens increasing in number and strength
every year (Mead et al., 1999), consumers must realize that previous methods of cooking
must be revised to continue to fight the potential bacteria that may exist in their foods.
Home drying procedures must work to eliminate the risk of E. coli 0157:H7 in dried food
products.

FOODBORNE ILLNESS

As the United States continues to build food safety programs, it is estimated that
foodborne diseases cause 76 million cases of gastrointestinal illness, 325,000
hospitalizations, and 5,000 deaths annuaily (Mead et al, 1999). Research must be done to
provide consumers with the knowledge and resources to prevent foodborne illness within
their own homes. A foodborne illness results from eating food containing harmful
parasites, viruses or bacteria (NRA, 1995). However, in order to make a person ill, the
pathogen must reach the food and survive until it is ingested. When ingested, the
microorganism grows in the intestine and multiplies to reach infectious levels, as well as
to produce toxins. In addition, the individual ingesting the pathogen must be susceptible
to the subsequent illness.

There are three disease classifications associated with food contaminated with
foodborne microorganisms: infection, intoxication and toxin-mediated infections. A
foodborne infection is defined as a disease that results by ingesting food containing
infectious, toxigenic microorganisms (Todd, 1994). In a foodborne infection,
microorganisms or pathogenic bacteria invade and multiply in the intestinal mucosa or in

other tissues. Next, a foodborne intoxication or poisoning is the result from ingesting
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poisonous chemicals or toxins produced by the pathogenic microorganisms (Todd, 1994).
Finally, a toxin-mediated infection occurs when certain pathogenic bacteria produce
enterotoxins, during the colonization and growth in the intestinal tract, which can affect
the transfer of water, glucose, and electrolytes.

The threat of a foodborne illness is a concern among many of today’s households
and consumer education should be a priority among food safety educators (Gravani,
1997). The American food supply may be the safest in the world, but the food could be
safer (Daniels, 1998). Surveys have shown that many consumers lack the knowledge or
skills to practice food safety techniques. Gravani (1997) reported that 50% of the public
eat raw or undercooked eggs, 23% eat undercooked hamburger, 17% eat raw clams and
oysters and 26% do not wash cutting boards after using them for raw meat or poultry.
These findings suggest educational messages must be developed to target issues
important for consumer information.

In addition, there are new challenges arising in the food service industry with
changing demographics and lifestyles (Hollingsworth, 1999). Demographic changes
across the world have resulted in a section of the population being susceptible to a variety
of severe foodborne illnesses (Alterkruse et al, 1998). This section contains two
segments of the population which have continued to increase steadily in recent years, the
elderly and those with autoimmune disorders. There has been an increase in the elderly
population as the "baby boomer” generation ages, as well as with the number of
individuals infected with HIV or those who have compromised immune function

(Alterkruse et al, 1998).
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With changing lifestyles, there has been a decrease in the knowledge associated
with safe food practices and handling (Katz, 1999). Some of these lifestyle changes are
due to the change in family structure and the increased use of convenience foods (Katz,
1999). The number of women working has made it necessary for more children to
prepare the food for the entire family, making quick and easy foods more desirable than
foods that take longer to prepare and are well done (Hollingsworth, 1999). Therefore,
industries produce foods that are minimally processed and/or require a decreased amount
of heat. Also, as food safety continues to be eliminated from health education, due to
education focusing on the prevention of obesity, AIDS and substance abuse,
opportunities for food safety instruction are reduced (Alterkruse et al., 1998). The
average person is unaware of the contamination associated with raw foods and pathogens
in the kitchen. In addition, as nutrition professionals continue to promote the intake of
fruits and vegetables in the diet, the increased consumption of fresh produce may be a
cause of disease outbreaks (Alterkruse et al., 1998). Some factors that often lead to
outbreaks associated with contaminated product may be attributed to contaminated foods
consumed raw or contaminated foods being prepared with inadequate heat (Daniels,
1998).

In January 1996, the Centers for Disease Control and Prevention (CDC), the
USDA, and the Food and Drug Administration (FDA) designed a network surveillance
system capable of determining foodbome illnesses in the United States (Angulo et al.,
1998). Through the CDC’s Emerging Infections Program (EIP), the collaborative project
was called FoodNet, standing for Foodborne Diseases Active Surveillance Network.

FoodNet monitors the number of cases of foodborne diseases that occur each year in
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selected areas of the United States (Angulo et al., 1998). However, even if a foodborne
illness does occur, various problems may exist in order to accurately report a foodborne
illness. The individual experiencing the illness must first seek medical attention and even
if medical professionals were contacted, proper diagnostics tests may not be used to
determine if it was a foodborne illness. In addition, a laboratory analysis must be able to
show that a specific food was the source of the foodborne illness (Todd, 1994). As
medical technology continues to try to improve testing methods, misdiagnoses occur due
to an inability to determine the contaminating agents, late /incomplete laboratory
investigations, lack of recognition of the pathogen as a disease agent, and/or the inability
to identify pathogens with available laboratory techniques (Patterson and Haas, 1999;
Strockbine et al., 1998).

Several approaches have been employed to help reduce the risk of contamination
and minimize foodbome outbreaks. The Hazard Analysis Critical Control Point
(HACCP) system enables the highest level of food safety assurance available for food
processing facilities (National Advisory Committee on Microbiological Criteria for
Foods, 1997). Good Manufacturing Practices (GMPs), sanitation, and hygiene are
prerequisites when considering a HACCP plan. The HACCP system allows a thorough
plan to be developed that considers all points of production that could be hazardous to the
food safety and quality. HACCP is based on seven principles that effectively control the
prevention or inhibition of potential risks of microorganisms (National Advisory
Committee on Microbiological Criteria for Foods, 1997).

As part of a HACCP plan, food industries test for the presence of indicator

organisms. A common type of indicator organism used are bacteria called coliforms
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(National Advisory Committee on Microbiological Criteria for Foods, 1997; Jay, 1994).
When coliforms, such as Escherichia coli or Enterobacteriae, are found in heat-
processed foods, it usually indicates post-process contamination (Marth, 1998; Jay,
1994). Contaminants are not uniformly distributed; thus, the absence of coliforms gives a
false sense of security, while no positive samples means only that contaminants were not
detected in samples collected and tested (Jay, 1994). It has become common practice to
see news stories reporting the latest foodborne outbreak and major food recall.
Particularly, throughout the past few years, outbreaks of foodborne pathogens have been
numerous and wide spread (Mead et al., 1999). However, E. coli O157:H7 stands out
because of its severe consequences. The importance of E. coli O157:H7 affects
businesses continually and this one small pathogen has had a tremendous influence on the
government, industry, and public (Wachsmuth, 1997).
ESCHERICHIA COLI O157:H7

Escherichia coli has been used since 1890 as a non-pathogenic indicator of enteric
pathogens such as Salmonella (Doyle and Padhye, 1989). As enteric diseases increased,
investigators began isolating strains of E. coli that had acquired virulence characteristics
causing pathogenicity to humans or animals (Buchanan and Doyle, 1997; Neill et al.,
1994). Escherichia coli is a bacterium that displays coliform and fecal coliform
characteristics (Todd, 1994). Fecal coliforms, such as E. coli, grow in the gastrointestinal
tract of warm-blooded animals and they are enumerated in food as an index of fecal
contamination. Fecal coliforms are differentiated from nonfecal coliforms by
subculturing of suspect organisms at 45°C (Doyle and Padhye, 1989; Jay, 1994).

Coliform bacteria include aerobic and facultative anaerobic, Gram negative,

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



nonsporeforming rods that ferment lactose, forming acid and gas within 48 hours, at 35°C
(coliforms) and 45.5°C (fecal coliforms and E. coli) (Jay, 1994.)
Discovery

Escherichia coli O157:H7 was initially discovered following two hemorrhagic
colitis (HC) outbreaks in 1982 (Riley et al., 1983). One outbreak occurred in Oregon
with 26 cases infected, of which, 19 were hospitalized. The other outbreak occurred in
Michigan, three months later, with 21 cases, of which, 14 were hospitalized.
Undercooked hamburgers from the same fast food restaurant chain were identified as the
vehicle through which the pathogen was transmitted. Escherichia coli O157:H7 was
isolated from patients and a frozen ground beef patty (Riley et al., 1983). This finding
was significant because it was the first recognition of this E. coli serotype as a human
pathogen (Karmali et al., 1983). Shortly after E. coli O157:H7 was determined to be a
human pathogen, Karmali et al. (1983) observed that stool samples, from children with
hemolytic uremic syndrome (HUS) contained a substance that was toxic to Vero (African
green monkey kidney) tissue culture cells. Verocytotoxin was produced by E. coli
isolates, with E. coli O157:H7 the prominent serotype causing infection.
Pathogenicity

There are six recognized classes of diarrheagenic E. coli (Doyle et al., 1997; Neill
et al., 1994; Doyle and Padhye, 1989). Within each class, strain characteristics are used
to determine placement into the various classes, which include distinct, plasmid encoded
virulence traits, epidemiological and clinical features, as well as a similar
pathophysiologic mechanism of action (Neill et al., 1994). One class is

enterohemorrhagic (EHEC). The class received this distinction, since the class included
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the serotype O157:H7 and hemorrhagic colitis (HC), i.e. bloody diarrhea was used to
describe the illness associated with this class. However, not all EHEC infections produce
apparent blood in stool. It has been documented that nonbloody diarrhea was seen with
E. coli O157:H7 infection, as well as with other serotypes. However, the majority of
illnesses associated with EHEC infection report bloody diarrhea (Neill et al., 1994). Itis
often seen after the individual’s initial onset of symptoms, which includes mild,
nonbloody diarrhea.

All EHEC strains produce a Shiga-like toxin 1 (Stx1) and/or Shiga-like toxin 2
(Stx2). The toxins are also referred to as verotoxin 1 (VT1) and verotoxin 2 (VT2)
(Doyle et al., 1997; Neill et al., 1994; Doyle and Padhye, 1989). It is reported the toxin
binds to the globotriaosylceramide (Gbs) receptors found on eucaryotic cell surfaces
(Doyle et al., 1997; Neill et al., 1994; Doyle and Padhye, 1989). The toxin proceeds to
inactivate a ribosomal subunit of the cell, blocking protein synthesis. The primary targets
of the toxins are endothelial cells high in Gbs receptors; thus, explaining the toxin’s
affinity for colon and renal glomeruli, tissues associated with HC and HUS. Besides
attaching to the primary targets, the toxins can indirectly damage cells by releasing
cytokines, such as the tumor necrosis factor (Doyle et al., 1997; Neill et al., 1994; Doyle
and Padhye, 1989). Toxins alone are not enough to make E. coli pathogenic.
Nonpathogenic, Stx-positive isolates have been isolated from humans frequently.
However, to be fully pathogenic, EHEC requires the presence of the virulence markers
(Doyle et al., 1997; Neill et al., 1994; Doyle and Padhye, 1989). In addition, the
chromosomal gene, eae, is found universally among EHEC strains. The gene is

responsible for the encoding of an outer membrane protein associated with attachment to
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tissue. The presence of a plasmid-encoded enterohemolysin is characteristic of strains of
EHEC (Doyle et al., 1997; Doyle and Padhye, 1989).

The second class of E. coli is enterotoxigenic (ETEC) (Neill et al., 1994; Doyle
and Padhye, 1989). These strains produce heat changeable and heat stable toxins. ETEC
is generally responsible for traveler’s diarrhea. A third E. coli class is enteroinvasive
(EIEC). This class causes diarrhea by attacking the large intestine’s epithelial cells and
symptoms are similar to those of shigellosis (Neill et al., 1994; Doyle and Padhye, 1989).
The fourth class is called enteroaggregative (EaggEC) (Doyle and Padhye, 1989). The
fifth class of E. coli strains is enteropathogenic (EPEC) (Neill et al., 1994; Doyle and
Padhye, 1989) and this class also produces a Shiga-like toxin, the causative organism of
infantile diarrhea. The final class is diffusely adherent (DAEC). Of the six classes, the
class of most significance currently is the EHEC, since it contains the dangerous strain E.
coli O157:H7 (Doyle et al., 1997; Doyle and Padhye, 1989; Doyle and Schoeni, 1984).
Biochemical and growth characteristics

Escherichia coli O157:H7 is an unusually virulent strain and is designated by its
somatic, O, and flagellar, H, antigens (Neill et al., 1994; Buchanan and Doyle, 1997;
Doyle and Padhye, 1989; Doyle and Schoeni, 1984). The organism generally fails to
ferment sorbitol, raffinose, and dulcitol after overnight incubation, as well as fails to
produce lysine and omithine decarboxylases (Neill et al., 1994). In addition, the
pathogen does not produce Beta-glucuronidase (Buchanan and Doyle, 1997) and thus
cannot hydrolyze 4-methylumbelliferone glucoronide (MUG) to a fluorogenic product
(Neill et al., 1994). Ideal growth temperatures for E. coli O157:H7 are between 30 and

42°C; at temperatures of 44 or 45°C, the pathogen grows poorly. These temperatures
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often are used for the detection of E. coli in food samples and probably would have a
negative impact on the recovery of this pathogen from food (Neill et al., 1994; Doyle and
Schoeni, 1984). Like other E. coli, it is presumed that the ultimate source of E. coli
0157:H7 on carcasses is fecal contamination during animal production and slaughter
operations (Dickson and Anderson, 1992). Fecal contamination results in the presence of
the organism on the carcass during hide removal and spreading of contamination to other
carcasses by equipment and workers hands (Dickson and Anderson, 1992).

Escherichia coli O157:H7 is dangerous because there are severe consequences of
infection that can affect all age groups (Buchanan and Doyle, 1997). The organism
accounted for at least 8 (73%) of 11 cases of HUS in children from western Washington
countries admitted to the Children’s Hospital and Medical Center in 1994 and 1995 (Tarr
etal., 1997). Also, it is evident that E. coli O157:H7 has an apparent special, but
inexplicable association with ruminants that are used for food (Buchanan and Doyle,
1997). Benjamin and Datta (1995) reported that the very low infectious dose of E. coli
O157:H7 is probably associated with the organism's acid tolerance.

The organism’s low infectious dose, in combination with the extreme disease
severity, requires successful preventive strategies (Riordan et al., 1998; Hinkens et al.,
1996; Biily, 1997; Reed, 1995). There is a need to focus on reducing and eliminating the
presence of the microorganism, rather than preventing pathogen growth. This is
important for raw products that may not be thoroughly cooked before consumption (i.e.,
sprouts), and ready-to-eat products that do not receive a precise treatment to assure E.
coli elimination (i.e., fermented sausages, apple cider) (Buchanan and Doyle, 1997). By

giving instruction and guidelines, the spread of E. coli O157:H7 can be prevented in
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homes, food service and processing establishments, as well as on farms, slaughterhouses,
and food production sites. Buchanan and Doyle (1997) stated that the foodborne
pathogen, E. coli O157:H7, presents a problem to current preventive strategies for food
safety protocols and the most desirable process that would control E. coli O157:H7
contamination would be a process that includes a step lethal to the pathogen. Public
health problems associated with enterohemorrhagic E. coli O157:H7 are being
recognized throughout the world (Wachsmuth, 1997).
Nature of the disease

Often, there is a delay from the time ingested to when E. coli O157:H7 can cause
illness. The illness can vary from mild diarrhea that may last from 2 to 9 days up to
severe consequences that may be life-threatening (Riemann and Cliver, 1998). The
incubation period of the pathogen varies with severity and susceptibility of the infected.
Symptoms start with mild, nonbloody diarrhea and may be followed by a period of
“crampy”’ abdominal pain and/or a short-lived fever (Monnens et al., 1998; Buchanan and
Doyle, 1997). During the next 24-48 hours to a 4- to 10-day phase, initial diarrhea
increases in intensity. In some cases, the illness can progress to symptoms leading to
hemorrhagic colitis (HC) that generally occur 1-2 days after eating contaminated food,
although longer periods have been reported, up to 3-5 days (Seigler et al., 1993; Monnens
et al., 1998), even 9 days (Riemann and Cliver, 1998) following consumption. There is a
rapid onset of severe abdominal pain, which is followed by diarrhea, which becomes
grossly bloody accompanied with moderate dehydration (Riemann and Cliver, 1998).
Severe life-threatening complications may occur in HC patients (Seigler et al., 1993).

One complication is hemolytic uremic syndrome (HUS). The onset of HUS occurs
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approximately one week after onset of gastrointestinal symptoms. Characteristics of
HUS include pallor, intravascular destruction of red blood cells (microangiopathic
hemolytic anemia), depressed platelet counts (thrombocytopenia), lack of urine formation
(oligo-anuria), swelling (edema), and acute renal failure (Monnens et al., 1998; Seigler et
al., 1993).

HUS occurs most often in children under the age of 10. Half of HUS patients
require dialysis, with approximately 15% of the cases leading to the early development of
chronic kidney failure. The mortality rate is 5% (Neill et al., 1994) and HUS is the
leading cause of renal failure in children (Riemann and Cliver, 1998). HUS-associated
complications may include seizures, coma, strokes, colonic perforation, pancreatitis,
and/or hypertension and insulin-dependent diabetes may develop (Monnens et al., 1998;
Seigler et al., 1993). A small number of HUS cases can reoccur. A second life-
threatening complication in HC patients is thrombotic thrombocytopenic purpura (TTP)
(Seigler et al., 1993), which has been reported in a few cases. TTP resembles HUS
except it generally causes less renal damage and has significant neurological
involvement, including central nervous system deterioration, seizures, and strokes
(Monnens et al., 1998). Another difference from HUS is that TTP is restricted primarily
to adults. A significant portion of HC infections occur sporadically, i.e. not associated
with outbreaks (Buchanan and Doyle, 1997).

Foods associated with E. coli 0157:H7

Since 1982 when it was first recognized as a foodborne pathogen (Riley et al.,

1983), numerous outbreaks of E. coli O157:H7 have been reported (Buchanan and Doyle,

1997; Neill et al., 1994). Cross-contamination and poor food handling practices are
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potential opportunities to spread the pathogen and cause illness (Abdul-Raouf et al.,
1993a). The pathogen itself enhances its capabilities to insure its survival. Researchers
indicate that E. coli O157:H7 cells, in the stationary phase, have a higher acid tolerance
enhancing their survival during fermentation, drying and refrigeration (Palumbo et al.,
1997; Brudzinski and Harrison, 1998). Numerous studies have been done to enhance
knowledge about E. coli O157:H7 and its interactions with temperature (Gill and Phillips,
1985; Guraya et al., 1998; Sutherland et al., 1995; Veeramuthu et al., 1998; Williams and
Ingham, 1998, 1997), other bacteria (Brashears, et al., 1998; Siragusa et al., 1998; Ng et
al., 1997), and chemicals such as hydrogen peroxide and chlorhexidine (Delazari et al.,
1998), organic acids (Uljas and Ingham, 1998; Splittstoesser et al., 1996) and sodium
lactate/chioride (Garren et al., 1998). In addition, Fratamico and Strobaugh (1998)
evaluated E. coli O157:H7 with several methods of detection, such as an enzyme-linked
immunosorbent assay (ELISA), direct immunofluorescent filter techniques and a
polymerase chain reaction (PCR).

Cattle can be the primary vehicle of transmission (Brown et al., 1997; Cray and
Moon, 1995) and proper cooking of ground meat is the current recommendation to
properly destroy E. coli O157:H7. Ahmed et al. (1995) reported that cooking a product
to an internal temperature of 60°C for 2-3 min would provide sufficient kill of any E. coli
O157:H7 that could exist. Jackson et al. (1996) reported that the heat resistance of E. coli
O157:H7 strain 43895 in ground beef patties was influenced by storage and holding
temperatures. The authors stated that cultures were most heat resistant in frozen patties
and least heat resistant in patties stored at 15°C. In addition, Murano and Pierson (1993)

reported that heat-shocked cells were better able to survive, or repair themselves, after
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exposure to heat and hydrogen peroxide. Williams and Ingham (1997) investigated
changes in heat resistance of E. coli 0157:H7 following a heat shock. Their results
suggested that the refrigeration of ground beef following temperature abuse and prior to
cooking will negate any heat-shock effect that may have occurred.

Often foods associated with E. coli O157:H7 have come from raw ingredients
associated with foods of animal origin, but not only beef (Doyle and Schoeni, 1987). It
has been reported that the organism has been isolated from sources such as unpasteurized
milk from the bulk tank of a farm at which E. coli O157:H7 was isolated from the feces
of a heifer (Martin et al., 1986). Another specimen was a frozen chicken nugget obtained
from a box opened by a childcare provider for children with the E. coli O157:H7
infection. In addition, the pathogen has been isolated from additional ground beef found
in a restaurant that was epidemiologically linked to an outbreak of HC (Doyle and
Schoeni, 1987).

Doyle and Schoeni (1987) investigated the occurrence of E. coli O157:H7 in a
variety of retail meats found in the United States and Canada. Various types of meat and
poultry specimens were studied (ground beef, pork chop, pork loin, pork hock, ground
pork, chicken leg, turkey drumstick, lamb riblet, lamb loin chop, lamb shoulder blade
chop, and lamb leg). In their study, E. coli O157:H7 was isolated from 3.7% of ground
beef samples in the USA and Canada (6 out of 164) (Doyle and Schoeni, 1987). Besides
ground beef, the organism was isolated from 1.5% of retail poultry products samples (4
out of 263), 1.5 % pork samples (4 out of 264) and 2% lamb samples (4 out of 205)

(Doyle and Schoeni, 1987).
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The investigators isolated the organism from a large percentage of Calgary retail
meats sampled (Doyle and Schoeni, 1987). It was isolated from 31% of beef samples (5
out of 17). In addition, the pathogen was isolated from 7.1% of pork samples (1 out of
14). These results suggested the high prevalence of the organism in Calgary meats was
responsible for the high incidence of E. coli O157:H7 infections in the Calgary area
(Doyle and Schoeni, 1987).

In 1991, Griffin and Tauxe reported that ground beef was the food most
associated with E. coli O157:H7 outbreaks, since outbreaks of E. coli O157:H7 had often
been linked to undercooked ground meat products. Raw milk was the second food
product associated with outbreaks of E. coli O157:H7 (MacDonald et al., 1988; Martin et
al., 1986). It was first linked to the pathogen in 1986 with the development of HUS in
two patients in Minnesota. Besides raw milk, pasteurized milk (Upton and Coia, 1994)
has also been associated as a vehicle for E. coli O157:H7 infections.

In the 1990s, a number of other food products also became associated with E. coli
O157:H7. One of these products was unpasteurized apple juice/cider (Besser et al.,
1993). In 1991, 28 people were infected with E. coli O157:H7 in an outbreak that was
epidemiologically linked to fresh apple cider produced in Southeastern Massachusetts
(Besser et al., 1993). Again, in 1992, fresh apple cider was a vehicle of infection in 18
individuals in Massachusetts (Besser et al., 1993). It is considered that deer droppings
were a possible source of contamination, since deer ranged freely in the orchard.
However, testing did not recover the pathogen from the deer feces (Besser et al., 1993).
Then in October 1996, two outbreaks of E. coli O157:H7 occurred again and were

associated with unpasteurized apple juice (Silk et al., 1997). The first outbreak involved
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66 cases of illness, in the Western U.S., and resulted in one death. The second outbreak
occurred in Connecticut and involved eight individuals. In addition, a 1980 outbreak of
13 children diagnosed with HUS is now suspected of being caused by EHEC strains in
apple juice (Steele et al., 1982).

Escherichia coli O157:H7 can survive in apple juice, with minimal death
occurring during most of the expected shelf life of cider (Zhao et al., 1993; Besser et al.,
1993; Miller and Kaspar, 1994). Since most apple cider receives no treatment to
eliminate food-borne pathogens, cider processors are at considerable risk if soil- or
manure-borne pathogens are present on fallen apples (Zhao et al., 1993). Zhao et al.
(1993) indicated that E. coli O157:H7, when present at 10° CFU/ml, can survive in apple
cider (pH 3.7) stored at 8°C (ca 46°F) for up to 31 days. Considering that the expected
refrigerated shelf life of apple cider is typically less than 2 to 3 weeks, the pathogen is
likely to survive during most of the time that the cider would be consumed. In addition to
survival, results showed that the pathogen would remain at numbers close to the size of
the initial population that was introduced into the product. Ingham and Uljas (1998)
reported that short-term (< 6 h) storage at room temperature (21°C) may enhance the
lethality of pasteurization of apple cider and juice (pH = 3.4).

Miller and Kaspar (1994) found that certain strains of E. coli 0157:H7 were
significantly (P < 0.05) more acid-tolerant than other strains. In addition, investigators
reported that lower storage temperatures at 4°C (39°F) enhanced the survival at adverse
pH levels. Centain E. coli O157:H7 strains can reportedly survive 21 days in cider that
contains 0.1% sodium benzoate as a preservative (Miller and Kaspar, 1994). This is of

concern since generally foods with pH < 4.6 are not considered to be potentially
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hazardous (USDHHS-FDA, 1999); typically, cider has a pH of 3.5 to 4.0, and is
considered a high-acid food.

In 1994, dry cured salami was associated with outbreaks of the pathogen (CDC,
1995b) in the states of Washington and California. It was the first outbreak in a dried
fermented ready-to-eat meat product. Escherichia coli O157:H7 was isolated from
samples of presliced dry-cured salami from three delicatessens (CDC, 1995b). This
outbreak was the first indication that the pathogen could survive in such food products.
Before this outbreak, it was generally believed that conditions in such products would
preclude pathogen survival (Riordan et al., 1998). The dry cured salami had a low final
pH (4.8), water activity (aw) of < 0.80, 2.5 % added sodium chloride, and 100 ppm added
sodium nitrite (Glass et al., 1992; Clavero and Beuchat, 1996). In 1995, a large outbreak
was associated with semi-dry fermented sausage involving E. coli O111:NM (CDC,
1995a). The outbreak occurred in South Australia and HUS affected approximately 23
children, ranging from 4 months of age up to 16 years old. Additional individuals
suffering from bloody diarrhea and gastrointestinal illnesses were reported, but the
pathogen could not be isolated. The implicated product was Mettwurst, a raw fermented
meat product, from a local manufacturer and it was unclear whether the raw meat was
contaminated or the finished product was contaminated through cross contamination
(CDC, 1995a).

In addition, radish sprouts were associated with an outbreak (Hara-Kudo et al.,
1997) in Japan in 1996. That outbreak was the largest E. coli O157:H7 outbreak reported
and diarrheic, enterohemorrhagic anu/or HUS was seen in approximately 9, 500

individuals throughout Japan, particularly children (Bell and Kyriakides, 1998).
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Hydroponically grown radish sprouts, present in school lunch, were implicated as a
vehicle for transmitting E. coli O157:H7; however, the contamination route remains
uncertain (Hara-Kudo et al., 1997). Possible explanations for the contamination indicate
the likelihood of contaminated seeds used for the sprouted vegetables, either seed
washing or germination (Bell and Kyriakides, 1998). Due to the agricultural practices
associated with sprouted vegetables, research has been done investigating ways to
minimize the hazard from E. coli O157:H7. In addition, Bari et al. (1999) studied
survival of E. coli O157:H7 in fresh radish sprouts and found calcinated calcium
inhibited growth of the pathogen.
Reported survival of E. coli 0157:H7

Bell and Kyriakides (1998) reported that foods meeting certain criteria were more
likely to be associated with outbreaks of E. coli 0157:H7. Meeting these criteria are
foods that contain raw ingredients of bovine origin or raw ingredients of bovine origin
that could come into direct/indirect contamination from other ingredients, as well as
foods that contain raw ingredients that are not subjected to a bacterial destruction process,
and finally, foods that are subjected to a post-process contamination or a conditions that
allow growth of the pathogen (Bell and Kyriakides, 1998). These criteria coincide with
reported outbreaks associated with E. coli O157:H7. Palumbo et al. (1997) suggested
that a food which becomes contaminated with E. coli O157:H7 will remain a hazard even
if the food is held at 5°C (41°F). Under ideal conditions, E. coli O157:H7 cells remain
viable. This is significant considering the very low infectious dose of E. coli O157:H7

necessary for infection (Palumbo et al., 1997).
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Escherichia coli O157:H7 has an apparent ability to survive acidic conditions
(Conner and Kotrola, 1995). Certain E. coli O157:H7 strains have been investigated for
growth and survival in acidic conditions. These strains have been found to be acid
resistant (Fisher and Golden, 1998; Clavero and Beuchat, 1996; Conner and Kotrola,
1995; Leyer et al., 1995; Miller and Kaspar, 1994); however, the growth and survival of
E. coli O157:H7 is dependent on the type of acid used, as well as the storage temperature.

Enteric bacterial pathogens must survive the acidity of the stomach before they
reach the intestine and cause illness. Acid adaptation occurs when a bacterial species is
exposed to a moderately acidic environment, enabling cells to survive longer when
transferred to a more acidic environment. Tsai and Ingham (1997) studied the effect of
acid adaptation on ground beef. The authors investigated the effects of storage
temperature and acid adaptation on the survival of inoculated E. coli O157:H7 in
ketchup, mustard and sweet relish. The authors concluded that small numbers of E. coli
0157:H7 survived in ketchup for a period of several hours to several days (Tsai and
Ingham, 1997). In addition, the survival of the pathogen was greater at refrigeration at
4°C (39°F) than at room temperature (25°C) and survival was enhanced if the cells were
acid adapted.

In addition, the stationary-phase E. coli O157:H7 cells have been shown to be
acid tolerant or able to survive at extremely low pH values (Leyer et al., 1995; Conner
and Kotrola, 1995; Benjamin and Datta, 1995). At lower storage temperatures, such as
4°C (39°F), it was found that the inhibitory action of acids on E. coli O157:H7 is
temperature dependent (Miller and Kaspar, 1994; Abdul-Raouf, et al., 1993a).

Considering this characteristic of acid tolerance, in this study, the E. coli O157:H7 ATCC
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strain 43895 was investigated, since this particular strain exhibited the greatest survival
among pH values tested ranging from 2 to 11 (Miller and Kaspar, 1994).

Studies show that E. coli 0157 can survive on vegetables (Weeratna and Doyle,
1991; Abdoul-Raouf et al., 1993b; Seo and Frank, 1999) and is capable of growing at
8°C (ca 46°F) (Weeratna and Doyle, 1991). These findings are significant since this
temperature (8°C) is below the temperature at which ready-to-eat meals and lightly
processed salad vegetables may be exposed for several hours during marketing and on
restaurant buffet counters (Abdoul-Raouf et al., 1993b). Abdoul-Raouf et al. (1993b)
demonstrated the ability of E. coli 0157:H7 to grow on raw salad vegetables. Shredded
lettuce, sliced cucumber, and shredded carrots were inoculated with E. coli O157:H7 and
results indicated populations of viable E. coli O157:H7 declined on vegetables stored at
5°C (41°F), but growth increased on vegetables stored at 12°C (ca 54°F) and 21°C (ca
70°F) for up to 14 days (Abdoul-Raouf et al., 1993b). Conditions of packaging, storage,
and handling in the study were not unlike those conditions typically used in commercial
practice. Investigators saw that the most rapid increases in populations of E. coli
O157:H7 occurred on lettuce and cucumbers stored at 21°C and the ability of E. coli
O157:H7 to grow at 12 and 21°C on three types of salad vegetables was demonstrated. It
was noted that precautions should be taken to prevent contamination of salad vegetables
with E. coli O157:H7 during production, harvesting, processing, marketing, and
preparation in restaurants, as well as homes (Abdoul-Raouf et al., 1993b).

Besides vegetables, E. coli 0157:H7 can survive on fruits. Del Rosario and
Beuchat (1995) studied watermelons and cantaloupes to determine the survival and

growth of E. coli O157:H7 on freshly cut cubes of cantaloupe and watermelon, as well as
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the rind surface of these fruits. Results found that the pathogen populations remained
constant at 5°C (41°F), but increased on fruit cubes stored at 25°C (77°F), over a 34-hour
storage period (Del Rosario and Beuchat, 1995). Growth was observed on the rind of
melons stored under high relative humidity at 25°C for 14 to 22 days, but the pathogen
died rapidly on the rind surface of melons stored at 5°C (Del Rosario and Beuchat, 1995).

Escherichia coli O157:H7 has been shown to survive in mayonnaise (salad
dressing) at refrigerated conditions (Hathcox et al., 1995; Zhao and Doyle, 1994).

Studies indicated that with good manufacturing practices (GMPs) E. coli O157:H7 will
not survive in the mayonnaise-based dressings. However, pathogen may survive at 5°C
(41°F) for several weeks if the dressing is cross-contaminated by foods such as raw beef,
through unclean utensils, or if E. coli O157:H7-infected food handlers contaminate
opened containers (Hathcox et al., 1995; Weagant et al., 1994).

Reitsma and Henning (1996) showed that E. coli O157:H7 can survive the
standard cheese-manufacturing process when cheese milk is inoculated with the
pathogen. Current standards for the manufacturing of Cheddar cheese require that the
cheese can be made two ways. One method of Cheddar cheese manufacture uses
pasteurized cheese milk and the second method requires cheese to be held for a minimum
of 60 days > 2°C (ca 36°F) when produced from raw or heat-treated milk. Their resuits
pointed toward potential foodborne illness cases with cheese as a vehicle, and the risks
would be increased if the percent salt in the moisture phase of the cheese product was
low. Thus, their results indicated survival of E. coli O157:H7 during the manufacture of
cheese, as well as survival of the pathogen for more than 60 days of curing when the

product was at 2.75 to 3.76 % salt in the moisture phase (Reitsma and Henning, 1996).
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Sources and transmission

Escherichia coli O157:H7 is most often carried in the intestinal tract of cattle
(Neill et al., 1994; Doyle et al., 1997; Doyle and Padhye, 1989). Additional known
reservoirs and/or sources of E. coli O157:H7 include deer, sheep, and water (Keene at 1.,
1997; Kudva et al., 1996; Keene et al., 1994; Swerdlow et al., 1992; Doyle et al., 1997,
Buchanan and Doyle, 1997). Incidents of person-to-person transmission have been
reported and may be increasing (Doyle et al., 1997). In addition, as the number of
livestock, living in confined areas is increased with a more rapid turnover of animals, the
risk of cross-infections is enhanced. The effect of migratory animals continues to
enhance transmission. However, originally, outbreaks were associated primarily with
undercooked ground beef. From the association of E. coli O157:H7 infections with
undercooked ground beef, as well as raw milk, the pathogen was linked to the
identification of cattle as reservoirs for the pathogen (Karmali et al., 1983). Zhao et al.
(1995) found young animals, calves and heifers, carry E. coli O157:H7 more frequently
than do adult cattle or weaned calves. In addition, the prevalence of E. coli O157:H7
varies among cattle, with levels varying from <10° CFU/g to 10° CFU/g (Zhao et al.,
1995). In addition, methods used for isolating E. coli O157:H7 influence the isolation
rates. As better detection procedures are developed, the prevalence of E. coli O157:H7
will be greater (Doyle, 1991). Recently, the USDA-FSIS (1999) began using a more
sensitive method for detecting E. coli 0157:H7 in raw meat products. This method is
approximately four times more sensitive than previous methods, thus, increasing the

probability of detecting very low levels of the potentially dangerous pathogen.
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Keene et al. (1997) concluded that deer were the source of a 1995 E. coli
O157:H7 outbreak in Oregon. Members of an extended household and friends were
confirmed with E. coli O157:H7 infections and homemade venison jerky was implicated
as the source of pathogen transmission. Investigations established that deer were a source
of pathogen and the transmission of the pathogen may have occurred between deer and
cattle. Researchers isolated E. coli O157:H7 from the human cases, leftover jerky,
uncooked meat from the same deer, the saw used to cut up the carcass, as well as
fragments of the deer hide (Keene et al., 1997). In addition, Kudva et al. (1996) reported
sheep to be another source for E. coli infection, as well as water, both drinking
(Swerdlow et al., 1992) and lake (Keene et al., 1994). Contaminated water has been
implicated in several outbreaks of E. coli O157:H7. in 1991, water mains were broken
and newly installed in-ground water meters may have contributed to a drinking water
outbreak which involved 21 cases (Swerdlow et al., 1992). In addition, it is suspected
that bathers and toddlers, not yet toilet trained, ingested fecally contaminated lake water
(Keene et al., 1994).

As researchers continue to investigate the pathogen, outbreaks other than ground
beef have been reported. There are abundant opportunities for cross-contamination of
meats and other types of foods with E. coli O157:H7 during processing, handling, and
marketing (Abdoul-Raouf et al., 1993b). For example, contamination of raw salad
vegetables with E. coli 0157:H7 would be most likely to occur during the assembly of
ready-to-eat meals, which may include beef or other potential carriers of the organism, as
well as contamination during preparation in kitchens of food service establishments

(Abdoul-Raouf et al., 1993b). Besides food processing facilities, there is the possibility
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of E. coli being present on raw produce originating from agronomic systems irrigated
with contaminated water. This contamination method should not be disregarded
(Buchanan and Doyle, 1997).

Hara-Kudo et al. (1997) studied the contamination of E. coli O157:H7 with radish
sprouts grown in or exposed to E. coli 0157:H7-inoculated water. The authors concluded
that E. coli O157:H7 contamination, in the edible parts of radish sprouts, could pose a
serious hazard if the seeds or hydroponic water were contaminated with the bacterium.
Thus, sanitation control of the radish seeds and hydroponic water may be critical for
prevention of transmission of pathogenic bacteria by raw hydroponically grown
vegetables (Hara-Kudo et al., 1997). In addition, water inoculated with E. coli O157:H7
was studied (Warburton et al., 1998; Wang and Doyle, 1998) and results indicated that
the pathogen can survive for a long period of time in water, especially at cold
temperatures. Findings indicated the pathogen could survive > 300 days in inoculated
bottled water or pure water and also, E. coli O157:H7 survived better in pure water, than
in lake or reservoir water. However, in naturally occurring conditions, factors such as
sunlight or organic matter also may effect the pathogen’s survival. Thus, precautions
should be taken when using lake or river water for drinking or recreational purposes due
to the apparent hardiness of the pathogen surviving long periods of time in contaminated
water (Wang and Doyle, 1998).

Survival of E. coli 0157:H?7 in fermented and dried meat

There are disagreements in reported research results of proper home-drying

methods, as well as methods associated with dry and fermented meats. Hinkens et al.

(1996) found that when pepperoni was inoculated with E. coli 0157:H7, fermented at
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36°C (96°F) to a pH < 5.0, and dried at 13°C (ca 55°F) with 65% relative humidity, there
was only a 1 log reduction in pathogen numbers. However, a 5-log reduction was
obtained when pepperoni sticks were heated after fermentation to an internal temperature
of 63°C (ca 145°F) instantaneously or 53°C (ca 128°F) for 60 min (Hinkens et al., 1996).
Authors concluded that intrinsic factors (salts, fats, moisture) were not enough to reduce
high levels of E. coli O157:H7. In addition, Riordan et al. (1998) investigated the
survival of E. coli O157:H7 during the manufacture of pepperoni, as well, and found that
combinations of increased levels of salt and sodium nitrite with lower pH (< 5.0)
significantly reduced levels of population counts of E. coli 0157:H7 cells in the
pepperoni; however, the declines (0.80-4.30 log CFU/g) were less than the target
reduction of 5-logs (Billy, 1997; Reed, 1995).

Additional studies concerning pepperoni as a lower pH (< 5.0) food were
conducted (Faith et al., 1997; Faith et al., 1998¢). Investigators confirmed that the
traditional processes of drying and fermenting pepperoni did not result in sufficient
bacterial reduction. Faith et al. (1997, 1998c) reported that when slices of pepperoni
were stored for at least 14 days at ambient temperature of 21°C (ca 70°F), packaged
under air, a > 5.5 log CFU/g total reduction was achieved. Investigators also reported
that the pathogen decreased at greater rates when the pepperoni slices were baked at
temperatures > 275°F (ca. 135°C) (Faith et al., 1997, 1998c).

Besides pepperoni, Faith et al. (1998b) investigated the viability of inoculated E.
coli 0157:H7 cells on salami following conditioning, fermentation and drying of salami
sticks. Various common salami-producing methods were investigated and compared.

The study confirmed that fermentation and drying were only sufficient to effect a 1- to 2-

3
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log reduction of E. coli 0157:H7 cells in fermented meats, in this case, salami sticks.
Investigators recommended more aggressive methods be added to the food processing of
fermented meat, such as post fermentation heat, extended fermentation and/or drying
time at lower pHs and/or higher temperatures. In addition, the authors suggested that a
"multiple barrier" procedure could enhance the safety of fermented meats (Faith et al.,
1998b).

Keene et al. (1997) implicated homemade venison jerky as a source of pathogen
transmission. The fate of E. coli O157:H7 was assessed during a laboratory experiment
where jerky was dried at 51.7°C (125°F) and 62.8°C (145°F). When dried at 51.7°C,
counts declined slowly in marinated jerky slices (< 2.0 log CFU/g), while at the higher
dehydrator temperature at 62.8°C, counts declined over the first 6 to 8 h to levels
undetectable by direct plating (< 10 CFU/g). Upon enrichment, however, E. coli
0157:H7 could still be cultured in all dried samples (Keene et al., 1997). These
experiments indicated low-temperature dehydration of < 62.8°C (145°F) was not a
reliable way to eliminate the pathogen from the dried jerky (Keene et al., 1997). The
researchers recommended that, before dehydration, meat should be precooked to at least
the same internal temperature recommended for commercially cooked wild game (74°C)
(Keene et al., 1997). In this study, enumeration of surviving bacteria was conducted with
Sorbitol MacConkey agar (SMAC) containing 0.1 4-methyl-umberlliferyl-D-glucoronide,
(MUG) or modified SMAC (MSMAC) and although the strain of E. coli O157:H7 used
in the study was not specified, it is presumed an isolate of the contaminated venison jerky

was used. For the study conducted in this paper, an isolate of the contaminated venison
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jerky was obtained through Dr. M. P. Doyle, Center for Food Safety and Quality
Enhancement, University of Georgia, Griffin, Georgia.

Harrison and Harrison (1996) reported that low-temperature dehydration
(60°C/140°F) was adequate for destroying sufficient E. coli O157:H7 cells (at least 5 log
units) when present in whole muscle beef jerky. They investigated the advantages of
traditional jerky preparation (Reynolds and Williams, 1993) when compared to the
current USDA-FSIS (1998) recommendation of heating meat to 71.1°C (160°F) before
drying. The traditional jerky preparation consisted of raw meat pieces covered with a
traditional marinade, refrigerated at 4°C (39°F) for | h, then dried for 10 h at 60°C. In
the study, whole beef loin slices (15.0 x 1.5 x 1.5 cm) were divided into three groups;
slices in two groups were inoculated with E. coli O157:H7, Listeria monocytogenes, and
Salmonella Typhimurium. On one-third of each strip, 0.1 ml of each inoculum (10%)
colony forming units--CFU/ml--was distributed on the top of the slices. The remaining
group was treated with sterile Butterfield's phosphate buffer to mimic inoculation. The
phosphate buffer-treated samples and half of the inoculated samples were marinated at
4°C (39°F) for 1 h. The remaining samples were placed in a shallow pan, covered with
marinade and heated on a hot plate for an unspecified time to 71.1°C. The pan was
removed and allowed to cool 10 min under a laminar flow hood to prevent
contamination. All jerky pieces were dried at 60°C (140°F) for 10 h in home-type
dehydrators. After 10 h of drying populations of E. coli O157:H7 on the inoculated,
unheated meat decreased by 5.5 to 6.0 log units. Populations on the inoculated, pre-
heated meat decreased by 5 log units during pre-heating, prior to drying and after 10 h of

drying, populations decreased to undetectable levels (detection limit not stated) (Harrison
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and Harrison, 1996). The authors concluded that using a marinade in jerky preparation
and drying at 60°C for 10 h were sufficient to reduce levels of E. coli O157:H7 by at least
5 log units on unheated and pre-heated product (Harrison and Harrison, 1996). In the
study, Harrison and Harrison (1996) used a single strain of E. coli O157:H7 and
enumeration of surviving cells was done with one selective medium, SMAC.

Harrison et al. (1998) investigated ground beef jerky inoculated with E. coli
0O157:H7, made with either a spice and cure mix or a spice mix only. Lean ground beef
(227 g) was inoculated with a 5.0 ml (1.0 ml of each) five-strain E. coli O157:H7
composite (10° CFU/ml). After the inoculum was mixed with the ground meat, the meat
was molded into strips (33.5 x 2.5 x 0.75 cm). The recovery rate of E. coli O157:H7 cells
on two selective media, modified sorbitol MacConkey agar (MSMAC) or modified eosin
methylene blue (MEMB) agar, was evaluated during the jerky-making process. The
MSMAC was prepared by supplementing SMAC with MUG agent, while the MEMB
was prepared using Levine’s eosin methylene blue agar without lactose, but with added
sorbitol, sodium chloride and sodium novobiocin (Clavero and Beuchat, 1995, 1996).
Before drying in a home-type dehydrator, half of the inoculated strips were pre-heated in
a convection oven to an internal temperature of 71.1°C (160°F) (time unspecified). Half
of the pre-heated samples contained a spice mixture (ingredients not listed) and a cure
mix (salt and sodium nitrite). The remaining pre-heated samples contained a spice mix
only. The other half of inoculated jerky strips were not pre-heated, but half contained a
spice and cure mix, while half contained a spice mix only. All jerky samples were dried
in a 60°C (140°F) dehydrator for 8 h (unheated samples) or 6 h (pre-heated samples). It

was found that a 5.2 log CFU/g reduction was obtained in unheated and pre-heated jerky
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containing a spice and cure mix (Harrison et al., 1998). With a spice mix only, log
reductions were 4.3 and 4.8 log CFU/g, for the unheated and pre-heated jerky,
respectively. When investigators compared enumeration methods, the jerky prepared
with spice-cure mix achieved reductions of > 5.0 log CFU/g with MSMAC, while jerky
prepared with a spice mix only achieved reductions of < 5.0 log CFU/g enumerated with
MSMAC. For the unheated jerky prepared with the spice-cure mix, MEMB indicated
significantly (P < 0.05) higher recovery rates than MSMAC after 6 and 8 h of drying.
Investigators reported enumeration with MEMB agar may be a better alternative for
research involving food preservation techniques and the elimination of E. coli O157:H7
from the food (Harrison et al., 1998). In addition, these findings suggested that if
consumers are making jerky with ground meat and fail to add the jerky cure mix, the
product could pose an increased risk of foodbome illness if the meat was contaminated
with E. coli O157:H7 (Harrison et al., 1998).

Faith et al. (1998a) studied beef that was ground and formed into jerky at two
levels of fat (5 and 20%), prepared with a spice mix and mixed with a five-strain E. coli
0157:H7 inoculum (10 CFU/g). The mixture was molded into strips (15.0 x 5.0 x 0.4
cm) and dried in home-type dehydrators for various times intervals (2 to 20 h) at four
dehydrator (air) temperatures (52°C/125°F, 57°C/135°F, 63°C/145°F or 68°C/155°F).
The results indicated that drying times had to be increased well beyond the point
considered visually acceptable at the lower drying temperatures and that pathogen
reduction varied with the levels of fat (Faith et al., 1998a). While a > 5-log reduction
could eventually be obtained at any of the temperatures studied, only products with 20%

fat and dried at 63°C and 68°C obtained > 5-log reductions (6.72 and 7.07 log CFU/g) by
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the time the products were judged visually dry (8 and 6 h, respectively). In the lean
ground beef (5%) products, a 4.8 log CFU/g reduction was achieved by the time the
product was visually judged dry (4 h) at 68°C. At all other fat level/temperature
combinations, log reductions ranged from 0.75 to 3.0 log CFU/g for products considered
adequately dry by visual inspection (Faith et al., 1998a). Results indicated that the
numbers of E. coli 0157:H7 cells decreased at a greater rate in meat with lower fat (5%)
and lower acid (pH 6.0) levels, than in jerky prepared from batter formulated at higher fat
(20%) and higher (pH 6.4) acid levels. Since the higher fat jerky product took longer to
become visually dry, the researchers concluded that jerky should be prepared from leaner
cuts of meat (< 5%) and dried at temperatures > 63°C for at least 8 h in order to achieve
an appreciable reduction in E. coli O157:H7 (Faith et al., 1998a). It appears that there is
a need for additional studies to evaluate procedures with the objective of achieving
adequate (>5 log CFU/g) reduction in E. coli O157:H7 during jerky processing.
HURDLE TECHNOLOGY

The "multi-hurdle” concept employs several combined "hurdles” to help ensure
that microorganisms can be controlled in a food (Leistner, 1987; Leistner, 1995). Using
this concept, microorganisms should not be able to overcome hurdles that are present
during food processing and storage. Thus, if the microorganism cannot "leap” the
hurdles, the food will be microbiologically safe and stable (Leistner, 1995). With multi-
hurdles, lower intensities of individual factors can be used than what would be needed, if
the factors were used alone, since the combination of factors works synergistically to
prevent spoilage (Leistner, 1987; Marth, 1998). Leistner (1987, 1995) recommended the

use of a multihurdle strategy for food processing industries that involve fermented and
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dried meat, since a sequence of hurdles can lead to a stable product. The most important
hurdles commonly used in food processing include temperature (high or low), water
activity (ay), acidity (pH), redox potential (Ey) and preservatives (organic acids, spices).
Hurdles vary according to the goal of the processing step. Some hurdles can influence
the safety of the food, while improving the flavor or taste of the product (Leistner, 1995).
As stated, organic acids are commonly used as antimicrobial agents, since the pH
will contribute to help control growth of bacteria (Nychas, 1995; Leistner, 1995).
However, when organic acids are used in food processing techniques, the concentration
of the undissociated acid, in addition to the pH, must be considered, to ensure the
inhibition of bacterial growth (Bell and Kyriakides, 1998). It is reported that when
products are heat-treated and the product has a sub-optimal pH for E. coli O157:H7,
while containing an organic acid, the treatment is more effective in inactivating the
bacteria. The organic acid, acetic acid, has been reported to have qualities that work in
decontaminating carcasses and sliced beef, and mixtures that contain acetic acid can also
produce a lower pH on the surface of the meat (Smulders, 1995). Vinegar (5% acetic
acid) was studied by Entani et al. (1998), who reported that it had a bactericidal effect on
foodborne bacteria, including E. coli O157:H7. In the study, vinegar was inoculated with
E. coli O157:H7 cells and it was found that E. coli O157:H7 cells in the logarithmic
growth phase demonstrated a higher sensitivity to vinegar than cells in the stationary
phase. In addition, Entani et al. (1998) investigated the bactericidal activity of vinegar
with an increase of temperature. Investigators suggested that an effective method to
prevent foodbome bacteria should include a vinegar treatment that is applied at 40 to

50°C (104 to 122°F). These temperatures would be more applicable and practical since
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heating vinegar to 75°C (167°F) may create an alteration of food taste, as well as a loss of
nutritional value. However, researchers reported that heating vinegar to 75°C was a more
effective method for sterilizing E. coli O157:H7 (Entani et al., 1998). When Entani et al.
(1998) evaluated the application of acetic acid (2.5%) at room temperature of 20°C
(68°F) to inoculated cells, a 3-log reduction of viable E. coli O157:H7 cells was seen
after 739 min; however, when acetic acid (2.5%) was applied at 40°C (104°F), a 3-log
reduction was seen after 14 min. In addition, investigators combined acetic acid (2.5%)
with sodium chloride (NaCl) (5%) and a 3-log reduction was obtained after 5.27 min
(Entani et al., 1998). However, when the acetic acid (2.5%) and NaCl (5%) were applied
at 40°C, a 3 log reduction in viable E. coli O157:H7 cells was seen after 0.89 min (Entani
etal., 1998). In addition to using various combinations of acetic acid (2.5%) and NaCl,
at appropriate temperatures, Entani et al. (1998) recommended cells in the stationary
phase should be used in experiments when investigating the applications of vinegar in
food preparation. With this recommendation, E. coli O157:H7 cells in the stationary
phase were used for this study. Since, organic acids can have greater antimicrobial
effects at higher acid concentrations and at higher temperatures (Smulders, 1995), this
study investigated the application of acetic acid (2.5%) to slices of beef jerky inoculated
with E. coli O157:H7 and incubated to 57.5°C (135°F) for 20 sec.

In addition to acidity being used as a hurdle, spices and seasonings can be used a
part of a multi-hurdle system. Spices and seasonings have long been used to add flavor
to food products, but many spices also exhibit antimicrobial properties (Beuchat, 1994).
One example of a spice family commonly used in the diet is from the Allium genus. This

genus includes such plants and spices as garlic, onion and leek. Garlic has been used for
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centuries as a flavoring enhancement, but only in the past few decades has the
antimicrobial and medicinal properties of garlic been established (Beuchat, 1994). In
addition, garlic has been reported to kill E. coli O157:H7 when used at varying levels
(Food Safety Consortium, 1998). However, unfortunately, to inhibit microorganisms,
garlic and other spices must be added at concentrations that exce