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ABSTRACT

D-values of acid adaptedekcherichia coli O157:H7 andsalmonella were determined
in meat serum and ground beef stored at 4 andC28s an indicator of thermal tolerance.
Pathogens were acid adapted by growing in Trypig Broth with 1% glucose (TSB+1%G).
Five-strain cocktail of both bacteria were growil amoculated meat serum was heated to 58,
62, and 65C, while inoculated ground beef was heated to @2647C on day 1, 7, 14, 21,
and 28 (4°C), and on day 1, 30, 60, 90, and 120 (¢€0. Higher (P<0.05) D-values were
observed for acid adaptéd coli O157:H7 in meat serum at 58, 62, and°6% and for acid
adaptedsalmonella at 58 and 62C, but no difference (P>0.05) was observed at®5In
ground beef ;x-values of non-adaptdfl coli O157:H7 were higher (P<0.05) on day 21 and
28 (4°C) and on day 90 and 120 (-20). Higher (P<0.05) B}-values were observed on day
21 and 28 at 4C amongst non-adapted strains and on day 28 for atapted strains of
Salmonella. Higher (P<0.05) B»-values of acid adapteghlmonella were observed on day 30,
60, and 90 when stored at -20 while no differences (P>0.05) were observed ég\Rlues
of acid adapted and non-adapted stréingughout storage (4 and -20).

Toxicity of acid adaptedE. coli O157:H7 to African Green Monkey kidney cells
(Vero cells) was also determined. Vero cells weewmy separately and subjected to toxin
produced by acid adapted and non-adapiecbli O157:H7 grown in laboratory media and
meat serum. Comparison of toxicity was made afteirgy samples for 1 and 7 days at 4 and
-20°C. No differences (P>0.05) were observed betweenakicity of acid adapted and non-

adapted cells in laboratory media and meat serufno#dt temperature. Higher (P<0.05)
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Vi
toxicity was observed on day 1 as compared to day oth storage temperatures. Higher

(P<0.05) verotoxin production was observed in nseatim inoculated with non-adapted cells

on day 1 as compared to acid adapted cells.
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GENERAL INTRODUCTION

Organic and inorganic acids have been widely urselde food industry by deliberate
addition to control foodborne pathogens and throcghtrolled fermentations. Addition of
organic acids and their salts during the manufactirmeat products is well documented.
Although these applications in a variety of proessisas been effective in controlling certain
pathogenic bacteria, new hazards to the safetljeofdod supply are being posed due to the
emergence of microorganisms resistant to the palyaied chemical processes of traditional
preservation (Bower and Daeschel, 1999). Acids havkethal or inhibitory effect on
microorganisms when they are used in high enougicedrations, but when used in
moderate concentrations they often encourage tbeeia to have increased acid tolerance
(Marshall, 2003). This increased tolerance to aatdinditions can lead to long term survival
in acidic foods and increased probability of sualiv the gastric environment.

Leyer and Johnson (1993) suggested that acid @&taptof pathogenic bacteria can
induce cross protection of many of these acid ahpiathogens to other environmental
stresses such as increased tolerance to therrass$ stsmotic stress, and some surface active
agents. Studies have been done to demonstratentheased resistance of acid adapted
Escherichia coli O157:H7 in laboratory media and liquid food syste(Buchanan and
Edelson, 1999a), but variable results are availabkegards to resistance responses of acid
adaptedSalmonella to environmental stressors. While Leyer and Jomn4®93) reported
increased resistance 8almonella to environmental stresses, Dickson and Kundur@%19
suggested no difference in the resistance of atagited strains to environmental stressors as

compared to the non-adapted strainSabimonella. Although trends in the food industry
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have been towards convenient, refrigerated footls édtended shelf life, these acid adapted
pathogens with increased resistance to environrhstessors may persist in food products
during processing and pose a threat to human dl@ssa result of undercooking or raw
consumption. The efficiency of thermal procesgingtocols to eliminate/ reduce the risk of
foodborne pathogens in processed meats is geneaafjgted towards non-adapted strains
whereas the increased thermal tolerance of acdaiol/ adapted strains could be a reason for
concern.

Despite the widely published literature on the mhar tolerance of acid adapted
pathogens such &lmonella andE. coli O157:H7 there are some limitations to the existing
research. These limitations range from researchgbéone in laboratory media and liquid
foods to foods being held under conditions thahdbreflect the current practices of storage
and distribution in the industry. Another weakneshis widely researched area is that the
data obtained from conducting studies on laboratoegdia and liquids foods may or may not
be extrapolated to actual food systems includingitnmeatrices such as ground beef and
conditions that are closely related to the procegsstorage and distribution of these food
systems. Although, the major meat processors aparatler a Hazard Analysis Critical
Control Point (HACCP) program to reduce, contrad/aor eliminate foodborne pathogens in
raw meat and processed meat products, it is eabémtprovide new and revised guidelines
for thermal and non-thermal measures to contra@ssed bacteria (including acid adapted
pathogens) that exhibit increased tolerance to renmental stressors (physical and

chemical).
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LITERATURE REVIEW

Importance of Escherichia coli O157:H7 in meat products

The microflora of food consists of microorganisassociated with the raw material,
those acquired during handling and processing, @node surviving any preservation
treatment and storage conditions (Jay, 2000). Atebadtogical survey of ground beef
reported thaEscherichia coli, Enterobacter spp., andClostridium perfringens were the most
commonly isolated organisms and were introduceampyoper processing and poor sanitary
conditions of the meat plant (Foster et. al, 1977).

The presence of coliforms in foods is usually asged with fecal contamination
(Tompkin, 1983; Jay, 2000). These groups of orgasjsparticularlyE. coli, has been
regarded as indicator organisms of food and watagopathogens and are still used to assess
the microbiological quality of foods (Jay 2000).I &bliforms are aerobic and facultative
anaerobic, gram negative, non-sporeforming bactapable of fermenting lactose with the
production of acid and gas at 32-35 with 24-48 h on solid or liquid media. Most str&iof
E. coli O157:H7 possess several characteristics thatareommon in otheE. coli such as
inability to grow well at temperatures > 44@, inability to ferment Sorbitol within 24 h and
the possession of an attaching and effacing gerea@\t. al., 2001E. coli O157: H7 can
grow over a pH range of 4.0-9.0 which is differdrdn othelE. coli that grow from 4.4-9.0.
Genetically,E. coli is closely related to the gen&higella. Although it is biochemically
more active, the inert strains are difficult totoiguish fromShigella.

E. coli O157:H7 has been recognized as the most impoeoibgical agent of

hemorrhagic colitis which is characterized by sevabdominal pain and bloody diarrhea
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(Bopp et. al., 1987). Doyle and Schoeni (1987) at¢gmorted isolation of the organism from
specimens of foods implicated in outbreaks of hehawic colitis and hemolytic uremic
syndrome (HUS)E. coli O157:H7 was formally associated primarily with rgacattle and
their products, milk, and beef, but it has alsoseauoutbreaks associated with water and
apple cider (Mermelstein, 1993).

The bacteria constituting the speckescoli are commonly found in the intestinal
flora of humans and warm blooded animals (Mengakt.2001), and were recognized as
non-pathogenic normal co-inhabitants. However, aterstrains have been implicated in
outbreaks of foodborne disease and should be cenesichs potential pathogenic organisms.
Many types of diseases are causedtbgoli depending upon the virulence factors expressed.
Some virulence factors identified in pathogeBiccoli include possession of adhesions or
colonization factors, ability to invade epithelieklls or the small intestine, hemolysin
production and toxin production (heat stable, S8atHabile LT; Vero cytotoxin 1, VT1; and
Vero cytotoxin 2, VT2). VT1 and VT2 are also rettrto as shiga-like toxins (SLT) 1 and 2
(Bell and Kyriakides, 1998E. coli strains that cause diarrheal illness are categgnato
specific groups based on the virulence propertresshanisms of pathogenicity, and clinical
syndromes (Meng et. al., 2001; Jay, 2000). Theouaristrains oE. coli can attach and
multiply in the small intestine, producing illnelkg invading epithelial cells, producing one
or more enterotoxins, or vero or cytotoxins, ordahering to and destruction of microvilli
without invasion. Four different types & coli known to produce human gastroenterititis
include: enteropathogente coli (EPEC), enterotoxigeni€. coli (ETEC), enteroinvasive.
coli (EIEC), and enterohemorrhadic coli (EHEC) or Verotoxin producing. coli (VTEC,;

Marth and Kornacki, 1982).
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The original definition of EPEC is “diarrheageric coli belonging to serogroups
epidemiologically incriminated as pathogens but séh@athogenic mechanisms have not
been proven to be related to either heat-labileeretixin, heat-stable enterotoxin, or
Shigella-like invasiveness” (Meng et. al., 2001PEE was first characterized in 1955, and
causes diarrhea in children generally under 1 géage (Jay, 2000). EPECs do not produce
Shiga like toxins but may produce one or more ef ¢lgtotoxins (Olsvik et. al., 1991) and
have been determined to induce adherence and amvatkthe epithelial cells (Donnenberg et.
al., 1989). Cleary et. al. (1985) suggested thg&hke cytotoxins may be involved in the
pathogenesis of these organisms.

ETEC is a major cause of infantile diarrhea inedeping countries and is the most
common cause of traveler's diarrhea (Meng et. 2001). These strains attach to and
colonize in the small intestine producing heatialor heat-stable enterotoxins leading to
watery diarrhea (Jay, 2000). In a study on the gdece of enterotoxigeni€. coli in some
processed raw food from animal origin Reis et(H80), suggested that the frequencies of
these strains was about 5 % in keebe (Arabian foade from bovine meat and wheat),
7.5 % in hamburgers, and 10 % in sausages. Itilm&®d that relatively high inoculum 0
— 10 cells) are necessary to cause illness in adwts @D00) although it has been reported
that ETECs from some animals may also attach toamumtestinal cells and result in illness
(Deneke et. al., 1984).

EIEC serotypes have been reported to cause naadpldiarrhea and dysentery like
symptoms in humans similar to that causedshigiella spp. and they enter and multiply in
the colonic epithelial cells and then spread taealt cells (Meng et. al.,, 2001 and Jay,

2000). EIEC has an affinity for the colon causingody or non bloody diarrhea but rarely
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causing dysentery. Very young or very old peopkethe most susceptible members of the
population. Humans are a major reservoir for EIEB@ the serogroups frequently associated
with illness include 0112, 0124, 0136, 0144, 016264, and O167 (Meng et. al., 2001).
The infective dose of EIEC appears to be substntrgher thanShigella and this is
attributed to greater sensitivity of EIEC to gasacidity (Adams and Moss, 2000).

EHEC were first identified as human pathogens982Lin the United States, whén
coli O157:H7 was implicated in two outbreaks of hemagib colitis (Meng et. al., 2001).
Most EHEC infections are caused by contaminate@ma@tfood; however, they may also be
transmitted through human contact. EHECs have lveparted to produce one or more
toxins that are cytotoxic to Vero (African green mkey kidney) cells, which have been
described as verotoxins or Shiga-like toxins. Térens Verotoxin producing. coli (VTEC),
Shiga-like toxin producinge. coli (SLTEC), and Enterohemorrhagie coli (EHEC) are
synonymous and are used interchangeably. The teFEBCVrefers toE. coli strains that
produce verotoxin and EHEC refers to the strainat thave the same clinical,
epidemiological, and pathogenetic features assatiaith E. coli O157:H7. In contrast to
EPEC, EHEC strains affect only the large intestind produce large amounts of Shiga-like
toxins (Jay, 2000). Benjamin and Datta (1995) reggbthat most EHEC strains isolated from
humans with infections carry a large plasmid whels been implicated in the adherence of

the bacterium to intestinal mucosal walls.
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Table 1: Earliest known foodborne gastroenterititis casaseay pathogeniEscherichia

coli (Source: Jay, 2000)

No. of Toxin/ Strain

Year Location Food/ Source| victims/ No. T Serotype
. ype

at Risk
1947 England Salmon (?) 47/ 300 EIEC 0124
1961 Romania Substitute | 10/ 50 EPEC 086:B7;

coffee drink H34
1963 Japan Ohagi 17/ 31 EIEC 0124
1966 Japan Vegetables 244/ 435 EIEC 0124
1967 Japan Sushi 835/ 1,736 ? 011 (P)
1971 United States Imported 387/? EIEC 0124:B1
(14 states) Cheeses 7

1980 Wisconsin Food Handler 500/ > 3,000 ETEC O6:HlL
1981 Texas Not Identifiedd 282/ 3,000 ETEC (LT) | 025:H+
1982 Oregon Ground Beet  26/? EHEC 0157:H7
* LT = Heat labile enterotoxin

Life threatening complications such as hemorrhagiitis and hemolytic uremic

syndrome (HUS) make EHEC infection a serious puhbkalth concern. Although most

episodes of HUS are caused by EHEC strains belgntpnserotype O157:H7, other

serotypes have also been implicated (Griffin andX&a 1991). Only two VTEC serotypes

(O157:H7 and 0O26:H11) have been classified as EKERQine, 1987)E. coli O157:H7 is

recognized as the most common cause of VTEC-agedditness in humans and is the only

serotype implicated in foodborne illness (Boppakt.1987).
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Reservoirs ofE. coli O157:H7

Person-to-person contact has been identifiednasams of spread &. coli O157:H7
in day care settings (Meng et. al., 2001) and reeshbmplicated as a source of secondary
transmission by humans at a nursing home wheresta# became a second wave of
transmission (Bell et. al., 1994). There have besports on confirmed cases on human
illness due tcE. coli O157:H7 as a result of consumption of undercodkaaburgers and
rarely unpasteurized milk that has lead to thesagbthe primary sources implicated in
human illnesses. These outbreaks have led to thdifidation of dairy cattle as a primary
reservoir forE. coli O157:H7 (Wells et. al., 1983). According to Schoamd Doyle (1994),
preoral administration of small populations (25Ig)elof E. coli O157:H7 can lead to
colonization in chicks that could then possiblydda eggs being carriers of this organism
and chicks being long term shedders.

Outbreaks oE. coli O157:H7 infection have been reported from direxitact with
cattle (Crump et. al., 2002), environmental contation with cattle manure (Varma et. al.,
2003); recreational (Friedman et. al., 1999) andkdrg water (Licence et. al., 2001), and
produce such as lettuce and sprouts that werey ldaitaminated with cattle manure (Ellen-
Swanson et. al., 2005). Of the outbreaks and cliseported in the United States, 83.4 %
occurred in the months from May to October as alted the following three reasons: (1)
increased prevalence of the pathogen in cattletwerdivestock during summer, (2) greater
human exposure t&. coli O157:H7-contaminated foods during cook-out montrg] (3)
greater improper handling including temperaturesabduring summer months (Griffin and
Tauxe, 1991; Meng et. al., 2001). Hussein and Bgdlr (2005) reported prevalence rates of

E. coli O157:H7 in cattle ranging from 0.3 to 19.7 % ie thedlot, 0.7 to 27.3 % on pastures,
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and 0.9 to 6.9 % on the range, which suggeststhiea¢ is a high potential for infection and

reinfection of cattle withe. coli O157:H7 during grazing of dense vegetation onyrast

Meat as a source oE. coli O157:H7

Foods of animal origin, dairy cattle in particuteave been epidemiologically linked
as a source oE. coli O157:H7 infections. Doyle and Schoeni reportedl®87 that the
isolation ofE. coli O157:H7 from 3.7 % of beef, 1.5 % of pork, 1.5 #poultry and 2 % of
lamb samples obtained from retail indicating thas$ tacterium is associated with foods of
animal origin and not specifically beef. Samadpeural. (2006) analyzed a total of 1,750
samples of ground beef, 100 samples of mushroont,280 samples of sprouts over a
period of 12 months. In their study PCR assaysveer@ followed by cultural confirmations
to determine the presence or absende ¢bli O157:H7. The authors reported 3.5 % positive
samples for EHEC and 1.1 % positives farcoli O157:H7 in ground beef, while 6 %
positives for EHEC and 1.5 % positives fercoli O157:H7 were found in sprouts. Out of
the 100 mushroom samples 4 % were positive for EHE(hone of them were positive for
E. coli O157:H7.

Even though ground beef has been implicated apriheary vehicle of transmission
for E. coli O157:H7 (Griffin and Tauxe, 1991), outbreaks imitody other foods such as
mayonnaise, apple cider and yogurt (Morgan et18B3) might be a concern for the safety

of high-acid foods and the acid tolerance propgiethis pathogen .

Isolation and Identification of E. coli O157:H7 from meat

E. coli O157:H7 can be isolated and identified from rawatseand other food

products by two official methods: USDA and FDA nmdh Both these methods use an
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enrichment technique, a rapid screening test, hhigelective medium for isolation and
confirmational tests using biochemical and seraalgiechniques.

Isolation and identification dE. coli from raw ground beef products according to the
USDA method requires sample collection of five 65(¢- 2 g) samples that are
representative of a batch and modifiédcoli broth (with novobiocin) is added. A latex
agglutination test is performed following incubaticat 35 °C for 24 h. The latex
agglutination test has a specificity > 90 %, saévigjt> 98 %, and the rate of false negatives
if less than 2 %. The samples negativeHocoli O157:H7 are discarded while the positive
samples are reported as potential positives andtiso procedures are followed (USDA-
FSIS, 2005a).

The FDA method for testing fdE. coli O157:H7 is outlined in the Bacteriological
Analytical Manual (BAM). According to this methob 2y of a sample is required and at
times 50 g portions can also be used with apprtgpiaale up of the suspending media
(Selective enrichment broth). Enrichment brothsraegle highly selective by adding certain
antibiotics such as cefixime, vanomycin, and cefdin that help to inhibit growth of the
microflora associated with the food products (BAA02). Unlike typicaE. coli, isolates of
0157:H7 do not ferment Sorbitol and are negativth vilhe MUG assay. Therefore, this
criterion is commonly used for selective isolatiohE. coli O157:H7. Latex agglutination
tests using O157 and H7 antiserum are performeddfirmation of presumptive positives.
These confirmed tests are then isolated using cooahebiochemical identification kits.
Polymerase chain reaction (PCR) methods are peefbwnceE. coli O157:H7 is identified

to determine the type of toxin production. Fengakt.(2000) suggested that the use of an
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0157:H7 specific DNA probe and multiplex PCR assay be employed to dete€t coli

0157:H7 and the toxins produced by this pathogen.

Table 2: Microbiological results of raw ground beef produatslyzed forEscherichia coli

0O157:H7, summarized by calendar year (Source: USSF, 2005b).

2003 2004 2005
Source Analyzed Positive| Analyzed Positive  AnalyzedPositive
Federal 5,735 20 7,683 14 10,866 18
Plants
Retalil 779 0 311 0 95 0
Stores
State 39 0 0 0 0 0
Plants
Imports 31 0 16 0 15 1
Totals 6,584 20 8,010 14 10,976 19
& During October 2005, a new screening method wiasdaced to reduce the number of
screen positives that do not confirm positive.

Outbreaks due toE. coli O157:H7

There have been a number of very large outbrea&gsak. coli O157:H7 around the
world and their public impact has often been draendthe Centers for Disease Control and
Prevention (CDC) has reported thatcoli O157:H7 causes an estimated 73,000 infections
resulting in more than 2,000 hospitalizations adddéaths annually in the United States
(Mead et. al., 1999). The annual cost of illness ttuO157:H7 STEC was $405 million (in
2003), including $370 million for premature deatB80 million for medical care, and $5

million in lost productivity (Frenzen et. al., 200®ver the last two decades this organism
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has frequently been implicated in causing diarnvgh bloody stools and the primary cause

of HUS with a fatality rate of 5 % (Laine et. &005).

Table 3: Major outbreaks oEscherichia coli O157:H7 infections.

Year Location No. of | Vehicle Reference
Cases
1982 | Oregon 26 Ground Beef Wells et. al. (1983)
1982 | Michigan 21 Ground Beef Wells et. al. (1983)
1982 | Ontario 31 Ground Beef (primary) Bell et. al. (1994)
Person-to-person (Secondary)
1984 | Nebraska 34 Ground Beef Ryan et. al. (1986)
1984 | North 36 Person-to-person Spika et. al. (1986)
Carolina
1985 | Ontario 73 Ham, turkey, cheese Carter et. al. (1987)
sandwiches (Primary)
Person-to-person (Secondary)
1986 | Ontario 46 Raw Milk Anonymous (1986
1986 | Alberta 16 Ground Beef Honish (1986)
1986 | Washington 37 Ground Beef Griffin et. al. (1988
1987 | England 26 Turkey roll sandwiches Salmonle(1889)
1987 | Utah 51 Ground Beef Pavia et. al. (1990)
1988 | Minnesota | 30 Ground Beef Belongia et. al.
(1989)
1993 | Multi-state | 600 Ground Beef Adams and Moss
(2000)
1996 | Scotland 500 Cross contamination of | Adams and Moss
cooked meats from raw meat§2000)
1996 | Japan 11,826 White radish sprouts Michinalet.
(1998)

Two outbreaks of hemorrhagic colitis in the state®regon (26 cases) and Michigan

(21 cases) were the first incidenceskofcoli O157:H7 outbreaks causing human illness in

the US in 1982 (Wells et. al., 1983). These outkse@ere epidemiologically linked to eating

hamburger sandwiches at outlets of the same fadtdbain. Since then several outbreaks of

E. coli O157:H7 have occurred in the United States anerqtarts of the world. Ground beef

has been implicated or suspected to be the vebiciefection in most of these outbreaks.
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Table 2 provides a summary of major outbreakis.abli O157:H7. The CDC reported that a
total of 38 confirmed outbreaks &. coli O157:H7 infections occurred in 1999 which is
fewer than the 45 reported for 1998. But five af 88 outbreaks in 1999 involved 2 or more

states compared to only two of the 45 outbreal9b8.

E. coli O157:H7 surveillance systems

The Centers for Disease Control and Preventiomently has six surveillance
systems for obtaining information abdtitcoli O157:H7. These six systems provide various
features of the organism’s epidemiology and seifferdnt purposes. These six systems are
as follows (CDC, 2006a):

1. Public Health Laboratory Information System (PHLIS): is a passive laboratory based
surveillance system that collects data from theegtablic health laboratories about many
infections includinge. coli O157:H7.

2. National Electronic Telecommunications System for @veillance (NETSS): is a
passive physician based surveillance system thttega both laboratory based and
clinically suspected cases of all nationally natife diseases includirkgy coli O157:H7.

3. FoodNet: this is an active surveillance system for identifyiand characterizing
confirmed infections that may be foodborne, inahgd. coli O157:H7. In addition to
monitoring the number oE. coli O157:H7 infections, investigators monitor laborgto
techniques for isolation of bacteria

4. National Molecular Subtyping Network for Foodborne Diseases Surveillance
(PulseNet): is a network of public health laboratories thatfgen pulsed-field gel

electrophoresis (PFGE) on certain foodborne bactexludingE. coli O157:H7. This
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system helps to determine if individual infectioase related or if an outbreak is
occurring. PulseNet is not a surveillance systemlfitout a laboratory subtyping method
that aids in surveillance.

. National Antimicrobial Resistance Monitoring System (NARMS): this passive
surveillance system monitors the antimicrobial sesice of food borne bacteria
includingE. coli O157:H7.

. Foodborne Outbreak Detection Unit: CDC monitors outbreaks of foodborne disease,
including outbreaks caused by Shigella. While ceaks account for a small percentage
of the total number of illnesses that occur eadr,ythese investigations provide valuable
information about sources of foodborne infectidraléo provides important information
in regards to prevention methods to minimize andinbibit number of cases during

outbreaks.

Syndromes caused b¥. coli O157:H7

E. coli O157:H7 infection typically leads to quite sevéiess and can be expressed

as hemorrhagic colitis, hemolytic uremic syndrorii§), or thrombocytopenic purpurea

(TPP; Meng et. al., 2001). Hemorrhagic colitissillness consisting of crampy abdominal

pain and watery diarrhea progressing to a bloodyrideéa and hemorrhagic discharge

resembling lower gastrointestinal bleeding. The gygms generally persist for several days

to a few weeks.

Hemolytic uremic syndrome (HUS) is a serious #isi¢hat usually affects children

and is the leading cause of acute renal failurehifdren. It starts with a bloody diarrheal

illness resembling hemorrhagic colitis, and thefolwed by a triad of features that define
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HUS: (1) acute renal failure, (2) microangiopathemolytic anemia (intravascular
coagulation of erythrocytes resulting in mechanidalmage of erythrocytes), and (3)
thrombocytopenia (low circulating platelets). Patseewith HUS generally require dialysis
and blood transfusions and may prove to be fatal.

Thrombocytopenia purpurea (TPP) is a typical feahut causes symptoms similar to
HUS and is therefore occasionally missed. TPP hargHects adults and has histological
resemblance to HUS, but is a rare syndromE.abli O157:H7 infection. Patients suffering

from TPP often develop blood clots in the brain asdally results in death.

Heat resistance and acid tolerance d&. coli O157:H7

The primary means of eliminating pathogenic micgamisms in foods is cooking
and the degree of microbiological control that banachieved is dependent on a number of
factors such as time, temperature, thermal toleramoé the microorganisms and
characteristics of foods (Buchanan and Edelson9dP9he success of a cooking step for
elimination of pathogenic bacteria depends uporatteeirate information about the thermal
tolerance of target pathogens. Effective clinicgglatments are available for most human
pathogens, however when microorganisms developstaegie to commonly used
preservation methods, serious complications canraespecially for very young, the elderly
and immunocompromised individuals (Bower and Daelsd999).

Bacteria often become acid-adapted in that exgosumoderate acid environments
increases their acid tolerance (Marshall, 2003}.tB& acid resistance of bacteria varies from
organism to organism and on the environment theye webjected to before and during acid

challenge. Organic acid sprays including acetiticgiand lactic acid at concentrations of up
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to 1.5 % on beef have revealed tBe coli O157:H7 populations were not appreciably
reduced (Brackett et. al., 1994). Acid tolerancansimportant virulence determinant that
contributes to the survival and pathogenicity dfeatious foodborne pathogens such as
EHEC,Salmonella, andShigella spp. to cause disease (Buchanan and Edelson, 1999b)

The mechanism of acid tolerance has not yet ba#y élucidated but has been
associated with proteins that can be induced bgxp@sing the bacteria to acidic conditions.
Acid resistance (habituation) refers to the exten@xposure of a microorganism to
moderately acidic conditions leading it to beindeaio withstand pH values of < 2.5, while
acid tolerance refers to enhanced survival of agoiganism exposed to pH values between
2.5 and 4.0 after a brief exposure to moderatalyi@conditions (Foster, 1995). Bearson et.
al. (1997) suggested that acid tolerance and asststance/ habituation responses can
produce cross-protection against several othessteeincluding heat.

Doyle and Schoeni (1984) reported tRatcoli O157:H7 did not have any unusual
heat resistance and is more sensitive to heat shbmonellae, howevegalmonella and E.
coli O157:H7 can survive in ground beef at -ZD for several months without a major
change in numbers. Line et. al. (1991) conductediss to compare D-values & coli
0157:H7 in lean (2 % fat) and fatty (30.5 % fatpgnd beef and suggested a higher D-value
for the fatty ground beef. The D-values were reguobtb be 78.2 and 115.5 min at % 4.1
and 5.3 min at 138F; and 0.3 and 0.5 min at 145 for the lean and fatty ground beef
respectively. According to Leyer et. al. (1995)jdaadaptedE. coli O157:H7 showed an
increased resistance to lactic acid and survivetkibthan non adapted cells during sausage
fermentation showing enhanced survival in shreditgdsalami (pH 5.0) and apple cider (pH

3.4). Glass et. al. (1992) suggested tBatoli O157:H7 can survive during fermentation,

www.manaraa.com



17

drying, and storage of fermented sausage (pH 45)p to 2 months at 4C, with only a
100-fold decrease in the cell population.

Studies conducted by Arnold and Kaspar (1995)catéid that although the degree of
acid tolerance ok. coli O157:H7 may vary among the strains, survival ofstaf these
strains exceeded that of other related pathogeasymthetic gastric fluid. Cell density Bf
coli O157:H7 is an important factor that has an impecthe acid sensitivity. Research has
shown that at low cell densities (ca. 2 X’ H&r ml) approximately 100 % of the stationary
phase cells survived in Luria broth (pH 2.5) at°&7for at least 7 h, while at higher cell
densities (ca. 2.5 X 20per ml) they were a 1000-fold more sensitive unidiemtical
conditions (Datta and Benjamin, 1999). Cheng et 28l02) reported that the survival of acid
adaptecE. coli O157:H7 varied with strain and the type of subseqstress. Results from
their study indicated that there was an increalserdhal tolerance noticed in the acid adapted
strains while no difference was observed from thein adapted counterparts when stressed
with bile salts. Juneja et. al. (1998) reported tha thermal tolerance of heat shockedoli
O157:H7 in ground beef was lost after 14 h whenestaat 4°C, however the thermal
tolerance of these heat shockedcoli O157:H7 was maintained in ground beef for at least
24 h when held at 15 and 28.

Results from a study conducted by Buchanan ants&u€1996) suggested that prior
growth of E. coli in a medium with and without a fermentable carlabvhate is a convenient
way of studying the induction of acid toleranced d@hat pH-dependent or pH-independent
stationary phase acid tolerance phenotypes may arieong different strain foe EHEC.
Prerigor beef carcass surface tissue inoculated avine feces containing either acid-

adapted or unadapté&d coli O157:H7 and treated with water wash or a 2 % aa&tid wash
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lead to larger populations of acid-adapted celisaiaing on the carcasses as compared to
non-adapted cells and these differences were ad$eyver a period of 14 days at°@

storage (Berry and Cutter, 2000).

USDA-FSIS Directive forE. coli O157:H7

The purpose of this directive is to provide FSiSpection program personnel,
program investigators, and import inspection pemsbinstructions for sampling raw beef
products as part of verification testing tercoli O157:H7 to ensure the protection of public
health. According to this directive all establismtgein the United States that produce raw
ground beef products including ground beef patiss raw ground beef components will be
subject to FSIS sampling and testing Eorcoli O157:H7 (USDA-FSIS, 2004a). In 1994 the
FSIS declared all raw ground beef contaminated Witltoli O157:H7 to be adulterated
unless it is further processed to destroy the gghand on January 19, 1999 FSIS stated
that intact cuts of beef that are to be furthercpssed into non-intact cuts prior to
distribution for consumption must be treated in siaene manner as non-intact cuts of beef
because pathogens may be introduced below thecsudiathese products when they are
processed into non-intact (USDA-FSIS, 2004b). Tinective also states the “sampling may
vary depending upon the prevalence and exposuie obli O157:H7 such as volume of
production of ground beef in an establishment, @ead the year, and number of suppliers

for an establishment”.
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Importance of Salmonella enterica in foods

Over 2,000 serotypes @almonella have been identified to date, some of which
cause serious illness in humans particularly imgrdble populations such as elderly. The
widespread occurrence of salmonellae in the natemalronment and their prevalence in
various global food markets are the primary reasbasSalmonella spp. is the leading cause
of bacterial foodborne illnesses. Salmonellosidascribed as a zoonotic infection since the
major source of human illness is infected animakss pathogen is transmitted by the fecal-
oral route, whereby a period of temperature abllsey& Salmonellae to grow in the food
and an inadequate final heat treatment is a conmmesms of foodborne outbreaks (Adams
and Moss, 2000). Meat, milk, poultry, and eggs nenary vehicles that lead to human
illness due to undercooking or cross contamination.

Salmonella spp. are facultatively anaerobic, gram negativd;shaped bacteria that
grow optimally at 37°C (D’Aoust et. al., 2001). Some Salmonella strata: grow at
elevated temperatures 54 °C), and others can exhibit psychrotrophic propsiig growing
in foods stored at 2-4C (D’Aoust, 1991). Studies have been done to sugiped pre-
conditioning of the cells to low temperatures digantly increases the growth and survival
of salmonellae under refrigerated temperatures o{dir and Zottola, 1988). The
psychrotrophic nature ddalmonella spp. can be of major concern due to the widespread
refrigerated storage of vacuum or modified atmosplpackaged foods. The optimal growth
of salmonellae is demonstrated at pH 6.5 to 7.5thistorganism has also been known to

grow over a wide range of pH (4.5 to 9.5).
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Reservoirs ofSalmonella

Salmonella spp. is widely spread in the natural environmé&hie primary habitat of
Salmonella spp. is the intestinal tract of animals such adshireptiles, farm animals, humans
and occasionally insects (Jay, 2000; Adams and M2EX30). Polluted water and foods that
have been contaminated with insects or by othenmedien consumed by humans and other
animals,Salmonella is shed through the fecal matter which helps & dbntinuation of the
cycle. This continuation of the cycle through impand export of animal products and feeds
is a major factor for the world wide distributioh ®almonellosis (Jay, 2000). Direct person-
to-person spread by the fecal oral route is alsssipte but usually this is restricted to
outbreaks that involve institutions such as hospitaursing homes, and nurseries.

In the many sectors within the meat industry, pguhnd eggs are the predominant
reservoir ofSalmonella spp. in many countries and tend to overshadowintportance in
other meats such as pork, beef, and mutton astmdteehicles of infection (D’Aoust et. al.,
2001). Food animals may acquiBamonella infection on the farm from rodents, wild birds
and primarily from other animals that are carriefrshis organism. According to Adams and
Moss (2000), transfer ddalmonella between animals is particularly linked with siioas
where animals are stressed and crowded such asgyduansport, at the market, and at the

slaughter house.

Meat as a source oSalmonella

A study of meat and poultry products during 19884 reported salmonellae on
17.5 % of 596 pork samples, 69.1 % of 230 turkeyes, 60.9 % of 670 chicken samples,

and only 2.6 % of beef samples (Lammerding et1888). From this study and table 4 it can
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be seen that salmonellae is not very highly prenatebeef as compared to pork and poultry
meat productSalmonella serovars are a significant hazard in raw meat andty products
and processors of raw meat products may have tincibmtrol over whether this pathogen is
present in the raw meat that they receive for msiog (Ingham et. al., 2004). Therefore,
meat processors must select a Critical Control tR@&P) and associated critical limits in

order to minimize the risk that will arise from ¢aminated raw ingredients.

Table 4: Percentage of salmonellae recovered from variousommodities and animal

matter (Source: Jay, 2000).

Products Country Years No. of %
Samples

Broiler carcasses USA 1994-95 1,297 20

Steer/ heifer USA 1992-93 2,089 1.0

carcasses

Ground beef USA 1993-94 563 7.5

Pork carcasses Belgium 1998 49 27

Beef carcasses Belgium 1998 62 0

Poultry carcasses Spain 1997 192 60

Poultry livers Spain 1997 192 80

Outbreaks due toSalmonella

Salmonella infections cause an estimated 1.4 million humbresises and 400 deaths
annually in the United States (Voetsch et. al.,Z06lowever, most cases of salmonellosis
do not result in a visit to the doctor and are megiorted to the public health agencies leading
to a high proportion of unreported cases that mélkdifficult to determine the true incidence

of Salmonella infection. According to the 2005 FoodNet surveitla a total of 16,614
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laboratory-confirmed cases of infections were ideat out of which 6,471 were due to
Salmonella (CDC, 2006b). This report also identified that ko€ 65,869 isolates @almonella
serotyped, six accounted for 61 % of the infecti@ss follows: Typhimurium (19 %),
enteritidis (18 %), Newport (10 %), Heidelberg (6, &nd javiana (5 %). Mead et. al. (1999)
reported that out of a total of approximately 1.4lion cases of salmonellosis occurring
annually, 824 illnesses are causedyyphimurium out of which 659 are foodborne that
lead to 494 hospitalizations and 3 deaths. Thenaestid annual costs (in 1998) including
medical care and lost productivity due to foodboBakmonella infections were $0.5 billion
based on the human capital approach and while ubmgnore conservative labor market
approach the annual costs were estimated at agiBddillion (Frenzen et. al., 1999).
Outbreaks have historically been linked but naitited to raw foods of animal origin
together with cross-contamination to ready-to-estds through inadequate processing or
personal hygiene as being significant contributéagtors to the cause of outbreaks.
Consumption of raw and undercooked ground beefimascated in a multi-state outbreak
involving S. Typhimurium (CDC, 2006c). Dechet et. al. (2006)ntiiged 58 cases o0&
enterica serotype Typhimurium definitive type 104 infection9 stated by PFGE as a result
of consuming store-bought ground beef preparedaasbbrgers at home. Product trace back
linked all these cases to a single large ground esmufacturer that had previously been
implicated in a multistate outbreak of highly dnggistantS. enterica Newport infections in
2002. Three outbreaks &lmonella infection associated with eating Roma tomatoeswer
reported in the United States and Canada in thersurnof 2004 (CDC, 2005). In the three
outbreaks 561 outbreak-related illnesses from a&stand one province in Canada were

identified.
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According to the CDC (1997) most of the DT104 atiflens in the United States are
sporadic and only five outbreaks have been repontdierature that have been associated
with consumption of contaminated dairy productsamtact with animals, suggesting a cattle
reservoir (Dechet et. al., 2006). lllnesses calmsenhulti-drug resistanBalmonella are more
severe than those caused by suscepthlenonella species, resulting in increases rate of

hospitalization and death (Helms et. al., 2002).

Symptoms of disease caused I8almonella enterica

The infective dose for causing foodborne salmasedlin humans was believed to be
very high (~ 18to 1@ cells) for a number of years, but there have hegious outbreaks in
which the infective dose was found to be as lowkaH)-100 cells (Bell and Kyriakides,
2002). Newborns, infants, the elderly, and immumaogmmised are more susceptible to
Salmonella infections as compared to healthy adufislmonella infection in humans can
lead to several clinical conditions including emtdtyphoid) fever, systemic infections by
non-typhoid organisms and enterocolitis. AccordingD’Aoust (1991), enteric fever is a
severe disease in humans that is associated vattypioid and paratyphoid strains that are
adapted for invasion and survival within the host.

The incubation period for enteric fever rangesmr@ to 28 days and common
symptoms include diarrhea, prolonged and very léyer, abdominal pain, and headaches
(D’Aoust et. al., 2001). Human infection with nophoid Salmonella spp. commonly results
in enterocolitis, which appears 8 to 72 h aftertaohwith the invasive pathogen. This is
usually self limiting and characteristic nonbloodigrrhea and abdominal pain occur which

generally disappear after 5 days of onset of symptd&Gome chronic conditions induced by
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Salmonella spp. include aseptic reactive arthritis, Reitesygndrome, and ankylosing
spondylitis which are caused by bacteria that haeeability to infect mucosal surfaces,

presence of an outer lipopolysaccharide, and theevice to invade host cells (Smith, 1994).

Table 5: Human infectious dose &lmonella (Source: D’Aoust, 2001).

Food Salmonella serovar Infectious dose (Cells)
Eggnog Anatum 1910
Imitation ice cream Typhimurium o
Hamburger Newport ieilog
Cheddar cheese Heidelberg 16
Typhimurium 16-10"
Chocolate Typhimurium <10
Alfalfa sprouts Newport <4.6 X 10
Ice cream Enteritidis <2.8 X10

Heat resistance and acid tolerance ddalmonella enterica

Goodfellow and Brown (1978) conducted studiesdtednine the fate of Salmonella
in ground beef during cooking. Results from thisdstsuggested that the D-values were 61-
62, 3.8-4.2, and 0.6-0.7 min. at 51.6, 57.2, and 82 respectively. Conditions such as
reduced water activity, increased pH, elevatedgssiong temperatures and a variety of spice
and cure mixtures have been thought to reduce amctually eliminate viable salmonellae
(Masters et. al., 1981), but there have been suti@ suggest the ability of salmonellae to
survive such conditions that are encountered dutirgg production of fermented meats

(Smith et. al., 1975).
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Preshocked cells &lmonella at pH 6.0 for 1 h have demonstrated 100 to 1000D-fo
better survival to challenge exposure pH 3.3 (atidck) as compared to non-adapted cells
(Foster, 1991). Walsh et. al. (2005) studied tleerttal resistance of antibiotic resistant (AR)
and antibiotic sensitive (ASJalmonella spp. on chicken meat and reported no significant
differences between the D-values of the AR and #&rns ofSalmonella although D-values
of S Typhimurium DT104 (multidrug resistant strain) wesignificantly higher. In the same
study it was also suggested that heat shockedresltaf S Typhimurium DT104 had
significantly higher D-values than their non hedadcked counterparts.

According to Foster and Hall (1990), this organisossesses a novel system of acid
stress management including an inducible pH homassssystem. pH homeostasis has been
defined by Foster and Hall (1991) as “the procebereby a cell maintains a relatively
constant intracellular pH over a broad range otmdl pH values”S. Dublin was able to
survive in fermented and unfermented products dutire 15-30 days commercial drying
period and was present in the products after 43 adydrying (Smith et. al., 1975). The
authors also reported th& Typhimurium was not able to survive in fermentedissae
(pepperoni) after 42 days of drying, and heatingmeaellae-contaminated beef-pork
pepperoni to an internal temperature of °& eliminated all foodborne pathogen from the
sausage product.

Masters et. al. (1981) conducted studies on the f# S Newport and S
Typhimurium in summer sausages. Their studies sigdethat the rate of fermentation
during sausage production along with other facgush as processing time/ temperature,
level of Salmonella contamination, and the serotypeSaimonella present as a contaminant

affect the survival of this organism in summer saes. Uhart et. al. (2006) reported that
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Salmonella Typhimurium DT104 growth was inhibited or inactivated when sgiavere in

direct contact with a food system but did not inthgrowth when added to a complex food

system such as ground beef and stored°@t#r 10 days.

Table 6: Minimum pH at which salmonellae would initiate gth under optimum

laboratory conditions (Source: Jay, 2000).

Acid pH
Hydrochloric 4.05
Citric 4.05
Tartaric 4.10
Gluconic 4.20
Fumaric 4.30
Malic 4.30
Lactic 4.40
Succinic 4.60
Glutaric 4.70
Adipic 5.10
Pimelic 5.10
Acetic 5.40
Propionic 5.50
Tryptone-yeast extract-glucose broth was inoculatigal 10" cells/ ml of S.
Anatum, S. Tennessee, or S. Seftenberg.

Broths acidified with hydrochloric acid (pH 3.®)jtric acid (pH 3.0), or lactic acid

(pH 3.8) and inoculated with acid shocked and uokéd serovars ddalmonella have been

evaluated for growth and survivability of theselseRArvizu-Medrano and Escartin (2005)

found that the biggest difference in reduction oifvssal between shocked and unshocked

strains (~ 2 CFU/ ml) was observed when the micraagms were shocked with lactic acid

and then challenged with citric acid. Acid adaptatof Salmonella Typhimurium induces

cross-protection against heat, high osmolarity, #redlactoperoxidase system which could
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be reasons for the survival mechanism enablingdtganism to persist in fermented dairy
products and possibly other acidic foods (Leyer &withson, 1992).

Sharma et. al. (2005) suggested that pasteunzataditions necessary to eliminate
pathogens such &almonella andE. coli O157:H7 from cantaloupe and watermelon juice
would need to be more severe if cells are habitusteacidic environments as a result of
increases thermal tolerance in liquids foods badt bt find any correlation between the
soluble solids content of the two juices and thérnesistance. Studies have also been
conducted on effects of prior heat shock on themwiatance ot.isteria monocytogenes and
S Typhimurium (Bunning et. al., 1990). Results fromststudy suggested that prior heat
shock induced increased thermotoleranc&. imyphimurium but did not affect the thermal
tolerance ofL. monocytogenes in broth cultures. Oscar (1999) reported that expp
Salmonella to a previous temperature ranging from 16 td°G4does not effect the lag time
and specific growth rate of the organism when egdd® temperatures of 16 to 3@ on
cooked ground chicken breasts. Another study caeduby Calicioglu et. al. (2003)
reported that acid adaptation $flmonella did not increase the survival of the pathogen and
may have reduced its population during storage wimaminades (modified with 1.2 %
sodium lactate, 9 % acetic acid, and 68 % soy saan&ining 5 % ethanol) were used in

jerky processing.

USDA-FSIS Performance standards foiSalmonella

On July 25, 1996, FSIS published its final rule Rathogen Reduction and Hazard
Analysis Critical Control Point (HACCP) Systems, ieth established new requirements for

all meat and poultry products to improve food saf@iSDA-FSIS, 2000). To verify that
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HACCP systems are effective in controlling contaation of raw product from harmful
bacteria, the rule sets pathogen reduction perfocmastandards foSalmonella that
slaughter plants and plants that produce raw grguaducts must meet. FSIS verifies that
plants are meeting the standards by taking prodachples and analyzing them for
Salmonella in FSIS laboratories (USDA-FSIS, 200@almonella was selected as the target
pathogen because it is one of the most common safsodborne illness and it can be
isolated from a variety of food products.

FSIS requires that beef, swine, and chicken casesabe sampled fdsalmonella
testing. There are no published performance stdsdar turkey carcasses. Yet the goal of
the Salmonella testing program is to protect the consumer fromtammated products,
especially from fecal contamination, by verifyingat each establishment's performance
meets thesalmonella standards as per regulatory requirements. Sampdaken in sets and
the results of an entire set are used to deternfiren establishment is meeting the
performance standards. Failure to mé&atmonella performance standards is based on
whether or not a set passes, not on individual ssnp Salmonella test is positive when

any Salmonella organisms are found (USDA-FSIS, 2004c).

Acid tolerance responses itfsalmonella

S Typhimuriumhas the ability to grow over a wide range of pHueal and during
the course of infection it is exposed to poteniigdhal acidic environments such as those
found in the stomach of humans. Acid tolerance aresp (ATR) is an adaptive system
triggered at external pH values of 5.5 to 6.0 fhratect cells from severe acid stress (Foster

and Hall, 1991). The adaptive ability of Salmonédiasurvive harsh acidic environments has
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been explained by Foster and Hall (1990) and theyacterized the ATR phenomenon in
which exposure to slight or moderate acid stresalt®in synthesis of proteins that protect
the bacterium from more severe acid challenge. B8hRiesenberg et al. (1996) suggested
that this ATR is essential for acid adapted bagterto survive acidic environments within
the host cells. There have been studies conduetshtly that provide evidence that at least
two distinct pH-dependent ATR systems exisifyphimurium(Lee et. al., 1994). The two
ATR systems are observed in the logarithmicallygng cells (induced after a shift of pH
5.8) and at the stationary phase of growth of #iks ¢induced after a shift of pH4.5). The
logarithmic ATR is referred to as a pre-acid shaok the proteins induced at pH 5.8 induce
pH homeostasis that helps maintain intracellulay wHereas the ATR at stationary phase is
shown to exhibit sustained induction over a cowseeveral hours as compares to the

transient induction during the log phase (Lee let1894).
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Effect of acid adaptation on thermal tolerance oEscherichia cali
0157:H7 andSalmonella enterica in meat serum

A paper to be submitted to the JOURNAL OF FOOD PEQOTION
Manpreet Singht, H.R. Mullins?, S.M. Simpso#, and James S. Dicksoh
Department of Food Science and Human Nutritférterdepartmental Microbiology
Program, andDepartment of Animal Science, lowa State Universkmes, I1A. 50010.
Abstract
Escherichia coli O157:H7 andSalmonella were adapted to acidic conditions by

growing in Tryptic Soy Broth with 1 % glucose (TSB%6G). Ability of acid adaptation of
these pathogens to provide resistance against #hestness was evaluated in meat serum.
Five-strain cocktail of both bacteria were growpa@ately in TSB and TSB+1%G for 24 h at
37 °C to provide cells with or without acid adaptatidieat serum was prepared from
irradiated ground beef and inoculated with eitherd aadapted or non-adaptdeél coli
0157:H7 andsalmonella. Inoculated meat serum was then subjected tothestment at 58,
62, and 65°C to determine D-values of the pathogens. Sigmtigahigher (P<0.05) D-
values of the acid adapted strains was observecbapared to the non-adaptéd coli
0157:H7 at 58, 62, and 6%. Higher (P<0.05) D-values of acid adap&atimonella were
observed at 58 and 6Z, but no statistical difference (P>0.05) was s&e65°C. D-values
were observed to be 22.46 and 10.58 min. at(583.58 and 1.38 min. at 6Z; 1.02 and
0.75 min. at 65C for acid adapted and non-adapkedoli O157:H7 respectively. D-values
of the acid adaptefialmonella were 9.36 min. at 58C, 1.66 min. at 62C, and 1.14 min. at

65 °C whereas the non-adapted counterparts had D-vafu@g4, 0.88, and 0.95 min. at 58,
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62, and 65°C respectively. This indicates that acid adaptatbrfood borne pathogens
provides cross-protection against heat treatments.

Introduction

Escherichia coli O157:H7 has become a pathogen of concern in thé iiedustry
since its initial implication in various foodborneutbreaks (Mermelstein, 1993). An
estimated 73,000 cases of infection and 61 deatbsron the United States each year as a
result ofE. coli O157:H7 infection (CDC, 2005). Infection oftendsao bloody diarrhea and
occasionally kidney failure. The primary reasondatbreaks oE. coli O157:H7 have been
linked to undercooked ground beef (Pandhye and &d@92), however extensive research
has shown that this organism does not possess mamyual heat resistance (Doyle and
Schoeni, 1984; Ahmed et. al., 1995). Person-togrer®ntact in families and child care
centers is also an important mode of transmissi@almonellosis is another important
public health problem in the United States with estimated number of nontyphoidal
Salmonella infections ranging from 800,000 to 4,000,000 aniyu@foetsch et. al., 2004).
Although most outbreaks cause mild to moderateliseitied illness, serious disease resulting
in death does occur particularly in elderly and mmmcompromised populations. The
Centers for Disease Control and Prevention (CD@)@lwith the Foodborne Disease Active
Surveillance Network (FoodNet) have indicated abbudt million cases of salmonellosis
annually (Mead et. al., 1999). Accounting for medlicosts and lost productivity the
estimated costs associated with salmonellosis psoapnately $2.3 billion (Frenzen et. al.,
1999).S. typhi has been shown to have the ability to adapt aockase its acid tolerance

during its exponential phase of growth in culturedmim (Tiwari et. al., 2004).
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Resistance and/ or tolerance to acidic conditi@ssan important impact on virulence
determinants that contribute to the survival antth@genicity of certain foodborne pathogens
such a<. coli, Salmonella, Shigella spp., and.isteria monocytogenes. These acid resistant/
tolerant pathogens have a greater likelihood ofiging in acidic foods for extended period
(Buchanan et. al.,, 1994; Leyer and Johnson, 1988; Miller and Kaspar, 1994) and
increased portion of the population that can s@ruive gastric environment (Gorden and
Small, 1993) which enhances the infectivity oneesthpathogens attach to the intestinal tract
(O'Driscoll et. al., 1996). Bearson et. al. (1998ported that acid tolerance and acid
resistance/ habituation produce cross-protecti@nagseveral other stresses including heat,
with S Typhimurium showing increased resistance to hesahatic stress, and crystal violet
(Leyer and Johnson, 1993). Heat shockedoli O157:H7 has been reported to have longer
survivability than the non-heat-shocked cells. jmret. al. (1998) suggested a 1.56-fold
increase in the ‘time of 4D inactivation’ {J) values at 60C in beef gravy. Oyarzabal et. al.
(2003) showed recoverable populations Bf coli O157:H7, L. monocytogenes, and
Salmonella in acidic juices such as apple, orange, pineapale] white grape juice
concentrates for up to 12 weeks when inoculatel leitels of> 10° CFU/ g and stored at -
23°C.

Numerous studies have been conducted on the theolsance of acid adapted
foodborne pathogens in fruit juices and laboratogdia but there is limited literature on the
thermal tolerance of acid adaptation of these fooud pathogens in actual food systems.
Studies in the past have been conducted at miltingetemperatures whereas effects of

heating to temperatures that are more indicativeooking temperatures have rarely been
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researched. The objective of the present studytavassess the ability of acid adapEedoli

0157:H7 andsalmonella spp. to survive thermal treatment at 58, 62, ot@i meat serum.

Materials and Methods

Preparation of bacterial cultures.

A five-strain cocktail ofEscherichia coli O157:H7[ATCC 35150 (human feces from
outbreak of hemorrhagic colitis); ATCC 43894 (hunfaces from outbreak of hemorrhagic
colitis); ATCC 43895 (isolate from raw hamburgemimated in hemorrhagic colitis); WS
3062 (clinical isolate); and WS 3331 (clinical st&)] andSalmonella enterica (S Newport,

S Uganda, S Heidelberg, S. Typhimurium, and S enteritidis) was used. The five bovine
strains ofSalmonella spp. were obtained from the veterinary diagnostimtatory at lowa
State University, Ames. IA. The stock cultures weraintained on Tryptic Soy Agar (TSA;
Difco, Becton Dickinson, Sparks, MD) slants at@. Working cultures were maintained by
daily transfers in Tryptic Soy Broth (TSB; DifcogBton Dickinson, Sparks, MD) and TSB +
1% glucose for the non-adapted and acid adaptathstrespectively. Growth curves for
individual strains oE. coli O157:H7 andsalmonella spp. were constructed to determine the
time at which stationary phase was reached in dalerake subsequent transfers (Data not
shown). The non-adapted and acid adapted inoculampsepared by inoculating bacterial
cultures into 10 ml TSB and TSB + 1% glucose respely and then incubating at 3T for

24 h. Addition of glucose to the growth medium akothe production of organic acids,
which lower the final pH of the culture medium digrantly (Buchanan and Edelson, 1999).
Cultures (1ml) were then transferred into 25 ml T&@Btrifuge tubes and further incubated at

35 °C for 18 h. The cultures were then centrifuged at38,X g for 10 min. at £C
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(SORVALL SUPER T21, Newton, CT). The supernatans wiacanted and resultant pellet
resuspended with 10 ml of 0.1% sterile peptone m{@&W#/; Difco, Becton Dickinson, Sparks,
MD). A cocktail was prepared by mixing the five ks in a sterile bottle to get a final
volume of 50 ml of the inoculum.

Preparation and inoculation of meat serum.

Ground beef was obtained from the lowa State Unsiiye Meat Laboratory and
irradiated at the lowa State University Linear Aecator Facility to an average absorbed
dose of 8.05 kGy. Ground beef was irradiated tooremany background gram negative
microflora. Meat serum was then prepared by makirdgl dilution of the irradiated ground
beef with 0.1 % PW and homogenizing in a stoma¢8ymacher 400, Tekmar, Cincinnati,
OH) for 2 minutes. This was followed by centrifugatat 5,738 X g for 10 min. at€. The
supernatant was decanted into a sterile Wheatdfelzotd then filtered through a 0.22 um
Millex-GP® sterilizing filter unit (Millipore Corp., Billeria, MA). Filtered meat serum was
then divided into four-120 ml parts in sterile 260 wheaton bottles. This 120 ml sterile
meat serum was inoculated with acid adapted orimoculatedE. coli andS. enterica. All
the inoculated bottles of meat serum were stored &€ for 30 minutes. 5 ml of the
inoculated meat serum was then measured into 3" WHIRL-PAK ® bags (2.25 mil thick;
Nasco, Fort Atkinson, WI) prior to determination Dfvalues. Bags containing inoculated

meat serum were kept af@ until the time of thermal treatment.
Thermal resistance in meat serum (D-value determirtaon).

Thermal tolerance of non-adapted and acid adapteins was determined by

calculating D-values at 58 (136°#), 62 (143.6°F) and 65°C (149°F). Thermal tolerance
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was conducted for up to 1 h at 88 and up to 10 minutes at 62 and ®& At each test
temperature the 5 ml WHIRL-PAK bags were completely immersed in a water bath
maintained at 58, 62, or 6&. For D-values at 58C the bags were removed at 0, 10, 20, 30,
40, 50, and 60 min. while for 62 and 85 the bags were removed from the water bath at 0, 1
2,3,4,5,7.5, and 10 min. An additional 5 ml teerum WHIRL-PAK bag was placed in
each water bath at the three temperatures to michoperature increase. The timing for
each experiment was not started until the 5 mligstof inoculated meat serum had reached
the same temperature as the water bath. This wagndg¢ed as time “zero” in the study.
Typical come up times were 45 s at 8 50 s at 62C, and 60 s at 65C. The WHIRL-
PAK® bags were removed from the water bath and immedgliptaced in an ice water bath at
each time interval. Each WHIRL-PAkbag was allowed to cool down in the ice water bath
for 10 min. prior to sampling.

Microbial sampling and enumeration.

The samples that had been subjected to 58, 63 YT Gvere then aseptically opened
and serially diluted in 0.1 % sterile PW. Theseaadgr diluted samples were then spread
plated on to Tryptic Soy Agar (TSA). Since the grdubeef was irradiated it was not
necessary to use selective media for the recovetheopathogens. Clavero and Beuchat
(1996) suggested that a higher recoveryeotoli was achieved on TSA as compared to
MacConkey agar and modified eosin methylene blae. ahe plates were then incubated at
37 °C for 48 h and colony forming units were manualbycted and reported as log Colony

Forming Units per ml (log CFU/ ml).
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Experimental Design and Statistical Analysis.

Three independent replications of randomized cetepblock design were used to
prepare four 120 ml bottles of the filtered meatusewhich was inoculated with 25 ml of
either non adapted or acid adaptedcoli O157:H7 andSalmonella spp respectively. The
inoculated meat serum was divided into 5 ml WHIRAK® bags in a completely
randomized design prior to D-value testing at eémmperature. Survival curves were
constructed for organisms recovered on TSA, withx¥s representing lag CFU/ ml of each
inoculum tested and X-axis representing time inutgs. Decimal reduction time (D-value)
was calculated as the negative reciprocal of thygesbf the survivor curve for each inoculum
type exposed to 58C (Dsg), 62 °C (Ds2) and 65°C (Des). Three replications of the
experiment were performed and the mean D-valueaoh enoculum was analyzed using
analysis of variance (ANOVA) with the SAS PROC MIREprocedures (2002-03, SAS
Institute, Cary, N.C.).

Results
Tolerance of acid adapted and non-adaptedEscherichia coli O157:H7 to

thermal stress.

Table 1 shows decimal reduction times (D-valuégjcad adapted and non-adapted
coli O157:H7 at 58C (Dsg), 62°C (Ds2) and 65°C (Dgs). It can clearly be seen that there are
significant differences (p<0.05) insk) Dszand Oys values of acid adapted and non-adapted
strains ofE. coli O157:H7. D-values of acid adapté&d coli O157:H7 were slightly more

than twice the D-values of their non adapted capaits at 58 and 6ZC. D-values at 65C
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were 1.02 and 0.75 minutes for the acid adapted ramuadaptedE. coli O157:H7

respectively.

Comparing survival populations of acid adapted aond-adaptedt. coli O157:H7 at
58 and 62C (Fig. 1A and 1B) it was observed that the aciapaeld populations had a higher
survival rate than non-adapted populations. Pojamstof acid adapted and non-adapied
coli O157:H7 were reduced by 2.71 and 5.85Jd@FU/ ml when heated at S& for 1 h.
Figure 1A suggests a more linear reduction of the-adapted. coli O157:H7 as compared
to their acid adapted counterparts at°&8 At 62 °C non-adapted. coli O157:H7 were
reduced from 7.10 lgg CFU/ ml to below detection limits (< 50 CFU/ ml ofeat serum)
after 10 min. while the population of acid adapiedoli O157:H7 was reduced from 4.96 to
1.91 logo CFU/ ml in the meat serum. Survival populationveuofE. coli O157:H7 at 65C
(Fig. 1C) suggests that both acid adapted and deptad strains were reduced to below
detection limits (< 50 CFU/ ml) after 4 min. Thadhadapted populations were reduced from
4.51 logo CFU/ ml to below detection limits whereas the malapted counterparts were

reduced from 6.84 lgg CFU/ ml to below detection limits within 4 min. béating at 65C.

Tolerance of acid adapted and non-adapte8almonella to thermal stress.

Table 2 shows D-values of acid adapted and noptad&almonella at 58°C (Dsg),
62 °C (Ds2) and 65°C (Dsgs). Significant differences (p<0.05) inspand Iy, values were
observed whereas no significant differences (p>0Wére seen for B values of acid
adapted and non-adapteSalmonella. D-values of acid adaptedsalmonella were

approximately 1.5 times the D-values of non-adafgtohonella at 58, 62, and 6%C.
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From figure 2A it can be seen that the non-adaptedins of Salmonella were
reduced to below detection limit (<50 CFU/ ml) aff® min. of heating at 58C while the
acid adapted strains survived until 60 min. betbey were reduced to below the detection
limit. Non-adaptedSalmonella displayed a fairly linear inactivation curve whilee curve
suggests less linearity for the acid adapted srdlig. 2A) at 58°C. Acid adapted
populations ofSalmonella were reduced from 6.02 lggCFU/ ml to below detection limit
after 7.5 min. of heating at 6Z whereas the non-adapted populations were reduced
7.98 logo CFU/ ml to below detection limit after 5 min. &tetsame temperature (Fig. 2B).
Populations of acid adapteshimonella were reduced from 4.35 lggCFU/ ml to below
detection limits after 4 min. at 6% while the populations of non-adapt8almonella were
reduced from 4.32 lgg CFU/ ml to below detection limits after 3 min.&&°C (Fig. 2C).

Discussion

It has been reported in numerous studies and deslimented that environmental
factors such as pH can affect the thermal resistafenicroorganisms (Bearson et. al, 1997;
Leyer and Johnson, 1993; and Jay 2000). Duringtbeess of carcass decontamination up
to the stage of processing to produce various rpeaducts for consumers food borne
pathogens such &s coli 0157:H7 andsalmonella are exposed to low pH environments that
may trigger protective responses to heat (Mazz@@8,1). Hence when choosing the target
organism in order to calculate lethality of a higaitment it is necessary to select the most
resistant pathogens that are likely to occur irdfobhis will help in adding an extra safety
factor to the minimum regulatory requirements faating/ cooking meat and poultry

products.
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Results from our study were consistent with a wtadnducted by Buchanan and
Edelson (1999) that reported a higher D-value lwee different strains of acid adapted
coli O157:H7 grown in laboratory media. The D-valuesorggd in their study were lower
than those that were observed in our study atG8which can be attributed to the use of
meat serum that could provide more protection ® liacteria as compared to laboratory
media. Cheng et. al. (2002) demonstrated that adaptedE. coli O157:H7 were more
thermally tolerant than their non-adapted countgspas a result of a study conducted to
determine B¢ -values of acid adapted cells Bf coli O157:H7 in apple cider and orange
juice Ryu and Beuchat (1998) suggested that hdatatece ofE. coli O157:H7 can be
substantially enhanced by acid adaptation as cadgaracid shock.

Most of the studies that have been conducted termiéne thermal tolerance of acid
adaptecE. coli O157:H7 have been conducted at lower temperataregng from 52 to 58
°C in laboratory medium. But in our study we havewsh that acid adaptee coli O157:H7
are less susceptible than their non-adapted cqarterat 62 and 63C. Although similar
results were observed with acid adap&atinonella at 65°C in this study, there was no
statistical difference in the D-values and the aidptedSalmonella were less susceptible
than their non-adapted counterparts. Similar resultre reported in a study conducted by
Leyer and Johnson (1993) that suggested incredseunal tolerance of acid adapted
Salmonella at 50°C.

Studies have shown that acid adaptation of foathdo@athogens including. coli
0157:H7 andsalmonella increases thermal tolerance in fruit juices. Skaaeh al. (2005)

reported significant differences in the D-valuessalinonella andE. coli O157:H7 grown in
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TSB+1% glucose in comparison to those strains gnowiSB regardless of the type of fruit
juice they were heated in, whereas thermal resistanf Listeria monocytogenes was not

affected by adaptation in acidified broth. In otmdy, increased thermal tolerance of acid
adapteck. coli O157:H7 andsalmonella is in general agreement with other studies theé ha

reported increased thermal tolerance of food bpatkogens as a result of acid adaptation.

Conclusions

Our study shows that acid adapted straing.afoli O157:H7 andSalmonella have
increased thermal tolerance as compared to nortetlapunter parts in meat serum which is
an example of a liquid food system. Most of thelgs have been conducted to determine D-
values of acid adapted food borne pathogens atrldemperatures where significant
differences have been observed. Our study is nigt ianagreement with these previously
observed results but also indicates that at higkerperatures (62 and 6%C) these
differences are observed between the acid adapt@écan-adaptede. coli O157:H7 and
Salmonella. Use of higher temperatures in our study are maowicative of cooking
temperatures used for preparation of meat comnigr@aa well as by consumers in the
household as compared to some of the other stuhésh were reported at mild heating
temperatures. Adaptation capabilities of food bgrathogens such &s coli O157:H7 and
Salmonella to stress has been scarcely researched and notgbhesn the same attention as
compared to non-stressed pathogens. This studssetreéhe need for regulatory agencies and
large scale meat manufacturers to take into coretide the increased thermal tolerance of
acid adapted pathogens, as healthy growing cultimesa laboratory medium may
inaccurately represent their survival in naturaldenvironment. A better understanding of

the effects of acid adaptation on subsequent sigeissneeded in food systems to allow for
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more accurate risk assessments to be made on emhaafety of processed meat products.
Further studies need to be conducted on the thetwlelance of these acid adapted food
borne pathogens in actual raw and processed mstEnsy to determine pathogenicity and

answer questions on transient and prolonged aftécsid adaptation on thermal tolerance.
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Figure Legends

Figure 1: Survival populations of acid adapted aod-adaptedEscherichia coli O157:H7 at
(A) 58°C, (B) 62°C, and (C) 65C. ® = Acid adaptedm = Non-adapted. Each data point is

an average of three independent heating trials.

Figure 2: Survival populations of acid adapted aod-adapte@almonella (A) 58 °C, (B) 62
°C, and (C) 65°C. ® = Acid adapted;m= Non-adapted. Each data point is an average of

three independent heating trials.
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Table 1: Decimal reduction time (D-values) of acid adapted aon-adaptedtscherichia

coli O157:H7 at 58, 62, and 6& in meat serum.

Temperature Inoculum D-value (min.)
Acid adapted 22 48
58°C
Non adapted 10.56
Acid adapted 359
62°C
Non adapted 138
Acid adapted 10F
65°C
Non adapted 075
" Different superscripts indicate statistical dieces within a
temperature
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Table 2: Decimal reduction time (D-values) of acid adaptad aon-adapte&almonella at

58, 62, and 65C in meat serum.

Temperature Inoculum D-value (min.)
Acid adapted 93¢
58°C
Non adapted 6.44
Acid adapted 1668
62°C
Non adapted 08¢
Acid adapted 114
65°C
Non adapted 0.95
" Different superscripts indicate statistical dieces within a
temperature
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Fig. 2, top1
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Thermal tolerance of acid adapted and non-adapte&scherichia
coli O157:H7 andSalmonella enterica in ground beef during
storage

A paper to be submitted to the
JOURNAL OF FOODBORNE PATHOGENS AND DISEASE
Manpreet Singht, S.M. Simpsof, H.R. Mullins?, and James S. Dicksch
!Department of Food Science and Human Nutritftmterdepartmental Microbiology
Program, andDepartment of Animal Science, lowa State Universiyes, IA. 50010.
Abstract
Thermal tolerance of acid adaptédcherichia coli O157:H7 andSalmonella was

evaluated in ground beef stored at 4 and *@0 Both pathogens were adapted to acidic
conditions by growing in Tryptic Soy Broth with 1 ¢ucose (TSB+ 1%G). Five-strain
cocktail of both bacteria were grown separatelf 88 and TSB+1%G for 24 h at 3T to
provide cells with or without acid adaptation. tfi@ed ground beef was inoculated with
either acid adapted or non-adaptedcoli O157:H7 andSalmonella; subjected to heat
treatment at 62 and 6% on day 1, 7, 14, 21, and 28°@) and on day 1, 30, 60, 90, and 120
(-20°C). Decimal reduction time (D-values) of the pathiog was determined as an indicator
of thermal tolerance. Significantly higher (P<0.0B),-values of non-adapte@. coli
0157:H7 were observed on day 21 and 28 A« 4nd on day 90 and 120 at -20. Higher
(P<0.05) Rvalues were observed on day 21 and 28 &€ 4mongst non-adapted strains
and on day 28 for acid adapted strainsSalimonella. Higher (P<0.05) B»-values of acid
adapted strains dgalmonella were observed on day 30, 60, and 90 when store20dtC

while no differences (P>0.05) were observed in Eevalues of acid adapted and non-
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adapted strains d&. coli O157:H7 andsalmonella throughout storage at both temperatures.
This suggests that acid adaptation of foodbornbqgugns provides cross-protection against
heat treatment at lower cooking temperatures wihiie phenomenon is not observed at

higher temperatures.

Introduction

Since its first recognition as a foodborne patmoigethe US in 1982 scherichia coli
0O157:H7 has emerged as one of the most importanibfarne pathogens. The Centers for
Disease Control and Prevention (CDC) has reported E. coli O157:H7 causes an
estimated 73,000 infections resulting in more ti2a®00 hospitalizations and 61 deaths
annually in the United States (Mead et. al., 1998)ess caused bf. coli O157:H7 can
cause severe complications such as hemorrhagigscafid hemorrhagic uremic syndrome
(HUS; Riley et. al.,, 1983) and has been succegsiablated from specimens of foods
associated with outbreaks of hemorrhagic colitiHS (Doyle and Schoeni, 1987). The
annual cost of illness due to O157:H7 STEC was $#ilbon (in 2003), including $370
million for premature deaths, $30 million for mealicare, and $5 million in lost productivity
(Frenzen et. al., 2005). According to Doyle anddgeh (1987)E. coli O157:H7 has been
isolated from 3.7 % of the beef, 1.5 % of the pdrlg % of the poultry, and 2.0 % of the
lamb samples indicating that the bacterium is aatedt with foods of animal origin and not
specifically beef.

An estimated 1.4 million cases of salmonellosid 400 deaths occur annually in the
United States (Mead et. al, 1999; Voetsch et28l04) at a cost of $ 2.4 billion (Frenzen et.
al., 1999). In 1999, the U.S. Department of Agtictd (USDA) Food Safety and Inspection

Service (FSIS) established lethality regulations figdly and partially cooked meat and
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poultry products (USDA-FSIS, 1999). A 6.5-log unieduction ofSalmonella in cooked
beef and roast beef and a 7.0-log units reductiazertain fully and partially cooked poultry
products was set as a performance standard falilgthstabilization, and product handling
(Weche et. al., 2005). Raw meat and poultry arallysaonsidered as ideal growth media for
bacteria, however all microbial contaminants hagerbsubjected to physical, chemical, and
nutritional stresses during processing (Yousef &wlirtney, 2003). Bacteria can face
exposure to extremes of acidity in many situationge environment, in foods and in animal
or human body (Nojoumi et. al., 1995). The USDA-&Supports use of a mixture of
pathogenic bacterial strains containing relativeat-resistant serovars and particularly
those that have been implicated in outbreaks tofywverompliance with performance
standards (USDA-FSIS, 2001). Most of the cultunes @epared under optimal laboratory
conditions, but a cocktail of any particular ba@terontaining stressed cells that more truly
represents the physiological state of an organiathrhay contaminate the product during or
after processing is a better choice for thermattimation or challenge studies (Juneja and
Novak, 2003).

Acidic foods have long been considered generalfg $or human consumption and
outbreaks related to these foods have rarely beeorded (Arvizu-Medrano, 2005).
However, some acidic foods such as mayonnaise {§m&000), yogurt (Morgan et. al.,
1993), apple juice (CDC, 2000), and orange juiceerflel and Camilli, 2000) have been
associated with foodborne outbreaks and in 80 ¥hede outbreakSalmonella andE. cali
0O157:H7 have been implicated, suggesting the abglance of these pathogens. The ability
of bacteria to survive in acid foods is of concErnpathogens with low infective doses, such

as Salmonella typhi. Acid adaptation response is a phenomenon thaltses increased
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resistance of microorganisms to severe acid shaoklsprovides cross protection against
various other environmental stresses such as hehtsarface active agents (Leyer and
Johnson, 1993). Acid adaptation Bf coli O157:H7 has shown increased resistance to
irradiation (Buchanan et. al., 1999a) and heat (Bnan and Edelson, 1999b) in laboratory
media and in liquid food systems; however varyirguits have been reported on the
resistance of acid adapt&dmonella to environmental stresses.

Information on the acid tolerance response istéichforS. typhi. Tiwari et. al. (2004)
found thatS typhi in exponential phase is able to adapt and incréasacid tolerance in
culture medium; however, it is important to invgate the acid responses in stationary phase
and in an actual food matrix because there is asilpiisy that the pathogen could
contaminate food products when it is in its staignphase. This study was undertaken to
determine the thermal tolerance of acid adaptdaog@ins in a food system that would reflect
current processing, storage and distribution prastof food products. The objective of this
research was to investigate the effects of stotemg@erature on the thermal tolerance of acid

adapted and non-adapt&al monella spp. ancE. coli O157:H7 in ground beef.

Materials and Methods

Preparation of bacterial cultures

A five-strain cocktail ofEscherichia coli O157:H7[ATCC 35150 (human feces from
outbreak of hemorrhagic colitis); ATCC 43894 (hunfaces from outbreak of hemorrhagic
colitis); ATCC 43895 (isolate from raw hamburgermimated in hemorrhagic colitis); WS
3062 (clinical isolate); and WS 3331 (clinical sta)] andSalmonella enterica (S. Newport,

S UgandasS. HeidelbergS Typhimurium, and. Enteritidis) was used. The five strainstof
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coli O157:H7 were obtained from the Food Safety Reseaabloratory (FSRL) and the five
bovine strains ofalmonella spp. were obtained from the Veterinary Diagnostbdratory
at lowa State University, Ames. IA. All stock cuis were maintained on Tryptic Soy Agar
(TSA; Difco, Becton Dickinson, Sparks, MD) slants 4 °C. Working cultures were
maintained by daily transfers in Tryptic Soy BrdifSB; Difco, Becton Dickinson, Sparks,
MD) and TSB + 1% glucose for the non-adapted and adapted strains respectively.
Growth curves for individual strains dE. coli O157:H7 andSalmonella spp. were
constructed to determine the time at which statppdnase was reached in order to make
subsequent transfers (Data not shown). The nontediaand acid adapted inoculum was
prepared by inoculating bacterial cultures into 40 TSB and TSB + 1% glucose
respectively and then incubating at 3Zfor 24 hours. Addition of glucose to the growth
medium allows the production of organic acids, whiower the final pH of the culture
medium significantly (Buchanan and Edelson, 199@gjitures (1ml) were then transferred
into 25 ml centrifuge tubes containing TSB withwathout 1% glucose and further incubated
at 35°C for 18h. The cultures were then centrifuged at §,K3g for 10 min. at 4°C
(SORVALL SUPER T21, Newton, CT). The supernatans wiacanted and resultant pellet
resuspended with 10 ml of 0.1% sterile peptone m{@&W®/; Difco, Becton Dickinson, Sparks,
MD). A cocktail was prepared by mixing the five ks in a sterile bottle to get a final

volume of 50 ml of the inoculum.
Inoculation of ground beef

Ground beef was obtained from the lowa State UsitxerMeat Laboratory and

irradiated at the lowa State University Linear Aecator Facility to an average absorbed
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dose of 8.05 kGy. Ground beef was irradiated tooremany background gram negative
microflora. The irradiated ground beef was divideto four parts of 350 g each and
inoculated with 50 ml of either non adapted or adptecE. coli O157:H7 orSalmonella
spp. respectively. Inoculum was hand mixed into gh@und beef to obtain a homogenous
distribution into the product. Two-gram portionsimbdculated ground beef were then placed
into plastic pouches (2” by 2”), heat sealed amest at 4°C for up to 4 weeks and -2@

for up to 120 days. Thermal resistance of sampiesed at 4°C was analyzed at 7-day
intervals for up to 28 days while those stored2at°C were analyzed at 30 day intervals for
up to 120 days.

Thermal resistance in ground beef (D-value determiations)

Thermal tolerance of the non adapted and acidtadagirains was determined by
calculating D-values at 62 (143°6) and 65°C (149°F) for up to 10 minutes. At each test
temperature the 2 g inoculated ground beef poualegse completely immersed in a water
bath maintained at either 62 or 85 and removed from the water bath at 0, 1, 2, 8, 4,5,
and 10 minutes. An additional 2 g ground beef pouak placed in each water bath at both
temperatures to monitor the temperature increasgatalogger (LI-1000; LI-COR, Lincoln,
NE) was used to monitor temperature by insertitgeamocouple into a 2 g ground beef
pouch and placing in the water bath at 62 an@@&5The timing for each experiment was not
started until the 2 g portions of inoculated grolme@f had reached the same temperature as
the water bath. This was designated as time “zardhe study. The plastic pouches were

removed from the water bath and immediately plaicedn ice water bath at each time
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interval. Each plastic pouch was allowed to coakdaon the ice water bath for 10 min. prior
to sampling.
Microbial sampling and enumeration

The plastic pouch containing 2-grams of ground best had been subjected to either
62 or 65°C was then aseptically opened into a filter storeadiag and diluted with 10 ml
0.1 % sterile peptone water (PW). The ground beses nomogenized with the diluent in a
stomacher (Stomacher 400, Tekmar, Cincinnati, Obf) f minute. Samples were then
serially diluted in 0.1 % sterile PW and spreadgaaon to Tryptic Soy Agar (TSA). Clavero
and Beuchat (1996) suggested that a higher recaveEy coli was achieved on TSA as
compared to MacConkey agar and modified eosin netkyblue agar. The plates were then
incubated at 37C for 48 h and colony forming units were manuathyicted and reported as
log Colony Forming Units per gram (lqgCFU/ g).
Experimental Design and Statistical Analysis

Three independent replications of a randomizedpteta block design were used to
prepare four 350-g batches of non inoculated grdweef that was then inoculated with 50
ml of either non adapted or acid adapkedcoli O157:H7 orSalmonella spp respectively.
Subsequently the inoculated ground beef was dividéal 2-g pouches in a completely
randomized design prior to D-value testing on dag or storage at 4C and -20°C for later
testing. Survival curves were constructed fordahganisms recovered on TSA, with the Y-
axis representing lag CFU/ g of each inoculum tested and the X-axisesg@nting time in
minutes. Decimal reduction time (D-value) was cldtad as the negative reciprocal of the

slope of the survivor curve for each inoculum tgx@osed to 62C (Ds,;) and 65°C (Dgs).
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Three replications of the experiment were performed the mean D-value of each inoculum
was analyzed using analysis of variance (ANOVAhwite SAS PROC MIXED procedures

(2002-03, SAS Institute, Cary, N.C.).

Results
Thermal tolerance of acid adapted and non-adaptedt. coli O157:H7 and

Salmonella in ground beef stored at refrigerated temperaturg(4 °C).

D-values of non-adapted and acid adajitecbli O157:H7 andsalmonella in ground
beef stored at 4C are shown in tables 1 and 2. From the data shiowrese tables it can be
observed that there was no significant (P>0.05eihce in [@-values of non-adapted and
acid adaptecE. coli O157:H7 up to 14 days of refrigerated storage 4C4 Significant
differences (P<0.05) were observed between nontedanmd acid adapted strainskofcoli
0O157:H7 on day 21 and 28 of the storage period. #Agabthe non-adapted strainskofcoli
0157:H7 a significant difference (P>0.05) was obsdrin Dy-values after 21 days of
refrigerated storage whereas no significant difiees (P>0.05) were observed for the acid
adapted strains over the 28 day storage perioan fine data shown in table 2 it can be seen
that there was no statistical differences (P>0id5Dgs-values of non-adapted and acid
adapted strains ddalmonella throughout the 28 days of refrigerated storagg-Vvalues of
non-adapted and acid adapted straing&.afoli O157:H7 did not change significantly over
the 28-day storage period.

Data in table 1 suggests that there were signifiddferences (P<0.05) indpvalues
of non-adapted and acid adapted strainSabhonella on day 21 and 28 at°“€. Significant

differences (P<0.05) were also observed gg\alues amongst the non-adapted strains after
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21 days of refrigerated storages ®alues of acid adapteghimonella on day 1 and day 28
were found to be significantly different (P<0.05hile no statistical differences (P>0.05)
were seen between remainder of the days (7, 142anduring refrigerated storage. At 65
°C there were no significant differences (P>0.05jhe D-values of non-adapted and acid
adaptedsalmonella throughout the 28-day storage under refrigeragatperature. Also, there
was no significant difference (P>0.05) insByalue as a result of storage time amongst the
non-adapte@almonella or their acid adapted counterparts.

Ds2-values of non-adaptdfl coli 0157:H7 andsalmonella were comparable to their
acid adapted counterparts during the initial phalsstorage at £C. Dg-values of non-
adapted pathogens tended to increase tremendofistyld4 days and were significantly
higher than the acid adaptBdcoli O157:H7 andsalmonella on day 21 and 28 of the storage
period. Similar but not significant changes wersalbserved for §-values of non-adapted
E. coli O157:H7 on day 21 and 28 of the storage periodenBalmonella showed slight
changes in B-values for both acid adapted and non-adaptednhsttaroughout the 28-day

storage at 4C.

Thermal tolerance of acid adapted and non-adaptedt. coli O157:H7 and

Salmonellain ground beef stored at —20C (Frozen Storage).

Tables 3 and 4 show D-values of acid adapted aneéadaptedE. coli O157:H7 and
Salmonella at 62 and 65C in ground beef stored over a 120-day period @€ From the
data shown it can be observed that a significafferdnce (P<0.05) in §-values was
observed between non-adapted and acid adaptedsstfdi. coli O157:H7 on day 120 of the

storage period. Significant differences (P<0.05yen&so observed between days 1 and 90
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and days 1 and 120 amongst the non-adapted stfkscoli O157:H7 whereas in the acid
adapted strains significant differences (P<0.0%evabserved between day 1 and the rest of
the storage period up to 120 days. Statisticaledbfices (P<0.05) were also observed
between day 30 and 120 and day 60 and 120 amdmgsicid adapteé. coli O157:H7
stored at -20°C. For Dyrvalues of Salmonella significant differences (P<0.05) were
observed between the non-adapted and acid adapa@tson day 30, 60, 90, and 120 of the
storage period. No significant (P>0.05) differeneesse observed amongst the non-adapted
or acid adapted strains S&lmonella throughout the 120-day storage at <0

From table 4 it can be observed that no significkifierences (P>0.05) in dg-values
were observed between the non-adapted and acideadstpain ofE. coli O157:H7 as well
as Salmonella throughout the 120-day storage at <Z0) In addition to this no significant
differences (P>0.05) were observed as a resultovhge period amongst each of the non-
adapted and acid adapted straings-\Ralues of non-adapted and acid adapEedcoli
0157:H7 andSalmonella were slightly higher on day 1 and tended to be tolug fairly

constant for the remainder of the 120 days stoaag20°C.
Discussion

Carcass decontamination and further processinmedt products introduces food
borne pathogens suchBscoli 0157:H7 andsalmonella to environmental stresses including
starvation, low water activity and low pH environmgthat may trigger protective responses
to heat (Mazzotta, 2001). Numerous studies haverteg that environmental factors such as
pH can affect the thermal resistance of microorgasi (Bearson et. al, 1997; Leyer and

Johnson, 1993; and Jay 2000).
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D-values of non-adapte. coli O157:H7 were higher at both 62 and €5 in our
study in comparison to those reported by Junejale1997). Their study reported D-values
of 0.93 and 0.39 min. for non-adaptéd coli O157:H7 at 62.5 and 6%C respectively.
Differences in the D-values of the non-adapEedoli O157:H7 could be attributed to the
variation in the type of strains used to condueséthermal tolerance studies. Results from
our study have shown that there is no differendevésen the D-values of acid adapted and
non-adaptedk. coli O157:H7 at 65C irrespective of the storage temperature while2tC
the non-adapted cells had a higher D-value tharatite adapted cells after 21 days a4
The D-value of acid adaptefl. coli O157:H7 was higher than that of the non-adapted
counterpart after 120 days at -20. These results were contrary to a study condugyed
Buchanan and Edelson (1999b) that suggested arligkalue for three different strains of
acid adapted. coli O157:H7 grown in laboratory media. D-values reprite their study
were lower than those observed in our study, wieah be attributed to the use of higher
temperatures used in our study and ground beefhesed instead of a laboratory media that
could potentially provide some level of protecttonthe pathogens against heat. D-values at
62 and 65°C in our study were also lower than those repoogdhmed et. al. (1995) and
Line et. al. (1991) since the authors used a |laemperature in their study. This suggests
that there has been tremendous amount of reseanghath thermal tolerance of acid adapted
and non-adapted food borne pathogens espedtaltpli O157:H7 andSalmonella at low/
sub-lethal temperatures leaving a need to invdstiggher temperatures that are more
indicative of current cooking practices. Chengaét(2002) demonstrated that acid adajed

coli O157:H7 were more thermally tolerant than their-adapted counterparts in laboratory
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media and Ryu and Beuchat (1998) suggested thatdieeance okE. coli O157:H7 can be
substantially enhanced by acid adaptation as cadparacid shock at 52 in apple cider
and orange juice. Comparing our study to Chenglef2002) and Ryu and Beuchat (1998) it
can be concluded that acid adaptation might ineré@rmal tolerance in liquid foods but the
same effect is not observed in a solid food matwish as ground beef.

Calicioglu et. al. (2003) reported higher susdmfity of acid adaptedSalmonella
than the non-adapted cells on beef jerky afterngrywhich are in agreement with results
from our study that indicated higher susceptibibfythe acid adaptefalmonella in ground
beef stored at 4C. Results on the D-values in ground beef store@@tC showed that the
acid adapted strains &lmonella were slightly more tolerant to heat than their rrolapted
counterparts at 62 and 8& which were concurrent with results from a studgpducted by
Leyer and Johnson (1993) suggesting increased #h¢oherance of acid adapt&lmonella
at 50°C in cheese. Sharma et. al. (2005) reported sogmifidifferences in the D-values of
Salmonella andE. coli O157:H7 grown in TSB+1% glucose in comparison taséhstrains
grown in TSB regardless of the type of fruit juiteey were heated in, whereas thermal
resistance ot.isteria monocytogenes was not affected by adaptation in acidified brdis.
seen in our study this is not necessarily trueagecf a food matrix such as ground beef over
an extended period of refrigerated and frozen gerdinimal or no differences in the
thermal tolerance of acid adapted and non-adaptedoli O157:H7 andSalmonella in
ground beef indicate the possibility that the ddéfeces observed in laboratory media may not

necessarily be extrapolated to a food system.
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Conclusions

In conclusion it is apparent from the data thagréhwas no significant difference
(P>0.05) in the thermal tolerance of the acid aeld@ind non-adaptdfl coli O157:H7 and
Salmonella in ground beef throughout the 120-day storage deatat and -20C. Since there
have been studies in the past that have reporfetafices in the thermal tolerance of acid
adapted and non-adapted pathogens it is impomaobrisider protective responses that are
triggered as a result of environmental stresseisddwa be critical when choosing the most
resistant target organism in order to calculatedlity of a heat treatment in a food matrix. A
conservative approach of taking into consideratioa most resistant target organisms can
help in adding an extra safety factor to the mimmregulatory requirements for heating/
cooking meat and poultry products. Most of the ®sichave reported thermal tolerance of
acid adapted pathogens in a laboratory media aquadifood system but there is a lack of
literature on the thermal behavior of these pathege an actual food matrix that has been
subjected to refrigerated and frozen storage. Iditiath to this studies undertaken to
determine thermal tolerance of acid adagedoli O157:H7 have been conducted at lower
temperatures ranging from 52 to 88 in laboratory medium or in liquid foods such ais¢s.
Our study has been conducted in an actual fooemsygground beef) that was subjected to
handling conditions mimicking day-to-day practi¢éefowed in the industry, grocery stores,
and in the consumer households. We have showmdtichadaptation d&. coli O157:H7 and
Salmonella does not pose any additional threat of this path@geviving in the foods if they
have been cooked as per regulatory guideline foradapted pathogens. This study helps

answer the question posed about the transient esidnged effects of acid adaptation on
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thermal tolerance of food borne pathogens. Buthéiurtstudies need to be conducted to

determine the pathogenicity of these acid adapaticogens to humans.
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Table 1: Decimal reduction time (§-values) of acid adapted and non-adascherichia

coli O157:H7 andalmonella in ground beef stored at°€ for up to 28 days.

Storage time
(days)

Escherichia coli O157:H7
D-value (min.)

Salmonella
D-value (min.)

Non-adapted Acid adapted Non-adapted Acid adapted
1 1.972 2.20-2 1.98-2 1.93"2
7 2.46"2 253" 2.00"2 224 %2
14 2.91° 2.88"° 2.43-2 2.29-2%
21 456" 2.7142 3.55° 2.35h2a
28 4.60°° 2.66"2 4.2%° 2.98 2

non-adapted strains for each pathogen on a paatidaly.

Numbers in the superscript indicate significantedé#nces between storage times for,
acid adapted or non-adapted strains of each pathoge
Alphabets in the superscript indicate significaiffiedences between acid adapted or
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Table 2: Decimal reduction time (§3-values) of acid adapted and non-adascherichia

coli O157:H7 andalmonella in ground beef stored at°€ for up to 28 days.

Storage time Escherichia coli O157:H7 Salmonella
(days) D-value (min.) D-value (min.)
Non-adapted Acid adapted Non-adapted Acid adapted
1 1.58"2 1.27-2 1.15-2 1.23"2
7 1.052 0.89"2 0.832 0.79"2
14 0.91-2 0.82"2 0.82"2 0.73"2
21 1.30°* 0.80"2 1.164° 0.92"2
28 1.40'2 0.97-2 1.38"2 1.10~°

Numbers in the superscript indicate significantedé#nces between storage times for,
acid adapted or non-adapted strains of each pathoge

Alphabets in the superscript indicate significaiffiedences between acid adapted or
non-adapted strains for each pathogen on a paatidaly.
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Table 3: Decimal reduction time (§-values) of acid adapted and non-adaischerichia

coli O157:H7 andalmonella in ground beef stored at -2Q for up to 120 days.

Storage time
(days)

Escherichia coli O157:H7
D-value (min.)

Salmonella
D-value (min.)

Non-adapted Acid adapted Non-adapted Acid adapted
1 1.852 1.86"° 1.98"2 1.93"2
30 2.25 %2 2402 1.652 2.56""
60 2.29 22 2.34° 1.65"2 2.54"°
90 2.36° 2.7% 32 1.85"2 2.58"°
120 2.35 2 2.85° 2.032 2.622

Numbers in the superscript indicate significantedtdnces between storage times for
acid adapted or non-adapted strains of each pathoge
Alphabets in the superscript indicate significaiffiedences between acid adapted or
non-adapted strains for each pathogen on a paatidaly.
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Table 4: Decimal reduction time (§3-values) of acid adapted and non-adaischerichia

coli O157:H7 andalmonella in ground beef stored at -2Q for up to 120 days.

Storage time
(days)

Escherichia coli O157:H7
D-value (min.)

Salmonella
D-value (min.)

Non-adapted Acid adapted Non-adapted Acid adapted
1 0.89 2 1.132 0.74-2 0.81+2
30 0.5%2 0.59-2 0.60"2 0.68-2
60 0.5%2 0572 0.65-2 0.68-2
90 0.54'2 0.562 0.58"2 0.58"2
120 0.542 0572 0.522 0.58"2

Numbers in the superscript indicate significantedtdnces between storage times for
acid adapted or non-adapted strains of each pathoge
Alphabets in the superscript indicate significaiffiedences between acid adapted or
non-adapted strains for each pathogen on a paatidaly.
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Pathogenicity of acid adaptedescherichia coli O157:H7 in
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lowa State University, Ames, IA. 50010.

Abstract

Toxicity of acid adapted and non-adaptBedcherichia coli O157:H7 grown in
laboratory media and meat serum on African greenkay kidney cells (Vero cells) was
determined E. coli O157:H7 was adapted to acidic conditions by grgwim Tryptic Soy
Broth with 1 % glucose (TSB+ 1%G). Five-strain cadkof E. coli O157:H7 was grown
separately in TSB and TSB+1%G for 24 h at°&7to provide cells with or without acid
adaptation. Meat serum was prepared from irradigtednd beef and inoculated with a five
strain cocktail of either acid adapted or non-addft coli O157:H7. Vero cells were grown
separately in complete RPMI media and toxic effeftgcid adapted and non-adapEeatoli
0157:H7 grown in laboratory media and meat serumewempared after storing for 1 and 7
days at 4 and -28C. No significant (P>0.05) differences were obsdraetween the toxicity
of acid adapted and non-adapted cells in laboratoegia and meat serum irrespective of
storage temperature. Higher (P<0.05) productiorvesbtoxin was observed on day 1 as
compared to day 7 at 4 and -20. Significantly higher (P<0.05) verotoxin productiwas

observed in meat serum inoculated with non-adap&dd on day 1 as compared to acid
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adapted cells but this was not observed on dayn@&sd results suggest that acid adaptation of

E. coli O157:H7 leads to decreased verotoxin secretiongat serum.

Introduction

An estimated 73,000 cases of infection and 61hdeatcur in the United States each
year as a result dEscherichia coli O157:H7 infection (CDC, 2005E. coli O157:H7 has
become a pathogen of concern in the food indushgesits initial implication in various
foodborne outbreaks (Mermelstein, 199)coli O157:H7 has been recognized as the most
important etiological agent of hemorrhagic colitighich is characterized by severe
abdominal pain and bloody diarrhea (Bopp et. &87).E. coli O157:H7 does not produce a
traditionalE. coli enterotoxin and is not enteroinvasive or enterogdttdout has been known
to produce a toxin that is cytopathogenic to Vezth cultures (Wells et. al., 1983). Because
of its toxic effects on Vero cells they are als@Wn as verotoxins. This cytotoxin has been
suggested as a vehicle in the pathogenesis of ggmaolremic syndrome (HUS) and is
believed to be true for hemorrhagic colitis (Bopgpad., 1987). Toxins produced iy coli
0O157:H7 tend to bind to epithelial cells in theestine, kidney, and brain leading to
formation of tiny clots that can very easily damdge capillary beds (Acheson and Keusch,
1996). Prevalence rates I6f coli O157:H7 in cattle range from 0.3 to 19.7% in thedfet,
0.7 to 27.3% in pastures, and 0.9 to 6.9% on tmgeaaHussein and Bollinger, 2005)
suggesting a high potential for infection and reation of cattle that could lead to
contamination at the time of slaughter and furtheycessing. Concerns associated with
safety of beef contaminated with Shiga toxin-prodge. coli (STEC) have been increasing

since the first two human illness outbreaks in 14BHdey et. al., 1983). Some STEC
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serotypes are rarely considered pathogenic bue taer a few serotypes includiig coli
0O157:H7 that are frequently reported to cause huifir@sses (Hussein and Bollinger, 2005).

Acidic foods have long been considered generalfg $or human consumption and
outbreaks related to these foods have rarely beeorded (Arvizu-Medrano, 2005).
However, recently foodborne outbreaks have beesethdue to some acidic foods such as
mayonnaise (Smittle, 2000), yogurt (Morgan et. 2093), apple juice (CDC, 2000), and
orange juice (Merrel and Camilli, 2000). Resistaand/ or tolerance to acidic conditions has
an impact on virulence determinants that contriltotehe survival and pathogenicity of
certain foodborne pathogens such Bscoli, Salmonella, Shigella spp., andListeria
monocytogenes (Leyer and Johnson, 1995; and Miller and Kaspaf4)l9According to
Buchanan et. al. (1994) these acid resistant/aontgpathogens have a greater likelihood of
surviving in acidic foods for an extended period amcreased portion of the population that
can survive the gastric environment (Gorden andliSa03) enhancing the infectivity once
these pathogens attach to the intestinal tract (DIl et. al., 1996). These studies suggest
enhanced infectivity of acid tolerant pathogens Yuk and Marshall (2005) have reported
conflicting results showing that although organtadeadapted cells were more heat resistant
they produced less total verotoxin than their ndapded counterparts at a concentration of
approximately 1HCFU/ ml.

Pathogenic properties d&. coli O157:H7 are associated with the ability of this
pathogen to attach to intestinal cells and prodem®toxin (Benjamin and Datta, 1995).
Tremendous amount of research has been done tondeteresponses of acid adaptedoli
0O157:H7 to thermal and non-thermal treatments boratory media and juices but very

limited literature is available on the pathogemniaif acid adaptede. coli O157:H7 in an
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actual food system during storage. To help undedstae ability ofE. coli O157:H7 to
respond to acid stress this study was undertakeongoare pathogenicity of acid adapted

and non-adapte#. coli O157:H7 in laboratory media versus in meat serurmgtstorage.

Materials and Methods

Preparation of bacterial cultures.

A five-strain cocktail ofEscherichia coli O157:H7[ATCC 35150 (human feces from
outbreak of hemorrhagic colitis); ATCC 43894 (hunfeces from outbreak of hemorrhagic
colitis); ATCC 43895 (isolate from raw hamburgerpiinated in hemorrhagic colitis); WS
3062 (clinical isolate); and WS 3331 (clinical sta)] andSalmonella enterica (S Newport,

S Uganda,S. Heidelberg,S Typhimurium, andS. Enteritidis) was used. The five bovine
strains ofSalmonella spp. were obtained from the Veterinary Diagnosabdratory at lowa
State University, Ames. IA. Stock cultures were mained on Tryptic Soy Agar (TSA;
Difco, Becton Dickinson, Sparks, MD) slants at@ Working cultures were maintained by
daily transfers in Tryptic Soy Broth (TSB; DifcogBton Dickinson, Sparks, MD) and TSB +
1% glucose for the non-adapted and acid adaptethstrespectively. Growth curves for
individual strains oE. coli O157:H7 andsalmonella spp. were constructed to determine the
time at which stationary phase was reached in dalemake subsequent transfers (Data not
shown). Non-adapted and acid adapted inoculum wapaped by inoculating bacterial
cultures into 10 ml TSB and TSB + 1% glucose respely and then incubating at 3T for

24 h. Addition of glucose to the growth medium a#oproduction of organic acids, which
lower the final pH of the culture medium signifitgn(Buchanan and Edelson, 1999a).

Cultures (1ml) were then transferred into 25 ml Tc@trifuge tubes and further incubated at
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35°Cfor 18 h. Cultures were then centrifuged at 5,738 %r 10 min. at £4C (SORVALL
SUPER T21, Newton, CT). The supernatant was dedaartd resultant pellet resuspended
with 10 ml of 0.1% sterile peptone water (PW; Dif&ecton Dickinson, Sparks, MD). A
cocktail was prepared by mixing the five culturesaisterile bottle to get a final volume of
50 ml of the inoculum.

Preparation and inoculation of meat serum.

Ground beef was obtained from the lowa State Unritye Meat Laboratory and
irradiated at the lowa State University Linear Aecator Facility to an average absorbed
dose of 8.05 kGy. Ground beef was irradiated toosemany background gram negative
microflora. Meat serum was then prepared by makidgl dilution of the irradiated ground
beef with 0.1 % PW and homogenizing in a stoma¢Bamacher 400, Tekmar, Cincinnati,
OH) for 2 minutes. This was followed by centrifugithe aliquot at 5,738 x g for 30 min. at
4 °C. The supernatant was decanted into a sterile Widmttle and filtered through a 0.45
pm cellulose acetate membrane filter (Corning gleaks, Corning, NY). The filtered meat
serum was then divided into four-40 ml parts irriktgubes. This 40 ml sterile meat serum
was then inoculated with the acid adapted or n@p&dlE. coli O157:H7 and 5 ml of the
inoculated meat serum was then measured into ansédigle tubes and stored at 4 and -20
°C for 1 and 7 days. In order to compare the pathicgg of acid adapted and non-adapked
coli O157:H7 in laboratory media the pathogen was grawmSB+1% glucose and TSB
respectively. Inoculated meat serum and laboratoeglia was removed on day 1 and 7;

incubated at 37C for 24 h prior to extraction d&. coli O157:H7 toxin.
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Extraction of E. coli O157:H7 toxin/ cell free extract.

Toxins were extracted from acid adapEdoli O157:H7 in laboratory media and in
meat serum; and from non-adaptedcoli O157:H7 in laboratory media and meat serum.
Inoculated meat serum and laboratory media wagifteged at 7,000 x g for 15 min. at’€
post incubation. The supernatant was then decanteda sterile test tube and filtered
through 0.45 um cellulose acetate membrane fitteeinove any residual bacterial cells and

stored at — 80C until toxicity assays were conducted.
Feeding Vero Cells.

Vero cells are African green monkey kidney ceBdCC # CCL 81) that are an
adherent cell line. These cells were grown in catgRPMI-1640 (Sigma-Aldrich, St. Louis,
Mo) media at 37C with 5 % CQ. Complete RPMI-1640 media was made by adding 2mM
L-glutamine, 25 mM Hepes, 50 pg/ ml gentamicin, 49d% fetal bovine serum (FBS) to
RPMI-1640 media. Cell culture flasks (75 Grostar, Cambridge, MA) were used to grow
these cells. Vero cells were split when they wearpraximately 80-90 % confluent. Cells
were split and maintained by removing the old mddian the culture flasks and washing
with 8 ml Hanks balanced salt solution (HBSS) sapmnted with 25 mM Hepes to remove
all the fetal bovine serum containing trypsin intobs. 3 ml of 0.25 % trypsin was added to
the flask and incubated at 3T for 8 min. During the incubation period the flaglas
removed and rocked intermittently in an effort &t the cells in a single cell suspension. At
the end of incubation flasks were observed undenwaerted microscope to ensure single cell
suspension of the loose cells. Flasks were vortéxadge clumps were observed. 10 ml of

complete RPMI media was added and pipetted up awihdo break up the clumps.
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Following this, cells were counted using a hemaogter and the cell concentration and
volume of cells was recorded. 1.5 ml of the trypsad cells were transferred to 13.5 ml of
fresh complete RPMI media and incubated at'@G7 This procedure of feeding Vero cells
was repeated every 72 to 96 h.
Toxicity Assay.

Vero cells were harvested when 80-90 % confluent@ntrifuged at 300 X g (CR-
312 Jouan Inc., Winchester, VA) for 8 minutes. Bapernatant was decanted and the pellet
resuspended in 7 ml of complete RPMI media. Thelscelere counted using a
hemacytometer after staining with 0.4 % Trypan laod cell concentration was determined.
Appropriate dilutions with complete RPMI media wereade in order to obtain a cell
concentration of 1 25 ul (1 cells/ well in a 96 well micro titer plate; Cost&orning Inc.,
NY). 75 ul of complete RPMI media was put into thist row of wells along the length (12
wells) of the micro titer plate and 50 pl of thenggete RPMI media was put in the
remaining 84 wells of the plate. Following this 2bof the toxin from different samples was
put into the first row of wells and subsequent dilBtions were made along the width (8
wells) of the plate. Results are shown at the mostentrated form of the. coli O157:H7
toxin, medium concentration (obtained as a restltfour 1:3 dilutions of the most
concentrated toxin), and low concentration (obtdias a result of seven 1:3 dilutions of the
highly concentrated toxin). Comparison of toxicligtween different sources of toxin is
reported at the highest concentration. The plata®\whaken well in order to mix the toxin
with complete RPMI media and then 25 pl of Verdscelere added to each well. The plates
were then incubated at 3T for 48 h. After 48 h, 15 ul of MTS dye [3-(4, Brabthylthiazol-

2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophengljt-tetrazolium] was added to each
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well and optical density was determined at 490 nman automated micro plate reader (EL
340, Bio-tek instruments Inc., Winooski, VT). Abbance was measured at 0, 1, 2, 3, and 4
h post incubation at 37C. Higher absorbance indicated lower toxicity ofo&in to Vero

cells.
Experimental Design and Statistical Analysis.

Three independent replications of randomized cetepblock design were used to
prepare the filtered meat serum which was thenuladed with either non-adapted or acid
adapteck. coli O157:H7. The inoculated meat serum was divideal 3ninl sterile tubes in a
completely randomized design prior to storage 8t ad 4°C for 1 and 7 days. Optical
densities were measured and graphs were constriaoctedmparing toxicity of acid adapted
and non-adaptedE. coli O157:H7 in laboratory media and meat serum, witlaxis
representing optical density of the vero cells @ #m and X-axis representing different
samples. Three replications of the experiment weréormed and the mean optical densities
of each sample were analyzed using analysis ohnegi (ANOVA) with the SAS PROC
MIXED procedures (2002-03, SAS Institute, Cary, N.CSignificant differences were
reported at P < 0.05.

Results

Analysis of variance (ANOVA) suggested that themes no interactive effect of acid
adaptation, storage day and temperature on thegeaticity ofE. coli O157:H7. Figure 1
shows the optical densities of Vero cells that hlaeen subjected to toxin produced by non-
adapted and acid adaptéd coli O157:H7 in laboratory media and meat serum. Overall

significant differences (P<0.05) were observed he bptical densities on day 1 and 7
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irrespective of the source from which the toxin wasained. The different sourceskfcoli
0O157:H7 toxin were; (1) meat serum inoculated witin-adapted cells stored at'@, (2)
meat serum inoculated with acid adapted cells dtate4°C, (3) non-adapted cells in TSB
stored at 4C, (4) acid adapted cells grown in TBG+1% glucase stored at 4C, (5) meat
serum inoculated with non-adapted cells stored@t°€, (6) meat serum inoculated with
acid adapted cells stored at -20, (7) non-adapted cells in TSB stored at 220 and (8)
acid adapted cells grown in TBG+1% glucose ancedtat -20°C.

Comparing least squares means (LSmeans) of theabplensities of Vero cells
indicated that there was a significant differerfee(.05) in the pathogenicity of acid adapted
and non-adapted cells inoculated in meat serumsamed at 4 °C on day 1, but this
difference was not observed after one week of geordhis suggests that there could
possibly have been a transitory change in the adapted cells which did not persist until
one week of storage. Figure 1 suggests that topadyzed by acid adapted cells was less
toxic to Vero cells as compared to that produceddry-adapted cells. Toxicity was observed
to be lower after 7 days of storage &Cdas compared to those stored the°Q(fig. 1).

Figure 2 A and B show toxicity of varying concetitons of toxin produced by non-
adapted and acid adaptEdcoli O157:H7 on Vero cells after 1 day of storage ahd €0
°C respectively. Toxic effects of different concemivns of the toxin produced by non-
adapted and acid adaptEdcoli O157:H7 on Vero cells after 7 days of storage ahd -20
°C are shown in figure 2 C and D respectively. Ffguares 2 A, B, C, and D it can be seen
that Vero cells exposed to highest concentratiotheftoxin had the lowest optical density

indicating maximum toxicity.
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Discussion

Implication of numerous acidic foods such as pasted apple juice and fermented
meats in recent outbreaks associated with surai&l coli O157:H7 have emphasized the
need for studies on acid resistance and pathogemnitthese strains. Several studies in the
past have suggested higher thermal tolerance dfaaptecE. coli O157:H7 in laboratory
media (Buchanan and Edelson, 1999b) and fruit gu{@&harma et. al., 2005). But there is
lack of evidence about the ability of acid adagtedoli O157:H7 to produce toxin and cause
human illnesses that are comparable to those ¢gudeeir non-adapted counterparts. In this
study the toxicity of acid adapted and non-adagfedoli O157:H7 was compared in an
actual food system mimicking industrial and consuh@ndling practices of refrigerated and
frozen storage in addition to subjecting the meatis to abusive temperatures by incubating
at 37°C for 24 h. Our study has shown that there is fier@ince in the cytotoxicity of acid
adapted and non-adaptedcoli O157:H7 in laboratory media. In meat serum acictateon
caused the cells to be less toxic as comparedetmdm-adapted cells when stored under
refrigeration (4°C). But this effect was short term and no diffeesn the cytotoxicity were
observed after 7 days of refrigerated storage. rélsalts on cytotoxicity in this study are
contrary to those reported by O’Driscoll et. al996) suggesting higher virulence of certain
acid adapted bacterium. Findings from our studyshg less toxicity of acid adaptesl coli
0157:H7 than their non-adapted counterparts aggreement with earlier studies done by
Yuk and Marshall (2005) showing that although orgaatid adapted cells were more heat
resistant they produced less total verotoxin thheirtnon-adapted counterparts at a

concentration of approximately 4GFU/ ml.
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Weeratna and Doyle (1991) suggested that pH oftiranedium could be a factor
influencing higher production of verotoxin in me#t. our study the pH of meat serum
inoculated with acid adapted strainskofcoli O157:H7 was lower (pH ~4.6) than that of the
meat serum inoculated with non-adapted cells (pBl5) after 24 h incubation at 3T.
Lower toxicity of acid adapted cells in our studyutd be attributed to low pH as suggested
by Weeratna and Doyle (1991). Lower toxicity of #md adapted cells in our study was in
agreement with findings by Yuk and Marshall (20€49t suggested decrease in membrane
fluidity in acid adapted cells may increase thedamesistance but decrease verotoxin
secretion. Sufficient evidence has been publisiweghrove higher survival rates of acid
adapteck. coli O157:H7 in laboratory media and in juices. Thimiation, combined with
the results from our study suggesting that acicptethcells have the capability to produce
toxin indicates that these acid adapted pathogena anajor concern during processing and
storage of foods.

The reasons for less toxin production by the adaptation are not clear but could be
attributed to diversion of energy involved in toxiroduction to other metabolic activities for
growth and survival under acid stress or partipfession of the verotoxin producing gene as
a result of extreme pH. Although the ability ofceidapted. coli O157:H7 to survive when
challenged with various organic acids (Goodson &mvbury, 1989) and its increase
thermal tolerance have been extensively reportedrbility of these acid adapted cells to
produce toxins comparable to their non-adapted teoparts as shown in our study remains a

guestion that needs to be further investigated.
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Conclusions

Organic and inorganic acids are widely used in fted industry as a means of
preservation and more recently interventions totrobrbacteria of public health concern.
Based on our findings in this study the abilitypaithogenic bacteria to adapt to low pH can
pose a threat to safety of foods. Although ourltesadicated less toxicity of acid adapted
coli O157:H7 in meat serum the ability to survive inreriely low pH conditions could
provide cross-protection against thermal and ossitesses. Results presented in this study
can be helpful in further understanding the retalop between acid adaptation and
pathogenicity ofE. coli O157:H7 as well as long term effects under varistsrage

conditions of meat.
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Fiqure Legends

Figure 1: Relative toxicity of acid adapted and {aolaptedEscherichia coli O157:H7 in

laboratory media and meat serum determined by alptiensities of samples stored at -20
and 4°C for 1 and 7 days. Each data point is an averageree independent replications
performed in duplicates. Error bars represent stahcerror. Higher optical densities

represent lower toxicity.

Figure 2. Toxicity of acid adapted and non-adagscherichia coli O157:H7 at different
concentrations in laboratory media and meat seraterchined by optical densities of

samples stored at (A) € for 1 day; (B) -20C for 7 days; (C) 4C for 1 day; and (D) -20
°C for 7 days.m = Toxicity of non-adapteé. coli O157:H7 in meat serunm= Toxicity of
acid adapted. coli O157:H7 in meat serun®= Toxicity of non-adapteé&. coli O157:H7 in

laboratory mediap= Toxicity of acid adapte#. coli O157:H7 in laboratory media.
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GENERAL CONCLUSIONS

In conclusion this research has provided insighttlee thermal tolerance of acid
adaptecdescherichia coli O157:H7 andsalmonella in meat serum, effect of storage at 4 and -
20 °C on the thermal resistance of these acid adapatdogens in ground beef, and
pathogenicity of acid adaptét coli O157:H7 in meat serum stored for up to 7 daysaidi
-20 °C. Results have shown that there is increased Hietalerance of acid adapted
pathogens initially but over time this differencethe resistance to thermal stress is depleted
in ground beef. Hence, these acid adapted cel®neisto thermal stress in a manner similar
to their non-adapted counterparts. Data from theduasion of cytotoxicity of acid adapted
and non-adapted cells & coli O157:H7 suggested that although there could beased
short term resistance to thermal stress in acigtadacells it does not persist for an extended
period and the amount of verotoxin produced bydledls is less or in same amounts as that
produced by the non-adaptEdcoli O157:H7.

The ability of these pathogens to survive acidioditions is an important aspect that
needs to be considered when implementing regulaoigelines for the use of organic and
inorganic acid as decontamination strategies. uesd influence of acid adaptation on
thermal tolerance and other environmental stregpeses the need to review regulatory

guidelines for cooking meat and poultry productsiider to destroy these pathogens.
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FUTURE STUDIES

Results from our study have indicated that thera ineed for more studies to be
conducted on the behavior of acid adapted foodépathogens specificalBscherichia coli
0157:H7 and Salmonella. Further studies need to be conducted to alsorrdete
pathogenicity of acid adapt&dlmonella by conducting invasiveness assays. Also, studies to
determine the actual toxin content produced byabid adapted and non-adaptédcoli
0157:H7 need to be developed as a reference fdnefushelf life studies and effects of
storage temperatures on thecoli O157:H7 toxin.

Another important aspect that would be useful étednining the hazard posed by
acid adapted food borne pathogens would be to abratudies to evaluate the efficacy of
organic and inorganic acid such as citric, ladiutg acetic acid to reduce such acid adapted
bacteria. At the same time these studies need twibeucted on other meat sources such as
pork and poultry products to get a better ideamftamination issues concerned with acid
adapted pathogens. Following thermal toleranceiestuthere is a need to also conduct
research on the resistance of these acid adaptiedgess to other stresses such as irradiation,

osmotic stress, and other non-thermal interventiethods.
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