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Abstract

In 1999 the foodborne pathogens Salmonella, Listeria, Campylobacter, and Escherichia coli (both O157 and non-O157) were esti-

mated to cause more than 6 million illnesses and approximately 9000 deaths each year. However, the most recent Centers for Disease

Control and Prevention report on the sources and incidence of foodborne disease, released in 2004, has shown a dramatic decrease in

E. coli O157:H7 infections. Since raw beef products are the most frequently foodborne sources of these pathogens, the results of this

report demonstrate that the microbiological quality of raw beef has improved greatly. During the intervening years, post-harvest

interventions have continually improved, with new attention to hide decontamination and innovative treatments of carcasses. In

addition, a system to hold and test beef trim or ground beef for E. coli O157:H7 before its release into commerce has provided

an even greater level of safety. In this paper, we review the latest information on the prevalence of E. coli O157:H7 and other patho-

gens on beef, the evidence identifying the hide as the primary source of pathogens on beef carcasses, the efficacy of various hide and

carcass interventions, and other developments that have led or have the potential to lead to even greater improvements in the micro-

bial quality of beef.
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1. Introduction

Foodborne pathogens have been estimated to cause

>6 million illnesses and approximately 9000 deaths each

year (Mead et al., 1999). Bacterial pathogens contribute

to �60% of the foodborne illnesses that lead to hospital-
ization and account for nearly two-thirds of the esti-

mated number of foodborne pathogen-related deaths.

Mead et al. (1999) estimated that Salmonella spp. caused

�26% and >30%, Listeria spp. accounted for �4% and

�28%, Campylobacter spp. caused �17% and >5%,

and Escherichia coli, both O157 and non-O157, ac-

counted for �5% and >4% of foodborne illness-related

hospitalizations and foodborne pathogen-related
deaths, respectively.

Listeria is more often associated with ready-to-eat

products and Campylobacter is more often associated

with poultry and produce, while Salmonella can be

found in all varieties of food products. E. coli

O157:H7 and non-O157 STEC are most frequently asso-

ciated with raw beef products and, thus, will be the focus

of this review. The best way to control and eliminate
pathogens is to understand their sources and prevalence

in the environment. Through the efforts of the beef pro-

cessing industry and many groups of researchers, the

microbiological quality of raw beef has greatly im-

proved. Post-harvest interventions have been continu-

ally improved, with new attention to hide

decontamination and innovative treatments of car-

casses. In addition, a system to hold and test trim or
ground beef for E. coli O157:H7 before release into com-

merce has provided an even greater level of safety. The

most recent Centers for Disease Control and Prevention

(CDC) report on the sources and incidence of foodborne

disease has shown a dramatic decrease in E. coli

O157:H7 infections (CDC, 2004). In this paper, we will

review the latest information, primarily from our labo-

ratory, on prevalence of pathogens on beef, the evidence
identifying the hide as the primary source of pathogens

on beef carcasses, the efficacy of various hide and car-

cass interventions, and other developments that have

led or will lead to even greater improvements in the

microbiological quality of beef.
2. Escherichia coli O157:H7

Of the three pathogens discussed herein (E. coli

O157:H7, non-O157 STEC, and Salmonella spp.), the

most significant is enterohemorrhagic E. coli O157:H7.

The reason for the focus on E. coli O157:H7 is the des-

ignation of E. coli O157:H7 as an adulterant in ground
beef and the consequences of such a policy for the beef

processing industry. This bacterium is capable of pro-

ducing large quantities of toxins (Shiga toxins) that

cause severe damage to the intestinal lining. In the early

1980s, E. coli O157:H7 gained recognition as the causa-

tive agent for an outbreak of severe bloody diarrhea

traced to consumption of improperly prepared ham-

burgers (Johnson, Lior, & Bezanson, 1983; Riley et al.,
1983). It is now established that E. coli O157:H7 can

be found in animals and associated with contaminated

meat (Chapman et al., 1993; Hancock, Besser, Lejeune,

Davis, & Rice, 2001). E. coli serotype O157:H7 and its

significance to public health and commerce are well

documented.

A study of the prevalence of E. coli O157:H7 in feces,

hides and carcasses of beef cattle at processing plants in
the late summer months (July and August, 1999) found

that 28% of feces and 11% of hides tested positive for the

presence of this pathogen (Elder et al., 2000). This re-

port also found that �45% of pre-evisceration carcasses

were positive for O157:H7, but as the processing contin-

ued and antimicrobial interventions were applied, the

number of positive samples declined to �20% (post-evis-

ceration) and was 2% post-intervention. This report
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showed that the prevalence of E. coli O157:H7 on car-

casses was higher than previously thought (USDA,

FSIS, 1994).

To advance the priority of upgrading food safety in

beef products, new research tools were needed to help

investigators isolate, identify, and track the source of
bacterial contamination. Hides were suggested to be a

source of carcass contamination (Bell et al., 1997). To

trace the origin of carcass contamination, a genotyping

approach (pulsed-field gel electrophoresis, PFGE) was

used to determine whether isolates found on carcasses

came from the same animal or from outside sources

(for example, cutting tools, assembly line, other animals,

etc.). Barkocy-Gallagher et al. (2001) used PFGE to
demonstrate that >66% of E. coli O157:H7 identified

on a carcass were traceable to the same animal earlier

in the process.

The Barkocy-Gallagher et al. (2001) and the Elder et

al. (2000) studies suggested that hides were the source of

E. coli O157:H7 on carcasses. However, hide prevalence

data did not support this notion. Therefore, we hypoth-

esized that the methodology applied in that study had
underestimated the prevalence of E. coli O157:H7 on

hides and we pursued the development of an improved

method for detection and isolation of foodborne bacte-

ria. The resulting ‘‘MRU Method’’ (Barkocy-Gallagher

et al., 2002) uses selective temperature incubation in

non-selective media as a primary enrichment. Bacterial

recovery and enumeration are accomplished by using

immunomagnetic separation then plating on selective
media. In addition to improving assay sensitivity, this

enrichment provides a system whereby multiple patho-

gens (E. coli O157:H7, non-O157 STEC, and Salmo-

nella) can be isolated concurrently, as opposed to the

independent recovery methods traditionally employed.

Using the MRU methodology, researchers surveyed

beef processing plants during four different seasons from

spring of 2001 through winter of 2002 (Barkocy-Galla-
gher et al., 2003). The prevalence of E. coli O157:H7

in fecal samples was highest in the summer and lowest

in the winter. The incidence of these bacteria on hides

was highest in spring and summer (74%), slightly lower

in fall, and much lower in winter (29.4%; Barkocy-

Gallagher et al., 2003). Prevalence of E. coli O157:H7

on pre-evisceration carcasses was highest in spring and

summer (�39%) and lowest in winter (�1%). Of the
1,232 post-intervention carcasses sampled during the

four seasons, only 15 (1.2%) tested positive for the pres-

ence of E. coli O157:H7 (Barkocy-Gallagher et al.,

2003). These data supported a general conclusion that

low numbers of E. coli O157:H7 could be introduced

into beef products at fed-cattle slaughter plants.

These studies (Barkocy-Gallagher et al., 2003; Bell et

al., 1997) and others (Rivera-Betancourt et al., 2004;
Small et al., 2002) provided convincing evidence that

hides were the source of carcass contamination. How-
ever, the definitive evidence incriminating hides as the

primary source of carcass contamination came from

the results of chemical dehairing experiments. Nou

et al. (2003) showed that E. coli O157:H7-positive car-

casses were reduced from 50% to 1% by chemical dehai-

ring. Knowing the source and level of contamination is
critical for developing improved processing and inter-

vention strategies.

In order to identify critical control points during the

harvesting process, Arthur et al. (2004) developed a

five-point sampling protocol that allows processors to

evaluate the efficacy of their on-line antimicrobial inter-

ventions. Using this sampling protocol, Arthur et al.

(2004) demonstrated a correlation between the preva-
lence of indicator organisms (aerobic bacteria [APC]

and Enterobacteriaceae [EBC]) and E. coli O157:H7.

Notably, samples containing higher levels of APC and

EBC were more likely to contain detectable levels of

E. coli O157:H7. This sampling protocol is non-invasive

and can be performed with high efficiency and accuracy

on a production line. It also provides a comprehensive

appraisal of plant microbial hygiene at multiple points
throughout the harvesting process. Integration of this

sampling protocol into the standard operating proce-

dures of beef processing plants has occurred.
3. Non-O157 Shiga toxin-producing E. coli

The Shiga toxin-producing E. coli (STEC) strain
most frequently associated with clinical disease in the

United States is serotype O157:H7 (Mead et al., 1999;

Nataro & Kaper, 1998). However, other STEC can

cause the same types of disease as serotype O157:H7.

It has been estimated that E. coli O157:H7 causes two-

thirds of the human EHEC infections in the United

States, with the other one-third of cases attributed to

the non-O157 STEC population (Mead et al., 1999).
This estimation may be biased towards E. coli

O157:H7 due to its relative ease of detection compared

to that of non-O157 STEC strains. No universal IMS re-

agents or chromogenic media are available for detection

and isolation of all STEC, as there are for E. coli

O157:H7. STEC identification depends on either detec-

tion of the stx genes by PCR or hybridization, or detec-

tion of the Shiga toxin proteins by ELISA or cell
cytotoxicity assay. These methods are not as sensitive,

are more costly, and require more technical expertise

than those for E. coli O157:H7.

As of 1999, 50% of the clinical laboratories within the

CDC�s Active Surveillance Network (FoodNet) were

screening all stool samples for O157, while only 3%

reported having ever screened for Shiga toxins by immu-

noassay to detect non-O157 STEC (Griffin, Mead, Van
Gilder, Hunte, & Strockbine, 2001). Few studies have

used unbiased methods to evaluate the relative
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frequencies at which O157 and non-O157 STEC cause

human disease. One such survey sampled 335 diarrheal

stools from patients in Nebraska and determined that

14 contained Shiga toxins. STEC isolates could only

be cultured from 13 of these samples. Six samples were

positive for E. coli O157:H7 and seven were positive
for non-O157 STEC (serotypes included O26:H11,

O145:NM, O103:H2, O111:NM, Orough:H2; Fey, Wick-

ert, Rupp, Safranek, & Hinrichs, 2000). A similar study

surveyed 270 stool specimens from patients in Virginia.

Of the eleven STEC positive samples, six were confirmed

as E. coli O157:H7 while five were proven to be non-

O157 STEC (serotypes included O88, O103, O111, and

Orough; Park, Gates, Vandel, & Hixon, 1996). Infectious
doses determined from various outbreaks also have

shown similar results for O157 (<50 organisms) and

non-O157 STEC (approximately 10 organisms for

O111; Paton et al., 1996; Tilden et al., 1996). The E. coli

O157 serogroup averages about 35 disease outbreaks per

year in the United States, while non-O157 STEC have

only been identified as the causative agent in three US

outbreaks, none of which were directly linked to con-
taminated meat or other bovine-related sources (CDC,

2000; Feng, Weagant, & Monday, 2001; McCarthy et

al., 2001). Cattle are considered to be the primary reser-

voir for both O157 and non-O157 STEC (Bettelheim,

2000). Non-O157 STEC are the pathogens most likely

to cause concern for the meat industry in the coming

years.

3.1. Bovine-related non-O157 STEC

3.1.1. Cattle fecal prevalence

The prevalence of non-O157 STEC in the feces of

beef cattle in the United States has scarcely been studied.

Barkocy-Gallagher et al. (2003) found the non-O157

STEC prevalence in feces of fed beef cattle presented

for slaughter ranged from 13.9% to 27.1% depending
on the season of the year. Reported levels of non-

O157 STEC in the feces of dairy cattle in the United

States ranged from 5.8% to 19.0% (Cray, Thomas,

Schneider, & Moon, 1996; Wachsmuth et al., 1991;

Wells et al., 1991). There have been several studies of fe-

cal prevalence of non-O157 STEC in beef cattle from

other countries. For example, 3.5% of fecal samples

from Canada�s Prince Edward Island tested positive
(Schurman, Hariharan, Heaney, & Rahn, 2000) and

even higher numbers were reported in France where

two studies recovered non-O157 STEC from 7.9% and

34% of fecal samples (Pradel et al., 2000; Rogerie et

al., 2001). PCR results reported by these groups indi-

cated even higher levels of STEC were present, as stx

genes were identified in 18% and 70% of the samples

(Pradel et al., 2000; Rogerie et al., 2001). Shinagawa et
al. (2000) reported levels of stx genes present in feces

from healthy Japanese cattle ranged from 39.4% to
78.9%, depending on the age of the cattle, with calves

2 to 8 mo of age having the highest prevalence. In a sim-

ilar study, Kobayashi et al. (2001) used a nested PCR

approach to detect stx genes in 100% of the cattle fecal

samples tested. High levels of non-O157 STEC present

in fecal samples of healthy cattle also were reported in
Argentina (44%; Parma et al., 2000) and Spain (35%;

Blanco et al., 1997).

3.1.2. Cattle hide prevalence

To the best of our knowledge, the only study that

investigated the prevalence of non-O157 STEC on the

hides of cattle was Barkocy-Gallagher et al. (2003). In

that study, we observed seasonal variation in the preva-
lence of STEC on the hides of fed-beef cattle. Likewise

we observed seasonal variation in the frequency of stx-

positive samples. However, whereas STEC prevalence

ranged from a low of 43% in the spring to a high of

78% in the fall, the frequency of stx-positive samples

was lowest in the winter (88%) and highest in the sum-

mer (97%). That is, the rates of STEC isolation did

not mirror the trend in the frequency of stx-positive
samples. The authors hypothesized that the discrepancy

may have been caused by the variation in background

flora and its effects on the two methodologies. STEC

strain isolation was performed using colony hybridiza-

tion, which is impacted heavily by background flora,

whereas the stx gene was detected by PCR, a method

less affected by changes in background.

3.1.3. Beef carcass prevalence

We have shown that 53.9% of beef carcasses in large

US processing plants were positive for at least one strain

of non-O157 STEC prior to evisceration, but the preva-

lence was reduced to 8.3% of carcasses carrying STEC at

post-processing by using various intervention strategies

(steam vacuum, hot water, organic acids, and steam pas-

teurization; Arthur, Barkocy-Gallagher, Rivera-Betan-
court, & Koohmaraie, 2002). These samples were

collected during the summer months, which have been

associated with peak prevalence for bovine STEC car-

riage (Van Donkersgoed, Graham, & Gannon, 1999).

Similar data obtained by Barkocy-Gallagher et al.

(2003) found 64.9% of pre-evisceration carcasses and

4% of post-intervention carcasses carried non-O157

STEC during the summer. Again, results obtained using
PCR showed that many more carcasses, 98.7% of pre-

evisceration and 10.6% of post-intervention, harbored

the stx gene (Barkocy-Gallagher et al., 2003).

Two previous studies, one from France and the other

from Hong Kong, reported lower post-processing non-

O157 STEC prevalence (1.9% and 1.7%, respectively)

on carcasses (Leung, Yam, Ng, & Peiris, 2001; Rogerie

et al., 2001). The differences in reported prevalence levels
could come from a variety of factors, but are most likely

due to dissimilar methodologies used for STEC isola-
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tion. Both studies reported higher levels of contamina-

tion when samples were surveyed by PCR, 10.7% and

11.4% for France and Hong Kong, respectively (Leung

et al., 2001; Rogerie et al., 2001), indicating a prevalence

level similar to what has been described in the United

States.
Prevalence data for carcasses following antimicrobial

interventions indicate whether the target organism was

still present at the time of sampling, but do not indicate

the pathogen levels on those carcasses. Barkocy-Galla-

gher et al. (2003) used a most probable number tech-

nique to enumerate the STEC population on carcasses

following the application of antimicrobial interventions.

Of 199 carcasses that were PCR-positive for the stx

gene, 191 carried stx-containing cells at a density of

<3.0 cells per 100 cm2. The density of stx-carrying cells

on the other eight carcasses ranged from 3.0 to 38.2 cells

per 100 cm2. These data indicate that most carcasses car-

rying STEC do so at quite low levels.
3.2. What constitutes a virulent STEC?

The ability to cause disease is more than likely not

solely dependent on the expression of the Shiga toxins.

STEC capable of expressing Shiga toxins have been

isolated from asymptomatic individuals; therefore,

multiple factors must play roles in causing disease,

such as additional virulence factors, ingested dose,

and immune status of the individual (Acheson, 2000;

Gyles et al., 1998; Nataro & Kaper, 1998). Differences
have been identified in strains that are predominantly

isolated from cattle as compared to those from human

clinical cases. It has been shown that stx1 more often

is associated with bovine isolates, while stx2 more of-

ten is associated with human isolates (Boerlin et al.,

1999). Also, several studies identified bovine isolates

as less likely to carry the additional virulence factors

intimin (eae) and EHEC-hemolysin (hlyA) when com-
pared to human isolates (Arthur et al., 2002; Boerlin

et al., 1999; Johnson et al., 1996). Arthur et al.

(2002) characterized over 300 non-O157 STEC strains

isolated from cattle carcasses during slaughter. The

vast majority (72%) of those strains only harbored

stx genes and not the additional virulence factor genes

for intimin or EHEC-hemolysin (Arthur et al., 2002).

However, when Johnson et al. (1996) compared toxin
type and the presence of eae and hlyA between bo-

vine-related strains and human strains of the same ser-

otypes, they found the two populations to be very

similar. One interpretation of this data would be that

highly virulent strains of STEC are present in cattle

but are a minority in the population. The larger num-

ber of isolates may consist mostly of STEC strains

that lack additional virulence factors, that is, eae

and hlyA, and are potentially less virulent.
In summary, non-O157 STEC can cause severe dis-

ease and are commonly found colonizing cattle and con-

taminating beef carcasses. While the majority of the

bovine-related STEC lack accessory virulence factors,

28% of strains have the same serotypes and virulence

genotypes as those which cause human disease. Until
methods are available to distinguish between pathogenic

and non-pathogenic STEC, all STEC will have to be

treated as potential sources of foodborne illness.
4. Salmonella

Salmonellosis is the most common foodborne ill-
ness in the United States. An estimated 1.4 million

cases occur annually in the United States; of these,

approximately 30,000 are culture-confirmed cases re-

ported to the CDC (CDC, National Center for Infec-

tious Diseases, 2003). Two thousand serotypes of

Salmonella are believed to cause human disease, but

the majority of disease cases are caused by just five

serotypes. Several food items, including a variety of
beef products, have been implicated in Salmonellosis

disease outbreaks.

Salmonella have been routinely detected in cattle

feces. Barkocy-Gallagher et al. (2003) sampled fed beef

cattle presented for slaughter and found that over the

course of one year the fecal prevalence ranged from

2.1% to 9.1%. This range was very similar to that ob-

tained in the USDA�s National Animal Health Monitor-
ing System (NAHMS) Feedlot �99 study where

Salmonella fecal prevalence varied from 2.8% to 11.2%

for feedlot cattle, with the peak prevalence occurring

in the summer months (USDA, APHIS, 2001). US dairy

cattle have been shown to have a similar fecal prevalence

(7.4% of 3669 samples) of Salmonella as fed cattle

(USDA, APHIS, 2003).

Salmonella have been found on the hides of fed beef
cattle at higher rates than in feces. We found hide prev-

alence to vary from 27.7% in the winter to 91.6% and

97.7% in the summer and fall, respectively (Barkocy-

Gallagher et al., 2003). Rivera-Betancourt et al. (2004)

also found fed beef cattle to have a high hide prevalence

of Salmonella with a range of 50.3% to 91.8% between

two processing plants.

Carcass contamination with Salmonella immediately
after hide removal and prior to any antimicrobial

interventions has been reported to range from 3% to

24.9% over the course of a year for fed beef (Bark-

ocy-Gallagher et al., 2003). Similar levels (�25%) were

reported for fed beef carcasses sampled at two geo-

graphically distant processing plants (Rivera-Betan-

court et al., 2004). After the full complement of all

antimicrobial interventions, Salmonella prevalence
was very low (Barkocy-Gallagher et al., 2003; Riv-

era-Betancourt et al., 2004).
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Similar to E. coli O157:H7 contamination, fecal prev-

alence for non-O157 STEC and Salmonella is usually re-

ported to be less than that of carcass prevalence and

cannot account for the high rates of contamination.

Conversely, hide prevalence for these pathogens is gen-

erally in excess of carcass contamination rates. Addi-
tionally, the rates of carcass contamination are highest

immediately after hide removal and consistently decline

during processing as antimicrobial interventions are ap-

plied. These facts led to the belief that the hide is the ma-

jor source of carcass contamination and that

antimicrobial interventions should target microbes pres-

ent on the hide as the animal enters the slaughter

facility.
5. Interventions

5.1. Hide interventions

The evidence leading to the conclusion that the

hides of cattle presented for slaughter are the primary
source of pathogens that contaminate beef carcasses

has already been described. Based on this evidence,

effective decontamination of the hide should result in

less contamination of the carcass following hide

removal.

5.1.1. Chemical dehairing

The potential of chemical dehairing was first evalu-
ated by Schnell et al. (1995). They reported that the

dehairing process resulted in visually cleaner carcasses

and reduced the requirement for trimming to meet the

zero tolerance policy on fecal contamination. However,

they (Schnell et al., 1995) found that the dehairing pro-

cess did not significantly reduce the bacterial load on

carcasses (perhaps because of a low number of observa-

tions). In contrast, Castillo et al. (Castillo, Dickson,
Clayton, Lucia, & Acuff, 1998) found that a chemical

dehairing process significantly reduced the counts of aer-

obic bacteria, coliforms, and E. coli, as well as artificially

inoculated Salmonella typhimurium and E. coli O157:H7

strains on hide pieces. However, their study (Castillo et

al., 1998) did not address the key concern: the potential

transfer of bacteria, especially pathogens, from the hide

to the carcass during hide removal. The best evidence of
the effectiveness of chemical dehairing as a hide inter-

vention in a commercial operation for preventing car-

cass contamination was obtained by Nou et al. (2003).

That data demonstrated that chemical dehairing of cat-

tle hides was an effective intervention to reduce the inci-

dence of hide-to-carcass contamination with pathogens.

The data also implied that any effective hide interven-

tion process incorporated into beef processing proce-
dures would significantly reduce carcass contamination

by E. coli O157:H7.
5.1.2. Cetylpyridinium chloride

Although chemical dehairing was an effective hide

intervention, industry did not consider it to be feasible

to implement. Thus, we identified cetylpyridinium chlo-

ride (CPC) as an alternative hide intervention that

should be evaluated. CPC is a common oral antimicro-
bial (Pitten & Kramer, 2001) and has been described by

Slavik and coworkers (Kim & Slavik, 1996; Xiong, Li,

Slavik, & Walker, 1998; Yang, Li, & Slavik, 1998) for

use in decontamination of chicken carcasses in the poul-

try industry. Experiments that applied CPC to beef fo-

cused on the decontamination of carcasses (Cutter et

al., 2000) and trim before grinding (Pohlman, Stivarius,

McElyea, & Waldroup, 2002b) rather than on the
decontamination of hides prior to removal. We first re-

ported a series of experiments designed to determine the

optimal application of CPC as a hide intervention (Bos-

ilevac et al., 2004c). Those results indicated that, under

the proper conditions, CPC treatment was effective at

reducing microbial populations on cattle hides. Addi-

tionally, the results established the parameters needed

to develop a protocol to test whether a 1% CPC hide
intervention process would reduce microbial contamina-

tion of the carcass by bacteria from the hide during

processing.

Bosilevac et al. (2004a) tested the potential of a com-

bined water wash and CPC treatment as a hide interven-

tion under conditions simulating a hide wash cabinet.

Pre-evisceration carcass APC and EBC were reduced

in the CPC treatment group, and the prevalence of E.
coli O157 on hides was greatly reduced, resulting in near

elimination of the pathogen from pre-evisceration car-

casses. It was concluded that water washing followed

by an antimicrobial treatment, such as CPC, held great

potential as an effective hide intervention step and

should be further evaluated for implementation as an

antimicrobial compound in a hide wash cabinet after

stunning and before hide removal (Bosilevac et al.,
2004a).
5.1.3. Other antimicrobial compounds and vacuuming

Other antimicrobial compounds approved for use in

processing plants were evaluated for efficacy when used

as a hide intervention (Bosilevac, Nou, Osborn, Allen, &

Koohmaraie, 2005a) in order to provide processors with

data on possible alternatives to chemical dehairing and
CPC. Compounds tested were 1.6% sodium hydroxide,

4% trisodium phosphate, 4% chlorofoam, or 4% phos-

phoric acid, and each was followed by a rinse step using

either water or acidified chlorine at 200 or 500 ppm.

Additionally, a vacuuming step after the rinse was incor-

porated to alleviate concerns of excess liquid running

from the hide to the exposed carcass during the initial

steps of removal. The use of a common processing plant
steam vacuum was investigated to determine if removing
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the excess liquids interfered with or improved the effects

of hide washing.

Phosphoric acid, sodium hydroxide, and chlorofoam

were all more effective than trisodium phosphate,

regardless of rinse compounds or vacuuming as a final

step (Bosilevac et al., 2005a). Phosphoric acid was the
most effective wash compound and 500 ppm acidified

chlorine was the most effective rinse treatment. Vacuum-

ing of the treated areas to remove excess liquid further

improved hide cleanliness.

5.1.4. On-line hide washing cabinets

Our research on hide interventions (Bosilevac et al.,

2004a, 2004c, 2005a; Nou et al., 2003) formed the basis
for the development of effective hide washing systems

now installed in all Cargill Meat Solutions (formerly Ex-

cel Corp.) beef processing plants. Cargill�s choice of

compounds to use in the automated hide wash cabinet

involved consideration of cost, ease of implementation,

and efficacy. Based on this combination of factors a

recirculating wash cabinet system was designed and in-

stalled at a processing plant. Hides were washed after
cattle were stunned and exsanguinated, and before any

other portion of the hide was opened. Sodium hydroxide

at 1.5% was chosen as the wash because it does not lose

activity, as acids frequently do, in a recirculating system

(Bosilevac et al., 2005a). Chlorine at 1 ppm was used to

clean the recirculated water used for the rinse step and

was not intended to have an additional antimicrobial ef-

fect on the hides. As each animal exited the cabinet,
plant personnel used a steam vacuum to remove excess

liquid and loosened material along the hide opening pat-

tern lines.

The effectiveness of cleaning the hide with a hide

wash cabinet was evaluated by measuring its effects on

hides and the subsequent corresponding pre-evisceration

carcasses (Bosilevac et al., 2005a). Hides were sampled

before entering and after exiting the cabinet. The preva-
lence of E. coli O157 was greatly reduced on hides (from

44% to 17%) and on pre-evisceration carcasses (from

17% to 2%) when the cabinet was in use. These results

support decontamination of hides as an effective means

to reduce pathogen contamination of cattle carcasses

during processing.

5.1.5. Ozonated and electrolyzed oxidizing (EO) waters

Because we believe that hide interventions currently

are the most effective means to reduce pathogens on

beef, our research has been aimed at providing as many

viable alternatives as possible to increase the rate and

ease of implementation of hide interventions by all pro-

cessors. The latest of these are ozonated water and EO

water (Bosilevac, Shackelford, Brichta, & Koohmaraie,

2005b), both of which possess strong oxidation–reduc-
tion potential. Both ozonated and EO waters were eval-

uated using a hide washing system to determine their
efficacy as potential hide interventions (Bosilevac

et al., 2005b). The prevalence of E. coli O157 on hides

was reduced from 89% to 31% following treatment with

ozonated water, and from 82% to 35% following EO

water treatment. The results suggested that on-line

implementation of processes using either ozonated or
EO water will have similar effectiveness as previously de-

scribed hide interventions in controlling pathogens on

carcasses.

5.2. Carcass interventions

5.2.1. Steam vacuuming

The regulatory aftermath of the E. coli O157:H7 out-
break in 1993 resulted in substantial efforts by the beef

processing industry to improve the microbiological

quality of beef carcasses. Zero tolerance for fecal con-

tamination led to excessive knife trimming of carcasses

with the concomitant effect of substantial carcass weight

loss. We pioneered steam vacuuming as an alternative to

knife trimming that effectively removes visible contami-

nation without the associated product loss (Dorsa, 1997;
Dorsa, Cutter, & Siragusa, 1997; Dorsa, Cutter, Sira-

gusa, & Koohmaraie, 1996). Steam vacuuming has been

implemented in nearly all beef processing plants at mul-

tiple stages in the harvesting process.

In the processing plant, knife trimming and steam

vacuuming can produce bacterial reductions in localized

areas and are useful for pathogen reduction of visibly

contaminated sites and carcass regions believed to be
‘‘hot spots’’ (hide removal pattern lines). These tech-

niques, however, cannot be used efficiently for the entire

carcass (Dorsa et al., 1997).

5.2.2. Organic acids and hot water

Whole carcass spray washing has continually im-

proved over time. Washing has evolved from ambient

to warm water washes to use of antimicrobials, hot
water, and steam. Numerous studies have evaluated

the efficacy of a variety of organic acids for sanitizing

whole carcass sides (Dickson & Anderson, 1992; Dorsa,

1997; Siragusa, 1995). Lactic acid has become the most

commonly used organic acid in commercial practice.

We determined that hot water was an effective carcass

intervention (Dorsa et al., 1996, 1997). In addition,

many processors have implemented lactic acid washes
on pre-evisceration carcasses. Because of the effective-

ness of hot water, we evaluated its use compared to lac-

tic acid as a pre-evisceration wash (Bosilevac, Nou,

Barkocy-Gallagher, Arthur, & Koohmaraie, unpub-

lished data). Hot water reduced E. coli O157 prevalence

by 81% and lactic acid reduced E. coli O157 prevalence

by 35%, while the combination of the two produced re-

sults no greater (a 79% reduction) than hot water alone.
These results show that the main effects of decontami-

nating pre-evisceration carcasses occur with the use of
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hot water, as the reductions were not increased by lactic

acid treatment alone or in combination with hot water

treatment. If situations present a choice of implementing

either hot water or lactic acid at a processing point, the

data indicate that using hot water would be more bene-

ficial. However, hot water only works if proper temper-
ature is maintained to get 74 �C on the carcass surface

for >5 s.

Dorsa et al. (1996) demonstrated that steam was

effective for carcass decontamination. Cargill Meat

Solutions (formerly Excel Corp.) and Frigoscandia

subsequently developed commercial steam pasteuriza-

tion cabinets (Nutsch et al., 1997; Phebus et al.,

1997) that Cargill Meat Solutions has installed in all
of its plants.

5.2.3. ‘‘Multiple hurdle’’ carcass interventions

Because none of the interventions are 100% effective,

all beef processors now utilize a ‘‘multiple-hurdle’’ inter-

vention system of sequential interventions at various

processing steps to ensure the safety of their products

(Bacon et al., 2000). Steam vacuuming that achieves sig-
nificant reduction of bacteria on beef surfaces by target-

ing areas contacted by knives or machines during the

skinning process (hide opening pattern lines) can be fol-

lowed with a pre-evisceration wash of hot water or or-

ganic acid that further eliminates pathogens. After

evisceration and splitting, carcasses pass through a ther-

mal pasteurization chamber, where heated water (74 �C)
or steam is applied. This treatment is lethal to bacteria
on the carcass surface and further cleanses the carcass.

Finally, a heated organic acid or acidified chlorine rinse

is applied before carcasses enter the hotbox (or final

sales cooler).

In addition to the direct intervention measures,

many processors have instituted good manufacturing

practices and changes in their processing facilities to

improve beef safety. Changes such as increased spac-
ing between carcasses to reduce cross contamination,

improved lighting to reveal contaminants, positive

pressure ventilation systems, use of two knives on

the slaughter/skinning lines (one in use and one sit-

ting in a sterilizer) and maintenance of ambient air

temperatures as low as possible have been

implemented.

Recent studies have evaluated the effectiveness of
sequential, multiple hurdle intervention systems to im-

prove beef safety (Arthur et al., 2004; Bacon et al.,

2000). Results validated that sequential multiple hurdle

interventions reduce bacteria on beef carcasses better

than any one intervention alone. Recontamination

could occur after evisceration and splitting, but the effect

was countered by subsequent use of steam pasteuriza-

tion and organic acid washes that ultimately reduced
bacteria to levels below that detected at any other step

of the process.
5.2.4. Low-dose, low-penetrating radiation (electron

beam)

Ionizing radiation has been approved for use in treat-

ing refrigerated or frozen uncooked meat, meat byprod-

ucts, and certain other meat food products to reduce

levels of foodborne pathogens and to extend shelf-life
(USDA, FSIS, 1999; US FDA, 1997). The effectiveness

of radiation for eliminating bacteria from meat is well

established. Traditionally this has been done by irradiat-

ing large lots of either non-intact cuts or ground beef.

Recently, low-dose/low-penetration electron beam (E-

beam) irradiation technology has evolved to the point

where large non-uniform surface areas can be effectively

treated (for example, an entire carcass side). This allows
whole carcasses to be treated after chilling. In such a

process only the surface (approximately 15 mm of pene-

tration) of each carcass side receives a significant radia-

tion dose. Because pathogen contamination of carcasses

is a surface phenomenon, this treatment would be ex-

pected to dramatically lower the pathogen load without

adversely affecting the organoleptic qualities of products

made from the carcasses.
It has been shown that an E-beam radiation dose of

approximately 1 kGy with a depth penetration of

15 mm reduced stationary phase E. coli O157:H7 on

the surface of beef tissue by at least 4 log CFU/cm2 with

acceptable effects on organoleptic properties (Arthur

et al., 2005b). Levels of E. coli O157:H7 contamination

on beef carcasses following conventional multi-hurdle

antimicrobial interventions are low. Barkocy-Gallagher
et al. (2003) showed that beef carcasses from several ma-

jor processing plants had E. coli O157:H7 levels of

<3 CFU/100-cm2 following the full complement of anti-

microbial interventions. Such levels of contamination

could easily be eliminated using low-dose, low-penetra-

tion E-beam technology. Low-dose, low-penetration E-

beam irradiation has great potential as an additional

antimicrobial intervention in beef processing, immedi-
ately before fabrication.

5.3. Trim interventions

5.3.1. Combination treatments

Antimicrobial interventions have been focused on

either carcasses or hides. Because boneless beef trim is

the raw material for ground beef, interventions that tar-
get boneless beef trim before grinding may be a practical

point of treatment because this is the last stage of pro-

cessing before grinding (Kang, Koohmaraie, Dorsa, &

Siragusa, 2001a; Pohlman, Stivarius, McElyea, Johnson,

& Johnson, 2002a; Ransom et al., 2003). To our knowl-

edge, there has been no commercial implementation of

trim interventions, however, a number of potential trim

interventions have been evaluated.
A multiple-hurdle antimicrobial process for beef trim

was developed and evaluated (Kang et al., 2001a; Kang,
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Koohmaraie, & Siragusa, 2001b). Treatments included

various combinations of multiple water washes, lactic

acid (2%) applied at various temperatures, hot (65 and

82 �C) water sprays, and hot (510 �C) air. All sample

treatments involving lactic acid resulted in continuously

decreasing microbial populations during refrigerated
storage. Based on microbial reduction and quality as-

pects, it was concluded that successively applied combi-

nation antimicrobial treatments for beef trim offer

potential food safety benefits.

5.3.2. Acidified sodium chlorite

Acidified sodium chlorite (ASC) is a compound that

has been used as a broad-spectrum disinfectant. Inter-
ventions that used ASC to effectively reduce contamina-

tion of poultry (Kemp, Aldrich, Guerra, & Schneider,

2001; Kemp, Aldrich, & Waldroup, 2000) and beef

products (Castillo, Lucia, Kemp, & Acuff, 1999; Rourke

et al., 2001) have been described. Beginning in 1996, the

US Food and Drug Administration (FDA) approved

ASC as a secondary direct food additive permitted in

food for human consumption to reduce pathogens and
extend shelf life of poultry, red meats, seafood, and

other raw agricultural commodities (US FDA, 2003).

The FDA-approved concentration for use in the pro-

cessing of redmeat, redmeat parts, and organswas stated

to be 500–1200 ppm prepared at a final pH of 2.5–2.9.

Concentrations of ASC used to reduce pathogens on

beef trimmings before grinding have been reported at

1000–1200 ppm applied at rates of 1–3 oz/lb (Castillo
et al., 1999; Rourke et al., 2001). Although ASC has

been shown to be effective at reducing pathogen contam-

ination of beef trim when used at these dosages, the

ground beef produced from trim treated at these levels

can be discolored and have an off taste (Bosilevac, Shac-

kelford, Fahle, Biela, & Koohmaraie, 2004b). Therefore,

decreased dosages of ASC were investigated to deter-

mine if satisfactory microbial reductions and desirable
consumer qualities of odor, color, and taste could be

maintained (Bosilevac et al., 2004b).

The results of this study indicated that decreased dos-

ages of ASC reduce contamination and lengthen the

shelf life of ground beef. Furthermore, the 300 ppm

ASC treatment reduced bacterial counts while maintain-

ing desirable organoleptic qualities of the ground beef.

Our results found ASC treatments typically caused
reductions of APC and EBC that were twofold greater

than those reported for other single-step interventions,

and as effective as any combination treatment, on trim

before grinding.
6. Test-and-hold process

In spite of significant investment in research by the

meat industry and the government and implementation
of many new interventions by beef processing plants,

E. coli O157:H7 continued to present a challenge and

outbreaks associated with improperly cooked ground

beef continued to occur in the 1990s. Beginning with

the late 1990s, the meat industry began to implement a

process called test-and-hold. A processor samples the
trim (the raw material used to make ground beef) or

ground beef and tests the sample for the presence of

E. coli O157:H7. The product does not enter into com-

merce unless the sample is found to be negative for E.

coli O157:H7. This is an extremely expensive practice

for the industry, costing tens of millions of dollars.

Test-and-hold in conjunction with other practices has

been extremely effective as judged by the dramatic
reduction in the number of samples testing positive for

E. coli O157:H7 in the USDA-FSIS verification pro-

gram. This process serves as insurance for both beef pro-

cessors and their customers. But, the ultimate

beneficiary is the consumer.

An effective test-and-hold program has an absolute

dependency on highly accurate methods of testing

ground beef for E. coli O157:H7. Optimization of three
testing attributes, detection time, specificity, and sensi-

tivity, are critical to the success of such programs. Be-

cause ground beef is a highly perishable product, the

testing methodology used must be as rapid as possible

(turn-around time of about 8–12 h). Also, the test must

have as low a level of false positives as possible so prod-

uct is not needlessly discarded. Excessive false positives

will make the process far more expensive. Finally, false
negatives cannot be tolerated. False negative results

would allow contaminated product to be released and

potentially cause disease, thereby defeating the whole

purpose of the test-and-hold process. Recently we stud-

ied commercially developed methods for detecting E.

coli O157:H7 in ground beef for their abilities to meet

the above criteria (Arthur, Bosilevac, Nou, & Koohma-

raie, 2005a).
7. Pre-harvest versus post-harvest interventions

From time to time there are major debates among sci-

entists in the field with respect to the best points at

which to apply interventions. Obviously, since live cattle

are the source of E. coli O157:H7, it would be very
advantageous to present the cattle for slaughter in an

E. coli O157:H7-free status. But, is this possible? To

determine how the best return on investment can be

achieved for any given intervention one would have to

examine the entire production chain. Since beef produc-

tion is a highly fragmented industry and since the devel-

opment and implementation of any new intervention is

very costly, there is a tendency for each segment of the
industry to want the segment before it to make sure

cattle are free of E. coli O157:H7. But to answer the
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question one will have to assume a fully integrated cattle

production system and then determine the most effective

steps for introduction of new interventions. We propose

that harvest is the most logical and effective step in the

beef production system at which to maximally reduce

E. coli O157:H7 (as well as other pathogens) on cattle
and, thereby, in ground beef. We have arrived at this

conclusion for a number of reasons. Pre-harvest inter-

ventions are specific for particular pathogens, may lead

to the development of resistance, and not one has as yet

been shown to be effective, whereas post-harvest inter-

ventions are non-specific (e.g., heat kills most patho-

gens), they do not lead to the development of

resistance, and most are extremely effective. A key issue
in the battle against E. coli O157:H7 is the equitable

sharing of intervention costs. It does not seem logical

for the processing segment to shoulder the entire cost

just because it operates in the most effective and eco-

nomical production step for controlling E. coli

O157:H7. Some method of sharing some of those costs

should be feasible and would be good for the entire

industry.
8. Summary

The 1993 outbreak of E. coli O157:H7 began an era

of intensive effort to improve the microbiological quality

of beef. The designation of E. coli O157:H7 as an adul-

terant in ground beef is perhaps the reason for the inten-
sive effort to rid ground beef of E. coli O157:H7. When

E. coli O157:H7 was declared an adulterant, it was

thought that the prevalence of E. coli O157:H7 was less

than 1% in cattle presented for harvest. With dramatic

improvement in the ability to isolate and detect E. coli

O157:H7, we now know that the prevalence of E. coli

O157:H7 on cattle hides during the spring, summer,

and fall is greater than 50%, and 100% prevalence is
not unusual. Because of such a high prevalence rate,

E. coli O157:H7 remains a challenge, in spite of years

of effort and billions of dollars invested in research

and upgrading of the harvest plants. To protect their

customers as well as their businesses, albeit at a great

cost, US beef processing plants have implemented the

test-and-hold process. The test-and-hold process in con-

junction with other practices has resulted in a dramatic
reduction in the incidence of E. coli O157:H7 in ground

beef as well as in E. coli O157:H7 related human ill-

nesses. However, because the primary source of E. coli

O157:H7 is the cattle hide, E. coli O157:H7 is only found

on the surface of the beef carcass, and in spite of all ef-

forts E. coli O157:H7 continues to be a challenge, per-

haps an effective intervention could be low-dose, low

penetrating E-beam irradiation of beef carcasses prior
to fabrication. Over a decade of intensive effort by the

public and private sector has resulted in dramatic
improvements such that the year 2010 national health

objectives for E. coli O157:H7 were almost achieved

by 2003. To maximize the benefit for the public and pri-

vate sectors, food handlers and consumers also must do

their part. Therefore, education of people involved in

food handling and preparation is an area that needs
attention and would pay great dividends towards ensur-

ing the safety of our food supply.
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