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ABSTRACT

The fate of Escherichia coli O157:H7 and salmonellae as well
as other potentially pathogenic bacteria resulting from fecal and
other sources of contamination on red meat carcasses is a major
concern. The development and validation of various decontamina-
tion procedures for red meat carcasses is not a new research area.
However, recent morbidity and mortality attributable to the pres-
ence of E. coli O157:H7 in ground beef has heightened the
awareness of and rekindled a sense of urgency for this research.
Over the last few years various intervention processes have been
developed and are being used to decontaminate red meat carcasses.
Some of these processes include carcass rinses with antimicrobial
compounds, steam, vacuum, and hot water. An overview of the
results of several recent investigations demonstrating the effective-
ness of these decontamination methods is presented.

Key words: Steam vacuum, moist-heat interventions, beef-carcass
decontamination, organic acids, carcass washes

The general hygiene of animal carcasses has long been a
concern to the meat-processing industry. However, recent
fatal cases of disease caused by food-borne Escherichia coli
0157:H7 and the implementation of new U.S. Department
of Agriculture inspection regulations involving hazard analy-
sis critical control points (HACCP) systems and pathogen
reduction rules have intensified these concerns (8). Conse-
quently, carcass-decontamination procedures that will fur-
ther minimize the risk of bacterial pathogens on meat
products from contaminated raw carcasses are being more
widely investigated and utilized by the slaughter industry.

Since a beef carcass is essentially sterile immediately
after hide removal, subsequent continuous hygiene is the
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most effective pathogen-intervention strategy available. Con-
sequently, the beef-processing industry makes a concerted
effort to accomplish this intervention, and as a result the vast
majority of carcass surfaces remain intrinsically clean.
However, when carcass contamination does occur, the action
that must be taken has been defined by the guidelines
established by the U.S. Department of Agriculture Food
Safety and Inspection Service (FSIS) (23). Currently, FSIS
requires that feces or ingesta of <1 in. (2.54 c¢m) in greatest
dimension be either knife trimmed or steam vacuumed. Any
feces or ingesta of >1 in., open abscesses, septic bruises,
parasites or parasitic lesions, and lactating udders must be
completely removed by knife trimming.

It is no surprise that knife trimming as a means of
bacterial decontamination of beef carcasses has been shown
to be effective in several studies (24, 27, 38, 39). However, it
must be remembered the majority of these studies employed
highly trained personnel, utilizing good aseptic trimming
techniques that are not typically seen in a slaughter facility
(38). It is likely that the results observed during these studies
would not be repeatable by the typical employees involved
with slaughter-plant knife trimming (39). The investigators
who have studied the effects of knife trimming recognize
this shortcoming and generally conclude that it should be
followed by a more encompassing carcass-decontamination
intervention (38, 39).

There are several acceptable interventions for reducing
carcass contamination approved by FSIS that can be used
without prior agency approval (23). They are (i) steam-
vacuum systems that utilize steam only, or water and steam;
(ii) preevisceration rinse systems consisting of a water rinse
and a second rinse with an organic acid solution; (iii)
chlorinated water washes of 20 to 50 ppm; (iv) food-grade
organic acid sprays of 1.5 to 2.5%; (v) food-grade trisodium
phosphate sprays of 8 to 12% at 32 to 44°C and not to exceed
30 s; (vi) hot-water sprays at >74°C for 10 s; and (vii) steam
pasteurization systems. Water and antimicrobial washes
have been used by the beef-processing industry for many
years, thus being the subject of many studies and the focus of
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several extensive reviews (16, 41, 43). The present article
will briefly discuss some of the more recent studies investi-
gating water and antimicrobial washes, but will focus on the
newer techniques of steam vacuum, hot water, and steam
pasteurization.

STEAM-VACUUM SYSTEMS

The original steam vacuum was designed to take
advantage of both hot water and steam, in combination with
a physical removal of bacteria and contamination via
vacuum (Vac-San®, Kentmaster Mfg., Monrovia, CA). Since
that time, steam-only systems have also been designed and
are in use in beef-processing plants.

Using the Vac-San® system, researchers determined that
this type of sanitizing equipment effectively reduced fecal
mesophilic aerobic bacteria, nonspecific strains of E. coli,
and E. coli O157:H7 from carcass surfaces (18, 19, 21). On
beef-carcass tissue contaminated with bovine feces resulting
in a 6-log CFU/cm? mesopbhilic aerobic bacteria inoculation,
a residual range of 2.3 to 4.0 log CFU of mesophilic aerobic
bacteria per cm? after treatment was observed. All but one of
the short plates inoculated and then treated with the steam
vacuum had below 3.6 log CFU/cm?. Coliforms at initial
levels of 5 log CFU/cm? were reduced to 1.0 log CFU/cm?.
E. coli viable counts of 4.8 log CFU/cm? were reduced to 0.8
log CFU/cm?.

High initial inoculation levels of 7.6 log CFU of E. coli
0157:H7 per cm? in a fecal menstruum on beef-carcass short
plates were reduced by 5.5 log CFU/cm? after steam
vacuuming (18). Phebus et al. (36) observed similar residual
E. coli O157:H7 (1.8 log CFU/cm?) when using the Vac-
San® system to remove the bacteria present in a fecal
inoculum on beef-carcass tissue. In this study E. coli
0O157:H7 was reduced by 3.5 log CFU/cm? when using a
fecal inoculum containing about 2 log fewer bacteria than
those in the study by Dorsa et al. (18). Phebus et al. (36) also
determined that the steam vacuum was equally effective for
removal of Salmonella typhimurium and Listeria monocyto-
genes cells.

Phebus et al. (36) noted that the steam-vacuum system
resulted in greater variation of reduction levels than other
moist-heat interventions tested. They speculated that this
variation might be attributed to repeated passes of the nozzle
over the sampled surface (25 by 12 cm) of contaminated
beef which possibly embedded bacteria, therefore making
them more difficult to remove by the steam-vacuuming
system. Since the size of the inoculated area exceeded the
width of the nozzle head during this study, this assertion
seems plausible. The authors noted that the area on which
FSIS allows the system to be used (<2.54-cm diameter)
would probably reduce the embedding effect observed when
using the system on a much larger area.

During studies with the steam vacuum (18, 19, 21, 36)
some bleaching of the carcass surface was observed immedi-
ately posttreatment. However, after 24 h in a 4°C cooler, no
color difference was noted when untreated and treated
carcasses were visually compared side by side.
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Resulting microbial ecology

At present, only one study has been conducted to
determine the ability of a steam-vacuum system to control
specific pathogens on beef-carcass surface tissue during
simulated commercial storage for up to 21 days (19). The
steam vacuum actualized significant (P < 0.05) initial reduc-
tions in aerobic plate count (APC), Listeria innocua, and
lactic acid bacteria numbers of 1.6, 2.0, and 2.0 log
CFU/cm?, respectively. However, the growth of aerobic
bacteria, L. innocua, and lactic acid bacteria began within 2
days of refrigerated storage and reached 7 log CFU/cm? by 7
days. Growth of these three populations continued for the
duration of the study and was equivalent to that of untreated
control by day 21 (19).

The population curves observed for E. coli O157:H7
were very different than for other bacterial groups observed
during the study. E. coli O157:H7 populations present at 5.4
log CFU/cm? were reduced by 2.1 log CFU/cm? after
application of the steam vacuum (79), but after 2 days of
aerobic storage at 5°C, a 1.2-log CFU/cm? increase in viable
counts was observed. No significant growth was observed
for subsequent days through 21 days, and treated carcasses
had 1.4 log CFU/cm? fewer E. coli O157:H7 than untreated
carcasses at 21 days.

Vegetative cells of Clostridium sporogenes were ini-
tially reduced by 2.1 log CFU/cm? on beef carcass tissue
treated with steam vacuuming (/9). C. sporogenes popula-
tions continued to decrease over time and were 4.4 log
CFU/cm? lower after 21 days than the original level of
approximately 6.0 log CFU/cm?. Li et al. (31) observed
similar behavior over a 14-day period for C. sporogenes
spores in heat-treated deboned turkey meat stored at 4°C.
During the initial 2-day storage period, the beef surface
allowed exponential growth of lactic acid bacteria, with a
concomitant drop in surface pH and an increase in lactic acid
concentrations in samples. Lower pH and higher lactic acid
concentrations of samples after vacuum packaging probably
affected the survival of remaining C. sporogenes vegetative
cells, as has been observed for other Clostridium spp. (46).
After day 7, surviving C. sporogenes populations remained
constant for the duration of the study.

Prior to the approval of the use of a steam-vacuuming
system, the FSIS zero-tolerance policy for the presence of
fecal contamination required removal of all visible feces by
knife trimming. Allowing use of the steam-vacuum technol-
ogy on slaughter lines has reduced the amount of knife
trimming required to meet the zero-tolerance policy. In
addition, it appears the use of the steam vacuum results in an
improvement of the microbial constitution of beef carcasses
that in the case of E. coli O157:H7, for example, is
maintained for up to 21 days while the beef is stored under
refrigeration.

In-plant use of the steam vacuum

On the basis of the studies conducted at the Roman L.
Hruska U.S. Meat Animal Research Center in Clay Center,
Nebraska (18, 21), FSIS allowed in-plant testing of the
steam vacuum designed to collect additional data to deter-
mine its efficacy under industrial use. In-plant data demon-
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strated that a steam-vacuuming system was capable of
consistently reducing bacterial populations from contami-
nated areas of less than 1 in. more effectively than knife
trimming. For exampie, data from two typical slaughter
plants (processing ca. 2,500 head per day) demonstrated that
visibly contaminated areas of beef carcasses decontaminated
by using the steam-vacuuming systems averaged 0.82 and
0.72 log CFU fewer residual aerobic bacteria per cm? than
those decontaminated by knife trimming. The in-plant
studies demonstrated that a commercial steam-vacuum sys-
tem could consistently outperform knife trimming for the
removal of bacterial contamination on beef carcasses being
processed in commercial facilities.

SPRAY-WASHING SYSTEMS

In general, water washing with ambient or warm water
has been found to remove ca. 1 log CFU of aerobic bacteria
per cm? (41). The effectiveness of wash technology is
constantly being improved, typically through the addition of
antimicrobial agents or the increase of water temperature.

Antimicrobial compounds

The addition of chlorine to water washes has been
investigated and reviewed (16, 40). Most researchers con-
clude that the incorporation of chlorine into water washes
has little or no additional advantage over that seen with
water-only washes, possibly a result of the high organic load
present on the surface of a beef carcass (9, 12, 28, 32, 45).

The effectiveness of organic acids and trisodium phos-
phate (TSP) on the inactivation of pathogenic and nonpatho-
genic bacteria associated with beef has been extensively
studied and is the subject of several review articles (2, 6, 16,
26, 30, 41, 43, 44, 47). It is worth noting that this large body
of work has incorporated an equally large number of
experimental parameters. Unfortunately, only a few of these
studies used application methods that could be considered
representative of the actual beef-carcass surface (11, 20, 25,
27, 29, 37), since the bulk of studies conducted have used cut
beef surfaces (i.e., beef cores). Another problem has been
that the applications typically used for these studies (i.e.,
dipping, or spraying with hand-held pump sprayers that
produce no pressure during application) have not been
representative of industrial application methods. The beef
industry presently applies acid sprays at 1.4 bar (20 1b/in?) to
a vertically hanging carcass after subjecting the carcass to a
high-pressure water spray of 8.6 to 27.6 bar (125 to 400
Ib/in?). Consequently, the literature offers some conflicting
results regarding the efficacy of organic acid sprays in a
slaughter setting to reduce numbers of pathogenic bacteria
such as E. coli O157:H7 on beef-carcass surfaces. Addition-
ally, only a few efforts have been made to determine the fate
of specific bacterial types on beef-carcass surfaces after the
use of organic acid treatments and during subsequent
refrigerated storage (20, 29, 37).

Several recent studies have attempted to simulate inocu-
lation and antimicrobial application procedures that are usable
in a commercial setting. Reductions of E. coli O157:H7
below minimum detectable levels of 0.5 log CFU/cm? with

DORSA

initial inoculation levels of 4 and 5 log CFU/cm? (20, 26)
were observed when various organic acids were applied.
Dorsa et al. (20) also observed that TSP was capable of
reducing E. coli O157:H7 to below detectable levels.

Resulting microbial ecology

Applications of 3% acetic acid solution to beef-carcass
surface tissue yielded no better initial reductions of E. coli
O157:H7 than water washes (20), a result similar to
observations made in other studies (1, 27). However,
growth suppression of E. coli O157:H7, L. innocua, C.
sporogenes, and aerobic bacteria for a 21-day refrigerated
storage period was significantly greater (P <0.05) on
beef-carcass tissue when lactic acid, acetic acid, or TSP was
applied, with the exception of L. innocua, which exhibited
growth after TSP treatments. L. monocytogenes has been
shown to be more resistant to the effects of TSP than E. coli
O157:H7, Salmonella typhimurium, and Campylobacter
jejuni (17, 43). Also TSP, to a lesser extent than any of the
organic acid treatments in that study, inhibited but did not
eliminate the growth of aerobic mesophilic bacteria. Kim
and Slavik (30) also noted that TSP is effective for reducing
the numbers of bacteria on beef surfaces.

Prasai et al. (37) and Kenney et al. (29) observed that
the mean APCs of acid-treated carcasses were significantly
(P < 0.05) lower than those of the control carcasses after 72
h of refrigerated storage. Anderson and Marshall (3) found
that increasing the application temperature of acetic acid
increases its ability to reduce E. coli on meat. However,
Cutter et al. (10) demonstrated that when 2% (vol/vol) acetic
acid was delivered through a commercial spray system using
application temperatures ranging from 30 to 70°C, the
residual populations of E. coli O157:H7 from a fecal
inoculum were not different between acid treatments at any
temperature. Ahamad and Marth (/) found that both lactic
acid and acetic acid in concentrations as low as 0.1%, when
incorporated into tryptose broth, inhibited the growth of L.
monocytogenes and that the degree of inhibition increased as
the temperature of incubation decreased. This effect is also
supported by El-Khateib et al. (22), who found that 2% lactic
acid on meat surfaces had both an immediate and delayed
listericidal action during 48 h of refrigerated storage. It
appears that the combination of inoculation menstruum, acid
temperature, volume, and application method, along with
beef-tissue surface type, may play an important role in the
antibacterial effectiveness of organic acid spray washes.

The large variations in the results between studies from
different laboratories and the differences in techniques used
in the laboratory and in the industry in applying organic
acids and/or antimicrobial compounds indicate the inappro-
priateness of extrapolating laboratory results to the process-
ing line. However, the studies that have most closely
simulated common industrial application parameters indi-
cate that the use of various antimicrobial compounds in
commercial washes generally improves microbial quality
and, potentially, the safety of the product. It should be noted
that until the effects of posttreatment cross-contamination
are studied, the efficacy of antimicrobial spray washes on
beef carcasses will not be fully recognized.
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Hot water

Decontamination of red meat carcasses using hot-water
washes (70 to 96°C) has shown promise as an effective
bacterial intervention method (5, 14, 21, 25, 34, 42). In these
studies, hot water (>>70°C) was determined to be superior to
water at ambient temperature for reducing general bacterial
populations, including E. coli and salmonellae from beef or
lamb carcasses; also, it did not permanently affect carcass
appearance.

Patterson (34) showed that a hot-water and steam wash,
supplied through a mixer device (80 to 96°C) for 2 min,
reduced naturally occurring aerobic bacteria on beef car-
casses (populations > 4 log CFU/cm?) by less than 1 log
CFU/cm?. Subsequent studies by Barkate et al. (5) showed
that hot-water washes of 95°C applied to beef carcasses
immediately after processing reduced naturally occurring
aerobic bacteria by 1.3 log CFU/cm?. Carcass-surface tem-
perature achieved during their study was 82°C. Davey and
Smith (/4) observed 2.2-log CFU/cm? reductions of E. coli
populations that were initially present on inoculated beef
carcasses at about 6.8 log CFU/cm? accomplished by
cascading water at 83.5°C down for 10 s. By submersion in
water at 80°C for 10 s, Smith and Graham (42) were able to
achieve an average of 3.3-log CFU/cm? reductions of 10¢
cells of E. coli per cm? inoculated onto sheep-carcass
surfaces. In the same study, populations of naturally occur-
ring coliforms present initially at about 100 cells per cm?
were sometimes reduced to nondetectable levels (<1 cell
per cm?), and aerobic mesophilic bacteria initially averaging
3.9 log cells per cm? were reduced by 1.5 log cells/cm?,

Gorman et al. (25) observed that the microbial loads on
beef-brisket adipose tissue inoculated with bovine feces
containing 6.7 and 6.3 log CFU of aerobic bacteria and E.
coli per cm?, respectively, were reduced by 3.4 and 3.0 log
CFU/cm?, respectively, after the adipose tissue received a
water wash at 74°C followed by a 16°C water wash. When
the wash temperature sequence was reversed (16°C fol-
lowed by 74°C), reductions of 3.1 and 2.6 log CFU/cm?
were observed for aerobic bacteria of fecal origin and E.
coli, respectively. Dorsa et al. (21), using a commercial
carcass washer to apply a hot-water (72°C) low-pressure (20
psi) wash in combination with a high-pressure (125 Ib/in?)
warm-water (30°C) wash, observed reductions on beef
surface tissue of 2.7, 3.3, and 3.4 log CFU/cm? for APC,
coliforms, and E. coli populations, respectively. It was also
observed that a single hot-water spray wash at 82°C was
capable of reducing bacterial populations of 6 log CFU/cm?
by as much as 4.0 log CFU/cm? on lamb carcasses. The
initial contamination levels (4 and 6 log CFU/cm?) had little
effect on final average bacterial levels (2.7 to 3.3 log
CFU/cm?). However, uninoculated carcasses with initial
bacterial populations of 2.5 log CFU/cm? experienced a
1.5-log CFU/cm? reduction. It was speculated that hydration
of a carcass before and during interventions afforded some
protection to bacteria, perhaps due to collagen swelling and
the presence of a water film. It has been demonstrated by
using confocal microscopy on inoculated beef surfaces that
both gram-positive and -negative bacteria readily attach to
collagen and elastin fibers (40).
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Resulting microbial ecology

The majority of studies evaluating the efficacy of using
hot water to decontaminate beef have only observed initial
reductions or those detected after a very short refrigeration
period. However, in experiments where carcass surface
tissue was treated with a hot-water wash, allowed to chill
aerobically at 5°C for 48 h, and then cut and vacuum
packaged for 21 days of storage at 5°C, the APCs indicated
when compared to APCs on untreated beef tissue that
hot-water washes as a comprehensive antimicrobial treat-
ment are of little value (21). The growth of L. innocua
observed during this study also suggested that the use of
hot-water washes to eliminate other Listeria spp. might not
be effective.

E. coli 0157:H7 populations of 5.3 log CFU/cm? treated
with hot-water washes were initially reduced by 2.6 log
CFU/cm?, After 2 days of aerobic storage at 5°C, E. coli
0157:H7 achieved a 1.4-log CFU/cm? increase in popula-
tion; however, after this initial 2-day period no significant
growth was observed for 21 days. The final population of 4.6
log CFU/cm? was lower than the original inoculated level of
5.3 log CFU/cm? and considerably less than the final
population of the untreated controls (6.8 log CFU/cm?).
These results indicate hot-water washes offer an additional
long-term degree of safety to beef that might be contami-
nated with E. coli O157:H7 via feces during carcass
processing.

STEAM PASTEURIZATION

Several studies have been conducted to determine the
efficacy of using steam as a decontaminant on a variety of
meat surfaces (4, 7, 13, 15). An early study by Carpenter (7)
determined that while steam was very effective at eliminat-
ing Salmonella enteriditis from pork carcasses, it damaged
the external skin surface. Also, Anderson et al. (4) deter-
mined that the use of steam applied to frozen and thawed
beef tissue was ineffective as a decontaminant. These studies
may have contributed to an initial lack of interest in steam as
a decontaminant of meat surfaces for some time.

Recently published data has led to a resurgence of
interest in using steam on meat surfaces. Cygnarowicz-
Provost et al. (13) observed a 4-log CFU/cm? reduction of
Listeria innocua populations when steam was applied to
beef frankfurters in a steam chamber. In this work a
small-diameter-tube chamber was equipped with thermo-
couples placed in such a manner as to touch the surface of
the beef frankfurter during treatment. A valved, vacuum-
pump system was used to evacuate the chamber for 15 s, to
then rapidly fill the chamber with steam, and then to
evacuate the steam for an additional 10 s. The authors state
that the stearn was maintained at a set pressure for the
desired treatment times (5, 10, 15, 30, and 40 s); unfortu-
nately, the pressure was not reported. Dorsa et al. (21)
compared a hot-water wash at 82.2°C to steam delivered
through a closed cabinet on lamb carcasses. The steam
treatment consisted of a water wash (at 15.6, 54.4, or 82.2°C
and 75 1b/in?) followed by removal of surface water by an
air-blowing system, a closed-cabinet steam treatment at 1.5
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in. of water, and a final cool-water rinse (15.6°C). It was
concluded that moist-heat interventions were effective for
reducing aerobic bacterial populations, E. coli, and coli-
forms on carcasses, regardless of the application method.

The most comprehensive studies to date aimed at
determining the ability of steam to decontaminate beef
surface tissue have been conducted by Nutsch et al. (33) and
Phebus et al. (35, 36). Phebus et al. (36) conducted
decontamination studies on surface tissue of freshly slaugh-
tered beef in a steam chamber consisting of two internal
compartments separated by a removable barrier. One com-
partment was used as a steam reservoir and the other held the
beef-surface-tissue sample to be treated. The sample was
subjected to the pressurized steam treatment (0.25 in. of
water) by removing the barrier; then the chamber was
opened after a 5-, 10-, or 15-s exposure time. The samples
were rapidly cooled using a 20-s, 1°C water spray. Using this
chamber, reductions in E. coli O157:H7, Salmonella typhi-
murium, and L. monocytogenes populations of 3.5, 3.7, and
3.4 log CFU/cm? with initial inoculations of 5.0, 5.2, and 5.4
log CFU/cm?, respectively, were observed. They concluded
that steam pasteurization can be an effective intervention in
an overall system of pathogen reduction on surface tissue of
freshly slaughtered beef and that its greatest effectiveness is
achieved when used in combination with other decontamina-
tion treatments.

In-plant use of steam pasteurization

The use of a recently developed, commercially avail-
able, patented (48) steam-pasteurization chamber (Frigoscan-
dia Food Processing Systems, Inc., Bellevue, WA, and
Cargill Inc., Minneapolis, MN) was studied in a processing
facility (33). This steam-pasteurization process consists of
three distinct phases. The first phase utilizes ambient-air
blowers to create an air velocity of 6,500 ft/min (1,981.2
m/min) for removal of excess water from the beef carcass
surface. The second and third phases utilize a 37 by 4 by 11
ft (ca. 11.3 by 1.2 by 3.4 m) chamber in which beef carcasses
are sealed in a moving chamber into which saturated steam
is injected for 6 to 8 s, followed by the opening of the steam
chamber, and a 10-s water wash using 44°C water at 40 psi.

Nutsch et al. (33) determined that initial mean APCs of
2.1 and 2.2 log CFU/cm? were reduced by >1.0 and 0.7 log
CFU/cm? when beef carcasses were exposed to steam for 8
and 6 s, respectively. They also determined that the low
initial populations (<1 log CFU/cm?) of E. coli, total
coliforms, and other species of Enterobacteriaceae present
on the carcass surfaces were immediately reduced, in many
cases, to undetectable levels. They concluded this type of
steam technology could be successfully used in a beef-
slaughter environment and would likely provide a microbio-
logically safer carcass at the end of the slaughter process.

SUMMARY

The slaughter industry uses good manufacturing prac-
tices (GMPs) when processing beef carcasses and as a result,
the major portion of a carcass surface remains intrinsically
clean during this process. However, unavoidable and inadver-
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tent contamination of carcasses occurs despite GMPs, thus
necessitating the use of effective antimicrobial intervention
strategies. The integration of established interventions, such
as knife trimming and various antimicrobial washes, with
the recently developed interventions of steam vacuuming,
hot water washes, and steam pasteurization will improve the
microbial safety of beef carcasses immediately postslaugh-
ter. However, it is important to remember that this food
product is not utilized by the consumer until some time after
this point in the process. Consequently, it is important that
future studies be designed with the intention of determining
the long-range food-safety advantages of these interventions
by monitoring the growth of bacteria of interest and
pathogens past the point of initial reductions during ex-
tended storage. Additionally, the effects of post-slaughter-
process contamination with pathogens should also be deter-
mined.

REFERENCES

1. Ahamad, N., and E. H. Marth. 1989. Behavior of Listeria monocyto-
genes at 7, 13, 21, and 35°C in tryptose broth acidified with acetic,
citric, or lactic acid. J. Food Prot. 52:688-695.

2. Ahamad, N., and E. H. Marth. 1990. Acid-injury of Listeria monocy-
togenes. J. Food Prot. 53:26-29.

3. Anderson, M. E,, and R. T. Marshall. 1989. Interaction of concentra-
tion and temperature of acetic acid solution on reduction of various
species of microorganisms on beef surfaces. J. Food Prot. 52:312-
315.

4. Anderson, M. E., R. T. Marshall, W. C. Stringer, and H. D. Naumann.
1979. Microbial growth on plate beef during extended storage after
washing and sanitizing. J. Food Prot. 42:389-392.

5. Barkate, M. L., G. R. Acuff, L. M. Lucia, and D. S. Hale. 1993. Hot
water decontamination of beef carcasses for reduction of initial
bacterial numbers. Meat Sci. 35:397—-401.

6. Benjamin, M. M., and A. R. Datta. 1995. Acid tolerance of enterohem-
orrhagic Escherichia coli. Appl. Environ. Microbiol. 61:1669-1672.

7. Carpenter, J. A. 1972. Decontamination of pork carcasses, p. 35.
Proceedings of the Meat Industry Research Conference.

8. Code of Federal Regulations, vol. 61, no. 144, title 9, parts 304, 308,
310, 320, 327, 381, 416, and 417. 1996. Pathogen reduction; hazard
analysis and critical control point (HACCP) systems. USDA Food
Safety and Inspection Service. U.S. Government Printing Office,
Washington, D.C.

9. Cutter, C. N.,, and W. J. Dorsa. 1995. Chlorine dioxide spray washes
for reducing fecal contamination on beef. J. Food Prot. 58:1294-1296.

10. Cutter, C. N., W. J. Dorsa, and G. R. Siragusa. 1997. Parameters
affecting the efficacy of spray washes against Escherichia coli
0157:H7 and fecal contamination on beef. J. Food Prot. 60:614—618.

11. Cutter, C. N,, and G. R. Siragusa. 1994. Efficacy of organic acids
against Escherichia coli 0157:H7 attached to beef carcass tissue using
a pilot scale model carcass washer. J. Food Prot. 57:97-103.

12. Cutter, C. N., and G. R. Siragusa. 1995. Application of chlorine to
reduce populations of Escherichia coli on beef. J. Food Safety
15:67-75.

13. Cygnarowicz-Provost, M., R. C. Whiting, and J. C. Craig, Jr. 1994.
Steam surface pasteurization of beef frankfurters. J. Food Sci. 59:1-5.

14. Davey, K. R., and M. G. Smith. 1989. A laboratory evaluation of a
novel hot water cabinet for the decontamination of sides of beef. Int. J.
Food Sci. Technol. 24:305-316.

15. Davidson, C. M., J. Y. D’Aoust, and W. Allewell. 1985. Steam
decontamination of whole and cut-up raw chicken. Poult. Sci.
64:765-767.

16. Dickson, J. S., and M. E. Anderson. 1992. Microbiological decontami-
nation of food animal carcasses by washing and sanitizing systems: a
review. J. Food Prot. 55:133-140.

17. Dickson, J. S., C. G. Nettles Cutter, and G. R. Siragusa. 1994.
Antimicrobial effects of trisodium phosphate against bacteria attached
to beef tissue. J. Food Prot. 57:952-955. -



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

BEEF CARCASS DECONTAMINATION PROCEDURES

Dorsa, W. J., C. N. Cutter, and G. R. Siragusa. 1996. Effectiveness of a
steam-vacuum sanitizer for reducing Escherichia coli O157:H7
inoculated to beef carcass surface tissue. Lett. Appl. Microbiol.
23:61-63.

Dorsa, W. J., C. N. Cutter, and G. R. Siragusa. 1997. Effects of
steam-vacuuming and hot water spray wash on the microflora of
refrigerated beef carcass surface tissue inoculated with Escherichia
coli O157:H7, Listeria innocua, and Clostridium sporogenes. J. Food
Prot. 60:114-119.

Dorsa, W. I, C. N. Cutter, and G. R. Siragusa. 1997. Effects of acetic
acid, lactic acid and trisodium phosphate on the microfiora of
refrigerated beef carcass surface tissue inoculated with Escherichia
coli 0157:H7, Listeria innocua, and Clostridium sporogenes. J. Food
Prot. 60:619-624.

Dorsa, W. J,, C. N. Cutter, G. R. Siragusa, and M. Koohmaraie. 1996.
Microbial decontamination of beef and sheep carcasses by steam, hot
water spray washes, and a steam-vacuum sanitizer. J. Food Prot.
59:127-135.

El-Khateib, T., A. E. Yousef, and H. W. Ockerman. 1993. Inactivation
and attachment of Listeria monocytogenes on beef muscle treated
with lactic acid and selected bacteriocins. J. Food Prot. 56:29-33.
FSIS. 1996. Directive #6350.1. Food Safety and Inspection Service,
U.S. Department of Agriculture, Washington, D.C.

Gorman, B. M,, J. B. Morgan, J. N. Sofos, and G. C. Smith. 1995.
Microbial and visual effects of trimming and/or spray washing for
removal of fecal material from beef. J. Food Prot. 58:984-989.
Gorman, B. M., J. N. Sofos, J. B. Morgan, G. R. Schmidt, and G. C.
Smith. 1995. Evaluation of hand-trimming, various sanitizing agents,
and hot water spray-washing as decontamination interventions for
beef brisket adipose tissue. J. Food Prot. 58:899-907.

Hamby, P. L., J. W. Savell, G. R. Acuff, C. Vanderzant, and H. R.
Cross. 1987. Spray-chilling and carcass decontamination systems
using lactic acid and acetic acid. Meat Sci. 21:1-14.

Hardin, M. D., G. R. Acuff, L. M. Lucia, J. S. Oman, and J. W. Savell.
1995. Comparison of methods for decontamination from beef carcass
surfaces. J. Food Prot. 58:368-374.

Johnson, M. G., T. C. Titus, L. H. McCaskill, and J. C. Acton. 1979.
Bacterial counts on surfaces of carcasses and in ground beef from
carcasses sprayed or not sprayed with hypochlorous acid. J. Food Sci.
44:169-173.

Kenney, P. B., R. K. Prasai, R. E. Campbell, C. L. Kastner, and D. Y.
C. Fung. 1995. Microbiological quality of beef carcasses and vacuum-
packaged subprimals: process intervention during slaughter and
fabrication. J. Food Prot. 58:633-638.

Kim, J.-W,, and M. FE Slavik. 1994. Trisodium phosphate (TSP)
treatment of beef surfaces to reduce Escherichia coli O157:H7 and
Salmonella typhimurium. J. Food Sci. 59:20-22.

Li, Y., F. Hsieh, M. L. Fields, H. E. Huff, and S. L. Badding. 1993.
Thermal inactivation and injury of Clostridium sporogenes spores
during extrusion of mechanically deboned turkey mixed with white
com flour. J. Food Proc. Pres. 17:391-403.

Marshall, R. T., M. E. Anderson, H. D. Naumann, and W. C. Stringer.
1977. Experiments in sanitizing beef with sodium hypochlorite. J.
Food Prot. 40:246-249.

Nutsch, A. L., R. K. Phebus, M. J. Riemann, D. E. Schafer, J. E.
Boyer, Jr, R. C. Wilson, J. D. Leising, and C. L. Kastner. 1997.

34,

35.

36.

37.

38.

39.

41.

42,

43.

45.

46.

47.

48.

1151

Evaluation of a steam pasteurization process in a commercial beef
processing facility. J. Food Prot. 60:485-492.

Patterson, J. T. 1970. Hygiene in meat processing plants. 4. Hot-water
washing of carcasses. Rec. Agric. Res. Ministr. Agric. N.I. 18:85-87.
Phebus, R. K., A. L. Nutsch, D. E. Schafer. 1996. Laboratory and
commercial evaluation of a steam pasteurization process for reduction
of bacterial populations on beef carcass surfaces p. 121-124. Recipro-
cal Meat Conference Proceedings. 49.

Phebus, R. K., A. L. Nutsch, D. E. Schafer, R. C. Wilson, M. J.
Riemann, J. D. Leising, C. L. Kastner, J. R. Wolf, and R. K. Prasai.
1997. Comparison of steam pasteurization and other methods for
reduction of pathogens on surfaces of freshly slaughtered beef. J.
Food Prot. 60:476-484.

Prasai, R. K., G. R. Acuff, L. M. Lucia, D. S. Hale, J. W. Savell, and
J. B. Morgan. 1991. Microbiological effects of acid decontamination
of beef carcasses at various locations in processing. J. Food Prot.
54:868-872.

Prasai, R. K., R. K. Phebus, C. M. Garcia Zepeda, C. L. Kastner, A. E.
Boyle, and D. Y. C. Fung. 1995. Effectiveness of trimming and/or
washing on microbiological quality of beef carcasses. J. Food Prot.
58:1114-1117.

Reagan, J. O., G. R. Acuff, D. R. Buege, M. J. Buyck, J. S. Dickson,
C. L. Kastner, J. L. Marsden, J. B. Morgan, R. Nickelson II, G. C.
Smith, and J. N. Sofos. 1996. Trimming and washing of beef carcasses
as a method of improving the microbiological quality of meat. J. Food
Prot. 59:751-756.

Rodrigues-Szulc, U. M., G. Ventoura, B. M. Mackey, and M. J. Payne.
1996. Rapid physiochemical detachment, separation and concentra-
tion of bacteria from beef surfaces. J. Appl. Bacteriol. 80:673—681.
Siragusa, G. R. 1995. The effectiveness of carcass decontamination
systems for controlling the presence of pathogens on the surfaces of
meat animal carcasses. J. Food Sci. 15:229-238.

Smith, M. G., and A. Graham. 1978. Destruction of Escherichia coli
and salmonellac on mutton carcasses by treatment with hot water.
Meat Sci. 2:119-128.

Smulders, E J. M., P. Barendsen, J. G. van Logtestijn, D. A. A.
Mossel, and G. M. vander Marel. 1986. Review: lactic acid: consider-
ations in favor of its acceptance as a meat decontaminant. J. Food
Technol. 21:419-436.

Somers, E., J. Schoeni, and A. Wong. 1994. Effect of trisodium
phosphate on biofilm and planktonic cells of Campylobacter jejuni,
Escherichia coli O157:H1, Listeria ytog and Sal) 1l
typhimurium. Int. J. Food Microbiol. 22:269-276.

Stevenson, K. E., R. A. Merkel, and H. C. Lee. 1978. Effects of
chilling rate, carcass fatness and chlorine spray on microbiological
quality and case life of beef. J. Food Sci. 43:849-852.

Thylin, I, P. Schuisky, S. Lindgren, and J. C. Gottschal. 1995.
Influence of pH and lactic acid concentrations on Clostridium
tyrobutyricum during continuous growth in a pH-auxostat. J. Appl.
Bacteriol. 79:663-670.

Van Netten, P, J. H. H. Huis in’t Veld, and D. A. A. Mossel. 1994, The
immediate bactericidal effect of lactic acid on meat-borne pathogens.
J. Appl. Bacteriol. 77:490-496.

Wilson, R. C., and J. D. Leising. November 1994. Method and
apparatus for steam pasteurization of meats. U.S. Patent 08/335,437.






