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The ability of LactobaciUus bavaricus, a meat isolate, to inhibit the growth of three Listeria monocytogenes
strains was examined in three beef systems: beef cubes, beef cubes in gravy, and beef cubes in gravy containing
glucose. The beef was minimally heat treated, inoculated with L. bavaricus at 10' or 103 CFU/g and L.
monocytogenes at 102 CFU/g, vacuum sealed, and stored at 4 or 10°C. The meat samples were monitored for
microbial growth, pH, and bacteriocin production. The pathogen was inhibited by L. bavaricus MN. At 4°C,
L. monocytogenes was inhibited or killed depending on the initial inoculum level of L. bavaricus. At 10°C, at
least a 10-fold reduction of the pathogen occurred, except in the beef without gravy. This system showed a
transient inhibition of the pathogen during the first week of storage followed by growth to control levels by the
end of the incubation period. Bacteriocin was detected in the samples, and inhibition could not be attributed
to acidification. Low refrigeration temperatures significantly (P c 0.05) enhanced L. monocytogenes inhibition.
Moreover, the addition of glucose-containing gravy and the higher inoculum level of L. bavaricus were
significantly (P < 0.05) more effective in reducing L. monocytogenes populations in most of the systems studied.

Minimally processed, vacuum-packaged, refrigerated
meat products have become increasingly popular. To fulfill
consumer demands for "natural" foods, many of these
products contain no preservatives (9). However, the micro-
bial safety of these products is being questioned (33). They
are susceptible to growth by psychrotrophic food-borne
pathogens (37). Notably, Listeria monocytogenes, because
of its ability to grow actively at refrigeration temperatures (7,
13, 42), poses a serious health threat to high-risk populations
such as the unborn, newborn, or immunocompromised (28).
Because of its ubiquitous distribution and its association
with domestic livestock, L. monocytogenes is likely to occur
in raw meats (4, 23). Furthermore, its prevalence both at the
slaughterhouse (17) and in the processing environment (12)
increases the potential for postprocessing contamination.
The incidence and growth of L. monocytogenes in processed
meat products are well documented (12, 19, 20, 23). Its
prevalence ranges from 5 to 13% in ready-to-eat meat
products, in which typical plate counts ranged from < 10 to
1,000 CFU/g (23). Although most cases of human listeriosis
associated with the consumption of ready-to-eat meat prod-
ucts appear to be sporadic (32, 38), the high mortality rate
(30%) (27) has led the Food and Drug Administration to
impose a zero-tolerance policy for L. monocytogenes in
ready-to-eat meat products (14).
Novel strategies, such as biopreservation systems, have

gained increasing attention as a means of "naturally" con-
trolling the growth of pathogenic and spoilage organisms in
ready-to-eat foods. Some lactic acid bacteria, such as those
commonly associated with vacuum-packaged meats, pro-
duce antimicrobial proteins known as bacteriocins (24, 29).
Thus, bacteriocins might be regarded as natural preserva-
tives in refrigerated meat products (41). Several investiga-
tors have reported antilisterial activity of different bacterio-
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cinogenic lactic acid bacteria in meat-related products (2, 3,
6, 8, 15, 30, 35, 40, 44). Lactobacillus bavaricus is commonly
isolated from refrigerated vacuum-packaged meat (10). We
have previously reported that L. bavaricus MN inhibits L.
monocytogenes growth in a model meat gravy system (43).
The antilisterial action was related to bacteriocin production
and enhanced by lower temperatures and acid production.
The purpose of this study was to validate the use of L.
bavancus MN to inhibit L. monocytogenes growth in mini-
mally heat-treated, vacuum-packaged beef. We report here
the inhibition of L. monocytogenes in all of the beef systems
studied, although to different extents.

MATERIALS AND METHODS

Bacterial cultures and media. L. monocytogenes Scott A,
F5069, and 19115, all carrying the plasmid pGK12 coding for
chloramphenicol and erythromycin resistance (15), were the
gift of P. M. Foegeding (North Carolina State University,
Raleigh). They were grown at 30°C in Trypticase soy broth
without glucose (BBL Microbiology Systems, Cockeysville,
Md.) supplemented with 0.6% yeast extract (Difco Labora-
tories, Detroit, Mich.), 0.5% glucose (Fisher Scientific Com-
pany, Pittsburgh, Pa.), 3.5 jig of chloramphenicol per ml
(Sigma Chemical Co., St. Louis, Mo.), and 3.5 jig of
erythromycin per ml (Sigma). The culture was maintained as
a stab by adding 1.5% Bacto-Agar (Difco) to the broth. L.
bavaricus MN was grown in Lactobacilli MRS broth (Difco)
at 30°C and was maintained as stabs by adding 1.5% Bacto-
Agar (Difco) to the broth. All stab cultures were kept at 4°C
and transferred monthly.

L. monocytogenes was enumerated on tryptose phosphate
broth (Difco) supplemented with 3.5 jig of chloramphenicol
and erythromycin per ml and containing 1.5% Bacto-Agar
(TPA). L. bavaricus MN was enumerated on Lactobacilli
MRS broth with 1.5% Bacto-Agar. Total aerobic plate count
was enumerated with plate count agar (Difco) (PCA).

Inoculum preparation. All three strains of L. monocyto-
genes were used as a pool. Cells of each strain were
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propagated overnight at 30°C in Trypticase soy broth con-
taining yeast extract and glucose (10 ml) supplemented with
chloramphenicol and erythromycin. Cells were pelleted by
centrifugation (5,000 x g for 20 min, 4°C), washed twice in
10 ml of 0.1% peptone water, and resuspended in 5 ml of
0.1% peptone water. The A6. was measured, and each
suspension was diluted as necessary to obtain approximately
equal cell densities of each isolate. Equal volumes of the
three suspensions were combined and diluted in 0.1% pep-
tone to obtain the desired inoculum level. The cell suspen-
sion of L. bavanicus was prepared separately in a similar
fashion and was resuspended in 0.1% peptone water to
obtain the desired inoculum level.
Meat preparation and inoculation. Frozen beef (85% lean)

diced cubes (0.75 in. [ca. 1.9 cm]) were obtained through the
dining services of Rutgers, The State University of New
Jersey. Before use, the meat was thawed at 4°C for 1 day.
One hundred grams of meat was placed into individual
gas-impermeable bags, and bags were steamed for 10 min at
100°C. Heat-treated bags were taped shut and held at 4°C
until inoculation.
The inoculum was added to the meat at 1% (vol/wt) (100 g

of meat received 1 ml of peptone water containing the
inoculum preparation). To inoculate the beef in gravy, the
inocula were added to 15 ml of gravy containing either 0 or
0.5% glucose. The 15 ml of inoculated gravy was then added
to 100 g of beef. The gravy was formulated to contain 1.8%
Trypticase peptone (BBL), 1.2% beef extract (Difco), 0.6%
yeast extract (Difco), 0.2% carrageenan type II (Sigma), and
2% starch (National Starch & Chemical Corporation,
Bridgewater, N.J.). The gravy was sterilized by autoclaving
for 15 min at 15 lb/in2. In each of the three meat experiments,
the peptone water or gravies were prepared so that when
added into the meat the final inoculum levels were 105 CFU
of L. bavaricus per g and 102 CFU of L. monocytogenes per
g or 103 CFU of L. bavaricus per g and 102 CFU of L.
monocytogenes per g. In each experiment, L. bavaricus was
inoculated alone at 105 or 103 CFU/g, L. monocytogenes was
inoculated alone at 102 CFU/g, and uninoculated meat
samples were used as controls.

After the inoculum was spread throughout the meat sam-
ple by massaging, the bags were vacuum sealed and stored at
4 or 10°C for up to 6 or 4 weeks, respectively.

Sampling and analysis. Three bags of meat from each
treatment were sampled at selected times to determine L.
monocytogenes and L. bavaricus populations and the pH
values. Individual gas-impermeable bags were introduced
into stomacher bags, opened, and stomached for 1 min with
100 ml of peptone water. L. monocytogenes was enumerated
on TPA (supplemented with chloramphenicol and erythro-
mycin) pour plates after 48 h at 30°C. Total aerobic plate
counts were determined with PCA plates. Since PCA plates
allow the growth of L. monocytogenes and the indigenous
microflora, the difference in counts between PCA and TPA
was used to determine the level of indigenous microflora. L.
bavaricus MN was surface plated on MRS. The MRS and
PCA surface platings were done with a spiral plater (Spiral
System Instruments, Inc.), and colonies were enumerated
after incubation for 48 h at 30°C with a bacterial colony
counter (model 500A; Spiral System Instruments, Inc.). The
pH of each bag sample was determined by inserting a
flat-surface pH electrode (standardized against buffer at pH
4.0 and 7.0 and connected to a Markson pH meter) into the
interior of the meat bag and obtaining readings from three
different locations within the sample; the average value was
reported.

Agar diffusion assay for bacteriocin production. Bacterio-
cin production was determined essentially as described by
Rogers and Montville (34). Briefly, Lactobacillus sake
ATCC 15521, the bacteriocin-sensitive organism, was grown
in Lactobacilli MRS broth at 30°C overnight and diluted to
105 to 106 CFU/ml in tempered MRS broth containing 1.5%
Noble agar (Difco). The inoculated agar (20 ml) was pipetted
into sterile petri dishes, and 6.8-mm wells were cut after the
agar solidified. At the end of each experiment described
above, 1 ml of the bag contents was microcentrifuged for 10
min. The cell-free supernatant was removed and neutralized
with 1 N NaOH, and 50 ,ul was pipetted into each well. The
plates were preincubated at 4°C overnight and incubated at
30°C for 24 h. The clearing zones formed around the well
were measured as the distance from the edge of the well to
the edge of the inhibition zone of the sensitive organism.
The proteinaceous nature of the bacteriocin was con-

firmed by adding 10 ,ul of a-chymotrypsin (bovine pancrease,
type II) (Sigma), 10 mg/ml in 10 mM sodium phosphate
buffer (pH 7.5), into a smaller well, 3.8 mm in diameter, cut
adjacent to the 6.8-mm one (25). A negation of the inhibition
zone in the region of the protease indicated inhibitor sensi-
tivity to the protease and thus confirmed the proteinaceous
nature of the inhibitory substance.

In order to compare the amount of bavaricin MN with
equivalent nisin units, 1 g of Nisaplin (Aplin & Barret Ltd.,
Trowbridge, Wiltshire, England) (1,000,000 IU/g) was seri-
ally diluted in 0.02 N HCl-0.75% NaCl (pH 5.2). Fifty
microliters was added to the wells, and standard curves of
zone sizes versus concentrations were generated.

Statistical analysis. An analysis of the variance (F distri-
bution and individual or multiple t-confidence intervals) of
the meat treatments was performed to determine the signif-
icance of any differences. Data from final pH values were
analyzed by the Student t test. Significance is expressed at
the 5% level in all analysis.

RESULTS AND DISCUSSION

Growth and survival of L. monocytogenes in minimally
heat-treated, vacuum-packaged meat cubes inoculated with
high (105 CFU/g) or low (10 CFU/g) levels of L. bavaricus
MN at 4 or 10°C are shown in Fig. 1 and 2, respectively. In
the absence of L. bavaricus, the L. monocytogenes popula-
tion grew to 107 CFU/g at 4°C or to 108 CFU/g at 10°C by the
end of a 6- or 4-week incubation period, respectively, as
observed with TPA plate counts. The presence or absence of
gravy in the meat did not influence final L. monocytogenes
levels. By using a composite of three L. monocytogenes
strains, we decreased the chances of selecting a strain that
was very sensitive or resistant to the bacteriocin. These
strains, transformed with the pGK12 plasmid (15), which
conferred resistance to chloramphenicol and erythromycin,
enabled us to quantitatively monitor the listerial population
from a mixed background microflora. Foegeding et al. (15)
have shown that both wild-type and transformed strains
were similarly sensitive to bacteriocin activity.
The minimal heat treatment applied to the meat samples

(steaming for 10 min at 100°C) did not render a product
sterile. Low levels of indigenous microflora (<10' CFU/g)
were observed at time zero in the uninoculated bags. This
native flora grew under vacuum conditions at refrigeration
temperatures, reaching levels of 106 to 108 CFU/g at the end
of the storage period, depending on the initial microflora load
(data not shown). However, this native. microflora did not
inhibit L. monocytogenes growth. The 10- to 100-fold differ-
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FIG. 1. Growth of L. monocytogenes and L. bavaricus MN in minimally heat-treated, vacuum-packaged meat at 4°C. Panels A and B
represent beef cubes packaged without gravy. Panels C and D represent beef cubes packaged in gravy, and panels E and F represent beef
cubes packaged in gravy containing 0.5% glucose. Symbols: El, L. bavaricus coinoculated with L. monocytogenes enumerated on MRS; 0,

L. monocytogenes coinoculated with L. bavaricus enumerated on TPA; A, L. monocytogenes alone enumerated on TPA; *, L.
monocytogenes alone enumerated by total plate counts. Vertical bars represent the standard deviation of the mean.

ence between the PCA and TPA population counts from
samples inoculated only with L. monocytogenes can be
explained by the growth of the indigenous background
microflora and gives evidence of the noninhibitory action of
the microflora against the pathogen.

L. bavancus MN, an isolate from a species usually asso-
ciated with red meats stored chilled in vacuum packs (10),
grew faster than L. monocytogenes, reaching levels of at
least 108 CFU/g during the first 2 weeks of incubation. L.
bavaricus growth patterns were similar, independent of the
initial inoculum level, the temperature of incubation, or the
presence or absence of gravy. Moreover, the presence of L.
monocytogenes had no apparent effect on the growth of L.
bavaricus MN (data not shown). In all three meat systems
incubated at 4°C, L. bavaricus inhibited L. monocytogenes
growth (Fig. 1). Independent of the meat system (gravy
containing 0 or 0.5% glucose or no gravy added), all samples
inoculated with L. bavaricus at 10' CFU/g showed antago-
nistic action against L. monocytogenes, but no significant
difference among the meat systems was observed (Fig. 1A,
C, and E). Those systems in which a low inoculum level of
L. bavaricus was added (103 CFU/g) were either bacterio-
static (Fig. 1F) or strongly inhibitory towards L. monocyto-
genes. There was a 10,000-fold suppression of listerial
growth in glucoseless gravy (Fig. 1D) or a 1,000-fold reduc-
tion compared with the control in beef cubes without gravy
(Fig. 1B). In these samples (low initial inoculum level of L.
bavancus), the addition of glucose-containing gravy signifi-
cantly enhanced the pathogen inhibition, as compared with
that for treatment in which no gravy was added. At 4°C, the
antilisteric action was significantly enhanced by the higher
inoculum levels of the lactic acid bacteria.

In those meat systems incubated at 10°C, L. monocyto-
genes was inhibited only when the gravy was present (Fig.
2C to F). For the meat containing no gravy, a transient
inhibition of the pathogen during the first week of storage
occurred but was followed by growth to control levels by the
end of the incubation period (Fig. 2A and B). The L.
monocytogenes population was significantly decreased (with
both high and low inoculum levels of the lactic acid bacteria)
when glucose-containing gravy was added to the meat. Since
it was reported that L. monocytogenes may become resistant
to bacteriocins (15, 21), L. monocytogenes isolates from
coinoculated samples were tested for sensitivity to L. bavar-
icus MN at the end of each experiment by the agar diffusion
assay. No resistance was acquired towards bavaricin MN
during this period of time (data not shown).
The pH was monitored over the course of the experiment

for each meat system. Initial pH values of the various meat
systems were 6.13 t 0.07 (data not shown) and decreased in
the inoculated samples to levels ranging from 5.09 to 5.72
(Table 1). The final pH values in uninoculated samples were
.5.73. In most cases, no significant difference between the
final pH values of the coinoculated combination and that of
the corresponding control coinoculated with L. monocyto-
genes alone was observed, regardless of the presence of
glucose or gravy or the temperature of incubation. The only
situation in which a significant difference was observed (in
comparison with the control) was the combination of L.
bavancus at 105 and L. monocytogenes at 102 CFU/g (pH of
5.09 0.23) in the beef in gravy containing glucose incu-
bated at 10°C. Growth of L. monocytogenes at pH values
less than 5.0 has been reported (18). The inhibition of L.
monocytogenes in this study cannot be explained by a
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FIG. 2. Growth of L. monocytogenes and L. bavaricus MN in minimally heat-treated, vacuum-packaged meat at 10°C. Panel and symbol
definitions are as described for Fig. 1.

decrease in pH. Furthermore, inhibition of the pathogen was
observed when pI values were still close to 6.1.

Previous studies in our laboratory have demonstrated
bacteriocin production by L. bavancus MN in medium (25),
as well as in a model gravy system (43). Furthermore,
bavaricin MN has been characterized (26). In the studies
reported here, we demonstrated bacteriocin production in
meat samples by using the well diffusion assay (data not
shown). In this regard, cell-free neutralized supernatants
from all meat systems inoculated with L. bavaricus MN

TABLE 1. Final pH values of beef systems inoculated with
L. bavaricus and/or L. monocytogenesa

Inoculum
(CFU/g)b Final pH value for beef cubes (+SD):

Temp
(OC) Without In gravy In gravy

MN SA without with
gravy glucose glucose

4 0 102 5.67 + 0.12 5.64 ± 0.08 5.59 ± 0.02
i05 0 5.54 + 0.06 5.44 ± 0.42 5.11 ± 0.24
103 0 5.50 ± 0.06 5.56 + 0.23 5.23 ± 0.19
05 102 5.55 + 0.05 5.46 ± 0.11 5.59 ± 0.07
103 102 5.58 ± 0.05 5.61 ± 0.11 5.54 ± 0.05
0 0 5.85 ± 0.29 5.96 ± 0.18 6.24 ± 0.01

10 0 102 5.72 ± 0.15 5.62 ± 0.23 5.60 + 0.11
l05 0 5.56 ± 0.04 5.29 ± 0.05 5.51 ± 0.19
102 0 5.62 + 0.09 5.38 ± 0.18 5.42 ± 0.08
105 102 5.51 ± 0.22 5.64 ± 0.04 5.09 ± 0.23
103 102 5.72 + 0.12 5.48 ± 0.23 5.58 ± 0.03
0 0 5.73 + 0.08 5.96 ± 0.39 6.15 + 0.03

a pH values measured after 6 weeks at 40C or 4 weeks at 10°C. The initial
pH value for the three systems was 6.13 + 0.07.

b MN, L. bavaricus MN; SA, L. monocytogenes SA.

produced a clearing zone on lawns containing a sensitive
indicator organism. Furthermore, their proteinaceous nature
was confirmed by the negation of the zone of inhibition in the
presence of a protease (data not shown). Bacteriocin pro-
duction was independent of the presence of glucose in the
meat. In a few instances, smaller zones of inhibition were
observed with uninoculated samples or those samples inoc-
ulated only with L. monocytogenes. This may be the result
of bacteriocin production by indigenous microflora. Yet, it
failed to inhibit L. monocytogenes growth as discussed
above. Schillinger et al. (35) reported that sakacin A, pro-
duced by L. sake Lb 706, was inactivated after 1 week in
minced meat stored at 8°C. In these studies, bacteriocin
production was observed after 6 or 4 weeks of storage at 4
and 10°C, respectively, suggesting that bavaricin MN is
stable in minimally processed meat, as reported for pediocin
PAl (31). When the zones of inhibition obtained from meat
supernatants in these experiments were compared with
zones of inhibition of known concentrations of Nisaplin,
values ranging from 0.4 to 1.2 equivalent nisin units were
observed (data not shown). In this regard, 100 IU of pure
nisin was shown to decrease the number of L. monocyto-
genes cells by 100,000-fold when added directly into Tryp-
ticase soy broth with yeast extract and glucose (5).

This study shows the antagonistic action .of L. bavaricus
MN against L. monocytogenes in minimally heat-treated,
vacuum-packaged meat stored at refrigeration temperatures.
Inhibition was not due to acidification, since the antagonistic
effect was observed at noninhibitory pH levels. Similar
experiments using an isogenic Bac- L. bavancus MN would
be required to definitively prove the bacteriocin's role.
Unfortunately, exhaustive efforts at generating such a Bac-
strain were fruitless. Yet, even though the pH was not
greatly reduced in those meats in gravy with glucose, addi-
tion of the sugar enhanced the antagonistic action towards
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the pathogen. Previous reports support the fact that inhibi-
tion of L. monocytogenes by bacteriocinogenic lactic acid
bacteria may be independent of acid production (3, 6, 35,
40). These observations lead us to speculate that bavaricin
MN may be acting in an energy-dependent manner, as is the
case for other bacteriocins (16, 39). Lower refrigeration
temperatures enhanced the antagonistic action. L. monocy-
togenes is also more sensitive to the bacteriocin produced by
Carnobactenumpiscicola LK5 at 5oC than at 19°C (6). This
evidence suggests that a multiple-barrier system best inhibits
pathogen growth. That the antilisterial activity was greater in
most of those products containing gravy with glucose sug-

gests that the addition of gravy to the meat served as a

matrix to improve bacteriocin diffusion and thus facilitated
access to the pathogen target organism.
Recent reports suggest that a high initial inoculum level of

the starter culture is needed to inhibit the target organism (2,
40). High cell densities (108 to 109 CFU) may account for
either depletion of essential nutrients (29, 40) or the gener-

ation of a bacteriocin MIC (36). However, we report that
successful inhibition of the pathogen occurred even with a

low initial inoculum level of L. bavancus. As we have
previously reported (43), the fact that inhibition of L. mono-

cytogenes is evident after the onset of L. bavaricus expo-

nential growth may suggest that bavaricin production occurs

during early growth stages, as is reported for other meat
lactic acid bacteria (1, 11, 22).

This study confirms the antagonistic action of L. bavancus
MN towards L. monocytogenes in minimally heat-treated,
vacuum-packaged meat. The use of bacteriocinogenic lactic
acid bacteria as potential biopreservatives may be appealing
to the food industry. Not only does L. bavancus MN grow

and produce bacteriocin at refrigeration temperatures, but
also it is effective at nonacidic pH values. Thus, meeting
consumers' demands for natural preservatives, it also serves

as an additional safety barrier to ensure product quality at
refrigeration temperatures.
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