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Bactericidal synergism through
bacteriocins and high pressure in a
meat model system during storage

M. Garriga*, M.T. Aymerich, S. Costa, J. M.Monfort and
M. Hugas

High hydrostatic pressure represents an attractive non-thermal process for meat products to avoid
post-processing contamination.When combined with antimicrobials, like bacteriocins, the death rate
may be increased because of sub-lethal injuries to living cells.The behaviour of several foodborne bac-
teria inoculated in a meat model system with added bacteriocins (enterocins A and B, sakacin K, ped-
iocin AcH or nisin) after pressurization (400MPa, 10min, 171C) and during chilled storage was
investigated. Although Staphylococcus was the genus least sensitive to pressurization, the samples
including nisin displayed lower and signi¢cantly di¡erent counts during the 41C storage than the rest
of the treatments. A greater inactivation of Escherichia coli (46 log10) in the presence of nisin was
recorded, the number of survivors remained unchanged during storage at 41C for 61days. Nisin was
also the bacteriocin capable of maintaining slime-producing lactic acid bacteria below the detection
limit (o102 cfug�1 ). Listeria monocytogenes in treatments with sakacin, enterocins or pediocin was
kepto102 cfug�1 till the end of storage (61days).Salmonella enterica subsp. enterica ser London and
Salmonella enterica subsp. enterica ser Schwarzengrund counts in every treatment were kept at the
level obtained after pressurization, with no signi¢cant di¡erences between treatments during the
chilled storage. # 2002 Elsevier Science Ltd. All rights reserved.
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Introduction

High-pressure technology in foods was ¢rst ex-
amined by Hite (1899).This technology has tra-
ditionally been used in the production of
ceramics, steels and superalloys for high-speed
and carbide tools (Bundy 1964).

High hydrostatic pressure (HHP) represents
an attractive non-thermal process for meat pro-
ducts to avoid post-processing contamination.
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Slicing cooked meat products or removing the
casing of cooked sausages, even with the obser-
vation of strict hygienic procedures, constitu-
tes a permanent risk of contamination, despite
the implementation of modern technologies
and HACCP systems.

The mode of action of HHP is the destruction
of microbial cells by destabilizing the structur-
al and functional integrity of the cytoplasmic
membrane, by inducing protein denaturation
and by inhibiting genetic mechanisms (Hoover
et al. 1989). The e¡ectiveness of moderate high
pressure on the destruction of foodborne
pathogens in phosphate bu¡er and in some
r 2002 Elsevier Science Ltd. All rights reserved.
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foods has been published (Shigehisa et al. 1991,
Patterson et al. 1995a, Kalchayanand et al.
1998a, Lucore et al. 2000). In general, the higher
the pressure and time of pressurization, the
bigger the destruction. The killing e¡ect is
usually less pronounced in foods than in buf-
fers, because of the baroprotective e¡ect of
some food constituents, and some rich protein
foods would not be suitable for consumption
after treatment at pressures higher than
400 MPa because the texture and colour would
be a¡ected.

The hurdle concept proposed by Leistner
(1992) could be useful for improving the e⁄-
ciency of HHP treatment of foods. Kalchaya-
nand et al. (1998b) reported that the
combination of pressure and antimicrobials
would increase the death rate because cells
surviving pressurization also become sub-leth-
ally injured and are then killed by bacterio-
cins. Garc|¤ a-Graells et al. (1999) reported
synergy of HHP and bacteriocins on the inacti-
vation of Escherichia coli strains in milk.

Few reports studying the microbiota of pres-
surized meat products under refrigeration sto-
rage have been published (Murano et al. 1999,
Yuste et al. 1999, 2000) and to our knowledge
this is the ¢rst report investigating the beha-
viour of several foodborne bacteria inoculated
in a meat model system with added bacterio-
cins, during storage for 61 days at 41C.

Material and Methods

Bacterial species

The target strains were isolated from meat
and/or meat products and selected as represen-
tative for pathogenic species: Escherichia coli
CTC1018, CTC1023; Salmonella enterica subsp.
enterica ser London CTC1003, Salmonella enter-
ica subsp. enterica ser Schwarzengrund
CTC1015; Staphylococcus aureus CTC1008,
CTC1019; Listeria monocytogenes CTC1010,
CTC1034; spoilage species: slime-producing
lactic acid bacteria (LAB): Lactobacillus sakei
CTC746 and Leuconostoc carnosum CTC747
and from a technological interest: Staphylococ-
cus carnosus LTH2102 (commercial starter).
The strains were generally grown at 301C in
Tryptic Soy Broth (TSB, DIFCO Laboratories,
Detroit, Michigan, USA), whereas Listeria
strains were grown inTSBYE (TSB supplemen-
ted with 0.6% yeast extract) and LAB in MRS
(de Man et al. 1960) (DIFCO Laboratories, De-
troit, Michigan, USA). All strains were main-
tained as frozen stocks in 20% glycerol at
�801C.

Bacteriocins preparation

The following bacteriocins were used as anti-
microbials in combination with HHP: entero-
cins A and B produced by Enterococcus
faecium CTC492 (Aymerich et al. 1996, 2000a);
sakacin K produced by L. sakei CTC494 (Hugas
et al. 1995, Aymerich et al. 2000b); pediocin
AcH produced by Pediococcus acidilactici (Bhu-
nia et al. 1988). The bacteriocins were precipi-
tated from the supernatant of 3 l culture of the
producer strains with ammonium sulphate
300 g l�1.The protein precipitates were pelleted
by centrifugation at 10 000 g for 30 min at 41C
and dissolved in 1:100 of the initial culture
volume in phosphate bu¡er 50 mM pH 7?2.

Nisin A was obtained from Nisaplin, com-
mercially produced by Danisco Cultor (Copen-
haguen K, Denmark). One gram of liophylized
product was dissolved in 5 ml of phosphate buf-
fer 50 mM pH 7?2 and centrifuged for 1min at
3000 rpm in a microfuge (Heraeust) to remove
the solid residues.

The titer of the bacteriocins was determined
against L. innocua CTC1014, or L. sakei CTC746
for Nisaplin, as described by Barefoot and
Klaenhammer (1983). The extract titer was de-
¢ned as the reciprocal of the highest dilution
showing inhibition of the indicator lawn and
was expressed in arbitrary units (AU) per ml.
The sensitivity of each of the strains to each of
the bacteriocins was assessed by the method of
the agar spot test (Tagg et al. 1976).

Model meat system

Commercial canned cooked ham was used to
prepare the meat model. The composition of
ham (Serra & Mota, Spain) was detailed in
each can as follows: ham, water, salt, stabili-
zers (sucrose, gelatins), polyphosphates, gelati-
nizer (E-407), antioxidants (E-301), curing
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agents (E-250) and species. The chemical com-
position was moisture, 73?8%; protein, 17?3%;
fat, 4?8%; sodium chloride, 1?75%; sodium ni-
trate, 33 ppm; sodium nitrite, 8?5 ppm.

The model system consisted of cooked ham
blended with distilled water (1:3) in a Waring
Blendor (Lab. Humeau, Nantes, France), pH
6?5.The mixture was further treated for 10 min
at 801C and distributed (40 g) in plastic
pouches containing bacteriocins (1280 AUg�1)
where indicated.

Five treatments were prepared: control (with
no added bacteriocins), enterocins A and B,
sakacin K, pediocin AcH, nisin A.

Sample preparation and pressurization

Each strain was separately grown for 24 h in
the media previously described and inoculated
(1:10) to 108 cfu g�1 ¢nal concentration, in plas-
tic pouches containing the meat matrix and
bacteriocin where indicated.The assay was car-
ried out in duplicate for each treatment and
repeated once. Samples were gently mixed, va-
cuum sealed and kept at 41C during handling
before and after pressurization and during the
storage.

An industrial hydrostatic pressurization
unit (Alstom, Nantes, France) capable of oper-
ating up to 400 MPa was used.The pressure le-
vel (400 MPa), time (10 min) and temperature
(171C) were set by an automatically controlled
device. The reported pressurization time did
not include the increase and decrease times.

Enumeration of viable cells

After high-pressure treatment the samples
were transferred to sterile tubes and stored at
41C for up to 61 days. At selected times: before
(time 0) and after pressurization (24 h and 4, 7,
11, 18, 26, 46 and 61 days) each treatment was
sampled as follows: 2 g was diluted in 18 ml of
0?1% peptone, 0?85% NaCl; gently mixed and
serially diluted in the same solution. The plat-
ing was done in selective media: E. coli (VRB
Agar, Merck, Darmstadt, Germany) incubated
at 371C for 24 h, Salmonella (XLD Agar, Merck,
Darmstadt, Germany) incubated at 371C for 2
days, L. monocytogenes (Palcam Agar, Merck,
Darmstadt, Germany) incubated at 301C for 3
days, Staph. carnosus (MSA, Difco Labora-
tories, Detroit, Michigan, USA) at 301C for 3
days, Staph. aureus (MSA, Difco Laboratories,
Detroit, Michigan, USA) at 371C for 2 days,
slime-producing strains L. sakei CTC746 and
Lc. carnosum CTC747 (MRS, Difco Labora-
tories, Detroit, Michigan, USA) at 301C for 3
days. Typical colonies were further con¢rmed
by Gram staining, oxidase and catalase tests.

Bacteriocin recovery

To assess the remaining bacteriocin activity at
the end of the storage period, the model meat
system mixture was homogenized 1:10 in so-
dium acetate 50 mM EDTA 100 mM and Triton
0?2% at pH 5 with an Ultraturrax T25 (Jauke
and Kunkel, IKA Labortchnik, Sweden) for
1min, boiled for 10 min, cooled and ¢ltered in
order to obtain the liquid phase. The bacterio-
cins were precipitated with ammonium sul-
phate 300 g l�1 and the pellet was dissolved in
phosphate bu¡er 50 mM pH 7?2.The suspension
was heated at 801C for 10 min and stored at
�801C. Inhibitory activity was assayed against
L. innocua CTC1014 by the method of the agar
spot test.

Statistical analyses

Analysis of variance (ANOVA) was performed
using the General Linear Model procedure of
the SAS software. Values below the detection
limit (o2 log10 cfu g�1) were scored as 1.99.The
treatment e¡ect was evaluated by means com-
parisons using the Bonferroni test (SAS Insti-
tute Inc. 1988).

Results

Sensitivity of the bacterial strains to
bacteriocins

Among the Gram-positive strains, Staph. carno-
sus LTH2102, Staph. aureus CTC1008, CTC1019
and Lc. carnosum CTC747 were sensitive to
nisin A but not sensitive to enterocins A and
B, sakacin K and pediocin AcH. The rest of
Gram-positive strains, L. monocytogenes
CTC1010, CTC1034 and L. sakei CTC746 were
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sensitive to all the bacteriocins studied
(Table 1).

Gram-negative strains, E. coli CTC1018,
CTC1023, S. London CTC1003, S. Schwarzen-
grund CTC1015 were not sensitive to entero-
cins A and B, sakacin K, pediocin AcH and
nisin A.

Behaviour of the strains in a model meat
system after high-pressure treatment and
storage at 41C

The results obtained are detailed in Figs 1^5
and are the mean of two di¡erent experiments
performed in duplicate.

E. coli displayed a 4?5 log10 cycle decline 24 h
after pressurization (Fig. 1). However, a greater
inactivation was recorded (46 log10) in the
treatment where nisin A was included and the
number of survivors remained unchanged dur-
ing the chilled storage. In the other treatments,
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Figure 1. Behaviour of (A) E. coliCTC1018 and (B)
E. coli CTC1023 after HHP at 400 MPa for 10 min at
171C in a meat model system during storage at 41C.
Treatments: (*) enterocins A and B, (~) sakacin
K, (&) pediocin AcH, (*) nisin A, (&) control.
Values are mean7standard deviation.The minimum
level of detection was 2 log10 cfu g�1.

Figure 2. Behaviour of (A) S. London CTC1003
and (B) S. Schwarzengrund CTC1015, after HHP at
400 MPa for 10 min at 171C in a meat model system
during storage at 41C. Treatments: (*) enterocins
A and B, (~) sakacin K, (&) pediocin AcH, (*)
nisin A, (&) control. Values are mean7standard
deviation. The minimum level of detection
was 2 log10 cfu g�1.
both strains grew considerably during storage
reaching counts of 106^107 cfu g�1 with no sig-
ni¢cant di¡erences (P40?05) between control
(non-added bacteriocins) and samples contain-
ing sakacin, enterocins or pediocin (Fig. 1).

S. London CTC1003 and S. Schwarzengrund
CTC1015 counts in every treatment were kept
at the level obtained after pressurization,
around 102 cfu g�1, with no signi¢cant di¡er-
ences between treatments (Fig. 2) during the
chilled storage.

Although Staphylococcus was the genus least
sensitive to high-pressure treatment, the sam-
ples including nisin displayed lower and signif-
icantly di¡erent (Po0?05) counts during the
41C storage than the rest of the treatments
(Fig. 3). The e¡ect of nisin was more pro-
nounced for Staph. carnosus LTH2102, with a
decline of 3?8 log10 cycles at the end of storage.

L.monocytogenes in treatments with sakacin,
enterocins or pediocin was kept below or equal
to the detection limit (o102 cfu g�1) until the



0

2

4

6

8

10

0 20 40 60
days

0 20 40 60
days

0 20 40 60
days

lo
g 

cf
u/

g

lo
g 

cf
u/

g

0

2

4

6

8

10

0

2

4

6

8

10

lo
g 

cf
u/

g

(A) (B)

(C)

Figure 3. Behaviour of (A) Staph. aureus CTC1008, (B) Staph. aureus CTC1019 and (C) Staph. carnosus
LTH2102 after HHP at 400 MPa for 10 min at 171C in a meat model system during storage at 41C.Treatments:
(*) enterocins A and B, (~) sakacin K, (&) pediocin AcH, (*) nisin A, (&) control. Values are mean7
standard deviation.The minimum level of detection was 2 log10 cfu g�1.
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end of storage with no signi¢cant di¡erences
(P40?05). However, the pathogen reached
the same values as before pressurization
(109 cfu g�1) (Fig. 4) in the control and in nisin
treatments during storage. Large standard de-
viations were recorded for both treatments be-
cause the counts of several samples were below
the detection limit (o102 cfu g�1).

Slime-producing lactic acid bacteria, L. sakei
CTC746 and Lc. carnosum CTC747, decreased
more than 6 log10 cycles after high-pressure
treatment (Fig. 5). However, the counts in-
creased during storage, reaching the initial in-
oculum level in the control samples (non-added
bacteriocin), sakacin and pediocin treatments
when L. sakei CTC746 was the target strain.
Nisin A was the only bacteriocin capable of
keeping Lc. carnosum CTC747 counts below
102 cfu g�1 throughout the storage.

Bacteriocin recovery

In order to assess any remaining bacteriocin
activity, several treatments showing counts be-
low the detection limit at the end of the experi-
ment (61 days) were sampled, as described, for
detection of bacteriocin activity in the meat
mixture. All the samples assayed showed inhi-
bition of the indicator strain L. innocua
CTC1014 indicating there was bacteriocin
remaining in the samples.

Discussion

A meat model system consisting of cooked ham
homogenized with water was chosen in order to
assess the e¡ect of high hydrostatic pressure
on several spoilage and pathogenic bacteria.
As some food constituents are known to
exert a protective e¡ect on bacteria in pressure
processing, the use of this model was consid-
ered to be more realistic as a ¢rst approach
to meat products than the use of bu¡ered
solutions.

A higher resistance to pressure in Gram-po-
sitive bacteria than in Gram-negative has been
generally demonstrated (Hoover et al. 1989)
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Figure 5. Behaviour of LAB (A) L. sakei CTC746
and (B) L. carnosum CTC747, after HHP at 400 MPa
for 10 min at 171C in a meat model system during sto-
rage at 41C.Treatments: (*) enterocins A and B, (~)
sakacin K, (&) pediocin AcH, (*) nisin A, (&) con-
trol.Values are mean7standard deviation.The mini-
mum level of detection was 2 log10 cfu g�1.
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although some authors stated that the sensitiv-
ity is more correlated to cell morphology, cocci
being the most pressure resistant (Ludwig and
Schreck 1997). The results obtained in this
study agree with the latter observations, Sta-
phylococcus being the most resistant among
the strains tested, followed by the E. coli
strains which displayed a short rod morphol-
ogy under the microscope.

The variation in sensitivity between di¡er-
ent strains from the same species has also been
described (Patterson et al. 1995b, Alpas et al.
1999). This fact was observed in both E. coli
strains during the 41C storage, which suggests
the importance of using a cocktail of strains as
target bacteria in further studies on food pro-
ducts. Alpas et al. (1999) assayed seven di¡er-
ent Staph. aureus strains in 10% peptone
solution. After pressurization (345 MPa, 5 min,
251C) six of them recorded a viability loss aver-
age of 1?93 log cycles, whereas one particular
strain was extremely sensitive, showing a
7?80 log decline. The results reported by di¡er-
ent authors after pressurization are greater
than those obtained in this study for Staph. aur-
eus. Moreover, neither the suspension media,
the pressure parameters nor the strain were
the same. In reconstituted skimmed milk
(10%) at 250 MPa for 30 min at 251C Staph. aur-
eus ATCC6538 showed a 2?2 log kill (Morgan et
al. 2000). In peptone water at 345 MPa for
10 min at 251C, Staph. aureus 582 su¡ered a via-
bility loss of 4.8 log cycles (Kalchayanand et al.
1998a). These results indicate the necessity
to validate the e⁄ciency of HHP in real food
systems.

Gram-negative bacteria are insensitive to
bacteriocins of lactic acid bacteria as they do
not have speci¢c receptors (Bhunia et al. 1991)
although their inner membrane can be destabi-
lized by these bacteriocins (Gao et al. 1991). In
the treatment with nisin, although both strains
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of E. coli were not sensitive to bacteriocins in
the agar spot test, the population of survivors
after pressurization remained below the detec-
tion limit (o102 cfu g�1) throughout the 41C
storage period, suggesting that the injured sur-
vivors after pressure became sensitive to nisin
resulting in the loss of viability. According to
Ray (1989) following sub-lethal stress, barrier
functions of cell wall structures are impaired
in the injured survivors. The wall no longer
prevents the surface-active compounds from
entering the cells, and destabilizing of the cy-
toplasmatic (or inner) membrane results in
the loss of viability. Following sub-lethal treat-
ments such as freezing, heating, exposure to
weak acids or high-pressure treatments, sensi-
tivity to bacteriocins like nisin and pediocin
has been reported by several authors (Kal-
chayanand et al. 1992, 1994, 1998b, Garc|¤ a-
Graells et al. 1999).

The behaviour of Staphylococcus strains as-
sayed in this study showed signi¢cantly lower
(Po0?05) counts during storage, in the pre-
sence of nisin, compared with the other treat-
ments and this was specially important when
Staph. carnosus LTH2102 was the target strain.
Kalchayanand et al. (1998a) obtained an addi-
tional viability loss of Staph. aureus 582 when
cells were pressurized in the presence of a mix-
ture of pediocin AcH and nisin, with practi-
cally no survivors. The combination of those
bacteriocins is known to have a greater bacter-
icidal e¡ect than their single use (Hanlin et al.
1993).

The baroprotective e¡ect of water activity
also needs to be taken into account. According
to Lanciotti et al. (1996), L. monocytogenes was
resistant to pressure only at high Aw. In this
study, despite the higher water activity of the
meat model used, both listeria strains dimin-
ished more than 6 log10 cycles after HHP.When
sakacin, enterocins or pediocin was included
in the meat mixture, the pathogen was kept be-
low the detection limit during the chilled sto-
rage. In the control and nisin treatments HHP
survivors recovered rapidly during storage. In
the agar spot test both listeria strains were
sensitive to nisin, but to a lesser extent when
compared with pediocin, sakacin or enterocins
(Table 1). It has been observed (Ritz et al. 2001)
that after pressurization the population is het-
erogenous and cellular damage is not equally
withstood by all the cells, suggesting that less
injured cells are present and that cellular re-
pair under favourable conditions, such as the
presence of essential nutrients, should not be
ruled out. Listeria is a psychrotrophic microor-
ganism, and in consequence it can recover
during the 41C storage.The phenomenon of mi-
crobial stress might over-estimate the e¡ect of
pressurization; although after treatment the
lethality recorded is high, the stressed bacteria
are capable of growing during storage as de-
picted in almost all the strains assayed in this
study.

The reported inactivation of Listeria is very
di¡erent depending on the matrix used. Styles
et al (1991) reported more than 7 log10 decline
in phosphate bu¡er at 340 MPa compared to
1?5 log10 in UHT milk, suggesting the protec-
tive e¡ect of fat. Similar pressure treatments,
325 MPa, in minced beef muscle (Carlez et al.
1993) or ewe’s milk (Gervilla et al. 1997) pre-
sented a negligible decrease (o0?5 log). When
400 MPa was applied, more than 5 log decline
of listeria was recorded in minced beef muscle
(Carlez et al. 1993).

In the present study lactic acid bacteria
showed a similar evolution as listeria strains
did in the control samples. The survivors after
HHP grew during storage and reached the in-
itial level, except when nisin was included.
Some authors reported the complete inactiva-
tion of some LAB strains after treatment at
200 MPa in Hepes bu¡er at pH 5?3 (Sonoike et
al. 1992) and in minced meat vacuum stored at
31C after HPP at 450 MPa at 201C for 20 min
(Carlez et al. 1994). Other authors (Ulmer et al.
2000) showed that 400 MPa at 151C for 12 min
was not enough to inactivate L. plantarum in a
model beer.

Lc. carnosum CTC747 which in the agar spot
test was only sensitive to nisin, displayed the
same behaviour in the meat model, nisin being
capable of maintaining the survivors after
pressurization below the detection limit. This
bacteriocin was also e¡ective in the prevention
of ropiness caused by Lc. carnosum CTC747 in
sliced cooked pork (Aymerich et al. 2001). For
L. sakei CTC746 no signi¢cant di¡erences were
observed between nisin and enterocins, as the
population after pressurization was kept stable



Table 1. Sensitivity of the bacterial strains to bacteriocins

Bacteriocinsa

Strain Enterocins A,B Sakacin K Pediocin AcH Nisin A

Staph. carnosus LTH2102 o100 o100 o100 102 400
Staph. aureus CTC1008 o100 o100 o100 2263
Staph. aureus CTC1019 o100 o100 o100 1600
L. monocytogenes CTC1010 144 815 144 815 102 400 6400
L. monocytogenes CTC1034 102 400 102 400 289 631 4525
L. sakei CTC746 12 800 3200 4525 25 600
Lc. carnosum CTC747 o100 o100 o100 102 400

aBacteriocin activity was expressed as arbitrary units (AU) per ml.
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throughout the storage. In the agar spot test
this strain showed a higher sensitivity to nisin,
followed by enterocins, than to the other bac-
teriocins (Table 1).

Class IIa pediocin like bacteriocins have sig-
ni¢cant potential as biopreservatives in foods
because of their antilisterial e¡ectiveness and
it is generally accepted that they should be ta-
ken into account for future approval. As bacter-
iocins are proteins their presence in foods
would be, in general, safe for consumers be-
cause they would be inactivated by pancreatic
or gastric enzymes.

To our knowledge, this is the ¢rst report
studying the bactericidal e¡ect of enterocins
and sakacin, in combination with high-pres-
sure processing, as hurdles to the enhancement
of safety in a meat model system. Further re-
search is in progress assessing its e¡ectiveness
in sliced cooked and cured meat products.
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