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We have studied inactivation of four strains each of Escherichia coli and Listeria innocua in milk by the
combined use of high hydrostatic pressure and the lactoperoxidase-thiocyanate-hydrogen peroxide system as
a potential mild food preservation method. The lactoperoxidase system alone exerted a bacteriostatic effect on
both species for at least 24 h at room temperature, but none of the strains was inactivated. Upon high-pressure
treatment in the presence of the lactoperoxidase system, different results were obtained for E. coli and L.
innocua. For none of the E. coli strains did the lactoperoxidase system increase the inactivation compared to
a treatment with high pressure alone. However, a strong synergistic interaction of both treatments was
observed for L. innocua. Inactivation exceeding 7 decades was achieved for all strains with a mild treatment
(400 MPa, 15 min, 20°C), which in the absence of the lactoperoxidase system caused only 2 to 5 decades of
inactivation depending on the strain. Milk as a substrate was found to have a considerable effect protecting E.
coli and L. innocua against pressure inactivation and reducing the effectiveness of the lactoperoxidase system
under pressure on L. innocua. Time course experiments showed that L. innocua counts continued to decrease
in the first hours after pressure treatment in the presence of the lactoperoxidase system. E. coli counts
remained constant for at least 24 h, except after treatment at the highest pressure level (600 MPa, 15 min,
20°C), in which case, in the presence of the lactoperoxidase system, a transient decrease was observed,

indicating sublethal injury rather than true inactivation.

The use of antimicrobial compounds from a wide variety of
natural sources is being explored as a means to improve the
safety and stability of several foods while maintaining an image
of natural, high quality, and healthy products (11). Many dif-
ferent compounds have been isolated from and tested with a
variety of products, including fresh and cooked meat, vegetable
products, and dairy products, such as milk and cheese (5, 8,
33). However, the effectiveness is limited for several reasons.
First, the antimicrobial spectrum of most natural preservative
systems is restricted to a narrow group of microorganisms. For
instance, nisin and other bacteriocins are effective against only
some gram-positive bacteria, but not against gram-negative
bacteria. Further, sensitive bacterial strains may develop resis-
tance when exposed to sublethal doses of an antimicrobial. A
well-studied example of this is nisin resistance (22, 23). Finally,
protein, fat, or other components in complex food substrates
may protect target microorganisms, for instance, by adsorbing
antimicrobial components. One way to overcome these limita-
tions is to use combinations of two or more biopreservatives
with different targets (36) or to combine antimicrobials with
other preservation techniques. In this respect, emerging non-
thermal preservation techniques, such as high hydrostatic pres-
sure and pulsed electrical fields in combination with natural
biomolecules, have received particular attention (13, 16, 32). A
major advantage of nonthermal methods of food preservation
is that they inactivate microorganisms without the need of
severe heating and therefore cause minimal damage to the
flavor, color, texture, and nutritional value of the food (18).
Mild pressure treatment (300 to 600 MPa) at ambient temper-
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ature was widely believed to sufficiently inactivate vegetative
bacteria for the purpose of food pasteurization; however, this
view has been challenged recently by a number of findings,
including the development by mutation of high levels of
baroresistance in certain vegetative bacteria (14, 34), the large
strain variation in pressure sensitivity (1, 2), and the protection
against pressure inactivation provided by some food matrices,
such as milk (9). Thus, pressure treatment at ambient temper-
ature may in itself not be a safe pasteurization process under
all conditions, and the combination of pressure with other
hurdles seems to be necessary to increase safety. High pressure
has been reported by several authors to increase the bacteri-
cidal spectrum of lysozyme and some bacteriocins against veg-
etative bacteria, and vice versa, these compounds increased the
sensitivity of bacteria to pressure inactivation (9, 13, 16, 17, 21,
25). This type of synergy offers an interesting perspective for
the development of mild food preservation techniques for pro-
ducing safe and high quality products.

Besides the above mentioned bacteriocins and lysozyme,
another interesting biopreservative is lactoperoxidase (LP). LP
is a native milk enzyme that catalyzes the oxidation of thiocy-
anate (SCN™) by peroxide into short-lived reactive oxidation
products, such as the hypothiocyanite anion (OSCN "), that in
turn rapidly oxidize many biomolecules. Most relevant for mi-
crobial inactivation is probably the oxidation of enzymes and
other proteins in the bacterial cell membrane that have ex-
posed sulfhydryl groups (=SH). The first direct effect of LP
action on the cell is membrane damage resulting in loss of pH
gradient, K" leakage, and inhibition of transport of solutes,
such as amino acids and glucose (6, 20, 26). Native LP is the
basis for extension of the keeping-quality of milk by addition of
low concentrations of hydrogen peroxide in countries having
limited cold storage facilities (19), but more recently, novel
applications in preservation of milk and other products have
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TABLE 1. Bacterial strains used in this work

Species Strain Source or reference

E. coli MG1655 12
ATCC 11775 American Type Culture Collection, Manassas, Va.
ATCC 11303 American Type Culture Collection, Manassas, Va.
ATCC 43888 American Type Culture Collection, Manassas, Va.

L. innocua LMG 11387 Belgian Coordinated Collection of Microorganisms, Ghent, Belgium
LMG 13568 Belgian Coordinated Collection of Microorganisms, Ghent, Belgium
CIP 78.44 Institut Pasteur Collection, Paris, France
CIP 79.45 Institut Pasteur Collection, Paris, France

“ Serotype O157:H7. This particular strain does not produce either Shiga-like toxin I or IT and does not possess the genes for these toxins.

also been investigated (6). Because the mode of action and
cellular targets of LP are totally different from those of bacte-
riocins and lysozyme, and because it has a broad working
spectrum, LP may be an interesting additional hurdle to im-
prove the safety of high pressure food preservation. In the
present study, we investigated the combined action of the LP
system and high pressure treatment on four strains of Esche-
richia coli and Listeria innocua inoculated in milk.

MATERIALS AND METHODS

Growth of bacteria and preparation of inocula. Four strains of E. coli and L.
innocua were used in this study (Table 1). Cultures were grown at 37°C using
Luria-Bertani (27) broth or agar and tryptic soy broth or agar (Oxoid, Basing-
stoke, United Kingdom) for E. coli and L. innocua, respectively. Permanent
stocks were maintained at —80°C as broth cultures containing 25% glycerol.
Agar plates were streaked every 7 to 10 days from these stocks and stored at 4°C.
Cultures for inactivation experiments were inoculated from single colonies on
these agar plates and grown to stationary phase for 21 h with shaking (200 rpm).
Cells were harvested by centrifugation (3,000 X g, 5 min) and resuspended in
ultrahigh-temperature-treated (UHT) skim milk or in 100 mM potassium phos-
phate buffer (pH 6.7) at a cell density of approximately 10° CFU/ml for survival
experiments not preceded by a pressure treatment and 10° CFU/ml for pressure
treatment experiments. In some experiments, survival was monitored during
storage at 20°C after pressure treatment. In that case, a sufficient number of
replicate bags was prepared and simultaneously treated to allow destructive
sampling.

Application of the LP system. A stock solution of 10 mg of LP (EC 1.11.1.7;
Sigma, Bornem, Belgium) per ml was prepared in a suspension of 50% glycerol
and 50% phosphate-buffered saline (0.1 M potassium phosphate buffer [pH 6.0],
150 mM NacCl). Aqueous 25 mM stock solutions of the substrates of the LP
system, KSCN (Acros, Geel, Belgium) and H,O, (Vel, Leuven, Belgium), were
sterilized by passage through 0.22-pm-pore-size filters and stored at 4°C. In
experiments with the LP system, the enzyme was used at 5 pg/ml together with
both substrates at 0.25 mM. Two control experiments were always performed,
one without addition of enzyme or substrates and one with addition of 0.25 mM
H,0, only. The latter allowed us to see whether inactivation was caused by the
toxic effect of H,O, alone. The ABTS [2,2'-azinobis(3-ethylbenzthiazoline-6-
sulfonic acid] method of Shindler et al. (28) was used to measure LP activity.
Assays were conducted in 1 ml of sodium acetate buffer (0.1 M, pH 4.4) with 1
mM ABTS reagent (Sigma) and 0.05 mM H,O,. The increase in absorbance at
412 nm was recorded at 20°C as a measure of enzymatic activity.

High-pressure treatment. Samples in heat-sealed polyethylene bags were pres-
surized in a small 8-ml pressure autoclave driven by a manual spindle pump and
thermostatically controlled with a water jacket connected to a cryostat (Resato,
Roden, The Netherlands). The pressure liquid was a mixture of water and glycol.
All pressure treatments were conducted at 20°C. Although temperatures of 45 to
50°C ensure rapid and efficient inactivation of vegetative bacteria under pressure
(1, 13), we have focused in our work on a truly nonthermal high pressure process,
in which such temperature elevations are to be avoided in order to benefit from
a maximal retention of sensory and nutritional food properties. It should be
noted, however, that sample temperatures in our experiments may temporarily
reach up to 30°C during adiabatic compression (21). Refrigeration, on the other
hand, was also avoided because it might have resulted in ice formation during
adiabatic decompression.

Determination of bacterial survival and reproducibility of results. Viability
was determined by plating the appropriate decimal dilutions on tryptic soy agar
with a spiral plater (Spiral Systems, Cincinnati, Ohio) and incubating at 37°C for
24 to 48 h. For pressure inactivation experiments, viability of pressure-treated
samples and untreated controls was determined 2 h after pressure release except
when otherwise mentioned. Reduction of viable cells was expressed as the dif-
ference between the logarithms of the colony counts of the untreated and treated

samples (log N, — log N). All experiments were repeated three times indepen-
dently. For the time course experiments, representative results are shown. For
the other experiments, in addition, three replicate samples of one E. coli strain
and one L. innocua strain were included within one of these three experiments,
to allow an estimation of experimental reproducibility. For these strains, error
bars representing standard deviations are given in the figures.

RESULTS

Effect of LP system on L. innocua and E. coli in milk. In an
introductory experiment, the effect of the LP system was stud-
ied on the panel of four E. coli and four L. innocua strains
inoculated in ultrahigh-temperature-treated skim milk during
storage at 20°C (Fig. 1). During the first 6 h of storage, cell
numbers remained constant in the samples with the active LP
system and also in the control samples with H,O, alone or
without additives. Upon further incubation, growth resumed in
untreated milk for all the strains of both species, resulting in a
population increase of 1 to 2 log units. The LP system did not
cause inactivation even after 24 h of exposure but effectively
inhibited growth of all the strains during this period. Under the
conditions of this experiment, no difference with respect to LP
system sensitivity was seen between E. coli and L. innocua.
However, a remarkable difference occurred in sensitivity to
H,0, alone, without LP enzyme, with a bacteriostatic effect on
three E. coli strains and even a bactericidal effect on one E. coli
strain (ATCC 11303), but no inhibitory effect on any of the L.
innocua strains.

Effect of combined treatment with LP system and high pres-
sure on L. innocua and E. coli in milk. The actual purpose of
this work was to investigate whether the combined use of high
pressure and the LP system would result in a synergetic bac-
tericidal effect that could lead to useful applications. There-
fore, we subjected all the strains suspended in milk to pressures
of 200 to 600 MPa for 15 min at 20°C. In a control experiment
without bacteria, the LP enzyme was found to retain 100% of
its activity when treated in milk for 15 min at 600 MPa and
20°C (data not shown). Therefore, in the experiments involving
the combined treatment, the LP system was added before
pressure treatment. A general observation from the results is
that in the absence of the LP system or H,O,, the E. coli strains
generally showed a higher barotolerance than the L. innocua
strains. At 400 MPa, a 10-fold or lower viability loss was
achieved for the E. coli strains except for the most sensitive one
(ATCC 11303), whereas all four L. innocua strains were re-
duced from 100-fold to more than 10°-fold (Fig. 2). The most
pressure-sensitive E. coli strain was slightly more sensitive than
the most pressure-resistant strain of L. innocua (LMG 11387).

For E. coli, neither the presence of peroxide nor the LP
system increased inactivation by pressure (Fig. 2). For only
strain ATCC 11303, a slightly increased inactivation of 1 log
unit seemed to occur in the presence of the LP system at 550
MPa, but this is probably below the significance level. Increas-
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FIG. 1. Evolution of viable counts of E. coli (strains ATCC 11303, ATCC 11775, MG1655, and ATCC 43888) (A) and of L. innocua (strains LMG 11387, LMG
13568, CIP 78.44, and CIP 79.45) (B) inoculated in skim milk held at 20°C for 24 h without any additives (#), supplemented with H,O, (0), or supplemented with

the full LP system (A).

ing the pressure up to 600 MPa or increasing the concentra-
tions of the components of the LP system up to 20 pg of LP/ml,
0.5 mM KSCN, and 0.5 mM H,O, did not render E. coli
sensitive to the system (data not shown).

The combined effect of the LP system and pressure on the
destruction of L. innocua is also shown in Fig. 2. On these
bacteria, as opposed to E. coli, a strong synergistic effect was
observed when both treatments were combined. Complete in-
activation (=7 log units) was achieved at mild pressure (400
MPa) in the presence of the activated LP system, whereas in
unamended and peroxide-treated milk at the same pressure,
the reduction was only 2 to 5 log units, depending on the strain.
The results clearly show that all tested L. innocua strains are
highly sensitized to the LP system by pressure treatment and
that E. coli and L. innocua differ in sensitivity to the combined
effect of high pressure and the LP system.

Effect of LP system under pressure on L. innocua and E. coli
in phosphate buffer versus milk. As mentioned in the intro-

duction, the efficacy of antimicrobials is often reduced in com-
plex media, such as milk, compared to water or buffer systems.
This is also the case for the efficacy of certain antimicrobials in
synergistic combinations (9, 35). Therefore, we further inves-
tigated whether the complexity of milk as a matrix would in-
terfere with the bactericidal effect of the LP system under
pressure, in particular for E. coli, in our experiments. We
subjected cell suspensions of E. coli MG1655 and L. innocua
LMG 11387 to different pressures at 20°C for 15 min in milk
and in 100 mM phosphate buffer adjusted to the same pH as
milk (Fig. 3). The results show that also in buffer, E. coli could
not be sensitized to the LP system at pressures in the range of
300 to 600 MPa. For L. innocua, the sensitization for the LP
system under high pressure was even stronger in phosphate
buffer than in milk. Finally, milk also clearly reduced the ef-
fectiveness of high pressure treatment alone, and this was the
case for both bacteria. For instance, at 600 MPa, E. coli was
reduced 7 log units in buffer, but only 2 log units in milk.
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FIG. 2. Inactivation of E. coli and L. innocua strains inoculated in skim milk by high pressure (black), by high pressure and H,O, (white), or by high pressure and

the full LP system (grey). Data with error bars are means *+ standard deviations.

Time course of L. innocua and E. coli viable counts after
combined treatment with pressure and the LP system in milk.
In a final experiment, we examined for E. coli MG1655 and L.
innocua LMG 11387 the time course of inactivation by the LP
system after pressure treatment. In the previous experiments,
we always determined the effect of high pressure combined
with the LP system at one point in time, namely 2 h after
pressure release. Here, we followed in detail the inactivation
from immediately after pressure release up to 24 h of storage
at room temperature. Pressure treatments (20°C, 15 min) were
in milk at 600 and 350 MPa for E. coli and L. innocua, respec-
tively, either without additives or supplemented with H,O, or
with the complete LP system. Interestingly, the results revealed
sensitization of E. coli resulting in a viable count reduction of
4 log units 6 h after pressure treatment (Fig. 4). The decline
did not occur immediately but only 4 to 6 h after pressure
treatment, and it was partly reversed upon further incubation
up to 24 h. When pressures lower than 600 MPa were used, no
inactivation was observed in the subsequent hours (data not
shown). The finding that bacterial counts increased again after
24 h of storage is surprising in view of the efficient growth
inhibition by the LP system in unpressurized inoculated milk
seen in the first experiment (Fig. 1). To make the conditions of
the current experiment more comparable to those of the first
experiment, we subjected milk samples inoculated with E. coli
MG1655 without any additive to pressure of up to 600 MPa
and added the LP system immediately after pressure treat-
ment. Again, a similar pattern of decline in viable counts was
observed, and again the effect was transient, showing increased
counts upon longer storage (data not shown). L. innocua, on
the other hand, was sensitized to the LP system much more
rapidly (Fig. 4). In this organism, sensitization was already
apparent immediately after pressure treatment. Sensitization
was also much more extensive than in E. coli, in spite of the
much lower pressure applied, yielding complete inactivation 4

to 5 h after pressure treatment. In addition, no recovery of
viable counts was observed at up to 24 h of incubation.

DISCUSSION

In this work, we have explored the potential of a combined
treatment with high hydrostatic pressure and the LP system as
a mild preservation technique for producing microbiologically
safe foods. There has been recently a growing awareness of
large variations in pressure sensitivity between strains of the
same bacterial species and hence a growing consensus that
evaluations of bacterial high pressure sensitivity should be
based on multiple-strain studies. For instance, upon pressur-
ization for 5 min at 25°C at 345 MPa, Alpas et al. (1) observed
inactivation levels of between 2.8 and 5.6 log units among six E.
coli O157:H7 strains, between 0.7 and 7.8 log units among
seven Staphylococcus aureus strains, and between 0.9 and 3.5
log units among nine Listeria monocytogenes strains. Benito et
al. (2) found up to 5 log units of difference in inactivation
between six E. coli strains treated at 500 MPa and 25°C. Large
strain variations in pressure resistance for L. monocytogenes
have also been reported by other authors (29, 31). In our own
work, we observed up to 3 log units of difference in inactivation
between the most sensitive and the most resistant strains of
both E. coli and L. innocua (Fig. 2). In addition, we have also
observed that the sensitization of E. coli to lysozyme and nisin
under high pressure, which we reported earlier (13), is subject
to strain differences (21). Therefore, to allow interstrain com-
parisons, we limited our study to two bacterial species, but
included four strains of each. L. innocua was chosen as a
nonpathogenic model organism for L. monocytogenes, which is
an important foodborne pathogen in refrigerated pasteurized
foods. The suitability of L. innocua as a substitute for L. mono-
cytogenes in our work is supported by the fact that both species
appear to be equally susceptible to the LP system (3), as well
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as to high pressure when we compare our results with those of Exposure to the LP system without pressure treatment
Patterson et al. (24) and Simpson and Gilmour (29). E. coli was clearly revealed a bacteriostatic effect for at least 24 h on E.
chosen because it includes foodborne pathogenic strains, such coli and L. innocua in skim milk at room temperature. The
as those of serotype O157:H7, which have a low infective dose effect was not strain dependent since similar results were ob-
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FIG. 4. Evolution of viable counts during storage at 20°C after pressure treatment (15 min, 20°C) of E. coli MG1655 (600 MPa) and L. innocua LMG 11387 (350
MPa) in milk without any additives (), supplemented with H,O, (O), or supplemented with the full LP system (A).
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strains was inactivated to significant degree. On the other
hand, E. coli and L. innocua showed a clearly different re-
sponse towards hydrogen peroxide alone (0.25 mM). L. in-
nocua growth was not at all affected after 24 h, while growth of
all E. coli strains was inhibited, and for one strain there was
even some inactivation. These results suggest that there is a
fundamental difference in hydrogen peroxide sensitivity be-
tween the species. The basis of this difference is not obvious,
since both bacterial species can produce a hydrogen peroxide-
degrading catalase enzyme. Numerous studies have been per-
formed on the action of the LP system on a wide range of
gram-negative and gram-positive bacteria, including E. coli and
L. monocytogenes or L. innocua, sometimes with opposing con-
clusions with regard to its bacteriostatic or bactericidal action.
However, the experimental conditions in these studies were
usually different, and it is known that the effect of the enzyme
may depend on several factors, such as temperature, substrate,
bacterial strain, and inoculum size (3, 4, 7, 15, 30). The general
conclusion from most studies, however, is that the LP system
can be used to delay spoilage of milk owing to its antibacterial
effect, and our results support this conclusion.

On the other hand, since we failed to show a bactericidal
effect on any of the tested strains, including one strain of the
low-infective-dose pathogen E. coli O157:H7, the LP system
alone cannot be used to process raw milk for safety. In an
attempt to sensitize bacteria to the LP system and thus to
potentiate the LP system as a natural preservative system con-
tributing to product safety, we studied the combined appli-
cation of moderately high pressure with the LP system. Ex-
periments with the four E. coli and four L. innocua strains
inoculated in milk revealed a consistently different response of
both species towards this combined treatment when survivors
were analyzed 2 h after the treatment. All L. innocua strains
were strongly sensitized to the LP system, even at a pressure
that in the absence of LP caused only very low levels of inac-
tivation, ranging from less than 1 to 2 decades depending on
the strain (Fig. 2). In contrast, none of the E. coli strains was
sensitized to the LP system, not even at a pressure causing 2 to
5 decades of inactivation in the absence of the LP system (Fig.
2). When the same experiments were conducted in phosphate
buffer instead of milk to exclude the protective effect of com-
plex food components, higher levels of inactivation were
achieved for all treatments, as expected. For L. innocua, the
contribution of the LP system to the total inactivation was
higher in phosphate buffer than in milk, and this can be ex-
plained either by a reduced efficiency of the LP system in milk
or by a reduced sensitization of the bacteria by pressure in
milk. In contrast, even in phosphate buffer, no sensitization for
the LP system was observed for E. coli (Fig. 3). If L. innocua is
a good model for L. monocytogenes, this result is remarkable,
because a comparison of literature data suggests E. coli to be
intrinsically more sensitive to the LP system in milk than L.
monocytogenes (3, 7, 10, 15, 30). It can therefore be speculated
that high pressure inactivates one or more components re-
quired for protection against the LP system in L. innocua, but
does not inactivate such component(s) in E. coli, because high
pressure has different targets in both bacteria, or the LP sys-
tem.

More detailed time course experiments revealed a transient
decline in viable E. coli counts during storage at 20°C of sam-
ples that had been treated at 600 MPa in the presence of the
LP system. In the previous experiments, this decline went un-
noticed because it occurs only more than 2 h after pressure
treatment, and not with pressures lower than 600 MPa. In
addition, the effect was transient and bacterial numbers started
to increase again after a few hours, in spite of the presence of
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growth-inhibiting concentrations of the LP system. The tran-
sient decline is therefore probably due to a form of transient
sublethal injury that is subsequently repaired, but that prevents
the cells to develop colonies even on a beneficial growth me-
dium like tryptic soy agar. With L. innocua, the presence of the
LP system caused the viable count to further decrease imme-
diately after pressure treatment, and this effect occurred even
when using moderately high pressures, and the decrease was
irreversible within 24 h. In conclusion, high pressure and the
LP system exhibit a strongly synergetic interaction enhancing
the inactivation of L. innocua, but not E. coli. The addition of
an LP system therefore will not allow the use of lower pres-
sures for the pasteurization of milk by high hydrostatic pres-
sure, in spite of the efficient inactivation of L. innocua that can
be achieved.
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