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Preface

The International Conference on High Pressure Bioscience and Biotechnology at
Heidelberg continued the tradition of Japanese and European joint meetings,
following the conferences at La Grand Motte, near Montpellier (1992), Kyoto
(1995), and Leuven (1996). The first meeting at Montpellier, promoted by Claude
Balny (INSERM, Montpellier, France) and Rikimaru Hayashi (Kyoto University,
Japan) stimulated many scientists and practitioners, especially from Europe and
Japan. At Heidelberg (1999), it was a pleasure to welcome 153 participants from
20 countries, among them large delegations from Japan and the USA.

This book records the contributions presented at the Heidelberg meeting and
shows the great potential of high pressure technology. It covers the whole range of
current high pressure bioscience, from marine microbiology and investigations on
deep-sea diving to applications in food science. High pressure can be used to
process foods and sterilize pharmaceutical products; moreover it is a valuable tool
for fundamental research. For example, pressurized proteins exhibit intermediate
states of their folding and unfolding pathways.

We hope that this publication will stimulate further developments in basic and
applied research as well as foster fruitful contacts between industry and academia.

Heidelberg, June 1999 Horst Ludwig
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Microorganisms from the Deep-Sea



The Properties of Deep-Sea Piezophilic Bacteria
and Their Possible Uses in Biotechnology

A.A. Yayanos

University of California San Diego, Scripps Institution of Oceanography, 9500 Gilman
Drive, Dept. 0202, La Jolla, California 92093-0202, USA

Abstract. Bacteria inhabit virtually all of Earth’s high pressure oceanic
environments. The deep oceanic habitats are at pressures as high as
~109 MPa and at temperatures between -0.5 and ~113 °C. The study of
bacteria from these environments gives an idea of how pressure, p, and
temperature, 7, as coordinate variables affect bacterial adaptation and
evolution. The comparison of the growth kinetics of bacteria from the cold
deep sea (2 °C), from the abyssal Sulu Sea (9.8 °C), and from the abyssal
Mediterranean Sea (13.5 °C) shows the interplay of habitat temperature and
pressure to set the response of an organism. The traditional definition of
barophily is profitably replaced with one of piezophily which is
operationally defined with the aid of a plot of the growth rate constant, k, as
a function of T and p. Such a plot, called a pTk diagram, also provides
quantitative relationships between growth characteristics of an organism and
its habitat. The relationships, furthermore, allow for an otherwise difficult
comparison of organisms from different pT habitats. These diagrams may
also help in the selection of bacteria with properties appropnate for
particular biotechnological applications.

1 Introduction

Bacteria inhabiting conditions close to those limiting the existence of life are
attracting wide attention. Studies of these organisms will shed light on where to
seek life in extraterrestrial settings, on the origin and dissemination of life, on how
life processes work, and on new technologies to improve the pragmatic and
aesthetic aspects of human welfare. Earth’s oceans are inhabited at pressures from
0.1 to over 100 MPa along the 2 °C isotherm and between —1.8 and ~113 °C along
the 25 MPa isopiest. Inspection of Fig. 1 reveals that there are possible habitats in
terms of temperature and pressure that may not exist in the oceans. For example,
there are no known hydrothermal vents at a water depth of 7,000 m. Therefore,
there are no ~113 °C aqueous environments at a pressure of 70 MPa. Yet such a
high pressure environment would likely be habitable and perhaps to an even
greater temperature than 113 °C.
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Fig. 1. We know something about the distribution and physiology of organisms on the pT'
plane, especially along the 0.1 MPa isopiest (not shown) and along a few of the indicated
oceanic isopiests and isotherms. Along the geothermal gradients shown in this figure, we do
not yet have convincing results. When through either analysis or experiments, the pT curve
defining the existence of life is someday known, it will likely be a closed, concave inward,
continuous curve defining the pT domain of life. It is also likely that all of the pT conditions
compatible with life processes do not exist on Earth. This is especially the case at high
temperatures around 100 °C with pressures greater than 70 MPa and perhaps as great as 200
to 300 MPa. The question marks are placed close to or beyond the imagined pT limits of life

The manifestations of adaptation of life to high pressure are a strong function of
the temperature of the habitat. That is, temperature and pressure are coordinate
variables defining at the molecular level biological adaptation to the environment.
A difference of 4 °C in environmental temperature, as between the abyssal
(5,000 m deep) Sulu and Mediterranean Seas, is sufficient to cause their bacterial
inhabitants to possess substantially different responses to pressure change. The
truly dramatic effect of environmental temperature in moderating the pressure
response of bacteria is not readily apparent from inspection of growth curves but
becomes strikingly clear and quantifiable with pTk-diagrams. The study of pTk-
diagrams of bacteria from a variety of pT habitats leads also to the concept of
piezophily. Bacteria from these diverse pT habitats should provide new
opportunities in biotechnology but there are not yet many examples.

2 Material & Methods

Animals were collected in pressure-retaining traps and in traps providing only
thermal insulation. Sediments were collected with gravity and piston corers.
Samples from the Pacific and Atlantic Oceans, the Sulawesi Sea, the Sulu Sea, and
the Mediterranean Sea all yielded bacteria in enrichments incubated at high
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pressure. Pure cultures were obtained with a pour tube method adapted for use at
high pressures. The kinetics of growth of bacteria as a function of temperature and
pressure were determined with two types of high pressure apparatus. Survival of
bacteria under stress was determined with a colony forming ability assay
conducted at high pressure with the pour tube method. References to the above
field and laboratory methods are in two recent reviews [11, 12].

The exponential growth rate constant, k, of a bacterial strain is a function of 7, p
and the chemical composition of the medium

k = k(p, T',XI,XJ,...,xN) 5 (1)

where the x’s are the concentrations of the medium components. If we assume that
these concentrations do not change significantly during exponential growth, then &
is simply a function of p and T. A pTk-diagram is an empirical determination of the
function in (1). Examination of these diagrams is far more conducive to the
development of new hypotheses than is the study of two-dimensional plots of
versus p or T alone.

3 Results, Discussion & Conclusions

Bacteria of the cold deep sea are called piezophiles if their maximum growth rate
on a pTk-diagram is at a high pressure [11, 12]. The bacteria of the cold deep sea
are also psychrophilic and are thus piezopsychrophiles. An example of the pTk
diagram of a piezopsychrophile is shown in Fig. 2. Bacteria such as MT41 [10],
Colwellia hadaliensis (6], DB21MT-2, and DB21MT-5 [7] from the deepest parts

Fig. 2. A pTk diagram for bacteria isolate CNPT3[11] from a depth of 5,782 m of the central
North Pacific Ocean. The pressure where the maximum growth rate is found is almost the
same as the habitat pressure
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of the sea are hyperpiezophilic because the maximum growth rate is at a pressure
greater than 50 MPa.

Heterotrophic deep-sea bacteria from the abyssal Mediterranean Sea have
growth rates which are nearly pressure invariant at their habitat temperature of
13.5 °C. A comparison of the pTk-diagrams of deep-sea bacteria from 5,000 m of
the Mediteranean Sea, the Sulu Sea and the Pacific Ocean, leads to the hypothesis
that hyperpiezomesophilic and hyperpiezothermophilic bacteria would need a
warm high pressure environment which is absent on Earth.

Fig. 3. pTk diagrams for three different bacterial isolates. The diagrams were made from
data of Pledger et al. [9] on a hydrothermal vent isolate, Yayanos and DeLong (submitted)
on the Mediterranean Sea isolate, and from Yayanos [10] on the Marianas Trench isolate.
These isolates occupy 3 different pT domains

Bacteria from deep-sea habitats differing in temperature are profoundly different
in their response to pressure (Fig. 3). The hyperthermophile ES4 is barophilic (has
a pressure facilitated growth rate) at temperatures somewhat above its maximum
growth rate temperature. As seen in Fig. 3, however, ES4 perhaps just qualifies as
a piezophile. More experiments would be needed to tell for sure. One implication
of the absence of growth facilitation by pressure is that high temperature, high
pressure habitats can be most likely sampled without the use of pressure-retaining
instruments for purposes of cultivating bacteria. Another consequence of the trend
evident in Fig. 3 is that the pressure dependence of the growth rate constant is not a
sensitive measure of pressure adaptation in organisms of high temperature, high
pressure environments.
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The hyperpiezopsychrophile growth rates are seen in Fig. 3 to be exceedingly
small. The contours of constant growth rate shown at the lowest values are all less
than 0.05. Without adding these low value isopleths of growth rate, the MT41 data
would not be visible. Comparing the pTk diagrams of MT41 and ES4 suggests life
limiting processes at high pressure limits are different from those at high
temperature limits.

Isolate ES4 occupies a huge pT domain, isolate MED6 a smaller one, and isolate
MT41 exists over a very small pT domain. This contrast between a
hyperthermophile and a hyperpiezopsychrophile is dramatic. We often think that
thermophiles among all types of bacteria have the greatest challenge in the struggle
for existence. Yet this diagram shows that strain MT41 in occupying the smallest
pT niche known will have the greatest challenges to meet if there is environmental
change. The greatest threats to existence faced by isolate MT41 are the lethal
effects of warming and of decompression. Isolate ES4 would most likely survive
and disperse in the low temperature, high pressure regions outside of its p7T
domain. So it seems that, indeed, thermophiles have two advantages over
psychrophiles.

Bacteria of the deep sea possess traits in addition to those evident in pTk-
diagrams and some of them are:

1. Bacteria of the cold deep ocean display maximal growth rates at 8 to 10 °C
[10].

2. The temperature range for growth of bacteria from the cold deep sea is roughly
15 °C[10, 13].

3. Heterotrophic piezopsychrophiles have their maximum growth rate within
5 MPa of their capture depth pressure [10].

4. Piezopsychrophiles rapidly loose viability when warmed [11].

5. Cell division is inhibited at pressures at the high and low ends of the growth
pressure range and filamentous cells form. Piezopsychrophilic bacteria form
large cells and abnormal cell shapes when grown at atmospheric pressure {11].

6. Deep-sea bacteria alter their membrane phospholipid fatty acid composition in
response to a change in growth pressure or temperature [4, 5].

7. Some deep-sea bacteria synthesize polyunsaturated fatty acids as components
of their membrane phospholipids [5].

8. Deep-sea bacteria alter the types or levels of membrane proteins in response to
a pressure change [1].

9. Bacteria from the deep Pacific Ocean are extremely sensitive to UV light.

10. The pressure dependence of the growth rate is less pronounced in bacteria
inhabiting warm deep seas.

11. The generation times of bacteria from the cold deep sea are between 4 and 30 h.
The shortest generation times are found with bacteria from bathyal depths and
the longest with those from hadal depths.

12. The generation times can be increased by several fold by changing the carbon
source [6].
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13.In the case of isolate PE36, its growth rate became independent of pressure
between 0.1 and 40 MPa at 4 °C when grown in a minimal salts medium with
glycerol as the only carbon source (Yayanos and Chastain, unpublished).

14. The pTk-diagram and values of the maximum growth rate constant and of the
pressure and temperature where the maximum occurs can be obtained
unambiguously in a given growth medium, comprise an essential part of the
physiological signature of an organism, and through a comparative analysis can
reveal the nature of its habitat.

15. The values of temperature and pressure where a given organism can grow are
bounded on a pT-diagram by a closed curve. This implies that the boundary for
life itself will be a similar concave inward, closed curve.

What can we say about the prospects of biotechnological applications of p7-
adapted bacteria? The use of these bacteria in old or novel processes will be driven
by human needs and curiosity [2, 8]. The needs are in many areas. Some examples
are as follows. In national defense, governments are becoming increasingly
occupied with finding countermeasures to microbivlogical warfare agents and
methods of detecting them. With further increases in the world’s population, there
will be a greater need for food. Antibiotic resistant diseases are on the increase.
Waste products of human activities are entering the oceans in large amounts. Some
scientists feel that the oceans can handle even more wastes and that deep-sea
bacteria can play an important part in degrading them. Research to find
environmentally benign methods for the synthesis of chemicals is partly based on
studies of bacterial enzymes having the capability of working at high temperature
and pressure. In all of these societal problems, pressure adapted organisms may be
able to offer part of the solution. There is no prescription, however. The history of
science shows that significant problems are solved by those who are engaged in
curiosity driven research and are prepared with a profound understanding of a
discipline. This was the case for Helmholtz (before he came to the University of
Heidelberg as Professor of Physiology) who came upon the idea of the
ophthalmoscope while preparing a lecture for medical students on the subject of
optics. His invention had an immediate and world-wide impact on medical practice
and human health [3].
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Abstract. A sample of deep-sea sediment was obtained from the Japan
Trench at a depth of 6,292 m using a pressure-retaining sediment sampler.
Microorganisms in the sediment sample were cultivated in marine broth
2216 at ambient pressure (65 MPa) without decompression, and at atmos-
pheric pressure (0.1 MPa) as a control experiment. The results of phyloge-
netic analysis based on 16S rDNA sequences indicated that: I) microbial di-
versity in the original sediment samples showed a wide distribution of types
in the domain bacteria, whereas II) in the mixed cultures incubated at
65 MPa without decompression, bacterial strains belonging to the Shewan-
ella barophiles branch and the genus Moritella existed together at the begin-
ning of cultivation, and Moritella strains became dominant towards the end
of the cultivation period, and III) in the mixed cultures incubated at atmos-
pheric pressure, strains belonging to the genus Pseudomonas were dominant
at all times.

1 Introduction

The DEEP-BATH system (deep-sea baro/thermophiles collecting and cultivating
system) constructed by the Japan Marine Science and Technology Center is very
useful for cultivating microorganisms at high pressures and high temperatures [1].
This system also contains a pressure-retaining sediment sampler which is able to
obtain a sample while maintaining ambient pressure and temperature after sam-
pling at the deep-sea bottom. In our experience, just a few hours of decompression
may not have a serious effect in isolating barophilic strains, but it is possible that
some pressure sensitive strains, if present in the deep-sea sediment, might die dur-
ing such decompression. Therefore, it is necessary to analyze the microbial com-
munities in the original sample and in samples cultivated without decompression
using molecular phylogenetic techniques in order to understand the diversity of
barophilic bacteria in the deep-sea environment. In this study, we have analyzed
the changes in a microbial community of Japan Trench sediment obtained by
means of the pressure-retaining sampler (SHINKAI 6500 dive #373 at a depth of
6,292 m), during cultivation without decompression (65 MPa) and at atmospheric
pressure (0.1 MPa).
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2 Material & Methods

A sample of deep-sea sediment (about 5 ml) was collected from the inside of a
deep-sea fissure of the Japan Trench, the Mannequin Valley (39° 20.5' N. 144°
35.9'E), at a depth of 6,292 m, by means of the pressure-retaining sediment
sampler of the DEEP-BATH system, using the manned submersible SHINKAI
6500 (dive #373, June, 1997). The sample obtained was carried to the sea-surface
without any change in temperature or pressure (2 °C and about 65 MPa) in the
sampler, and was placed in a refrigerator (2-4 °C) on the support ship M. S.
Yokosuka.

The sample (5 ml) maintained at ambient pressure was diluted to 500 ml by
addition of sterilized sea water at 65 MPa and 10 °C using the dilution device of
the DEEP-BATH system, and then the diluted sample (10 ml) was transferred as
inoculum to 1.5 1 of filter-sterilized marine broth 2216 in the cultivation chamber
without any change in pressure or temperature. At the same time, a similar diluted
sample was transferred as inoculum to 1.5 1 of the same medium at atmospheric
pressure and 10 °C as a control experiment. Cultivation was repeated five times at
65 MPa without decompression, or at atmospheric pressure, using the cultivation
chamber. These protocols are summarized in Fig. 1.

Smlsamples fromthe Japan Trench
at a depth of 6292 m
kept atambientpressure

Diluted o 500 ml
with sterilized seawater

480 m 10 ml 10m
D NA extraction 0.1 MPa 65 MPa

(NB1) cultivation cultivation

J\
}

1.5 10 m| 151 10 mi
D NA extraction 0.1 MPa DNAextraction 65 MPa
(NB2) cultivation (NB3) cultivation

A
A

151 10 mi 1.51 10 ml
D NA extraction 0.1 MPa DNA extraction 65 MPa
(NBs) cultivation (NBSs) cultivation

A
A

151 10 mi 151 10 ml
D NA extraction 0.1 MPa DNA extraction 65 MPa
(NBe8) cultivation (NB7) cultivation

A
A

151 10 ml 151 10 ml
D NA extraction 0.1 MPa DNA extraction 65 MPa
(NBs8) cultivation (NB9) cultivation
151 1.51
IDNA extraction DNA extraction
(NB10) MNB11)

Fig. 1. Strategy for cultivation of microorganisms in a sediment sample maintained at
ambient pressure using the DEEP-BATH system
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Molecular phylogenetic analyses were carried out according to the procedure re-
ported by Kato et al. [2].

3 Results

The results of RFLP (restriction fragment length polymorphism) analysis [3] and
the patterns obtained for the original sediment (NB1) and cultivated cells (NB2-
11) are shown in Tables 1 and 2, respectively. The patterns, NB1-a, b, and f from
the sample NB1 were similar to those of samples NB65-A, E, and NBO.1-H, which
comprised the majority of the cultivated samples. Those with patterns differing
from the NB1 sample might correspond to bacterial strains that were unculturable
under the growth conditions employed.

Table 1. Number of clones showing different RFLP patterns of amplified 16S rDNA gene
from the DNAs extracted from the original sediment (NB1) obtained by the pressure-
retaining sampler (65 MPa)

RFLP pattern ~ Number of the clones | RFLP pattern  Number of the clones
NBl-a 2 NBI1-i |

NBI-b 2 NBI1-j 3

NBIl-c 2 NBI-k 3

NBI1-d 1 NBI-I 4

NBI-¢ 6 NBI-m 1

NBI1-f | NBl1-n 3

NBl-g I NBI-0 1

NBI-h ] total 32

Table 2. Number of clones showing different RFLP pattemns of amplified 16S rDNA gene
from the DNAs cultivated (a) at high pressure (65 MPa, ) and (b) atmospheric pressure
(0.1 MPa). D* showed a fusion sequence of NB65-A and E

(a) RFLP pattern NB3 NBS NB7 NB9 NBl11 Total
NB65-A 2 2 0 0 0 4
NB65-B 0 1 1 0 0 2
NB65-C 3 0 0 0 0 3
NB65-D 0 1 0 0 0 l
NB65-E 3 6 8 8 0 34
NB65-F 0 0 0 2 0 2
NB65-G 0 0 ] 0 0 1

(b) RFLP pattern NB2 NB4 NB6 NB8 NB10 Total
NBO.1-H 8 12 10 11 11 52
NBO.1-I 0 1 0 0 0 1
NBO.1-J 0 0 1 0 0 |

A phylogenetic tree based on 16S rDNA sequences is shown in Fig. 2. 168
1DNA sequences from the original sediment sample (NB1) were widely distributed
in the domain bacteria, but the sequences found in DNA from the samples



14 C. Kato et al.

cultivated at high pressure (65 MPa; samples NB3, 5, 7, 9, and 11) or at
atmospheric pressure (0.1 MPa; samples NB2, 4, 6, 8, and 10) fell into particular
genera and branches. Sequences found in DNA from samples NB65-A, B, and
NB1-a belonged to the Shewanella barophiles branch reported previously [4], and
those in samples NB65-E, F, G, and NB1-b were closely related to the genus
Moritella. These strains are well-adapted to the deep-sea high pressure
environment, and bacteria related to these branches particularly show growth
properties characteristic of barophilic or barotolerant organisms [4-6]. The
sequences found in DNA from samples NB0.1-H, I, J, and NB1-f, g, were closely
related to the genus Pseudomonas which is widely distributed in the ocean
environment [2].

0.015 SBI[L Shav anell a benthi ca & vin DBSI0S
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Fig. 2. Phylogenetic tree showing the relationships between the sequences determined in this
study and 16S rDNA sequences of other bacteria. The scale represents the average number
of nucleotide substitutions per site. Numbers denote bootstrap probabilities



Changes in the Microbial Community in Deep-Sea Sediment 15

4 Discussion

A microbial community from deep-sea sediment can be changed by cultivation
conditions. The deep-sea adapted barophilic bacteria, like barophilic Shewanella
and Moritella strains, only survived in the community under high pressure
conditions, and the genus Pseudomonas which shows widespread distribution in
the ocean environment [2] was selected in the community under atmospheric
pressure conditions. The former investigations indicated that the major
microorganisms adapted to the environment in the Japan Trench belong into
particular phylogenetic branches, the genus Moritella and the barophilic
Shewanella species [7-9]. Our present results support the findings of these
previous investigations, as we have shown by means of the DEEP-BATH system
that the genus Moritella is particularly selected from the mixed community during
high pressure cultivation. Using this system, cultivation is performed under
facultatively anaerobic conditions, so it appears that the genus Moritella is better
adapted to growth under limited oxygen conditions than the barophilic Shewanella
strains.
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Abstract. We have performed the molecular analyses of the DNA extracted
from the sediment of the Mariana Trench. DNA fragments corresponding to
the 16S rDNA sequences of bacteria and archaea, and the pressure-regulated
operons, typically identified in deep-sea adapted bacteria, were amplified
and analyzed. Two extremely barophilic bacteria, strain DB2IMT-2 and
DB21MT-5, were isolated from the Mariana sediment. The optimal pressure
conditions for growth of the two isolates were 70 and 80 MPa, respectively.
These results indicated that the microbial community of the Mariana Trench
consist of particular deep-sea adapted bacteria and widely distributed
microorganisms.

1 Introduction

The Mariana Trench, Challenger Deep, is an area of cold, dark remoteness and the
highest pressure environment in the ocean bottom. Relatively little is known about
the natural bacterial communities in the sediment there because of the need to use
uncommon instruments to keep deep-sea organisms at high pressure and to develop
new methods to maintain and cultivate these organisms in the laboratory. By using
the unmanned submersible KAIKO developed by the Japan Marine Science and
Technology Center, we have obtained sediment samples from this extreme
environment. In order to understand the natural microbial communities in the
sediment of the Mariana Trench, we have employed molecular phylogenetic
techniques to analyze the microbial diversity in the sediment, and have isolated and
characterized two extremely barophilic bacteria from the sediment.

2 Material & Methods

Sediment samples were collected from the Mariana Trench, Challenger Deep (11°
22.10' N. 142° 25.85' E), at a depth of 10,898 m, by means of sterilized mud
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samplers. The samples were carried to the sea-surface without temperature changes
but with pressure changes. Most of the samples obtained were apportioned into
2 ml sterilized serum tubes and placed in a liquid nitregen tank (—150 °C). A part
of each sample was pressurized at about 100 MPa in a pressure vessel and these
vessels were placed in a refrigerator (2-4 °C) on the support ship M.S.
YOKOSUKA. Total DNA was extracted from the sediment samples by a
modification of the methods of Herrick er al. [1]. 16S rtDNAs were PCR amplified
and sequenced, and subsequently phylogenetically analyzed. Barophilic bacteria
were isolated from the sediment according to the method described by Kato et al.

[2].

3 Results & Discussion

3.1 Molecular Phylogenetic Analyses of the Sediment

3.1.1 PCR Amplification of DNA from the Mariana Trench. DNA fragments
corresponding to the rRNA small-subunit sequences of bacteria and archaea, and
the pressure-regulated operons (ORF1, 2 and 3) were amplified by PCR from the
purified DNA extracted from the Mariana sediment, however no DNA
corresponding to the eukaryal rRNA small-subunit was amplified. The amplified
fragments were subsequently cloned and sequenced.

3.1.2 Phylogenetic Relationships of the Amplified Bacterial and Archaeal 16S
rDNA Sequences. The amplified bacterial and archaeal 16S rDNA sequences were
determined and phylogenetically analyzed. The results suggested that at least three
kinds of sequences from the bacteria domain were present in DNA isolated from
the sediment and belonged to the y-subdivision of Proteobacteria. Two of the
amplified sequences were closely related to the Pseudomonas branch, and another
one belonged to the branch containing Shewanella and barophilic bacteria [2, 3].
At least three kinds of archaeal sequences were present in DNA from the sediment
and belonged to the planktonic archaea group I reported by DeLong [4]. These
planktonic archaea were unculturable strains cloned from ocean waters, and group
I belongs to one of the major branches of archaea. These unculturable archaea are
widely distributed in the ocean. It is still unknown whether the group I archaea
have some physiological functions as a symbiont in some deep-sea animals. Our
results indicate that the planktonic archaea exist at the sea-bottom of the Mariana
Trench, and these archaea probably arrived from the middle ocean with planktonic
particles which settled there like a marine snow.

3.1.3 Distribution of the Pressure-regulated Operons in the DNA from the
Mariana Sediment. Several clones which included the amplified ORF1, 2 and 3
sequences were obtained; the similarity with other sequences was analyzed, and the
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results indicated that both of the identified sequences corresponding to ORF1, 2
and 3 found in the DNA from the Mariana sediment were more similar to those of
the barophilic strain DB6705 than those of the moderately barophilic strain DSS12.
These results suggest that the bacteria of the Mariana sediment which display the
pressure-regulated operon are more like barophilic organisms (like the strain
DB6705) than moderately barophilic organisms (like the strain DSS12) [2].

3.2 Isolation and Characterization of Extremely Barophilic Bacteria
from the Mariana Sediment

3.2.1 Analysis of the Barophilic Isolates. Two kinds of obligately barophilic
strains which were able to grow well at 100 MPa and not able to grow at
atmospheric pressure were isolated. The pressure-regulated operons particularly
identified in Shewanella barophilic strains were amplified from the strain
DB21MT-2, but were not amplified from the strain DB21MT-5. Phylogenetic
analysis of the 16S rDNA suggested that strain DB21MT-2 is closely related to
Shewanella benthica and strain DB21MT-5 is closely related to Moritella marinus
and barotolerant strain DSK1 [2].

3.2.2 Growth Properties Under Hydrostatic Pressures. As shown in Fig.1, the
optimal pressure conditions for growth of strains DB21MT-2 and DB21MT-5 were
70 and 80 MPa, respectively. Neither of these strains was able to grow at pressures
below 50 MPa, but both were able to grow well at higher pressures, even at
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Fig. 1. Growth properties of the extreme barophiles at elevated hydrostatic pressure.
DB21IMT-2 (dotted line); DB2IMT-5 (solid line). t indicates doubling time (h)
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100 MPa. Therefore, strains DB21MT-2 and DB21MT-5 are defined as extremely
barophilic bacteria.

3.2.3 Fatty Acids Analysis. The whole-cell fatty acid composition of the strains,
DB21MT-2 and DB21MT-S5, and that of selected reference strains, were analyzed.
The dominant fatty acid in the isolated barophiles was hexadecenoic acid (16:1),
and the long-chain polyunsaturated fatty acids (PUFAs) present in significant
amounts were eicosapentaenoic acid (EPA) (20:5) in strain DB2IMT-2 and
docosahexaenoic acid (DHA) (22:6) in strain DB21MT-5. Around 70% of the
membrane lipids in both extreme barophiles were unsaturated fatty acids, and
compared with the reference strains, higher amounts of octadecenoic acid (18:1) in
strain DB21MT-2 and tetradecenoic acid (14:1) in strain DB21MT-5 were evident.
EPA production is one of the particular characteristics of deep-sea adapted
Photobacterium species, such as Photobacterium profundum [5]. The significant
amount of PUFAs in these extreme barophiles may play an important role in
maintenance of membrane fluidity at low temperature and high pressure.

These results indicated that the microbial community of the Mariana Trench
consist of particular deep-sea adapted bacteria (extreme barophiles), and widely
distributed microorganisms (marine archaea group I and the genus of
Pseudomonas).
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Abstract. We cloned and sequenced a cold-shock-inducible gene from the
psychrophilic and moderately barophilic bacterium, Shewanella sp. strain
DSS12 by a PCR-based approach using a pair of degenerate primers with
sequences corresponding to a highly conserved region within cspA-related
proteins. Following a temperature downshift, the level of the csp4 mRNA
transcript increased. The csp4A mRNA transcript increased in logarithmic
phase cells at a hydrostatic pressure of 30 or 60 MPa. These results suggest
that the DSSI2 cspA plays an important role as an RNA chaperone not only
for cold adaptation but also for growth under elevated hydrostatic pressure.

1 Introduction

Shewanella sp. strain DSSI2 i1s a psychrophilic and moderately barophilic
bacterium which was isolated from mud of the Ryukyu Trench (5110 m depth)
collected by the SHINKAI 6500 System. This bacterium displays optimal growth
at a temperature of 8 °C and at a pressure of 30 MPa [1]. Pressure-regulated operon
and genes have been recognized and characterized in this bacterium [2, 3].

CspA has been identified as the major cold shock protein in E. coli. A family of
cspAs sharing highly conserved sequences (>45% identity) has been recognized in
a variety of Gram-positive and Gram-negative bacteria. CspA functions as a RNA
chaperone and as a transcriptional regulator for itself and for other cold shock
genes in E. coli.

We cloned a cspA-like gene from DSSI2 and the cloned gene, designated cspA,
1s rapidly induced upon temperature downshift like other bacterial cspA4-like genes.
Furthermore, we demonstrate that csp4 gene expression occurs under elevated
hydrostatic pressure conditions.



22 S. Fujii, K. Nakasone and K. Horikoshi

2 Material & Methods

2.1 Bacterial Strain and Culture Medium

Bacterial strain DSS]2 was used for all experiments and was grown in Marine
Broth 2216 (Difco Laboratories, USA). Cultures were incubated in a pressurized
vessel as described previously [1].

2.2 Cloning and Sequencing of the Csp4 Gene

We selected amino acid sequences from the alignment of 18 members of the cspA
family of proteins. Primer F matches the E. coli cspA sequence from amino acid
residues 7 through 13; Primer R represents amino acid residues 29 through 34.
Degenerate PCR was performed and a 83-bp fragment was amplified. By using an
internal portion of the amplified fragment as a probe, we screened the DSSI2
genomic DNA library. The sequences of these primers correspond to bases 356 to
376 (complementary) and bases 378 to 397 in Fig. 1.

Fig. 1. Nucleotide sequence and deduced amino acid sequence of the cspA4 gene of DSSI2.
RNA binding motifs, RNPI and RNP2, are boxed. The putative —10 and —35 regions,
ribosome binding site, and the sequence of a potential transcription terminator are
underlined. The bent arrow indicates the transcription initiation site

3 Results & Discussion

3.1 Structure of the CspA Gene

As shown in Fig. 1, the csp4 gene is 213 bp in length and encodes a protein
comprising 70 amino acid residues with a molecular mass of 7,583 Da and a
calculated pI of 4.48. The deduced amino acid sequence of cspA has RNP 1
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(KGFGFL) and RNP2 (VFVFHF) motifs, and comparison with sequences in the
EMBL database using the program BLAST revealed 62% identity to the major
cold shock protein cspA of £. coli.

3.2 Induction of CspA mRNA Under Various Culture Conditions

To examine the level of expression of csp4 mRNA under various culture
conditions, Northern blot analysis was carried out using total RNA prepared from
cells grown at 8 °C with shaking until the culture reached logarithmic phase, and
from cells shifted to —1 °C and 4 °C for 30 min, 1 h or 2 h with shaking. After 1 h
or 2 h cold shock transcription of ¢spA significantly increased compared with the
control (data not shown).

As DSSI2 is a moderately barophilic bacterium, we examined the influence of
pressure on transcription of cspA. As a negative control, cells were cultured in
plastic bags at 8 °C without bubbled air (anaerobic cultivation) until the
logarithmic or stationary phase was reached. The same level of transcription in
lanes 3 and 4 of Fig. 2 indicates that the increase in transcription of cspA4 that
occurs under anaerobic cultivation condition is regulated in a manner independent
of the growth phase. On the other hand, the level of transcription of csp4 was
greater in logarithmic-phase cells grown under elevated pressure conditions (lanes
5 and 7) than in cells grown at atmospheric pressure (lane 3).

Fig. 2. The cspA mRNA transcript under elevated hydrostatic pressure cultivation . Total
RNA prepared from cells grown at § °C aerobically (lanes | and 2) or anaerobically (lanes 3
to 8). Some of these cells were grown at 30 MPa (lanes 5 and 6) or 60 MPa (lanes 7 and 8).
Samples were subjected to Northern blot hybridization with the DIG-labeled sequence of
cspA as a probe. The letters L and S indicate logarithmic (lanes 1, 3, 5 and 7) and stationary
phase (lanes 2, 4, 6 and 8) cells, respectively

3.3 Unusually Long 5' Untranslated Region of Csp4 mRNA

mRNAs of £. coli cspA, cspB and cspG have unusually long 5' untranslated regions
(5" UTR). The 5" UTR of cspA has been reported to play an important role in
regulation of not only the expression of cspA itself but also the expression of other
cold shock proteins as well as in cspdA mRNA stabilization at different
temperatures in £. coli. We found that DSS12 ¢sp4 mRNA contains an AT-rich
(73%) 5" UTR of 177 bases (Fig. 1), and this sequence can display a secondary
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Fig. 3. Putative secondary structure of the 5' UTR of c¢sp4 mRNA. The initiation codon
(AUG) is boxed

structure similar to E. coli cspA and cspB mRNA [4] as shown in Fig. 3. These
features indicate that the 5' UTR of DSSI2 csp4 may play an important role in
regulation of proteins as in the case of E. coli cspA.

The mRNA secondary structure or the affinity of a protein(s) for mRNA may be
drastically altered under atmospheric pressure or high pressure conditions. It is
thought that the affinity of ribosomes for binding to mRNA changes during
temperature downshift in the proposed cold adaptation model. In addition, a recent
report revealed that Csps as RNA chaperones are essential for not only cold
adaptation but also for optimum growth in Bacillus subtilis. We speculate that
DSS12 cspA might function as a RNA chaperone which facilitates the translation
of mRNAs under high pressure conditions, and it might be essential for growth
under low temperature and high pressure conditions such as in the deep-sea.
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Abstract. The protective effect of an osmotic perturbation on high-pressure
inactivation has been investigated using a yeast strain: Saccharomyces
cerevisiae. Osmotic shocks have been carried out with binary medium (glyc-
erol/sorbitol and water) with or without glucose. Variations of osmotic level,
osmotic shift kinetics and time between osmotic and hydrostatic treatment
(350 MPa/10 min) have allowed the characterization of cell baroprotection.
Two different cumulative baroprotection effects have been distinguished:
one conferred by the solute on biological structures and the other related to
the osmotic stress, cell voiume variations and stress metabolism response
(HSP, trehalose). These experiments have also exhibited a repair phase,
which occurred immediately after the high-pressure treatment and required
the presence of glucose.

1 Introduction

The influence of hydrostatic pressure on living organisms associated with food is
now better known and has often been reviewed [1]. The water activity of the
medium is one of the major parameters involved in microorganism baroprotection.
Numerous authors have described important baroprotection effects on E. coli [2]
and Rhodotorula rubra [3]; very high pressure level (>700 MPa) and/or higher
temperature were then necessary to achieve a complete inactivation. Such osmotic
baroprotection was also observed on protein structures [4] and certainly explains
part of microorganisms protection. Howevera global comprehension of cell
baroprotection would imply an analysis of cell osmotic response implications.

The effects of osmotic shift on microorganisms are well known: a passive tran-
sient phase with a rapid cell volume shrinkage [5], a non-specific stress response
with heat shock protein (HSP) synthesis [6] and in the presence of energy, an
osmoregulation phase which involves polyols synthesis and volume recovery.

The objective of this work was to understand the implications of these different
osmotic mechanisms in high-pressure inactivation of microorganisms. This knowl-
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edge would certainly allow a better comprehension of overall mechanisms of high-
pressure inactivation.

2 Material & Methods

2.1 Microorganisms and Growth Conditions

The yeast Saccharomyces cerevisiae (CBS 1171) was grown in Malt Wickerham
medium and harvested (48 h) at the beginning of the stationary phase. Viability
measurements were done with the plate method on MW agar using appropriate
dilutions.

2.2 Osmotic Treatment

Osmotic shifts were obtained by centrifuging and resuspending cells in the binary
solutions (glycerol, sorbitol) at a,, 0.960 with or without glucose (10 g/1). For short
delays between treatments, the mix was accomplished in the plastic bag just before
or at the beginning of the pressurization.

2.3 High-Pressure Treatment

Samples were conditioned in polyethylene bags and pressurized in a 1.5 1/600 MPa
apparatus (ACB, France). Pressure loading and release were done quickly (<10 s).

3 Results & Discussion

In order to characterize the baroprotection effect of low a,, medium (0.960), cell
samples obtained with different conditions were compared to a reference without
osmotic depressor (Fig. 1).

Whatever the conditions, yeast cells pressurized in low a,, medium were more
resistant to high-pressure treatment (about 3 log). Osmotically stressed cells seem
less sensitive than those adapted (about 2.5 log). Although kinetics of a,, variation
was essential for cell survival at low a, [5], no significant differences were
observed between osmotic shock and slope.

The inactivation difference between low a,, culture and cells recently stressed
pointed out the importance of the proximity between the two treatments. A com-
plete study using a variable delay has been carried out with binary medium
(Fig. 2A) and also in presence of glucose (Fig. 2B).

For long delays (>15 min) and whatever the medium, yeast inactivation follows
cell volume variations. Osmoregulation metabolism reduced the baroprotection
induced by osmotic stress. The inactivation rate 6 h after the osmotic shock in
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glucose medium was similar to yeast culture at 0.960. Unlike medium with glucose
where yeast protection was immediate, without glucose short delays lead to a pro-
gressive decrease of yeast protection, which was not related to the cell volume but
reveals the kinetics of baroprotection setting (2 min for completion).

Fig. 1. Effect of osmotic change conditions on yeast inactivation (log) obtained after a high-
pressure treatment (300 MPa/15 min). The delay between osmotic change and pressurization
was 92 h for culture and 15 min for osmotic shock and slope

Fig. 2. Effect of variable delays between osmotic shock (a, 0.997 to 0.960) and high-
pressure treatment (350 MPa/10 min) on yeast inactivation in water-glycerol medium (A) or
water-glycerol-glucose medium (B)

The addition of glucose after the hydrostatic treatment (results not given) in
samples treated in binary medium leads to results similar to those obtained with
glucose for short delays and was unchanged for times greater than 15 min. This
specific effect of glucose was only effective for stressed cells. Then, the presence
of glucose immediately after the treatment allows activation repair mechanisms
induced by osmotic shift. This phenomenon masks the progressive setting of stress
protection obtained without glucose.
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Numerous studies have shown that osmotic stress can induce the synthesis of
stress proteins which protect or repair cell structures [7] and particularly prevent
protein aggregation. This osmotic response could be set in few minutes [8].
Moreover, Iwahashi et al. [9] have shown that thermally induced synthesis of HSP
104 and trehalose was implicated in yeast barotolerance.

Because kinetics of osmotically induced baroprotection could be related to
synthesis of HSP, effect of osmotically induced protein synthesis has been
investigated. The addition of cycloheximide before osmotic shock had only a slight
effect on yeast baroprotection (results not given). De novo synthesis of HSP could
not explain the whole protection induced by osmotic shift. More precise
investigations have to be carried out to understand the role of osmotic stress
response in baroprotection and the targets of these substances.

4 Conclusions

This work have shown that osmotic shift always induces a baroprotection phe-
nomenon which consists of two parts:

A physicochemical part conferred by the solute on microorganisms’ structures
(membrane, proteins) attributed to the hydration state.

A physiological part conferred by osmotic stress response of the yeast that is set
up in a few minutes after the solute addition with or without glucose and sup-
pressed by osmoregulation mechanisms. This protection could occur immediately
after hydrostatic treatment but only in the presence of glucose.
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Abstract. The E. coli mutants LMM1010 and LMM1030, which were
previously isolated on the basis of their pressure resistance, are
demonstrated here to show cross-resistance to acid, reactive oxygen
and/or heat. Analysis of protein expression revealed derepression of
common heat shock proteins in both mutants under non-stress
conditions. Heat shock treatment of the parent strain resulted in
transient induction of heat shock proteins, and enhanced its survival
at moderate pressures (220 MPa). However, heat shock did not
protect the parent strain from inactivation at higher pressures
(500 MPa). Hence, overexpression of heat shock proteins seems not
sufficient to explain the high level of pressure resistance i the
mutants.

1 Introduction

We previously reported the acquisition of pressure resistance in E. coli by
spontaneous mutation [1]. Pressure treatments up to 800 MPa (15 min at 20 °C)
reduced the viability of these mutants by only 2-3 log units, while the parent strain
was inactivated by 28 log units in excess of 500 MPa. In view of the associated
food safety risk, we analysed the resistance of these mutants to other stresses
relevant to food preservation, and searched for possible ways to efficiently
inactivate them at pressure levels (<800 MPa) that are currently exploited for food
processing.

2 Material & Methods

E. coli strains LMM1010 and LMM1030 were previously isolated as pressure
resistant mutants of strain MG1655 [1]. Pressure treatments were done for 15 min
at 20 °C in phosphate buffer as described [1]. 2-D analysis of protein synthesis was
performed according to [2].
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3 Results

3.1 Multiple Stress Resistance of Mutants

Parent strain MG1655 and pressure resistant mutants LMM1010 and LMM1030
were analysed for their resistance against heat, acid and reactive oxygen species.
Decimal reduction values (D-values) for heat and acid inactivation are given in
Table 1. Oxidative stress was imposed by the superoxide generator plumbagin
(Fig. 1). Superoxide killing did not follow first-order kinetics, which made
calculation of D-values impossible. Both mutants showed increased D-values for
acid inactivation, and were more resistant to superoxide killing during the first 3 h
of exposure compared to the parent strain. In addition, D-values for heat
inactivation were increased for mutant LMM1030. Heat resistance of LMM1010
was comparable to the parent strain. Apparently, pressure resistance is associated
with a general cross-resistance type in these mutants.

Table 1. D-values for heat or acid inactivation of E. coli strains

Strain Heat Acid
58 °C 60 °C pH 2.6 pH2.3
MGI1655 1.97 min 0.83 min 131 min 94 min
LMM1010 1.65 min 0.95 min 200 min 142 min
LMM1030 6.54 min 1.71 min 194 min 208 min
100
80+
g 60 4
3
§ 40
2 20 4
O L]
0 1 2 3 4
Time (h)

Fig. 1. Survival of E. coli MG1655 (l), LMM1010 (A) and LMM1030 (@) in Hepes buffer
supplemented with 0.8 mM plumbagin
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3.2 Analysis of Protein Expression Profile

The global pattern of protein synthesis in the £. coli strains was compared in order
to identify differences in protein expression that could potentially explain the
enhanced stress resistance of the mutants. Two-dimensional gel electrophoresis of
protein extracts from unstressed cells revealed that both mutants produced
increased levels of the common heat shock proteins DnaK, GrpE, GroEL, GroES
and ClpB. Overexpression of heat shock proteins was observed during exponential
growth and at the onset of starvation. It is known that some of these stress proteins
are involved in various types of stress resistance [3, 4], and it is possible that their
overexpression also contributes to the pressure resistance of the mutants.

3.3 Heat Shock Treatment of Parent Strain

We further examined whether induction of heat shock proteins by heat shock
treatment affected pressure resistance of the parent strain. Cultures of MG1655
containing dnaK-luxCDABE or grpE-luxCDABE gene fusions were shifted from
28to 42°C for 5min. Transient induction of heat shock proteins after this
treatment was evident from the transient increase in light production. Heat shock
treatment enhanced survival of MG1655 at 220 MPa, but not at 270 and 500 MPa
(Table 2). Therefore, overexpression of heat shock proteins seems not sufficient to
achieve the level of pressure resistance observed in the mutants.

Table 2. Effect of heat shock treatment (5 min shift from 28 to 42 °C) on pressure resistance
of parent strain MG1655

Pressure treatment Viability reduction (log N/Ny)
for 15 mun at 20 °C untreated heat-shocked
220 MPa —4.1 -1.8

270 MPa -59 -5.6

500 MPa >—6.5 >-6.5

3.4 Effect of Antimicrobial Peptides on Pressure Inactivation of Mutants

In order to increase the pressure inactivation of the mutants, nisin (100 IU/ml) or
lysozyme (10 pg/ml) was added before pressure treatment (Fig. 2). Addition of
these antimicrobials strongly enhanced the inactivation of the pressure resistant
mutants, mostly by >2 log units for pressures above 300 MPa.
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Fig. 2. Inactivation of £. coli LMM1010 and LMM1030 after 15 min pressure treatment at
20 °C without additions (M), with 10 pg/ml lysozyme (A) and with 100 [U/ml nisin (#)

4 Conclusions

Two pressure resistant mutants, which were independently isolated solely on the
basis of their pressure resistance [1], both display a remarkable cross-resistance to
reactive oxygen, acid and/or heat killing. Their multiple stress resistance coincided
with higher levels of common heat shock proteins, and it is possible that the latter
may contribute to their overall stress resistance, including pressure resistance.
However, induction of heat shock proteins in the parent strain after heat shock
treatment did not result in the same level of pressure resistance. Therefore,
overexpression of heat shock proteins seems not sufficient for the high level of
pressure resistance in the mutants.

It is relevant that pressure inactivation of the mutants was strongly enhanced in
the presence of nisin or lysozyme. Combining pressure-processing with such
antimicrobial peptides seems an appropriate means to increase the safety of
pressure-treated foods.
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Abstract. Strains of Escherichia coli O157 isolated from clinical cases of
food-borne illness and other sources showed wide differences in resistance
to high hydrostatic pressure but the differences in pressure resistance were
seen only in stationary phase cells. The two most pressure-resistant strains
were also more resistant to heating at 52 °C ana 57 °C. These studies
emphasise the importance of including stress-resistant strains of Escherichia
coli O157 when testing the efficacy of novel or mild food preservation
treatments

1 Introduction

The initial applications of high hydrostatic pressure treatment of foods are likely to
be as a replacement for thermal pasteurisation processes aimed at inactivating
vegetative cells of food-bome pathogens and spoilage organisms. In this context it
is clearly necessary that any pressure process be capable of inactivating
Escherichia coli O157 since this organism has been found in a wide range of
foods, has a low infective dose and causes severe illness. It is well known that
resistance to pressure and other stresses varies widely between species but, more
recently, it has become apparent that significant differences in resistance exist
between different strains of the same species [2,3] In this work we have examined
the resistance to pressure of five different strains of Escherichia coli O157 and a
non-0157 strain. Two O157 strains that were associated with large outbreaks of
food-bome illness were substantially more pressure resistant than the others and
were also more resistant to mild heat.
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2 Material & Methods

2.1 Bacterial Strains and Growth Conditions

The following Escherichia coli O157:H7 strains were used: NCTC 12079 and
H1071 (clinical isolate from M. Patterson, Queen’s University, Belfast); C9490
(clinical isolate from the ‘Jack-in-the-box’, Western States hamburger patty
outbreak of 1993); 30-2C4 (clinical isolate from outbreak associated with dry
cured salami), W2-2 (poultry isolate); all from M. Doyle, University of Georgia,
USA. Strain NCTC 8003 (serotype 0124) was also tested. Cells in the stationary
phase of growth were prepared by sub-culturing a loopful of overnight culture in
tryptone soya broth (TSB) into 100 ml fresh TSB and incubating for 18 h in shaken
culture at 37 °C. To obtained exponential-phase cells, 100 pl of the stationary-phase
culture were introduced into 100 ml of fresh medium and incubated for 3 h to give an
optical density reading of 0.2 at 680 nm.

2.2 Viable Counts

Cell suspensions were serially diluted in maximum recovery diluent (MRD, Oxoid)
and plated on Tryptone Soya Agar (TSA, Oxoid) containing 0.3% yeast extract
(YE). Colonies were counted after incubating the plates at 37 °C for 48 h. Survival
curves are based on mean values from two or more experiments.

2.3 Pressure Treatment

Cells were centrifuged and resuspended in phosphate buffered saline (PBS) pH 7.0
to give a viable count of about 10° cfu-ml™. Cell suspensions (2 ml) were sealed in
plastic pouches and pressure treated in a Stanstead Fluid Power, model S-FL-850-
9-W pressure rig. The pressure transmitting fluid was ethanol:castor oil (80:20).
The temperature increase in the pressurisation fluid caused by adiabatic heating
was monitored using a thermocouple. The maximum temperature reached during
pressurisation at 500 MPa was approximately 45 °C for 80 s.

2.4 Heat Resistance

Stationary-phase cultures were diluted 1:100 in TSB and 1 ml volumes sealed in
glass ampoules and kept on ice. Ampoules were heated by fully submerging in a
stirred waterbath at 52 °C or 57 °C. After the contents of the ampoule had reached
the desired temperature ampoules were withdrawn at timed intervals and kept on
ice before determining viable counts.
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3 Results

The pressure resistance of stationary-phase cells of Escherichia coli O157 at
500 MPa is shown in Fig 1. Two strains, C9490 and 30-2C4, were substantially
more resistant than the others. When the different strains were tested in exponential

Fig. 1. Resistance of Escherichia coli strains to pressure treatment at 500 MPa in phosphate
buffered saline

Fig. 2. Resistance of Escherichia coli strains to heating at 57 °C in TSB
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phase no differences in pressure resistance were apparent (data not shown). The
resistance to heating at 57 °C is shown in Fig. 2. The two pressure-resistant strains
were also more resistant to heat than the others. Similar results were obtained at
52 °C (data not shown). The correlation between heat and pressure resistance was
not absolute. Strain 8003, for example, was the most pressure-sensitive but was not
the most heat sensitive.

4 Discussion

This work has shown that strains of Escherichia coli 0157 differ widely in
resistance to high pressure. Our results are in agreement with those of Patterson et
al. [3] but are even more pronounced. Two strains isolated from food poisoning
outbreaks associated with hamburgers and salami were more resistant than the
most resistant strain examined by Patterson et al. [3]. Differences in pressure
resistance were seen only in stationary-phase cells suggesting that the differences
could be related to functions controlled by the stationary-phase sigma factor
encoded by the rpoS gene. However, other factors could be involved and genetic
studies will be needed to determine the basis of strain variation

Although the two most pressure-resistant strains were also the most heat-
resistant the correlation did not hold within the more sensitive strains tested.
Hauben et al. [1] reported that two out of three pressure-resistant mutants of
Escherichia coli were also more heat resistant but the heat resistance of a third
mutant was unchanged. It thus appears that some cell functions affect resistance to
both heat and pressure, but other cell functions may affect resistance to each stress
separately.

The inactivation of resistant strains of vegetative pathogens by pressure may
depend on the application of other ‘hurdles’ such as low pH. A practical
implication of this work is that cocktails of Escherichia coli O157 organisms used
to validate the efficacy of novel or mild food preservation treatments should
include representative resistant strains similar to those described here.
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Abstract. We studied the contribution of Hsc70 to barotolerance by
measuring barotolerance in logarithmic phase cells of the Hsc70 (ssb/ and
ssb2 ) deletion mutant and the deletion mutant which carries the Hsc70 gene
on the low copy number plasmid and high copy number plasmid. The
deletion mutant strain showed higher thermotolerance and slightly lower
barotolerance than that of the control strain. The mutant which has Hsc70
gene on multicopy plasmid showed more barotolerance than the strain which
has the gene on low copy plasmid. These results suggest that Hsc70
contributes to barotolerance. We also compared the effect of Hspl04 and
Hsc70 deletion to barotolerance at different temperatures (20-35 °C). The
effect of Hspl04 deficiency was significant with increase in temperature;
however, that of Hsc70 was significant at moderate temperatures. These
results suggest Hsp104 contributes to barotolerance at higher temperature
and Hsc70 at moderate temperature.

1 Introduction

Physically, hydrostatic pressure is considered to be analogous to temperature [1}].
On the basis of this consideration, new technology which uses high pressure
instead of high temperature has developed in the food industry [2]. However, from
the biological aspect, basic research on the effect of hydrostatic pressure on living
cells has not been accumulated. Using Saccharomyces cerevisiae as a model
system, we have been studying the analogy between hydrostatic pressure and
temperature. We have shown that the molecular chaperone, Hsp104, and non-
reducing disaccharide trehalose are important factors for barotolerance [3].
Recently we found that Hsp104 and the molecular chaperon of Hsc70 are essential
for the normal activities of trehalose metabolizing enzymes [4]. The effect of
Hsp104 on these enzymes was significant at high temperature and that of Hsc70
was at moderate temperature [4]. This suggests that molecular chaperones of
Hsp104 and Hsc70 share the functions at different temperatures. This speculation
explains why Hsp104 is essential for thermotolerance and Hsc70 is not. Hsc70 may
not function under the conditions used for estimating thermotolerance (thermo-
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tolerance is usually measured at 40-50 °C). However, it is possible for Hsc70 to

function under the conditions used for estimating barotolerance (<30 °C). In this
paper, we discuss the contribution of Hsc70 to barotolerance.

2 Material & Methods

S. cerevisiae strains used in this work are listed in Table 1. Cells were grown on
YPD medium at 30 °C as previously described [5]. Barotolerance and thermotoler-
ance were measured as previously described [5].

Table 1. List of strains and plasmids

Strain or Plasmid ~ Genotype Characteristic
JN54 MATa his3,3 leu2 ura3 trpl lys2? Wild type
IN212 MATa his3,3 leu2 ura3 trpl *ssbi-1::LEU2 -Hsc70

*ssb2-1::HIS3

JN212-pRS316K-  MATa his3,3 leu2 ura3 trpl *ssbl-1::LEU2  +Hsc70
SSB1 *ssb2-1:-HIS3
pRS316K-SSB1

JN212-pRS426- MATa his3,3 leu2 ura3 trpl *ssbi-1::LEU2 ++Hsc70
SSB1 *ssb2-1::HIS3
pRS426-SSB1

W303aLEU2+ MATa canl ade2 his3 LEU2+ trpl ura3 Wild type

AHspl104 LEU2+  MATa canl ade2 his3 leu2 trpl ura3 -Hsp104
Ahsp104::LEU2+

pRS316K URA3 SSBI1 AmpR (YCp-type) Low copy

pRS426 URA3 SSBI1 AmpR (YEp-type) High copy

*Hsc70s are encoded on ssb/ and ssb2 genes.

3 Results & Discussion

We measured the time course of barotolerance (140 MPa, 25°C) and
thermotolerance (44 °C and 46 °C) in logarithmic phase cells of the Hsc70 (ssb/
and ssb2 ) deletion mutant and the control strain (Table 2). Logarithmic phase cells
were selected as Hsc70 was expressed in logarithmic phase but was repressed
under the stress conditions [6]. The mutant strain which has the deletion in the
genes of ssbl and ssb2 showed higher thermotolerance and slightly lower
barotolerance than that of the control strain (Table 2). Higher thermotolerance
suggests that the deletion of ssb/ and ssb2 genes induced other unknown factors
that cause high thermotolerance and increased basal stress tolerance.
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Table 2. Time course of thermotolerance and barotolerance. Thermotolerance and baro-
tolerance are shown as cfu relative to untreated control (0 min)

Wild type Hsc70
min_| 44 °C 46 °C 140 MPa_ | 44 °C 46 °C 140 MPa
0110 1.0 1.0 1.0 1.0 1.0

60 120x10°1  1.0x103  1.2x10°2 |48x101  11x102 1 0x1072
120 114102 4.8x105  8.1x104 |1.ix10°1  96x10%  4.0x10%
240 1171073 3.7x100 4.8x105 |2.1x102  S.1x10>  2.0x100

We investigated whether the barotolerance defect of Hsc70 mutant is a direct
effect of Hsc70 gene. We measured the barotolerance of the strains which have
ssbl gene on plasmids. IN212-pRS316K-SSB1 and JN212-pRS426-SSB1 have the
deletion of ssb/ and ssb2 genes on chromosome but JN212-pRS316K-SSB1 has
the ssb/ gene on the low copy number plasmid and JN212-pRS426-SSB1 has the
ssbl gene on the high copy number plasmid. Thus, JN212-pRS316K-SSBI
expresses lower amount of Hsc70 than JN212-pRS426-SSB1. Table 2 shows the
barotolerance of the two strains. JN212-pRS426-SSB1 showed higher
barotolerance than JN212-pRS316K-SSB1. This means that the amount of Hsc70
influences barotolerance, and suggests that Hsc70 contributes to barotolerance.

Table 3. Barotolerance of the strains which have Hsc70 genes on the plasmid

Strain
JN212-pRS316K-SSB1 JN212-pRS426-SSB1
(+Hsc70) (++Hsc70)
Barotolerance 1.0 x 10°% 2.6 x 10°%

To characterize the contribution of Hsc70 to barotolerance, we compared the
relative barotolerance of the Hsc70 deletion strain and the Hsp104 deletion strain
under different temperatures. Relative barotolerance was calculated as a ratio
(barotolerance of the deletion strain / barotolerance of the wild type) because the
different barotolerance between the mutant and the wild type can be considered
due to the deletion of the target genes. The Hsc70 deletion strain shows lower
barotolerance (around 0.50) at moderate temperatures of 25, 30 “C but the strain
shows almost the same degree (0.83) at higher temperature (35 °C). On the other
hand, the Hsp104 deletion decreased barotolerance at higher temperature (20 °C;
0.56, 25 °C; 0.28, 30 °C; 0.26, 35 °C; 0.15). These results strongly suggest that
Hsp104 and Hsc70 share their functions at different temperature.
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Abstract. We are developing differential scanning calorimetry (DSC) as a
technique for ribosome analysis in vivo. This enables information to be
obtained about ribosome conformation without cell disruption and using
minimum cell processing. Using this method, we observed a hnear
correlation between cell death and the decrease in ribosome-associated
enthalpy in pressure treated cells. This suggested a direct relationship
between cell death and ribosome damage. Initially, the surviving ribosomes
in pressure treated cells adopted a less stable conformation. During
subsequent incubation at 37 °C, they restabilized over a period of several
hours. The presence of elevated levels of extracellular Mg®* during pressure
treatment reduced ribosome destabilization.

1 Introduction

Bacterial protein synthesis is inhibited by elevated hydrostatic pressure [1], which
is also known to cause dissociation of purified ribosomes [2]. These observations
have led to the suggestion that damage to the protein synthesis system may be a
potential cause of growth inhibition in pressure treated bacterial cultures. We set
out to investigate the further possibility that irreversible ribosome damage may be
a primary cause of cell death after pressurization.

Most methods of ribosome analysis involve their isolation from the cells. As
ribosome conformation is highly dependent on the chemical environment,
observations made in vitro may not be easily related to events in vivo. This is
particularly true for studies of cells during physical stress when the precise
composition of the cellular environment may be unknown.

For this reason, we have embarked on the development of differential scanning
calorimetry (DSC) as a method of ribosome analysis in vivo. Samples are heated
according to a predefined temperature gradient. The energy required to maintain
the gradient varies depending on the occurrence of exothermic or endothermic
events in the sample. The endothermic events associated with the denaturation of
ribosome components in whole cell cultures have been identified [3]. It is therefore
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possible to obtain information on ribosome conformation in vivo from the
temperatures and enthalpies of these events.

We have applied this technique to an investigation of the effects of high
hydrostatic pressures on Escherichia coli.

2 Material & Methods

All experiments were carried out using Escherichia coli NCTC 8164 grown to
stationary phase at 37 °C. Cell cultures were pressure treated for 20 min at the
pressures stated in the text using a Stansted Mark II Enhanced Mini Food Lab
pressure rig. Samples of whole cell cultures were concentrated for DSC analysis by
centrifuging 1.5 ml aliquots for 4 min at 12000 g and resuspending the pellet in a
minimum volume of supernatant (<20 ul). Thermograms were obtained using a
Perkin-Elmer DSC7 and a temperature gradient of 40-100 °C at 10 °C min ™",

3 Results

Two main ribosome-associated endothermic events were observed in DSC
thermograms of stationary phase E. coli cultures (Fig. 1). The larger event, peak m,
had a temperature maximum of 69 °C and accounted for approximately 85-90% of
the total ribosome-associated enthalpy of 4 J g™'. The temperature maximum of
peak n was 80 °C.

Heat flow
(0.1Wg™")

\

5 60 65 70 75 80 85 90

Temperature (°C)

Fig. 1. The DSC thermogram of a stationary phase E. coli culture
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Fig. 2. The relationship between. cell viability and total ribosome-associated enthalpy in
stationary phase cultures of E. coli pressure treated at 50-250 MPa for 20 min

When cells were subjected to treatment at 50-100 MPa, the ribosome-associated
enthalpy (RAE) increased approximately 20% and cell viability decreased by 20—
25%.

At higher pressures (to 250 MPa), a linear relationship was observed between
cell viability and the remaining RAE (Fig. 2).

When analyzed immediately following high pressure treatment at 200 MPa for
20 min, the DSC thermograms revealed changes in the conformation of surviving
ribosomes. The enthalpies of peaks m and n were reduced to 56% and 31% of
control values, respectively. The temperature maximum of peak m was reduced by
3.0 °C, and that of peak n by 1.4 °C, which indicated that surviving ribosomes had
adopted a less stable conformation. When pressure treated cells were incubated at
37 °C, the ribosomes recovered a more stable conformation. The peak temperatures
returned to control values within 4 h (peak m) and 2 h (peak n). The total RAE
recovered to only 70-80% of control levels after 5 h. During this time, cell
viability continued to decrease, falling from 50% immediately after pressure
treatment to 6% after incubation for 5 h. Pressure treatment and incubation in the
presence of 5 mM MgCl, prevented destabilization of surviving ribosomes, but had
no effect on the initial loss of RAE, or on cell viability.

4 Discussion

This work has demonstrated that DSC is a potentially powerful method of in vivo
ribosome analysis. Although the precise nature of the ribosome-associated
thermogram events is not yet fully understood, this technique has enabled
observations of pressure treated cultures of E. coli that could not have been made
by conventional methods.



46 G.W. Niven and B.M. Mackey

When analyzed immediately after pressure treatment, cell death was
proportional to the loss of RAE. As cell viability continued to decrease during
subsequent incubation with no further decline in RAE, ribosome damage was not
an inevitable consequence of cell death. It is thus possible that it was a direct cause
of death immediately following decompression.

The linearity of this relationship may give some indication of the mechanism by
which high pressure resulted in cell death. It may be expected that cell death would
only occur when the number of functional ribosomes fell below a critical level in
an individual cell. Had pressure-induced damage been distributed throughout the
ribosome population, few cells would have ribosome numbers close to the
threshold and would be killed by modest reductions in RAE. As the amount of
ribosome damage increased, proportionally more cells would have the ribosomes
reduced to below the threshold. Eventually, when most cells had ribosome
numbers below the threshold, further decreases in RAE could not result in further
cell death. This model would be expected to result in a sigmoidal relationship
between cell viability and RAE. The linear relationship observed suggests that cell
death and ribosome damage is an “all-or-nothing” phenomenon. That is, the
ribosomes in an individual cell remain relatively undamaged until they are all
destroyed together 1n a single event.

The addition of Mg®" to the culture had no effect on DSC thermograms before
pressure treatment. It increased ribosome stability after pressure treatment but cell
death was not reduced. A possible explanation is that high pressure resulted in
membrane permeablization which enabled influx of Mg®* and stabilization of
surviving ribosomes. Other factors, possibly associated with membrane
permeablization, may have resulted in gradual cell death during post-pressure
incubation.

Further work is in progress to characterize ribosome-associated DSC
thermogram events. We believe that this will make a positive contribution to the
investigation of physical stresses on living cells, and to other areas requiring
analysis of ribosome structure and function in vivo.
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Abstract. Microcalorimetry is becoming an important method for study of
the metabolic activities of cells and biological tissues. This method 1s mainly
based on the fact that the heat evolved during metabolic processes is strictly
proportional to the metabolic activity, so the magnitude of the calorimetric
signal is an index of biological activity. This method was adopted to
investigate the thermotolerance of heat- and pressure-shocked yeast and to
estimate microbial activities at high pressure. The effect of the non-reducing
disaccharide trehalose on the stress response of yeast was also studied by
calorimetry.

1 Introduction

In all living systems, various metabolic events in cells are reactions producing heat
and the heat evolved during metabolic processes is strictly proportional to
metabolic activity. Accordingly, metabolic heat can be used as an index of the
biological activities of living cells and tissues [1, 2]. Thus the microbial activities
of multiplication and metabolic processes under high pressure can be estimated
precisely by calorimetry. A high-pressure line was constructed and connected to a
microcalorimeter to obtain growth thermograms of yeast under high pressures of
30 MPa.

We studied the responses of microbes to stresses such as heat, high pressure,
and drugs, the thermotolerance of heat-shocked yeast, and the effect of trehalose on
the thermotolerance [3]. To investigate the activities of yeast under high pressure
quantitatively and in detail, we used a microcalorimeter with four high-pressure
ampoules. The effect of medium containing trehalose, which protects organisms
against external stress, on the thermotolerance of yeast was also studied.
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2 Material & Methods

The yeast used was Saccharomyces cerevisiae IFO10149. After pre-cultivation for
two days, the cells in logarithmic phase cultivated for 4 h were used for
experiments (1.0 x 10° cells/ml).

The high-pressure microcalorimeter is shown diagrammatically in Fig.1. High
pressure was produced with a screw-type hand-operated pump (Hikari Koatsukiki,
KP-2A type) directly connected to a nitrogen or oxygen gas cylinder. The growth
thermogram of yeast was monitored with a microcalorimeter CSC4100
manufactured by Calorimetry Science Corporation. A stainless steal high-pressure
ampoule (0.4 ml) was connected to a 1/16 inch stainless steel tube with silver
solder. Since it usually took 2 to 7 d of cultivation of yeast, a multi-cell calorimeter
was desirable for experiments.

Fig. 1. High-pressure differential scanning calorimeter (DSC). 1. Microcalorimeter (CSC
4100). 2. Cooling bath. 3. High pressure pump. 4. Pressure gauge. 5. N, gas cylinder. 6. N,
or O, gas cylinder. 7. High-pressure ampoule in DSC

3 Results

First, the growth thermograms of heat-shocked yeast were studied to confirm that
calorimetry was useful for the estimation of thermotolerance of stressed yeast. A
temperature of 43 °C is best for induction of thermotolerance of the yeast we used
[4]. After heat shock treatment and then exposure of the yeast cells to a lethal
temperature, they were cultivated at an optimum temperature according to the
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following temperature program: 7°C (30 min) - 51 °C (10 min) - 30 °C (about
3d), where T 1s 20, 30, 43, or 46 (°C). The growth thermograms of yeast cells
cultivated under these conditions are shown in Fig. 2. Clear effects of heat shock
treatment and trehalose as a protectant can be observed in the thermograms.

Fig. 2. Growth thermograms of yeast treated for 30 min at various temperatures and at
atmospheric pressure. Logarithmic phase cells suspended in YPD medium with and without
trehalose were put in ampoules of the calorimeter. Trehalose concentration: A, 0 mol/l; B,
0.5 mol/l; C, 1.0 mol/l. Temperature of treatment:
,20°C, — —,30°C, ————, 43 °C, ,46 °C

Namely, the thermotolerance was strongly dependent on the temperature of heat
shock treatment before exposing the yeast cells to a temperature of 51 °C when
trehalose was not added to the medium. Since the start time and peak time of
growth thermograms reflect the thermotolerance of yeast cells, the results show
that yeast cells treated at 43 °C acquired the highest thermotolerance. When 1 mol/l
of trehalose was added to the medium, the effect of temperature (7) disappeared
almost completely and the yeast cells acquired high thermotolerance. Trehalose, a
non-reducing disaccharide, is known to stabilize proteins and biomembranes [5],
and induces tolerance against high temperature, dryness, freezing, etc. of living
cells. Trehalose usually accumulates in yeast cells exposed to higher temperatures.
But, we found that it was not synthesized in cells shiocked by pressures of 25 to
75 MPa for 30 to 60 min where the cells acquired high thermotolerance. Heat
shock protein Hsp 104 was induced by both heat shock and pressure shock [3].

Figure 3 shows the growth thermograms of yeast cells incubated at 10 MPa.
Nitrogen gas was used to induce pressure. Clear differences were observed in the
thermograms for temperature effects and pressure effects. Namely, at higher tem-
peratures of 38 or 40 °C, recovery from the high temperature effect depended on
the concentration of trehalose: in medium containing a high concentration of
trehalose recovery was fast [6]. On the contrary, recovery at a high pressure of
10 MPa in medium containing 0.5 mol/l of trehalose was faster than that in
medium containing 1.0 moV/1 of trehalose. The rate of recovery did not necessarily
correspond to the concentration of trehalose. These results suggest that the effects
of hydrostatic pressure and high temperature are not always linked physiologically.
When oxygen gas was used to induce high pressure and microbial suspensions
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were pressurized to 5 MPa, no evolution of heat was observed regardless of the
presence of trehalose and the yeast cells died.

80

Nitrogen gas

60

Incubation time / h

Fig. 3. Effects of pressure and trehalose on growth thermograms of yeast at 30 °C. Sample:
0.25 ml. A: 0.1 MPa, [trehalose] = 0 mol/l; B: 10 MPa, [trehalose] = 0 mol/l; C: 10 MPa,
[trehalose] = 0.5 mol/l; D: 10 MPa, [trehalose] = 1.0 mol/l
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Abstract. E. coli K1060, a mutant defective in the synthesis and degradation
of unsaturated fatty acids, was used to obtain membranes of different fatty
acid composition without altering other growth parameters. The pressure
resistance of the cells varied according to the different fatty acid supplement
used in the growth medium. Cells grown on elaidic acid were the least
pressure resistant in exponential phase and the most resistant in stationary
phase. The fluidity of the membrane, as measured by differential scanning
calorimetry of stationary-phase cell lipids, showed a secondary peak at high
temperature (51.9 °C) for cells grown on elaidic acid. Cells with a more rigid
membrane were more sensitive to pressure in exponential phase and more
resistant in stationary phase confirming the results previously obtained with
cells grown at different temperatures.

1 Introduction

Damage to the cell membrane may play an important role in the inactivation of
bacteria by high hydrostatic pressure [1, 2]. We have shown previously [3] that
cells grown at different temperatures have different pressure resistance and
concluded that membrane fluidity may be involved in the cell response to pressure.
In this work, by using a mutant defective in synthesis and degradation of fatty
acids, we obtained cells with different membrane composition without altering the
growth conditions. The pressure resistance of the cells was affected by the fatty
acid supplemented, corroborating the possibility of a link between membrane
rigidity and pressure resistance.

2 Material & Methods

Escherichia coli K1060, a mutant defective in the synthesis and degradation of
unsaturated fatty acids, was grown at 37 °C in minimum salts medium (M63)
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supplemented with 0.01% linoleic acid (C18:2), oleic acid (C18:1(9)) or elaidic
acid (trans-C18:1).

Exponential and stationary-phase cells (ODgg of 0.2 and 24 h incubation,
respectively) were pressure treated in sealed plastic bags at 200 and 300 MPa,
respectively, using a Stansted Fluid Power pressure apparatus (Stansted, Essex,
UK).

Fatty acid extracts from whole cells were obtained as described by Miller and
Berger [4] and then analysed by gas chromatography (GC) using a HP 6890 Series
gas chromatograph (Hewlett Packard, Wilmington, USA).

Total lipids were extracted following the method of Bligh and Dyer [5]. 20 pl
aliquots of the extract in chloroform were placed in aluminium pans (Perkin-Elmer,
Norwalk, USA) and the excess solvent was evaporated. The pans were sealed and
heated in a Perkin-Elmer DSC 7 calorimeter at a rate of 5 °C per minute from
—10 to 60 °C using an empty pan as reference.

3 Results

No difference was observed in the growth of E. coli strain K1060 in M63
supplemented with linoleic, oleic or elaidic acid (data not shown).

Fatty acid analysis showed that the fatty acids supplied in the medium were
incorporated into the cells in different proportions of the total (Table 1).

Table 1. Fatty acid composition, as a percentage of the total, of E. coli strain K1060 grown
at 37 °C in M63 supplemented with linoleic (18:2), oleic (18:1(9)) or elaidic acid (trans-
18:1)

Exponential phase Stationary phase
Supplement 18:2 18:1(9)  trans-18:1 | 18:2 18:1(9)  trans-18:1
Fatty acid
12:0 53 5.6 6.7 7.9 8.0 6.2
14:0 8.2 9.4 9.2 17.6 12.2 8.9
B-14:0-OH 11.4 11.2 11.6 13.6 16.6 17
16:1 22 1.6 11.8 - - -
16:0 31.2 24.2 13.9 39.2 248 14.8
17:0 A®? 1.1 - 4.2 3.2 - 6.7
18:2 35.1 - - 17.2 - -
18:1 2.1 - - 2.4 - -
18:1(9) - 46.4 - - 35.1 -
trans-18:1 - - 42.6 - - 46.3
19:0 A* 3.2

*cyclopropane fatty acid
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Elaidic acid, a frans-unsaturated fatty acid, has a higher melting point than a
similar chain length cis-unsaturated fatty acid. Thus cells containing elaidic acid
would be expected to have more rigid membranes [6].

In exponential phase, pressure resistance was least in cells grown on elaidic acid
and greatest in cells grown on linoleic acid, i.e cells with rigid membranes were
more pressure sensitive (Fig. 1). Stationary-phase cells grown on different fatty
acids had a similar pressure resistance irrespective of the supplement used.
However, cells grown on elaidic acid showed a more resistant "tail" (Fig. 2).
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Fig. 1. Pressure resistance of £. coli strain K1060 grown at 37 °C to exponential phase in
M63 supplemented with linoleic, oleic or elaidic acid
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Fig. 2. Pressure resistance of £. coli strain K1060 grown at 37 °C to stationary phase in M63
supplemented with linoleic, oleic or elaidic acid
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In stationary-phase cells the proportion of saturated fatty acid (C16:0) was
higher than in exponential-phase cells and cells were more resistant than those in
exponential phase.

The DSC thermograms of total lipids extracted from whole stationary-phase
cells showed a major peak at similar temperature irrespective of the fatty acid
supplement (average values: 39.2 °C, linoleic acid and oleic acid, 39.5 °C elaidic
acid).

Stationary-phase cells grown on elaidic acid showed a second smaller peak at a
higher temperature (51.9 °C) which would be expected to increase membrane
rigidity and decrease resistance. In fact, the opposite was observed and a more
resistant "tail" was seen in elaidic acid grown cells.

4 Conclusions

Pressure resistance was affected by membrane fatty acid composition, but the
effect was different in stationary-phase and exponential-phase cells. In
exponential-phase cells, increased resistance was correlated with a more fluid
membrane whereas the reverse was true for stationary-phase cells. A similar
behaviour has been observed previously in cells grown at different temperatures.
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Abstract. Heat activation of E. repens ascospores was carried out in the
temperature range 50-60 °C. Activation improved the inactivation result,
though the inactivation rate is raised only at the beginning of the high
pressure treatment. A holding time between activation and inactivation led to
a partial re-stabilization of the spores.

1 Introduction

Usually fungal spores are in a rest period called dormancy. Dormant spores are
very stable and can survive harmful conditions, for example, heat or pressure
treatments. In case of bacterial spores it is well known that the transition to the
germinating stage leads to a drastic loss of stability [1]. In order to germinate,
many fungal spores need activation which is by definition any treatment, e.g. heat,
leading to an increase in the number of germinating spores [2].

In this study the effect of heat activation on the following high pressure
inactivation of ascospores of the mould Eurotium repens is examined.

2 Materials & Methods

The mould Eurotium repens (strain DSMZ 62631) was obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen, Braunschweig. The ascospores
were grown and harvested as previously reported [3].

For all experiments highly purified ascospores were used. Purification was done
by isopycnic density centrifugation. To separate the ascospores from mycelium and
conidiospores the concentrated suspension (1 ml) was placed on top of 34%
(wt/wt) CsCl solution and centrifuged for 5 min with 2,600 g (centrifuge model
Vetter 425-C). The ascospores which settled to the bottom because of their higher
density could be separated by removing the upper solution. This procedure was
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carried out at least three times until no conidiospores were left. Afterwards the
ascospores were placed on top of a second CsCl solution, having a concentration of
38% CsCl (wt/wt), and centrifuged for 20 min with 1100 x g (centrifuge model
Beckman

TJ-6) to separate viable from non-viable spores. The ascospores gained by this
procedure were washed three times to remove all CsCl.

Activation and inactivation experiments were carried out in an aqueous model
system consisting of 0.9% NaCl and 0.1% Tween 80.

The number of germinating spores and the number of spores surviving the
pressure treatment were determined by plating the treated spores on Sabouraud
agar dishes.

The maximum number of viable spores was determined using a Neubauer
counting chamber. It was assumed that every spore present in the suspension was
viable (unpublished data) and therefore in principle able to germinate.

The high pressure device was also described earlier [3].

3 Results

Figure 1 shows the heat activation at 55 °C. The number of germinating spores
increased with the duration of heating. A plateau was reached after 20 min. In this
state almost all of the spores were germinated. The sigmodial shape of the
activation curve remained the same using temperatures of 60 °C or 50 °C (data not
shown).
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Using 60 °C as activation temperature led to a quicker rise of germinating
spores and to a plateau after less than 10 min. Activation at 50 °C resulted in a
slower activation rate and the plateau was reached after heating the spores for more
than 60 min. Application of higher temperatures, e.g. 65 °C, led to the beginning of
heat inactivation after a short heating time (data not shown). Addition of nutrients
to the activation medium did not improve the activation result though they are
necessary for the complete germination process (unpublished data).

Figure 2 shows the combination of heat activation and high pressure
inactivation. It can be seen that a previous activation treatment, 60 °C and
15 min in this case, led to a drastic improvement of the inactivation result. High
pressure inactivation using 500 MPa and 25 °C for 30 min reduced the germ
number by two and a half logarithmic step compared to the control. Without a
previous activation treatment less than half a logarithmic step was obtained.
Inactivation was most successful if carried out immediately after the activation
process. A holding time between activation and mactivation led to re-establishment
of the spores’ stability and therefore to a worse inactivation result. This partial re-
stabilisation stopped after 60 min and a plateau was reached (data not shown).

The linkage of heat activation with the inactivation improvement is given in
Fig. 3. The upper plot shows the rise of germinating spores due to the time of the
activation treatment, the lower plot shows the result of a pressure inactivation of
500 MPa and 25 °C for 30 min after the same activation treatment. The more
spores germinated due to the activation the higher was the decrease of the germ
number caused by the following high pressure treatment.

In Fig. 4 inactivation kinetics of activated and non-activated ascospores are
compared. The white plot shows the inactivation at 500 MPa and 25 °C without an
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activation treatment, the black plot shows the inactivation with a previous heat
activation of 60 °C for 15 min. It can be seen that the inactivation of the activated
spores was much faster in the beginning but the slope of both inactivation curves
became the same after about 45 min.

4 Discussion

Variation of the activation temperature in the range between 50 °C and 60 °C has
neither an effect on the shape of the activation curves nor on the activation degree.
But the rate of activation is much faster with higher temperatures. Above a critical
temperature activation is covered by temperature induced killing of the spores. All
temperature treatments in this study led to spore activation only, not to a reduction
of the germ numbers. The usage of low, activating temperatures in combination
with inactivating high pressures is of advantage in sterilizing temperature sensitive
products.

Combination of heat activation and high pressure inactivation leads to an
advanced inactivation result, especially at the beginning of the high pressure
treatment. Due to the linking of activation and improvement of inactivation the
activation should be proceeded to its maximum level in order to obtain the best
inactivation success. Moreover the inactivation should immediately follow the
activation treatment. A holding time between the two processes leads to a partial
re-stabilisation of the spores although the initial level of stability is not reached.

Still unanswered is the question whether activation is also possible after the
inactivation treatment. Maybe the germ number can by raised after inactivation by
the same amount as it increases due to activation before the high pressure treatment
(Fig. 4). This would mean that there is a hidden fraction of ‘super dormant’ spores
in high pressure treated samples becoming visible and inactivable only after
activation. Future experiments will clear up this question.

Acknowledgements: This work was supported by the EU (COST D10 and FAIR-
CT96-1175) and the Landesgraduiertenforderung Baden-Wiirttemberg.

References

[1] Sojka, B. (1994) Pressure-induced germination and inactivation of Bacillus subtilis
spores; Pharm. Ind., 57, 251-252.

[2] Sussman, A.S. (1976) Activators of fungal spore germination; in: The Fungal Spore, 2™
International Fungal Spore Symposium; 101-139; John Wiley and Sons, New York.

[3] Eicher, R.; Merkulow, N.; van Almsick, G.; Ludwig, H. (1997); in: Bennet, P.B.,
Demchenko, 1., Marquis, R.E. (eds.) High Pressure Biology and Medicine, University
of Rochester Press, Rochester, New York, pp. 65-75.



Microorganism Inactivation
Using High Pressure Generation in Sealed Vessels
Under Sub-Zero Temperature

K. Hayakawa, Y. Ueno, S. Kawamura, T. Kado', K. Kamiyama], Y. Tamaoka’,
M. Morishita®, M. Matsumoto?, S. Kawai’ and R. Hayashi3

Kyoto Prefectural Comprehensive Center for Small and Medium Enterprises, |7 Chudoji
Minami-machi, Shimogyo-ku, Kyoto 600-8813, Japan

'San Contact Lens Co., Ltd., 475 Fuyachodori, Ebisugawa-agaru, Nakagyo-ku, Kyoto 604-
0983, Japan

*Teramecs Co., Ltd., 37 Nishi-Okenoi-cho, Fushimi-ku, Kyoto 612-8428

3Laboratory of Biomacromolecular Chemistry, Division of Applied Life Sciences, Graduate
School of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

Abstract. In order to test the possibility of utilizing high pressure in
bioscience and biotechnology, a simple high pressure generation method and
its use for microbial inactivation have been studied. When a pressure vessel
was filled with water, sealed tightly and cooled to sub-zero temperature,
high pressure was generated in the vessel. The maximum pressure
generation was 206 MPa at -23 °C. The high pressure generated was
effective at inactivating microorganisms: yeast (Saccharomyces cerevisiae
and Zygosaccharomyces rouxii), bacteria (Lactobacillus brevis and
Eschericia coli), fungi (Aspergillus niger and Aspergillus oryzae) were
completely inactivated by storing the sealed vessels containing these
microorganisms at 20 °C for 24 h. However, Staphylococcus aureus was
only partly inactivated under the same conditions. This method opens up a
new application of high pressure for storing, transporting, and sterilizing of
foods and biological materials.

1 Introduction

High pressure has recently been exploited as a new method for sterilization and
processing of food [1, 2]. In the course of our studies on the utilization of high
pressure in food science and technology, we had an idea for a simple pressurization
method for foods where high pressure is naturally generated without using an oil
pressure pump.

This method is based on a well-known phenomenon that water filled in a sealed
vessel increases the volume by freezing and generates high pressure in the vessel
when it is stored at sub-zero temperatures and, therefore, food placed in the vessel
would be affected by the generated pressure. The purpose of this report is to
describe the extent of high pressure generated in a sealed vessel which is kept
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under different sub-zero temperatures and the effects of such high pressure on the
inactivation of microorganisms.

2 Material & Methods

2.1 Sample Preparation of Microorganisms and Measurement
of Surviving Microorganisms

Saccharomyces cerevisiae 1AM 4274 and Zygosaccharomyces rouxii IAM 12880
were cultivated in malt extract both containing 5% NaCl at 30 °C for 5d and 2 d,
respectively; Aspergillus oryzae H-3 and Aspergillus niger IFO 9455 in potato
dextrose agar at 30 °C for 7 d; Lactobacillus brevis IFO 12005 in GYP medium at
30 °C for 2 d; Escherichia coli IFO 3972 and Staphylococcus aureus IFO 13276 in
Mueller Hinton broth at 30 °C for 2 d. Cultivated cells and spores of two fungi
were collected by centrifugation, washed two times with sterilized water, and re-
suspended in deionized water. The number of microorganisms surviving the high
pressure treatment was measured by counting colonies after each strain was
incubated on agar plates of the medium described above.

2.2 High Pressure Generation in the Sealed Vessel

To estimate the high pressure generation, a high pressure chamber connected to a
pressure gauge was used. The inner volume of the chamber was 167 ml and its
resistance to pressure was 300 MPa. A rubber balloon containing 140 ml of water
was set into the pressure chamber after the neck of balloon had been tightly
fastened with a cotton thread. The chamber was filled with 27 ml of ethanol which
was used as pressure medium (see Fig. 1). The chamber was tightly sealed and kept
under sub-zero temperature in a cooling bath. To obtain a higher pressure, a
modified pressure vessel (Type II) which contains the minimum pressure medium
(water:ethanol=98:2) was used (Fig. 2). The generated pressure was measured by
the pressure gauge.

To test microbial inactivation, a cylinder type of pressure-resistant vessel
(Type III) was used. Both ends were stoppered with two plugs. The inner volume
of the vessel was approximately 20 ml and its resistance pressure was 300 MPa.
Microbial suspension in a polyethylene pouch was placed in the pressure vessel.
The vessel was filled with distilled water and sealed tightly. Then, the sealed vessel
was kept in a temperature-controlled freezer for 24 h. After the storage, the vessel
was taken out from the freezer and equilibrated with room temperature. The vessel
was opened and surviving cells were counted.
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Fig. 1. Measurement of pressure generation in a high pressure chamber (Type I) which is
stored under sub-zero temperatures

3 Results

3.1 High Pressure Generation

When the Type I pressure chamber had cooled to 22 °C, pressure was generated
after 15 min and reached 140 MPa after 60 min without further increase with time.
When the chamber was immersed in the cooling bath controlled at different
temperatures for 1 h, gauge pressures of 60, 103, 140 and 140 MPa were obtained
at -5, —10, —15 and -22 °C, respectively. Theoretical pressure was obtained by the
Type II pressure vessel which was designed to minimize the volume of the
pressure medium (80 ml of water and 1.5ml of ethanol): maximum pressure
reached 206 MPa at 23 °C (Fig. 3).

3.2 Inactivation of Microorganisms

When suspensions of S. cerevisiae and Z. rouxii in a sealed vessel (Type III) were
stored in a freezer at different temperatures for 24 h, surviving yeasts were
decreased with lowering temperature of the freezer and no surviving yeast was
detected after storage at —10 °C. In this condition, a pressure of 100 MPa or higher
was expected to be generated according to Fig. 3. On the other hand, the yeasts
stored in the same conditions in an open vessel under 0.1 MPa were only slightly
changed.
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Fig. 2. Modified pressure vessel (Type II) Fig. 3. Relation between temperature and
for freeze pressurization pressure in the modified sealed vessel
(TypeII). O observed pressure; — the
equilibrium curve of water and Type I ice

(3]

Table 1 summarizes the inactivation effect of the present experimental method
on yeasts, fungi, and bacteria. Most of them were completely inactivated by storing
them in a sealed vessel (Type III) at —20 °C for 24 h without S. aureus.

Table 1. Inactivation of microorganisms in the sealed vessels at —20 °C

Cells/ml
Microorganism Initial Open vessel  Sealed vessel (Type III)
Saccharomyces 4.2x10’ 1.9x10’ n.d.
cerevisiae
Zygosaccharomyces 5.6x10 3.5x10’ n.d.
rouxii
Aspergillus oryzae 6.8x10° 2.5x10° n.d.
Aspergillus niger 2.2x10° 6.7x10* n.d.
Lactobacillus brevis 6.5x10° 2.1x10° n.d.
Escherichia coli 3.8x10° 5.2x10* n.d.
Staphylococcus aureus | 9.0x10° 6.9x10° 7.2x10?

n.d. not detected

4 Discussion

According to the phase diagram of water [3], an equilibrium of Type I ice and
water changes depending on temperature and pressure as shown by the solid line in
Fig. 3. When water filled in the sealed vessel is cooled down to sub-zero
temperature, high pressure would naturally be generated inside the vessel along the
equilibrium line to reach to 220 MPa at —22 °C as the temperature decreases. This
principle was realized by the present experiments when the sealed pressure
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chamber was cooled down from 0 to —23 °C. The maximum pressure was reached
to 206 MPa at -23 °C.

Microorganisms are inactivated more casily by the combined use of low
temperature and moderately high pressure than by pressurization at room
temperature [4,5]. This is also the case of the present experiment as shown in Table
1. As the Type III sealed vessel used in the experiment of Table 1 contained only
water, high pressure of 206 MPa must be attained as shown in Fig. 2. As no
microorganisms used in the present experiment were inactivated only by freezing
at the ambient pressure, the results clearly show the effectiveness of pressurization
at moderately high pressure and sub-zero temperature. This inactivation of
microorganisms is different from pressurization at room temperature which needs
high pressure [6].

Freezing is widely used in transporting and storing food and biological
compounds. Therefore, the present high pressure generation system may be used
for transporting and storing of not only food but also unstable biological materials
in medical and pharmaceutical industries. To attain the idea, large scale pressure
vessels resistant to moderately high pressure must be economically developed.
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Abstract. The pressure induced germination and inactivation of
Clostridium pasteurianum spores are investigated. The germination is
followed by the release of dipicolinic acid (DPA). The temperature has
only a minor effect on the DPA-release. At 60 °C and with pressures
above 400 MPa almost complete DPA-release is obtained within 15 min.
From the results of the germination experiments an effective process is
derived to inactivate the spores using oscillatory pressures.

1 Introduction

The inactivation of microorganisms by hydrostatic pressure has become an
intensively studied field. Nevertheless, data presenting the inactivation of
anaerobic bacteria, especially anaerobic spores, are lacking [1]. It is known that
spores are difficult to inactivate. Inactivation of spores by pressure is a two step
process. Before killing can happen the spore has to germinate. Hydrostatic pressure
is able to cause germination and killing. The germination of spores can be followed
by measuring the release of dipicolinic acid (DPA), a spore specific compound,
into the surrounding medium [2]. In this work, the germination and inactivation of
Clostridium pasteurianum spores by hydrostatic pressure were studied.

2 Materials & Methods

For the handling of anaerobic bacteria the exclusion of oxygen during all working
steps has to be guaranteed. Therefore, a glovebox (Mecaplex) and for the
incubation on agar plates anaerobic jars (GasPak® 100; Becton Dickinson) were
used. The atmosphere contains 90% nitrogen, 5% carbon dioxide and 5%
hydrogen. To control the anaerobic conditions the redox indicator resazurin
(1 mg/l; Fluka) and the reducing agent cysteine (0.5 g/l; Fluka) were added to all
media.
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Clostridium pasteurianum (strain ATCC 6013) was purchased from the
Deutsche Sammlung von Mikroorganismen (Braunschweig). It was grown in a
solution of glucose (20 g/l; Merck), yeast extract (10 g/l; Difco) and calcium
carbonate (20 g/I; Merck). A quarter of a lyophilized pellet of C. pasteurianum was
added to 40 ml of the culture medium and incubated at 37 °C overnight.
Subsequently, the overnight culture was plated on agar plates containing the same
ingredients as the culture medium with additional agar (17 g/l). Spores were
harvested after 10~14 d incubation at 37 °C and suspended in physiological NaCl-
solution. The amount of spores was determined by counting the survivors of a
12 min lasting treatment at 70 °C. It was about 90%. The agar plates, described
above, were also used for the determination of viable counts.

The amount of released DPA was analyzed by HPLC using the counter ion
method [2]. The HPLC-system was a Shimadzu liquid chromatograph type LC10
connected with an UV-detector (Latek). Pressurized suspensions of spores were
centrifuged at 5000xg and 20 pl of the supernatant fluid were injected onto a
120x4 mm Superspher 100 RP-18, 4 um (encapped) column (Knauer). After an
isocratic elution with a phospate buffer pH 7.3 containing tetrabutylam-
moniumhydrogensulfate (2.3 g/l; Sigma) and 15% methanol DPA was detected at
270 nm. The total DPA content in the spores was determined after autoclavation
for 30 min at 121 °C. These conditions were suited to achieve complete DPA-
release. All DPA values were related to the maximal DPA exudation.

The high pressure device consisted of 10 small pressure vessels arranged in 2
groups of 5 each that could be thermostated separately. For kinetic studies, the
series connection of the pressure vessels allows the separate opening of each
autoclave. The pressure transmitting medium was water.

For inactivation experiments 1-2 ml of the spore suspension were filled into
polyethylene tubes (Ratiolab) that were plugged with silicone stoppers.

Germination experiments were performed in 400 pl Beckman type reaction vials
made of polyethylene filled with the spore suspension. These vials were enclosed
additionally in polyethylene tubes that were filled completely with physiological
NaCl-solution and sealed with silicone stoppers.

3 Results & Discussion

In imitation of the procedure used succesfully in the case of Bacillus subtilis spores
a two step process was applied using moderate pressures as pretreatment to induce
germination and higher ones for inactivation of germinated spores. Spores of
C. pasteurianum were treated at 55 °C three times with pressures of 100 MPa for
60 min followed by 10 min with 300 MPa (Fig. 1). In contrast to all the following
experiments which were done in physiological NaCl-solution the results of Fig. 1
were obtained in culturing medium to offer the spores nutritive substances for
germination. After the first cycle 98% of the spores are killed but then no further
inactivation occurs. It seems clear that these are not the optimal conditions for
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spores of C. pasteurianum. Therefore, before further inactivation experiments were
done, germination was studied via the release of DPA. It is a rapid indicator for the
germination progress. Optimization of germination would be helpful for effective
inactivation. Figure 2 shows the DPA-release after 15 min treatment at 30, 40, 50
and 60 °C with pressures from 50-500 MPa. It is striking that there is only a small
influence of temperature on the DPA-release. Pressures below 200 MPa cause no
DPA exudation. Between 200 and 350 MPa it increases strongly up to 90%. With
higher pressures a plateau is reached. The temperature has only an influence on the
maximal amount of DPA released. At 30 °C it is 90%, at 40, 50 and 60 °C it is
nearly 100%. The germination is the more complete the higher the pressure is. This
is similar to germination experiments with B. stearothermophilus spores [2]. The
kinetics of DPA-release was followed at 60 °C and different pressures of 250, 300
and 350 MPa (Fig. 3). It occurs very fast. After 5 min almost the maximal amount
of DPA at each pressure is released. Further treatment gives only a slight increase
in DPA exudation.
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Fig. 1. @ Inactivation of C. pasteurianum
spores at 55 °C by an oscillatory pressure
treatment with 60 min at 100 MPa and
10 min at 300 MPa; open symbol is
control; ® amount of spores; — course of
pressure

Fig. 2. Pressure dependence of DPA-
release from C. pasteurianum spores after
15 min treatment at different temperatures
of @ 30, M 40, A 50 and ¥ 60 °C

Refering to the results of the germination experiments an oscillatory pressure
treatment for spore inactivation was carried out. In Fig. 4 spores were pressurized
at 60 °C with 5 cycles each consisting of 10 min treatment with 420 MPa and
5 min with ambient pressure. The pressure cycling leads to a strong decline in
viable counts with a reduction by 2 log-steps during the first cycle and a 4 times
slower inactivation rate for the following cycles. Compared to a treatment with
constant 420 MPa it is much more effective. This leads to the conclusion that
building up the pressure is an important factor for inducing germination. The
kinetics of DPA-release supports this hypothesis. Most of the DPA had already
been released after the pressure had been built up in about 30 s. Temperature rise
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due to adiabatic compression has a minor influence (data not shown). For
C. pasteurianum spores it is difficult to separate germination from inactivation.
The germination occurs best with higher pressures that also effect the inactivation.
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Fig. 3. Kinetics of DPA-release from  Fig. 4. Pressure inactivation of

C. pasteurianum spores at 60°C and
different pressures of @ 250, B 300 and
A 350 MPa; open symbol is control (DPA-
release after 15 min at 60 °C and ambient
pressure)

C. pasteurianum spores at 60°C by
@ oscillatory pressure cycling (one cycle
consists of 10min treatment with
420 MPa followed by 5 min at ambient
pressure. The picture shows 5 cycles) and

by M constant 420 MPa; open symbols are
controls; @, B amount of spores

4 Conclusions

The DPA-release from C. pasteurianum spores increases with rising pressures and
the temperature has only a minor effect on the maximal amount released.

For inactivation of spores a process using changes between high and low
pressures is more effective than a treatment with constant pressure. For further
studies oscillatory pressures seem to be suitable to achieve complete inactivation of
C. pasteurianum spores.
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Abstract. To estimate the contribution of neutral trehalases to barotolerance,
we measured barotolerance of neutral trehalase I and/or neutral trehalase I
deficient strains. Under 180 MPa for 2 h, the neutral trehalase I deficient
strain showed lower barotolerance than the wild type strain. The neutral
trehalase II deficient strain did not show lower barotolerance than the wild
type strain. However, the neutral trehalase I and neutral trehalase II double
mutant showed much lower barotolerance than the neutral trehalase II
deficient strain. These results suggest that neutral trehalase I directly
contributes to barotolerance and that neutral trehalase II may indirectly
contribute to barotolerance. To confirm the direct contribution of neutral
trehalase I, we transformed the neutral trehalase I deficient strain with the
plasmid which contained neutral trehalase I gene. This transformant showed
higher barotolerance than the control strain which carried the plasmid
without neutral trehalase I gene. Our data suggest that neutral trehalase I has
a direct role in barotolerance.

1 Introduction

We have studied the analogy between hydrostatic pressure and temperature using
S. cerevisiae as a model system. We have shown that barotolerance and
thermotolerance are based on a similar mechanism but are essentially different [1]
and that the molecular chaperones Hsp104 and Hsp70, as well as the nonreducing
disaccharide trehalose, are important factors for barotolerance [1, 2]. Hsp104 [3]
and trehalose [4] were suggested to be important factors in thermotolerance.
Recently, it was suggested that neutral trehalase I and neutral trehalase II
contribute to thermotolerance [5—7]. Neutral trehalase 1 is the enzyme which is
responsible for breaking trehalose in cells and neutral trehalase II 1s encoded by a
gene, which is a homologue of neutral trehalase I gene [8]. As the factors which
contribute to thermotolerance may also contribute to barotolerance, we investigated
the contribution of neutral trehalases to barotolerance.
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2 Materials & Methods

The strains used in this paper were derived from YS18 (7Mata his3 leu2 ura3
CanR gal-) and are shown in Table 1 [7]. The plasmids used are also listed in
Table 1. Barotolerance of stationary phase cells were measured as % colony
forming unit (CFU) of high pressure treated cells, relative to untreated control.
Trehalose contents were measured as described previously [9].

Table 1. Strains and plasmids used

Strain Genotype Characteristic

YSI18 Mata his3 leu2 ura3 CanR gal- Wild type

YSNI Mata his3 leu2 ura3 CanR gal- nthl::LEU2 -NTHI1

YSNO1 Mata his3 leu2 ura3 CanR gal- nth2::URA3 -NTH2

YSN1-01 Mata his3 leu? ura3 CanR gal- nthl::LEU2 -NTHI1,2
nth2::URA3

YSN1-pSEY8 Mata his3 leu2 ura3 CanR gal- nthi::LEU2 Control
URA3

YSN1-pNTH2 Mata his3 leu2 ura3 CanR gal- nthi:.LEU2 ++NTHI1
URA3 NTH1

Plasmid

pSEY8 Ap” URA3 ori(2p DNA) Control

pNTH2 Ap” URA3 ori(2p DNA) NTHI +NTHI

3 Results & Discussion

To estimate the contribution of neutral trehalases to barotolerance, we measured
barotolerance of stationary phase cells of neutral trehalase I and/or neutral
trehalase II deficient strains. Stationary phase cells were selected as we could not
estimate barotolerance in logarithmic phase cells and heat shocked cells with high
reproducability. This is possibly because of the amount of trehalose accumulated in
the cells. It had been shown that trehalose content of the cells affect barotolerance
and thus trehalose may decrease the apparent contribution of neutral trehalase to
barotolerance.

Under 140 MPa for 2 h, we could not detect the contribution of these factors.
However, when pressure was increased to 180 MPa, the neutral trehalase I
deficient strain showed lower barotolerance than the wild type strain. The neutral
trehalase II deficient strain did not show lower barotolerance than the wild type
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strain. However, the neutral trehalase I and neutral trehalase II double mutant
showed much lower barotolerance than the neutral trehalase II deficient strain.
These results suggest that neutral trehalase I directly contributes to barotolerance
and that neutral trehalase II may indirectly contribute to barotolerance.

To confirm the direct contribution of neutral trehalase I, we transformed the
neutral trehalase 1 deficient strain with the plasmid which contained the neutral
trehalase I gene. This transformant showed higher barotolerance than the control
strain which carried the plasmid without the neutral trehalase I gene (data not
shown). Our data suggest that neutral trehalase I has a direct role in barotolerance.

Trehalose had been shown to contribute to barotolerance and considered as a
macromolecule stabilizer under high hydrostatic pressure conditions. Neutral
trehalase is responsible for breaking trehalose in cells and the deletion of neutral
trehalase caused higher accumulation of trehalose in the cells [8] (Table 2).
However, the deletion of neutral trehalase decreases barotolerance. These
observations suggest that trehalose is not only a macromolecule stabilizer but the
degradation of trehalose is also important for yeast cells to survive higher
hydrostatic pressure conditions. In the aspect of thermotolerance it was suggested
that glucose from trehalose degradation is important as an energy source to rescue
the stressed cells [8], and that trehalose inhibits the disaggregation of denatured
proteins [10]. Similar mechanisms could be understood with barotolerance.

Table 2. Barotolerance (140 MPa, 25 °C, 2 h and 180 MPa, 25 °C, 2 h) and trehalose levels
(ug/mg protein) of neutral trehalase deficient mutants

Conditions Wild type  ANTHI ANTH?2 ANTH1 ANTH2
140 MPa, 25°C,2h 0.27 0.29 53 44

180 MPa, 25°C,2h 0.0017 0.00056 6.7 0.0082
Trehalose level 124 21.5 17.9 20.4
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Abstract. At present, ultra high pressure (UHP) is proposed to be used for
food preservation. For the experiments the strain Streptomyces sp. R61 was
used. The purpose of the work was to test: ultrastructural changes of UHP
treated cells, UHP killing pressure, UHP mode of killing, mutagenic effect
of UHP. The hyphal cells were treated separately at 100, 200, 300, 400,
500 MPa, (exponential phase) for 10 min. The ultrathin sections were
examined under a transmission electron microscope. A Prokaryote
ultrastructure was observed. In comparison with not UHP treated cells in the
cells after 100 MPa treatment no ultrastructural changes could be seen. After
UHP treatment some of the cells (about 20%, i.e. young cells and senescent
cells) were disrupted showing a lack of cytoplasm. Other cells did not show
ultrastructural changes. At 300-500 MPa in the not disrupted cells the
ribosomes were crushed. Only a few colonies were grown on solid medium
after 300 MPa. The colonies after 300 MPa did not show morphological
changes. The second generation did not show a genetically diversified
population. Ultra high killing pressure for the tested strain is 400 MPa. UHP
mode of killing: disruption of young and senescent cells at 200~-300 MPa,
crushing of ribosomes of mature cells, disturbing the protein biosynthesis.
No mutagenic effect of UHP was observed.

1 Introduction

At present, ultra high pressure is proposed to be used for food preservation and
processing [3]. UHP inactivation of anaerobic bacteria was examined previously
[1]. Influences of UHP treatment on behaviour of bacteria in foods is at present a
purpose of experimentation {2, 7, 11, 12, 14, 15]. Inactivation of microorganisms
by UHP was described [13]. The inactivation of vegetative bacteria by pressure
was tested [10].

The purpose of the work was to test the influences of UHP treatment on the
ultrastructure and behaviour of Streptomyces sp. R61, i.e.:
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1. Influences of UHP treatment on the ultrastructure of cells.
2. Ultra high killing pressure.

3. UHP mode of killing.

4. Mutagenic effect of UHP.

Previously the strain Streptomyces sp. R61 has been the subject of numerous
experimentations. The morphology, ultrastructure, physiology, exocellular enzyme
production such as xylan degrading enzymes, DD-carboxypeptidases/transpepti-
dases, B-lactamases were tested [4-6, 8].

2 Materials & Methods

2.1 Microorganisms

For the experiments the strain Streptomyces sp. R61 was used (Culture Collection
of the National Institute of Hygiene in Warsaw).

2.2 Cultivation

The strain was maintained on yeast extract-malt extract agar (ISP-2) composed of
(g/dm’): yeast extract (Difco) 4, malt extract (Difco) 10, glucose (Difco) 4 , agar
(Difco) 20, distilled water; pH was adjusted to 7.3. The inoculated slopes of the
sporulation medium were incubated for 10 d at 28 °C.

Spores harvested from two slopes were used to inoculate 30 cm’ of medium
GZ-5 composed of (g/dm’): soya meal 20, peptone (Difco) 4, yeast extract (Difco)
5, com steep liquor 10, MgSO,-7H,0 0.5, KH,PO, 4, CaCO; 3, Soya oil 0.3 cm’,
20% solution of glucose 3 cm’, tap water; pH was adjusted to 7.5. Culture was
shacked at 220 rpm for 24 h at 28 °C.

2.3 Phase-Contrast Microscopy

The growth of mycelium was observed under a phase-contrast microscope Docuval
(Carl Zeiss, Jena, Germany).

2.4 Preparation of Samples for UHP Treatment

Cultures were centrifuged for 15 min at 4500xg. The mycelium was washed twice
with 0.05 M phosphate buffer, pH 7.0 and centrifuged for 15 min. The mycelium
harvested from two fermentation flasks was suspended in 25 cm® 0.2 M phosphate
buffer, pH 7.0. Samples of 2.0 cm’ of mycelial suspension in special vials were
UHP treated at 100, 200, 300, 400, 500 MPa for 15 min at room temperature.
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2.5 Cultivation of UHP Treated Mycelium

Yeast extract-malt extract agar (ISP-2) in Petri dishes were inoculated with 0.5 cm’
suspension of UHP treated mycelium. Cultures were incubated at 28 °C for 10 d.

2.6 Electron Microscopy

The mycelium after UHP treatment was centrifuged 8 min at 3500xg, washed
carefully with distilled water and again centrifuged under the same conditions. The
mycelium was suspended in 2% solution of glutaraldehyde and stored over night at
room temperature. The samples were centrifuged for 10 min at 3500xg and the
mycelium was prepared for electron microscopy as described previously and the
procedure for immunolocalisation was omitted [9]. Ultrathin sections were

observed under a transmission electron microscope JEM 100C (JEOL, Tokyo,
Japan).

3 Results

The effect of UHP treatment on survival of Streptomyces sp. R61 was examined by
the use of yeast malt-extract agar (ISP-2). In comparison with the control samples
(not UHP treated mycelium), after UHP treatment of mycelium at 100 MPa and
200 MPa an essentially reduced growth of colonies was observed. Mycelium after
300 MPa treatment showed the growth of a few colonies (2-3 colonies). No growth
of colonies was observed after 500 MPa treatment.

The ultrastructure of UHP treated mycelium was observed under electron
microscopy. The cells showed a Prokaryote ultrastructure. In ultrathin sections of
mycelial control samples the following subunits were observed: cell wall, cross
wall, plasma membrane, nucleoid, cytoplasm densely packed with ribosomes.

The mycelium treated at 300 MPa showed essential ultrastructural changes.
About 80% of cells of the population, most likely young cells at the tips of hyphae
and senescent cells, were disrupted showing cell wall without cytoplasm. On the
other hand, the cytoplasm of mature cells was electron dense showing areas of
amorphous material packed with crushed ribosomes.

The UHP treated cells did not show genetically diversified population. Further
experiments should be done to test if UHP is a mutagenic agent. For this reason the

characteristics obtained in previous experiments for Streptomyces sp. R61 should
be helpful.

4 Conclusions

1. At 300 MPa treated population of cells showed disrupted, most likely young and
senescent cells and mature not disrupted cells with crushed ribosomes.
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2. The ultra high killing pressure for the tested strain is 400 MPa.

3. UHP mode of killing: disruption of young and senescent cells at 300 MPa,
crushing of ribosomes of mature cells, disturbing the protein biosynthesis.

4. After UHP treatment no genetically diversified population was observed.

5. Further experiments should be done especially to compare the physiological
properties of untreated and UHP treated cultures.
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Abstract. The resistance of Escherichia coli O157:H7 to high pressure
varies between strains. In the first experiment a pressure resistant strain,
NCTC 12079, was used to investigate the effect of sub-lethal pressure
treatment on the heat resistance of E. coli O157:H7. UHT skimmed milk
was inoculated with a stationary phase culture, pressure treated at 200 MPa
for 30 min and heat treated at 55, 58 and 60 °C. Pressure treatment caused an
increase in the heat sensitivity of E. coli O157:H7 at all three temperatures.
This has important implications for the safety of pressure treated foods
which are intended for subsequent heat treatment. In the second experiment
the effect of sub-lethal pressure treatment on verotoxin production was
investigated. Samples were first pressure treated at 400 MPa or held at
ambient pressure as a control. Verotoxin production was assayed at various
stages during storage at 25 °C in laboratory medium. Pressure treatment
caused an increase in the time to detection of verotoxin activity. This effect
may be explained in terms of cell numbers rather than any effect on the
production or the activity of verotoxins, as pressure treatment caused an
increase in the lag period during subsequent storage. This would indicate
that although injured, pressure treated E. coli O157:H7, which are allowed to

proliferate, are still capable of producing toxins and therefore likely to be
capable of causing illness.

1 The Effect of High Pressure on the Heat Sensitivity
of E. coli 0157:H7 in Skimmed Milk

E. coli O157:H7 is of growing concern to the food industry and has been isolated
from a wide variety of foods including various meats, water and unpasteurised
milk and apple juice [1,2]. Patterson et al. found E. coli O157:H7 strain NCTC
12079 to be particularly resistant to high pressure [3]. Previous studies have shown
that this strain of E. coli O157:H7 in laboratory medium is more sensitive to heat
inactivation following a sub-lethal pressure treatment [4]. This effect was
investigated in skimmed milk, a foodstuff which is suitable for high pressure
processing.
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1.1 Materials & Methods

E. coli O157:H7 NCTC 12079 was grown for 18 h at 37 °C in tryptone soya broth
with 0.6% yeast extract added (TSBYE). Cells were harvested by centrifugation at
2400xg for 20 min, washed in phosphate-buffered saline and resuspended in UHT
skimmed milk to give approximately 10°® cfu mI™". This cell suspension was held at
3 °C for 18 h before pressure treatment at 200 MPa for 30 min at 10 °C, using a
Stansted Foodlab 9000 high pressure isostat. The pressurising fluid was 90%
distilled water: 10% ethanol and the come-up time was approxirnately 1 min. The
temperature increase due to adiabatic heating was approximately 3 °C per 100 MPa
and the pressure release time was 2 min. Pressure treated samples were held at 3 °C
for a maximum of 2 h before heat treatment at 55, 58 and 60 °C. Surviving cells
were enumerated on tryptone soya agar containing 0.6% yeast extract incubated at
37 °C for 24 h.

1.2 Results & Discussion

A pressure treatment of 200 MPa for 30 min at 10 °C had little effect on the
numbers of E. coli O157:H7 in skimmed milk, resulting in only a mean log;,
decrease of 0.25. However this pressure treatment did have a significant effect on
the heat sensitivity of the organism, as can be seen in Table 1.

Table 1. Time (min) to achieve a 4-log10 inactivation of pressure treated E. coli O157:H7
55°C 58°C 60 °C
Control 200 MPa Control 200 MPa Control 200 MPa
74.0 55.0 30.0 20.0 11.9 53

At all three temperatures tested the time required to achieve a 4-log,, reduction in
numbers was significantly decreased following pressure treatment (p=0.034, 0.058
and 0.024 at 55, 58 and 60 °C, respectively). The reduced heat tolerance of E. coli
O157:H7 after a comparatively mild high pressure treatment has important
implications for foodstuffs which are to be heated after high pressure processing.



The Effects of Sub-Lethal Pressure Treatment on Escherichia coli O157:H7 79

2 The Effect of High Pressure on Verotoxin Production
by E. coli O157:H7

Verotoxins (VT) are cytotoxins which are regarded as important virulence factors
in E.coli strains causing human disease such as haemorraghic colitis and the
uraemic syndrome [5]. The activity of VT-1 produced by E. coli O157:H7 can be
reduced by exposure to extreme conditions such as low pH and high temperature
[6]. Little is known of the effects of sub-lethal pressure on verotoxin production by
E. coli O157:H7. In this study the effect of high pressure on the production of
verotoxins was investigated.

2.1 Materials & Methods

The same pressure resistant strain of £. coli O157:H7, described above, was used
for this study. The organism was grown for 18 h at 37 °C in TSBYE. Polyethylene
pouches containing 5 ml of this stationary phase culture were prepared and
subjected to a pressure treatment of 400 MPa for 30 min at 30 °C. Pressure
treatment of samples was carried out using a Haskel high pressure generating
system (Haskel Energy Systems Ltd., Sunderland, England), capable of operating
at 400 MPa. The pressure transmission fluid was distilled water containing 10%
Dromus oil B ( Shell UK, London, England ) and temperature was controlled by an
electrical heating device which surrounded the pressure chamber. At this pressure
treatment the adiabatic heating effect caused a 5 °C increase in temperature. The
come-up time and pressure release times were instantaneous. TSBYE broth
(100 ml) was inoculated with E. coli O157:H7, in duplicate, to a level of
approximately 1 x 10° cfu/ml and incubated at 25 °C until stationary phase was
attained . Growth curves were generated and regular sub-samples (1 ml) taken for

bioassay. The verocell cytotoxicity test [7] was used to test verotoxin production
and toxicity.

2.2 Results

The detection of verotoxin using this technique could not be achieved until cell
numbers reached approximately 1 x 10°cfu/ml. Fig. 1 shows that a pressure
treatment of 400 MPa for 30 min at 30 °C leads to an increase in the time to
detection of toxin from 11 hto 24 h.

The time to detection would appear to be a function of cell numbers. There is
nothing to suggest toxin synthesis is inhibited following pressure treatment, as
similar results were obtained for control and pressure treated cells when verocell
cytotoxicity was tested at the stationary phase of growth.
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Abstract. Fungal conidiospores can be inactivated by high hydrostatic
pressure. The pressure resistance depends on the species. Simple first order
inactivation is only found at low temperatures. At high temperatures the
inactivation is not complete, a pressure stable fraction remains.

1 Introduction

Some moulds are known to cause diseases in human beings and many others to
cause spoilage of food [1]. The majority of these fungi belong to the class
Deuteromycetes (fungi imperfecti). Their reproduction follows an asexual cycle
and results in the building of conidiospores. These spores are much more resistant
to high hydrostatic pressure than the vegetative cells [2].

High pressure treatment may offer an alternative to high temperature
sterilisation of food and heat sensitive drugs. Accordingly experiments were done
with the moulds Penicillium expansum which attacks mature fruits and produces
the mycotoxin Patulin [3], with Bofrytis cinerea that spoils fruits and cereals with
grey rot, and with Aspergillus fumigatus.

2 Materials & Methods

P. expansum (strain DSM 1994), B. cinerea (DSM 877) and A. fumigatus ( DSM
790) were obtained from the Deutsche Sammlung von Mikroorganismen (DSM),
Braunschweig. P. expansum and B. cinerea were grown on Potato Dextrose Agar
(PDA) at 24 °C, A. fumigatus on PDA at 37 °C. The spores were harvested after
10-14 d. For pressure treatments the spores were freshly prepared and suspended
in isotonic NaCl-solution containing 0.1% Polysorbate 80. The number of
surviving microorganisms was determined by counting colony forming units (cfu)
on agar plates after 3-5d at 24 °C. The surviving cells of P. expansum were
counted on Malt Extract Agar (MEA), of B. cinerea on MEA containing 1 g of ox
bile/l and those of A. fumigatus on MEA with 0.05 g Bengal Rose/l. All
experiments were repeated at least once.
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3 Results

3.1 Penicillium expansum

Figure 1 shows the barotolerance of conidiospores from P. expansum at 25 °C.
Their inactivation needs a minimum pressure of 250 MPa. The inactivation rate
accelerates with rising pressure. As shown in Fig. 2 the inactivation of spores at
4 °C and 350 MPa follows a first order reaction with a “Decimal Reduction Value”
(D-value) of one minute. At 25°C a two phase inactivation kinetics is
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Fig. 1. Pressure dependence of conidio-
spores of P. expansum, 30 min at 25 °C;
———detection limit

t/ min

Fig. 2. Inactivation of conidiospores of
P. expansum at 350 MPa and ~ 4 °C, @
25°C and A 40°C; open symbols are

controls; — — — detection limit

found. The D-values are ~ 7min (D1) for the more sensitive fraction, and
~ 30 min (D2) for the more resistant one. At 40 °C a fast inactivation (D1 < 1 min)
stops after some minutes so that a stable fraction remains. If the temperature of this
fraction is lowered to 25 °C the stability against pressure is lost immediately.

3.2 Botrytis cinerea

The inactivation of spores from B. cinerea starts at 150 MPa, at 300 MPa no viable
cells are detectable after 30 min at 25°C (Fig. 3). Experiments at 4 °C and
200 MPa result in a bent curve (Fig. 4); the first fraction is inactivated with D1 ~
7 min, the second with D2 = 30 min. 25 and 40 °C give similar results, a fast
inactivation in the first minutes with D-values (D1) of about 6 and 3 min and
remaining stable fractions.
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3.3 Aspergillus fumigatus

The conidiospores of A. fumigatus are the most pressure resistant ones of the
investigated moulds. The inactivation starts at 300 MPa and accelerates with rising
pressure (Fig. 5). The inactivation kinetics at 4 °C and 400 MPa seems to be a first
order reaction with a D-value of ~ 3 mun (Fig. 6). But under these conditions it is
impossible to obtain sterile samples even after pressure treatments of 5 h. At 25 °C
a two phase inactivation is found with D-values of » 10 min (D1) and = 80 min
(D2). Results at 40 °C were similar to those at 4 °C (data not shown). At 55 °C
there remains a pressure stable fraction with an average of 1000 cells/ml after the
first fraction is inactivated with a D-value of ~ 7 min.

4 Conclusions

In most cases the kinetics of inactivation runs in two phases. A fast reaction in the
first minutes is followed by a slower one, both reactions being first order. A single
first order reaction (one phase inactivation) seems to occur at low temperatures
only. Temperature induced changes from one to two phase inactivation has also
been found in case of bacteria. For them, the bent curves could be explained by
two bacterial fractions with different resistance against pressure {4].

At high temperatures there remain pressure resistant fractions of conidiospores.
It seems that this phenomenon occurs in pressure inactivation above the optimal
growth temperature. More detailed studies are planned to reveal the underlying
mechanisms.
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Abstract. Whole cell DSC profiles of Saccharomyces cerevisiae cells were
obtained at 0.1 to 150 MPa and C,-T-p profiles were obtained. Prominent
endothermic transition occurred around 60 °C over the pressure range. The
profiles of the cells before and after heat shock response revealed that the
response protect some cellular components against destabilization above
75 MPa and these components may include critical targets of cell killing.

1 Introduction

Heat shock response confers barotolerance as well as thermotolerance transiently
in Saccharomyces cerevisiae cells [1]. The critical target model predicts that the
thermotolerance is associated with stabilization of critical targets in the yeast cells
[2] and whole cell differential scanning calorimetry (DSC) analyses of E. coli [3]
and Chinese hamster lung V79 cells [4] showed that heat shock response stabilized
cellular components thermally. As the whole cell DSC analyses at ambient
pressure show the thermal stability of the components at ambient pressure relating
with thermotolerance, the analysis at high pressure will show the stability at high
pressure relating with barotolerance of the cells. We developed a high pressure
sample applicator for an MC-2 scanning calorimeter (MicroCal Inc. MA) and
found some cellular components in S. cerevisiae Hansen IFO-0224 cells became
labile at above 75 MPa [5]. In this paper, we present stabilization of cellular
components after heat shock response.

2 Materials & Methods

S. cerevisiae Hansen 1FO-0224 cells were cultured at 30 °C and harvested in
exponentially growing phase and subjected to heat shock treatment at 43 °C for
60 min as described previously [1]. The cells were suspended in distilled water
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(~ 10" cells/ml) and 10 pl of the suspension and distilled water were injected in
one-terminal shielded SUS capillaries separately.

The sample and reference capillaries were connected to the applicator and
pressurized. DSC scans were repeated twice from 5 to 90 °C at the rate of 1 °C/min
and the trace of the second scan was subtracted from the first one. A cubic
polynomial baseline was generated to the subtracted profile and subtracted again.
The baseline correction provided a corrected profile comprising irreversible
transition of cellular components [4]. The corrected profiles obtained at every
25 MPa from 0.1 to 150 MPa were normalized by the maximum height of each
profile and contour profiles were obtained.

3 Results & Discussion

The corrected profile of exponentially growing 1IFO-0224 cells at ambient pressure
had peak maximum at 60.2 °C (7;,) and several shoulders and minor peaks
appeared from 48 to 80 °C (Fig. 1). In the profiles, positive deflection of C, implies
endothermic transition resulting from thermal denaturation of biopolymers [4].

The contour profiles of the cells before and after the heat shock response are
illustrated in Fig. 2. At around 75 MPa in the profile of the cells before heat shock,
the skirt of the prominent endothermic peak expanded to 40 or 45 °C, implying the
pressurization even below 100 MPa destabilized some minor components as
reported previously [2]. In the case of the heat shocked cells, the expansion
appeared above 125 MPa. Therefore, the heat shock response stabilized the

components.
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Fig. 1. Whole cell DSC profiles of exponentially growing cells at 0.1 MPa. Subtraction of
the trace of the second scan from the first one provided a subtracted profile from which a
cubic polynomial baseline was subtracted again and the corrected profile was obtained



Acquired Barotolerance and Thermal Stability of Cellular Components 87

Fig. 2. C, contour profiles on the p-T plane before and after the heat shock response

For the cells before the heat shock response, Ty, of prominent peaks was held
below 100 MPa and fell by 5 to 7 °C above the pressure. On the other hand, for the
heat shocked cells, T, was conserved up to 150 MPa and swell of the prominent
peak appeared on the lower temperature edge above 100 MPa (Fig. 2). Therefore,
over the pressure range of 0.1 to 150 MPa, major components in IFO-0224 cells
lose the native conformations at around 60 °C, and heat shock response stabilized
them over the range of 100 to 150 MPa. Temperature rising cell killing at ambient
pressure occurs over the temperature range corresponding to the early stage of the
prominent endothermic transition [2].
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It is concluded that some cellular components become labile above 75 MPa and

the heat shock response stabilizes some fraction of them. Stabilization of the
cellular components which unfold over the corresponding temperature range may
result in thermotolerance at above 100 MPa, which is a barotolerance.
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Abstract. The role of oxidative stress in pressure-induced inactivation of
Escherichia coli was investigated. Mutations in the genes encoding
superoxide dismutase (SOD), sodA4 and sodB, were found to render E. coli
more sensitive to high hydrostatic pressure at 550 MPa. The addition of
catalase to the recovery medium was found to aid the recovery of
pressure-damaged SOD mutants. Microbial inactivation by high hydrostatic
pressure may be due to damage caused by the production of hydroxyl free
radicals via a Fenton-type reaction.

1 Introduction

The ability of high hydrostatic pressure to cause bacterial inactivation is currently
being exploited as a novel means of food preservation. Hydrostatic pressure
degrades enzymes, ribosomes and causes membrane damage, but despite growing
awareness of changes occurring in bacteria during high hydrostatic pressure
treatments, the exact sequence of events leading to cell death is not yet well
characterised. The aim of this work was to investigate whether genes responsible
for protecting the cell against other stresses, such as oxidative stress, were involved
in helping cells overcome the effects of pressure, either by rendering them more
barotolerant or by aiding their recovery. Reported here are our investigations into
the effects of high hydrostatic pressure on a mutant devoid of superoxide dismutase
(SOD); SOD catalyses the removal of harmful superoxide (O;") radicals (Fig. 1a).

)0, +0, +2H" —2 5 H,0,+ 0,
catalase

b) 2H202 —_—> 2HZO + 02

Fig. 1. The oxidation reactions catalysed by (a) SOD and (b) catalase
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2 Materials & Methods

The SOD mutant and its wild type parent were grown to stationary phase then
pressurised in phosphate-buffered saline (PBS) in sealed plastic sachets at
550 MPa using a Stansted Fluid Power pressure rig. Viability was assessed by
counting colonies obtained following plating of the pressurised bacterial
suspension on tryptone soya agar supplemented with yeast extract (TSAYE) and
48 h incubation at 37 °C. The effect of the presence of catalase during recovery
was also assessed through the addition of catalase (1760 units) to TSAYE plates.

3 Results & Discussion

The SOD mutant was 1-2 logs more pressure sensitive than its wild type parent
(Fig. 2), suggesting that SOD may protect the cell from pressure-induced
inactivation or aid the recovery of sublethally-injured organisms. The presence of
catalase during recovery on TSAYE plates increased the recovery of the SOD
mutant by 1-2 logs (Fig. 2). The substrate for catalase is hydrogen peroxide (H,O»;
Fig. 1b), therefore, H,O, may be involved in the killing of pressure-damaged SOD
mutants during recovery on agar plates.

-
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—— wild type + catalase
—A— wild type - ¢
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Fig. 2. Pressure resistance of SOD mutant and wild type parent at 550 MPa pressurised in
PBS and plated on TSAYE plates (open symbols) or TSAYE plates supplemented with
catalase (closed symbols)

The substrate for SOD is O, , whereas the substrate for catalase is H,O,, so why
should a mutant devoid of SOD be affected by the presence of H,O, (Fig. 1)? One
explanation is that the damage to the SOD mutant may be being mediated via a
Fenton-type reaction [1]. One of the main targets for O, is believed to be
iron-sulphur (Fe-S) clusters at the active sites of certain enzymes. Superoxide is
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thought to attack these active sites releasing Fe?' into the cell. The Fe®' is then free
to react with H,O, with the concomitant production of the highly damaging
hydroxyl free radical (OH") in a Fenton reaction (Fig. 3).

0, + Fe-S clusters — Fe*"
(Fenton reaction)
H,0, + Fe¥ > OH + Fe’' + H,0

Fig. 3. The action of O, on Fe-S clusters of certain enzymes makes ferric iron available to
participate in a Fenton reaction

In unpressurised SOD mutants, the Fenton reaction does not appear to affect the
viability of the parent and the SOD mutant (see Fig. 2, time = 0 mimn). However,
when the SOD mutant and the parent are exposed to high hydrostatic pressure the
SOD mutant appears to be much more sensitive to H,0O,. It is possible that high
pressure accentuates the Fenton reaction by, for example, (a) increasing the
availability of one of the components, e.g. Fe*', or (b) damaging enzymes which
repair the DNA damage caused by OH radicals.

We are currently investigating whether Fenton-mediated damage is occurring
and whether high pressure is exacerbating its effects. However, preliminary
investigations using the iron-chelating agent, 2,2’ -dipyridyl, have had no effect on
the recovery of the pressure-damaged SOD mutants.

Acknowledgements. We are grateful to the UK Ministry of Agriculture for
financial support of this work.
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Abstract. Using a differential scanning calorimeter, we estimated the
thermotolerance of heat- and pressure-shocked yeast and compared the
results with those obtained by the colony count method. The growth
thermograms of yeast showed clear acquisition of thermotolerance in the
following orders of temperature treatments, 43, 30, 20, and 46 °C, and shock
pressures of 50, 75, 100, 25 and 0.1 MPa. On the other hand, survival of
yeast cells determined by colony counts increased in the order of shock
pressures of 50, 75, 25, 100, and 0.1 MPa. Thus the orders obtained by
different methods were not always consistent. Pressure shock treatment
seems to give yeast cells not only thermotolerance but also enhanced
microbial activity. The addition of trehalose to the medium increased the
thermotolerance of yeast cells. High hydrostatic pressures also induced
thermotolerance, but reduced the influence of trehalose on high temperature
stress.

1 Introduction

All cells from microbes to mammals synthesize heat shock proteins (hsps) in
response to various stresses such as heat, pressure, and chemicals, and acquire
resistance to various subsequent stresses that would normally be lethal. For
example, yeast cells exposed to a slightly higher temperature than that for optimum
growth, immediately respond by induction of hsps and trehalose, with increase in
tolerance against lethal stress. This phenomenon is called acquired stress tolerance.
It is known that in the yeast Saccharomyces cerevisiae, the induction of hsp104
and the accumulation of trehalose contribute to their acquisition of thermotolerance
[1]. The addition of trehalose to the cell suspensions also enhances the stress
tolerance of yeast cells [2].

The metabolic heat of microbes can be measured precisely using a
microcalorimeter and can be used to study microbial activities under various
conditions quantitatively. We measured the heats produced by heat- and pressure-
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shocked yeast cells in media with or without trehalose, from thermograms of the
cells and compared the results with those on colony counts [3].

2 Materials & Methods

The yeast Saccharomyces cerevisiae IFO 10149 was grown at 30 °C in YPD
medium containing (in g/l) glucose, 20; polypeptone, 20; and yeast extract, 10.
Cultures were used in the logarithmic phase of growth. Exponentially growing
cells in YPD medium (cell density, 1.0 x 10°cells/ml for thermograms,
1.0 x 10’ cells/ml for survival) with or without trehalose were subjected to
pressures of 0.1 to 100 MPa or to temperatures of 20 to 46 °C, and then exposed to
a lethal temperature (51 °C, 10 min). The number of viable cells was determined
by counting colonies on YPD agar medium.

Growth thermograms of yeast were obtained using a multi-cell microcalorimeter
(CSC4100). Yeast cells were subjected to heat shock in a calorimeter, and to
pressure shock in a high-pressure vessel before measurement of heat.

3 Results

Heat shock treatment of yeast cells and the estimation of their thermotolerance
were carried out according to the following temperature programs in a
microcalorimeter: 7 °C (30 min) - 51 °C (10 min) - 30 °C (about 2 d), where T is
20, 30, 43, or 46 (°C). The optimum temperature for growth of the yeast cells used
in this experiment is 30 °C. To compare the effects of the preconditioning
temperatures on the thermotolerance of yeast cells, the relative start time of growth
(AT) was determined from the thermograms. The values of AT were determined by
subtracting the start time of the thermogram obtained at 30 °C without trehalose
(control) from those obtained at other temperatures.

Figure 1 shows the relative start time (A7) for yeast cells exposed to a lethal
temperature (51 °C, 10 min) after heat shock or pressure shock treatment. The
multiplication rate of surviving yeast cells in medium without trehalose increased
in the following order on temperature treated: 46, 20, 30, and 43 °C (Fig. 1A). The
thermotolerance of yeast cells treated at 43 °C was highest, consistent with results
obtained previously by the colony count method [3]. The addition of trehalose at
0.5 mol/1 to the medium enhanced the thermotolerance, showing a similar
temperature pattern. However, in suspensions with 1.0 mol/l trehalose, the effect of
temperature disappeared almost completely, although the tolerance was still higher.
Pressure shock treatment also induced thermotolerance of yeast cells (Fig. 1B).
The thermotolerance of pressure-shocked yeast was highest when treated at
50 MPa at all trehalose concentrations.
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Fig. 1. Relative start time of growth of yeast cells. Yeast cells were subjected to high
temperature (51 °C, 10 min) (A) after temperature shock treatment at 20 to 46 °C at
atmospheric pressure or (B) to pressure shock at 0.1 to 100 MPa at 30 °C in medium without
trehalose 0 (O), with 0.5 (O) or 1.0 (®) mol/l of trehalose. AT indicates the relative start
time of the growth thermogram (control: 0.1 MPa, 30 °C)

Figure 2 shows the survival curve of pressure-shocked yeast cells determined by
the colony count method. The survival of yeast cells treated at 100 MPa was
almost the same as that at atmospheric pressure, and from the thermograms the
thermotolerance of yeast cells subjected to 100 MPa was higher than that of cells at
atmospheric pressure. This suggests that pressure shock treatment increases the
biological activities of yeast cells. The survival of yeast cells treated at 50 MPa
was 37 times that of those treated at 0.1 MPa. Figure 3 shows results on SDS-
PAGE electrophoresis of pressure-shocked yeast. Pressure shock treatment induced
heat shock proteins (hsps) of 106, 104, 87, and 70 in the cells. Data on cells heat
shocked at 43 °C are shown for comparison. Pressure shock treatment (25 to
70 MPa, 1 h) induced more hsp 106 than heat shock treatment at 43 °C (30 min),
although the amounts of hsps 104, 87, and 70 obtained by pressure shock were
apparently less than those induced by heat shock. On the other hand, as reported
before, trehalose was not induced at all by pressure shock treatment [3]. These
results suggest that both heat shock and pressure shock treatments are inducers of
thermotolerance, but that their effects on yeast cells are physiologically different.
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Fig. 2. Survival curve of pressure-shocked yeast cells. The cells were subjected to heat
treatment at 51 °C for 10 min after being shocked at various pressures for 1 h. The medium
did not contain trehalose

Fig. 3. SDS-PAGE electrophoresis of pressure-shocked yeast. Arrows show the heat-
shocked proteins induced by pressure shock treatment
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Abstract. The effect of high pressure on Listeria innocua was (partly)
quantified and also mathematically described to estimate the contribution of
dynamic and structural parameters. With increasing pressure times Listeria
were increasingly inactivated following sigmoidal isobars. The lethal effect
was referred to pressure build up rate and holding time only when a
threshold pressure was surpassed. Selected experimental data were fitted to
an adopted Gompertz equation forming a model sufficiently describing the
inactivation of the Listeria.

1 Introduction

Listeria are food spoiling pathogens which are problematic in foods which cannot
be pasteurized prior to consumption, e. g. fermented sausages or raw milk cheeses.
For these desirable products it is tempting to develop novel preservation
technologies including high pressure treatments [1-4]. The effective use of high
pressure to inactivate food spoiling and pathogenic microorganisms requires a
thorough knowledge of the influence of pressure dynamics on their inactivation.
The relevant parameters include pressure height, holding time and possibly the
velocity of pressure up- and downshifts [5]. Furthermore, repeated pressure
treatments may have a different effect as compared to single pressurization. Such
external technical parameters can be easily varied as compared to internal
parameters such as pH, water activity or even the intrinsic microorganisms’
properties and status. To assist the evaluation of results obtained preferably after
variation of external parameters in pressurization mathematical models are
valuable [6]. Internal parameters may be included in the model or just added as a
qualitative or semiquantitative information. Such models are available for the
description of microbial growth which can be adapted for their use in the
description of pressure inactivation. We have chosen Listeria innocua which is
closely related to the food pathogen L. monocytogenes to investigate parameters
which affect the lethal action of high pressure on these bacteria.



98 R.F. Vogel, V. Herdegen and P. Klostermaier

2 Materials & Methods

2.1 Influence of the Growth Phase

To investigate the influence of the growth phase on the inactivation of L. innocua
WSLC2012 samples of cultures were taken adjusted to a cell density of
6.5 x 10° colony forming units (CFU). After pressurization at 400 MPa for 5, 10,
and 15 min, respectively, the CFU were determined on plate count agar. For all
other experiments cells of the late exponential growth phase were used.
Pressurization was performed in an 1.2 1 autoclave. Selected experimental data
were fitted to an adopted Gompertz equation with a constraint simplex routine.

3 Results & Discussion

3.1 Influence of the Growth Phase

The growth phase strongly affected the inactivation of L. innocua upon
pressurization. Figure 1 shows that exponentially growing cells were much more
sensitive to pressurization than stationary phase cells. An 8 h old culture was most
pressure sensitive. Because of the high pressure resistance a 24 h old culture was
chosen for all subsequent experiments.

Fig. 1. Influence of the growth phase on pressure inactivation of L. innocua
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3.2 Influence of Holding Time and Pressure Height

The dependence of the inactivation of L. innocua on the holding time at different
pressure heights is shown in Fig. 2. The difference in inactivation at 15 min as
compared to Fig. 1 may be due to a variation in the growth phase of the cells. All
experiments were performed twice, and a modeled curve calculated by the
Gompertz equation was introduced. It is clearly demonstrated that the inactivation
follows a sigmoidal curve rather than a linear decline. The calculated coefficients
A, B, C and M are summarized in Table 1.

Fig. 2. Dependence of the inactivation of L. innocua on the holding time at different
pressure heights (given in MPa)

Table 1. Coefficients calculated from the Gompertz equation

Pressure [MPa] A[ml™ B [min™'] C M [min]
300 9.776 0.0058 -0.3616 23817
400 9.310 0.1010 ~4.8000 18.900
500 9.452 0.5502 ~6.8840 6.5540
600 9.722 0.8308 -9.5730 1.0466

Correlation of the calculated coefficients for L. innocua to the various pressure
heights results in Fig. 3. Coefficients calculated from this dependence are given in
Table 2. With the calculated coefficients it was possible to calculate a theoretical
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value for each variable 4, B, C and M in a pressure range between 300 and
600 MPa.

Table 2. Coefficients calculated from the measurements and used in the modified Gompertz
equation

Coefficient B C M

curve Polynom 2. degree  linear linear
equation y=dx*textf y=dxte y=dxte
d 5107 -0.0297 —0.0807
e —0.0012 7.9685 48.875
f —0.0633 - -
coefficient of 0.9696 0.9735 0.9694

determination: R?

Fig. 3. Correlation of the calculated coefficients for L. innocua to the various pressure
heights

Combination of the equations depicted in Table 2 with the Gompertz equation
resulted in a modified Gompertz equation (1).
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! ~Bit-My) (1)
N=Y (4/n)+Ce "

With N and 4 being the log;, of the current and initial cell counts, respectively, and

1
ZH(A/H) being the average of the As of all (n) experiments performed. The lag time

[min] for a certain pressure can be calculated as M- (1/B).
From this calculation data can be interpolated to estimate the mactivation at any
pressure height/holding time combination in this range (Fig. 4).

Fig. 4. Calculation of Listeria innocua inactivation by the modified Gompertz equation (1)
with N = log ,o(CFU/ml) at various holding times (given in min)

Figure 4 demonstrates that pressure up- and downshift without holding time did
not result in inactivation up to a pressure of 575 MPa.

At low pressures no inactivation was observed at all while the curves followed a
plateau. At a certain threshold pressure a sharp bend is observed which at longer
holding times is smoothed and shifted to lower pressures.

4 Conclusions

With increasing pressure times L. innocua was increasingly inactivated following
sigmoidal isobars. In analogy to growth curves an inactivation lag-phase was
observed which was correlated to the pressure height. The lethal effect could be
referred to pressure build up rate and holding time rather than pressure release. The
velocity of pressure up- and downshift did not per se alter lethality. However, this
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velocity determines the time the bacteria are over the threshold pressure. Thus, at
the same maximal pressure, the lethal effect is increased at slow pressure shifts.
Further experiments indicated that the presence of a matrix had a protective effect.
The data obtained at the various pressure/time combinations were used to establish
a mathematical model on the lethal effects which sufficiently described the
inactivation of L. innocua. This approach can be transferred to other Listeria 7]
and microorganisms which exhibit a sigmoidal inactivation characteristic.
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Abstract. There is increasing commercial interest in using high pressure
processing to produce a range of high quality foods including fruit, dairy and
meat products. However, the microbiological safety of such products 1s of
concern and processors need to choose appropriate treatment conditions to
achieve known, satisfactory levels of inactivation.

Different species of pathogens, and even strains of the same species, are known to
vary in their resistance to pressure. The substrate can also affect the level of kill.
For example, certain strains of Escherichia coli O157:H7 have been found to be
resistant to pressure. A pressure treatment of 600 MPa for 30 min at 20 °C resulted
in <2-logo inactivation in milk and <3-log,, inactivation in poultry meat.
Therefore, pressure alone would not be sufficient to guarantee the microbiological
safety of such products. This problem could be overcome by using pressure in
combination with other preservation techniques such as mild heating or use of
acidic environments. This paper illustrates how these combination treatments have
been successfully applied to improve the microbiological safety of a range of
products.

1 The Simultaneous Application of Pressure and Heat
for the Inactivation of Pathogens in Milk and Poultry Meat

The aim of this study was to produce simple models that could predict the
pressure/temperature conditions required to achieve a known level of kill of
pathogens in milk and poultry meat.

1.1 Materials & Methods

Two vegetative pathogens which were known to be relatively resistant to pressure
(Escherichia coli O157:H7 NCTC 12079 and Staphylococus aureus) were used in this
study. Inocula of cells in the late log to early stationary phases of growth were prepared and
the substrates (poultry meat which had been sterilised by irradiation and UHT milk) were
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inoculated to a level of approximately 1 x 10%g or ml as described by Patterson and
Kilpatrick [1]. Pressurisation of samples was carried out using a Stansted Food Lab 9000
high-pressure isostat. The pressure transmission fluid was distilled water containing 10%
Dromus oil B (Shell UK Oil, London, England). The come-up rate was approximately
200 MPa/min and pressure release time was 2 min. The treatment time was 15 min,
excluding come-up and release times. Pressure studies were carried out from 20 — 60 °C
(temperature at start of the experiment). The temperature was controlled by an electrical
heating device which surrounded the pressure chamber. The temperature increase from
adiabatic heating effects during pressure increase was approximately 2 °C/100 MPa.

1.2 Results & Discussion

The simultaneous application of high pressure and heat was more lethal than either
treatment alone. The substrate was found to have a significant effect on the
survival of the pathogens. The pressure-temperature inactivation curves for each
organism, in each substrate, were fitted using the Gompertz equation. Polynomial
expressions derived from the Gompertz variables were used to devise simple
models that predicted the inactivation of each pathogen at various pressure-
temperature combinations. An example of the predictions obtained is given in
Table 1. The use of such models will provide flexibility in selecting optimum
processing conditions without compromising microbiological safety.

Table 1. Predicted pressure treatment (15 min) required at various temperatures for a 6-log;,
inactivation of Escherichia coli O157:H7 NCTC 12079 and Staphylococcus aureus NCTC
10652 in poultry meat and milk

Temperature Estimated pressure (MPa) required for 6-log;, reduction in
during pres- pathogens in substrate
sure treatment Escherichia coli Staphylococcus aureus
(°C) Poultry meat UHT milk Poultry meat | UHT milk
30 717* 862* 768* 621
35 659 762* 760* 621
40 594 651 725* 613
45 517 532 658 583
50 422 405 549 517

*predicted values outside experimental range.

2 Effect of Pressure Followed by Mild Heat on the Inactivation
of Escherichia coli O157:H7

Previous studies have shown that, although certain strains of E. coli O157:H7
could survive relatively high pressures, they were sub-lethally injured [1]. The aim
of this study was to test the hypothesis that pressure-injured cells would be more
sensitive to subsequent heating than non-injured cells.



Pathogen Inactivation by High Pressure Treatment of Foods 107
2.1 Materials & Methods

E. coli O157:H7 NCTC 12079 was grown for 18 h in methionine assay medium (MAM) at
30 °C. For each 100 ml of sample required 1 ml of this broth was added to 100 ml of MAM
and incubated for 18 h at 30 °C to give 10° cells/ml. Samples were pressurised at 100, 200
and 300 MPa for 30 min at 30 °C, as described above. The samples were then heated for
various time intervals at 55, 58 and 60 °C and heat D, values calculated.

2.2 Results & Discussion

Pressure injury was found to sensitise cells to subsequent heating at temperatures
of 55-60 °C. For example, the heat Dss.c value in non-pressurised cells treated in
MAM was 25 min, while cells that were pressurised at 300 MPa for 30 min at
30 °C had a heat Dssoc value of 0.9 min. Other studies have shown that this
sensitising effect was also found when the treatment was carried out in milk [2].
These findings are of relevance as many pressure treated foods will be stored and
then cooked/reheated prior to consumption.

3 Effect of Pressure and pH on the Inactivation
of Escherichia coli O157:H7 in Orange Juice

High pressure treatment of fruit products has the benefits of giving microbial kill
without the loss of quality attributes, such as flavour, colour and vitamins, and
without the use of preservatives. However, there have been several cases of food
poisoning associated with E. coli O157:H7 found in unpasteurised apple juice [3].
This has raised doubts about the microbiological safety of other unpasteurised fruit
juices. This experiment investigated the effect of high pressure on the survival of a
pressure resistant strain of £. coli O157:H7 in orange juice over a pH range of 3.4—
5.0. The overall aim was to achieve at least a 6-log;, inactivation of the pathogen,
equivalent to a conventional heat pasteurisation.

3.1 Materials & Methods

Locally purchased pasteurised orange juice (initial pH 3.68-3.76) was adjusted to
the required pH (3.4, 3.6, 3.9, 4.5 and 5.0) using 10 M NaOH or 37% HCL. E. coli
O157:H7 NCTC 12079 was grown in tryptone soya broth containing 0.6% yeast
extract, for 18 h at 37 °C. The resulting culture was centrifuged at 2400 x g for
20 min, washed in PBS and resuspended in the juice samples to give approximately
10® cells/ml. The samples were packaged in polythene pouches and left overnight
at 3 °C. The next day the pouches were pressurised at 400, 500 or 550 MPa for up
to 5 min at 20 °C (as described above) or were held at ambient pressure (controls).
Duplicate samples from each treatment were taken and the numbers of surviving
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organisms were enumerated on tryptone soya agar containing 0.6% yeast extract
(TSAYE). Plates were incubated at 37 °C for 24 h. The whole experiment was
carried out on three separate occasions.

3.2 Results & Discussion

Pressure, pH and treatment time interacted to affect the survival of the pathogen.
For example, a pressure treatment of 550 MPa for 5 min at 20 °C was sufficient to
give a 6-log;, inactivation at pH 3.4, 3.6 and 3.9, but not at pH 4.5 and 5.0
(Table 2). A pressure treatment at 400 MPa was not sufficient to achieve a 6- log)o
kill, irrespective of the pH or treatment times used in this study. It was concluded
that processing conditions for pressure treatment of fruit juices should be
considered carefully to ensure they are microbiologically safe.

Table 2. Effect of pressure (MPa), pH and treatment time on the inactivation of Escherichia
coli O157:H7 in orange juice

Pressure Log,, inactivation achieved in orange juice (SEM = 0.22)
treatment pH3.4 pH 3.6 pH3.9 pH 4.5 pH 5.0
400 MPa
1 min 1.9 1.1 0.9 0.8 0.4
2 min 33 1.8 1.4 1.1 0.8
4 min 5.9 3.1 25 2.6 1.6
500 MPa
1 min 5.4 35 1.9 3.2 2.0
2 min >6.0 4.4 3.1 4.2 3.1
5 min >6.0 >6.0 5.6 5.2 3.9
550 MPa
1 min >6.0 4.1 4.1 3.5 2.8
2 min >6.0 5.9 4.0 3.9 3.5
5 min >6.0 >6.0 >6.0 5.9 5.5
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Abstract. When building models to describe inactivation of pathogens
several aspects have to be addressed: the choice of the strain, type of
substrate to be pressurised, cultivation conditions of the strain, the choice of
the mathematical model to describe the inactivation and finally validation in
real food situations. With high pressure treatments, temperature effects play
an important role caused by adiabatic heating. A model must describe effects
in dynamic situations and thus should describe inactivation due to the
combined effect of pressure and temperature. Here a distribution model is
presented that describes the combined effect of heat and pressure on the
inactivation kinetics satisfactorily.

1 Introduction

High pressure is an interesting alternative to heat pasteurization as it can kill
microorganisms and leave small molecules such as flavours and vitamins intact.
The primary goal of industrial preservation processes is to achieve a safe product.
This means that the number of viable pathogenic microorganisms has to be reduced
to an acceptable low level. As temperature always plays an important role in
pressure treatments, the combined effects of pressure and temperature need to be
built into an appropriate model. To build a fail-safe model several factors have to
be taken into account. Factors that affect apparent resistance include (1) the
variation of ‘intrinsic’ resistance between strains of one species, (2) the
physiological state of the microorganisms, (3) the composition of the pressure
menstruum, and (4) the recovery conditions. Finally an appropriate mathematical
model has to be chosen that adequately predicts the combined effects of heat and
pressure on inactivation of the investigated microorganisms. Here the various
phases of model building will be illustrated with Listeria monocytogenes.
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2 Materials & Methods

Strains of Listeria monocytogenes were grown in BHI-broth pH 7 at 30 °C and left
in the stationary phase for 48 h. The culture was 100 fold diluted in 50 mM ACES
(Merck A-9758) pH 7.0. Heat treatments were carried out according to the method
of Kooiman and Geers [3]. After treatment the samples were stored for 2 h on ice
and a serial dilution was made in peptone physiological saline. Pour plates, made
by mixing 1 ml samples in PCA-agar supplemented with 0.5% pyruvate, were
incubated for 5 d at 30 °C. For the inactivation kinetics a 96 h stationary culture of
Listeria monocytogenes VBLLIi 01-105 was used. Before the treatment at different
temperature and pressure combinations the culture was washed twice with 50 mM
ACES pH 7.0 by centrifugation at 2000xg for 15 min.

3 Results & Discussion

3.1 Intra Species Variation of Pressure and Heat Resistance

To build a fail-safe model it is necessary to choose a strain that is the most resistant
for the inactivation process. A specific problem when describing inactivation by
high pressure is the generation of adiabatic heat. Therefore a model is needed that
combines the effect of pressure and temperature. Ideally, the strain that will be
used to build the model is the one most resistant to heat and pressure. To select the
most appropriate strain, 100 strains of Listeria monocytogenes were compared with
respect to heat and pressure resistance. Results showed that there was a weak
positive correlation between heat resistance and pressure resistance. Strain VBLLi
01-105 was selected to build the model.

3.2 Effect of Physiological State on Pressure Resistance

Microorganisms in the stationary phase are much more resistant towards high
pressure than those in exponential phase [1]. In Fig. 1 the effect of prolonging the
stationary phase is shown. The resistance of the strain increased during prolonged
incubation times.

3.3 Effect of Substrate During Pressure Treatment

It is well known that due to pressure or temperature there is a change in pH. It is
expected that a shift to lower pH will cause more inactivation. Besides, it is
important to distinguish the pH effect and the pressure effect in order to increase
the predictive power of inactivation models. Apart from the purely physical
properties of the buffers, the physiological effects are different. E.g. the pH of Tris
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buffer is pressure stable but this buffer is slightly toxic to the bacterial cell. We
have selected 10 organic buffers that have a relatively small reaction volume and
hence remain pH stable [2]. Phosphate buffer has been used as a reference buffer
because of its general use in resistance studies of microorganisms. Pressure
treatment was carried out at 350 MPa at 21 °C for 5, 15 and 45 min or a heat

treatment for 5, 10 and 20 min at 59 °C. In both cases L. monocytogenes was most
resistant in ACES buffer.

3.4 Effect of Recovery Conditions After High Pressure Treatments

As with heat, there could be an effect of recovery conditions. Several combinations
of media ( PCA, BHI and TSA) and several additives (pyruvate and catalase) were
tested. Pyruvate and/or catalase in the media did not improve the recovery of L.
monocytogenes.

Fig. 1. Effect of duration of stationary phase towards pressure resistance

4 Effect of Temperature/Pressure Combinations

After having optimized the culture conditions, buffer, recovery conditions and
having selected the most appropriate strain, kinetic data were gathered in a matrix
ranging from 50 to 600 MPa and -15 to 60 °C. The data were modeled with
distribution models according to Smelt e al. [4]. The relation of the distribution
parameters with temperature and pressure was fitted by a linear regression as a
quadratic model. An example of the prediction is given in Fig 2. At 35 °C the
inactivation of L. monocytogenes reached a minimum. At higher and lower
temperature the inactivation increased. These results were similar to results found
with enzyme inactivation.
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Fig. 2. The relation of pressure and temperature of inactivation of L. monocytogenes at
different times. Predicted (surface) and observed values (arrows)

5 Conclusions and Future Work

A prototype model describing the combined effect of pressure and temperature has
been build for L.monocytogenes in neutral buffer. This model will be extended
with the effect of pH. The model will be tested in real food systems and validated
with some other strains.
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Abstract. The effect of heat treatments coupled with high pressure on
Clostridium sporogenes putrefactive anaerobe spores in a model system was
studied. A meat broth used as model system was sterilised and inoculated
with spores of Clostridium sporogenes putrefactive anaerobe 3679 ATCC
7955 (2 x 10° spores/ml). The inoculated meat broth (2.5 ml) was packaged
in sterilised PE vials. The vials were kept at 0 °C until processed. The
packages were subjected to pressures from 600 to 800 MPa and the
processing time was up to 20 min using an experimental press (the ABB
QFP 15000 high pressure food processor). The temperatures of the samples
(from 90 to 110 °C) were kept constant during the process using an internal
control system placed into the press vessel. The processed samples were
aseptically opened and the surviving spores were counted using TSC Agar
Base (OXOID). The plates were incubated at 30 °C for 7 d under anaerobic
conditions. “D” and “z” values were calculated for various processing
pressures (600, 700 and 800 MPa ). The “D” values decreased from 1.28 to
0.69 min as the processing pressure increased from 600 to 800 MPa. The “z”
values increased from 16 to 17.9 °C as the processing pressure increased
from 600 to 800 MPa. The heat treatment in combination with high pressure
appears to be as effective or better than thermal processing alone (D)5=1.9,
z=11.8 °C at ambient pressure). From these results it has been possible to
establish a relation between time, temperature and pressure. This relation is
able to calculate the D value at known pressure and temperature in a
predictive way. This relation seems to have a good correlation with reality.
Its use will allow the calculation and prediction of the effect of any
processing at high pressure conditions for Clostridium sporogenes
putrefactive anaerobe 3679 ATCC 7955. Further studies are performed to
verify and optimise the relation founded.
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1 Introduction

Various tests have confirmed the efficacy of the use of pressure [1] in stabilising
preserves when combined with other interventions on the product [2], such as
acidification, a reduction in water activity and refrigerated storage [3]. At the same
time it has already been shown [4] that the problem of inactivating bacterial spores
can be solved by using “under-pressure heat treatment” exploiting the principle
that an increase in pressure causes a uniform and immediate practically adiabatic
heating of the alimentary matrix. Therefore, by means of appropriate preheating of
the product, immediately followed by baric treatment, inactivation of both spores
and enzymes can be achieved. It has practically been proved that under high
pressure conditions a greater efficacy in heat treatment can be obtained which
results in shorter treatment times or the possibility to apply lower operating
temperatures to obtain the same effect [3, 6]. These possibilities are of even greater
interest when we consider that the increase in temperature is conditioned neither by
the geometry or dimensions of the system nor by factors connected with the
problems of heat exchange. At the same time it is important to note that in these
conditions heat damage phenomena can be greatly limited not only because of
what has been said, but also thanks to the capacity of pressure to slow down the
kinetics of the reactions from heat damage [7, 8].

From data already collected, it has been demonstrated that the common rules
inherent in the calculation of sterilisation treatments are also applicable in these
extreme operating conditions [9, 10]. A kinetic interpretation of the phenomenon,
capable of evaluating the effects of modifications to each of the parameters
(pressure, p, time and temperature, T), has been founded for analogies arising with
traditional heat treatment.

The aim of our work was therefore to use the data collected to develop a method
to evaluate the effect of HPP during its application.

2 Materials & Methods

2.1 Microbial Stock

A stock of Clostridium sporogenes PA-3679, ATCC 7955 was used. The spores
were prepared in the following way: the cultures were activated in TSP medium
[11], inoculated in meat broth and incubated anaerobically at 30 °C for three
weeks. The spores were then collected by means of centrifugation from the culture
medium, resuspended in sterile water, treated at 80 °C for 30 min and kept at 1 °C
until used. The meat broth used in the tests was composed of the following
(g/100g): meat extract 5, yeast extract 1, peptone 2, distilled water 92. The mixture
obtained was treated at 121 °C for 15 min, inoculated with C. sporogenes spores
(the inoculation varied from 1 x 10° to 3 x 10° spores/ml) and then subdivided and
placed into sterile glass tubes (2.5 ml/tube) for the heat resistance tests at
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atmospheric pressure and in sterile polythene tubes (4.5 ml/tube) for heat treatment
under pressure. The heat resistance was determined of the C. sporogenes PA 3679
spores suspended in the meat broth we used; the value of Dy, (at atmospheric
pressure =0.1 MPa) was calculated at 110, 115 and 121 °C in order to obtain the
value of zy,. The tests were carried out by immersing the tubes containing the
spore suspension in an oil bath thermostated at the three different temperatures. To
calculate the duration of the treatment, the starting point was taken as being the
moment when the required temperature was reached in the tube. Immediately after
their extraction from the bath, the tubes were cooled by immersion in melting ice.
The tests were conducted using an experimental isostatic press (QFP-15, ABB
Pressure Systems) capable of reaching a pressure of 1500 MPa. The temperatures
considered were those reached by the sample under pressure, inside the sample
loading container; here, thanks to a system of measurement and control, the
temperature was kept constant throughout the treatment [12].

To obtain the desired treatment combinations, after a series of preliminary tests
carried out with the intention of standardising the procedure, the individual loads
were pre-heated to the required temperature (60-95 °C) in an external water bath.
Two tubes were introduced into each load and treated simultaneously; after the
hyperbaric treatment, they were cooled rapidly in melting ice and kept at a
temperature of 1 °C until microbial analysis was carried out. The number of spores
surviving the different treatments were counted in MS medium [13] shown by
inclusion and then incubated in anaerobiosis at 30 °C for 7 d. Table 1 shows the
D¢ values calculated from the preceding tests conducted using the same method.

Table 1. D values obtained during the various tests

Pressure (MPa)  Temperature (°C) D (min)

0.1 0 nd
0.1 110 13.3
0.1 115 6.5
0.1 120 1.9
400 90 76.9
400 100 28.7
400 110 6.1
500 100 7.75
600 90 16.7
600 100 35
600 108 1.3
700 93 6.7
700 100 3.2
700 108 09
800 90 53
800 93 5.3
800 98 2.8
800 108 0.7
1000 90 5.35

1200 90 4.38
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3 From the Algorithm to a Mathematical Model

Table 2 presents the algorithm we constructed by means of the application of
conventional sterilisation rules to the data collected taking into consideration their
modification due to the continuous pressure variation. This table allows the
calculation, at a given temperature (°C) and pressure (MPa), of the D;~ value in
minutes. From the development of the same algorithm for p values from 0 to
1500 MPa and for temperature values from 60 to 120 °C, a matrix was obtained
which was then put into an electronic sheet for the calculation of the three-
dimensional regressions at two independent variables (Fig. 1). The simplest
equation among those of the lowest grade capable of describing the behaviour of
the points calculated is (1), where a, b and ¢ (see Table 3) are given coefficients,
7=D{, x=T and y=p.
Thus:

In D} =22.9025-0.1835xT -0.0085x% p, 1

from which we get:

logD? = 22.9025-0.1835xT - 0.0085x p. .
2.30259
thus:
22.9025-0.1835xT'~0.0085x P
D;’ =10 2.30259 3
or generalising:
D;’ —- 10—(AT+BP—C) , (4)

where 4, B and C are given constants. From (4) and from Fig. 2, relating to the
study of function (1), it is evident that the pressure and temperature during
treatment can influence the inactivating capacity. Indeed, from (4) it can be seen

Fig. 1. Regression analysis on algorithm
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Fig. 2. Study of the function (2) Fig. 3. Evaluation of the sterilising effect

that even slight pressure variations, and yet more so temperature variations, to
which the former are in any case always linked, are able to generate sizeable
differences in the kinetics of inactivation by modifying the decimal reduction time.
Figure 2, where, by means of the logarithmic expression, spatial compression of
the z axis can be exerted, clearly shows the variation in the velocity of the process
as a function of pressure and temperature variation. From (4) it can be seen that it
is possible to calculate, at any time in the course of HP treatment, the value of D;".
Thus, hypothesising finite time intervals under constant conditions, their effect in
terms of decimal reductions is equal to:

nD=L'

D

Thus, by supposing we operate in infinitesimals of time, or else by taking
temperature and pressure measurements at very frequent intervals during the
process, we can theoretically know the contribution of every infinitesimal ¢ at the
value of nD obtained. In fact, by generalising and then simplifying:

I—dt— bt—r‘

Thus, from the operative viewpoint, given the frequency f of measurements
effected by the control systems (Hz) and having measured p (MPa) and T (°C), it is
possible at any given moment to determine dynamically the nD obtained for the
microbial form under consideration (Fig. 3). As regards the PA spores considered
by us:

1 09 .9464-0.7969xTt; —0.0037x pt; (5)

nD= Z fx60
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Table 3. Results of regression analysis on algorithm. Statistical parameters in equation (1)

In z=a+bx+cy

a 22.9025 (+0.0376)
b -0.1835 (+£0.0006)
c -0.0085 (+0.0000)
r (correlation coef.) 1

0.99954
adjusted r* 0.99953
statistical F 225353

4 Conclusions

In view of what has been observed from the experiments we carried out here on
PA3679 C. sporogenes spores, we can confirm not only that it is possible to
achieve sterilisation by the use of heat treatments under high pressure conditions,
but also that this type of process is technically manageable. The model proposed by
us, (1), although needing to be backed up by further and more detailed studies on
other microbial forms, is surprising as much for its simplicity as for its capability
to describe the effects of treatments under both conventional and high pressure
conditions. In the light of the experiments conducted by us on non-spore bacterial
forms [14, 15], it is highly probable that a model similar to this one — that is, one
based on the combined effect of p and T — may also be able to describe the kinetics
of the inactivation of vegetative microbial forms. The presence of a precise
relationship between process parameters applied and effect obtained is such as to
allow, as shown, for the calculation of the latter also during treatment, by means of
appropriate monitoring of the parameters; this condition renders the technique an
applicable technology in that it is measurable. Knowledge of the kinetic parameters
of this process and of the relationships which exist between them will pave the way
for a detailed study of the technique of high pressure heat treatment leading to the
optimisation necessary for its future application. Although convinced that much
remains to be done, we consider that a further step has been taken towards the
understanding and application of HPP, the most promising of the new food
technologies.
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Abstract. The sterilisation with supercritical carbon dioxide of some
microorganisms of interest in food technology is considered as a first step
for the application of this technique to complex media on a large scale. A
sourdough yeast strain and several bacterial species (Enterococcus faecium,
Escherichia coli and Lactobacillus casei) are treated with supercritical
carbon dioxide in a static system. Experiments are performed at a
temperature of 313 K, at different pH values (6.4 and 7.4), different
pressures (10 and 20 MPa) and several times of exposition at the operating
conditions (20, 40, 60, 80 min). It is found that E. coli and E. faecium are
more sensitive to the treatment than L. casei and sourdough yeast. The effect
is enhanced at a pH value of 6.4 for each pressure/time combination and
stronger inactivation is obtained by increasing the exposition time and
pressure. Nevertheless, a similar inactivation can be achieved with both
20 MPa+60 min and 10 MPa+80 min in buffer at pH=6.4; the latter are
relatively mild conditions in view of possible industrial applications.

1 Introduction

The sterilisation of microorganisms with supercritical carbon dioxide (SC-CO,)
has received more and more interest as an alternate technique for protecting foods
from undesirable microbial activities [1]. This technique may become a simple,
effective and rather inexpensive method to preserve heat-sensitive materials. For
example, it is reported that the Escherichia coli decay after 15 min CO, processing
at p=150 bar is similar to that obtained at p=3,000 bar by a hydrostatic method [2].
The lethal effect of SC-CO, on microorganisms has been considered by several
authors with good results. Among others, Kamihira et al. [3] treated Escherichia
coli, Staphylococcus aureus, baker’s yeast and conidia of Aspergillus niger at
pressure p=200 bar and temperature 7=35 °C for 2 h obtaining strong inactivation.
Wei et al. [4] successfully applied SC-CO, for controlling pathogenic
microorganisms (Listeria and Salmonella) in model food systems. The inactivation
effect could be markedly enhanced when using the so-called micro-bubble method,
as shown by Ishikawa et al. [5] with Lactobacillus brevis and Saccharomyces
cerevisiae: in this way, Ishikawa et al. [6] could obtain inactivation of Bacillus
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spores as well. The SC-CO, treatment was also employed together with explosive
decompression: Enomoto ef al. [7] examined this way of operation at different
decompression rates for Saccharomyces cerevisiae and Bacillus spores.

As reported by Haas et al. [1], parameters like treatment time and operating
pressure and temperature are very important in SC-CO, sterilisation processes. The
presence of water is essential, since experiments on dry materials showed no
killing action due to CO,: so, the pH also plays a relevant role. However, both the
high pressure involved and the reduction of pH caused by CO, cannot explain
alone the resulting strong sterilisation effect. This probably depends also on the
interactions between the cell and CO, dissolved in the liquid. Recently, Kumagai ez
al. [8] measured the CO, sorption by microbial cells under high pressure and
correlated it to the sterilisation rate constant. In spite of all of these efforts, the
mechanism for inactivation by SC-CO, has not yet been clarified.

The aim of this work is to test the effect of SC-CO, on different microorganisms
at well defined process conditions (pH, pressure, exposition time) and to study and
compare the sensitivity of several strains belonging to different taxonomic groups
(gram+, gram— and yeasts). At this stage, a batch process is considered; the
application of a continuous flow system is in progress, in view of the development
of a continuous countercurrent process on the industrial scale.

2 Materials & Methods

Three bacterial strains and a sourdough yeast strain were grown in their optimal
growth conditions for 24 h, as detailed in Table 1. Compositions of media used are
reported in Table 2. The cultures were suspended in PBS buffer and diluted to
reach about 10’ CFU/ml for bacteria and 10° CFU/ml for yeast.

Table 1. Growth conditions in liquid medium for bacterial and sourdough yeast strains

Microorganisms Source Medium Conditions
YEAST
Saccharomyces spp. Sourdough YPD Broth 30°C
GRAM POSITIVE BACTERIA
Enterococcus faecium Cheese MRS Broth (Oxoid) 37°C
Lactobacillus casei Cheese MRS Broth (Oxoid) 30°C
anaerobiosis
GRAM NEGATIVE BACTERIA
Escherichia coli Sausage LB Broth 37°C,
shaking

Test tubes containing 10 ml of cell suspension in PBS were employed. They
were equipped with a perforated cap filled with hydrophobic cotton to avoid the
dragging and leakage of the suspension; in this way, the contact between CO, and
the liquid phase occurs by diffusion only. The tubes were placed in a thermostated
autoclave and then pressurized with SC-CO,. The process requires three steps: the
loading of the vessel with CO, up to the selected p and 7, the exposition at these
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conditions, the discharge of CO, before collecting the tubes. Linear pressure
profiles were ensured during the pressurization and depressurization steps. Both of
them required 10 min each and were always accurately reproduced. All
experimental runs were performed twice or three times.

After treatment, viable microorganisms were counted using the spread plate
method of the serially diluted samples in a 0.9% NaCl solution according to
conditions summarized in Table 3. The values found were compared with those
counted in the control samples, which were exposed to the same temperature for
the same time at atmospheric pressure.

Table 2. Composition of buffer, LB broth and YPD broth. All concentrations in g/l

PBS Buffer pH64 pH74 |{LB Agar YPD Broth

NaCl 8.0 8.0 |Yeast extract (Oxoid) 5 |Yeast extract (Oxoid) 10
KCI 0.2 0.2 | Tryptone (Oxoid) 10 | Peptone (Oxoid) 20
KH,PO4 1.4 0.6 |NaCl 10 | Dextrose 20
NapHPO4 0.25 1.0 |Agar 15

Table 3. Microorganisms selective growth conditions in solid medium

Microorganism Medium Conditions

YEAST

Saccharomyces spp. Rose Bengal chloramphenicol agar (Oxoid) 30 °C, 48 h

GRAM POSITIVE BACTERIA

Enterococcus faecium Kanamicine azide agar (Oxoid) 37°C,24h

Lactobacillus casei MRS pH 5.4 (Oxoid) 30°C,48h

anaerobiosis

GRAM NEGATIVE BACTERIA

Escherichia coli LB agar 37°C,24h
3 Results

Preliminary experiments showed that the microorganisms were partially
deactivated if exposed to 7=323 K and room pressure for more than 40 min;
therefore, =313 K was always used. The other variables investigated were: pH
(6.4 and 7.4), pressure (10 and 20 MPa) and time of exposition at the operating
conditions (20, 40, 60, 80 min). It was checked that the pressurization and
depressurization steps had negligible influence on bacteria deactivation: at 20 min
of exposition time no appreciable reduction of the population was usually
observed. For all the conditions investigated and the microorganisms considered
the process showed a lag (activation) time of about 40 min.

As is clearly shown in Table 4, a complete sterilisation could be obtained in all
cases, at suitable values of pressure, pH and exposition time; also, E. coli is the
most influenced by SC-CO, while L. casei and Saccharomyces strains are the most
resistant. However, bacteria behave differently with respect to process variables. In
general, larger deactivation is reached at high pressure and lower pH values
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(20 MPa and 6.4); at these conditions, log(N,/N) profiles along with exposition
time become asymptotic. At intermediate conditions, i.e. at high (or low) values of
both pressure and pH, these profiles are linear for stronger microorganism (yeasts
and L. casei) and asymptotic for weaker bacteria (E. coli and E. faecium). At mild
operating conditions (low pressure and high pH, i.e. 10 MPa and 7.4), the curve of
log(N,/N) is upward concave for the stronger microorganisms and linear for the
weaker ones.

Table 4. Microorganisms reduction, log(N,/N), as a function of pH, pressure and time of
exposition. Data marked with symbol «>» means no CFU detected at those conditions

Saccharomyces L. casei E. faecium E. coli

p,MPa t,min|pH64 pH74 |[pH64 pH74 |pH64 pH74 |pH64 pH74
10 40 | 044 021 1.00 0.45 1.06 0.65 1.87 144
10 60 | 2.35 1.30 3.02 1.96 | >6.09 259 |[>6.94 272
10 80 |>4.74 >4.49 | >5.67 >499 | >6.44 542 |[>7.12 449
20 20 2.04 0.95 2.74 123 | 220 1.81
20 40 | 079 030 1.52 1.49 3.38 1.60 | 345 2.10
20 60 |>530 >5.18 | >6.66 >544 | >6.26 401 [>7.19 S5.12
20 80 |>5.77 >558 | >6.74 >635 | >6.69 >6.51 [>7.55 >698

4 Conclusions

Experiments to study the effect of SC-CO, on different microorganisms were
carried out in a batch system. Both bacteria and yeasts could be completely killed
at relatively mild process conditions. The pressure effect was similar for all the
microorganisms considered, while E. faecium and E. coli were more affected by a
pH decrease. E. faecium and L. casei behaved similarly except for the activation
time, which was larger for L. casei. It was confirmed that bacteria having a weaker
cell wall structure (in comparison with gram+) are more sensitive to SC-CO,.
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Abstract. Six fresh apple juice samples were exposed to high pressure
treatments, ranging from 250 to 400 MPa for 5 min at 20 °C. All the juices
exhibited a significant reduction in total viable counts immediately post
pressurisation. The pressurised samples were stored at 4 °C and sampled
monthly. Counts from juices pressurised up to 350 MPa increased after
1 months storage, whereas 400 MPa treated juice did not increase n counts
until 2 months storage. The surviving microbial population of the juices was
found to be predominately yeasts, e.g. S. cerevisiae, Candida species,
Zygosaccharomyces spp. and Rhodotorula spp., and moulds, e.g. Penicillium
Spp.

1 Introduction

It has taken the 100 years since Hite provided the first report on the high pressure
treatment of food [1] for a range of high pressure products to become
commercially available. The renewed interest in high pressure processing has
resulted from the consumer demanding alternatives to traditionally heat treated
foods which avoid thermal damage and the subsequent reduction in flavour. High
pressure, being a non-thermal, isostatic process mainly affecting non-covalent
bonds, results in a food which retains the properties of flavour, taste and texture
associated with the fresh produce [2]. The first products on the market in 1990
were fruit preserves, dressings and sauces [3] with the current consensus being that
fruit based products will initially provide the major opportunities for high pressure
treatment. The recognised microflora of apple juice is primarily yeasts and moulds.
Yeasts have been isolated from the genera Candida, Saccharomyces,
Zygosaccharomyces, Rhodotorula, Pichia, Torulopsis and Klockera [4]. Moulds
identified in apple juice are from the genera Penicillium, Cladosporium,
Aspergillius, Botrytis and Fusarium [5]. Yeast species of Candida and
Saccharomyces genera are inactivated by relatively low pressures [6,7]. The aim of
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this investigation was to study the effect of pressure on the microbial quality of
fresh apple juice, derived where possible from single apple varieties, and any
subsequent microbial growth under refrigerated storage.

2 Materials & Methods

2.1 Samples

Six freshly squeezed apple juice samples were collected from a local processor. Four
originated from single apple varieties, one each from Cox and Golden Delicious and two
from Bramley. The remaining two samples constituted a mixture of apple varieties. Each
sample was refrigerated overnight and pressurised the following day. Samples for
pressurisation were poured into narrow mouthed 8 ml plastic bottles [Nalgene]. The bottles
were filled to the brim to exclude air and the lids tightly secured before being packed in two
polyethylene vacuum pouches and vacuum sealed twice [Multivac, Haggenmulle,
Germany].

2.2 High Pressure Treatment

Samples were pressurised using a Stansted Food Lab. 9000 high pressure isostat capable of
operating at 900 MPa [Stansted Fluid Power Ltd., Stansted, England] with a cylinder 7 cm
in diameter and 20.3 cm in length. Pressurising medium consisted of distilled water
containing 10% Shell Dromas oil B [Shell UK Oil, London, England]. The come-up rate
was approximately 200 MPa/min and the pressure release time 2 min. The sample treatment
time did not include come-up or pressure release times. The adiabatic heating was
approximately 2 °C per 100 MPa. Juice samples were exposed to pressures of 250, 300, 350
and 400 MPa for 5 min, at 20 °C.

2.3 Sampling Protocol and Identification Procedure

For each sample, an unpressurised sample was used as a control to give an initial count.
Appropriate dilutions were prepared in peptone saline diluent [Oxoid CM733]. Duplicate
0.1 ml volumes were spread plated on yeast mould agar [Oxoid CM920] and the number of
colonies counted after incubation at 25 °C for 72 h. Pressurised samples were subsequently
stored at 4 °C and sampled monthly for 3 months. Statistical analysis involved calculation of
least significant differences, p>0.05. Where colonies numbered less than 20, all were
isolated for identification. However, if colony numbers exceeded 20, random selection for
identification involved use of a Harrison disk. Selected colonies were repeatedly streaked
onto malt extract agar [Oxoid CM59] until pure. Yeasts were identified using API ID32C
identification strips [API System, 1987]. The pure colonies were examined weekly for a
month and their morphological and microscopic characteristics observed and compared with
those described by Kregar van Rij [8]. Moulds were identified by comparing the growth
characteristics on specified agars at varying temperatures with those published by Pitt [9].
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3 Results & Discussion

It can be seen from the experimental results that high pressure treatment could be
effective in preserving apple juice. Pressure treatments of 250 MPa and 400 MPa
produced 3log;o and 6log;, reductions, respectively, from an initial count of 7log,
cfu/ml, both significantly lower, p>0.05 (Fig. 1). However, after storage at 4 °C for
one month, only juice pressurised at 400 MPa did not show significant increases in
microbial counts. When juice treated at 400 MPa was stored for 2 months, a
significant increase in counts, p>0.05, occurred to approximately 6log,, cfu/ml,
with the count remaining at this level after 3 months storage.
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Fig. 1. The effect of pressure, 5 min, 20 °C, and storage at 4 °C on the microbial quality of
fresh apple juice

The microorganisms which composed the microbial population were primarily
yeasts and moulds as expected. API identified yeasts as S. cerevisiae,
Cryptococcus laurentii, Zygosaccharomyces spp., Pichia spp., Klockera spp.,
Rhodotorula spp. and a range of Candida spp. The majority of moulds were
initially identified as Penicillium spp., with one species of Cladosporium and
Aspergillius also present. Penicillium species identified included P. italicum, P.
roquefortii and P. citrinium, but not P. expansum. Table 1 shows that juice
exposed to 250 MPa had a more diverse microbial population than juice
pressurised at 400 MPa, where the population consisted only of Candida spp,
Penicillium spp. and Crypto. laurentii. During refrigerated storage, juice treated at
250 MPa retained its varied microbial population. Juice treated at 400 MPa showed
an increase in population diversity, but Candida and Penicillium spp. still
dominated. Concerning specific juice varieties, Golden Delicious had the lowest
pH, of 3, and it was found that Candida spp. were the only microorganisms able to
survive 400 MPa at this pH. The other juices had pH values in the range 3.4-3.5
enabling Penicillium spp. and Crypto. laurentii to survive treatment at 400 MPa,
along with Candida spp. Where Penicillium spp. survived pressurisation in large
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numbers, they dominated the microbial population to such an extent other

microorganisms could not compete.

Table 1. The relative number of each species out of the total isolates identified from the
juice samples [blank: species not identified from sample]

Pressure, MPa 250 400

Months 0 1 2 3 0 1 2 3
Species

Candida 70 75 79 87 2 32 70 38
S.cerevisiae 18 22 20 23 9 16
Zygosacch. 16 15 21 22 12
Rhodotorula 12 10 17 24 6

Pichia 10 8 3 2

Klockera 2 1

Crypto. laurentii 1 2 3
Pencillium 1 4 30 38 34
Total isolates identified 126 130 142 160 | 8 62 126 100

Under the conditions investigated, apple juice pressurised at 400 MPa for 5 min

at 20 °C could have a shelf life of one month at 4 °C storage. However to extend
this, higher pressures, increased exposure time or other stresses such as heat, water
activity or pH, combined with pressure may need to be introduced.
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Abstract. The results of this study show that a preheating associated with
slight HP treatments can enhance the reduction of inoculated E. faecalis
flora and TMAF in duck fatty liver. Moreover, the inoculated E. faecalis
flora seems to be much more sensitive to this preheating than the TMAF.

1 Introduction

High hydrostatic pressure processing can be used as a « soft » alternative technique
to food stabilization thermal treatments [1]. Pressurization allows a reduction in the
time and temperature usually required for sterilization or pasteurization. However,
high pressure (HP) technology for food treatment is still expensive and application
can be found for high added value, thermally fragile, foods. Duck fatty liver
naturally appears as one of the first products to be processed through this
technology. Previous studies have shown that HP treatments are efficient to
stabilize duck fatty liver with good organoleptic qualities ("half cooked" traditional
duck fatty liver characteristics) [2,3]. Nevertheless, potential synergy between
pressure and other parameters such as preheating could be investigated as means
for operating at lower pressures and/or temperatures or for shorter times, to further
improve the organoleptic properties of this product.

The main objective of our work was to study the effect of a "moderate"
preheating before pressurization on the reduction of inoculated Enterococcus
faecalis flora and total mesophilic aerobic flora (TMAF) in duck fatty liver. E.
faecalis is a good indicator microorganism for its thermoresistance and
baroresistance.
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2 Materials & Methods

Samples. The fatty livers used were taken from 4 mulard type ducks for each
experiment, provided by the Lycee Agricole et Agro-alimentaire (Périgueux,
France); they were immediately disembowelled and refrigerated at 4 °C. Livers of
optimum and homogeneous quality were selected by weight (400 to 500 g) and
appearance, and five 30 g cubes (30x30x30 mm) were cut off the main lobe, then
cut in 10x10x10 mm small cubes. Samples inoculated with Enterococcus faecalis
(107/g) were vacuum conditioned in a polyethylene/polyamide/polyethylene
(PE/PA/PE) film before treatment. Untreated fatty liver sample was packaged with
the same film and also held at 4 °C before analysis.

For a better understanding, samples were identified as: T (thermal treatment),
HP (high pressure treatment without preheating) and T+HP (high pressure
treatment with preheating).

Thermal Treatment (T). Samples were submitted to immersion in water at 45 °C
for 20 min, followed by cooling to 4 °C by immersion in cold water and stored for
2dat4°C.

Microbiological contamination was measured and compared with untreated
sample.

High Pressure Treatment (HP). Samples were pressurized at the Interface Hautes
Pressions (Université Bordeaux I), cooled immediately and stored at 4 °C for 2 d.
Selection of two temperatures (55 or 65 °C) and two pressures (350 or
550 MPa) was based on published literature, and on results about the efficiency of
these treatments.
The 4 treatments used were:
HPa: 350 MPa for 20 min at 55 °C HPb: 350 MPa for 20 min at 65 °C
HPc: 550 MPa for 20 min at 55 °C HPd: 550 MPa for 20 min at 65 °C
Microbiological contamination was measured and compared with untreated and
thermally treated samples.

High Pressure Treatment Combined with a Preheating Phase (T+HP). All
samples were preheated at 45 °C for 20 min in a water bath before pressurization
as cited in the "High pressure treatment" section.

After treatments, samples were stored at 4 °C for 2 d. Then, microbiological
contamination was measured and compared with untreated sample, thermally
treated sample and pressurized without preheating treated samples.

Microbiological Analysis of Samples. Analyses were performed on 2 d after
treatments counting (CFU/g) for total mesophilic aerobic flora (TMAF) on Plate
Count Agar medium (PCA), after incubation at 30 °C for 72 h and Enterococcus
Saecalis on KF-Streptococcus medium supplemented with TTC (triphenyl 2,3,5-
tetrazolium chloride) after incubation at 37 °C for 48 h. For commodity, log
CFUy/CFU was calculated with CFU, the initial bacterial charge of untreated
sample.
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3 Results & Discussion

All results concerning T, HP and T+HP treatments on E. faecalis flora and TMAF
are shown in Fig. 1.

Fig. 1. Thermal (T), high pressure (HP), high pressure with preheating (T+HP) treatments
effect on the TMAF and Enterococcus faecalis flora reduction in duck fatty liver. T
treatment: 45 °C/20 min; HP treatments: a: 350 MPa/20 min/S5 °C; b: 350 MPa/20 min/
65°C, c: SS0MPa/20 min/55°C, d: 50 MP&/20 min/65 °C; T+HP treatments: HP
treatments (a, b, ¢ or d) with preheating 45 °C/20 min

T Treatment Effect on TMAF. As expected, T treatment has no significant effect
on TMAF (<llog of reduction). Indeed, 45 °C is much lower than the traditional
pasteurization temperature.

HP Treatment Effect on TMAF. At 350 MPa, treatments allowed slight
reduction of TMAF whatever the temperature used, 55 or 65 °C (2.5 and 3log of
destruction, respectively). However at 550 MPa, for both temperatures, the
bacterial reduction was almost complete (6.5-7log of reduction). Increasing
pressure from 350 to 550 MPa enhances the TMAF reduction while increasing
temperature from 55 to 65 °C has no significant effect. So, in our experimental
conditions, the pressure effect appears to be predominant compared with that of the
temperature.

T+HP Treatment Effect on TMAF. Preheating was shown to influence
differentially the efficiency of high pressure proceeding. In fact, it has no
additional effect on the reduction when it is applied before the strongest HP
treatments (550 MPa/55 or 65°C) and before the lowest HP treatment
(350 MPa/55 °C) but increases significantly the 350 MPa/65 °C treatment
decontamination. This phenomenon could be explained by the additional effect, at
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a low pressure intensity, of the two succesive temperatures used, 45 and 65 °C, this
last temperature is very close to the usual pasteurization one.

Treatments Effect on E. faecalis Compared with TMAF. E. faecalis flora and
TMAF reductions were quite similar after T, HP or strongest T+HP applications
(Fig. 1). Moreover, the synergic thermal effect of the T+HP treatment at
350 MPa/65 °C can be observed for E. faecalis flora as for TMAF. However, in
our experimental conditions, the preheating phase of the lowest T+HP treatment
(350 MPa/55 °C) enhanced significantly E. faecalis flora reduction while it did not
modify TMAF decontamination. So, the inoculated E. faecalis flora seems to be
much more sensitive to a heating phase applied before pressurization than the total
mesophilic contamination. This observation could be explained by a better
adaptation of the natural flora to the environmental medium [4]. Moreover, a
varying proportion of E. faecalis may be stressed, but not inactivated, by T+HP
treatments and are able to grow on the selective medium KF-TTC [5].

4 Conclusions

Our study points out that:

o a preheating phase associated with slight HP treatments can enhance the
reduction of inoculated E. faecalis flora and TMAF in duck fatty liver.

¢ in our experimental conditions, the inoculated E. faecalis flora seems to be more
sensitive to this preheating phase than the TMAF.

So, the preheating use interest depends on the nature of contamination, the HP-
treatment conditions and probably on the nature of food or suspending medium.
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1 Introduction

Liquid milk is usually pasteurized or sterilized by heat treatment before it is
consumed or used for other applications. Recently, high pressure has been
proposed as an alternative to thermal treatment that allows an increase in the shelf-
life of milk, while maintaining most of its raw qualities. Information on the
response of microorganisms to pressure is necessary to further evaluate and
optimize the process. In this respect, the development of high levels of pressure
resistance in some strains of E. coli [2] causes serious concern about the safety and
stability of pressure-processed foods. In the current work, we studied the
inactivation of these E. coli strains in milk by high pressure treatment alone, and in
combination with lysozyme and/or nisin.

2 Materials & Methods

Three types of commercial UHT milk (whole, half-whole and skim) have been
used in this study. Milk was inoculated with stationary-phase cell suspensions of E.
coli MG1655 and its three pressure-resistant mutants (LMM1010, LMM1020,
LMM1030) at approximately 10°cells/ml. Pressure treatments were done in
polythylene bags at.up to 700 MPa and 50 °C. Survivors were counted after serial
dilution and plating on tryptic soy agar.

3 Results

3.1 Pressure Sensitivity of E. coli in Milk

The study clearly showed that the E. coli parent strain was much more resistant
when treated in milk than in buffer (Table 1). Even at 700 MPa, it could not be
efficiently inactivated in 15min at room temperature. The mutants had
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approximately the same level of resistance in milk and in buffer, and were still
slightly more resistant than the parent strain in milk. This dramatic increase in
baroresistance is probably due to the physicochemical composition of the substrate
that can act as a protective compound. These data confirm the results obtained by
others [3-5]. Pressure treatments in milk with different fat concentrations revealed
that resistance increased with increasing fat content (Table 2). Treatments
conducted in skim milk show that the combined used of mild heating (50 °C) with
high pressure (600 MPa) proved an effective method of reducing the parent strain,
>8-log, but only 3.5-4.5 log was achieved for the mutants.

Table 1. Logarithmic viability reduction of E. coli parent strain MG1655 and the mutant
LMM1010 in UHT whole milk and in buffer for 15 min pressure treatment at 20 °C

Whole Milk Phosphate Buffer pH 7.0
Pressure MG1655 LMM1010 MG1655 LMM1010
300 MPa 0.49 0.28 4.96 0.35
400 MPa 0.74 0.27 6.99 0.62
500 MPa 1.40 0.28 7.29 0.44
600 MPa 1.60 0.60 8.32 0.67
700 MPa 2.33 0.40 9.80 0.90

Table 2. Logarithmic viability reduction of E. coli in milks with different fat content: whole
(3.6%), half-whole (1.55%) and skim (0.05%) at 600 MPa for 15 min at 20 °C

E. coli strains Whole Half-whole Skim
MG1655 1.60 2.34 2.96
LMM1010 0.11 0.27 0.29
LMM1020 0.45 1.61 1.42
LMM1030 0.85 1.26 1.39

3.2 Combined High Pressure and Antimicrobial Treatments

A slight increase in lethality was achieved in the presence of lysozyme (400 pg/ml)
and/or nisin (400 ug/ml) (Fig. 1) but the effect of both antimicrobials was much
less than in buffer (see Hauben et al. in this volume) and not enough to assure
safety of the pressurised milk. The sensitivity of E. coli to nisin and lysozyme in
milk was dependent on the milk fat concentration. For instance, inactivation in
skim milk in the presence of nisin was 4-log units for the parent strain and 1.2-3.2-
log units for the mutants compared to 1.7 and 0.22-1.19-log reduction respectively
in whole milk.

Upon storage of the pressurised milk at refrigerated temperature (8 °C), the
number of survivors did not decline as we previously observed in fruit juices [1].
For at least 30 d at 8 °C and in the presence of the antimicrobials, the surviving
population remained stable and no improvement in the shelf-life of the pressurised
milk could be achieved. Upon storage at 20 °C, the population increased
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significantly after 72 h. These results indicated that cells are only sensitise to the
bactericidal activity of lysozyme and nisin during pressure treatment and no further
reduction of injured cells occurs after treatment upon storage.

Fig. 1. Effect of lysozyme and nisin and their combination during pressure treatment
(600 MPa) at 20 °C for 15 min in (a) whole milk and (b) skim milk

3.3 Pressure Cycling Treatments

To achieve higher inactivation levels without further increasing pressure, we tested
cyclic pressure treatments and found these to be considerably more effective than
single continuous treatment for the same total treatment time.With three 10 min
pressure cycles at 550 MPa at 20 °C in the presence of lysozyme, a 8-log reduction
in viable E.coli MG1655 and 5-log reduction in viable E.coli LMMI1010 was
achieved, whereas only 4-log and <1-log reductions were achieved in 30 min
continuous treatment. As can be seen from Fig. 2, cycling enhanced both the high
pressure inactivation in the absence of additives, as well as the sensitivity of the
cells to lysozyme and nisin.
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Fig. 2. Effect of cycled high pressure treatments at 550 MPa and 20 °C in skim milk
inoculated with E.coli parent strain MG16