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INTRODUCTION

High hydrostatic pressure is one of more effective methods 
of extending the shelf life of food, especially the one which is 
sensitive to changes in sensory properties and nutritive value 
when conventional thermal process is used.

The  factors affecting the  sensitivity of  microorganisms 
to high pressure at plus temperatures are well known. The de-
gree of  pressure inactivation of  microorganisms depends on 
the  type of  microorganism, pH and composition of  media, as 
well as on the parameters of the process [Alpas et al., 2000; Jor-
dan et al., 2001; Kalchayanand et al., 1998a,b; Patterson et al., 
1995]. The viability of microorganisms also depends on the tem-
perature at which cells are treated with high pressure. They are 
usually the most resistant to high pressure at plus temperatures 
in the range of 20÷35°C [Alpas et al., 2000; Gervilla et al., 1997]. 
Limited available data also showed that higher level of inactiva-
tion of microorganisms exists in high pressure-subzero tempera-
ture conditions than in a certain range of temperatures above 0°C 
[Hashizume et al., 1995; Hayakawa et al., 1998; Kalichevsky et al., 
1995; Luscher et al., 2004; Ludwig et al., 1992; Noma & Hayaka-
wa, 2003; Ponce et al., 1998; Reyns et al., 2000; Shen et al., 2005]. 
However, the reported results were obtained most often only with 
singles strains and different parameters of  pressurization were 
used, which made it difficult to compare these data.

Therefore, the objective of these investigations was to de-
termine the effect of high pressure and subzero temperature 
in the range of 60÷193 MPa and –5 ÷ –20°C on the viability 
of a large set of Gram-negative and Gram-positive bacteria, 
moreover, being in different growth phases and differing in op-
timal temperatures of growth. The sensitivity of strains within 

the  same species was studied as well. The  effect of  growth 
temperature on the high pressure inactivation of cells was de-
termined in the case of psychrotrophic bacteria.

MATERIALS AND METHODS

Cultures and growth conditions
The bacterial strains used in this study are listed in Table 1.
Inocula of strains were prepared by inoculating 100 mL 

of  the appropriate medium (Table 2) with 100 μL of  liquid 
culture (at stationary phase of growth) and incubating with 
shaking at optimal conditions of  growth (Table 2). Under 
these conditions the cells were in the stationary phase.

In order to obtain an appropriate growth phase of  cells, 
100  μL of  the  stationary-phase culture was inoculated into 
100 mL of fresh medium and incubated with shaking at opti-
mal temperature of growth for particular microorganisms (Ta-
ble 2). The bacteria growth was measured by determination 
of optical density at 660 nm. Based on the experimental curves 
middle exponential and stationary phase were determined.

The same media with the addition of agar, and the same 
temperature of  incubation were used for enumeration of vi-
able CFU in  pressure-treated samples and controls serially 
diluted in phosphate-buffered saline.
The media were purchased from BTL Sp. z o.o., Łódź, 

Poland.

Pressure treatment
The pressure was generated in the similar way as described 

Hayakawa et al. [1998] and based on the phenomenon that 
in a sealed vessel filled with water and kept at subzero temper-
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atures, the  increasing volume of  the forming ice I generates 
internal pressure (Table 3). According to  Bridgman [1912], 
high pressure reduces the freezing and melting points of water 
to a minimum of –22°C at 207.5 MPa. Therefore, above this 
temperature, the sample placed in a sealed vessel is affected 
by the pressure in unfrozen state.

The cells in a particular phase of growth were centrifuged 
at 1300×g for 20  min at 5°C, and the  pellets were resus-
pended in phosphate-buffered saline (pH 7.0) to give viable 
counts of  about 108÷109 CFU/mL. Cell suspensions (3 mL 
of each) were placed in sterile glass test tubes. Each tube was 
sealed with a stopper without leaving any bubbles of air in-
side, and kept at 0°C before pressurization. Due the special 
design, the stopper holds the  tightness of  the  tube and it  is 
able to move, which allows to expose the sample to the gener-
ated pressure.

The equipment used to generate pressure during the ex-
periments was designed and constructed in our Department. 
The glass tubes containing cell suspension and a metal spring 
were placed in  a  cylindrical, metal vessel filled with water. 
The vessel was closed without leaving any air bubbles inside. 
It was gradually immersed within 40 min with the closed side 
down, in a temperature-controlled bath containing a mixture 
of  ethanol, propylene glycol and distilled water (1:1:1, v/v) 
as the coolant. After pressure treatment at –5, –10, –15, and 
–20°C, half of the vessel was raised and warmed in the upper 
part to 15°C measured with a  thermocouple. Then the ves-
sel was taken out and placed for a  few minutes in  a  water 
bath at 20°C. The total time of decompression did not exceed 
10 min.

The cell suspensions were stored in an ice bath before vi-
able counts were determined. Unpressurized cell suspensions 
were enumerated as controls.

Table 1. Microorganisms used in the experiments.

G
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e

Escherichia coli IBA 72 (ATCC 11105), Escherichia coli CCUG 
11321, CCUG 41424, Escherichia coli Ec29/51, Ec160/59 Czech 
NCTC, Escherichia coli K-12 PCM 2560 (NCTC 10538), Escheri-
chia coli isolates1 from: pork meat (MW), milk (M), cod meat 
(7250), kefir (2140) 

Salmonella Typhimurium TA982

Proteus vulgaris Pv13, Proteus mirabilis Pm13

 Serratia marcescens Sm13 

Enterobacter aerogenes Ea13, Enterobacter faecium Ef13

Pseudomonas fluorescens WSRO 121, Pseudomonas fragi PCM 
2124, Pseudomonas putida PCM 1856, Pseudomonas fluorescens L13

Thermus thermophilus HB-8, Thermus rubber DFM1279, Thermus 
filiformis DFM4687

G
ra

m
-p
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iti

ve

Listeria innocua4 III1, III3 

Micrococcus lysodeikticus ATCC 4696

Arthrobacter psychrolactophilus5 

Staphylococcus aureus PCM 2054 (ATCC 25923), PCM 2101 
(ATCC 12598), Staphylococcus aureus DSM2569

Deinococcus radiodurans DSM20539 

Enterococcus faecalis Enf3, Enterococcus hirae Enh13

 Sarcina S13

Bacillus subtilis Bs23, Bacillus cereus Bc13 

1 kindly provided by the J.S.H. Laboratoria Sp. z o.o., Poland; 2 Depart-
ment of Pharmaceutical Technology and Biochemistry, Gdansk Univer-
sity of Technology, Poland; 3 Department of Food Chemistry, Technology 
and Biotechnology, Gdansk University of Technology, Poland; 4 kindly 
provided by Department of Food Microbiology, University of Agriculture, 
Szczecin, Poland; 5 kindly provided by Marianna Turkiewicz from the In-
stitute of Technical Biochemistry, Technical University of Lodz, Poland

Table 3. Relationship between temperature and pressure generated in 
the pressure vessel [Kalichevsky et al., 1995].

Temperature
(°C)

Pressure
(MPa)

−5 59.8

−10 110.9

−15 156.0

−20 193.3

Table 2. Growth conditions of bacterial strains.

Strains Medium Temperature of 
growth (°C) Time of growth (h)

E. coli, P. vulgaris, P. mirabilis, S. marcescens, S. Typhimurium TA98, 
E. aerogenes, E. faecium, L. innocua, M. lysodeikticus, S. aureus, E. fecalis, 
E. hirae, Sarcina S1, B. subtilis, B. cereus

TSBYE 37 24

P. fluorescens, P. fragi, P. putida TSBYE 28 24

D. radiodurans No. 1 28 48

Pseudoalteromonas 22B and 518, Psychrobacter, A. psychrolactophilus No. 2 15
15

72
72

T. thermophilus No. 3 70 48

T. filiformis No. 4 70 48

T. ruber No. 5 55 48

TSBYE – tryptone soy broth supplemented with 0.6 g/L yeast extract; Medium: No. 1: yeast extract (1 g), peptone (5 g), glucose (1 g), distilled water 
(1000 mL); No. 2: yeast extract (1 g), peptone (2 g), lactose (10 g), sea salt (21.2 g), distilled water (1000 mL); No. 3: yeast extract (4 g), peptone (8 g), 
NaCl (2 g), distilled water (1000 mL); No. 4: yeast extract (1 g), tryptone (1 g), nitriloacetic acid (100 mg), CaSO4x2 H2O (40 mg), MgCl2x6 H2O 
(200 mg), 0.01 mol/L ferric (II) citrate (0.5 mL), trace elements solution (0.5 mL), 0.05 mol/L phosphate buffer – pH 7.2 (100 mL), distilled water 
(1000 mL). Trace elements solution contained: H2SO4 (0.5 mL), MnSO4xH2O (2.28 g), ZnSO4x7 H2O (0.5 g), H3BO3 (0.5 g), CuSO4x5 H2O (25 mg), 
Na2MoO4x6 H2O (25 mg), CoCl2x6 H2O (45 mg), distilled water (1000 mL). No. 5: yeast extract (1 g), peptone (5 g), soluble starch (1 g), distilled 
water (1000 mL).
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The data presented in the tables and figures are mean val-
ues obtained from three independent experiments. The bars on 
the figures indicate the mean standard deviations for the data 
points. Some results were evaluated with the Student’s t-test.

RESULTS AND DISCUSSION

Factors affecting viability of some bacteria under high 
pressure at subzero temperature

Growth stage
Microorganisms in  the  exponential phase of  growth are 

usually more sensitive to  the  destructive effect of  different 
stress factors than in the stationary phase of growth. The bac-
terial cells in the stationary phase are able to develop defensive 
mechanisms and then they become more resistant to  stress 
conditions. Such a relationship, shown by some authors study-
ing the effect of high pressure at plus temperatures on different 
types of bacteria [Benito et al., 1999; O’Reilly et al., 2000; Pa-
gan & Mackey, 2000], also exists when bacterial cells are pres-
surized at subzero temperatures. Three tested species differing 
in  optimal temperature of  growth: P. fluorescens WSRO121, 
E. coli IBA72, and T. thermophilus HB-8, were more sensitive 
to pressure in the exponential phase of growth than those from 
the stationary phase (Figure 1). Differences in the viability be-
tween cells in both phases of growth were more distinct when 
pressure above 111 MPa was used. For example, living cells 
of T. thermophilus in the exponential phase of growth were not 
detected after pressure treatment at 193 MPa and –20°C, while 
the exponential phase cells were inactivated by 4.5 log cycles.

It was confirmed in the experiments made on the larger set 
of Gram-negative bacteria belonging to different species that 
the  stationary phase cells are more pressure resistant than 
the cells of the exponential phase (Table 4).

Optimal growth temperature
There are relatively few literature data on the  pressure 

sensitivity of  microorganisms dependence on their optimal 
temperature of growth. According to results reported by Ger-
villa et al. [1997, 1999] psychrotrophic P. fluorescens was more 
sensitive to high pressure than mesophilic E. coli. However, 
our preliminary experiments showed that among three tested 
species of bacteria, representatives of psychrotrophic, meso-
philic and thermophilic organisms, the most resistant to pres-
sure in  the  exponential phase of  growth was P. fluorescens 
WSRO121, while the most sensitive was T. thermophilus (Fig-
ure 1). The number of viable cells of P. fluorescens WSRO121 
and E. coli IBA72 after pressure treatment at 193 MPa and 
–20°C decreased by about 4.5 and 6.5 log cycles while alive 
cells of  T. thermophilus were not detected under these con-
ditions. Differences in pressure sensitivity among the  tested 
species were less evident in the case of the stationary phase 
cells. Results of the experiments in which more bacterial spe-
cies belonging to the particular type of microorganisms were 
studied showed large variations in pressure sensitivity among 
the species. As is presented in Table 4, both pressure sensi-
tive and relatively pressure resistant species appeared within 
mesophilic, psychrotrophic and thermophilic bacteria. How-
ever, the tendency to the greater pressure sensitivity of Gram

‑negative psychrotrophic and psychrophilic (and probably 
thermophilic) species than of the Gram-negative mesophiles 
was emphasized. There were statistically significant differ-
ences in the viability of these bacteria (Table 5).

Gram-positive and Gram-negative bacteria
Numerous data showed that at positive temperatures 

Gram-positive bacteria in  the stationary phase are more re-

Figure 1. The effect of high pressure at subzero temperature on the vi-
ability of selected bacteria in the exponential phase (▲–▲) and station-
ary phase (■–■).
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sistant to pressure than the Gram-negative bacteria [Alpas et 
al., 2000; Arroyo et al., 1997, 1999; O’Reilly et al., 2000]. Our 
results confirmed that the same relationship occurred when 
tested bacteria in the exponential and stationary phase were 
treated with high pressure at subzero temperatures (Table 
6). There were statistically significant differences between 
Gram-negative (Table 4) and Gram-positive bacteria (Table 
6) in spite of differences in resistance to pressure among spe-
cies belonging to the same Gram-type.

Among the tested bacteria the most resistant to pressure 
were S. aureus strains. The cells were not inactivated under 

the pressure of 193 MPa at –20°C neither in the exponential 
phase nor in  the  stationary phase of  growth. However, our 
results and the results of other authors [Patterson et al., 1995] 
show that pressure-resistant strains may occur among Gram
‑negative bacteria. For example, E. coli CCUG41424 strain 
(Table 4) showed similar resistance to  pressure as the  cells 
of S. aureus (Table 6). On the other hand, within the S. aureus 
strains can exist ones that are very sensitive to pressure. Alpas 
et al. [1999] showed that among seven strains of S. aureus one 
was inactivated by about 7 log cycles after pressure treatment 
345 MPa for 5 min at 25°C while other strains under these 
conditions survived completely.

According to  Ludwig & Schreck [1997], the  shape 
of cells determines their resistance to pressure independently 
of the Gram-type. The spherical forms of bacteria are more 
resistant than the  rod-shaped ones. The  results presented 
in  Table 6  showed that at subzero temperature both tested 
Bacillus species in  the  exponential and in  the  stationary 
phase were more pressure-sensitive than spherical forms. 
The  Gram‑positive rods of  L.  innocua in  the  exponential 
phase were more sensitive to pressure than S. aureus strains. 
The number of viable cells of L. innocua decreased by 5–6 log 
cycles, while the  cells of  S. aureus were inactivated by less 
than 1 log cycle. However, the cells of both species in the sta-
tionary phase showed comparable resistance to  pressure. 
On the other hand, spherical cells of M. lysodeikticus, simi-
larly to  L. innocua, were pressure-sensitive in  the  exponen-
tial phase of growth and pressure-resistant in the stationary 
phase. The stationary phase cells of A. psychrolactophilus were 
also resistant to pressure. In this phase they grow as Gram-
positive cocci, while in the exponential phase elongated forms 
are formed. As shown in  Table 6, in  the  exponential phase 

Table 4. Viability loss of Gram-negative bacteria in the exponential and 
stationary phase after pressure treatment at 193 MPa and –20°C. 

Bacterial strains
log N0/N

Exponential 
phase

Stationary  
phase

Psychrophiles and psychrotrophs

P. fluorescens WSRO121 4.5±0.8 3.6±0.8

P. fluorescens L-1 8.3±0.0 6.9±0.1

P. putida PCM 1856 7.0±0.1 5.5±0.1

P. fragi PCM 2124 7.1±0.1 5.2±0.1

Pseudoalteromonas 22B 8.3±0.0 6.3±0.8

Pseudoalteromonas 518 8.7±0.0 7.2±0.1

Psychrobacter 20 8.0±0.0 6.5±0.1

Mesophiles

E. coli CCUG41424 1.2±0.1 0.9±0.1

E. coli IBA72 6.5±0.3 5.0±0.5

P. vulgaris Pv1 5.8±0.6 4.8±0.4

P. mirabilis Pm1 2.3±01 0.9±0.2

S. marcescens Sm1 4.9±0.3 4.8±0.1

S. Typhimurium TA98 5.0±0.2 1.8±0.1

E. aerogenes Ea1 2.0±0.1 1.0±0.1

E. feacium Ef1 5.0±0.3 3.2±0.1

Thermophiles

T. thermophilus HB-8 8.1±0.0 4.4±0.4

T. rubber DFM1279 3.0±0.3 2.0±0.3

T. filiformis DFM4687 7.8±0.0 7.9±0.0

N – the number of cells detected after pressurization; N0 – the number of 
cells in the control.

Table 5. Comparison of viability of psychrophiles or psychrotrophs and 
mesophiles1 after pressure treatment at 193 MPa and –20°C.

Group of bacteria

Log N0/N

Gram-negative Gram-positive

Exponen-
tial phase

Stationary 
phase

Exponen-
tial phase

Stationary 
phase

Psychrophiles and 
psychrotrophs 7.4a 5.9a 5.0a 1.2a

Mesophiles 4.1b 2.8b 3.4a 1.6a

1The values for a particular column followed by different letters differ 
significantly (p<0.05).

Table 6. Viability loss of Gram-positive bacteria in the exponential and 
stationary phase after pressure treatment at 193 MPa and –20°C.

Bacterial strains
log N0/N

Exponential 
phase

Stationary  
phase

Psychrophiles and psychrotrophs

D. radiodurans 3.2±0.1 1.9±0.3

A. psychrolactophilus 5.2±0.2 0.2±0.1

L. innocua III1 5.5±0.4 1.4±0.1

L. innocua III3 6.3±0.1 1.4±0.1

Mesophiles

S. aureus PCM 2054 0.8±0.1 0.6±0.1

S. aureus PCM 2101 1.3±0.1 0.1±0.1

S. aureus ATCC29213 0.1±0.1 0.3±0.1

M. lysodeikticus ATCC4696 4.7±0.1 0.9±0.3

E. faecalis Enf 5.6±0.3 2.9±0.1

E. hirae Enh1 1.6±0.2 0.1±0.1

Sarcina S1 1.3±0.4 0.2±0.1

B. subtilis Bs2 7.3±0.0 4.2±0.1

B. cereus Bc1 7.5±0.0 5.0±0.2

N – the number of cells detected after pressurization; N0 – the number of 
cells in the control.
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of  growth these cells were sensitive to  pressure. However, 
the relationship between sensitivity to pressure and the shape 
and size of the bacterial cells must be confirmed on a larger 
number of particular groups of microorganisms.

Growth temperature
Some authors reported that cells in the stationary phase 

became more pressure-resistant and exponential cells more 
sensitive as the  growth temperature increased [Casadei & 
Mackey, 1997; McClements et al., 2001]. Similar results were 
obtained in  our experiments with P.  fluorescens WSRO121 
(Figure 2).

As shown in Figure 2, with the increase of the growth tem-
perature intensification of  differences in  pressure sensitivity 
was observed between cells in the exponential and stationary 
phase of growth. When bacteria were grown at 26°C, the num-
ber of cells in the stationary and exponential phase decreased 
by about 2 and 4  log cycles, respectively, after treatment at 
111 MPa and –10°C. There were no differences in the viability 
between cells of both growth phases when they grew at 4°C.

Variation in resistance to pressure among strains
Pressure sensitivity at subzero temperature was tested for 

ten strains of E. coli, including isolates from food. The dif-
ferences in  the  resistance to  high pressure among strains 
belonging to the same species occurred in cells of both the sta-
tionary and exponential phase (Table 7). The most sensitive 
in the exponential phase was E. coli MW isolated from pork. 
Even after pressure treatment at 60 MPa the number of viable 
cells decreased by about 5 log cycles and at 193 MPa living 
cells were not detected in the initial population of 108 cells/
mL. The number of cells of all tested E. coli strains in the sta-
tionary phase was not reduced at pressure of 60 MPa. How-
ever, after pressure treatment at 193  MPa the  differences 
in the viability of cells in the stationary phase occurred and 
the  most sensitive was E.  coli IBA72 strain. The  number 
of viable cells of these bacteria decreased by ca. 5 log cycles 
(Table 7). Likewise, Pagan & Mackey [2000] showed differ-
ences in the sensitivity to pressure of three strains of E. coli. 
After pressure treatment for 8  min at 500  MPa and room 
temperature of  the  cells in  the  stationary phase, the  num-

ber of  E. coli NCTC 8003  and H1071 decreased by 6  and 
4  log cycles, respectively. However, the  third strain, E. coli 
C9490, was pressure-resistant under these conditions. When 
the cells of the three tested strains were exposed to pressure 
in the exponential phase of growth, there were no differences 
in  resistance among them. In  our experiments, differences 
in the sensitivity among strains of E. coli occurred in the ex-
ponential phase cells, but 5 of 10 tested strains showed simi-
lar viability under 193 MPa.

Alpas et al. [1999] in  the  experiments with four species 
of bacteria, each including 6-9 strains of food-borne patho-
gens, showed distinc variation in pressure sensitivity among 
bacterial strains when pressurization was conducted at 20-
25  °C. However the  differences in  the  viability were greatly 
reduced at 50°C. It was found that a decrease of temperature 
below 20°C also increased the pressure sensitivity of microor-
ganisms [Hashizume et al., 1995; Ponce et al., 1998; Moussa 
et al., 2006]. Thus, it could be expected that differences in re-
sistance to pressure among strains should be eliminated after 
pressure treatment at subzero temperature. However, our ex-
periments did not confirm that, probably because the pres-
sure of 193 MPa was too low.

CONCLUSIONS

In the process of pressure treatment of bacteria at subzero 
temperature without freezing of water the same relationships 
exist between viability of  cells and their Gram type, shape, 
phase of growth as were shown by other authors in the pro-
cess conducted above 0°C.

The  maximum pressure obtainable in  the  sealed vessels 
at –20°C is not higher than ca. 200 MPa. Although this pres-
sure is very effective in  reducing the  number of  viable cells 
of  some bacteria, it  may be insufficient to  complete inacti-

Table 7. Viability loss of E. coli strains in the exponential and stationary 
phase after pressure treatment at 60 MPa and –5°C or at 193 MPa and 
–20°C.

Bacterial strains

log N0/N

Pressurized at Pressurized at

60 MPa 193 MPa 60 MPa 193 MPa

Exponential phase Stationary phase

E. coli 2140 2.0±0.2 3.2±0.2 0.5±0.1 0.8±0.4

E. coli 7250 1.9±0.2 7.1±0.6 0.2±0.1 0.3±0.0

E. coli MW 4.7±0.6 8.5±0.0 0.1±0.1 1.3±0.1

E. coli M 0.1±0.1 8.4±0.0 0.1±0.1 0.9±0.0

E. coli Ec160/59 0.1±0.0 5.8±0.3 0.0±0.1 0.5±0.1

E. coli K-12 2.4±0.2 5.4±0.1 0.1±0.1 0.4±0.5

E. coli IBA72 2.2±0.1 6.5±0.3 0.7±0.1 5.2±0.5

E. coli 
CCUG41424 1.0±0.1 1.2±0.1 0.1±0.1 0.7±0.1

E. coli 
CCUG11321 4.9±0.5 5.2±0.1 1.1±0.1 1.4±0.5

E. coli Ec27/52 5.1±0.1 5.1±0.1 0.6±0.3 0.7±0.1

N – the number of cells detected after pressurization; N0 – the number of 
cells in the control.

Figure 2. The effect of temperature growth on the inactivation of P. flu-
orescens WSRO 121 in the exponential phase  and stationary phase  
at 111 MPa and –10°C. (1) N – the number of cells detected after pressur-
ization; N0 – the number of cells in the control).
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vation of  the  more pressure-resistant Gram-positive and 
Gram-negative bacteria. It seems that using reasonably high 
pressure in combination with antimicrobial factors is a prom-
ising method for achieving a desirable increase in the inacti-
vation of bacteria.
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