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We previously found that hydrostatic pressure treatment combined with a rapid decom-

pression (about 2 ms; RD treatment) had a higher bactericidal effect than that with a slow 

decompression (about 30s; SD treatment). To further irnprove the bactericidal efficiency, it is 

important to make clear the mechanistic aspects of the RD treatment. Therefore, in the present 

study we tried to detect the injury of Escherichia coli K12 cells using the differential plating 

method with selective and non-selective agar plates after the SD and RD treatments at 300 MPa 

and 25'C. The results obtained suggested that the RD treatment had no additional effect on 

reducing the cellular ability to synthesize essential components. However, the RD treatment 

accelerated the damages to cell envelope including outer membrane and cyioplasmic mernbrane 

compared to the SD treatment. Therefore, it was expected that the envelope damages were one 

of the major targets of the RD treatment. 

INTRODUCTION 
Food stabilization requires efficient microbial and enzyme destruction or inhibition. 

Heat treatment, commonly used to destroy microorganisms and inactivate enzymes, may 

have negative effects on some food properties such as color, flavor and nutrient. The 

hydrostatic pressure treatment (HPT) has been the subject of increasing investigation as 

an alternative food processing method. The advantages of HPT are to allow improved 

retention of quality parameters such as flavors, taste and nutrients and that may enable to 

produce high quality food products (Cheftel, 1992). However, the use of high-pressure 

treatment may not be cornrnercially available because very high pressures are required for 

the inactivation of microorganisms and enzymes. This leads to increase of the equipment 

costs in addition to the problem of metal fatigue (Hoover, 1993). Decrease of the pro-

cessing pressure is the most important point for the resolution of this problem 
(Furukawa, et al. 2000). 

Hayakawa et al. (1998) contrived "Rapid decompression (RD) method" to increase 

the bactericidal effect of hydrostatic pressure treatment. This RD treatment is achieved 

by a rapid decompression procedure after a pressure holding process. The pressure hold-

ing process ensures the penetration of water into the microbial cells, and the subsequent 

explosive decompression results in a fast adiabatic expansion of water wlthin the cells. As 
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the result, an impulsive force acts on the inner surface of the cells and that results in a 

cellular physical destruction. The inactivation effect caused by a combination of this 

impulsive force and the pressurization is expected to be much larger than that caused by 

the pressurization alone. We already confirmed the RD method had an additional effi-

ciency in spore and cell destruction using the spores of 1~acillus stearothermop/bilus 

(Hayakawa, et al., 1998), the cells of Escherichia coli, Salmonella typhimurium, 

Pseudom07bus aerugi?~osa and Vibrio parahaemoluticus (Noma et al., 2002) as test 
strains. However, we have no inforrnation on the mechanistic aspects of cell death by the 

RD treatment. Practical application of the sterilization method requires insight into the 

mechanisms because their elucidation will help to select the optimal condition of the RD 

treatment . 

The differential plating method has been successfully used for detecting and 
specifying the injury of microbial cells. In this study we tried to explore the possible 

lethal targets of the RD treatment using the differential plating method with selective and 

non-selective agar plates. 

MATERIALS AND METHODS 
Bacterium and preparation of cell suspension 

Escl~erichia coli K12 was kindly provided by the National Institute of Genetics 

(Shizuoka, Japan) . The cells were propagated at 30'C for 12h in 10ml of tryptic soy 

broth (Difco, Detroit, Michigan, USA) and washed and harvested three times by cen-

trifugation at 2,000 Xg and 4 'C for 10 min in 0.90/0 (w/v) sodiurn chloride (Nacalai Tesque, 

Inc., Kyoto, Japan) solution. The resulting cell pellet was re-suspended in the same solu-

tion to give approximately 10'CFU/inl of fmal density. The cell suspensions were stored 

at 4 'C until use. 

Hydrostatic pressure treatinent with a slow or a rapid decompression procedure 
The prepared cell suspensions were sealed in 1.5ml sterile screw capped plastic 

sarnple tubes (Greiner Labortechnik, Kremsmuenster, Germany) and subjected to the fol-

lowing two treatments. The frrst is a SD treatment, which was defined as HPT combined 

wlth a slow decornpression procedure. This SD treatment was carried out as a model of 

conventional HPT. The decompression time from the desired pressure to atmospheric 

pressure was about 30 s. A non-rotational rod valve (Hayakawa, et al., 1998) was used for 

this decompression procedure. The other is a RD treatment, which was defined as HPT 

combined with a rapid decompression procedure. A Iink-motion system was used for the 

rapid decompression treatment. The details of the operation and decompression mecha-

nism were described in a previous paper (Hayakawa, et al., 1998). The time needed to 

complete the rapid decompression from the desired pressure to atmospheric pressure 

was about 2 ms. The SD and RD treatments were carried out at 300MPa and 25'C. The 

treatment period was defined as the pressure holding period at 300MPa. The O min 

treatment was carried out by the decompression just after pressure come-up to the 

desired pressure. The temperature during both treatments was controlled by a thermo-

controller NCB-2400 (Tokyo Rikakikai, Tokyo, Japan). 
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Differential plating method 
Cell injury was detected wlth the differential-plating method. The non-selective agar 

plate used was tryptic soy agar (TSA; Difco). The selective agar plates used were TSA 

supplemented with chloramphenicol (Nacalai Tesque), TSA supplemented with NaCl and 

minimum agar, which contained K2HPO* 7.0g, KH.P0+ 3.0g, sodium citrate ' 2H20 0.1 g, 

MgSO* ･ 7H20 0.1 g, (NH+)2SO* 1.0g, glucose 2.0g, and agar 15g in I L of distilled water. 

All chemicals used for the minimum agar were obtained from Nacalai Tesque. To deter-

mine the maximum concentration of chloramphenicol and NaC1 wlthout inhibition of colo-

nization of intact E, coli K12 cells (C), effect of concentration of each reagent on the 

colony count of intact E. coli K12 cells was investigated (Fig. 1). The determined C of 

chloramphenicol and NaCl was 2.0~rg/inl and 25 mg/inl, respectively. After the SD and RD 

treatments, appropriate serial dilutions were prepared using 0.90/0 sodium chloride 

solution as a diluent, and 0.1 ml volume of the suspension was plated onto both the TSA 

and the selective agar plates. The number of colonies formed on each plate medium was 

counted after incubation at 30 'C for 72 h. The number of sensitized cells to the selective 

agar (N.) was defined as N.=N, -Nus, where N, and N~, were the number of colonies 

formed on the non-selective and the selective agar plates, respectively. 
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Fig. 1. Effect of concentration of each selective reagent on colony counts of 

intact E. coli K12 cells. Symbols represent mean of three independent 

experiments ~ standard error. 

Statistical analysis 

All experiments were performed in triplicate. The data presented are the means of 

triplicate experiments. Significant difference was determined with 50/0 Ievel of signifi-

cance (P<0.05) by Student's t test. 
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RESULTS AND DISCUSSION 

Damage of outer mernbrane 
The main structure of outer membrane of E. coli cells is lipopolysaccharide (LPS) 

bilayer. Since the LPS is hydrophilic substance, outer membrane acts as a barrier for 

hydrophobic substances including chloramphenicol, which is an antibiotic and act as an 

inhibitor for protein synthesis (Pongs et al., 1973; Vester and Garrett, 1988). In addition, 

cell envelopes including outer membrane possess drug-efflux system, which pumping out 

various unacceptable agents such as antibiotics and bile salt (Nikaido, 1996) . Therefore, 

the sensitization of E. coli cells to chlorampheniol can be regarded as damage of outer 

membrane. 
The effects of the SD and RD treatments on the number of colonies formed on the 

TSA and the TSA supplemented with chloramphenicol are shown in Fig. 2 (A) . In the SD 

treatment, the Omin treatment, namely the decompression was done just after the 
pressure come-up, caused no reduction in the colony number of E. coli K12 cells on both 

the TSA and the TSA with chloramphenicol. The sensitivity of E. coli K12 cells to chlo-

ramphenicol was significantly (P< 0.05) increased after the SD treatments for longer than 

10min. 
In the RD treatment, the O Iuin treatment did not affect the colony number on both 

the TSA and the TSA with chloramph~nicol. The RD treatments longer than 5 min sensi-

tized E. coli K12 cells to chloramphenicol. The degrees of sensitization to chloram-

phenicol caused by the RD treatments were larger than those by the SD treatments. 

From these results it is suggested that the RD treatment has an additional effect on 

enhancing the outer membrane damage of E. coli K12 cells. It is considered that this 

outer membrane damage of E. coli K12 cells is related to the increased inactivation effect 

in the RD treatment. 

Envelope damage 
The exposure of E. coli cells to an excessive high osmotic pressure results in the 

damage of the cell envelopes, because the dehydration wlth the exposure yields a cellular 

shrinkage. Since E. coli cells that suffered injury to the cell envelopes including cyioplas-

mic membrane become sensitive to NaC1 (Gilbert, 1984) , cell envelope damages by the SD 

and the RD treatments were enumerated as a difference of the formed colony number 

between the TSA and the TSA supplemented with 25mg/inl NaCl. The results are shown 
in Fig. 2 (B). 

In the SD treatment, the O min treatment did not decrease the cell counts on both the 

TSA and the TSA with NaCl. The viable counts on both the TSA and the TSA with NaC1 

decreased wlth the pressure holding time elapsed. The reduction rate of the colony num-

ber on the TSA with NaC1 was larger than that on the TSA. In the RD treatment, the 

O min treatment did not decrease the nurnber of colonies formed on the TSA, however 

this treatment significantly (P<0.05) decreased the counts on the TSA with NaCl. The 

decrease in the viable colonies on the TSA and the TSA with NaC1 became more pro-

nounced as the pressure holding time elapsed, and these behaviors were more striking 

than the SD treatment. 

From these results, it is suggested that the RD treatment has an additional effect on 
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causing the envelope damages to E. coli K12 cells. It is considered that the enhanced 

envelope damage is related to the increased inactivation effect in the RD treatment. In 

addition, the RD treatment for O min sensitized to NaCl, indicating that the rapid decom-

pression process itself could cause damage to E. coli K12 cell envelopes. 

Damage of the synthesis ability of essential components 
Decrease in the ability of E. coli cells to synthesize essential cellular components is 

evidenced by a lowering of the cellular ability to multiply on nutritionally poor media 

(Straka and Stokes, 1959), because the cells with the lowered ability hardly use the 

nutrients contained in the nutritionally poor media. Therefore, the effects of the SD and 

RD treatments on the ability of E. coli K12 cells to synthesize essential cellular compo-

nents can be monitored by comparing the number of colonies formed on the TSA (rich in 

nutrients) and the minimum agar plate (nutritionally poor medium). The results are 

shown in Fig. 2 (C). 

The SD treatment for O min had no effect on decreasing the colony counts on both the 

TSA and the minimum agar media. The SD treatment for 2 min decreased the number of 

colonies formed on both media. However, the colony numbers on the minimum agar were 

similar to that on the TSA. After the SD treatrnents longer than 3 min, the colony counts 

on the minimum agar were significantly (P<0.05) Iower than those on the TSA. The dif-

ferences in the colony counts between the TSA and the minimum agar increased wlth the 

treatment time elongated. 

The RD treatment for O min caused no decrease of the colony counts on both the TSA 

and the minimum agar. The RD treatment for 2 min decreased the number of colonies 

formed on both the TSA and the minimum agar at the same level. After the RD treat-

ments longer than 3 min, the colony numbers on the minimum agar were significantly 
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Effects of the SD (circle) and RD (square) treatments on the viable counts of E. coli K12 

cells on non-selective (black) and selective (white) agar plates. Both the SD and RD 

treatments were carried out at 300MPa and 25'C. Selective agars used were TSA with 
2.0;lg/iul of chloramphenicol (A), TSA with 25mg/ml of NaCl (B) and minimum agar (C). 

Symbols represent mean of three independent experiments ~ standard error. 



158 S. NOMA et al. 

(P<0.05) Iower than those on the TSA. The differences in the colony counts between 

the TSA and the minimum agar after the RD treatments were similar to those after the SD 

treatments . 

From these results, it is suggested that both the SD and RD treatments decrease the 

abllity of E. coli K12 cells to synthesize essential cellular components. However, the RD 

treatment has no additional effect on decreasing this ability, suggesting that the decrease 

in the ability to synthesize the essential cellular components does not relate to the higher 

inactivation effect of the RD treatment. 

In the present study we tried to detect the injury of E. coli K12 cells using the 

differential plating method with selective and non-selective agar plates after the SD and 

RD treatments at 300 MPa and 25 'C. The results obtained suggest that the RD treatment 

accelerate the damages to cell envelope including outer membrane and cyioplasmic mem-

brane compared to the SD treatment. Therefore, it is expected that the envelope dam-

ages are one of the major targets of the RD treatment and the combination use of any 

treatment, which increasing their damage improves the inactivation effect of the RD 

treatment . 
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