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Note

High Pressure Carbon Dioxide Decreases the Heat Tolerance of the Bacterial Spores
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Effect of high pressure carbon dioxide treatment (35˚C, 6.5 MPa) (HPCT) on the heat tolerance of bacterial
spores was investigated. Spores of Bacillus coagulans and B. licheniformis were subjected to HPCT following heat
treatment (80, 85 and 90˚C for 30 min) (HT). Spores of both types were sterilized completely in 30 min-90˚C HT after
HPCT. These results indicated that HPCT greatly decreased the heat resistance of spores.

Keywords: carbon dioxide, heat, bacterial spore, sterilization, inactivation

In food sterilization, inactivation of dormant bacterial spores is
the main objective. To inactivate bacterial spores, heat steriliza-
tion, the most commonly used method in food industry, usually
results in detrimental changes in the nutritive value, color and fla-
vor of foods (Joslyn, 1991; Walker & LaGrange, 1991). In con-
trast, hydrostatic pressure treatment (HPT) can inactivate micro-
organisms without altering the flavor or nutrient components in
foods (Cheftel, 1992). 

Dormant bacterial spores are highly resistant to many physical
treatments including heat, drying, radiation and chemical agents
such as hydrogen peroxide (Gould, 1983), but germinated spores
are not resistant. Thus, it is believed to be effective for dormant
spores to be germinated firstly and then to inactivate those that
are germinated.   

HPT can initiate germination of dormant bacterial spores in a
germinator free solution (Clouston & Wills, 1969; Gould & Sale,
1970; Wuytack et al., 1998). In the inactivation of bacterial
spores by HPT, bacterial spores first germinated by hydrostatic
pressure, and then the germinated spores, now sensitive to this
type of pressure, were inactivated if the pressure was sufficiently
high (Gould & Sale, 1970). At moderate temperature, HPT had
to be extremely high above 600 MPa to inactivate the germinated
bacterial spores (Sonoike, 1997). The combination of HPT with
heat treatment (HT) is thus a promising method to inactivate bac-
terial spores (Gould, 1973; Mallidis & Drizou, 1991; Okazaki et
al., 1994; Roberts & Hoover, 1996), because germinated spores
were easily inactivated by HT alone.

There have been many studies on the effects of high pressure
carbon dioxide treatment (HPCT) on the inactivation of bacteria
under moderate temperature (approximate 20 to 40˚C) and pres-
sure (approximately 5 to 35 MPa) (Nakamura et al., 1994; Ish-
ikawa et al., 1995; Erkmen, 2001; Shimoda et al., 2001, 2002).
For the sterilization of bacterial spores, it has been thought to be
effective to decrease the heat tolerance of bacterial spores, and
then to inactivate them by subsequent HT. In this study, we
investigated the effect of HPCT and subsequent heat treatment

on the inactivation of bacterial spores.

Materials and Methods
Bacteria The bacteria used were Bacillus coagulans

JCM2257 and Bacillus licheniformis JCM2505, and were ob-
tained from the Japan Collection of Microorganisms (Saitama,
Japan).

Media and culture conditions Overnight cultures of
Bacillus grown in nutrient broth (Difco, USA) were transferred
to sporulation agar plates. The medium consisted of nutrient agar
(Difco) containing 1 �g/l Mn2�. Two hundreds microliters (ap-
proximately 109 CFU/ml) of overnight culture was poured on
each sporulation agar plates and the plates were incubated at
37˚C for 10 days.

Preparation of spore suspensions Spores were collected
by flooding the surface of the culture with sterile distilled water
followed by scraping the surface with a sterile microscope slide
glass. After collection, spores were washed three times by cen-
trifugation at 8000�g for 10 min, resuspended in sterile distilled
water and stored at 4˚C until use. Suspensions were diluted to
give approximately 106 colony forming units (CFU) ml�1.

High pressure carbon dioxide treatment (HPCT) and heat
treatment (HT) Spore suspensions (10 ml) were poured into a
sterile test tube (104�17 mm) and the test tube was placed in a
preheated sterilization vessel, and then spores were treated. The
equipment used was a prototype pressurization apparatus (AKI-
CO Co., Japan) (Furukawa et al., 2003). Temperature of the ster-
ilization vessel was regulated by a thermocontrolled heater at
35˚C. CO2 was gradually forced into the vessel until the pressure
reached 6.5 MPa; the time required to achieve this pressure was
approximately 1 min. The sample was kept for 10, 30, 60 min at
a constant temperature and pressure during each experiment. Fol-
lowing the treatment, the decompression time was approximately
2 min. Then, a portion of the samples (2 ml) was transferred into
glass test tubes (10�100 mm) and incubated at 80, 85 and 90˚C
for 30 min.

Measurement of surviving spores Viable spores were
determined by plating 100 �l of appropriately diluted samples
onto nutrient agar (Difco). The plates were incubated at 37˚C for
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24 h, and colonies were counted. 
Statistical analysis All experiments were done in tripli-

cate, and the data presented are the means of the triplicate exper-
iments. Significant differences between surviving and ungermi-
nated spores were assessed with 5% level of significance (p�
0.05) by Student’s t test.         

Results and Discussion
The effects of high pressure carbon dioxide treatment (HPCT)

at 35˚C at 6.5 MPa and subsequent heat treatment (HT) at 80, 85
and 90˚C for 30 min on the bacterial spores were investigated.
Figure 1 shows the effect of this action on the inactivation of
spores of B. coagulans JCM2257. Approximately 1 order (80˚C),
2.5 orders (85˚C) and 3 orders (90˚C) of the log inactivation ratio
of B. coagulans spores were inactivated by HT for 30 min,
respectively. 

In HT, B. coagulans spores were not completely sterilized.
The effect of HPCT subsequent HT on the inactivation of these
spores was then investigated. Approximately, 2.5 orders (80˚C), 5
orders (85˚C) and 6 orders (90˚C) of the log inactivation ratio of
B. coagulans spores were inactivated by HPCT, respectively.

Figure 2 shows the effect of HPCT and the following HT on
the inactivation of the spores of B. licheniformis JCM2505. Ap-
proximately 1 order (80˚C), 2 orders (85˚C) and 3 orders (90˚C)
of the log inactivation ratio of these spores were inactivated by
HT for 30 min, respectively. In HT, B. licheniformis spores were
not completely sterilized, and the effect of HPCT and subsequent
HT at 80, 85 and 90˚C for 30 min on their inactivation was inves-
tigated. Approximately 2 orders (80˚C), 4 orders (85˚C) and 6
orders (90˚C) of the log inactivation ratio of these spores were
found to have been inactivated. There was no significant differ-
ence among the surviving spores in HPCT at 10, 30 and 60 min
and the following HT. Therefore, only the results of 10 min are
indicated (Figs. 1 and 2).

Both spores were sterilized completely by HPCT and subse-
quent HT at 90˚C. From these results, it was concluded that
HPCT decreased the heat tolerance of bacterial spores.

It was previously indicated that the hydrostatic pressure treat-
ment (HPT) increased the heat sensitivity of bacterial spores by
initiating their germination (Clouston & Wills, 1969; Gould &
Sale, 1970; Wuytack et al., 1998). In the inactivation of bacterial

spores by HPT, bacterial spores first germinated by hydrostatic
pressure, and then the germinated spores, now sensitive to such
pressures, were inactivated if the pressure was sufficiently high
(Gould & Sale, 1970). It was indicated that the germination
effect of HPCT was also the main reason for the inactivation of
the spores (Watanabe et al., 2002).

This study showed that HPCT decreases the heat tolerance of
bacterial spores. From the viewpoint of applying HPCT to indus-
trial food sterilization, increase of the inactivation ratio of bacte-
rial spores is thought to be very important. In general, many
boiled foods are cooked at around 100˚C. Food quality is not
believed to be changed detrimentally by HT around 100˚C. With
the combination of HPCT, we succeeded in the effective steril-
ization by HT below 100˚C.   

References
Cheftel, J.C. (1992). Effects of high hydrostatic pressure on food con-

stituents: an overview. High Pressure Biotechnology. ed. by K. Her-
emans. London, Colloque INSERM/John Libbey and Co., Ltd.,
195–209.

Clouston, J.G. and Wills, P.A. (1969). Initiation of germination and in-
activation of Bacillus pumilus spores by hydrostatic pressure. J.
Bacteriol., 97, 684–690.

Erkmen, O. (2001). Effect of high-pressure carbon dioxide on Esche-
richia coli in nutrient broth and milk. Int. J. Food Microbiol., 65,
131–135.

Furukawa, S., Watanabe, T., Tai, T., Hirata, J., Ogihara, H. and Yama-
saki, M. (2003). Effect of high pressure gaseous and supercritical
carbon dioxide treatments on the bacterial spores. Biocontrol Sci., 8,
97–100.

Gould, G.W. (1973). Inactivation of spores in food by combined heat
and hydrostatic pressure. Acta Alimentaria, 2, 377–383.

Gould, G.W. (1983). Mechanisms of resistance and dormancy. “The
Bacterial Spore Vol. 2,” G.W. Gould. New York, Academic Press
Inc., 173–209.

Gould, G.W. and Sale, J.H. (1970). Initiation of germination of bacte-
rial spores by hydrostatic pressure. J. Gen. Microbiol., 60, 335–346.

Ishikawa, H., Shimoda, M., Shiratsuchi, H. and Osajima, Y. (1995).
Sterilization of microorganisms by the supercritical carbon dioxide
micro-bubble method. Biosci. Biotechnol. Biochem., 59, 1949–1950.

Joslyn, L.J. (1991). Sterilization by heat. In “Disinfection, Steriliza-
tion, and Preservation.” S.S. Block. London, Lea & Febiger, 495–
526.

Mallidis, C.G. and Drizou, D. (1991). Effect of simultaneous applica-
tion of heat and pressure on the survival of bacterial spores. J. Appl.
Bacteriol., 71, 285–288.

Fig. 1. Effect of HPCT at 35˚C, 6.5 MPa and the following HT at 80, 85,
90˚C for 30 min on the inactivated ratio of B. coagulans JCM2257 spores.
Dotted line indicates the complete sterilization.

Fig. 2. Effect of HPCT at 35˚C, 6.5 MPa and the following HT at 80, 85,
90˚C for 30 min on the inactivated ratio of B. licheniformis JCM2505 spores.
Dotted line indicates the complete sterilization.



344 T. WATANABE et al.

Nakamura, K., Enomoto, A., Fukushima, H., Nagai, K. and Hakoda,
M. (1994). Disruption of microbial cells by the flash discharge of
high-pressure carbon dioxide. Biosci. Biotechnol. Biochem., 58,
1297–1301.

Okazaki, T., Yoneda, T. and Suzuki, K. (1994). Combined effects of
temperature and pressure on sterilization of Bacillus subtilis spores.
Nippon Shokuhin Kagaku Kogaku Kaishi, 41, 536–541 (in Japa-
nese).

Roberts, C.M. and Hoover, D.G. (1996). Sensitivity of Bacillus coagu-
lans spores to combinations of high hydrostatic pressure, heat, acid-
ity and nisin. J. Appl. Bacteriol., 81, 363–368.

Shimoda, M., Cocunubo-Castellanos, J., Kago, H., Miyake, M., Osa-
jima, Y. and Hayakawa, I. (2001). The influence of dissolved CO2

concentration on the death kinetics of Saccharomyces cerevisiae. J.
Appl. Microbiol., 91, 306–311.

Shimoda, M., Kago, H., Kojima, N., Miyake, M., Osajima, Y. and
Hayakawa, I. (2002). Accelerated death kinetics of Aspergillus niger

spores under high-pressure carbonation. Appl. Environ. Microbiol.,
68, 4162–4167.

Sonoike, K. (1997). High pressure sterilization technology: Subject for
the application to food. Nippon Shokuhin Kagaku Kogaku Kaishi,
44, 522–530 (in Japanese).

Walker, H.W. and LaGrange, W.S. (1991). Sanitation in food manufac-
turing operations. In “Disinfection, Sterilization, and Preservation.”
S.S. Block. London, Lea & Febiger. 

Wuytack, E.Y., Boven, S. and Michiels, C.W. (1998). Comparative
study of pressure-induced Bacillus subtilis spores at low and high
pressure. Appl. Environ. Microbiol., 64, 3220–3224.

Watanabe, T., Tai, T., Furukawa, S., Ogihara, H. and Yamasaki, M.
(2002). Effect of high pressure carbon dioxide on the germination of
the bacterial spores. Presented at 46th Annual Meeting of Japan
Society for Bioscience, Biotechnology and Agrochemistry, Sendai,
March 24–27, p. 103


