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Spores of Bacillus anthracis are known to be extremely resistant to heat treatment, irradiation, desiccation,
and disinfectants. To determine inactivation kinetics of spores by high pressure, B. anthracis spores of a Sterne
strain-derived mutant deficient in the production of the toxin components (strain RP42) were exposed to
pressures ranging from 280 to 500 MPa for 10 min to 6 h, combined with temperatures ranging from 20 to 75°C.
The combination of heat and pressure resulted in complete destruction of B. anthracis spores, with a D value
(exposure time for 90% inactivation of the spore population) of approximately 4 min after pressurization at 500
MPa and 75°C, compared to 160 min at 500 MPa and 20°C and 348 min at atmospheric pressure (0.1 MPa)
and 75°C. The use of high pressure for spore inactivation represents a considerable improvement over other
available methods of spore inactivation and could be of interest for antigenic spore preparation.

Bacillus anthracis is a spore-forming gram-positive bacillus
that causes anthrax. This zoonosis mostly affects herbivores.
Occasionally humans contract the disease via the cutaneous
route or via inhalation of aerosolized spores. The risk of bio-
logical warfare and bioterrorism is of increasing concern for
governmental authorities, especially since the dissemination of
spores through letters sent through the postal system. This
caused 22 cases of human anthrax, with 5 fatal cases of inha-
lation anthrax (5). Consequently, research on anthrax prophy-
laxis and decontamination has been intensified. In this context,
improved anthrax vaccine efficiency and spore inactivation
methods are needed for safe antigenic preparation (2).

Bacterial spores can survive in the environment for an ex-
traordinarily long time; they are in a dormant state and resist
physical and chemical stress. Several techniques, alone or com-
bined, have already been tested for the inactivation of Bacillus
spores: heat, acid pHs, nisin, ultrasonic waves, irradiation, and
high pressure (4, 11, 17). High-pressure technology has been
used since 1990 in the food industry for preservation and food
processing. High hydrostatic pressure has proven to be efficient
for destruction of vegetative bacteria, viruses, and yeasts, with
bacterial spores being more resistant to pressure (6, 9). Due to
a renewed interest in methods of B. anthracis spore inactiva-
tion, UV resistance was recently revisited (10), but high hydro-
static pressure had never been applied to the inactivation of B.
anthracis spores. The aim of this study was to evaluate the
efficacy of high-pressure treatment, alone and in association
with heat, on the inactivation of spores of B. anthracis strain
RP42, derived from the Sterne strain. B. anthracis Sterne is an
attenuated nonencapsulated variant. This strain does not have
the pXO2 plasmid, which carries the capsule genes of the
vegetative bacterium. The RP42 strain contains the pXO1 plas-
mid from which the genes for edema factor and lethal factor

production were deleted. This avirulent strain is a valuable
model for spore inactivation studies because only the plasmid
virulence genes of the vegetative form are affected, whereas all
chromosomal genes responsible for sporulation and germina-
tion are present. Thus, spore components and spore resistance
of strain RP42 are assumed to be identical to those of the wild
strain (14).

Bacterial strain and spore preparation. B. anthracis strain
RP42 was used. This strain, kindly supplied by Michèle Mock
(Institut Pasteur, Paris), is an unencapsulated and detoxified
strain (14). This strain does not produce either edema factor or
lethal factor; this was achieved by selective inactivation of the
cya and lef genes carried by pXO1 (coding for edema factor
and lethal factor, respectively) by insertion of antibiotic resis-
tance cassettes. RP42 is avirulent for mice and totally devoid of
toxic effect.

Sporulation was carried out in Roux bottles of agar (12.5 g
liter�1), supplemented with yeast extract (1 g liter�1), meat
extract (5 g liter�1) and MnSO4, H2O (0.05 g liter�1) in sterile
distilled water. Roux bottles were inoculated with a young
culture (6 h at 32°C), which was grown in nutrient broth and
incubated for 8 days at 30°C. After that time, 90% sporulation
was reached, as assessed by phase-contrast microscopy. Spores
were collected by flooding the agar surface with 10 ml of sterile
distilled water. After collection, spores were washed four times
by centrifugation (5,000 � g, 15 min), suspended in sterile
distilled water, and purified. The initial population of spores
(N0) (atmospheric pressure and room temperature) varied
from 107 to 109 CFU ml�1. Spore inactivation was expressed as
log(Nt/N0) versus pressurization time, where Nt is the number
of CFU in pressure- and temperature-treated samples after
time t.

High-hydrostatic-pressure treatment. The hydrostatic high-
pressure equipment is composed of a thermostatic pressure
vessel (Sofop, Olemps, France), a manual pump (Autoclave
S.A., Nogent sur Oise, France), and a connection system. Ex-
periments were performed at various pressures (280, 400, and
500 MPa) and temperatures (20, 45, and 75°C), with exposure
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times ranging from 10 to 360 min. Pressurization time does not
include the come-up and the pressure release. The fluid used
for pressure transmission was sterile distilled water. One hun-
dred microliters of the spore suspension was transferred to a
PCR Thermowell tube, and the volume was brought to 300 �l
with sterile distilled water, with care taken to avoid enclosed
air bubbles. Two samples containing the spore suspension were
put into the pressure vessel, already thermally equilibrated.
Results are expressed as the averages of six independent de-
terminations of Nt.

Pressurized samples were serially diluted from 102- to 107-
fold, and control samples were diluted to 107-fold. After treat-
ment, enumeration of viable spores in both control samples
and pressure-treated samples was done by plating the suspen-
sion on germination agar followed by incubation for 48 h at
30°C. The composition of the germination medium, tryptic soy
agar from Difco Laboratories (Le Pont de Claix, France), was
Tryptone peptone from pancreatic digestion (15 g liter�1),
Saytone peptone from soy papaya digestion (5 g liter�1), NaCl
(5 g liter�1), and agar (15 g liter�1) in sterile distilled water.

Results and discussion. Typical pressure-temperature inac-
tivation curves of B. anthracis spores are given in Fig. 1. At
20°C, plots of log(Nt/N0) versus time were linear whatever the
pressure, indicating that pressure inactivation of spores follows
a simple first-order kinetics as for inactivation at atmospheric
pressure and 75°C (data not shown). The slope of the plots is
the rate constant of inactivation, �1/D where D is the time of
pressurization required for inactivation of 90% of the spore
population. Table 1 summarizes the D values. No inactivation
of spores was observed at atmospheric pressure and 20 or 45°C
up to 360 min of exposure. At 45 and 75°C, the kinetics of
pressure inactivation of B. anthracis were biphasic and can be
described by at least two exponential terms. A fast inactivation
phase was followed by a slower process. At 45 and 75°C, only
D values of the initial part of the curve were estimated because
of lack of data and low sensitivity of the spore enumeration
technique in the range 0 to 5 CFU for accurate estimation of
the second part of the inactivation curve. Okazaki et al. (12)
pointed out that survival curves for spores of B. subtilis do not
obey the first-order kinetics. Raso et al. (15) also showed that
high-pressure inactivation of Bacillus cereus spores, a species
very close to B. anthracis, follows a multiple exponential kinet-
ics. It has been hypothesized that a spore population, called
superdormant, resists at prolonged treatments under 500 MPa
and 75°C. Superdormant spores would be those which remain
ungerminated in a medium which caused the germination of
the majority of a spore population (15). This may suggest
heterogeneous pressure-induced delayed germination popula-
tion (18). It may be also hypothesized that resistant spores
were spontaneous mutants induced by pressure. Indeed, Lud-
wig et al. obtained a spontaneous mutant of a B. thuringiensis
strain by a single pressure treatment (7). These hypotheses
have to be tested.

At a given temperature (20, 45, or 75°C) and after 360 min
of treatment, high hydrostatic pressure increased the rate of
spore inactivation. For example, at 45°C, the spore population
was decreased by 4.4 log at 280 MPa, by 7.3 log at 400 MPa,
and by 7.7 log at 500 MPa. In the same way, at 75°C, the spore
population was decreased by 8.6 log at 280 MPa, 8.9 log at 400
MPa, and up to 9 log at 500 MPa. The association of high

hydrostatic pressure with heat was synergistic. For example,
the inactivation efficacy was better with a treatment at 280 MPa
and 45°C than with a treatment at 500 MPa and 20°C.

High-pressure treatment exerts many effects on microorgan-
isms arising from a single change in system volume. Pressure
effects on microorganisms are complex and affect several bio-
chemical processes, such as motility, substrate transport, cell

FIG. 1. Effect of temperature on spore inactivation at 280 MPa
(A), 400 MPa (B), and 500 MPa (C). Shown are survival curves for
pressure-treated B. anthracis spores at 20°C (F), 45°C (E), and 75°C
(�).

636 CLÉRY-BARRAUD ET AL. APPL. ENVIRON. MICROBIOL.



division, growth, DNA replication, translation, transcription,
and viability (1). Bacterial spores are extremely resistant to
pressure compared to vegetative forms (11). Spore inactivation
by pressure is due to the induction of spore germination by
pressure, with the germinated spores then being killed rapidly
by pressure. The sporulation conditions, spore coat, relative
impermeability of the spore core, presence of small acid-solu-
ble proteins, and DNA repair are involved in spore resistance
mechanisms depending on both the spore species and the
physical-chemical perturbant (11). Sequential molecular mech-
anisms remain to be elucidated. However, Bacillus spores can
be inactivated by hydrostatic pressure after induction of ger-
mination above a certain critical step related to the release of
calcium and dipicolinic acid (DPA) (3). The DPA-calcium
complex, involved in resistance to heat, electromagnetic radi-
ations, and biocide chemical agents, plays a role in the protec-
tion of spore proteins against pressure-induced water penetra-
tion in the spore walls (11). The release of DPA begins under
pressure of about 50 MPa and reaches a maximum at 110 MPa
(6). Spores germinated under a pressure of 100 MPa become
sensitive to UV and oxidizing agents. The molecular mecha-
nism of the effect of high pressure on spores is linked to
physicochemical modifications of proteins, changes in mem-
brane permeability with rehydration of the spore, and flatten-
ing and lengthening of the spore. Moreover, it has been shown
that spore germination in several species of Bacillus is induced
by pressurization between 100 and 600 MPa (20, 21). The
sensitivity of low-pressure (100-MPa)-germinated spores ap-
pears to be due to the degradation of �/�-type small acid-
soluble proteins, which play an important role in the resistance
of spores to extremely high pressure (600 MPa). Recently, it
was shown that a pressure of 100 MPa induces spore germi-
nation by activation of the germinant receptors and a pressure
of 550 MPa opens channels for the release of DPA from the
spore core (13).

Our results confirm that the association of heat with pres-
sure is very efficient for inactivation of B. anthracis spores, as
has been shown for other Bacillus species spores (16). The
high-pressure method represents a real improvement over
other methods for the destruction of bacterial spores. In prac-
tice, sterility tests showed fluctuating values between 0 and 2
CFU even after 360 min of treatment. The populations of B.
cereus and B. anthracis spores are likely heterogeneous, with
different pressure resistances. Ludwig et al. (6) suggested the
use of 1-min treatment cycles under pressure varying between
60 and 500 MPa at 60°C. Such a treatment is thought to favor

germination of superdormant spores and thus their inactiva-
tion (19). Although implementation of the high-hydrostatic-
pressure method is tricky and maintenance of equipment is
costly, spore inactivation by pressure could be applied to an-
tigenic preparation of spore-based anthrax vaccine (2, 8) as an
alternative to the formaldehyde-inactivated spore technology.
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TABLE 1. Survival times for B. anthracis spores at various
pressures and temperaturesa

Pressure
(MPa)

D (min) at:

20°C 45°C 75°C

0.1 No effect No effect 348 � 13
280 286 � 34 35 � 4 12 � 2
400 218 � 12 23 � 2 9 � 2
500 160 � 59 19 � 3 4 � 2

a D value at 45 and 75°C were estimated only for the initial part of the
inactivation curve, corresponding to a low-pressure-resistant spore population.
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