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Among Bacillus subtilis IFO13722 spores sporulated at 30, 37, and 44°C, those sporulated at 30°C had the
highest resistance to treatments with high hydrostatic pressure (100 to 300 MPa, 55°C, 30 min). Pressure
resistance increased after demineralization of the spores and decreased after remineralization of the spores
with Ca®>* or Mg>*, whereas the resistance did not change when spores were remineralized with Mn>* or K™,
suggesting that former two divalent ions were involved in the activation of cortex-lytic enzymes during

germination.

High temperature is employed to sterilize foods contami-
nated with spores, because of their higher resistance to phys-
ical and chemical treatments. However, under high-tempera-
ture sterilizing conditions, foods may lose not only their
organoleptic qualities, such as flavor, color, and texture, but
also nutritional value (15). High-hydrostatic-pressure (HHP)
sterilization is one of the novel techniques that are able to
inactivate microorganisms without altering the flavor and nu-
trient content of food (8). However, bacterial spores are more
resistant than vegetative bacteria to hydrostatic pressure ster-
ilization (8, 32, 34).

Some researchers have been attempting to determine the
optimal conditions for pressure sterilization with a combina-
tion of heat (11, 14, 18), bacteriocin (30), pH (29, 32, 35), and
oscillatory decompression procedures (12). There are, how-
ever, few studies addressing the effect of the conditions under
which bacteria sporulate on the effectiveness of hydrostatic
pressure sterilization (28, 29), even though the spores contam-
inating foods might have sporulated under various environ-
ments.

In this study, we investigated the resistance of Bacillus sub-
tilis spores sporulated at three different temperatures to hy-
drostatic pressure versus heat. Furthermore, we investigated
the effect of demineralization and remineralization of the B.
subtilis spores on their resistance to hydrostatic pressure.

Preparation of spore suspensions. B. subtilis IFO13722 was
obtained from the Institute of Fermentation, Osaka (Osaka,
Japan). After growth in nutrient broth (Eiken Chemical Co.,
Ltd., Tokyo, Japan) for 24 h at 30°C, the stationary-phase
culture of B. subtilis was incubated on a soil infusion agar plate
(6), which consisted of nutrient agar (Eiken Chemical Co.,
Ltd., Tokyo, Japan) and soil extract, at 30, 37, or 44°C for 10
days. The spores were harvested by scraping with a sterile glass
microscope slide with sterile distilled water and were washed
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three times by centrifugation (4,000 X g, 5°C, 30 min) and
resuspension (N spores).

The N spores were titrated with 0.033 N HCI until the pH
had stabilized at a value of 4.0 after about 5 h at room tem-
perature. In this procedure, minerals in the N spores were
replaced with protons present in the acid medium (5). After
this procedure, the spores were washed three times by centrif-
ugation and resuspension in distilled water. The H spores were
immersed in the 10 mM acetate solutions (acetates of calcium,
magnesium, potassium, and manganese [pH 6 to 7]) for 5 h at
room temperature to form remineralized spores (31). After
this incubation, the spores were washed three times by centrif-
ugation and resuspension in distilled water. The spore suspen-
sions (N, H, Ca, Mg, K, and Mn spores) were stored at 4°C
until use. The dry weight of the spores in each suspension was
obtained after drying at 105°C.

Minerals (Ca*>*, Mg>*, Mn*", and K") in the prepared
spores were assayed by use of an inductively coupled plasma
mass spectrometer, PMS2000 (Yokogawa Analytical Systems,
Inc., Tokyo, Japan). Before measurement, the spores were
completely solubilized with concentrated nitric acid and 30%
hydrogen peroxide (Nacalai Tesque, Inc., Kyoto, Japan) and
heating and then diluted with 0.05 N nitric acid.

Heat treatment and HHP treatment. Each spore suspension
was adjusted with distilled water to a concentration of 10’
CFU/ml. A sample (0.5 ml) of each spore suspension was
mixed with 4.5 ml of sterilized distilled water in a screw-cap
glass tube that had been preheated in a thermostatic bath at
85°C. After heat treatment for 10 to 30 min, the spore suspen-
sions were immediately cooled in a water bath.

A sterile screw-cap plastic tube (Greiner Labortechnik Co.,
Ltd., Frickenhausen, Germany) was used for HHP treatments.
A sample (1.5 ml) of each spore suspension, previously ad-
justed with distilled water to 10° CFU/ml, was sealed into the
plastic tubes. The plastic tubes containing the samples were
pressurized by using a prototype pressurization apparatus (12)
to 100, 200, or 300 MPa at 55°C for 30 min. After decompres-
sion, the sample tubes were cooled in a water-ice bath.

After these treatments, surviving spores were enumerated by
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FIG. 1. Heat resistance of B. subtilis N spores (solid symbols) and
H spores (open symbols) sporulated at 30°C (triangles), 37°C (circles),
and 44°C (squares) (A) and N spores (@), H spores (O), and reminer-
alized spores (Ca spores [m], Mg spores[(]], Mn spores [A], and K
spores [A]) (B) prepared from N spores sporulated at 37°C. Heat
treatments were performed at 85°C. Least significant difference are
0.174 (A) and 0.216 (B).

a colony count method using nutrient agar plates. The plates
were incubated for 24 to 48 h at 30°C.

Statistical analysis. Assay of mineral content and treat-
ments with heat and HHP were repeated in triplicate, and the
data are presented as arithmetic means. The data in the figures
are presented as the logarithm to the base 10 of the inactiva-
tion achieved (N/N,, in which N was the number of survivors
and N, was the initial number) at each treatment. Fisher’s least
significant difference test was employed to determine statisti-
cally significant differences (P < 0.05). Data were analyzed by
using StatView-J 4.11 software (Abacus Concepts, Inc., Berke-
ley, Calif.).

Heat resistance of Bacillus spores. The N spores sporulated
at 44°C had the highest heat resistance among the spores
sporulated at 30, 37, and 44°C (Fig. 1A). The survival of H
spores decreased approximately 2 to 2.5 log cycles after treat-
ment at 85°C for 30 min compared to N spores for each sporu-
lation temperature. Similar results were observed in other
studies; that is, the heat resistance of Bacillus spores was de-
creased by demineralization procedures (1, 5, 19, 27).

There have been many studies to investigate the effect of
sporulation temperature on the heat resistance of bacterial
spores. Most authors concluded that the heat resistance of
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TABLE 1. Mineral content of B. subtilis N spores sporulated at 30,
37, and 44°C; H spores; and remineralized spores

Spore mineral content (wmol/mg [dry wt]

Spore type Sg:;;l?fico)n of spores)*
Caz+ Mg2+ Mn2+ K+
N 30 0.108* 0.011* 0.001*%  0.041*
37 1.101f  0.128F  0.005*f  0.253F
44 0.544%  0.070%  0.0057% 0.149%
H 30 0.056*  0.003*  0.000% 0.005§
37 0.055*  0.004*  0.000% 0.018*%§
44 0.050*  0.002*  0.0017% 0.017§
Remineralized
Ca’ 1.319§  0.004*  0.000% 0.013*§
Mg 0.100*  0.3018  0.000% 0.003§
Mn 0.059*  0.005*  0.076§ 0.023*§
K 0.050*  0.003*  0.000% 0.282F

“ Mean values in the same column that are not followed by the same symbol
are significantly different (P < 0.05).

> The spores sporulated at 37°C were used for preparation of remineralized
spores.

bacterial spores increased with increasing sporulation temper-
ature (3, 10, 20, 21). Lechowich and Ordal (17) reported that
higher sporulation temperatures resulted in more minerals in
the spores. Cazemier et al. (7) observed increased heat resis-
tance for Bacillus spores sporulated on medium supplemented
with Ca®*, Mg®*, Mn*", Fe?", and K™ compared to those
sporulated on medium supplemented with Mn?* only. In the
present study, however, no direct correlation between heat
resistance and mineral content of the N spores could be seen
by comparing the data in Table 1 and Fig. 1A. Merry et al. (20)
found that core water content was lower in B. subtilis spores
prepared at higher temperatures, and such spores were more
resistant to wet heat than those prepared at lower tempera-
tures. Khoury et al. (16) observed decreased heat resistance for
spores of a B. subtilis mutant that is missing a heat shock-
induced protein. In our studies, demineralization of spores
caused decreased heat resistance for all sporulation tempera-
tures, and the relationships between sporulation temperature
and heat resistance were the same for both H spores and N
spores. These results support the idea that not only minerals
but also other factors, such as protoplast dehydration and
thermal adaptation, might influence the heat resistance of N
spores sporulated at different temperatures.

Figure 1B shows the effect of remineralization on the heat
resistance of B. subtilis spores sporulated at 37°C. Remineral-
ization resulted in increased heat resistance relative to H
spores, and the resistance of Ca and Mg spores in particular
became higher than that of the N spores. Some researchers
used ion exchange for the remineralization of H spores with
various types of cation to investigate the effect of the mineral
composition of bacterial spores on germination and heat re-
sistance (1, 2, 5, 19, 31, 36). These researchers concluded that
remineralized Bacillus spores, except for those remineralized
with Na™, were more resistant to heat than H spores. Our
results also demonstrate increased heat resistance after the
remineralization procedure.

HHP resistance of Bacillus spores. Figure 2A shows the
HHP resistance of N spores and H spores. The N spores
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FIG. 2. HHP resistance of B. subtilis N spores (solid symbols) and
the H spores (open symbols) sporulated at 30°C (triangles), 37°C
(circles), and 44°C (squares) (A) and N spores (@), H spores (O), and
remineralized spores (Ca spores [m], Mg spores [[J], Mn spores [A],
and K spores [A]) (B) prepared from N spores sporulated at 37°C.
HHP treatments were performed at 55°C for 30 min. The least signif-
icant differences are 0.232 (A) and 0.270 (B).

sporulated at 30°C had the highest HHP resistance among the
N spores sporulated at three different temperatures. Raso et
al. (28), working with Bacillus cereus spores, found that a lower
sporulation temperature suppressed the initiation of germina-
tion of the spores. The inactivation of bacterial spores by
hydrostatic pressure, unlike the inactivation of vegetative bac-
teria, occurs in two stages (9, 32). High pressure first causes
germination of the spores and then inactivates the germinated
spores. Therefore, the spores that sporulated at 30°C are con-
sidered to have germinated less readily under high pressure
and thus acquired their higher HHP resistance.

The HHP resistance of H spores was higher than that of the
N spores. It was observed that there was only a 1-log-cycle or
less decrease in survival of the H spores after an HHP treat-
ment of 200 MPa and there was a 2- or 3-log-cycle decrease
after an HHP treatment of 300 MPa at 55°C for 30 min. Thus,
a reduction in the mineral content of B. subtilis spores in-
creased their HHP resistance.

Bender and Marquis (4) reported that H spores of Bacillus
megaterium did not germinate appreciably at 493 atm (49
MPa), and less than 10% germination occurred even at 1,020
atm (102 MPa). In our study, the higher HHP resistance of H
spores of B. subtilis might also have been caused by the sup-
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pression of germination. In other words, the lower mineral
content of the H spores could have inhibited pressure-induced
germination. By the same reasoning, the N spores sporulated
at 30 and 44°C might have acquired higher HHP resistance
than those sporulated at 37°C, because their mineral contents
were approximately 90 and 50% lower, respectively (Table 1).

HHP resistance decreased when H spores were remineral-
ized with Ca** or Mg>", whereas remineralization with K* or
Mn?* had no effect (Fig. 2B). Bender and Marquis (4) inves-
tigated the ability of hydrostatic pressure to induce germina-
tion of several salt forms of B. megaterium spores. For treat-
ments at 493 atm (49 MPa), they found that the hierarchy of
resistance of the various salt forms to pressure-induced germi-
nation was H > K > Ca = Mg > native. This hierarchy is in
agreement with our results on the inactivation of ion-ex-
changed B. subtilis spores, as shown in Fig. 2B.

Three receptors for known germinants and two receptors
with as-yet-undiscovered ligands are said to participate in the
first stage of nutritional germination of B. subtilis spores (33).
Upon ligand binding, these receptors trigger the release of the
spore core’s large store of pyridine-2,6-dicarboxylic acid (dipi-
colinic acid [DPA]), along with its associated divalent cations,
predominantly Ca®* (25, 26). In the second stage, DPA release
triggers the activation of cortex-lytic enzymes, which hydrolyze
spore peptidoglycan (33). There are two cortex-lytic enzymes
in B. subtilis, CwlJ and SleB, and either one of these proteins
was sufficient for spore germination (13, 22). Paidhungat et al.
(24) investigated pressure-induced germination by using mu-
tant spores lacking germinant receptors and suggested that a
pressure of 100 MPa activated these receptors and subsequent
hydrolyzation by cortex-lytic enzymes. However, the activation
of Cwl] during spore germination is caused directly by the
Ca?"-DPA released from the spore core (23). We concluded
that the Ca®* deficiency of the H spores prevented CwlJ acti-
vation and inhibited germination, leading to higher HHP re-
sistance, whereas Ca”>*-DPA release was normal in Ca spores,
triggering normal germination and leading to lower HHP re-
sistance. However, further investigation is required to eluci-
date the mechanisms of inactivation by hydrostatic pressure,
because the Mg spores also had reduced resistance to HHP.

We are indebted to Midori Watanabe, the Center of Advanced
Instrumental Analysis, Kyushu University, for the measurement of
mineral contents.
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