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The Effects of Heat Activation on Bacillus Spore Germination, with
Nutrients or under High Pressure, with or without Various
Germination Proteins
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Nutrient germination of spores of Bacillus species occurs through germinant receptors (GRs) in spores’ inner membrane (IM) in
a process stimulated by sublethal heat activation. Bacillus subtilis spores maximum germination rates via different GRs required
different 75°C heat activation times: 15 min for L-valine germination via the GerA GR and 4 h for germination with the L-aspara-
gine-glucose—fructose—~K™ mixture via the GerB and GerK GRs, with GerK requiring the most heat activation. In some cases,
optimal heat activation decreased nutrient concentrations for half-maximal germination rates. Germination of spores via vari-
ous GRs by high pressure (HP) of 150 MPa exhibited heat activation requirements similar to those of nutrient germination, and
the loss of the GerD protein, required for optimal GR function, did not eliminate heat activation requirements for maximal ger-
mination rates. These results are consistent with heat activation acting primarily on GRs. However, (i) heat activation had no
effects on GR or GerD protein conformation, as probed by biotinylation by an external reagent; (ii) spores prepared at low and
high temperatures that affect spores’ IM properties exhibited large differences in heat activation requirements for nutrient ger-
mination; and (iii) spore germination by 550 MPa of HP was also affected by heat activation, but the effects were relatively GR
independent. The last results are consistent with heat activation affecting spores’ IM and only indirectly affecting GRs. The 150-
and 550-MPa HP germinations of Bacillus amyloliquefaciens spores, a potential surrogate for Clostridium botulinum spores in
HP treatments of foods, were also stimulated by heat activation.

pores of Bacillus species can remain dormant for long periods ~ vated by pretreatment with chemicals or sublethal heat, with the

in the absence of suitable growth conditions (1, 2). However, if  latter being most commonly used (6). The process of heat activa-
specific nutrients are sensed, spores can rapidly become metabol-  tion increases the rate and extent of germination of spores of a
ically active in the process of germination followed by outgrowth.  number of Bacillus and related species (6-15). The effect of heat
The specific nutrients that trigger spore germination are termed  activation is observed primarily as decreasing the time, defined as
germinants, and these molecules are sensed by germinant recep- Ty between the addition of germinant to the initiation of the
tors (GRs) located in spores’ inner membrane (IM). Bacillus sub- rapid release of most of the spore core’s large depot (~20% of core

tilis spores have three functional GRs: GerA, which responds to dry weight) of a 1:1 complex of Ca?* and dipicolinic acid (DPA),
L-alanine or L-valine alone, and GerB and GerK, which together

are essential for germination with a mixture of L-asparagine, D-
glucose, D-fructose, and K* (termed AGFK), with all four compo-
nents of the mixture required; neither GerB nor GerK alone trig-
gers germination with any nutrient germinant (1, 3). There is also
avariant of the GerB GR, termed GerB*, that responds to L-aspar-
agine alone, although GerB* action can be stimulated by glucose
via GerK (3). All GRs in B. subtilis spores appear to be located
together in a small cluster in the IM termed the germinosome, and
formation of this structure is dependent on the GerD protein,
which is also in the IM (2, 4). Since gerD spores do not form a
germinosome and exhibit extremely slow GR-dependent germi-
nation (4), germinosome formation may be essential for rapid
GR-dependent germination. GR function and germinosome as-
sembly may also depend on the precise structure of the IM, which

with heat activation decreasing T, values for spores of a number
of species (14, 15). However, heat activation has little or no effect
on actual rates of rapid Ca-DPA release or the subsequent hydro-
lysis of spores’ peptidoglycan cortex.

The molecular effect whereby heat activation increases rates of
spore germination is not known, although there are several re-
ports of effects accompanying heat activation such as changes in
spore protein structure and the release of various spore molecules
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GR-dependent spore germination can be potentiated or acti-
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TABLE 1 Bacillus subtilis strains used in this study

Strain Phenotype Antibiotic resistance” Reference
FB10 gerB* None 59
FB20 AgerA Sp* 60
FB61 AgerA AgerB Cm" Sp* 60
FB62 AgerD Sp* 61
FB87 AgerB AgerK Cm" MLS" 60
PS533 Wild type Km" 30
PS3476 PsspD::gerA MLS" 45
PS3521 AgerA gerB* Sp* 45
PS3651 AgerA AgerK Km" MLS" 3
PS3665 AgerA gerB* AgerK MLS" Sp* 3
PS4150 AcotE AgerE Sp' Tc* 36

@ Abbreviations for antibiotics: Cm, chloramphenicol (5 pg/ml); Km, kanamycin (10
pg/ml); MLS, erythromycin (1 pg/ml) and lincomycin (25 wg/ml); Sp, spectinomycin
(100 wg/ml); Tc, tetracycline (10 pg/ml).

(16-18). However, heat activation appears only to stimulate nu-
trient germination via GRs, as heat activation does not stimulate
germination by agents that act by a GR-independent mechanism,
including Ca-DPA and long-chain alkylamines such as dodecyl-
amine (1, 2). Spore germination triggered by high pressures (HPs)
of ~150 or ~550 MPa is also reported not to be stimulated mark-
edly by heat activation, even though an HP of 150 MPa clearly
triggers spore germination by activating GRs (19, 20).

Spores of a number of Bacillus and Clostridium species are
agents for food spoilage, food-borne disease, and other human
diseases, and thus, there is continued interest in novel ways to kill
such spores. One strategy is to first germinate spores and then kill
the much less resistant germinated spores—the strategy that has
been called “germinate to exterminate” for decontaminating
spores of Clostridium difficile (21-23) and spores of Bacillus an-
thracis. Indeed, spore germination is a crucial mechanistic step in
the inactivation of spores by HP processing, which uses conditions
of elevated temperature (90 to 121°C) and pressure (=600 MPa)
to greatly reduce spore loads in certain foodstuffs (24-27), such as
baby food purées (28). Consequently, since heat activation can be
very important in determining the rates and efficiency of spore
germination, the current study has analyzed the effects of heat
activation on (i) nutrient germination of spores of Bacillus subtilis
with various GRs and with or without GerD, (ii) germination of B.
subtilis spores made at various temperatures that differ in their IM
lipid compositions, and (iii) spore germination by HPs of 150 and
550 MPa, including spores of B. subtilis as well as Bacillus amyloliq-
uefaciens spores, which have been suggested for use as a surro-
gate for Clostridium botulinum spores in HP treatments of
foods (28, 29).

MATERIALS AND METHODS

B. subtilis strains used and spore preparation. All B. subtilis strains used
in this study are listed in Table 1 and are derivatives of strain PS832, a
prototrophic laboratory 168 strain. The wild-type strain is PS533 (30),
which contains plasmid pUB110, encoding resistance to kanamycin (Km';
10 pg/ml). B. subtilis spores of various strains were routinely prepared at
37°C on 2X Schaeffer’s medium-glucose plates and in some cases at other
temperatures as described previously (31, 32). Plates were incubated at
sporulation temperatures until >90% of spores had been released from
sporangia, generally 3 to 6 days, and were then incubated for several days
at 23°C to allow lysis of growing cells and large fragments of cell debris.
Spores were then scraped from plates or harvested from liquid media and
purified as described previously (31, 32). All spores used in this study were
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free (>98%) from growing or sporulating cells, germinated spores, and
cell debris as determined by phase-contrast microscopy.

The B. amyloliquefaciens strain used was TMW 2.479 Fad 82 isolated
from ropy bread and maintained on standard nutrient 1 (ST-1) agar (33).
Spores were prepared by growing cells aerobically in ST-1 broth, plating
them onto ST-1 agar plates supplemented with 10 mg/liter of
MnSO,-H,0, and then incubating them for 2 to 3 days at either 30 or 37°C
(33). Spores were harvested from plates by gently scraping and rinsing
with water and then cleaned by repeated centrifugations and resuspension
in distilled water. Remaining sporangia and vegetative cells were removed
by suspending washed pellets in 200 ml of 0.05 M potassium phosphate
(pH 7.0) containing 100 wg/ml of lysozyme and stirring for 1 h at 37°C,
with subsequent centrifugation and washing with distilled water (34).
Final spore suspensions were examined with phase-contrast microscopy
and then frozen in 1-ml aliquots. Spores prepared at 30°C contained 98%
phase-bright (ungerminated) and 2% germinated spores, and spores pre-
pared at 37°C contained 87 to 90% ungerminated spores. Cells incubated
at 23°C lysed and failed to sporulate.

Spore germination. Prior to germination, spores of various strains at
an optical density at 600 nm (ODy,) of ~10 were heat activated in water
at 75°C for various times (0 to 6 h) and then cooled in an ice bath for =15
min. Spore germination with nutrient germinants was measured by mon-
itoring the release of spore DPA by its fluorescence with Tb>* in a multi-
well fluorescence plate reader, as described previously (35). Germination
took place at 37°C with spores at an ODy, of 0.5 in 200 pl of 25 mM
K-HEPES buffer (pH 7.4) containing 50 wM TbCl;. Germinants used
were various concentrations of either r-valine, the mixture of L-aspara-
gine—n-glucose—n-fructose and K™ (AGFK), or L-asparagine alone, and
the Tb-DPA fluorescence was read every 5 min for 100 to 150 min and
expressed as relative fluorescence units (RFU). The maximum germinant
concentration that was used routinely was 10 mM, because germination
with 40 mM germinants in initial experiments was found to give <15%
increases in germination rates. In most cases the percentage of spores that
had released DPA at various germination times was determined from RFU
measurements and knowing the total DPA in spores, which was deter-
mined after DPA was released from spores by boiling (35). The approxi-
mate extent of germination was also monitored at the end of all experi-
ments by phase-contrast microscopy examining ~100 individual spores.
The rates of spore germination were determined from linear portions of
plots of RFU versus time as described previously (3, 35). All experiments
assessing germination by fluorescence measurements were carried out
with least two replicates for each time point analyzed and in at least two
separate experiments, always with very similar results.

Analysis of levels of germination proteins and germination protein
biotinylation. To determine levels of various germination proteins in
unactivated or heat-activated (4 h at 75°C) spores, we used PS4150 spores
with a severe coat defect that makes these spores lysozyme sensitive (36).
This meant that spore lysis did not have to be preceded by a decoating step
at high temperature that might also activate spores. Total lysates of unac-
tivated or heat-activated PS4150 spores were prepared by lysozyme treat-
ment followed by brief sonication and then incubation with SDS and
2-mercaptoethanol to extract all germination proteins as described previ-
ously (37). Levels of germination proteins in the lysates were then deter-
mined by Western blot analysis using specific antisera to germination
proteins (37-40).

Biotinylation in unactivated and heat-activated (4 h at 75°C) PS4150
spores was carried out essentially as described previously for 1 h at 23°C
using 2 mM EZ-Link Sulfo-NHS-SS-Biotin reagent (Pierce Chemical Co.,
Rockford, IL), which modifies lysyl amino groups in proteins (41). Unre-
acted reagent was quenched by the addition of 2 M glycine and 1 M
Tris-HCl buffer (pH 7.4), followed by incubation for 30 min at 23°C and
two washes with water. The IM and soluble and integument fractions
from biotinylated PS4150 spores were obtained essentially as described
previously (37,41) by disruption in 0.5 ml of TEP buffer (50 mM Tris-HCl
buffer [pH 7.4], 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
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[PMSF]) containing 1 mg of lysozyme, 1 g each of RNase A and DNase
I, and 20 pg of MgCl, for 5 min at 37°C. After being held on ice for 20 min,
the disrupted suspensions were sonicated briefly with 100 mg of glass
beads (~5 15-s bursts) and centrifuged at 4°C for 5 min in a microcentri-
fuge at maximum speed, and the supernatant fluid was saved. The pellet
fraction was suspended in 0.5 ml of TEP buffer, sonicated for 15 s, and
centrifuged; the final pellet was saved as the integument fraction, and the
two supernatant fluids were pooled. The pooled supernatant fluids were
centrifuged at 4°C for 1 h at 100,000 X g to give a supernatant (soluble
fraction), and the pellet fractions (IM) were suspended in 160 p.l of TEP
buffer containing 1% Triton X-100. The integument fraction was sus-
pended in 400 pl of TEP buffer plus 1% Triton X-100 and left to stand for
2 h at 23°C with intermittent vortexing and bath sonication, and aliquots
were analyzed as described below.

Biotinylated and unbiotinylated germination proteins were separated
by adsorption to NeutrAvidin agarose beads (Pierce), giving the bead
eluate (E; biotinylated) and bead flowthrough (F; unbiotinylated) frac-
tions as described previously (41). Western blot analyses as described
above were performed following SDS-PAGE of equal percentages of the
total biotinylated spore lysate (T fraction) and the F and E fractions, all
run on the same Western blot.

HP germination of unactivated and heat-activated spores. Spores at
an ODy, of either 1 (B. subtilis spores) or 10 (B. amyloliquefaciens spores)
were germinated by treating samples in 1.5 ml of 25 mM K-HEPES buffer
(pH 7.4) with an HP of 150 MPa at 37°C or 550 MPa at 50°C for various
periods (0 to 5 min), essentially as described previously (42). B. amylolig-
uefaciens spores were HP treated at a higher spore concentration because
these spores did not pellet as tightly as B. subtilis spores upon centrifuga-
tion, but rather tended to form thin films of spores on the side of the
centrifuge tube that significantly decreased B. amyloliquefaciens spore re-
covery (see below). The temperatures for HP treatments were chosen
from previous work with B. subtilis spores that showed that (i) 37°Cis near
optimal for 150-MPa germination, with germination slower at 50°C, and
(ii) 500-MPa germination is quite slow at 37°C, and while the temperature
optimum for 500-MPa germination is ~60°C, it is difficult to measure the
rates of the more rapid germination at this temperature (43). Samples
were frozen immediately after HP treatment and kept frozen until ana-
lyzed for germination. After thawing on ice, HP-treated B. subtilis spore
samples were centrifuged in a microcentrifuge at top speed for ~2 min,
the pellet was suspended in 20 pl of water, and ~100 spores were exam-
ined by phase-contrast microscopy to determine the percentages of spores
that had become phase dark or phase gray and thus had germinated.
Aliquots of HP-treated B. amyloliquefaciens spores were analyzed directly
by microscopy as described above, as their concentration prior to micros-
copy was not needed.

HP activation of B. amyloliquefaciens spores. Samples of sterile
chicken baby food purée (Gerber baby food) were inoculated to ~10”
CFU/ml with unactivated B. amyloliquefaciens spores, sealed in sterile
pouches, and either not HP treated or treated with various combinations
of HP (448 to 690 MPa) and exposed to high temperature (65 to 121°C) in
a PT-1 high-pressure unit with bioglycol heat transfer fluid (Dynalene,
Whitehall, PA) as the heat- and pressure-transmitting medium. At the
end of the come-up time (30 to 45 s), pressure was released, and samples
were diluted with sterile buffer solution, mixed with a masticator, spread
plated onto ST-1 agar plates, incubated at 30 or 37°C for 18 to 22 h, and
enumerated using a New Brunswick colony counter.

RESULTS

Effects of heat activation on germination triggered by different
GRs. As noted in the introduction, heat activation can increase the
germination of spores of various Bacillus species, and at least one
report indicates that germination via different GR-dependent ger-
minants exhibits different requirements for heat activation (10).
This suggests that different GRs may exhibit different responses to
heat activation. To test this suggestion, we examined the germina-
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FIG 1 Effects of heat activation on germination of spores via various GRs.
Spores of strains PS533 (wild type) (A and B) or FB10 (gerB*) (C) were germi-
nated with 10 mM L-valine (A), 10 mM (each) AGFK (B), or 10 mM L-aspar-
agine (C) after various heat activation times as described in Materials and
Methods. Spore germination was monitored by Tb-DPA fluorescence, with
values given either in relative fluorescence units (RFU) or as percent spore
germination as described in Materials and Methods. Values shown are the
averages of results from measurements on duplicate germinations done simul-
taneously, and the individual measurements differed by =6% from average
values. The symbols representing the heat activation times are as follows: O, 0
min; @, 5 min; A\, 15 min; A, 30 min; [, 1 h; W, 2.5 h; and <, 4 h. A 6-h heat
activation did not increase AGFK germination further (data not shown). For
the samples analyzed in panels A and B, the maximum percentages of spore
germination at 100 min were 92 and 88%, respectively.

tion of B. subtilis spores via different GRs after various heat acti-
vation times (Fig. 1 and 2). Rates of L-valine germination of wild-
type spores via GerA were increased ~40% with optimal heat
activation, which required ~15 min for spores made at 37°C,
while heat activation for 4 or 6 h resulted in significantly slower
germination (Fig. 1A and 2A and data not shown). Heat activation
for 4 h also decreased the extent of L-valine germination after 100
min, although heat activation for =2.5 h had no effect (Fig. 1A and
2B). Rates of germination of wild-type spores with the mixture of
L-asparagine, D-glucose, D-fructose, and K™ (AGFK) and the L-
asparagine germination of gerB* spores were stimulated >20-fold
and ~5-fold, respectively, by optimal heat activation that required
4 h for the AGFK germination of wild-type spores and 2 h for
L-asparagine germination of gerB* spores. Heat activation for 6 h
did not further increase AGFK germination of wild-type spores or
L-asparagine germination of gerB* spores (data not shown).
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FIG 2 Effects of heat activation times on rates and levels of spore germination.
Spores of strain PS533 (wild type) or FB10 (gerB*) were prepared at 37°C and
heat activated at 75°C for various times; spores were germinated in duplicate
with either 10 mM L-valine, 10 mM (each) AGFK, or 10 mM L-asparagine as
described in Materials and Methods. Spore germination was measured and
germination rates (A) and percentages of spore germination (B) after 100 min
were determined as described in Materials and Methods. Values shown are
averages of duplicate determinations in two experiments with the same spore
preparations and are == 12%. The symbols used are follows: O, PS533 spores,
L-valine germination; @, PS533 spores, AGFK germination; and A, FB10
spores, L-asparagine germination.

GRs are located in spores’ IM, and it is possible that IM com-
position might also alter effects of heat activation on GR-depen-
dent spore germination. One variable that greatly alters B. subtilis
spore IM fatty acid composition is sporulation temperature,
which can also affect rates of spore germination (38, 44). Wild-
type spores prepared at temperatures from 23 to 43°C did exhibit
differences in rates of spore germination with various germinants
as expected (37) (Fig. 3). However, the optimal heat activation
times for L-valine or AGFK germination did not differ appreciably
for the spores made at the different temperatures, although heat
activation caused greater stimulations in rates of L-valine or AGFK
germination of spores made at lower temperatures (Fig. 3). Heat
activation for 6 h did not further increase the rates of AGFK ger-
mination of the spores made at different temperatures (data not
shown).

Effects of heatactivation on germinant concentration depen-
dence of spore germination. Heat activation clearly increased the
rate and sometimes the extent of nutrient germination via GRs,
and one possible reason was that heat activation reduces germi-
nant concentrations needed to trigger spore germination. To test
this possibility, we determined the germinant concentration de-
pendence of spore germination via various GRs with and without
heat activation (Table 2). Notably, optimal heat activation de-
creased L-asparagine concentrations needed for half-maximal
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FIG 3 Effects of heat activation on germination of spores made at various
temperatures. Spores of strain PS533 (wild type) were prepared at 23°C (O),
30°C (@), 37°C (A), or 43°C (A) and heat activated at 75°C for various times,
and spores were germinated in duplicate with either 10 mM L-valine (A) or 10
mM (each) AGFK (B) as described in Materials and Methods. Spore germina-
tion was measured and germination rates were determined as described in
Materials and Methods. Values shown are averages of duplicate determina-
tions in two experiments with the same spore preparations and were =<*19%.

rates of germination via GerB plus GerK or GerB* alone 1.5- to
2-fold. However, the effect of optimal heat activation on the con-
centration dependence of L-valine germination was small and not
significant, likely because of the significant L-valine germination

TABLE 2 Effect of heat activation on germinant concentrations giving
half-maximal germination rates”

Germinant concn giving
half-maximal germination

Variable rate (mM)
Spores germinant No heat Heat
PS533 (wild type) L-Valine’ 32+0.5 2.5+ 04°
PS533 (wild type) L-Asparagine® 2.7 £ 0.5 1.1+ 0.264
PS3665 (AgerA gerBB* AgerK) L-Asparagine  0.63 £0.1  0.40 £ 0.1¢
PS3521 (AgerA gerBB*) L-Asparagine  0.64 = 0.13  0.48 + 0.1°
PS3521 (AgerA gerBB*) L-Asparagine/  0.62 * 0.12  0.41 + 0.09"
PS3521 (AgerA gerBB*) L-Asparagine’  0.62 = 0.12  0.31 = 0.08°
PS3521 (AgerA gerBB*) L-Asparagine’  0.62 = 0.12  0.18 = 0.05¢

“ Spores of various strains prepared at 37°C were germinated with variable germinant
concentrations from 0.05 to 10 mM, and germination rates were determined in
duplicate in 2 independent experiments to allow calculation of germinant
concentrations giving 50% of the maximum germination rates.

b Heat activation for 30 min.

¢ GFK were also present, each at 10 mM.

4 Heat activation for 4 h.

¢ Heat activation for 2 h.

/Glucose and K* were also present, each at 10 mM.
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FIG 4 Effects of heat activation on germination of spores with overexpressed

GerA. PS3476 (PsspD::gerA) spores were heat activated for various times and

germinated in duplicate with either 10 mM L-valine (O) or 10 mM AGFK (@),

spore germination was measured, and germination rates were determined as

described in Materials and Methods. Values shown are averages of duplicate

determinations in two experiments with the same spore preparation and were

=322%, with the largest variations in AGFK germinations at short heat acti-
vation times.

even with no heat activation; this was also seen using FB87 spores,
which contain only the GerA GR (data not shown).

To examine the effects of heat activation on nutrient germina-
tion requiring GerK, we examined the effects of D-glucose on L-
asparagine germination of PS3521 spores (Table 2). These spores
lack GerA but have GerB* and GerK, and GerK is almost certainly
the GR that mediates D-glucose stimulation of L-asparagine ger-
mination via GerB* (3). D-Glucose had minimal effects on the
L-asparagine concentration dependence of the germination of
PS3521 spores left unactivated or heat activated for 30 min. How-
ever, with PS3521 spores heat activated for 4 h, p-glucose de-
creased the L-asparagine concentration needed for half-maximal
rates of germination even more than heat activation alone, while
with spores heat activated for 2 h, there was essentially no effect.
Opverall, these data are consistent with GerK having a more strin-
gent heat activation requirement for nutrient germination than
GerA, GerB, or GerB*. This was also seen when effects of heat
activation on spore germination triggered by 150 MPa of HP were
examined (see below).

Effect of GR overexpression on the heat activation required
for spore germination. Previous work has shown that overexpres-
sion of GerA from a strong forespore-specific promoter increases
rates of spore germination with L-valine (45, 46). The levels of
GerB and GerK do not decrease in spores overexpressing GerA,
although these spores’ germination with AGFK is significantly
slowed (46). Since the inhibition of AGFK germination by ele-
vated GerA levels might be due to altered heat activation require-
ments for the GRs in these spores, we examined the effects of heat
activation on L-valine and AGFK germination of PS3476 spores
overexpressing GerA ~8-fold (37, 45, 46) (Fig. 4). As expected
(45), L-valine germination of PS3476 spores was faster than that of
wild-type spores (compare Fig. 2A and 4). However, PS3476
spores’ germination rate with L-valine was highest with 4 h of heat
activation, in contrast to the ~15 min needed for spores with
wild-type GerA levels, although 6 h of heat activation decreased
L-valine germination of PS3476 spores markedly (data not
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shown). As seen previously (46), rates of AGFK germination of
PS3476 spores were minimal with no or 30 min of heat activation
and were below rates of AGFK germination seen with wild-type
spores (compare Fig. 2B and 4). Heat activation for up to 4 h
increased rates of AGFK germination of PS3476 spores to values
close to those for wild-type spores (compare Fig. 2B and 4), but a
6-h heat activation caused no further increase (data not shown).

Effects of heat activation on synergy between GRs respond-
ing to different germinants. One striking behavior seen in GR-
dependent germination is that with low concentrations of mix-
tures of germinants recognized by different GRs, for example,
L-valine recognized by GerA and AGFK recognized by GerB plus
GerK, the germination rate is higher than the sum of the germi-
nation rates with each germinant alone (47). To examine the ef-
fects of heat activation on this apparent synergy between different
GRs, we determined extents of germination of wild-type spores
with various concentrations of L-valine plus AGFK and of gerB*
spores with various concentrations of L-valine plus L-asparagine
alone. These values were defined as actual (a) values. In addition,
extents of germination were also determined for wild-type spores
germinating with various concentrations of L-valine, AGFK, or
L-asparagine alone (with gerB* spores), and these values allowed
calculation of values predicted (p) for extents of germination by
the various concentrations of the germinant mixtures if there was
no synergy. The value of a/p at any particular mixture of germi-
nant concentrations has been defined as the degree of synergy
(D,), and values of =1 indicate synergy between GRs (47). D,
values were invariably larger at lower germinant concentrations
(Fig. 5), as seen previously (47). Notably, unactivated spores ex-
hibited the highest D, values, and spores heat activated for 4 h
exhibited only very small changes in D, values as a function of
germinant concentrations. Thus, much of the synergy between
different GRs is abolished by optimal heat activation.

Effect of loss of GerD on heat activation required for GR ger-
mination. One defining feature of GR germination is that loss of
the GerD protein greatly decreases GR-dependent germination,
perhaps because the germinosome does not assemble in gerD
spores (1, 2, 4). To test if gerD spores require much greater heat
activation than wild-type spores, we examined the effects of heat
activation on the extents of L-valine and AGFK germination of
FB62 spores, which lack GerD (Fig. 6). As expected, with gerD
spores made at 23 to 43°C, rates of L-valine and AGFK germina-
tion were much lower than for germination of wild-type spores
made at these temperatures (compare Fig. 3 and 6). In contrast,
just as with wild-type spores, heat activation for ~15 min or ~4 h
gave maximal rates of germination of gerD spores with L-valine
and AGFK, respectively (Fig. 6), and heat activation for 6 h gave no
further increase in AGFK germination (data not shown). How-
ever, optimal heat activation gave less stimulation of gerD spore
germination with L-valine than of wild-type spores, and perhaps
also with AGFK, although this was more difficult to quantitate
because of the very low rates of AGFK germination of gerD spores
given no or short heat activation treatments. Interestingly, (i) gerD
spores prepared at 23°C exhibited much faster germination with
either L-valine or AGFK than did spores prepared at 37°C (Fig. 6),
and (ii) with spores made at 43°C in particular, long heat activa-
tion times resulted in significant decreases in the rates of L-valine
germination, suggesting that the GerA GR may be quite heat labile
in these spores.
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FIG 5 Effects of heat activation on the synergy between GerA and GerB plus
GerK and GerA and GerB* in spore germination. Spores of strain PS533 (wild
type) (A) or FB10 (gerB*) (B) were either left unheated (O), heat activated for
30 min (@), or heat activated for 4 h (A) (A) or 2 h (B). These spores were
germinated in duplicate with various concentrations of L-valine or L-aspara-
gine (plus 10 mM [each] GFK) (A) or L-valine or L-asparagine (B) as described
in Materials and Methods. The extents of spore germination at various times
were determined as described in Materials and Methods and added together to
give the predicted extents of spore germination, p, if there was no synergy. The
spores were also germinated in duplicate with various concentrations of both
L-valine and L-asparagine (plus 10 mM [each] GFK) (A) or both L-valine and
L-asparagine (B), and the actual extents of spore germination with the germi-
nant mixtures, a, were also determined. The degree of synergy (D,) in germi-
nation at various concentrations of L-valine and L-asparagine was calculated as
described previously (44) as D, = a/p, and D, values of >1 indicate synergy. In
panel A the concentrations of L-valine and L-asparagine were equal, and in
panel B the L-valine concentrations were 5-fold higher than the L-asparagine
concentrations. The germination times selected for calculation of D values
were the same for all data points for a particular germinant mixture, and these
germination times gave the highest D, values throughout the germinant con-
centration range. D, values shown are averages from a and p values determined
from duplicate measurements of extents of spore germination in two experi-
ments with the same spore preparations and differed by =+32%.

Effects of heat activation on GR levels and accessibility. The
facts that germination via different GRs exhibited different re-
quirements for heat activation and that loss of GerD did not affect
heat activation requirements for germination by different GRs
suggested that heat activation affects GRs. One trivial, albeit ex-
tremely unlikely, possibility is that heat activation somehow alters
spores’ GR levels. However, this was not the case, as levels of GerD
and multiple GR subunits differed by =15% in total lysates from
wild-type spores left unactivated or heat activated for 4 h (data not
shown).

A second possibility is that heat activation alters GR conforma-
tion such that these proteins are more responsive to their nutrient
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FIG 6 Effects of heat activation on the germination of gerD spores made at
various temperatures. Spores of strain FB62 (gerD) made at 23°C (O), 30°C
(@),37°C (A), and 43°C (A) were heat activated for various times and germi-
nated in duplicate with either 10 mM L-valine (A) or 10 mM AGFK (B) as
described in Materials and Methods. Rates of spore germination were also
determined as described in Materials and Methods. Values shown are averages
of duplicate determinations in two experiments with the same spore prepara-
tions and were =*22%.

ligands. To attempt to obtain evidence consistent with this possi-
bility, the EZ-Link Sulfo-NHS-SS-Biotin biotinylation reagent
used to monitor accessibility of GR subunits and GerD in de-
coated B. subtilis spores (41) was used to examine whether bioti-
nylation of these proteins differed in spores left unactivated and
spores heat activated for 4 h. PS4150 spores that lack most of their
spore coat were used in this experiment, allowing access of the
biotinylation reagent to regions of germination proteins on the
outer surface of these spores’ IM (36, 41). Control experiments
showed that germination of PS4150 spores exhibited the same
heat activation requirements as germination of wild-type spores
(data not shown). The results of the biotinylation experiment
showed that levels of biotinylation of GR subunits and GerD in
total PS4150 spore lysates and in isolated IM, integument, and
soluble fractions were essentially identical in the unactivated and
heat-activated spores (see Fig. S1 in the supplemental material).
Effects of heat activation on HP germination at 150 and 550
MPa. Previous work had indicated that in addition to nutrient
germinants, HP of 150 MPa can also trigger spore germination via
GRes, although heat activation of this HP germination has gener-
ally not been observed (19, 20). However, 150-MPa HP germina-
tion of unactivated or heat-activated (30 min at 70°C) B. subtilis
spores is dominated by germination via GerA, with minimal con-
tributions from GerB and GerK (20, 48). While it is possible that
GerB and GerK are not especially responsive to HP of 150 MPa, it
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FIG 7 HP germination (150 MPa) of spores of various B. subtilis strains with and without heat activation. Spores of B. subtilis strains PS533 (wild type) (A), FB20
(AgerA) (B), FB61 (AgerA AgerB) (C), and PS3651 (AgerA AgerK) (D), without heat activation (O) or heat activated at 75°C for 30 min (@) or 4 h (A), were
germinated in one experiment for various times with an HP of 150 MPa at 37°C; the extents of spore germination were measured as described in Materials and

Methods.

is also possible that HP germination via GerB and GerK exhibits
the extreme requirement for heat activation seen with nutrient
germination. Consequently, we determined rates of 150-MPa HP
germination of spores of B. subtilis strains containing various GRs,
alone or in combination, and examined both unactivated spores
and spores heat activated at 75°C for 30 min or 4 h (Fig. 7). As
found previously (20, 48), wild-type spores left unactivated or
heat activated for 30 min germinated rapidly and similarly with an
HP of 150 MPa, while germination of unactivated spores via GerB
plus GerK or GerB, or in particular via GerK alone, was extremely
slow (compare Fig. 7A and D). However, a 4-h heat activation
markedly stimulated 150-MPa HP germination via GerB and/or
GerK, something that has not been seen previously (19, 20, 43),
but had minimal effects on wild-type spore germination. In addi-
tion, 30 min of heat activation had only small effects on the 150-
MPa HP germination of spores via GerB and particularly via
GerK, and this result is consistent with effects of heat activation
times on nutrient germination via these GRs.

While an HP of 150 MPa gave 7 and 23% germination of un-
activated B. subtilis spores via the GerK and GerB GRs, respectively
(Fig. 7C and D), in 5 min, an HP of 550 MPa at 50°C gave 33 and
60% germination of unactivated spores in 5 min via GerK and
GerB, respectively (Fig. 8C and D). However, while 30 min of heat
activation stimulated B. subtilis spore germination by an HP of
550 MPa, even that of wild-type spores, 4 h of heat activation
decreased 550-MPa HP germination during the first 3 min of HP
treatment (Fig. 8), as if this long heat activation treatment had
significantly damaged some essential component involved in 550-
MPa HP spore germination, similar to what was seen in some
instances with nutrient germination via GerA (Fig. 1A and 2A). In
contrast to the kinetics observed with nutrient germination, the
extent of germination observed in the 3- to 5-min region with
550-MPa HP treatment of spores heat activated for 4 h reached
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about 95%, a level comparable to that of spores heat activated at
75°C for 30 min and also HP treated. These effects of heat activa-
tion on B. subtilis spore germination by HP were surprising, since
this has not been reported previously, as noted above.

HP treatment leading to bacterial spore germination and inac-
tivation is used in a number of applications to reduce spore bur-
dens in foodstuffs (24-27). As a consequence, methods to increase
spore germination by HP are of significant applied interest. To
determine if heat activation might affect the HP germination of
spores of applied interest, we used spores of B. amyloliquefaciens,
which have been suggested as a good surrogate for spores of C.
botulinum in analyzing the efficacy of regimens for spore inacti-
vation by HP (28, 29). Strikingly, heat activation for 4 h at 70°C
markedly increased the germination of B. amyloliquefaciens spores
at HPs of both 150 and 550 MPa (Fig. 9), although it is possible
that less than 4 h at 70°C would have sufficed for maximal germi-
nation.

HP sterilization of foods typically involves preheating to up to
90°C and then pressurizing to =600 MPa over some finite
come-up time, during which adiabatic heating of compression
causes the product temperature to increase typically =121°C (49).
As an example, the pressure chamber containing only bioglycol oil
at an initial temperature (7T;) of 75 to 95°C and HPs of 552 to 690
MPa induced adiabatic heating, giving 20 to 35°C temperature
increases in the HP chamber that decayed to T; during the ensuing
hold time (see Table S1 in the supplemental material). Spores in a
food matrix would experience similar treatment conditions for
appreciable periods during such an HP process. The effects of
temperature and HP in activating B. amyloliquefaciens spores in
chicken purée were determined at various combinations of tem-
perature and pressure. With a T; of 75 to 95°C and pressure of 449
to 690 MPa, the viable counts increased after the come-up time
(30 to 45 s) required to reach the target HP compared to the
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FIG 8 HP germination (550 MPa) of spores of various B. subtilis strains with and without heat activation. Spores of B. subtilis PS533 (wild type) (A), B. subtilis
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in Materials and Methods.
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FIG 9 HP germination of B. amyloliquefaciens spores with and without heat
activation. Spores of B. amyloliquefaciens prepared at 37°C and without heat
activation (O) or heat activated at 70°C for 30 min (A) or 4 h ([J) were
germinated in one experiment for various times with an HP of 150 MPa (A) or
550 MPa (B); the extents of spore germination were measured as described in
Materials and Methods. Similar results were obtained with two independent
spore preparations, and HP germination of spores prepared at 30°C was af-
fected similarly by heat activation (data not shown).

untreated samples, indicative of spore activation prior to plating
and incubation (Table 3). Heating samples to 75 to 121°C at am-
bient pressure (1 atm ~ 0.1 MPa) for as long as 15 min also in-
duced activation of B. amyloliquefaciens spores, with the exception
of significant inactivation by treatments at 112.5 and 121°C for 15
min. Significant inactivation was also seen with spores heated at
95°C and then exposed to 690 MPa for 3 min plus come-up time.
Consequently, an HP process with these pressures and tempera-
tures can activate, germinate, and inactivate individual spores se-
quentially, and these processes can occur concurrently for spore
populations, given the heterogeneous distribution of resistances
of spores within large populations. It is also possible that GR-
dependent germination occurs during the pressurization process,
although this contribution would likely be relatively minor, due to
the transience of the come-up time.

DISCUSSION

Heat activation of germination of spores of Bacillus species was
described more than 45 years ago (6, 11), although it has been
studied relatively little recently. Overall, heat activation has been
shown to be (i) temperature dependent, as extended incubation at
relatively low temperatures also activates spores, although activa-
tion is faster at high temperatures, and (ii) reversible to some
degree by incubation at low temperatures. These observations, as
well as thermodynamic studies, are consistent with heat activation
causing a reversible conformational change in one or more pro-
teins (6, 11, 17, 50). However, such proteins have not been iden-
tified, although a recent study found reversible changes in global
protein structure accompanying spore heat activation (17).
Since heat activation affects only GR-dependent germination
and not germination by GR-independent germinants (1, 2), GRs
are attractive as heat activation targets, perhaps via temperature-
dependent conformational changes. However, other proteins, no-
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TABLE 3 Activation of B. amyloliquefaciens spores by heat with or without HP*

Treatment
Inoculum (CFU/ml, X10~7) Temp (°C) P (MPa) Time (s) No. of survivors (CFU/ml) % change
Come-up
3.51 = 1.03 65 552 36 (3.41 = 0.32) X 107 —2.8
521+ 1.20 75 448 29 (8.27 = 4.28) X 107 +58.7
2.78 = 0.61 75 552 36 (7.09 * 1.55) X 107 +155
3.04 = 1.59 75 690 45 (7.07 = 0.95) X 107 +132.6
1.87 =+ 0.46 95 690 45 (2.72 = 0.06) X 107 +455
Hold
1.87 £ 0.46 95 0 180 (2.96 = 0.71) X 107 +58.3
2.72 = 0.06 95 690 180 (1.08 = 0.13) X 10* —99.9°
2.50 = 0.54 112.5 0 180 (9.30 *+ 0.99) X 107 +372
1.56 = 0.47 121 0 180 (4.50 = 0.42) X 107 +188.5
3.40 = 0.28 75 0 420 (5.50 * 0.85) X 107 +61.8
3.40 = 0.28 85 0 420 (1.14 = 0.24) X 108 +235.3
5.35 * 0.92 95 0 420 (1.21 £ 0.18) X 108 +126.2
2.50 = 0.54 105 0 420 (1.39 * 0.08) X 10® +456
2.50 = 0.54 112.5 0 420 (1.59 = 0.04) X 10° +536
3.45 * 0.07 121 0 420 (4.95 = 0.21) X 107 +43.4
2.50 = 0.54 95 0 900 (1.18 = 0.13) X 10® +372
2.50 = 0.54 105 0 900 (1.06 = 0.26) X 10° +324
2.50 = 0.54 112.5 0 900 (1.12 % 0.05) X 107 —55.2
3.45 = 0.07 121 0 900 (1.45 * 0.08) X 107 —58.0

@ Activation of spores was measured after heat treatment with or without subsequent HP treatments, as increases in viable counts before (inoculum) and after (no. of survivors)
heat and HP treatments. All viability measurements are mean plate counts and standard deviations from 2 to 12 replicates.
b Representative data indicating inactivation by HP treatment perhaps due to adiabatic heating.

tably GerD, are also involved in GR-dependent germination. The
current study with B. subtilis spores provided evidence consistent
with GRs being the major heat activation target as follows. (i) Heat
activation times to get maximal germination via different GRs
varied between 15 min and 4 h, with GerA exhibiting the lowest
requirement, GerK the highest, and GerB* an intermediate re-
quirement. It is reasonable that high temperatures, and thus heat
activation, could have different effects on different GRs, as the
same subunits in different GRs from the same species exhibit
<35% amino acid sequence identity (51, 52) and thus could have
different temperature requirements for structural changes. How-
ever, what such a conformational change might do is not clear. (ii)
The different heat activation times for optimal stimulation of nu-
trient germination via different GRs were generally similar to the
effects of heat activation times on 150-MPa HP germination of
spores containing various GRs. Thus, HP germination via GerK
was simulated most by heat activation, and germination predom-
inantly by GerA was stimulated least. One difference between ef-
fects of heat activation on germination by an HP of 150 MPa and
nutrients is that there was essentially no effect of heat activation on
150-MPa germination by GerA, in contrast to an ~40% stimula-
tion in L-valine germination rate via GerA by heat activation.
However, since HP can cause conformational changes in proteins
(53-55) in addition to triggering GR-dependent germination, an
HP of 150 MPa could also activate GRs, with GerA being most
responsive to activation by this HP. (iii) While the loss of GerD
greatly reduces rates of GR-dependent germination, gerD spores
required heat activation times similar to those of wild-type spores
for maximal germination rates. This rules out heat activation as
affecting GerD or germinosome assembly or function rather than
GRs directly. Indeed, the germinosome appearance in spores car-
rying functional GerA-mCherry or GerD-green fluorescent pro-
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tein fusions (4) was not altered by 30 min or 4 h of heat activation
(A.]. Troiano and P. Setlow, unpublished data). Interestingly, the
gerD mutation had a much smaller effect on the germination of
spores prepared at 23°C, something that has not been seen previ-
ously. Perhaps this is due to the likely greater IM fluidity in spores
made at 23°C (44), which may allow GRs not in the germinosome
in gerD spores to more readily move in the IM and interact. (iv)
Heat activation decreased the nutrient germinant concentrations
for 50% of the maximum germination rate, in particular in ger-
mination via GerB plus GerK or GerB* with or without GerK.
Previous work showed that elevated GR levels decrease germinant
concentrations needed for the same rates of spore germination of
wild-type spores (3, 45), and heat activation may make more GRs
functional or responsive to their nutrient germinants, thus de-
creasing germinant concentrations needed for a given spore ger-
mination rate.

While the results noted above suggest that GRs are the target
for heat activation, heat activation may affect GRs only indirectly
and directly affect the state of the spore IM, which then alters GR
structure and responsiveness. It is difficult to rule out the latter
mechanism of heat activation, and the lack of effect of heat acti-
vation on the biotinylation of GR proteins seen in this study was
inconsistent with heat activation directly affecting GRs. However,
several results described in this communication as well as one
from the literature are less consistent with the IM as the heat
activation target compared with GRs, as follows. (i) As shown in
the current work, long heat activation times reduced GerA germi-
nation, while GerB and GerK function was increased, and this may
reflect lower GerA thermal stability. (ii) The IM fatty acid compo-
sitions differ greatly in spores made at temperatures from 23 to
43°C (44). Such changes in IM lipid composition, and thus pre-
sumably in the degree of lipid mobility in the IM, could well in-
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fluence the behavior of proteins embedded in the IM, as the A and
B subunits of GRs are. This altered IM lipid mobility, in turn,
could also modify the effects of heat activation on these proteins.
However, as shown in the current work, different sporulation tem-
peratures did not alter optimal heat activation times for germination
via GerA or GerB plus GerK. (iii) In contrast to spores of Bacillus and
Clostridium species which exhibit heat activation of GR-depen-
dent germination, with C. difficile spores that have no GRs in the
IM but germinate in response to specific bile salts that activate a pro-
tease that activates a cortex peptidoglycan lytic enzyme, heat activa-
tion has no effect on bile salt germination (56, 57).

In addition to the major findings noted above, other observa-
tions on effects of heat activation on spore germination are as
follows. (i) Spores made at different temperatures had the same
optimal heat activation times for maximum rates of nutrient ger-
mination, but germination of spores made at lower temperatures,
in particular via GerA, was stimulated more by heat activation.
The latter effect could be due either to less heat activation, in
particular of GerA, during sporulation at lower temperatures, or
to differences in the IM of spores made at different temperatures.
(ii) Unactivated spores exhibited much greater synergy between
germinants that act via different GRs than heat-activated spores.
This suggests that GR-GR interaction is essential for this synergy,
whether direct or indirect, and this interaction can be stimulated
by heat activation. (iii) Overexpressing GerA from a moderately
strong forespore-specific promoter gives spores with 8-fold-in-
creased GerA levels, although with no changes in GerB and GerK
levels (46). When these spores were not heat activated, rates of
L-valine and AGFK germination were higher and lower, respec-
tively, than rates with wild-type spores. Heat activation of these
spores increased GerA-dependent germination =3-fold but re-
quired 4 h for this effect instead of the 15 min for wild-type spores,
for reasons that are not clear. However, even 4 h of heat activation
did not restore AGFK germination rates of spores overexpressing
GerA to those in wild-type spores. Thus, inhibition of AGFK ger-
mination by elevated GerA levels affects GR function directly, as
suggested previously (46). (iv) Germination of B. subtilis spores by
an HP of 550 MPa was stimulated by 30 min of heat activation,
something that has not been seen previously. This result was sur-
prising since spore germination at 550 MPa is thought to be GR
independent (19, 20, 48). However, effects of heat activation on
550-MPa germination of B. subtilis spores differed considerably
from effects on GR-dependent 150-MPa HP germination as fol-
lows. (a) Heat activation affected 550-MPa HP germination of
wild-type spores and spores containing only GerB plus GerK, only
GerB, or only GerK relatively similarly, although germination of
unactivated spores containing only GerK was a bit slower than
that of other spores; (b) a 4-h heat activation decreased 550-MPa
HP germination of all spores markedly over that following a 30-
min activation. Thus, heat activation may have effects on spores’
germination by 550 MPa of HP that are largely, but perhaps not
completely, GR independent, as suggested previously (43). The
target modified by heat activation leading to increased 550-MPa
HP germination is not clear, but two possibilities are (a) the spore
IM, where many germination proteins, including the SpoVA pro-
teins comprising the Ca-DPA channel thought to be activated by
HPs of =500 MPa, are located (1, 2, 19, 24, 43), and (b) one or
more of the SpoVA proteins themselves. (v) Finally, the observa-
tion that heat activation also markedly stimulated HP germina-
tion of B. amyloliquefaciens spores may have applied implications,
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since HP germination and subsequent heat inactivation of less
resistant germinated spores can minimize spore loads in shelf-
stable foods (24-27), and B. amyloliquefaciens spores have been
proposed for use as a surrogate for C. botulinum spores in analysis
of regimens for spore inactivation by HP (28, 29). HP treatment
for the commercial sterilization of foodstuffs is almost always car-
ried out at temperatures much higher than the 50°C used in our
study, and even with short processing times, temperatures and
HPs may be sufficient to cause significant spore heat activation
during the HP treatment. However, it is also possible that a pre-
treatment step at high temperature might increase the efficacy of
subsequent HP treatments in food processing regimens; this pos-
sibility certainly seems to merit further study.
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