
Changes in Bacillus Spore Small Molecules, rRNA, Germination, and
Outgrowth after Extended Sublethal Exposure to Various
Temperatures: Evidence that Protein Synthesis Is Not Essential for
Spore Germination

George Korza, Barbara Setlow, Lei Rao, Qiao Li, Peter Setlow

Department of Molecular Biology and Biophysics, UConn Health, Farmington, Connecticut, USA

ABSTRACT

rRNAs of dormant spores of Bacillus subtilis were >95% degraded during extended incubation at 50°C, as reported previously
(E. Segev, Y. Smith, and S. Ben-Yehuda, Cell 148:139 –114, 2012, doi:http://dx.doi.org/10.1016/j.cell.2011.11.059), and this was
also true of spores of Bacillus megaterium. Incubation of spores of these two species for �20 h at 75 to 80°C also resulted in the
degradation of all or the great majority of the 23S and 16S rRNAs, although this rRNA degradation was slower than nonenzy-
matic hydrolysis of purified rRNAs at these temperatures. This rRNA degradation at high temperature generated almost exclu-
sively oligonucleotides with minimal levels of mononucleotides. RNase Y, suggested to be involved in rRNA hydrolysis during B.
subtilis spore incubation at 50°C, did not play a role in B. subtilis spore rRNA breakdown at 80°C. Twenty hours of incubation of
Bacillus spores at 70°C also decreased the already minimal levels of ATP in dormant spores 10- to 30-fold, to <0.01% of the total
free adenine nucleotide levels. Spores depleted of rRNA were viable and germinated relatively normally, often even faster than
starting spores. Their return to vegetative growth was also similar to that of untreated spores for B. megaterium spores and
slower for heat-treated B. subtilis spores; accumulation of rRNA took place only after completion of spore germination. These
findings thus strongly suggest that protein synthesis is not essential for Bacillus spore germination.

IMPORTANCE

A recent report (L. Sinai, A. Rosenberg, Y. Smith, E. Segev, and S. Ben-Yehuda, Mol Cell 57:3486 –3495, 2015, doi:http://dx.doi
.org/10.1016/j.molcel.2014.12.019) suggested that protein synthesis is essential for early steps in the germination of dormant
spores of Bacillus subtilis. If true, this would be a paradigm shift in our understanding of spore germination. We now show that
essentially all of the rRNA can be eliminated from spores of Bacillus megaterium or B. subtilis, and these rRNA-depleted spores
are viable and germinate as well as or better than spores with normal rRNA levels. Thus, protein synthesis is not required in the
process of spore germination.

Spores of Bacillus species formed in sporulation are metaboli-
cally dormant and extremely resistant to many severe treat-

ments, including heat, radiation, and toxic chemicals (1–3). Al-
though these spores can survive in this dormant resistant state for
many years, if given the appropriate stimulus, generally small
molecules that are found in environments that are appropriate for
the growth of these bacteria, the spores can rapidly break dor-
mancy in the process of spore germination and then outgrowth (1,
4, 5). Notably, spores’ extreme resistance properties are lost in the
process of germination and early outgrowth, and thus, germinated
spores are much easier to kill than dormant spores. This property
has significant applied implications, as dormant spores are the
vectors for much food spoilage, as well as some foodborne and
other human diseases. Consequently, there is significant interest
in mechanisms that determine rates of spore germination and
how sporulation conditions, as well as storage conditions, modify
spores’ resistance properties and their rates of germination.

In addition to the applied interest in spore resistance and ger-
mination, there has also long been much basic interest in the
mechanism of spore germination, in particular, the signal trans-
duction pathways operating during the process (4, 5). The major
proteins involved in Bacillus spore germination are as follows. (i)
Germinant receptors (GRs) in spores’ inner membrane (IM) rec-
ognize and respond to the physiological germinants specific for

spores of each species/strain. (ii) The IM SpoVA proteins form a
channel for the release of the major spore core small molecule
pyridine-2,6-dicarboxylic acid (dipicolinic acid [DPA]), present
in spores as a 1:1 chelate with divalent cations, normally Ca2�

(Ca-DPA); GRs trigger opening of the SpoVA protein channel and
Ca-DPA release early in germination and its replacement with
water. (iii) Cortex-lytic enzymes (CLEs) degrade spores’ large
peptidoglycan cortex, allowing the spore core to swell and take up
much water. As a result of cortex hydrolysis and core swelling, the
germinated spore core wet weight as water reaches a value of
�80%, similar to that of growing cells. This change allows re-
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sumption of enzyme activity in the spore core, including metab-
olism and macromolecular synthesis. CLE action in Bacillus spore
germination is triggered by Ca-DPA release, both directly and
indirectly (4, 5).

A variety of evidence has accumulated over many years indi-
cating that spore germination requires minimal, if any, high en-
ergy in the form of ATP. In particular, spores have �0.1% of the
ATP levels of growing cells, although the levels of free adenine
nucleotides are similar to those in growing cells (6). Other studies
have shown that (i) detectable ATP generation takes place only
after completion of spore germination, (ii) spore germination can
take place relatively normally even if ATP production from spores’
endogenous energy reserves is blocked, (iii) there is no evidence of
significant metabolism of spores’ endogenous energy reserves un-
til after completion of spore germination, and (iv) protein synthe-
sis is also minimal, if it takes place at all, until after completion of
spore germination (6–11).

In spite of the evidence noted above, most of which is from
work published 30 to 40 years ago, there are recent reports sug-
gesting that metabolic activity does take place in dormant spores,
including RNA synthesis and degradation, and that some protein
synthesis takes place in and is required for the process of spore
germination (12, 13). Equally importantly, one of these reports
suggested that these events in dormant spores could modify their
germination properties significantly, in particular when spores
were incubated for extended times at 37 to 50°C, leading to deg-
radation of much of spores’ rRNA (12).

In the present work, we examined rRNA levels in dormant
spores of Bacillus subtilis and Bacillus megaterium by first incubat-
ing them for long periods at 37 to 80°C. The incubated spores were
then purified to eliminate any spores that had lost Ca-DPA either
because of spore germination or by high-temperature-induced
loss. These purified heat-treated spores were largely viable, and
their levels of phosphorus-containing small molecules, including
ATP and rRNA, were determined; this was also done with un-
treated spores. The germination and outgrowth of untreated and
high-temperature-treated spores were also measured, as well as
the rRNA levels during the outgrowth of high-temperature-
treated spores. The results obtained in this work strongly indicate
that neither ATP nor protein synthesis is required to complete
spore germination and are consistent with older work on this
topic.

MATERIALS AND METHODS
Bacillus strains and spore preparation and purification. The isogenic B.
subtilis 168 strains used in this study were PS533 (wild type) (14), a deriv-
ative of laboratory strain PS832 carrying plasmid pUB110 encoding resis-
tance to kanamycin (10 �g/ml); FB73 (15), a PS832 derivative lacking the
genes for the three functional GRs in B. subtilis (this strain is identical to
strain FB72); and PS4432, a PS832 derivative with the gene encoding
RNase Y under the control of a xylose-inducible promoter and with chlor-
amphenicol resistance (Cmr) (5 �g/ml). Strain PS4432 was constructed
by transforming strain PS832 to Cmr with genomic DNA from strain ES83
(a gift from S. Ben-Yehuda) and selecting for transformants on plates
containing 0.5% xylose, as well as chloramphenicol (12, 16). Spores of B.
subtilis strains were routinely prepared at 37°C on 2�SG medium agar
plates without antibiotics, isolated and purified as described previously,
and stored at 4°C in water and protected from light (17). The inocula used
to prepare spores of PS4432 contained 0.5% xylose, but no xylose was
present in or on sporulation medium (12, 15). In some experiments, B.
subtilis spores were prepared in 2�SG liquid medium, harvested imme-

diately after most sporangia had lysed, and purified as described previ-
ously (11). The spent medium from liquid sporulation was filter sterilized
and stored at 4°C.

The B. megaterium strains used were QMB1551 (wild type; originally
obtained from H. S. Levinson) and its isogenic derivative GC614 (18) that
lacks genes for all functional GRs. Spores of these strains were prepared in
liquid supplemented nutrient broth at 30°C, and spores were purified as
described previously (11), as was spent sporulation medium, and spores
and spent sporulation medium were stored as described above. All of the
spores used in this work were free (�98%) from growing or sporulating
cells, germinated spores, or cell debris, as shown by phase-contrast mi-
croscopy and by the uniformity of all spore pellets at the final purification
steps.

Spore incubation and analysis. Purified spores were routinely incu-
bated at 37 to 80°C in water, 100 mM Na-HEPES buffer (pH 7.2), or spent
sporulation medium isolated as described above. Spores in these incuba-
tions were at an optical density at 600 nm (OD600) of �10 (�109 spores/
ml). Following all incubations, spore preparations were centrifuged and
washed with water and final pellets were suspended in 0.2 ml of 20%
HistoDenz (Sigma Chemical Co., St. Louis, MO), applied to the top of 1.9
ml of 50 or 55% HistoDenz in water for B. subtilis and B. megaterium
spores, respectively, and centrifuged at 4°C at �8,000 � g for 10 min.
Under these centrifugation conditions, dormant spores that retain their
DPA pellet while spores that have lost DPA and are germinated, dead, or
both float (11, 19, 20). Spore pellets from these centrifugations were iso-
lated, washed several times with 1.5 ml of water to remove HistoDenz,
suspended in water at an OD600 of �5, and stored at 4°C prior to analyses.
The viability of the spores after incubation at elevated temperature and
subsequent purification was assessed by spotting 10-�l aliquots of appro-
priate dilutions of treated and untreated PS533, PS4432, and B. megate-
rium QMB1551 spores on L broth (LB) medium agar plates (21) with the
appropriate antibiotics and incubating them for �16 h at 37°C (B. subti-
lis) or 30°C (B. megaterium). B. megaterium spore viability was deter-
mined at 30°C to minimize mucoid colony formation, which interferes
with the formation of isolated colonies. The viability of treated and puri-
fied FB73 and GC614 spores was not measured, as these spores germinate
extremely poorly with nutrient germinants (15, 18).

Spore germination and outgrowth. Germination of spores of B.
megaterium and B. subtilis was monitored by measuring DPA release in a
multiwell fluorescence plate reader (Molecular Devices, Sunnyvale, CA)
at 37°C as described previously (22). Briefly, spores were germinated at an
OD600 of 0.5 in 200 �l of 25 mM K-HEPES buffer (pH 7.4) plus 50 �M
TbCl3. The GR-dependent germinants used were as follows: B. subtilis
spores, 10 mM L-valine or a mixture of 10 mM L-asparagine, 10 mM
D-glucose, 10 mM D-fructose, and 10 mM KCl (AGFK); B. megaterium
spores, 10 mM D-glucose or 50 mM KBr. Tb-DPA fluorescence was read
every 5 min for 30 min to 2 h. Untreated spores were heat activated prior
to germination as follows: 30 min or 2 h at 75°C for B. subtilis spores
germinating with L-valine or AGFK, respectively, and 30 min at 60°C for
B. megaterium spores (18, 23). After heat activation, spores were cooled on
ice for at least 15 min prior to germination experiments.

For spore germination and outgrowth, spores not incubated at 75 to
80°C overnight were heat activated prior to germination as described
above. Spores at an OD600 of �0.8 were incubated at 37°C in liquid LB
medium (21) plus 10 mM L-valine (B. subtilis) or 10 mM D-glucose (B.
megaterium), the OD600 of the culture was measured periodically, and
aliquots were observed by phase-contrast microscopy. In one experiment
with heat-treated spores of each species, samples (�25 ml) were taken at
various times and chilled by ice addition, spores were harvested, and RNA
was isolated as described below.

Analytical procedures. DPA was extracted from spores at an OD600 of
1 to 5 by boiling them in water for 30 min, the suspension was cooled and
centrifuged, and DPA was assayed in the supernatant fluid by its fluores-
cence with Tb as described above and previously (22).

Small molecules including adenine nucleotides were extracted from
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spores essentially as described previously (6, 11). Spores (1 ml) at an
OD600 of 10 to 20 in water were added to 4 ml of boiling 1-propanol, and
the suspension was boiled for 10 min, cooled on ice, and flash evaporated
to dryness. Prior to ATP assays, the dry residue from the 1-propanol
extract was suspended in 1 ml of water at 4°C for �30 min on ice and the
suspension was centrifuged for �5 min in a microcentrifuge. ATP was
assayed in this supernatant fluid by the luciferase assay essentially as de-
scribed previously (24), with an ATP bioluminescence assay kit (Sigma-
Aldrich, St. Louis, MO). ATP determinations were all done with reference
to a standard curve of known ATP concentrations, all of the values re-
ported are from multiple determinations with several amounts of various
extracts, and all of the determinations were repeated with two different
samples of untreated and treated spores.

In experiments to determine the levels of all of the phosphorus-con-
taining small molecules in spores, extracts of spores were prepared as
described above but with the following modifications. Two 1-ml aliquots
of HistoDenz-purified spores with an OD600 of 125 were added separately
to tubes containing 4 ml of boiling 1-propanol and boiled for 5 min; this
was followed by flash evaporation. The two dry residues were extracted
with �1 ml of cold water, and after centrifugation, the supernatant fluid
was passed through a Chelex column to remove divalent cations, in par-
ticular Mn2�. Finally, the material passing through the column was ly-
ophilized and dissolved in D2O-containing buffer prior to 31P nuclear
magnetic resonance (NMR) analysis to determine the levels of various
small molecules as described previously (11).

RNA was initially isolated from dormant and germinated spores with
a FastRNA Pro Blue kit (MP Biomedicals, Solon, OH) and a RiboPure-
Bacteria kit (Life Technologies, Grand Island, NY) (12, 25, 26). Both kits
use spore/cell disruption by shaking with glass beads, and a Mini-Bead-
beater (Biospec Products, Bartlesville, OK) was used for 1 min, followed
by 1 min on ice with a total of two disruption periods. Initial comparisons
showed that the two kits gave similar RNA yields but the RiboPure-
Bacteria kit gave better-quality RNA that gave sharper bands on agarose
gel electrophoresis and was therefore used in all subsequent RNA extrac-
tions. RNA concentrations were determined with a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Denatur-
ing agarose gel electrophoresis of RNA samples was used to separate RNA
as described in the RiboPure-Bacteria kit manual. Generally �1 ml of
dormant or germinated spores at an OD600 of 25 was pelleted by centrif-
ugation; RNA was extracted, giving �10 �g of total RNA, although out-
grown spores gave more and spores that had undergone extensive rRNA
degradation gave up to 50% less. For example, recoveries of RNA mea-
sured by NanoDrop analysis from B. megaterium spores incubated for 20
h at 75°C and B. subtilis spores incubated for 20 h at 80°C were 80 and
50%, respectively, of the values of untreated spores (see Results). Presum-
ably, the lower RNA recoveries from heat-treated spores were because
some RNA had been cleaved to fragments of �120 nucleotides (nt), which
are not well recovered by the RNA purification method used, as noted in
the information provided in the RiboPure-Bacteria kit manual. Unless
otherwise noted, RNA from equal volumes of culture (1 to 2 �g) was
loaded onto gels, which were stained with 60 �g/ml ethidium bromide in
the formaldehyde loading dye mixture provided in the kit and photo-
graphed. RNA was also isolated from B. megaterium cells grown at 37°C in
LB medium to an OD600 of 1.2 as described above. In some experiments,
the band intensities of rRNAs in stained gels were determined by ImageJ
analysis.

RESULTS
Changes in spore rRNA during long incubations at 37 to 50°C.
Previous work (12) found that incubation of wild-type B. subtilis
spores for 3 to 7 days at 37 or 50°C results in the loss of much 16S
and 23S rRNA species. We repeated this experiment with wild-
type B. megaterium spores, but the great majority of spores had
germinated at the end of the experiment, as reported previously
(11) (data not shown). Indeed, with wild-type B. megaterium

spores, there was so much spore germination during extended
incubations at 37 and 50°C that we did not get sufficient dormant
spores for RNA analyses (data not shown), again as found previ-
ously (11). Consequently, we turned to B. megaterium and B. sub-
tilis spores that lacked all functional GRs for long incubations at 37
and 50°C (Fig. 1), as used in previous experiments with long spore
incubations at these temperatures (11). With B. megaterium
spores, incubation in either water or spent sporulation medium,
in particular at 50°C, led to almost complete loss of both 16S and
23S rRNAs, with slightly faster loss in spores incubated in spent
medium (Fig. 1A). For unknown reasons, the B. subtilis 23S rRNA
isolated from spores consistently appeared as a doublet running
on gel electrophoresis at both 23S and slightly faster even in ex-

FIG 1 Changes in rRNA during long incubation of B. megaterium and B.
subtilis spores at moderate temperatures. Spores of B. megaterium GC614 (A)
or B. subtilis FB73 (B), both lacking all nutrient GRs, were prepared in liquid
medium, harvested immediately after most spores were released from the spo-
rangium, and purified, and the spent medium was saved as described in Ma-
terials and Methods. The spores were then incubated at 4, 37, or 50°C in 20 ml of
either water (W) or spent medium (SM) at an OD600 of 5; 5 to 6 ml was harvested
after 0, 4, or 7 days of incubation and purified again; RNA was extracted from
spores at an OD600 of 20 to 25 and purified; and 2 �g was analyzed by agarose
gel electrophoresis as described in Materials and Methods. The values to the
left of the panels show the migration positions of various RNA markers (lanes
M) in kilobases, and the arrows to the right of the panels show the migration
positions of the 23S and 16S rRNAs.
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tracts from spores held at 4°C (Fig. 1B). However, again almost all
of the 23S rRNA and some of the 16S rRNA disappeared from
extracts of B. subtilis spores incubated for 7 days at 37 or 50°C in
water or spent medium. Notably, both B. megaterium and B. sub-
tilis GR-less spores incubated at 37 and 50°C accumulated much
rRNA smaller than 16S, as expected. It is important to emphasize
that in all of these experiments, the spores analyzed following the
long incubations at elevated temperatures were purified to remove
the small amount of germinated spores or spores that had lost
DPA. In addition, the purified heat-treated spores always had
�80% of the viability of the untreated spores.

Changes in spore rRNA during long incubation at 60 to 80°C.
While the loss of spores’ rRNA was clear during extended incuba-
tion at 37 to 50°C, this experiment with wild-type spores, in par-
ticular B. megaterium spores, could only be carried out with spores
lacking GRs to ensure that enough spores remained dormant and
viable to get sufficient spores for RNA analysis. However, use of
these GR-less spores precluded measurement of the effects of
these long incubations on the germination of the treated spores.
Given spores’ high wet heat resistance and the minimal GR-de-
pendent germination of B. megaterium and B. subtilis spores at
temperatures of �60°C (27), we decided to also examine the fate
of wild-type spore rRNA during incubation for 18 to 20 h at 60 to
80°C, temperatures that should leave much of the treated spores
still viable. However, to ensure that all of the spores that were
analyzed for rRNA were neither germinated nor dead, spores in-
cubated at these temperatures were layered on a high-density so-
lution and centrifuged. The density of the solution was chosen
such that spores that retain DPA pellet because of their high core
wet density while spores that have lost DPA either through germi-
nation or heat-induced release float because their wet density has
gone down significantly (11, 19, 20). Previous work has shown
that spores treated in water at even higher temperatures that have

lost all DPA are dead, while spores that have retained DPA retain
significant viability (19, 20). We felt that this purification step after
heat treatment would be essential for ultimate analysis of rRNA
only in spores that are still dormant and not dead. Using this
postincubation purification procedure, we found that with wild-
type B. subtilis or B. megaterium spores, the viability of the purified
treated spores was always �80% of that of spores held at 4°C (data
not shown). Importantly, the rRNA levels in the purified heat-
treated spores of both species decreased dramatically and the
rRNA was almost completely gone after 20 h at 70°C (Fig. 2A). It
was also notable that purified B. megaterium rRNA incubated in
either water or 100 mM Na-HEPES buffer (pH 7.2) was also lost
completely upon incubation for 20 h at 70 or 80°C, and the puri-
fied rRNAs were lost faster during incubation in water than during
incubation in buffer (Fig. 2B).

Previous work analyzing rRNA loss during extended incuba-
tion of B. subtilis spores at 37 and 50°C indicated that this rRNA
loss could be due to RNase action (12). Indeed, removal of one
specific RNase, RNase Y, decreased the loss of spore rRNA during
incubation at these temperatures. However, it seemed unlikely
that this enzyme would work effectively at 70 to 80°C. Indeed,
removal of RNase Y from otherwise wild-type B. subtilis spores by
mutation had no effect on the kinetics of rRNA loss during incu-
bation at 80°C (Fig. 3).

Changes in spore-associated ATP levels upon extended incu-
bation at various temperatures. Work done a number of years
ago showed that spores of several Bacillus species have levels of
total free adenine nucleotides that are similar to those in growing
cells (6, 28). However, levels of ATP in spores made up only
�0.1% of the total adenine pool, while ATP comprises �85% of
the free adenine nucleotide pool in growing cells. Given the large
amount of rRNA breakdown in spores upon high-temperature

FIG 2 Changes in rRNAs upon incubation of spores or purified RNA at high
temperatures. (A) Purified spores of B. megaterium QMB1551 (wild type) or B.
subtilis PS533 (wild type) prepared in liquid or on plates, respectively, were
incubated in water for 20 h at various temperatures; spores were harvested and
purified to remove any germinated spores or those that had lost Ca-DPA
because of the heat treatments; and RNA was extracted, purified, and subjected
to agarose gel electrophoresis as described in Materials and Methods. (B) Pu-
rified B. megaterium growing cell rRNA was incubated for 20 h in water (W) or
buffer (B), and analyzed by agarose gel electrophoresis as described in Mate-
rials and Methods. The values to the left show the migration positions of RNA
markers (lane M) in kilobases, and the arrows to the right show the migration
positions of B. megaterium growing cell 23S and 16S rRNAs.

FIG 3 Effect of loss of RNase Y on rRNA levels during incubation of B. subtilis
spores at 80°C. Spores of B. subtilis strain PS533 (wild type) or PS4432 (rny)
were incubated for 0, 5, or 20 h at 80°C and purified, and RNA was extracted
and analyzed by agarose gel electrophoresis as described in Materials and
Methods. Values to the left denote migration positions of RNA markers (lane
M) in kilobases, and the arrows to the right denote the migration positions of
the 23S and 16S rRNAs from B. megaterium. The values above lanes indicate
the hours of incubation of various samples at 80°C.

Germination and Outgrowth of rRNA-less Bacillus Spores

December 2016 Volume 198 Number 24 jb.asm.org 3257Journal of Bacteriology

http://jb.asm.org


incubation, this could well increase the free adenine nucleotide
pool in dormant spores. In addition, it is possible that the high-
temperature treatment could somehow activate energy metabo-
lism in these dormant spores. Indeed, levels of at least one endog-
enous spore energy reserve, 3-phosphoglyceric acid (3PGA),
decrease somewhat during extended incubation at 50°C of GR-
less spores of B. megaterium and B. subtilis under some conditions
(11). Consequently, we assayed extracts of both B. megaterium and
B. subtilis GR-less spores left untreated or treated at 37 to 70°C for
ATP with a luciferase-based assay (Table 1). The results of this
analysis showed that levels of ATP associated with density centrif-
ugation-purified spores were still minimal in spores incubated at
37 or 50°C for up to a week and actually went down �10-fold
following 20 h of incubation at 70°C. The small amount of mate-
rial in extracts from untreated and treated spores that reacted in
the luciferase assay did appear to be ATP, as a brief incubation of
selected extracts with glucose and hexokinase eliminated all reac-
tivity in the luciferase assay (Table 1).

To determine the levels of all phosphorus-containing small
molecules in high-temperature-treated spores, purified untreated
and heat-treated wild-type spores were extracted with boiling
1-propanol, the extracts were flash evaporated, the dry residue was
extracted with water and centrifuged, and divalent metal ions in
the supernatant fluid, in particular the Mn2� that interferes with
NMR, were removed by Chelex column chromatography (11).
The final samples were lyophilized and dissolved in D2O with
buffer and EDTA prior to 31P-NMR analysis on an 800-MHz in-
strument (11). In some experiments, known amounts of com-
pounds such as 3PGA, AMP, and inorganic phosphate (Pi) were
added to spore extracts just prior to 31P-NMR analysis to allow defin-
itive identification of 31P-NMR peaks due to these compounds. As
found previously (11), the three most abundant low-molecular-
weight phosphorus-containing compounds in B. megaterium and B.
subtilis spores were 3PGA, AMP, and Pi (Fig. 4A and C). Strik-
ingly, the levels of most of the phosphorus-containing small mol-
ecules in extracts from high-temperature-treated spores of B. sub-
tilis and, to a lesser extent, of B. megaterium were almost identical
to the levels in spores held at 4°C (Fig. 4B and D). However, the
levels of Pi and an unknown phosphate-containing small molecule
went down significantly after the incubation of B. megaterium
spores at 75°C for 20 h (Fig. 4A and C). The decrease in the Pi level
may well be due to the release of loosely bound Pi in spores’ outer
layers, as was seen previously in B. megaterium spores but not in B.
subtilis spores (11). Interestingly, the loss of the peak produced by
an unknown phosphate-containing small molecule from un-
treated B. megaterium spores was almost paralleled by the appear-
ance of a new peak also from an unknown phosphate-containing
small molecule in B. megaterium spores treated at 75°C. Notably,
there were only minimal increases in the intensities of peaks pro-
duced by ribomononucleotides, indicating that rRNA degrada-
tion in dormant spores, at least for the times used in these exper-
iments, generates only minimal levels of mononucleotides.
However, the small size of much of the RNA species in heat-
treated spores, �200 nt (Fig. 3) (see below), and the expected and
observed poor recovery of RNA of this size from heat-treated
spores strongly suggest that some rRNA is cleaved into several
fragments of �100 nt by heat treatment.

Germination of rRNA-depleted spores. Given the almost
complete absence of rRNA from wild-type spores of several Bacil-
lus species treated at 70 to 80°C for �20 h and the retention of

almost normal viability levels by the purified spores, these heat-
treated spores must be able to germinate. However, an obvious
question is how rapidly do these spores germinate. Indeed, there is
one report that spores incubated at lower temperatures for longer
periods germinate more slowly than untreated spores (12). In ad-
dition, spores heat treated at even higher temperatures (�90°C)
that retain DPA and at least some viability germinated more
slowly than untreated spores (19, 20, 29). However, the surprising
result obtained with purified wild-type B. megaterium spores that
had been incubated at 75°C was that they germinated more
rapidly than untreated spores (Fig. 5). This was the case for two
GR-dependent germinants of B. megaterium spores (17), D-glu-
cose and KBr (Fig. 5). Heat-treated B. subtilis spores germinated
similarly to untreated spores with L-valine via the GR GerA and
even faster than untreated spores with the AGFK mixture via
the GerB and GerK GRs (4, 5) (Fig. 6). The similar or faster
germination of the heat-treated spores was seen even though
the untreated spores were given the heat activation treatments
prior to germination shown to give maximal increases in spore
germination (23, 30).

Outgrowth and return of rRNA levels in spores treated at 70
to 80°C. While wild-type spores treated for �20 h at 75 to 80°C
retained almost normal viability even though almost all of their
rRNA was lost, obviously rRNA must be synthesized in order for
spores to grow out, since there is much protein synthesis in this
period of spore development (13, 31–34). To compare these wild-
type spores’ outgrowth kinetics, spores left untreated and spores
treated at 75 or 80°C were incubated in medium that promoted
spore germination, outgrowth, and subsequent vegetative growth
and these processes were monitored by measuring the OD600 of
the incubated spores (Fig. 7). The relative rates of germination of
untreated and heat-treated B. megaterium spores (Fig. 7A) were
more difficult to monitor in this experiment, since outgrowth be-
gan so soon after germination. More importantly, as measured by
the increase in the OD600 of spore cultures due to spore swelling and

TABLE 1 ATP levels in spores incubated under various conditionsa

Incubation conditions

ATP levelb in:

B. megaterium B. subtilis

Just harvested 1.3 (�0.01) 0.25
3 days, 4°C H2O 1.5 NDc

3 days, 4°C, spent medium 1.1 0.06
3 days, 37°C, H2O 1.1 0.06
3 days, 37°C, spent medium 0.2 0.16
3 days, 50°C, H2O 0.3 0.07
3 days, 50°C, spent medium 0.14 �0.05
7 days, 4°C, H2O 1.2 0.11
7 days, 4°C, spent medium 0.5 0.10
7 days, 37°C, H2O 0.8 (�0.01) 0.08
7 days, 37°C, spent medium 0.9 (�0.01) 0.15
7 days, 50°C, H2O �0.1 0.09
7 days, 50°C, spent medium 0.2 �0.05
18–20 h, 70°C, H2O 0.05 0.03
a Spores of B. megaterium GC614 and B. subtilis FB73 were prepared, isolated,
incubated, and then purified and extracted, and extracts were processed and assayed for
ATP as described in Materials and Methods.
b The values shown are in picomoles per milliliter of spores at an OD600 of 1.0. Those in
parentheses are for samples that were incubated with glucose and hexokinase prior to
ATP determination.
c ND, not determined.
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elongation following germination, the return to vegetative growth
(e.g., outgrowth) was approximately the same for untreated and heat-
treated B. megaterium spores (Fig. 7A). The germination of heat-
treated B. subtilis spores was also only slightly slower than that of
untreated spores in the complete outgrowth medium, although the
outgrowth of the heat-treated spores was much slower.

The relatively similar rates of outgrowth of untreated and heat-
treated B. megaterium spores were somewhat surprising, since the
heat-treated spores needed to synthesize more rRNA than the un-
treated spores early in outgrowth. However, the heat-treated
spores probably germinated more rapidly than the untreated
spores and thus had a head start in outgrowth. These spores were
also not treated as severely as the heat-treated B. subtilis spores that
were significantly slower in outgrowth than untreated spores.
Slower outgrowth of even more severely heat-treated B. subtilis
spores has been seen previously and has been suggested to be due
to partial inactivation of spore core proteins essential for metab-
olism essential for spore outgrowth, with more complete inacti-
vation of such proteins leading to spore death (19, 20). Notably,
heat-treated spores of a number of species can often exhibit con-
ditional survival on poor or stressful medium, even medium with
small amounts of added salt (35–37).

The results noted above indicated that an early event following
germination of the high-temperature-treated spores must be the
synthesis of rRNA. Indeed, rRNA has been shown to be the earliest
RNA species made after B. subtilis spore germination is completed
(33). To determine when rRNA accumulation took place follow-
ing the germination of heat-treated wild-type spores, samples
were isolated at various times from spores treated at 75 or 80°C
incubated in a medium that allowed both germination and out-

growth. RNA was isolated from the isolated samples, and the RNA
was analyzed by gel electrophoresis (Fig. 8 and 9). ImageJ analysis
of the separated RNAs showed that �3% of the 23S rRNA re-
mained in heat-treated B. megaterium spores and �1% of the 23S
and 16S rRNA remained in heat-treated B. subtilis spores. While
RNA isolated at the earliest time points in germination and out-
growth showed no or minimal levels of intact 23S and 16S rRNA,
as expected, these RNA species did reappear, but only after germi-
nation was complete, although before the OD600 of germinating
spore cultures began to increase significantly.

DISCUSSION

Several observations in the work reported here indicate that pro-
tein synthesis is not required for spore germination. One observa-
tion is that ATP is present at only minute levels in spores that can
clearly germinate well. It is, of course, possible that following ger-
minant addition, ATP to drive protein synthesis is generated soon
after the event that commits spores to germinate but prior to DPA
release. However, much previous work suggests this is not the case
(6–10). The rapid germination of rRNA-less B. megaterium and B.
subtilis spores that takes place well before rRNA synthesis begins is
even stronger evidence that protein synthesis is not required for
spore germination. One cannot, of course, rule out the possibility
that (i) there is a minute amount of rRNA remaining in heat-
treated spores that have lost most, if not all, of their rRNA and it is
this minute amount of rRNA that is used to make some protein(s)
essential for spore germination or (ii) ribosomes can exhibit a
minimal amount of translation capacity even when all of the 23S
and 16S rRNA is degraded to fragments of �200 nt. While these
arguments are impossible to refute, the more likely conclusion

FIG 4 Levels of phosphorus-containing small molecules in spores as determined by 31P-NMR. Spores of B. megaterium QMB B1551 (wild type) (A, B) or B.
subtilis PS533 (wild type) (C, D) either left untreated (A, C) or incubated at 75°C (B) or 80°C (D) for 20 h were purified and extracted, the extracts were treated,
and samples were analyzed by 31P-NMR as described in Materials and Methods. Peaks 1, 2, and 3 are due to 3PGA, AMP, and Pi, respectively, as determined by
the addition of appropriate amounts of the pure compounds to spore extracts. Note that AMP produced the largest peak in the region around peak 2 in untreated
spores; other peaks in this region are due to other ribomononucleotides. The peaks at �0.5 ppm in panel A and 4 ppm in panel B have not been identified.
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from the new results is that protein synthesis is not essential for
spore germination.

A second notable conclusion is that, as reported previously
(12), some reactions can go on in dormant spores, as the present
work has confirmed that rRNA species are degraded in spores
incubated at temperatures of 37 to 80°C. The major question
about their degradation, however, is whether this is enzymatic or
nonenzymatic, especially given the lability of RNA. It is possible
that enzymes work very slowly even at the extremely low spore
core water content in the spore core, perhaps with minimal levels
of free water (38–40). Indeed, there are multiple RNases that par-
ticipate in rRNA degradation in bacteria, in particular under star-
vation conditions (41, 42). However, at least one spore core pro-
tein that is freely mobile in germinated spores has a mobility that
is at least 6 orders of magnitude lower in dormant spores (43).
Thus, spore core enzyme activity would be expected to be mini-
mal. This would also be expected in the spore core environment at
elevated temperatures well above the optimal temperatures for the
activity of enzymes of mesophilic spores. Indeed, the heat stability
of enzymes in the dormant spore core is �40°C higher than that of
soluble enzymes (38), consistent with these proteins being immo-
bilized in the spore core at even 70 to 80°C, such that thermal
motions do not result in protein denaturation at these tempera-
tures. Thus, a simple conclusion at this time is that the rRNA

degradation in spores incubated at 70 to 80°C is most probably
nonenzymatic and certainly does not involve RNase Y at 80°C.
Indeed, there is a precedent for rapid RNA nonenzymatic degra-
dation at the higher temperatures used in the present work (44,
45). However, a definitive conclusion that this rRNA degradation
at high temperatures in spores is not enzymatic may require anal-
ysis of rRNA degradation in spores of conditional mutants lacking
various RNases that degrade rRNA.

With the conclusions noted above, a number of questions re-
main about the work in this communication. (i) What is the fate of
rRNA degradation products generated by incubation of dormant
spores at temperatures of 37 to 80°C? Examination of agarose gels
of RNA isolated from spores incubated at high temperatures in-
dicates that increasing amounts of low-molecular-weight RNAs
accumulate during incubation at elevated temperatures (12) (Fig.
1 to 3). Presumably, these are oligonucleotides generated largely
from rRNA, and these might be stabilized significantly by binding
to ribosomal proteins. However, previous work indicates that
minimal free mononucleotides are generated during extended in-
cubation of spores at 37 to 50°C (11), and there was also only a
minimal increase in free mononucleotide levels in spores incu-
bated at 75 to 80°C. Notably, if all of the dormant spore rRNA

FIG 5 Germination of spores of B. megaterium with and without treatment at
75°C for 18 h. Spores of B. megaterium QMB1551 (wild type) with or without
incubation at 75°C for 18 h were purified, purified spores were germinated
with either D-glucose (A) or KBr (B), and spore germination was monitored by
measuring DPA release as described in Materials and Methods. Untreated
spores were heat activated for 30 min at 60°C and then cooled prior to germi-
nations. Symbols: Œ, untreated spores; �, spores incubated at 75°C for 18 h.

FIG 6 Germination of spores of B. subtilis with and without heat treatment for
18 h at 80°C. Spores of B. subtilis PS533 (wild type) with and without incuba-
tion at 80°C for 18 h were purified, purified untreated and heat-treated spores
were germinated with either L-valine (A) or AGFK (B), and spore germination
was monitored by measuring DPA release, all as described in Materials and
Methods. Untreated spores were heat activated for 30 min or 2 h at 75°C prior
to L-valine or AGFK germination, respectively, and then cooled; these heat
activation conditions have been shown to be optimal for eliciting maximum
spore germination with L-valine or AGFK (23). Symbols: Œ, untreated spores;
�, spores incubated at 80°C for 18 h.
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were degraded to mononucleotides, this would increase the levels
of AMP in B. megaterium and B. subtilis spores 20- or 30-fold,
respectively, and increase the levels of CMP, GMP, and UMP even
more (11, 28). Presumably, the oligonucleotides generated by
rRNA degradation are only degraded to mononucleotides rapidly
when spores’ core water content rises as germination proceeds and
is completed, and these mononucleotides are then used to resyn-
thesize new RNAs. However, this has not yet been examined. It is
theoretically possible that rRNA in heat-treated spores was de-
graded not to mononucleotides but rather to mononucleosides
and Pi, although this seems extremely unlikely since the Pi levels in
heat-treated spores did not increase. (ii) What is the fate of the
many ribosomal proteins (46) following rRNA degradation dur-
ing spore treatment at 75 to 80°C? Presumably, at least some ribo-
somal proteins dissociate from rRNA fragments during heat treat-
ment, and these are most likely stable in dormant spores even at
high temperatures, as are most spore enzymes (1–3), during the
heating regimens used. Spore outgrowth begins soon after com-
pletion of germination even with heat-treatment, and this re-
quires protein synthesis and thus functional ribosomes (1, 32, 33).
When all intact rRNAs are absent from spores, they can clearly be
synthesized soon after completion of germination by using the
RNA polymerase stored in spores. However, ribosomes can only
be generated and protein synthesis can only begin if ribosomal

proteins are also present to generate functional ribosomes with
newly synthesized rRNA. Consequently, we predict that ribo-
somal proteins must remain in heat-treated spores even if all of the
full-length rRNA species are lost. (iii) What is the fate of 3PGA
during high-temperature incubation? Previous work showed that
3PGA levels in dormant spores fall only slightly during long incu-
bations at 37 to 50°C, and then only in spent medium and with the
core pH elevated to �8 to facilitate phosphoglycerate mutase ac-
tivity in dormant spores (11). In the present study, 3PGA levels fell
minimally, if at all, in spores incubated at 75 to 80°C. The lack of
3PGA loss under these conditions is in contrast to the rapid loss of
all 3PGA in just a few minutes late in the germination of B. mega-
terium and B. subtilis spores, even though enzymes for rapid 3PGA
metabolism are present in the spore core (6). (iv) Dormant spores
with or without extended incubation at 37 to 80°C had minimal
ATP levels and are known to lack significant membrane potential

FIG 7 Germination and outgrowth of B. megaterium and B. subtilis spores
with and without heat treatment at 75 or 80°C. Spores of B. megaterium
QMB1551 (wild type) (A) or B. subtilis PS533 (wild type) (B) either left un-
treated or incubated for �18 h at 75°C (B. megaterium) or 80°C (B. subtilis)
were purified as described in Materials and Methods. Purified spores, with heat
activation for untreated spores as described in the legends to Fig. 5 and 6, were
incubated at 37°C in LB medium plus either 10 mM D-glucose (B. megaterium) or
10 mM L-valine (B. subtilis), and spore germination and outgrowth were moni-
tored by measuring the OD600 of the culture as described in Materials and Meth-
ods. Symbols: Œ, untreated spores; �, spores incubated at 75 or 80°C for 18 h.

FIG 8 (A) Levels of rRNA in germinating and outgrowing B. megaterium
spores previously incubated at high temperature. Spores of B. megaterium
QMB1551 (wild type) were incubated for 18 h at 75°C and purified as de-
scribed in Materials and Methods. The purified spores were incubated in LB
medium plus 10 mM D-glucose, and germination and outgrowth were moni-
tored by measuring the OD600 of the culture. (B) At various times during
germination and outgrowth, samples were isolated and RNA was extracted
from equal volumes of culture and analyzed by gel electrophoresis as described
in Materials and Methods. In this experiment, the amount of RNA recovered
from the initial heat-treated spores was �50% of that recovered from un-
treated spores. The arrows to the right of panel B denote the migration posi-
tions of the 16S and 23S rRNAs, the values to the left of panel B indicate the
migration positions of RNA markers (lane M) in kilobases, and the values
above various lanes indicate the times in minutes when the samples for RNA
isolation were harvested from the experiment shown in panel A. The pre sam-
ple is from untreated spores, and the 0-min sample is from heat-treated spores
prior to addition to germination/outgrowth medium.
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(10). However, some luciferase-reactive material was detected in
dormant spores, even if at extremely low levels, and the loss of this
reactive material by reaction with hexokinase and glucose suggests
that this material is ATP. Could this minimal level of ATP be used
to drive metabolic reactions in a dormant spore, even if slowly?
This question is almost impossible to answer definitively, as it
requires that spores extracted for ATP analysis be 100% free
of germinated spores or growing/sporulating cells, as a minute
amount of dormant spore contamination with the latter cell types
would result in some ATP in spore extracts. However, even if the
ATP in dormant spore extracts were all from dormant spores, the
free energy available in ATP when this species is only 0.1 to 0.01%
of the total adenine nucleotide pool could be too low to allow this
ATP to be used for many reactions that would be favorable when
ATP is 85% of the adenine nucleotide pool. (v) Finally, it was
striking that spores incubated at 75 to 80°C for �20 h germinated

as well as, and in most cases better than, untreated spores. Why is
this the case? The simple answer is that we do not know. Incuba-
tion of B. megaterium and B. subtilis spores at temperatures higher
than those used in the present work does generate spores that
germinate more poorly than untreated spores (47). The reason for
this lower germination rate is also not clear, but at least one CLE,
CwlJ, is relatively heat labile, at least compared to other spores’
germination proteins (48), and loss of CwlJ is known to slow ger-
mination (49). But why would spores germinate faster after ex-
tended incubation at 75 to 80°C? Possible explanations for this
include (i) release or inactivation of some autoinhibitor of germi-
nation from treated spores, (ii) weakening of the gating of spores’
SpoVA protein channel for Ca-DPA such that Ca-DPA is released
more readily from the heat-treated spores, and (iii) some effect on
GRs or the auxiliary GerD protein such that they are transiently
more active or functional in spores treated at 75 to 80°C. However,
while some questions remain about the behavior of Bacillus spores
given extended incubations at elevated temperatures, the major
conclusion of this work—that spore germination most likely does
not require protein synthesis and energy metabolism—seems to
be significantly strengthened.

Finally, the instability of rRNA in dormant spores incubated at
high temperatures for extended periods that did not kill spores
suggests that the small amounts of mRNA in dormant spores of
both bacilli and clostridia (12, 50–52) will also be unstable under
these types of conditions. Indeed, at least one study suggests that
this is the case (50), and since rRNA is likely stabilized to some
degree by binding to ribosomal proteins, mRNAs might even be
degraded more rapidly than rRNA. If this is the case, then spores
incubated at 75 to 80°C that are still viable and germinate and
grow out relatively normally do so in the absence of all or almost
all of their initial complement of mRNAs. Thus, dormant spore
mRNAs are also probably not essential for normal spore germina-
tion and outgrowth, at least under the conditions used in the pres-
ent work, in which outgrowth was in a rich medium. However, it
is possible that spores lacking all mRNAs will exhibit outgrowth
defects in more minimal medium, and this is under investigation.
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