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Free amino acids, dipicolinic acid, and unidentified small molecules were released early in Bacillus spore
germination before hydrolysis of the peptidoglycan cortex, but adenine nucleotides and 3-phosphoglycerate
were not. These results indicate that early in germination there is a major selective change in the permeability

of the spore’s inner membrane.

Dormant spores of Bacillus species contain a number of
small molecules in their central region or core that become the
protoplast of the growing cell. The small molecule present in
spores at the highest level (~600 pmol/g [dry weight]) is pyr-
idine-2,6-dicarboxylic acid (dipicolinic acid [DPA]), which is
largely present as a 1:1 chelate with divalent cations, predom-
inantly Ca®>* (Ca-DPA) (17). However, levels of glutamic acid
(20 to 25 pmol/g [dry weight]), arginine (~10 pmol/g [dry
weight]), 3-phosphoglyceric acid (3PGA) (5 to 20 wmol/g [dry
weight]), AMP (~1 pmol/g [dry weight]), and ADP (~0.2
pmol/g [dry weight]) are also significant in spores of Bacillus
subtilis and Bacillus megaterium, and there is an even larger
amount of sulfolactic acid (~100 pmol/g [dry weight]) in
spores of at least one strain of B. subtilis (1, 7, 8, 17, 19).

DPA plays a significant role in dormant spore resistance to
a number of treatments (11, 14). However, when spores are
triggered to germinate, DPA and its associated cations are
excreted rapidly in the initial stage (stage I) of spore germina-
tion (15, 18). This DPA release takes place before the hydro-
lysis of the spore’s peptidoglycan cortex in stage II that
completes spore germination and allows progression into out-
growth and ultimately a return to active growth (15, 18). The
precise mechanism for DPA release in spore germination is
not clear but appears to involve the proteins encoded by the
sporulation-specific spoVA operon (23, 25, 26). However,
whether these SpoVA proteins comprise all or a part of a gated
channel or pore allowing DPA release is not clear.

In addition to DPA, there is a variety of suggestive evidence
indicating that other molecules are also released rapidly during
spore germination and/or outgrowth. Thus, >80% of the
spore’s K" and Na* are released during germination of B.
megaterium spores, and this release appears to precede the
release of at least the majority of DPA (21). These monovalent
ions may then be reabsorbed, although DPA is not (21). The
sulfolactic acid in spores of B. subtilis strain SB133 is also
released when these spores germinate (1), although the rate of
this release has not been studied. Finally, the great majority of
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the free amino acids generated within spores at some period
late in germination and/or early in outgrowth by the hydrolysis
of the spore’s large pool of small acid-soluble proteins (SASP)
is also released, although these amino acids are also then
reabsorbed (20, 22). Since the dormant spore’s pools of small
molecules are quite stable in spores incubated in water for
years, there clearly must be a radical change in the barriers
restricting movement of small molecules into and out of the
spore when spores germinate and go into outgrowth. Indeed,
there is strong evidence that a molecule as small as methyl-
amine crosses the dormant spore’s inner membrane and enters
the spore core extremely slowly, while moving rapidly across
this membrane once spores have completed stage II of germi-
nation (5, 21). Even water may enter the dormant spore core
slowly (29). The dormant spore’s major barrier to movement of
small molecules into or out of the spore core appears to be the
spore’s inner membrane (21), and fluorescent probes in this
membrane are largely immobile in the dormant spore, but
become freely mobile when spores complete germination (5).
The volume encompassed by the spore’s inner membrane also
increases 2-fold upon completion of spore germination, and
thus the inner membrane surface area increases ~1.5-fold, but
without any phospholipid synthesis (5).

While the changes in the inner spore membrane during
spore germination noted above require the hydrolysis of the
spore’s large peptidoglycan cortex, DPA release takes place in
stage I of germination prior to cortex hydrolysis. DPA release
can be separated from cortex hydrolysis, since B. subtilis spores
that lack both redundant cortex-lytic enzymes (CLEs), CwlJ
and SleB, or have a cortex that is not recognized by CLEs
release DPA relatively normally in response to nutrient ger-
minants (12, 15). As noted above, at least K* and Na™ release
precedes the release of the majority of DPA from B. megate-
rium spores during germination (21), and a number of other
small molecules, including amino acids and sulfolactic acid, are
also released at some point after the triggering of spore ger-
mination (1, 20, 22), although it is not known if the latter
releases take place before or after the inner membrane rear-
rangements that follow completion of spore germination. In
this communication, we report studies on the release of small
molecules early in the germination of B. megaterium and B.
subtilis spores. This work makes the new finding that in addi-
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TABLE 1. Bacillus strains used in this study

Strain Genotype Source or reference
B. subtilis
PS533 Wild type 16
PS2307 cwlD 12
FB113 cwl] sleB 10
B. megaterium
QM B1551 Wild type H. Levinson, U.S. Army Lab,
Natick, MA
PS1029 gpr 13

tion to DPA and associated divalent cations, the dormant
spore’s free amino acid pools as well as some other unidenti-
fied small molecules are also released approximately in parallel
with DPA during spore germination. However, several other
small molecules present at significant levels in dormant spores
were released minimally if at all during this period.

The Bacillus strains used in this work are listed in Table 1.
All B. subtilis strains are derived from strain PS832, which is a
prototrophic derivative of strain 168. Strain PS533 (wild type)
carries plasmid pUB110 encoding resistance to kanamycin (10
wg/ml) (16). Spores of B. subtilis strains were prepared at 37°C
on 2X SG medium agar plates, and the spores were harvested,
purified, and stored as described previously (9). B. megaterium
strain PS1029 is a derivative of strain QM B1551, and B.
megaterium spores were made at 30°C in liquid SNB medium
and were purified and stored as described previously (20).
Spores of B. subtilis strains were germinated at an optical
density at 600 nm (ODy,) of 2 to 5 in 10 mM KPO, buffer (pH
7.4)-1 mM L-alanine following a heat shock (30 min at 70°C) of
spores in water. After incubation of germinating cultures at
37°C, 1-ml aliquots were centrifuged for 1 min in a microcen-
trifuge or 20-ml aliquots were centrifuged for 5 min at 14,000 X
g, the latter for 3PGA analyses. The pellet fractions were
isolated, washed twice with 1 ml water, and suspended in ~1
ml water, and the samples were either boiled for 30 min (sam-
ples for nuclear magnetic resonance [NMR]) or added to 4 ml
boiling 1-propanol and boiled for 5 min (6, 19). In some cases,
the supernatant fluid was also boiled in 4 ml of 1-propanol. The
samples boiled in water were centrifuged, the supernatant fluid
was run through a 1-ml Chelex column to remove divalent
cations, most importantly Mn®", the run-through fractions
were pooled and lyophilized, and the dry residue was dissolved
in D,0 for proton NMR spectroscopy as described previously
(6, 24). The samples boiled in 1-propanol were flash evapo-
rated, the residue was dissolved in 1 ml water and centrifuged,
and the supernatant fluid was analyzed for 3PGA, ATP, ADP,
and AMP as described previously (19), but using a luminom-
eter for assays of the adenine nucleotides. B. megaterium
spores were germinated following a heat shock for 10 min at
60°C of spores in water. Germination used spores at 1 to 7
mg/ml (dry weight) in 10 mM KPO, buffer (pH 7.5) plus 50
mM KBr and with or without 10 mM NaF to greatly slow
3PGA catabolism as described previously (19). Samples of 1 or
2 ml were harvested (the latter for ultimate analysis of 3PGA)
and then processed and analyzed as described for B. subtilis
spores, except that pellet fractions were not washed, and the
supernatant fluid from germinating spores was also boiled di-
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rectly and passed through Chelex, and the run-through frac-
tions were lyophilized and dissolved in D,O for proton NMR
spectroscopy.

As noted above, DPA, glutamic acid, and arginine are
present at significant levels in both B. megaterium and B. sub-
tilis spores, although levels of other amino acids are much
lower (7, 8, 17, 19). In addition to the peaks due to these
known compounds, NMR spectra of hot water extracts of B.
subtilis spores contained a number of large peaks not seen in
the spectrum of an extract from B. megaterium spores (Fig. 1A
and B; peaks labeled “X” in Fig. 1A). These additional large
peaks in the B. subtilis spectrum are due to small molecules, as
the compounds giving these peaks eluted after DPA and glu-
tamic acid on a Biogel P2 column (data not shown). At least
some of these additional large peaks have provisionally been
identified as due to glyceric acid (C. A. Loshon, P. G. Wahome,
and P. Setlow, unpublished results). B. megaterium and B.
subtilis dormant spores also contained significant levels of
AMP and ADP as well as 3PGA (see below), although these
molecules were not seen in NMR spectra of processed extracts.
The reason these molecules were not seen in NMR spectra is
not known, but may be due to small amounts of residual Mn?"
broadening the peaks from these molecules considerably.

Previous work has shown that large amounts of many dif-
ferent amino acids are released during Bacillus spore germi-
nation, with these amino acids coming primarily from SASP
hydrolysis (20). The release of large amounts of amino acids
generated by SASP hydrolysis would obscure the release of
dormant spores’ pools of free amino acids. Consequently, we
examined amino acid release from B. subtilis spores in which
cortex hydrolysis does not take place, since SASP hydrolysis by
the SASP-specific germination protease, GPR, requires at least
the initiation of cortex hydrolysis (15, 18). The spores used
were from strains FB113 (cwlJ sleB) and PS2307 (cwID) that
either lack both CLEs (strain FB113) or have a cortex that
does not contain muramic acid-8-lactam (strain PS2307), a
modification essential for CLEs to recognize and act on cortex
peptidoglycan (12, 18). While the spores of these two strains do
not degrade their cortex in response to nutrient germinants
and do not initiate enzyme action in the spore core, they do go
through events in stage I of spore germination, most notably
DPA release (15). Indeed not only was DPA released upon
addition of the nutrient germinant L-alanine to these spores,
the spore’s pools of free L-arginine and L-glutamic acid also
disappeared from the spores and with approximately the same
kinetics as for DPA release (Fig. 2A and B). The unknown
small molecule or molecules that give rise to the peaks labeled
“X” in NMR spectra of small molecules extracted from B.
subtilis spores also disappeared from the germinating spores
with similar kinetics (Fig. 2A and B).

Mutant strains of B. megaterium lacking CLEs or CwlD are
not available. Consequently, to block release of free amino
acids generated by SASP hydrolysis during spore germination
and outgrowth, we used an isogenic mutant strain (PS1029) in
which the gpr gene that encodes the SASP-specific protease has
been inactivated. The spores of this strain initiate germination
normally, but SASP degradation is greatly slowed (13). These
spores were germinated with the salt KBr, which most likely
acts by stimulating the spore’s nutrient germinant receptors (3,
4), and use of this germinant allowed analysis of amino acids in
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FIG. 1. Proton NMR spectra of small molecules in B. megaterium (A) and B. subtilis (B) spores. Small molecules were extracted from 10 mg
(dry weight) of dormant spores of B. megaterium QM B1551 (wild type) (A) and B. subtilis strain PS533 (wild type) (B), extracts were processed,
and the proton NMR spectra of the small molecules were obtained as described in the text. Peaks due to known compounds are labeled, although
some of the peaks in the arginine region are from glutamate and both arginine and glutamate give additional peaks that are not labeled. The peaks
labeled “X” that flank the arginine region are due to an unknown compound or compounds in B. subtilis spores. The spectrum in panel A has been

magnified ~2.5 times more than the spectrum in panel B.

germination exudates by NMR spectroscopy without interfer-
ence by the germinant itself. Again, these spore’s pools of both
glutamic acid and arginine were released with approximately
the same kinetics as DPA (Fig. 3) (data not shown). There
were also no changes in the level of the total amounts of these
compounds present in the germinating spore culture (Fig. 3)
(data not shown).

While some small molecules are clearly released approxi-
mately in parallel with DPA early in spore germination, it
seems extremely unlikely that this should be the fate of all
small molecules. Indeed, ATP generation from catabolism of

endogenous 3PGA as well as exogenous compounds, including
amino acids released after SASP hydrolysis, also begins either
late in stage II of spore germination or early in outgrowth (15,
18-20). To examine release of other spore small molecules,
levels of ATP in germinating PS533 (wild type) spores were
determined in both the spore pellet fraction and in the germi-
nation exudate. As expected, <5% of total ATP was found in
the germination exudate (Table 2). Similarly, <5% of the
pools of AMP and ADP present in dormant cwl/ sleB B. subtilis
spores was released into the supernatant fluid upon germina-
tion of these spores with L-alanine (Table 2). These cwl/ sleB
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FIG. 2. Release of small molecules during germination of B. subtilis spores. Spores of B. subtilis strains FB113 (cwl/ sleB) (A) and PS2307
(ewID) (B) were germinated, and at various times the small molecules remaining in the germinated spores were extracted, extracts were processed,
and small molecules were analyzed by NMR spectroscopy to quantitate small molecules as described in the text. O, DPA; A, glutamic acid; A,
arginine; and @, X. Note that whatever gives rise to all of the X peaks was released together. The percentage release of the various molecules was
calculated by taking the amount in dormant spores as 100% and assuming that there was no change in this total value throughout the experiment.
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FIG. 3. Release of small molecules during germination of B. mega-
terium spores. Spores of B. megaterium strain PS1029 (gpr) were ger-
minated, and at various times aliquots were centrifuged, the pellet
fractions were suspended in water, both supernatant and suspended
pellet fractions were boiled, and extracts were processed and analyzed
by NMR spectroscopy to quantitate small molecules as described in
the text. O, DPA released; A, total DPA in the culture; @, glutamic
acid released; and A, total free glutamic acid in the culture. The
average of the total DPA or glutamic acid present at various times was
set at 100%, and the percentage released was calculated from values in
the supernatant and pellet fractions at each time point. The rate of
arginine release was essentially identical to that for glutamic acid
release.

spores that are blocked in germination after completion of
stage I do not synthesize any appreciable ATP (15). Thus, at
least free adenine nucleotides are not released during spore
germination.

As noted above, 3PGA is normally catabolized either late in
spore germination or early in outgrowth to generate ATP (15,
18, 19), and =90% of the 3PGA in dormant B. megaterium
spores had disappeared after 30 min of germination, as ex-
pected (19) (Table 2). However, when B. megaterium spores
were germinated in the presence of NaF to block 3PGA ca-
tabolism by inhibition of enolase (19), the great majority of the
3PGA was retained in these spores, even after DPA release
was >80% complete (Table 2). Analysis of 3PGA retained in
germinating B. subtilis cwl] sleB spores in which 3PGA metab-
olism, and indeed all metabolism, was blocked due to the lack
of cortex hydrolysis (15) also showed that the great majority of
3PGA was not released from these spores when >90% of DPA
was released (Table 2).

The results in this communication lead to one major new
conclusion: that in stage I of spore germination not only are
DPA and its associated divalent cations released rapidly, but so
are a number of other small molecules, including glutamic
acid, arginine, and one or more compounds that have not yet
been definitively identified. This clearly is the case during B.
subtilis spore germination, since release of additional small
molecules took place with spores in which progression to stage
IT of germination was blocked. While no such spores of B.
megaterium are currently available, the fact that release of
dormant B. megaterium spores’ pools of glutamic acid and
arginine largely paralleled DPA release during germination
strongly suggests that release of these amino acids from these
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spores also does not require cortex hydrolysis. While a number
of small molecules were released rapidly during spore germi-
nation, clearly this release is at least somewhat selective, as
AMP, ADP, ATP, and 3PGA were released minimally if at all
during B. megaterium and B. subtilis spore germination.

It is notable that the release of the additional small mole-
cules during spore germination takes place before hydrolysis of
the spore’s cortex and the reorganization of the spore’s inner
membrane that takes place in fully germinated spores. Some-
how a membrane that has not allowed passage of DPA and
several other small molecules, perhaps for years, allows the
rapid passage of the same molecules once spore germination is
triggered. This triggering can be by nutrients, as shown in the
present work, or by elevated pressures or the cationic surfac-
tant dodecylamine, as shown previously (24, 26). The major
question then is how this might be accomplished. One formal
possibility is that this is via some type of gated mechanosensi-
tive channel (2). However, deletion of all known mechanosen-
sitive channels from B. subtilis has no effect on at least DPA
release during spore germination (27, 28), and known mech-
anosensitive channels also allow release of molecules up to the
size of ATP and even larger (2). Whatever the mechanisms
allowing the rapid release of DPA and other small molecules in
the first minute of spore germination, this large increase in the
inner membrane’s permeability to small molecules appears to
be selective, as a number of small molecules are not released.

TABLE 2. Levels of adenine nucleotides and 3PGA retained by
Bacillus spores during spore germination®

Level of nucleotide or 3GPA

Adenine nucleotide in spores (sumol/g spores

Strain or 3PGA [dry wt])
Dormant Germinated”
B. subtilis
PS533 (wild type) ATP =0.002 0.4-0.6 (=5)°
FB113 (cwl sleB) ADP 0.12 0.13 (<8)*
AMP 0.6 0.6 (<2)*
B. megaterium
QM B1551 3PGA 18 14 (14)°
18 11 (19
18 1.5%
B. subtilis
FB113 (cwlJ sleB) 3PGA 5 4"

“ Spores of various strains were germinated and extracted, extracts were pro-
cessed, and adenine nucleotides and 3PGA were quantitated as described in the
text. All values are the result of duplicate determinations.

® Values not in parentheses are the levels found in the germinated spore pellet
fraction; values in parentheses are the percentage of the total released in the
germination exudate.

¢ Values are for spores germinated at an ODgqq of 2 for 15, 30, and 45 min;
DPA release was >85% complete in 30 min.

@ Values are for spores germinated at an ODg of 2 for 90 min; at this time,
DPA release was >90% complete.

¢ Spores were germinated for 15 min at an ODyg, of 50 with NaF present; at
this time, DPA release was 85% complete.

/Spores were germinated for 30 min at an ODj, of 50 with NaF present; at
this time, DPA release was >95% complete.

& Spores were germinated for 30 min at an ODy, of 50 without NaF; at this
time, DPA release was >95% complete.

" Spores were germinated at an ODg, of 5 for 60 min; at this time, DPA
release was >90% complete.
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Some of this selectivity may be based on molecular size, as the
molecules released almost completely (DPA, glutamate, and
arginine) have a lower molecular weight than those released
poorly if at all (3PGA and adenine nucleotides), although this
selectivity may depend primarily on the hydrated dimensions
of these molecules. In addition, a number of these molecules
are chelated to and likely released with divalent ions, which
further complicates analysis of selectivity based solely on mo-
lecular weight. The large increase in membrane permeability
early in spore germination, most likely in stage I, is also almost
certainly transient, since a number of these small molecules are
subsequently taken back up. Indeed, the continued high per-
meability of a plasma membrane to hydrophilic small mole-
cules such as amino acids would seem to be incompatible with
life. It seems likely that establishing the mechanism for and
regulation of this transient change in the permeability proper-
ties of the spore’s inner membrane during spore germination
will greatly increase our understanding not only of spore ger-
mination, but also features of dormant spores as well.
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