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The release of calcium and dipicolinic acid from spores of Bacillus megaterium
KM during L-alanine-induced triggering of germination has been studied using a
new, simple, and rapid assay for dipicolinic acid capable of detecting a concentra-
tion of 0.5 ,uM. The release of both calcium and dipicolinate started within seconds
of exposure of the spores to L-alanine, thus preceding other measurable changes
associated with germination. From the earliest times, the two substances were
released in equimolar quantities, although later in germination calcium predom-
inated.

Dipicolinic acid (pyridine-2,6-dicarboxylic
acid, DPA) is a unique constituent of bacterial
spores that has been suggested to be involved in
their dormancy, heat resistance, and germina-
tion. It is normally present in equimolar amounts
with calcium or other metals (11), but deviations
from this ratio have been observed (9). The time
of release of calcium DPA during spore germi-
nation has been measured in the past (1, 13, 15)
and has been shown to parallel other germina-
tion changes such as loss of phase whiteness and
resistance to stains, but to be slower than loss of
heat resistance (4). Thus, the release of calcium
DPA appeared to occur too late to be a primary
event in the triggering of germination. There is,
however, considerable evidence that calcium
DPA is involved in this triggering, including the
facts that DPA-deficient spores are reluctant to
germinate unless exogenous DPA is added (16)
and that a 1:1 chelate of calcium and DPA is a
universal germinant (10). One possible explana-
tion for this inconsistency is that the release of
the bulk of the calcium DPA is a post-triggering
event, but that a small amount of calcium DPA
is involved in the triggering.
Two questions relating to this possibility have

not yet been answered. The first is whether
release of calcium or DPA starts sufficiently
early to be associated with the triggering of
germination. The second is whether calcium and
DPA are released as a 1:1 chelate initially, as
well as later in germination when the bulk of the
calcium DPA is released. It has been suggested
that germination involves displacement of cal-
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cium from the spore membrane (2), in which
case an excess of calcium over DPA would be
expected to be released initially. Conversely, it
has been suggested that calcium binding to the
spore cortex triggers germination (5), in which
case an excess of DPA over calcium might be
expected at this early time.

Studies on the initial release of DPA have
been hampered by the lack of a simple and
sufficiently sensitive assay for this compound.
The commonly used method of Janssen et al. (6)
is quite insensitive, and the UV absorbance
method described by Lewis (7) is limited in its
sensitivity to five times that of Janssen's method
by residual blankUV absorbance. The gas-liquid
chromatography method described by Tabor et
al. (12) is capable of detecting 1 nmol of DPA
but is quite lengthy, involving two extraction
steps in the purification procedure.

In this paper we describe a simple, very sen-
sitive, and rapid technique for estimation of
DPA in aqueous solutions and the use of this
technique to investigate the precise timing and
stoichiometry of calcium and DPA release dur-
ing germination.

MATERIALS AND METHODS
Growth and preparation of spores. The orga-

nism used was the sporogenic strain of Bacillus meg-
aterium KM described by Ellar and Posgate (3).
Spores were grown in modified CCY medium supple-
mented with 10 ,uCi of 'Ca per liter and harvested and
cleaned as previously described (14). Before use, the
spores were washed twice in 50 mM KCl (4°C), then
three times in deionized water (4°C), to remove readily
exchangeable calcium from the spores.
Germination of spores. Spores were germinated

at 2 mg (dry weight)/ml in 50 mM KCl and 1 mM L-
alanine at 37°C. Where appropriate, they were first
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heat activated by heating a suspension of 20 mg/ml in
deionized water at 70°C for 30 min, then cooling to 0.08-
37°C, and immediately adding to the germinants. Sam-
ples of heat-activation exudate were prepared by tak-
ing 0.5-ml samples of the spores during heat shock,
rapidly mixing them with 4.5 mi of ice-cold deionized 0.06- A B
water, and filtering the sample through a0.45-pml
membrane filter using a Swinnex 2.5-cm syringe filter
(Millipore Corp., Bedford, Mass.). Samples of germi- 0.04 n
nation exudate were taken by rapidly filtering the
germination spore suspension in the same way. The
filtration process took approximately 5 s. 6
DPA assay. The principle of the method was to 0 02-

measure the characteristic change in the spectrum of
DPA on addition of calcium. Figure 1 is the spectra of
Na2DPA and calcium DPA showing the peak at 277.5 0/
nm given by the calcium chelate. Figure 2 shows a
difference spectrum of DPA in excess CaCl2 against
DPA in EGTA (1,2-bis-2-aminoethoxyethane-
N,N,N',N'-tetraacetic acid). The combination of al- -0 02-
kaline pH and the presence of the powerful divalent
ion chelator EGTA ensured that the reference gave a
pure DPA2- spectrum, while the excess calcium in the
sample ensured a pure calcium DPA spectrum. The 270 2A0 290 300
assay was based on the linear relationship between Wavelength(nm)
the concentration of DPA and the peak-to-trough FIG. 2. Difference spectrum of calcium DPA and
differences A and B shown in Fig. 2. DPA2-. Sample cuvette contained 41 gLDPA, 10mM

Because this difference spectrum is only influenced NaOH, and 5 mM CaCl2 and the reference cuvette
by substances whose spectra between 270 nm and 290 contained 41 M DPA, 10 mM NaOH, and 2.5 mM
nm change in the presence of calcium, most UV-ab- EGTA. For definition of functions A and B (arrOws),
sorbmg impurities do not affect the assay. Because see kgend to Fig. 3.

06- absolute extinction values need not be measured, the
sensitivity of the assay is not affected by moderate
blank absorbances, and it can therefore detect a con-
centration of 0.5 IpM DPA (change in optical density

05 [AOD] = 0.0002).
The assay procedure was as follows: 1-ml samples

of the DPA solution were added to two 1-ml 1.000-cm
light path cuvettes. A 10-pl volume of 1 M NaOH was
added to each, followed by 50 gil of 50 mM EGTA

0 4- (neutralized with NaOH) in the reference cuvette and
50 p1 of 100 mM CaCl2 in the sample cuvette. The
difference spectrum was recorded at 300C using a
Unicam SP1750 UV spectrophotometer fitted with an

a 03- SP1805 program controller and an AR55 linear re-
o . corder (Pye Unicam Ltd., Cambridge, U.K.). The band

width was 0.8 nm, and the scan speed was 0.2 nm/s. A
71/ full scale of 0.2 or 0.5 OD units was used, depending

'/ on the concentration of DPA. Standard curves were
02- ' constructed using the functions A and B shown in Fig.

2 and are shown in Fig. 3.
The identity of the results obtained using these two

functions was used as a routine check for interference
01- by other substances. Selected samples were also

checked by recording the difference spectrum of the
sample in excess calcium versus the calculated amount
of DPA, also in excess calcium. A peak or trough at
277.5 nm indicated that the concentration of DPA in

0 the sample was, respectively, higher or lower than in
240 260 260 300 the reference. No such interference was found with

Wavelength(nm) any of the samples used in this study.
FIG. 1. Spectra of DPA2- and calcium DPA. Determination of calcium. A minor modification

0.1 mM DPA, 10mM NaOH, and 5mM CaCl2. of the assay described above made it possible to de-
-)0.1 mM DPA and 10mM NaOH. termine calcium concentration. After the DPA assay
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FIG. 3. Standard curves for the DPA assay. (0)

OD277.5 - OD283 (function B); (A) OD277.5 - OD273
(function A). For the standard curve (A), the final
concentrations of EGTA and CaCl2 in the assays
were 0.25mM and 0.5 mM, respectively, and OD was
measured with a Cary 118 spectrophometer. For the
inset standard curve (B), the assay conditions were
as described in the text.

was completed, the sample cuvette was removed,
washed with EGTA to remove traces of calcium and
then washed extensively with deionized water. A 1.0-
ml sample of the test solution was then added, followed
by 10 pl of 1 M NaOH and 50 pl of deionized water.
Sufficient 4 mM DPA was added to both sample and
reference cuvettes to make the total DPA concentra-
tion 180 ,uM. The difference spectrum was then re-
corded as above, and the function B was measured. A
standard curve of function B versus calcium concen-
tration is shown in Fig. 4. The curvature of this stan-
dard curve was due to the partial dissociation of the
calcium DPA complex and was constant provided the
total DPA concentration, ionic strength, and temper-
ature of the assay were constant. This assay is not
specific for calcium but, provided calcium is the only
polyvalent ion present, is simple and sensitive.
The release of 'Ca from spores was measured by

counting 1-ml samples of the germination exudate in
15 ml of scintillant fluid containing 7 g of PPO (2,5-
diphenyloxazole) and 0.35 g of POPOP [1,4-bis-[2]-(5-
phenyloxazolyl)benzene] per liter in 66% toluene-33%
Triton X-100 using a Packard Tri-Carb refrigerated
scintillation counter. 'Ca was used to measure release
of calcium, since contamination of solutions and glass-
ware with calcium made analytical detection of low
levels of calcium difficult.
The specific activity of the calcium present in the

spores was determined by measuring the concentra-
tion of calcium in the exudate from spores germinated
for 20 min, using the spectrophotometric calcium assay

described above. At this time in germination, calcium
is by far the major divalent ion present in the germi-
nation exudate.

RESULTS

Figures 5 and 6 show the release of calcium
and DPA during the germination of heat-acti-
vated and dormant spores, respectively. It is
clear that release of both compounds started
within seconds of the addition of germinants,
although at a low rate. Furthennore, the sub-
stances were released in equimolar quantities
initially, even though later in germination an
excess of calcium was released. Heat activation
had little effect on the early, lag period of ger-
mination but improved the later synchrony of
germination considerably.
Table 1 shows the release of calcium and DPA

during heat activation at 700C. DPA was re-
leased progressively throughout the period of
heat activation, while at no stage could release
of calcium be detected.

DISCUSSION
The fact that release of calcium and DPA

started immediately on addition of germinants
suggests that this release may be associated with
a very early event in triggering germination.
Studies on the time of commencement of other
biochemical changes during germination of this
strain ofB. megaterium under similar conditions
(I. R. Scott and D. J. Ellar, Biochem. J., in press)
have shown that the 'activation of metabolism
associated with germination does not commence
until 2 to 3 min after the addition of germinants.
Unfortunately, the sensitivity of the methods
used to detect metabolism was insufficient to
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FIG. 4. Standard curve for calcium assay. (0)
OD277.5-ODm (function B). (-----) Theoretical curve
for undissociated calcium DPA.

VOL. 135, 1978



E *2013t c 1;0
' 5004 Ji$7

n
400 4 8162

300- 121

200 E
0 ~~~~~~~~~cEg 100 4

0 4 8 12 16 0 1 2
Time (mins) Time (mins)

FIG. 5. Release of 'Ca and DPA during germination of heat-activated spores. (0) Calcium; (A) DPA. The
specific activity of the 'Ca was determined from the 20-minsample using the spectrophotometric calcium
assay described in the text.
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FIG. 6. Release of 'Ca and DPA during germination of non-heat-activated spores. (0) Calcium; (A) DPA.
The specific activity of the 'Ca was determined from the 20-mmn sample using the spectrophotometric calcium
assay described in the text.
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TABLE 1. Release of 45Ca and DPA during heat
activation at 70°C

Heat activation nmol released/mg of spores
(min) Calcium DPA

0 <0.02 <0.2
5 <0.02 <0.2
10 <0.02 1.5
20 <0.02 2.5
30 <0.02 3.0

determine whether this very early calcium DPA
release was due to the rapid germination of a
small fraction (0.2%) of the spores with complete
release of their calcium DPA, or whether the
calcium DPA represented a small release from
the whole population of spores. Only in the latter
case would the early release be significant as an
early germination event. Some evidence that the
latter explanation is the correct one came from
the observation that throughout the early min-
utes of germination, calcium and DPA were
released in equimolar amounts, whereas later,
calcium predominated. If the early release of
calcium DPA represented the complete germi-
nation of a few spores, this excess release of
calcium might be expected to be seen from the
earliest times.
The fact that, initially at least, calcium DPA

was released as the 1:1 chelate indicates that if
germination is triggered by the displacement of
calcium from a spore structure (2, 8), then the
agent causing the displacement must be DPA
present in the spore in some other form than the
calcium chelate. The DPA could exist either in
a completely dissociated form (e.g., Na2DPA) or
as a weak complex (e.g., MgDPA). The possible
presence of such a pool of DPA in the spore is
suggested by the observation that during heat
shock, DPA but no Ca2" was released. Con-
versely, if calcium binding to the spore cortex is
responsible for the triggering of germination (5),
the source of the calcium is unlikely to be the
calcium DPA pool, since, if this were the case,
excess DPA over calcium would probably be
excreted early in germination.
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