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Two subpopulations of BaciUus megaterium spores (1.360 and 1.355 g/ml) were obtained by density gradient
centrifugation. The heavier spores had a higher thermoresistance (e.g., D80 = 186 versus 81 min) and a higher
DNA content (1.25 x 10-i4 versus 0.65 x 10-14 g per spore, apparently corresponding to digenomic versus

monogenomic spores). No appreciable differences were found in the mineral and dipicolinic acid contents or in
the inactivation kinetics of the two subpopulations. The implications of the findings are discussed with regard
to mechanisms of heat resistance and of inactivation.

The DNA content of bacterial spores, expressed on a
per-spore basis, varies from species to species as much as
fourfold, with Bacillus megaterium spores containing twice
the minimum amount (7). Spore species with higher DNA
contents show "multiple-hit" curvilinear inactivation kinet-
ics during exposure to ionizing radiation (18), suggestive of
"multiple chromosome sets" (7), "polyploidy" (10), or, in
the currently used term, multiple genomes. Multigenomic
spore populations can be separated into subpopulations with
a narrowed range of DNA content by density gradient
centrifugation; the higher the density, the higher is the DNA
content of the subpopulation (12).
The heat resistance of bacterial spores is attributable to at

least three basic determinants that affect the vital protoplast,
as reviewed recently (8). Dehydration is the only determi-
nant necessary and sufficient in itself for the elevated level of
thermoresistance characteristic of spores, but mineralization
and thermal adaptation also can contribute significantly.
The question arose whether an increased content ofDNA

in spores can affect their heat resistance and their heat
inactivation kinetics. Consequently, we undertook to isolate
spore subpopulations from a multigenomic species, B. mega-
terium, by means of density gradient centrifugation. We then
examined the inactivation kinetics of the subpopulations and
compared their heat resistances with their DNA contents
and with their dipicolinic acid (DPA) and mineral contents,
which also can affect buoyant density (6) and thus heat
resistance (1).

Spores of B. megaterium ATCC 33729, an exosporiumless
variant of strain QM-B1551, were produced and cleaned as
described previously (13). The cleaned spores were sepa-
rated into two nonoverlapping bands by centrifugal buoyant-
density sedimentation in incremental discontinuous gradi-
ents (1.40 to 1.30 g/ml) of Nycodenz (Nyegaard and Co.,
Oslo, Norway), as described previously (3, 14). Nycodenz
does not adversely affect spore dormancy or viability during
the separation process (14). Spore counts were determined
in a Petroff-Hauser counting chamber by using a phase-
contrast microscope.
The heat resistance of each of the two spore types was

determined at 80, 85, and 90°C and expressed as a D value
(minutes required for a decimal reduction in CFU), as
described previously (1, 2). The D value at each temperature
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was obtained from a plot of log survivors versus time by
least-squares computing of the slope of the rectilinear por-
tion, which extended over 1 to 4 decades of decline, depend-
ing on temperature. The rectilinear regressions extended
essentially from the origin, with a lag apparently represent-
ing heat activation of spore germination sometimes occur-
ring in the first few minutes.
DNA was determined by the diphenylamine assay of

Burton (5), with the following modifications. A 0.2-ml sus-
pension of about 5 x 109 spores was added to 2 ml of chilled
0.5 N perchloric acid and held on ice for 60 min. The
suspension was then sonicated briefly and held in a 90°C
water bath for 10 min. Samples were then centrifuged at
1,700 x g for 10 min, and the supernatant fractions were
collected. This process was repeated twice to achieve max-
imum yields (9). The supernatant fractions of each spore
suspension were pooled and analyzed with salmon sperm
DNA as a standard (5). Determinations were expressed as
grams of DNA per spore.
DPA was assayed as described by Janssen et al. (11).

Minerals were extracted by the method of Bender and
Marquis (4) and analyzed by plasma emission spectropho-
tometry (Spectra Span VB; Applied Research Laboratories,
Dearborn, Mich.). The results were expressed as micro-
moles of DPA or mineral per spore and as mole ratios.
Two close but distinct subpopulations of the dormant

spores were obtained after centrifugation in the Nycodenz
gradients, one in a band with buoyant wet density of 1.355
g/ml and another in a band of 1.360 g/ml.
The ability to separate the spores into two density bands

enabled a direct comparison of their heat inactivation kinet-
ics and heat resistances. Both populations of spores showed
rectilinear regressions (data not presented). The D values,
obtained directly at 80, 85, and 90°C and by extrapolation at
100°C (Table 1), showed that the heavier spores were signif-
icantly more resistant to heat than the lighter spores. For
example, the difference in D values was 130% at 80°C, which
is usually considered the lethal temperature for this rela-
tively susceptible spore species. The D values were then
plotted versus temperature (Fig. 1) to generate z values (the
temperature changes needed to reduce the D values by a
factor of 10). The z values for the two spore types were
similar (Table 1).
The analyses for DNA contents (Table 1) revealed that the

lighter spores contained 0.65 x 1014 g of DNA per spore
and the heavier spores contained 1.25 x 10-14 g ofDNA per
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TABLE 1. Characteristics of lighter and heavier spores of
B. megaterium ATCC 33729

Value for the following
Characteristic" buoyant density band:

1.355 g/ml 1.360 g/ml

Heat resistance
D value (min)

D80 80.9 186
D85 11.5 23.7
Dgo 2.02 3.78
D1 b 0.049 0.073

z value (°C)' 6.2 5.9
DNA content (g, 10-14) 0.65 1.25
Mineral content (l.umol, 10-10)
Ca 7.38 7.68
K 3.44 3.12
Mg 0.938 1.02
Mn 0.271 0.298
Na 0.266 0.312

Mg/Ca mole ratio 0.127 0.133
DPA content (,umol, 10-10) 6.82 7.08
Ca/DPA mole ratio 1.08 1.08

a The data for each characteristic represent the averages of at least
triplicate determinations on pooled bands from a single spore crop.

b Computed by least-squares extrapolation from the measurements ob-
tained at 80, 85, and 90°C.

' Calculated from the thermal destruction curves shown in Fig. 1.

spore, apparently corresponding to monogenomic and dige-
nomic spores, respectively. Both values were within the
range of DNA contents reported for this species (10). Two
plasmids (ca. 10 and 30 MDa) were identified in both the
heavier and lighter spores and so were believed not to
contribute appreciably to the difference in DNA contents.
Of the five main minerals found in spores, only Na varied

more than 10% between the lighter and heavier spores (Table
1), and Na is not considered to be a main determinant of
spore heat resistance (4) or of buoyant density (6). The DPA
content and the Mg/Ca and Ca/DPA mole ratios, all consid-
ered to contribute to spore heat resistance (17), differed little
or not at all between the two spore types. Thus, these
characteristics apparently did not contribute to the differ-
ences in density and heat resistance between the two spore
types.
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of buoyant wet density and heat resistance of spores (1, 2, 8).
However, it is highly unlikely that the increased D value for
digenomic spores can be attributed to decreased water
content because the protoplast water content in various
spore species, including B. megaterium spores, is constant
at a minimum limit of about 28%. At this limit, determinants
other than protoplast dehydration (here, the DNA content)
independently cause changes in heat resistance.
The positive correlation found between the heat resistance

(as characterized by D and z values) and DNA conternt of B.
megaterium spores might suggest that DNA is another
general determinant of spore thermoresistance. Unlike de-
hydration, mineralization, and thermal adaptation, however,
an increased DNA content occurs in only a fraction of rather
than throughout a spore population. Furthermore, selection
of multigenomic spore species to enhance survival does not
seem to have occurred in nature, as some monogenomic
species reportedly are more resistant than multigenomic
species (15). Even within this one species, nature has not
selected for only multigenomic spores to confer greater
resistance. We are left with the conclusion that the increased
DNA content occurring in a fraction of the population can
indeed increase heat resistance in spores but that this factor
does not seem likely to determine thermoresistance in gen-
eral as do dehydration, mineralization, and thermal adapta-
tion.
The observed correlation between thermoresistance and

DNA might also suggest that DNA is a critical target in the
inactivation of spores by heat, as it is in their inactivation by
radiation (18). One might reason that a spore with multiple
genomes should be more resistant to heat than a spore with
a single genome because only one undamaged copy may be
necessary for survival from heat treatment. However, the
"multi-hit" curvilinear kinetics seen with radiation inactiva-
tion (18) were not found here with thermal inactivation of the
multigenomic spores. Instead, "single-hit" rectilinear kinet-
ics occurred. This finding tends to support other kinetic
evidence indicating that the denaturation of DNA is not
limiting in the thermal inactivation of bacterial spores (16).
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