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A variant strain that produced spores lacking exosporium was isolated from a culture of Bacillus megaterium
QM-B1551. Two additional spore morphotypes were obtained from the parent and variant strains by chemical
removal of the complex of coat and outer membrane. Among the four morphotype spores, heat resistance did
not correlate with total water content, wet density, refractive index, or dipicolinate or cation content, but did
correlate with the volume ratio of protoplast to protoplast plus cortex. The divestment of integument layers
exterior to the cortex had little influence on heat resistance. Moreover, the divestment did not change the
response of either the parent or the variant spores to various germination-initiating agents, except for making
the spores susceptible to germination by lysozyme. The primary permeability barrier to glucose for the intact
parent and variant spores was found to be the outer membrane, whereas the barrier for the divested spores was

the inner membrane.

Investigation of the mechanisms by which bacterial spores
achieve resistance and initiate germination has been com-
plicated by the use of model types of spores that possess
superfluous integument layers, such as spores of Baccillius
cereus T, Bacillus subtilis 168, and Bacillus megateriium
QM-B1551. Consequently, it appeared desirable to obtain
structurally simplified dormant spores derived from a single,
well-studied strain to serve as models for further investiga-
tion.

In this paper, we report the isolation from B. megateriium
QM-B1551 of a variant strain that produces spores devoid of
the thick peripheral structure which we term exosporium.
Both the parent and the variant spores were chemically
divested of the coat and outer membrane, the variant spore
thus becoming a cortex-encased protoplast. The four mo-
rphotype spores, all dormant and heat resistant, were ex-
amined for fine structure by electron microscopy, studied for
biophysical and biochemical correlates of heat resistance,
tested with chemical agents that initiate germination, and
used to distinguish the permeability roles of the outer and
inner membranes.

MATERIALS AND METHODS

Organisms. B. megaterium QM-B1551 (ATCC 12872) was
obtained from James C. Vary, University of Illinois Medical
Center, Chicago. From this parent strain, an apparently
naturally occurring variant that produced spores lacking
exosporium (EX- variant) was isolated by chance selection
during serial transfer. The genetic basis was not studied.
However, tests conducted at the American Type Culture
Collection, Rockville, Md., indicated that the variant has
identifying characteristics like those of authentic B. mega-
terium QM-B1551 (Robert L. Gherna, personal communi-
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cation). The variant is available from the Collection under
accession number 33729.

Spore production. Dormant spores of the parent and
variant B. megateriuim strains were produced essentially by
the procedure of Shay and Vary (34). Vegetative cells grown
overnight on Trypticase soy agar (BBL Microbiology Sys-
tems, Cockeysville, Md.) were inoculated into 300 ml of
supplemented nutrient broth (33) and incubated with aera-
tion by shaking for 7 h at 30°C. The culture was then
transferred into 10 liters of the same medium in a fermentor
and incubated for 24 h at 30°C with constant stirring (400
rpm) and aeration (11 liters of air per min). The resulting
spores were harvested by centrifugation (5,000 x g for 5
min) and washed by centrifugation about 15 times with cold,
sterile, deionized water; each time, the supernatant liquid
was decanted and debris was removed from the surface of
the pellet. The spores were stored in water at 4°C and
washed twice daily by centrifugation. The four morphotype
spores all remained viable, refractile, and heat resistant
when stored in this way.

Electron microscopy. Specimens were prepared, stained,
sectioned, and examined by electron microscopy essentially
as described previously (4).
Volume fractions. Estimates of the volume percentage of

the spore occupied by the protoplast and the sporoplast
(essentially, the protoplast plus cortex; actually, the pro-
toplast plus primordial cell wall plus cortex plus coat under-
layer) were obtained by calculation from measurements on
electron micrographs, care being taken to select only lon-
gitudinal center sections of spores, as described previously
(3).

Chemical treatment. Spores of the parent and the variant
were both chemically treated to remove the complex of coat
and outer membrane (C- OM-), essentially as described by
Fitz-James (14) and Vary (39). Clean spores (10 g, wet
weight) were suspended in a freshly made solution of 0.5%
sodium dodecyl sulfate-0.1 M dithiothreitol-0.1 M NaOH
(pH 10). The suspension was shaken (150 rpm) for 2 h at
37°C, and the spores were harvested by centrifugation (5,000
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x g for 10 min). The resulting spores were then washed and
stored as described above.

Determination of heat resistance. Heat resistance of each of
the four morphotype spores was determined at 70, 80, 90,
and 100°C and expressed as a D value, as described previ-
ously (3).
Water properties. Determinations of wet density and water

content by direct gravimetric and volumetric measurements
were made as described previously (3), except for the initial
centrifugation conditions. The parent spores were centri-
fuged for 30 min at 11,000 x g, and the variant spores were
centrifuged for 30 min at 4,400 x g.

Refractometry. Determinations of average apparent refrac-
tive index were obtained by photometric immersion refrac-
tometry as described previously (19). Changes in optical
density (OD) were monitored by means of a double-beam
spectrophotometer (Beckman Instruments, Inc., Fullerton,
Calif.) operated at a wavelength of 700 nm with deionized
water as a blank.
Chemical analyses. Dipicolinic acid was determined by the

method of Janssen et al. (25). Hexosamine was determined
by the method of Cessi and Piliego (11) after hydrolysis of
the spores in 3 N HCl for 4 h at 95°C. Mineral element
analyses (Ca2+, Mg2+, Mn2+, K+, Na+) were made by use of
atomic absorption spectroscopy (27a).

Initiation of germination. Initiation of germination was
studied with various chemical agents and determined by
measuring the decrease in OD, essentially as described by
Vary (39), so as to be comparable. A concentrated suspen-
sion of spores (OD, 6.0) was heat activated for 10 min at
60°C, chilled in an ice bath, and diluted with initiation
medium contained in a cuvette to a final OD of 0.6, which
was within the proportionality range of the spectrophotome-
ter. Final reagent concentrations were as follows: 5 mM Tris
buffer; 16 mM phosphate buffer; 10 mM each D-glucose, L-
leucine, L-proline, and KNO3; 2 mM inosine; 200 ,ug of
lysozyme per ml. The decrease in OD was measured at 660
nm, with readings taken initially and after 30 min of incu-
bation at 30°C. The results were expressed as the percentage
of decrease in OD and were confirmed by observation of the
loss in spore refractility by use of a phase-contrast micro-
scope. An OD decrease of greater than 45% was associated
with greater than 90% conversion to phase-dark spores, and
an OD decrease of less than 10% was associated with less
than 10% conversion to phase-dark spores. The determina-
tions were replicated two to four times, and average values
were reported.

Permeability. Permeability measurements were made with
3H-labeled water and "C-labeled D-glucose, with correction
for the amount of interstitial water obtained from a similar
measurement with dextran of high molecular weight (Mn,
2,000,000), as described previously (19). Equilibrium uptake
of the labeled water and glucose was attained within 1 h and
maintained for at least 24 h by all of the morphotype spores
(data not shown). The suspension of spores and solution was
routinely allowed to equilibrate for 2 h at 4°C. The native
parent and the C- OM- parent spores were then centrifuged
at 11,000 x g for 30 min, whereas the EX- variant and the
EX- C- OM- variant spores were centrifuged at 4,400 x g
for 30 min. In both cases, the supernatant solution was
clarified by centrifugation at 33,000 x g for 30 min. Radio-
activity was measured with samples of the supernatant
solution appropriately diluted in aqueous scintillation fluid
(New England Nuclear Corp., Boston, Mass.) and counted
in a scintillation counter (Beckman Instruments). The results
were expressed as the volume percentage of the spore

FIG. 1. Stained sectioned parent spore of B. megaterium QM-
B1551 shown by transmission electron microscopy. This morpho-
type spore contained all of the usual structural components: exospo-
rium (EX), complex of coat and outer membrane (C-OM), complex
of cortex and primordial cell wall (CX-PCW), inner membrane (IM),
DNA-containing nucleoplasm (NP), and ribosome-containing cy-
toplasm (CP). The protoplast consists of the cytoplasm and nucleo-
plasm enclosed by the inner membrane; the integument consists of
everything outside of the protoplast. Bar, 200 nm.

permeated by the labeled water or glucose on a wet-weight
basis (R"; expressed as milliliters per 100 g of wet spore =

grams per 100 g of wet spore) or on a wet-volume basis (R';
expressed as milliliters per 100 ml of wet spore). R" and R"
were interconvertable by use of the appropriate wet-density
value. The R"' was equivalent to the water content on a wet-
weight basis, which was directly comparable to that ob-
tained by the gravimetric method. The R' for glucose was
converted to a glucose-impermeable volume percentage (100
- RI,ucose) for comparison with the physical volume percent-
age calculated from the measurements made on electron
micrographs.

RESULTS

Fine structure. The parent strain of B. megaterium QM-
B1551 produced spores that contained all of the usual
components in stained and sectioned fine structure (Fig. 1)
and were consistent in appearance with prior electron micro-
graphs of this strain (4, 17) and morphologically similar
strains (2, 15). The outstanding feature was a thick, loose-
fitting, peripheral structure with apical openings. This struc-
ture often is termed outer coat but should be termed exospo-
rium (see Discussion). The atypical exosporium of this spore
lacked the thick, hairlike nap outside of the basal layer,
which is present in the typical exosporium of spores of B.
megaterium Mgl9 (4) and of B. cereus, B anthrac-is, and B.
thuringiensis (18, 20, 21, 29).

Electron microscopy of the unstained intact parent spore
of B. megaterium QM-B1551 revealed that the exosporium
in itself was electron translucent (Fig. 2A).

After treatment of the parent spore with alkaline sodium
dodecyl sulfate and dithiothreitol to remove the complex of
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A
FIG. 3. Parent spore after treatment with alkaline sodium dod-

ecyl sulfate and dithiothreitol to remove the coat and outer mem-
brane. The resulting spore is a cortex-encased protoplast sur-
rounded by exosporium. Bar, 200 nm.

B

FIG. 2. Unstained intact spores. (A) Parent strain; (B) variant
strain. Bars, 200 nm.

coat and outer membrane, there resulted a cortex-encased
protoplast surrounded by exosporium (Fig. 3).
The variant strain produced spores that resembled the

parent spores except for the absence of exosporium (Fig. 2B
and 4A). Variant spores were sometimes observed in which
the peripheral layer of the coat was separated from what we
identified as the outer membrane (see Discussion), so that
these two structures could be better distinguished (Fig. 4B).

After chemical treatment of the variant spore to remove
the coat and outer membrane, there remained only a cortex-
encased protoplast (Fig. 5).
Heat resistance. The relationship between heat resistance

of the parent spore (expressed as log D) and temperature of
exposure was linear between 100 and 70°C, enabling extrapo-
lation to a D47 value for comparison with that measured for
the germinated spore and vegetative cell (Fig. 6). The
dormant spore was more than 106-fold more resistant than
the germinated spore or vegetative cell. Similar results (data
not shown) were obtained with the other morphotype spores.
Heat resistance varied to a small extent among the four

morphotype spores, the Dloo value decreasing from 0.44 to
0.033 min as integument layers were successively divested
(Table 1). The Dloo value of the native parent spore (0.44

A

..4
.11 -.1"
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I

FIG. 4. Variant spore. (A) Usual appearance with the integu-
ment layers all contiguous; (B) unusual appearance with the periph-
eral layer of the coat separated from the outer membrane. Bars, 200
nm.
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FIG. 5. Variant spore after treatment with alkaline sodium dod-
ecyl sulfate and dithiothreitol to remove the coat and outer mem-
brane. The resulting spore is a cortex-encased protoplast. Bar, 200
nm.

min) was about 103-foid less than that of a smooth strain of
B. stearothermophilus (579 min) (3).

Although the exosporium and coat thus had little influence
on the reterntion of heat resistance and dormancy by the
spores, an intact cortex surrounding the protoplast was

apparently necessary. EX- C- OM- variant spores were
treated with lysozyme in the presence of 2.5 M sucrose and
40 mnM CaC12 essentially as described by Fitz-James (14).
There resulted free protoplasts devoid of cortex which
remained essentially dormant for 3 to 4 h, retaining 80% of
their original refractility and 90% of their original dipicoli-
nate content. Thereafter, however, the protoplasts essen-

tially germinated, losing their refractility and dipicolinate.
Efforts were unsuccessful to maintain dormancy in the
protoplasts for a longer period by increasing the osmotic
pressure with sucrose, decreasing the water activity (down
to 0.4) with glycerol, or providing mechanical support with
gels of agar (up to 9%) or gelatin (up to 18%).

Wet-density values for the four morphotype spores were

unusually high, and their total values for water content
correspondingly were unusually low, relative to their low
values for heat resistance (Table 1) and in comparison with
those of other spore types. For example, the native parent
spores had a wet density of 1.20 gIml, a water content of
50%, and a Dloo value of 0.44 min; in comparison, spores of
rough-type B. stearothermophilus have a similar wet density
(1.204 g/ml) and water content (50.7%) but have a Dloo value
(124 min) that is much greater (3).
The four morphotype spores all appeared brightly refrac-

tile by phase-contrast light microscopy. Values for the
average apparent refractive index (n), determined with bo-
vine serum albumin; for the four morphotype spores were

unusually high, relative to their low heat resistance values
(Table 1) and in comparison with those of other spore types
(19). When determined with glucose, however, the nis for the
morphotype spores were more consistent with those of other
spore types. For example, the native parent spores had a
glucose ni of 1.434 and a Dloo value of 0.44 min; in compari-
son, spores of calcium-deficient B. cereus T have a glucose
n1 of 1.450 and a D1oo value of 1.00 min (19). The ni
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FIG. 6. Heat resistance of the dormant spore extrapolated to a

D47 value (107 min = 19 years) compared with heat resistance of the
germinated spore (D47, 7 min) and the vegetative cell (D47, 5 min), all
of the parent strain.

determined with bovine serum albumin reflects the entire
spore, whereas the ni determined with glucose reflects only
the structures beneath the outer membrane (see permeability
results).
The volume ratio of protoplast to protoplast plus cortex

was determined for each of the four morphotype spores and
correlated with the Dloo values. The results are shown in

TABLE 1. Heat resistance, wet density, water content, and
average apparent refractive index of morphotype spores

Heat resist- Refractive
Morphotype spore ance (min) Wet Water index

Dgo Dlo
d

BSA Glucose

Native parent 9.1 0.44 1.20 50 1.416 1.434
C- OM- parent 4.6 0.38" 1.20 58 1.421 1.432
EX- variant 3.3 0.14 1.29 32 1.405 1.440
EX- C- OM- variant 0.91 0.033d 1.30 38 1.391 1.424

a Expressed as grams of wet spore per milliliter of wet spore.
b Obtained by gravimetric measurement; expressed as grams of water per

100 grams of wet spore.
' Determined with bovine serum albumin (BSA) and glucose.
d Obtained by least-squares extrapolation from measurements at 90, 80. and

70°C.
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Fig. 7, together with previous results for five other types of
spores (3). An exponential increase in heat resistance cor-
related with a decrease in the protoplast/protoplast-plus-
cortex ratio over almost five decades of Dloo values for the
seven types of spores.

Concentrations of minerals and dipicolinic acid were de-
termined in the native parent and EX- variant spores (Table
2). Specific mineralization is a major determinant of heat
resistance in spores (27a). Dipicolinate occurs in high con-
centrations, but its function remains uncertain. Both mor-

photype spores contained about 0.5 ,umol of calcium per mg,
and the ratio of calcium to dipicolinate was about 0.5. The
magnesium content ih the parent spore was higher than that
in the variant spore, whereas the reverse was true for
potassium. The two morphotype spores contained a total of
1.12 and 1.15 ,ueq of cations per mg (dry weight) of spores,
respectively. Both morphotype spores contained similarly
high amounts of dipicolinate (about 1 ,umol/mg), equivalent
to about 16% of the spore dry weight. A correlation of these
constituents with heat resistance was not evident.
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FIG. 7. Heat resistance of B. megaterium morphotype spores
(0) and various other types of spores (0) (3) correlated by least-
squares analysis with volume ratio of protoplast to protoplast plus
cortex. The numbers correspond to the following types of spores: 1,
B. stearothermophilus smooth; 2, B. stearothermophilus rough; 3,
B. subtilis niger; 4, B. cereus T, high calcium; 5, B. cereus T. low

calcium; 6, B. megaterium native parent; 7, B. megaterium C- OM-
parent; 8, B. megaterium EX- variant; 9, B. megaterium EX- C-
OM-variant.

TABLE 2. Mineral and dipicolinic acid contents of morphotype
spores

Content (p.mol/mg of spore [dry wtj)
in:

Ion
Native EX-
parent variant

K....... 0.18 0.34
Na....... 0.03 0.08
Ca....... 0.48 0.54
Mg....... 0.41 0.17
Mn....... 0.01 0.02
Dipicolinate ....... 0.91 1.01

a In the EX- C- OM- variant, the dipicolinate content was 1.07 ±Lmol/mg
of spore (dry weight).

Dipicolinate content was also determined in the EX- C-
OM- variant spore (1.07 ,uLmol/mg of spore [dry weight]).
Because of the reduced dry-weight basis, this value was
greater than that in the other two morphotype spores. Little
dipicolinate was lost by chemical removal of the coat and
outer membrane.

Germination. The four morphotype spores were examined
for their responses to various germination-initiating agents
after heat activation. The responses were more pronounced
in phosphate (Table 3) than in Tris buffer (data not shown),
but the patterns were similar. The native parent spore
responded to glucose, leucine, proline, and glucose plus
KNO3, as was expected (31, 38). The EX- variant spore,
like several naturally occurring spores that lack exosporium
(31), did not respond to these agents, but unlike the similar
natural morphotype spores (31), also did not respond to
alanine and inosine. This lack of response by the EX-
variant spore was not changed by chemical removal of the
coat and outer membrane or by the addition of exosporium
isolated from the C- OM parent spore. Both the EX- and
EX- C- OM- variant spores initiated germination (and grew
out) in the complex of agents that are present in supple-
mented nutrient broth; however, 21 amino acids together,
alone, or in various combinations were found to be ineffec-
tive (data not shown). Thus, the chemical germination
requirements of the variant spore remain undefined.
The four morphotype spores were also examined for their

response to lysozyme (Table 3), which can initiate germi-
nation only if it has access to the cortex. The enzyme then
digests the cortex peptidoglycan, releasing its physical con-
tainment of the protoplast and causing the avalanche of

TABLE 3. Response of morphotype spores to germination-
initiating agents in phosphate buffer

% Decrease in OD after 30 min in:

Agent Parent Variant

Native C OM EX- EX- C OM

None 11 4 12 5
D-Glucose 55 58 5 3
L-Leucine 46 18 4 3
L-Proline 52 20 4 2
D-Glucose + KNO3, 56 68 4 2
D-Glucose + L-leucine 56 68 4 3
L-Alanine 10 6 5 2
Inosine 13 5 5 5
L-Alanine + inosine 17 13 3 4
Sporulation nutrient broth 55 70 33 37
Lysozyme 3 41 18 42

J. BACTERIOL.
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events associated with germination. The native parent spore
did not respond to lysozyme, as was expected; the C- OM-
parent spore did so, however, because lysozyme had access
to the cortex after penetrating the exosporium through apical
openings. Likewise, the EX- variant spore did not respond
to lysozyme, but the EX- C- OM- variant spore did so
because lysozyme had direct access to the cortex. Conse-
quently, it was evident that the complex of coat and outer
membrane functioned to prevent the penetration of lysozyme
into the cortex of the intact parent and variant spores. In the
complex, the peripheral layer of the coat apparently func-
tioned as the primary permeability barrier to lysozyme, on
the basis of previous observations on macromolecular siev-
ing by spores (22).

Permeability. The morphotype spores were also used to
distinguish the roles of the outer and inner membranes in
spore permeability to a model small molecule. Equilibrium
permeability measurements were made with "4C-labeled D-
glucose, on the basis of both wet-spore weight (Rg'jucose)
and wet-spore volume (Rglucose), and similarly with 3H-
labeled water (Table 4). Glucose might be thought to be
unsuitable because of possible degradation by metabolism or
uptake as a germinating agent; dormant spores are metaboli-
cally inactive, however, and germination did not occur
under the restrictive conditions used in the permeability
measurements. Furthermore, "4C-labeled D-ribose and 3H-
labeled 2-deoxy-D-glucose, neither of which initiates germi-
nation or is metabolized after germination by another agent,
gave the same results.

In the native parent spore, glucose penetrated 43% of the
spore volume (Table 4), an observation consistent with
penetration of the large amount of peripheral integument
(exosporium and coat) on this morphotype (see Fig. 1). In
the EX- variant spore, glucose penetrated only 11% of the
spore volume, an observation consistent with penetration of
the small amount of peripheral coat layer on this morpho-
type (see Fig. 4). Thus it was the outer pericortex mem-
brane, not the inner pericytoplasm membrane, that appar-
ently functioned as the primary permeability barrier to
glucose in these morphotype spores.

Indeed, when the outer membrane and coat were chemi-
cally divested from the parent and variant spores, glucose
penetrated to a much greater extent of the spore volume
(53% in the C- OM- parent and 28% in the EX- C- OM-
variant). In these morphotype spores, glucose apparently
penetrated through the cortex to the inner membrane, which
now served as the primary permeability barrier.
An effort was made to quantify these comparisons of

permeability function with spore structure. The respective
RVIucose was converted to the glucose-impermeable percent-
age volume (100 - R"lucose) for comparison with the physical
percentage volumes occupied by the protoplast and by the
protoplast plus cortex as determined from electron micros-
copy measurements. The glucose-impermeable volume cor-
responded roughly with the physically measured volume of

TABLE 4. Permeability" of morphotype spores to ["Ciglucose
and ['Hjwater

R"' R''
Morphotype spore Glucose Water Glucose Water

Native parent 35 58 43 71
C- OM- parent 44 56 53 67
Ex- variant 9 36 11 46
Ex- C- OM- variant 21 40 28 51

Milliliters per 100 g (R"') or 100 ml (R') of wet spores.

the protoplast plus cortex in the native parent and EX-
variant spores and with the volume of the protoplast in the
C- OM- parent and EX- C- OM- variant spores (Table 5).
The glucose-impermeable volume was only roughly compa-
rable with the physically measured volume, partly because
of the inaccuracy in calculating volumes from measurements
on electron micrographs, but mainly because the Rglucose
reflects only the volume occupied by water within a com-
partment, whereas the physically measured volume reflects
the volume occupied by solids as well as water. Conse-
quently, the R"lUcose underestimates and the glucose-im-
permeable value overestimates the corresponding physically
measured value. For example, with the EX- variant, the
glucose-impermeable value, corrected so as to take into
account the volume occupied by solids as well as water, was
81%, which corresponded much better with the physically
measured volume of 72% for the sporoplast than with that of
38% for the protoplast. For the EX- C- OM- variant, the
corrected value was 56%, which corresponded much better
with the physically measured volume of 60% for the pro-
toplast than with that of 100% for the sporoplast.
Altogether, the results indicate that the outer pericortex

membrane functioned as the primary permeability barrier to
glucose in the native parent and EX- variant spores, whereas
the inner pericytoplasm membrane functioned as the per-
meability barrier to glucose in the C- OM- parent and EX-
C- OM- variant spores. The latter situation also occurs in
two lysozyme-susceptible strains of B. megaterium spores in
which the complex of coat and outer membrane is defective
(T. C. Beaman, T. Koshikawa, H. S. Pankratz, and P.
Gerhardt, FEMS Microbiol. Lett., in press). Furthermore,
the results indicate that the exosporium in the parent spore
and the coat peripheral to the outer membrane in the native
parent or EX- variant spores did not function as a perme-
ability barrier to glucose.
The permeability measurements also provided an alterna-

tive method to the gravimetric method for determining water
content, in that the R"' obtained with 3H-labeled water is
equivalent to the total water content of the spore on a wet-
weight basis (8; Beaman et al., in press). The values of 58,
56, 36, and 40% obtained by the permeability method (Table
4) were essentially the same as the values of 50, 58, 32, and
38% obtained by the gravimetric method for total water
contents of the four morphotype spores, respectively (Table
1). The greatest discrepancy between the two methods (58%
versus 50%) occurred with the native parent spore, which
was encumbered with the greatest amount of integument
layers (Fig. 1).

DISCUSSION

Heat resistance. The divestment of integument layers
exterior to the cortex had relatively little influence on heat
resistance among the four morphotype spores. In compari-
son with the D47 value of the germinated spore, the extrapo-
lated value of the dormant spore was changed by only about
0.001% by removal of the exosporium, coat, and outer
membrane (Table 1). Such a cortex-encased protoplast re-
tains heat resistance also in coatless mutant spores (10) and
divested spores (27) of Clostridium species. However, nei-
ther others nor we have accomplished the isolation of free
spore protoplasts devoid of cortex that retain dormancy and
heat resistance, despite various efforts; indeed, this may be
intrinsically impossible.
The relationship between heat resistance and water con-
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TABLE 5. Comparison of volume percentage of the entire spore
occupied by structural compartments within morphotype spores,

determined from ['4C]glucose permeability and electron
micrography measurements

% of entire spore vol
Morphotype spore Glucose Protoplast

impermeable" + cortex"' Protoplastb

Native parent 57 56 28
C- OM- parent 47 66 34
Ex- variant 89 72 38
EX- C- OM- variant 72 100 60
a100 - R"gluco.se
Calculated from measurements made on electron micrographs of medially

thin-sectioned spores.

tent among the four morphotype spores (Table 1) was
complicated by two factors that changed as integument
layers were successively divested: (i) the weight basis of the
water content changed from an entire spore to a cortex-
encased protoplast, and (ii) the protoplast volume increased
in itself and as a percentage of the entire spore volume
(Table 5). Furthermore, the native parent spore of this
strain, paradoxically, had a low water content relative to its
low heat resistance. Consequently, the values of heat resist-
ance versus water content for the morphotype spores did not
fit the correlation line for five other spore types (3).

Apparently, only the resistance parameters that reflect the
spore protoplast and cortex are correlated with heat resist-
ance. Thus, among the parameters studied, it was the
volume ratio of protoplast to protoplast plus cortex that
correlated with heat resistance among the four morphotype
spores of B. megaterium (Fig. 7). These results were con-
sistent with similar findings in a wide range of other spore
species (1, 3, 24; J. E. Algie and L. S. Tisa, Spore Newslett.
7:20-21, 1981; A. D. Hitchens and R. A. Slepecky, Spore
Newslett. 7:103-104, 1981).
The key parameter of spore resistance should be water

content of the protop!ast. We have now developed a method
for determining protoplast water content by use of lysozyme-
susceptible spores and shown that the protoplast water
content in three such strains of B. megaterium spores is
sufficiently low to account for their heat resistance (Beaman
et al., in press).

Germination. The response of the four morphotype spores
to various germination-initiating agents provided heuristic
but incomplete evidence about the role of integument layers
in the germination process. Glucose, leucine, and proline
might be thought to react primarily in some way with the
exosporium, inasmuch as the EX- variant spore (Table 3)
and naturally occurring EX spores (31) did not respond to
these agents; however, the addition of isolated exosporium
did not evoke a response to these agents by the EX- variant
spore. Involvement of the coat and outer membrane com-
plex was also discounted, inasmuch as removal of the
complex from the wild-type spore did not affect the re-
sponse. Involvement of the inner membrane was also dis-
counted, inasmuch as glucose (and therefore the other small
germinant molecules) permeated as far as the inner mem-
brane in the C- OM- parent spore but only as far as the
outer membrane in the native parent spore (Table 4), yet
both of these morphotype spores responded alike to the
germinants. The germination-initiating response is depend-
ent on heat activation, and possibly this might be thought to
alter spore permeability. In B. cereus T spores, however,
heat activation does not alter permeability to germinating

agents (alanine and adenosine) or a nongerminating agent
(glucose) (7).

Permeability. An outer pericortex membrane apparently
exists in addition to the inner pericytoplasm membrane in
intact dormant spores. In sectioned B. megaterium spores of
either the native parent (Fig. 1) (4) or the EX- variant (Fig.
4A), the outer membrane was identified as double-track dark
lines complexed between coat layers. Sometimes the periph-
eral coat layer was separated from the outer membrane so
that the membrane could be better distinguished (Fig. 4B).
In the chemically divested spores, of course, the outer
membrane and coat, of course, were no longer seen. Simi-
larly, both structures are seen to be defective or absent in
lysozyme-susceptible mutant spores (10; Beaman, et al., in
press).
What we termed the outer membrane may correspond to

what Aronson and Fitz-James (2) have termed a double-
track or pitted coat layer in sectioned 'and freeze-etch
preparations of B. cereus and B. megaterium spores. The
ordered lattice appearance of the pitted layer surface is not
like that usually seen in a bacterial membrane; however, the
pitted layer in the dormant spore might be in a crystalline
state and resemble the ordered lattice occasionally seen in
protoplast membranes (5). Alternatively, the outer mem-
brane may be a different structure than the pitted layer,
complexed in the coat, and not seen by freeze-etching
because it does not usually cause a fracture plane in the
dormant spore (35). Whatever the explanation, the morpho-
logical evidence perhaps is less compelling than the bio-
chemical anq functional evidence for the existence of an
outer membrane in the dormant spore.

Biochemical evidence suggesting the existence of an outer
membrane in the dormant spore of B. megaterium has been
presented and discussed by Crafts-Lighty and Ellar (12),
mainly the occurrence of cytochromes, electron transport
enzymes and polypeptides in isolated outer integument.

Functional evidence indicates that an outer membrane not
only exists but is intact and serves as a permeability barrier
in the dormant spore. Rode et al. (32) have shown that, in
unfixed spores of B. megaterium, methacrylate solution
permeates the coat but not beyond a sharply delineated
boundary at the juncture of the coat with the cortex;
however, the spore treated with a membrane-disrupting
fixative no longer possesses this permeability barrier. An-
other line of evidence for the existence of an outer perme-
ability barrier in the dormant spore has been provided by
Carstensen et al. (9), whose dielectric measurements indi-
cate that the cortex is surrounded by a thin outer membrane
which insulates against the passage of mobile ions in an
electric field. The third and most significant line of evidence
for a functioning outer membrane has been provided by
permeability studies with three species of spores in which
the glucose-impermeable volume corresponds to the physi-
cal volume ocupied by the sporoplast (essentially the pro-
toplast plus cortex) rather than by the protoplast alone (19).
These findings were now confirmed by the permeability
results with the native parent and EX- variant spores of B.
megaterium QM-B1551 (Table 5).

Altogether, the evidence' thus indicates the existence in
the dormant spore of an intact outer membrane (or possibly
a membrane-like layer of the coat) functioning as a perme-
ability barrier to small molecules. Only when the outer
membrane is defective or removed does the inner membrane
become the primary permeability barrier.
Exosporium morphotypes of B. megaterium spores. The

parent and variant spores of strain QM-B1551 used in this
study are representative of similar morphotype spores with
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and without exosporium that occur naturally among B.
megaterium strains. Recognition of the two different mor-

photype spores was made independently by two laboratories
in 1959. Tomcsik and Baumann-Grace (37) used light micros-
copy to detect an extraperipheral structure (which they
termed exosporium) in more than half of 36 strains, by use of
negative staining and homologous spore antiserum. Fitz-
James and Young (15) used electron microscopy to show
that spores of two strains, but not two others, possess an

extraperipheral structure (which they termed outer coat)
which is thick, loose fitting, and shaped like the hull of an

English walnut. This morphological distinction, based on the
presence or absence of an extraperipheral structure, was

confirmed by Rode (31) and now by us (Fig. 1 and 2A versus

Fig. 4 and 2B). Also, Gibson and Gordon, in Bergey's
Manual (23), recognized two types of B. megaterium spores

distinguished by fuchsin staining the periphery or not; Fitz-
James and Young (15) similarly had distinguished the two
types by crystal-violet staining.

Subsequent investigation by Beaman et al. (4) revealed a

third morphotype spore among the antiserum-reacting spores

studied by Tomcsik and Baumann-Grace (37): the spores of
strain Mgl9 were shown by electron microscopy to contain
a typical exosporium with a thick, hairlike nap, unlike the
atypical exosporium of strain QM-B1551. Nadirova and
Aleksandrushkina (30) also observed three different types of
spore surfaces in 10 B. megaterium strains.

Altogether, three morphotypes of spores thus can be
distinguished among B. megaterium strains: one type (ex-
emplified by strain Mgl9) contains a typical exosporium like
that of B. cereus, a second type (exemplified by strain QM-
B1551) contains an atypical exosporium, and a third type
(exemplified by strain Texas and our variant strain) does not
contain either type of exosporium.

Exosporium terminology. Evidence and historical prece-

dence suggest that the extraperipheral structure on spores of
B. megaterium strain QM-B1551 and similar morphotype
strains should be termed exosporium rather than coat, hull,
covering, or other nonspecific terms. Unlike coat, this
atypical exosporium (as well as typical exosporium) is loose
fitting, has apical openings, and is translucent when un-

stained (Fig. 1 and 2A). Exosporium differs chemically from
coat in not being solubilized by alkaline sodium docecyl
sulfate and dithiothreitol (Fig. 3) (2, 26), 1 N NaOH, or hot
trichloroacetic acid (15). Furthermore, spores with exospo-

rium are rich in phosphorus (15) and phospholipids (6),
including diphosphatidylglycerol, which is the only phospho-
lipid in exosporium isolated from B. cereus (28); in contrast,
only homogeneous protein characterizes coat (2). Also, the
outer peripheral layer (exosporium) differs from the inner
layer (coat) of B. megaterium and B. cereus spores in the
mineral matter remaining after microincineration (36).

Historically, de Bary in 1885 (13) first described and
Fluigge in 1886 (16) first used the term exosporium for the
extraperipheral layer of bacterial spores. Tomcsik and
Baumann-Grace in 1959 (37) kept the term exosporium for B.
megaterium spores instead of inventing a new expression to

avoid increasing the confusion in the nomenclature of the
various spore layers. So now should we.
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