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Treatment with urea-mercaptoethanol of purified spores of Bacillus thuringiensis,
other Bacillus species, and Clostridium roseum solubilizes a protein fraction between
5 and 12% of the dry weight of the spores. This fraction behaves identically to the
crystal protein of B. thuringiensis on acrylamide-gel electrophoresis. The protein
from all of the Bacillus species shows partial homology with crystal protein, using
the Ouchterlony immunodiffusion technique. A further fraction, similar in amount,
can be removed from spores of B. thuringiensis by the addition of sodium lauryl sul-
fate to the urea-mercaptoethanol. Spores of B. thuringiensis extracted in these ways

show no difference when compared to untreated spores with respect to viability or

resistance to heat and ultraviolet-irradiation. The extracted spores do show differ-
ences in their germination requirements and their susceptibility to phase-darkening
by lysozyme. It is concluded that an urea-mercaptoethanol-soluble protein or class
of protein is a widespread component of bacterial spores, possibly located in the
spore coat, and that this protein may be related to the crystal protein of B. thuringien-
sis.

It was shown (4, 11) that the protein compris-
ing the crystal inclusion of Bacillus thuringiensis
and a fraction extracted from its broken spores
show extensive immunological and biochemical
similarities. Both are insoluble under normal
physiological conditions, but dissolve readily in
urea-mercaptoethanol or in dilute alkali and
remain in solution after dialysis to pH 8.3 to 8.5.
These solutions show homologous precipitin
bands when examined by the Ouchterlony
technique by using rabbit antiserum against
alkali-dissolved crystals. The urea-spore extract
and the urea-crystal solution behave almost
identically on electrophoresis in acrylamide gel
under two different sets of conditions. Peptide
maps of tryptic digests of the two preparations
are almost superimposable, and their amino acid
analyses are closely similar. Based on these and
other data, it was concluded that the crystal
protein is closely similar, if not identical, to a
fraction of the spore representing a fifth or more
of the total spore protein (11).

It seemed reasonable to assume that a protein
comprising such a large fraction of the total spore
protein should contribute significantly to spore
properties. Further, considering the gross simi-
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larity of structure and physiology of bacterial
endospores, the same or similar proteins might
be expected to occur in spores of other species.
It was of interest, therefore, to determine whether
any of the crystal-like protein could be extracted
from intact spores of B. thuringiensis and other
spore formers. If so, comparison of intact and
extracted spores might reveal what physiological
properties, if any, this protein confers on the
spore. There was a priori reason to expect that
extraction of protein from intact spores with
urea-mercaptoethanol would be feasible, since
Gould and Hitchins (5) reported that unbroken
spores of B. cereus rapidly lose refractility when
incubated in buffered lysozyme after extraction
with urea-mercaptoethanol. However, they did
not report whether spore material was solubilized
by the treatment.

MATERIALS AND METHODS

Organisms. The following cultures were used: (i) a
strain of B. thuringiensis var. alesti anduze doubly
resistant to penicillin (1,000 units/ml) and strepto-
mycin (250 ,g/ml), which was derived by standard
procedures from B. thuringiensis var. alesti anduze
(EAS 0-24-3) originally obtained from E. A. Stein-
haus; (ii) a sporulating acrystalliferous mutant of the
double-resistant strain selected from cells surviving
treatment for 1 hr at 23 C with 0.4% (w/v) N-methyl-
N'-nitro-N-nitrosoguanidine in 0.1 M citrate buffer
(pH 5.0), the parental identity of which was confirmed
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by growth on Difco Nutrient Agar containing peni-
cillin and streptomycin; (iii) B. thuringiensis var.
tolworth obtained from H. de Barjac; (iv) B. cereus
and (v) B. megaterium obtained from the culture
collection of this department; (vi) B. cereus T ob-
tained from C. Davidson; (vii) B. subtilis SB 19 ob-
tained from W. R. Romig; (viii) Clostridium roseum
kindly donated by R. E. Collier.

Maintenance and cultivation for sporulation. Bacillus
species were maintained on slants of Difco Nutrient
Agar, and C. roseum in tubes of Difco Thioglycollate
Broth. Organisms identified above (i-vi) were cul-
tured for sporulation on Nutrient Agar supplemented
with salts as previously described (4). Spores of B.
subtilis were obtained from cultures grown on a
medium containing 10 g of Difco Tryptone, 10 g of
NaCl, 5 g of Difco Yeast Extract, 20 g of Difco Agar,
1.8 mg of MnCl2-4H20, 8 ml of 1% CaC12, and 5 ml
of 1% MgSO4-7H20 per liter of distilled water. The
calcium and magnesium salt solutions were sterilized
separately and added aseptically to the medium. Cul-
tures in Roux bottles were incubated at 30 C for 7
days and harvested with ice-cold 0.05 M potassium
phosphate buffer, pH 7.0.

C. roseum was cultured for sporulation in a medium
containing 7.5 g of trypticase, 2 g of (NH4)2SO4, 50
mg of MnCl2.4H20, 5 mg of ZnSO4-7H20, 5 mg of
CuS04, 0.4 mg of FeSO4, 20 ml of 10% glucose, 8 ml
of 1% CaC12, and 5 ml of 1% MgSO4 in one liter of
0.01 M potassium phosphate buffer (pH 7.0). The glu-
cose solution and the calcium, magnesium, and iron
salt solutions were sterilized separately and added
aseptically to the medium. The medium (1.5 liters in a
2-liter Erlenmeyer flask) was flushed with nitrogen for
10 min before and after inoculation with 40 ml of an
overnight culture in Thioglycollate Broth. After incu-
bation for 7 days at 30 C under nitrogen, cultures were
harvested by centrifugation.

Purification of spores and crystals. The purification
of spores and crystals from B. thuringiensis and the
criteria for the cleanliness of the final preparations
were described in detail previously (4). Identical pro-
cedures were employed to obtain clean spore suspen-
sions of the other organisms except that the final
extractions in a two-phase system of sodium dextran
sulfate and polyethylene glycol were omitted. The
clean "complete" spores were washed at least six
times in distilled water, lyophilized, and stored at
-20 C. The crystals were washed and stored in dis-
tilled water at 4 C.

Fractionation of spores and crystals. "Broken"
spores were obtained by ballistic disintegration (10) of
complete spores as previously described (4). "Naked"
spores were obtained from complete spores by remov-
ing exosporia with ultrasonic treatment in an atmos-
phere of nitrogen by the procedure of Berger and
Marr (2).

Solubilization of crystal protein by urea-mercapto-
ethanol and separation of protein from broken spores
into phosphate-soluble and urea-mercaptoethanol-
soluble fractions was described (4). Urea-mercapto-
ethanol extracts of complete spores and naked spores
were prepared by suspending such spores [20 to 50
mg (dry weight)/ml] in 8 M urea solution containing

1% (w/v) ,3-mercaptoethanol, pH 8.5. After 3 hr at
23 C, the suspension was centrifuged, and the sedi-
mented spores were briefly extracted twice more with
the same reagent. The three extracts were dialyzed
separately against several changes of 0.02 M NaHCO3
at 23 C and combined to give the "urea-mercapto-
ethanol" extract.
The extracted spores were washed four times in 0.05

M potassium phosphate buffer (pH 7.0) and stored at
-20 C or washed further in distilled water and
lyophilized.

In some experiments, extraction with urea-mercap-
toethanol reagent was preceded by extraction with
0.02 M potassium phosphate buffer (pH 6.8) or with
8 M urea pH 8.5, and followed by two extractions
with the urea-mercaptoethanol reagent containing
1.5% (w/v) sodium lauryl sulfate. Extraction in each
case was for 1.5 hr at 23 C. Spores were centrifuged
from each reagent and washed once with the reagent
before extracting with the next. Additionally, spores
that were extracted by the complete sequential treat-
ment were washed four times in distilled water, lyo-
philized, broken, and reextracted successively with the
phosphate buffer and the urea-mercaptoethanol
reagents. In each case, the urea-containing extracts
were dialyzed exhaustively against 0.02 M NaHCO3.

Serology. A solution of purified crystals of B.
thuringiensis var. tolworth was prepared by treatment
with 0.1 N NaOH for 3 hr at 23 C, followed by 2 hr of
centrifugation at 30,000 X g at 2 C and dialysis of the
supernatant fluid against 0.02 M NaHCOs. Rabbits
were immunized by two subcutaneous injections
(spaced 4 weeks apart) of this solution containing 2 to
3 mg of protein, mixed with an equal volume of
Freund's adjuvant. The serum was collected after an
additional week to ten days.

Precipitation reactions were carried out by using the
double-diffusion technique of Ouchterlony (3). The
gel contained 1% Difco ion agar and 0.3% NaN3 in
0.01 M barbital buffer (pH 8.6). The agar (4.5 ml) was
poured on 5-cm square slides, and after solidification
was drilled with 80-,uliter holes spaced about 7 to 10
mm apart.

After incubation at 30 C for 48 hr, the slides were
washed first for 24 hr in 0.9% NaCl and then three
times for 1 hr each in distilled water. They were then
dried on blotting paper and stained for 1 to 3 min
with a saturated solution of Naphthalene Black in
10% acetic acid-50% methanol. They were destained
in the same mixture without the dye.

Viability of spores. Spore suspensions were diluted
in 0.05 M potassium phosphate buffer (pH 7.0) to
roughly 2 X 103 colony forming-units per ml, and
0.1-ml samples were then plated on Nutrient Agar by
using standard procedures. Plates were incubated at
30 C for 48 hr and colonies were counted.
The clumping of spores introduced some difficulties,

and the number of colony-forming units found for a
given lyophilized spore preparation was generally
about 50% of the direct microscopic count. However,
when the preparation was suspended with the aid of a
Sorvall Omnimixer in 0.02 M potassium phosphate
buffer (pH 6.8) containing 0.01% Triton X-100, the
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viable count was in close agreement with the micro-
scopic count.
Heat sensitivity of spores. Spore suspensions, about

5 X 107/ml, were diluted 10-fold in preheated 0.05 M
potassium phosphate buffer (pH 7.0) and held at 85 C
in a thermostatically controlled water bath. At inter-
vals, samples were withdrawn and immediately
chilled in ice. Viable counts were made as described
above.

Ultraviolet sensitivity of spores. Spore suspensions,
about 5 X 106/ml in 0.05 M potassium phosphate
buffer containing 0.01% Triton X-100 (pH 7.0) were
placed in open petri dishes at 33 cm from a 15-w
General Electric germicidal lamp and agitated slowly
by rotation during irradiation. Samples were with-
drawn at intervals for viability counts.
Lysozyme sensitivity of spores. Spores were treated

with crystalline egg white lysozyme (Worthington
Biochemical Corp., Freehold, N.J.) in suspensions
containing the following in 0.17 ml: 0.1 mg (1 X 108)
of spores; 50 jAmoles of potassium phosphate buffer
(pH 8.0); 1.0,mole of Merthiolate (sodium ethyl-
mercurithiosalicylate); 0.125 mg of lysozyme. Suspen-
sions were incubated at 37 C, and samples were re-
moved at intervals to determine the ratio of refractile
to nonrefractile spores by phase-contrast microscopy.
The enzyme was dispensed from a stock solution of
buffer (2.5 mg/ml), which was stored for no more than
84 hr at 4 C before discarding.

Germination of spores. Suspensions of spores (about
0.4 mg/ml of 0.02 M potassium phosphate buffer, pH
7.0) were heated at 75 C for 15 min. They were im-
mediately diluted 1:10 into tubes containing (final
concentration in the same buffer) one of the following
mixtures: (i) 1 mm glucose, 6 mM L-alanine, and 0.01

mM adenosine; or (ii) 5 mm glucose, 30 mM L-alanine,
and 0.05 mm adenosine. Wet mounts were prepared at
intervals by mixing a drop of sample and a drop of
0.5% aqueous methylene blue and examined with a
phase-contrast microscope. Spores wholly stained
were scored as germinated; at least 200 were counted
in each sample.

Miscellaneous methods. The methods for determina-
tion of alanine racemase and catalase activities, amino
acid analysis, and acrylamide-gel electrophoresis were
described previously (4, 11). Dipicolinic acid was esti-
mated by the procedure of Janssen et al. (6), protein
by the method of Lowry et al. (7), and calcium and
magnesium by flame photometry.

RESULTS

Extraction of protein from spores. Table 1

shows the amounts of protein extracted from
complete, naked, broken, or from broken pre-
extracted spores of B. thuringiensis by successive
treatment with various reagents. A comparison
of the data for the different spore preparations
shows the following pertinent points.

(i) No protein is extracted from unbroken
spores by either 8 M urea or 0.02 M potassium
phosphate buffer (pH 6.8). Either reagent
solubilizes about 25 to 30% of the protein of
broken spores. This fraction differs markedly
from the crystal protein (4) and is not further
considered.

(ii) Urea-mercaptoethanol removes some 12%
of the total protein of the complete spore, and a
comparable quantity is solubilized by subsequent

TABLE 1. Extraction ofprotein from spores of Bacillus thuringiensis

Protein solubilizeda

Treatment

Complete Broken complete and Naked
then brokenb spores

0.02 M Phosphate (pH 6.8) or 8 M urea 0 15.9 14.3
(pH 8.5)

8 M Urea 1% mercaptoethanol 6.4 14.4 6.0 6.0

8 M Urea-1% mercaptoethanol-1.5% 5.2 14.1
sodium lauryl sulfate

Residue 40.8 12.5

Total initial protein 54.0 54.0 51.3

Total protein recovered 52.4 56.9

a The designated spore type (100 mg, dry weight) was sequentially extracted by 5-ml portions of the
listed reagents as described in the text.

b Complete spores previously extracted sequentially by the three reagents were washed, lyophilized,
broken, and reextracted as indicated.

e Data given are from an independent experiment with spores of B. cereus, with 100 mg (dry weight)
of unextracted, complete spores.
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extraction by this reagent supplemented with a
detergent. These quantities are roughly half of
those extracted from broken spores by the same
reagents. Prior removal of the exosporia makes
no difference in the amounts of protein extracted
by urea-mercaptoethanol from otherwise com-
plete spores.

(iii) When complete spores are broken after
extraction with the urea-mercaptoethanol rea-
gents and then reextracted with buffer and then
with urea-mercaptoethanol, the latter reagent
solubilizes a quantity of protein equivalent to the
"missing half" (Table 1, column 3). This fraction
has a similar amino acid composition to that of
the urea-mercaptoethanol fraction obtained from
complete spores (Table 3) and behaves identically
on electrophoresis under the conditions to be
described.

(iv) Dilute phosphate buffer extracts an equiv-
alent quantity of protein from broken spores
regardless of whether the spores were preextracted
with the mercaptoethanol reagents before
breakage. This suggests that the protein removed
from unbroken spores by the mercaptoethanol
reagents does not include the phosphate-soluble
fraction.
Complete spores of an acrystalliferous mutant

of B. thuringiensis, B. cereus, B. cereus T, B.
megaterium, B. subtilis, and C. roseum were
extracted directly with the urea-mercaptoethanol
reagent. In each case, 5 to 12% of the total spore
protein was removed. Microscopic examination
of these extracted spores indicated that in each
case they were still refractile.

Effect of extraction of Ca, Mg, and dipicolinic
acid content of spores. The calcium, magnesium,
and dipicolinic acid contents of untreated and
urea-mercaptoethanol-extracted complete spores
of B. thuringiensis were almost identical (Table
2), showing that these components were not
removed by the reagent. Further extraction with
urea-mercaptoethanol-detergent did not effect
the dipicolinic acid content of the spores; calcium
and magnesium were not determined in this case.

Comparison of the protein in urea-mercapto-
ethanol extracts of spores with crystal protein of
B. thuringiensis. The urea-mercaptoethanol ex-
tracts of intact spores from all cultures, as well as
the comparable extract from preextracted and
then broken spores of B. thuringiensis (Table 1,
third column), reacted with anti-crystal anti-
serum. In the Ouchterlony double-diffusion test,
all extracts, except C. roseum, showed a type of
partial homology with crystal protein similar to
that previously described for the urea-mercapto-
ethanol extract of broken spores of B. thuringien-
sis (4). Figures la and b show results with the

extracts from B. megaterium and B. cereus T;
they are typical of all the others except C. roseum.
Similar patterns were obtained with antisera
against dissolved crystals of B. thuringiensis
var. alesti.
The urea-mercaptoethanol extracts from all

spores tested, including those of C. roseum,
showed essentially identical behavior to crystal
protein in disc electrophoresis by using the split-
gel technique. At pH 9.5, no protein from the
extracts entered 7.5% acrylamide gel, but a single
band which co-electrophoresed with crystal
protein was obtained with each extract when the
acrylamide concentration in the gel was reduced
to 5%. The bulk of-4he protein from each spore
extract entered 7.5% gel at pH 12 to give a single
major band, which also co-electrophoresed with
crystal protein under the same conditions. Addi-
tional bands were observed in some cases, but
these comprised only a small proportion of the
stainable material. Figures 2 and 3 show examples
of the electrophoresis results.
The bulk of the material in the urea-mercapto-

ethanol extracts of spores absorbing at 280 nm
was excluded from Sephadex G-100 in 0.02 M
NaHCO3. Amino acid analyses (Table 3) of each
of the excluded fractions are similar both to one
another and to the analyses of crystal protein and
the urea-mercaptoethanol extract of broken
spores of B. thuringiensis.

Urea-mercaptoethanol-sodium lauryl sulfate
extract of B. thuringiensis spores. As shown
(Table 1), complete or broken spores previously
extracted with urea-mercaptoethanol release
further protein when extracted with the same
reagent containing sodium lauryl sulfate. The
second fraction is indistinguishable from the
first on disc electrophoresis under conditions
already described (Fig. 4). Amino acid analyses
and immunological tests were not made on this
fraction.

Effect of extraction on properties of spores of
B. thuringiensis. Viable counts and direct counts
of spores of this organism which were extracted
with urea-mercaptoethanol or successively ex-
tracted with the three reagents shown in Table 1
were in close agreement, when care was taken in
obtaining dispersed suspensions. These results
show that the extraction procedures had little
effect on spore viability. A comparison of urea-
mercaptoethanol-extracted spores with untreated
spores also showed that this reagent did not
appreciably influence their heat resistance or
their resistance to ultraviolet irradiation (Tables
4 and 5). Spores additionally extracted with the
detergent-containing reagent were not investi-
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TABLE 2. Calcium, magnesium, and dipicolinic
acid contents of untreated and of extracted

complete spores of B. thuringiensis

Magnesium/100 mg
(initial dry wt) of spores

Treatmenta

Calcium Mag- Dipic-
neim acid

None 2.6 0.25 14

8 M Urea-1% mercapto- 3.0 0.33 15
ethanol

8 M Urea-1% mercapto- 13
ethanol-1.5% sodium
lauryl sulfate

a Spores were sequentially extracted by the
reagents listed, washed, lyophilized, and analyzed.

gated in detail; however, they retained complete
viability after heating at 75 C for 15 min.
A marked difference was noted in the suscepti-

bility of the different spore preparations to
phase-darkening by lysozyme (Table 6). The
removal of exosporia did not greatly alter the
sensitivity of spores to lysozyme. However, after
extraction with urea-mercaptoethanol, both
complete spores and naked spores showed a
marked increase in sensitivity to this enzyme. The
effect of a further extraction with the detergent-
containing reagent was most striking; after this
treatment 100% of the spores were phase-dark
within 15 min of exposure to the enzyme.
A similar effect was previously noted by Gould

and Hitchins (5) who found that spores of B.
cereus heated at 70 C at pH 3 showed a marked
increase in sensitivity to lysozyme. Their reagent
was tested on spores of B. thuringiensis and gave
the same results (Table 6). The treatment at pH
3, either at room temperature or at 70 C, solu-
bilized a quantity of protein equivalent to that
extracted by the urea-mercaptoethanol reagent,
and this fraction behaves similarly to crystal
protein on disc electrophoresis (Fig. 4).

Extraction with urea-mercaptoethanol also
lowered the concentration of nutrients required
for germination of the spores (Table 7). As with
sensitivity to lysozyme, the removal of exosporia
prior to extraction did not greatly influence the
results. In contrast to the results with lysozyme,
a further extraction with the detergent reagent
did not lead to an increased rate of germination.

DISCUSSION
The data show that endospores of five bacterial

species, as distantly related as B. subtilis and

FiG. 1. (a) Precipitin pattern formed by urea-mer-
captoethanol extracts of (1) B. megaterium spores (200
,ug of protein), (2) B. thuringiensis crystal (100 ,ug of
protein), and (3) phosphate extract of ruptured B.
thuringiensis spores (400 ,ug of protein). Incubation
was for 48 hr at 30 C. (b) As above, but with 200 ,ug
of a urea-mercaptoethanol extract of B. cereus T in
well 1.

C. roseum, contain significant amounts of protein,
or type of protein, characterized by the following
common properties: extractable, in part, from
intact spores by urea-mercaptoethanol; indis-
tinguishable from the crystal protein of B.
thuringiensis by acrylamide-gel electrophoresis
under several conditions; and similar in amino
acid composition. In addition, the protein from
each of the Bacillus spores was immunologically
reactive with antisera prepared against the
solubilized protein crystal of B. thuringiensis and
partially homologous with the crystal protein in
the Ouchterlony double diffusion test. The
demonstration of protein similar to the crystal
protein of B. thuringiensis in spores of four
additional species chosen at random suggests
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: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.
Fioi. 2. Disc electrophoresis at pH 9.5 in 5% acrylamide gel. About S to 10 pg of protein in each sample of

dissolved crystal or ofurea-mercaptoethanol extract ofcomplete spores of the named strains. Split gels (S4 by S mm
diameter) with (left to right): crystal, B. thuringiensis var. alesti cr-; crystal, B. subtilis; crystal, B. mnegaterilm;
B. thuringiensis var. alesti, crystal; B. cereus, crystal; crystal, C. roseum.

that this type of protein may be an important and
widespread component ofthe bacterial endospore.
The above listed properties of the protein

extracted by urea-mercaptoethanol from broken
spores of B. thuringiensis plus the close similarity
of the peptide maps of tryptic digests of this
protein and crystal protein led us to conclude
that the crystal protein was a normal component
of the spore of B. thuringiensis (4, 11). The
demonstration of this protein in spores of an
acrystalliferous mutant of B. thuringiensis adds
support to the previous conclusion.
The data, although indicating similarity, do not

permit the conclusion that the protein extracted
by urea-mercaptoethanol from the different
species are identical to each other or to the
crystal protein. The critical test of comparing the
peptide maps of their tryptic digests remains to
be done. Additionally, although their amino acid
analyses are remarkably similar considering their
diversity of origin and the crudeness of the
fractionation procedure, they are not identical.
In part, these differences in analyses may be due
to differences in the degree of contamination of
these preparations with other types of spore
protein, and, in part, disparities in the contents of
certain amino acids may result from their insta-
bility under the conditions used in preparing the
samples for analysis. In any event, in the com-
parison between different organisms, the com-
plete identity in composition of proteins is of
secondary significance as compared to identity
of function, since it has been well established that
proteins identical in function but from different
organisms may differ in amino acid composition,
presumably reflecting to some extent their
evolutionary diversity (8).

With respect to the function(s) of this protein,
only the spores of B. thuringiensis have been
investigated. A comparison of the properties of
intact and extracted spores indicates that the
protein is not required for the viability of spores,
nor is it involved with the resistance of spores to
heat or to ultraviolet irradiation. These findings
are in agreement with those of Gould et al. (5)
who found no alteration in resistance to heat and
ultraviolet irradiation by spores of B. cereus
treated with reducing agents.

Extraction of the protein did increase the
sensitivity of the spores to the action of lysozyme
and also increased their rate of initiation of
germination while lowering the nutrient concen-
trations required for the process. The former
effect was previously reported (5) for spores of
B. cereus treated with urea-mercaptoethanol or
heated at pH 3. Since both treatments remove
part of the crystal-like protein from intact spores,
the changes may perhaps be attributable to this
loss and not merely to rupture of disulfide bonds
as suggested by Gould and Hitchins (5). It is not
excluded that the changes in these two spore
properties result from parallel effects of the
extracting reagents that are unrelated to either
protein removal or action on disulfide bonds,
and further investigation of the problem is re-
quired.
We previously suggested (11) that the crystal-

like protein makes up one or more of the spore
coats of B. thuringiensis because of the similarities
of its properties to those reported for partially
purified spore coat protein (9). Recently Aronson
and Fitz-James (1) published an amino acid
analysis of spore coat protein of B. cereus which
is similar to that of the crystal protein. These
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a

Fio. 3. Disc electrophoresis at pH 12 in 7.5% acrylamide gel; about 5 to 10 jsg ofprotein in each sample of
dissolved crystal or ofurea-mercaptoethanol extract ofcomplete spores of the named strains. (a) Split gels (54 by 5
mm diameter) with the first named sample on the left in each case. Left to right; crystal, B. thuringiensis var. alesti
cr-; B. cereus, crystal; crystal, B. megaterium; crystal, B. thuringiensis var. alesti. (b) Gels (65 by 7 mm diameter)
left to right: crystal; split gel crystal, B. subtilis; B. subtilis. (c) Gels as in b left to right: crystal; split gel crystal,
C. roseum; C. roseum.

investigators showed that part of the coat could
only be solubilized in the presence of sodium
lauryl sulfate. Likewise, our data show that ex-
traction with the sodium lauryl sulfate reagent
solubilizes protein not removed by the unsup-
plemented urea-mercaptoethanol solution. As
already noted, the two fractions were indis-
tinguishable on the basis of the tests applied.
These results suggest that the spore coat of B.

thuringiensis and possibly that of other bac-

terial spores may consist of two similar protein
eomponents. As only about half of each compo-
nent is extracted from complete spores (as
compared to broken spores), one may speculate
that a layer of each kind is located on either side
of yet another layer impermeable to the solvents.
The existence of such a layer would explain the
apparent failure of either urea-mercaptoethanol,
or urea-mercaptoethanol-sodium lauryl sulfate
to extract the phosphate (or urea)-soluble fraction
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TABLE 3. Amino acid analyses of urea-mercaptoethanol extracts of sporesa

B. B
tkuringiensisB. B. B.

Amino acid var. alesti tkuringienssis thuringiessis hurngenss crus mgatrium sub.lis roC.um
crystal var. alesti var. alesti a alesticrm

Lysine 3.2 4.1 6.2 4.0 3.5 3.9 3.6 5.2
Histidine 2.2 2.1 1.9 1.6 1.6 1.9 2.1 1.6
Arginine 6.4 3.8 3.4 2.9 2.9 3.5 1.9 1.4
Aspartic acid 12.4 10.9 11.2 11.2 10.6 10.5 10.3 10.9
Threonine 6.3 10.8 6.6 8.6 8.9 10.5 6.1 9.4
Serine 7.3 5.6 5.8 6.5 7.1 7.1 8.7 5.4
Glutamic acid 12.0 6.6 11.6 10.2 9.2 7.3 10.9 8.6
Proline 4.8 7.6 2.3 2.4 4.8 6.9 5.5 7.3
Glycine 7.7 11.0 10.8 10.9 11.3 10.6 12.0 13.3
Alanine 5.4 8.7 9.7 9.4 9.2 9.5 12.0 7.0
Valine 8.1 8.0 8.7 8.9 8.0 7.4 7.4 7.7
Isoleucine 6.0 6.1 7.2 6.9 6.6 5.8 6.1 8.2
Leucine 8.3 7.8 7.2 8.9 8.8 8.1 7.6 6.8
Tyrosine 4.8 1.2 2.7 2.5 2.1 1.6 2.3 3.2
Phenylalanine 5.2 5.4 4.5 5.2 5.5 5.5 3.6 3.7

a Urea-mercaptoethanol extract of ruptured spores which were extracted with the same reagent before
rupture. All other extracts were made from complete spores. The results are expressed as a ratio of
moles to 100 moles of the listed amino acids. The determinations were carried out in a Spinco amino
acid analyzer by using the methods described in the text.

FIG. 4. Disc electrophoresis atpH 9.5 in 5% acrylamide gel. Gels as in Fig. 3b. About 10 ;&g of protein in each
sample of the following extracts of crystal or spores of B. thuringiensis var. alesti, left to right: 0.1 N NaOH
extract of spores; extract of spores at 70 C andpH 3; UMS extract of UM-extracted spores; UMS extract of
spores plus UMcrystal extract; UMcrystal extract. Abbreviations as in Table 6.
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TABLE 4. Heat resistance of complete, naked,
and extracted naked spores of B.

thuringiensis var. alesti

Percentage of spores surviving
Min heated

at 85 C Complete Naked Extracted,
spores spores naked spores

0 100 100 100
10 59 52 39
20 51 40 39
30 31 16 18
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TABLE 5. Resistance to ultraviolet irradiation of
complete, naked, and extracted naked spores

of B. thuringiensis var. alesti

Percentage of spores surviving
Mm exposure
to ultraviolet
irradiation Complete Naked Extracted,

spores spores naked spores

0 100 100 100
2 44 45 45
5 4 4 4

10 0.4 1 0.3

TABLE 6. Sensitivity of extracted spores of B. thuringiensis to lysozyme measured by phase-darkeninga

Per cent of spores dark in phase-contrast microscope after
Spore type and lysozyme treatment for indicated time in hr

treatment
0 0.25 0.5 1.0 1.25 2 4.5 8.5 20.5

Complete spores
Untreated 5 5 5 5
UMb 5 20 30 60 65
UM and UMSb 5 100
pH 3.0 at 23 C 5 20 30 65 75
pH 3.0 at 70 C 5 30 70 76 88

Naked spores
Untreated 11 9 13 11
UM 14 20 69 90

a No increase in the number .of phase-dark spores was observed in parallel control experiments with-
out lysozyme.

b Abbreviations: UM, 8 M urea-1% mercaptoethanol; UMS, UM + 1.5% sodium lauryl sulfate.

TABLE 7. Effect of extraction on germination requirements of spores of B. thuringiensis

Percentage of spores germinated

Complete spores Naked spores
Hr of

incubation Untreated UMa extracted UM and UMSa Untreated UM and UMS"
in mixture in mixture extracted in mixture in mixture extracted in mixture

ab b a b a b a b a b

0 8 8 6 6 5 5 11 11 7 7
1 62 80 56 89
4 11 62 83 91 86 94 22 65 88 92

a Abbreviations as in Table 6.
b Mixture a: 0.02 M phosphate (pH 7.2), 1 mM glucose, 6 mM L-alanine, 0.01 mM adenosine. Mixture b:

0.02 M phosphate (pH 7.1), 5 mm glucose, 30 mM L-alanine, 0.05 mm adenosine.

from unbroken spores. The hypothesis is also
compatible with electron microscope observations
which show several layers outside the spore

cortex (9), and should be directly verifiable by an
electron microscope study comparing thin sec-
tions of extracted and unextracted spores.
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ADDENDUM IN PROOF

We are indebted to W. M. Waites who has pointed
out that the strain of Clostridium roseum used in this
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work has recently been identified as Clostridium bifer-
mentans (H. 0. Halvorson and A. Swanson, Spores
IV, p. 121-132, 1969).
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