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Studies of gene expression using fusions to lacZ demonstrated that the Bacillus subtilis dacB gene, encoding
penicillin-binding protein 5*, is in an operon with two downstream genes, spmA and spmB. Mutations affecting
any one of these three genes resulted in the production of spores with reduced heat resistance. The cortex
peptidoglycan in dacB mutant spores had more peptide side chains, a higher degree of peptide cross-linking,
and possibly less muramic acid lactam than that of wild-type spores. These cortex structure parameters were
normal in spmA and spmB mutant spores, but these spores did not attain normal spore core dehydration. This
defect in spore core dehydration was exaggerated by the additional loss of dacB expression. However, loss of
dacB alone did not alter the spore core water content. Spores produced by spmA and spmBmutants germinated
faster than did those of the wild type. Spores produced by dacBmutants germinated normally but were delayed
in spore outgrowth. Electron microscopy revealed a drastically altered appearance of the cortex in dacB
mutants and a minor alteration in an spmA mutant. Measurements of electron micrographs indicate that the
ratio of the spore protoplast volume to the sporoplast (protoplast-plus-cortex) volume was increased in dacB
and spmA mutants. These results are consistent with spore core water content being the major determinant of
spore heat resistance. The idea that loosely cross-linked, flexible cortex peptidoglycan has a mechanical activity
involved in achieving spore core dehydration is not consistent with normal core dehydration in spores lacking
only dacB.

Bacteria of the Bacillus, Clostridium, and some related gen-
era form dormant endospores which are resistant to a variety
of physical and chemical treatments. A number of character-
istics of the spore core or protoplast affect the degree of heat
resistance. These include the water content (5, 29), the identity
of the cations in the spore associated with dipicolinic acid
(DPA) (reviewed in reference 12), and the presence of a/b-
type, small, acid-soluble proteins (SASP) associated with the
chromosomal DNA (28). We have become particularly inter-
ested in the correlation of heat resistance with the water con-
tent of the spore core, a correlation which has been demon-
strated across a variety of species, with spores prepared at
different temperatures, and with spores containing different
cations (5, 29), as well as in the mechanism by which the water
content of the spore core is reduced.
In addition to a correlation with heat resistance, spore core

dehydration appears to be required for processing of a spore
germination protease, GPR, from its zymogen form to an ac-
tive form late in sporulation (17, 36). The reduced level of
spore core water is theorized to be the factor which prevents
degradation of SASP by GPR during late sporulation, since
this degradation normally takes place only during spore ger-
mination.
The integrity and amount of the spore cortex, a thick pep-

tidoglycan structure which surrounds the spore core, have been
shown to be important for maintenance of heat resistance (18,
21; reviewed in reference 12), and degradation of the cortex, by

artificial means or during spore germination, results in rapid
rehydration of the spore core. These observations indicate that
the cortex serves as a retaining structure to withstand the
turgor pressure generated by the high concentration of solutes
in the spore core. The major modification of the cortex pepti-
doglycan with respect to the vegetative wall peptidoglycan is
the absence of a peptide side chain on ;50% of the muramic
acid residues and conversion of these residues to muramic acid
lactam (46, 47). The role that this modification plays in cortex
function, if any, is unknown, but the lack of peptide side chains
on these muramic acid residues limits the degree of peptide-
peptide cross-linking that can take place. Peptidoglycan ex-
pands and contracts in response to changes in the pH and ionic
conditions of its environment (31). The degree of peptide
cross-linking is one factor determining the amount of pepti-
doglycan flexibility, with loosely cross-linked peptidoglycan ex-
hibiting the greatest flexibility (31). This observation is consis-
tent with proposals that the cortex may have a role in bringing
about spore core dehydration via a mechanical activity. Pre-
vailing theories suggest that in response to some change in its
environment, the cortex contracts (25) or expands anisotropi-
cally (45) to reduce the volume of the spore core and effec-
tively expel water. Demonstrations that the cortex peptidogly-
can is loosely cross-linked (33, 47) are consistent with these
processes taking place.
Further study of cortex synthesis may shed light on the role

the cortex plays in attaining and maintaining spore dehydra-
tion. Peptidoglycan synthesis is carried out by members of the
penicillin-binding protein (PBP) family (13). One member of
this protein family, PBP5*, was identified as a PBP expressed
only during sporulation slightly prior to the initiation of cortex
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synthesis (41, 44). An insertion mutation in dacB, the gene
encoding PBP5*, resulted in the production of spores with
significantly reduced heat resistance (9). Further sequencing of
the chromosome in the region of dacB has revealed that this
may be the first gene in a three-gene operon (39). This raised
the possibility that the effect of the original dacB insertion
mutation on heat resistance might have been due to a polar
effect on expression of a downstream gene. We demonstrate
here that dacB is indeed in an operon structure and also
present data on the effects of mutations affecting the three
genes of this operon individually on spore heat resistance,
spore core dehydration, and cortex structure. We have also
examined the effects of increased spore core water content on
processing of GPR to its active form and on the ability of GPR
to degrade SASP in a more-hydrated environment.

MATERIALS AND METHODS
Bacterial strains, growth, and purification of spores. All Bacillus subtilis

strains described in Table 1 were derivatives of strain 168. B. subtilis was trans-
formed as described previously (1). Growth for sporulation and studies of gene
expression was in 23 SG medium (24) at 378C. Spore chloroform resistance was
assayed as described previously (30). Spores were purified by water washing as
described previously (30). Spore heat resistance was determined by measuring
the number of CFU in a spore suspension before and after heating. The D90 of
a spore preparation is defined as the time at 908C required to reduce spore
viability by 90%. Germination was carried out at 378C in 23 YT medium (16 g
of tryptone, 10 g of yeast extract, and 5 g of NaCl per liter) containing 4 mM
L-alanine. In some experiments, spores were heat activated at 708C for 15 min
prior to germination.
Mutant strain constructions. Plasmid pCB1 (10) (Fig. 1) was recovered by

digesting chromosomal DNA from strain CB11 (10) with HindIII, ligating it, and

transforming Escherichia coli with selection for ampicillin resistance. Production
of circular pCB1 by this procedure presumably resulted from a duplication of the
plasmid in the chromosome. DNA containing the genes downstream of dacB was
isolated by digesting the chromosomal DNA of strain PS1899 with HindIII,
ligating it, and transforming E. coli with selection for ampicillin resistance. This
procedure produced pDPC211 (Fig. 1), which contains 1.7 kb of DNA down-
stream of the original insert found in pCB3 (9) (Fig. 1).
The 244-bp EcoRI-RsaI fragment of pDPC211 was inserted into EcoRI-

FIG. 1. Map of the dacB locus and plasmid constructs. Open reading frames
are represented by open boxes. Arrows within the boxes represent the directions
of transcription. Restriction endonuclease cleavage site abbreviations: B, BglII;
E, EcoRI; F, HinfI; H, HindIII; R, RsaI; S, Sau3AI; St, StyI; V, EcoRV; X, XmnI.
Only those HinfI, Sau3AI, and RsaI sites used in plasmid constructions are
shown. Bars below the map represent the inserts in the indicated plasmids. The
gaps and D symbols in pDPC221 and pDPC226 represent in-frame deletions of
dacB and spmA, respectively. Arrows pointing to lacZ indicate the direction of
transcription in lacZ fusion constructs.

TABLE 1. B. subtilis strains used

Strain Genotype or phenotypea Donorb Recipientb Source or reference

CB11 dacB1::Cmr trpC2 pCB1 168 C. Buchanan (10)
CB36 dacB::Cmr trpC2 pCB3 168 C. Buchanan (9)
PS832 Prototrophic revertant of 168 Lab stock
PS1669 pPS1669 Knr (high GPR expression) pPS1669 PS832 41
PS1899 dacB::Cmr CB36 PS832
PS2029 spmB::Cmr pDPC215 PS832
PS2030 spmA::Cmr pDPC219 PS832
PS2065 Two copies of in-frame DdacB Cmr pDPC221 PS832
PS2066 In-frame DdacB Cms PS2065 exigrant
PS2164 Two copies of in-frame DspmA Cmr pDPC226 PS832
PS2185 In-frame DspmA Cms PS2164 exigrant
PS2198 dacB::Cmr pPS1669 Knr (high GPR expression) pPS1669 PS832
PS2215 spmA-lacZc Spr pDPC227d PS832
PS2216 dacB-lacZc Spr pDPC229d PS832
PS2217 spmB-lacZc Spr pDPC230d PS832
PS2221 dacB::Cmr spmA-lacZc Spr PS2215 PS1899
PS2222 dacB::Cmr spmB-lacZc Spr PS2217 PS1899
PS2224 In-frame DdacB spmA-lacZc Spr pDPC227d PS2066
PS2225 In-frame DdacB spmB-lacZc Spr pDPC230d PS2066
PS2232 In-frame DspmA spmB-lacZc Spr pDPC230d PS2185
PS2239 spmA-lacZe Spr pDPC234d PS832
PS2240 dacB-lacZe Spr pDPC235d PS832
PS2241 spmB-lacZe Spr pDPC236d PS832
PS2242 In-frame DdacB spmA-lacZe Spr pDPC234d PS2066
PS2243 In-frame DdacB spmB-lacZe Spr pDPC236d PS2066
PS2244 In-frame DspmA spmB-lacZe Spr pDPC236d PS2185
PS2245 dacB::Cmr spmA-lacZe Spr PS2239 PS1899
PS2246 dacB::Cmr spmB-lacZe Spr PS2241 PS1899
PS2260 In-frame DdacB pPS1669 Knr (high GPR expression) pPS1669 PS2066
PS2261 In-frame DspmA pPS1669 Knr (high GPR expression) pPS1669 PS2185

a Abbreviation: Knr, kanamycin resistance.
b Role in transformation.
c Translational fusion to lacZ.
d Construction was accomplished by transformation with the indicated plasmid followed by transformation with linear pJL62 (27) to convert Cmr to Spr.
e Transcriptional fusion to lacZ.
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HincII-digested pUC19 to produce pDPC218. The small EcoRI-HindIII frag-
ment of pDPC218 was inserted into EcoRI-HindIII-digested pJH101 to produce
pDPC215 (Fig. 1). The 1,117-bp BglII-XmnI fragment from pCB1 was inserted
into BamHI-HincII-digested pUC19 to produce pDPC214. This plasmid was
digested with HinfI, treated with the Klenow fragment of E. coli DNA poly-
merase I and deoxynucleoside triphosphates (dNTPs) to render the ends blunt,
and finally digested with HindIII. The resulting 285-bp fragment was inserted
into HindIII-HincII-digested pUC19 to produce pDPC217. The 335-bp EcoRI-
HindIII fragment of pDPC217 was inserted into EcoRI-HindIII-digested pJH101
to produce pDPC219 (Fig. 1). The plasmids pDPC215 and pDPC219 were
transformed into B. subtilis with selection for chloramphenicol resistance (Cmr)
to produce Campbell insertions interrupting spmB and spmA, respectively. The
correct chromosomal constructs were confirmed by Southern hybridization (40).
To construct an in-frame deletion of dacB, pCB1 was treated with StyI, the

Klenow fragment of E. coli DNA polymerase I, dNTPs, and BamHI to produce
a 1,100-bp fragment that was ligated with a 5,500-bp fragment produced by
treatment of pCB1 with BglII, the Klenow fragment of E. coli DNA polymerase
I, dNTPs, and BamHI. Codons 51 to 105 of dacB, including the putative catalytic
serine residue (10, 13), were deleted in the resulting plasmid, pDPC221 (Fig. 1).
The deletion was verified by DNA sequencing with the primer 59 GTGAATA
CAGCACATGCTGC 39, which corresponds to positions 653 to 672 in the
sequence presented previously (10). To construct an in-frame deletion in spmA,
pDPC214 was treated with HinfI, the Klenow fragment of E. coli DNA poly-
merase I, dNTPs, and EcoRV to produce a 289-bp fragment which was inserted
intoHincII-digested pUC19. In the resulting plasmid, pDPC223, the partial dacB
sequence was in the orientation opposite to that of lacZ. The 684-bp EcoRV-
HindIII fragment of pDPC211 was then inserted into pDPC223, which had been
treated with PstI, T4 DNA polymerase to render the ends blunt, and HindIII to
produce pDPC225. The 880-bp BamHI-HindIII fragment of pDPC225 was then
inserted into BamHI-HindIII-digested pJH101 to produce pDPC226 (Fig. 1).
In pDPC226, codons 15 to 164 of spmA were deleted, and a threonine codon
(ACC) derived from the pUC19 polylinker was inserted in their place. The
deletion was verified by DNA sequencing with the primer 59 CCGATCAATGA
TAATGGCACCG 39, which corresponds to the complement of positions 2258 to
2279 in the sequence presented previously (10). The two in-frame deletions were
moved into the B. subtilis chromosome by transformation with pDPC220 and
pDPC226 and selection for Cmr. Campbell-type integration of the plasmids
results in the presence of two copies of the gene of interest. The resulting
transformants were screened by Southern hybridization (40) for a strain in which
both copies of the gene contained the in-frame deletion. Such a strain can result
from either a gene conversion event or by recombination between the chromo-
some and two copies of the transforming plasmid. The desired strains were then
grown nonselectively for several generations, plated for single colonies, and
screened for chloramphenicol sensitivity (Cms) by replica plating. The presence
of a single deleted copy of the gene of interest was confirmed by Southern
hybridization (40).
lacZ fusion constructions. To construct a translational fusion of dacB to lacZ,

the 177-bp Sau3AI fragment of pCB1 was inserted into BamHI-digested pUC19
to produce pDPC224 in which dacB and lacZ are in opposite orientations. The
200-bp SmaI-PstI fragment of pDPC224 was then inserted into SmaI-PstI-di-
gested pBluescript IIKS(1) (Stratagene) to produce pDPC228. Finally, the
200-bp EcoRI-SmaI fragment of pDPC228 was inserted into EcoRI-SmaI-di-
gested pJF751 (11) to produce pDPC229 (Fig. 1), in which the 11th codon of
dacB is fused to lacZ.
To construct a translational fusion of spmA to lacZ, pDPC222 (pDPC222 is

identical to pDPC223 except that the insert in the HincII site of pUC19 is in the
opposite orientation) was treated with HindIII, the Klenow fragment of E. coli
DNA polymerase I, dNTPs, and BamHI. The resulting 280-bp fragment was
inserted into pJF751 (11), which had been treated with EcoRI, the Klenow
fragment of E. coliDNA polymerase I, dNTPs, and BamHI to produce pDPC227
(Fig. 1). The 14th codon of spmA was fused to lacZ in this construct.
To construct a translational fusion of spmB to lacZ, the 352-bp XmnI-EcoRI

fragment of pDPC211 was ligated with the 5.4-kb SmaI-SacI fragment of pJF751
and the 1.9-kb EcoRI-SacI fragment of pJF751 (11) to produce pDPC230 (Fig.
1). In this construct, the 19th codon of spmB is fused to lacZ.
Each of these three translational fusions was converted to a transcriptional

fusion by replacing the 800-bp BamHI-ClaI fragment containing the beginning of
lacZ with the corresponding fragment from pDG268 (2). A 2-bp deletion in this
fragment of pDG268 (15, 19) resulted in the absence of a stop codon between
our genes of interest and the translation start signals for lacZ. We therefore
digested each of the three transcriptional fusion plasmids with BamHI, filled the
ends with the Klenow fragment of E. coli DNA polymerase I and dNTPs, and
ligated the DNA. This changed the reading frame such that translation of our
genes of interest terminated slightly downstream of the BamHI site and did not
interfere with translation initiation of lacZ. The plasmids containing the resulting
transcriptional fusions to dacB, spmA, and spmB are pDPC234, pDPC235, and
pDPC236, respectively (Fig. 1). The nucleotide sequences of all lacZ fusion
constructs were determined with a Sequenase kit (U.S. Biochemical).
The fusion plasmids were inserted into the corresponding loci on the chro-

mosome by transformation of strains PS832, PS2066, and PS2185 with selection
for Cmr. The antibiotic resistance associated with each insertion was then
changed to spectinomycin resistance (Spr) by transformation with linearized

pJL62 (23). Chromosomal DNA from PS832 carrying the Spr-associated fusions
was used to transform PS1899 and PS2030 with selection for Spr and Cmr. The
presence of all mutations and fusions on the chromosome was verified by South-
ern hybridization. Chromosomal DNA was purified from a sample of each
culture used for measurement of b-galactosidase expression and analyzed to
verify that no rearrangement had taken place among the multiple plasmids
inserted in the dacB region of the chromosome.
Measurement of GPR processing and SASP levels. Various strains carrying

plasmid pPS1669 (36), which directs high-level expression of Bacillus megaterium
GPR in B. subtilis, were sporulated in 23 SG medium. At various times, 10-ml
samples were harvested for analysis of SASP or P46 and P41 levels (16), and 2-ml
samples were taken for analysis of DPA (30). Samples for analysis of P46 and P41
were lyophilized and then disrupted and extracted as described previously (16).
Aliquots of various samples were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), proteins were transferred to polyvinyli-
dene difluoride paper, and P46 and P41 were detected with antiserum against B.
megaterium GPR as described previously (16). Samples for SASP analysis were
also lyophilized, broken, extracted, and dialyzed as described previously, and the
three major B. subtilis SASP (a, b, and g) were separated by electrophoresis on
polyacrylamide gels run at low pH (16).
Biochemical assays. b-Galactosidase specific activity was assayed with o-nitro-

phenyl-b-D-galactopyranoside or 4-methylumbelliferyl-b-D-galactosidase as de-
scribed previously (30). The DPA content of spores was assayed as described
previously (30). The degree of spore cortex peptidoglycan cross-linking was
assayed with fluorodinitrobenzene as described previously (33). The wet density
of the spore protoplast was determined by equilibrium density centrifugation on
metrizoic acid (Sigma) gradients as described previously (26). Prior to density
determination, spores were decoated for 90 min at 378C in 50 mM Tris-HCl (pH
8.0)–8 M urea–1% (wt/vol) SDS–50 mM dithiothreitol and washed three times
with 150 mM NaCl and twice with water. The decoated spores were equilibrated
for 60 min in 50% metrizoic acid prior to loading onto gradients.
For determinations of hexosamine and diaminopimelic acid (dpm), spores

were decoated and put through two cycles of consecutive extractions with tri-
chloroacetic acid and SDS-dithiothreitol as described previously (33). Extracted
spores were then assayed for hexosamine as described previously (14) and for
dpm by analysis with a Beckman System 7300 amino acid analyzer. Known
amounts of N-acetylglucosamine, N-acetylmuramic acid, and dpm (Sigma) were
assayed in parallel. N-Acetylglucosamine and N-acetylmuramic acid had identi-
cal absorbance coefficients in our assay. Destruction of hexosamine during hy-
drolysis in the presence of extracted spores was estimated by mixing a known
amount of N-acetylglucosamine or N-acetylmuramic acid with an equivalent
amount of each spore sample.
Electron microscopy. Electron micrographs of decoated spores were produced

as described previously (37). Micrographs at magnifications of 318,000 to
329,000 were measured by hand. The inner boundary of the cortex was defined
as the outer edge of the inner spore membrane. The outer boundary of the cortex
was defined as the innermost intrusion of the spore coat layers. Protoplast and
sporoplast (protoplast-plus-cortex) volumes were calculated as described previ-
ously (6).

RESULTS

dacB is the first gene in a three-gene operon.DNA sequence
analysis of the dacB region of the chromosome has led to
the suggestion that dacB is the first gene in a three-gene
operon (39). We used transcriptional fusions to lacZ to dem-
onstrate that dacB and the two genes found downstream do
indeed form an operon. We propose using the gene designa-
tion spm (spore maturation) for reasons cited below and nam-
ing these two latter genes spmA and spmB (Fig. 1). Previous
data demonstrated that dacB is expressed from a single pro-
moter approximately 2 h after the initiation of sporulation
(38). b-Galactosidase activity was expressed from a dacB-lacZ
transcriptional fusion at this same point in sporulation (Fig. 2).
Transcriptional fusions of lacZ to spmA and spmB were ex-
pressed at the same time and to approximately (within a factor
of two) the same level (Fig. 2). An insertion mutation in dacB
blocked expression of the spmA- and spmB-lacZ fusions, re-
ducing the b-galactosidase activity to the level found in a strain
containing no fusion (data not shown), whereas an in-frame
deletion of part of dacB had no effect on expression (Fig. 2).
The in-frame deletion in spmA also had no effect on expression
of the spmB-lacZ fusion (Fig. 2). These results indicate that
transcription of spmA and spmB originates upstream of dacB.
To get some idea of the relative levels of expression of the

three proteins encoded by this operon, we repeated the exper-

VOL. 177, 1995 BACILLUS SUBTILIS dacB OPERON 4723



iments described above with translational fusions to lacZ. In
each of the three constructs, as little as possible of the gene of
interest was fused to lacZ to avoid possible problems with
membrane association of b-galactosidase. For each fusion,
b-galactosidase activity appeared at the same time as that seen
with the transcriptional fusions (data not shown). Whereas the
transcription levels of all three genes of the operon were ap-
proximately equal (Fig. 2), translation of the two distal genes
was relatively poor. The maximum b-galactosidase specific ac-
tivities expressed from the dacB-, spmA-, and spmB-lacZ trans-
lational fusions were 98, 4, and 14 Miller units, respectively
(data not shown). The specific activity produced by the spmA-
lacZ fusion was only twofold above the endogenous activity
found in a strain lacking a fusion when assayed with o-nitro-
phenyl-b-D-galactopyranoside. This difference was eightfold
when assayed with 4-methylumbelliferyl-b-D-galactoside (data
not shown). Expression of spmA- and spmB-lacZ translational
fusions was blocked by the dacB insertion mutation but not by
upstream in-frame deletions (data not shown).
Effects of mutations in dacB, spmA, and spmB on spore

resistance properties. To determine if the effect on spore heat
resistance previously observed in a dacB insertion mutant
strain (9) was due to loss of PBP5* or the products of spmA or
spmB, we constructed strains carrying mutations affecting each
of the three genes in the dacB operon individually. With dacB,

we constructed an in-frame deletion which removed 55 of the
382 codons (Fig. 1, pDPC221), including the putative active-
site serine conserved in all PBPs (10, 13). With spmA, we
constructed an in-frame deletion removing 149 of the 196
codons (Fig. 1, pDPC226). That these in-frame deletions had
no effect on expression of downstream genes is demonstrated
by the results of the experiments using the fusions to lacZ
described above. The mutation affecting spmB alone is a
Campbell-type insertion which truncates the gene after 100 of
its normal 179 codons. In addition, we examined the effects of
the original dacB insertion mutation which blocks expression
of all three genes and of an insertion in spmA which blocks
expression of both spmA and spmB. All of these strains sporu-
lated with equal efficiencies, producing approximately 109 chlo-
roform-resistant spores per ml. We obtained identical results
when we assayed spore heat resistance with chloroform-treated
cultures and purified spores (data not shown).
The insertion mutation in dacB produced a significant loss of

spore heat resistance (Fig. 3 and Table 2, strain PS1899), very
similar to that previously observed (9). Mutations affecting any
single one of these genes or both spmA and spmB resulted in
the production of spores with an intermediate level of heat
resistance (Fig. 3 and Table 2, strains PS2185, PS2029, and
PS2030). The strain carrying the in-frame deletion in dacB
(strain PS2066) was consistently slightly more heat resistant

FIG. 2. Expression of transcriptional fusions to lacZ. Strains were grown and
sporulated in 23 SG medium at 378C. Time zero is defined as the end of
exponential growth and the entry into sporulation. Symbols: h, PS2239, spmA-
lacZ; 3, PS2240, dacB-lacZ; E, PS2241, spmB-lacZ; ■, PS2242, in-frame DdacB
spmA-lacZ; F, PS2243, in-frame DdacB spmB-lacZ; Ç, PS2244, in-frame DspmA
spmB-lacZ; {, PS2245, dacB::Cmr spmA-lacZ; å, PS2246, dacB::Cmr spmB-lacZ.

FIG. 3. Heat resistance of purified spores. Spore suspensions were heated at
908C for the indicated times and then plated to determine viability. Symbols: h,
PS832, wild type; ■, PS1899, dacB::Cmr; Ç, PS2029, spmB::Cmr; å, PS2030,
spmA::Cmr; E, PS2066, in-frame DdacB; F, PS2185, in-frame DspmA. The data
presented are from one of the three determinations used to calculate the D90
values in Table 2; therefore, the values in Table 2 do not agree completely with
the apparent D90 values shown here.

TABLE 2. Effects of mutations on spore properties

Strain (genotype) Heat resistance
(D90 [min])a

Amt of DPA per OD600
unit (mg)b

Protoplast wet
density (g/ml)b

Mol of hexosamine/
mol of dpmc

% dpm
cross-linkedc

PS832 (wild type) 49 14 1.367 4.4 43
PS1899 (dacB::Cmr) 3 17 1.326 2.2 74
PS2066 (in-frame DdacB) 10 18 1.367 2.8 81
PS2185 (in-frame DspmA) 6 15 1.345 4.6 50
PS2029 (spmB::Cmr) 7 15 1.346 4.3 44
PS2030 (spmA::Cmr) 7 15 1.347 4.4 42

a Values are averages of determinations of three different spore preparations. Variation in these values among experiments was 20 to 40% for a particular strain,
but within each experiment, the relative degrees of heat resistance among all strains were the same.
b Values are averages of determinations of three different spore preparations. OD600, optical density at 600 nm.
c Values presented are averages of determinations of two different spore preparations.
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than strains with mutations in spmA or spmB (Fig. 3 and Table
2). These results indicate that the loss of heat resistance pro-
duced by the insertion mutation in dacB is due partially to loss
of expression of spmA and spmB.
Effects of dacB and spmmutations on spore core wet density.

Previous studies have indicated a correlation between spore
heat resistance and spore protoplast hydration measured as
wet density (5, 29). We decoated spores prior to density de-
termination such that the density gradient material could per-
meate through the cortex (26); the density measured was
therefore that of the spore core or protoplast. Interestingly,
loss of dacB expression alone produced no change in the spore
protoplast wet density relative to that of the wild-type strain
(Table 2, strain PS2066). Mutations affecting spmA, spmB, or
both produced a significant reduction in the spore protoplast
wet density (Table 2, strains PS2185, PS2029, and PS2030).
The insertion mutation in dacB produced the most dramatic
reduction in protoplast wet density (Table 2, strain PS1899).
On the basis of previous work (26), these wet densities trans-
late to spore protoplast water contents (in grams of H2O per
gram [dry weight]) of approximately 0.59 for the wild type, 0.79
for spmA and spmB mutants, and 1.08 for the dacB insertion
mutant.
DPA contents of mutant spores. Some evidence suggests

that accumulation and maintenance of DPA in the spore is
required for development of heat resistance (4). We wished to
determine if a DPA deficit might be responsible for the heat
sensitivity of our mutant spores. However, the amount of DPA
contained in the spores of our wild-type and mutant strains was
relatively constant (Table 2). We also verified that the decoat-
ing procedure removed little if any DPA from the spores of
each strain (#15% of total DPA in all cases). The spore core
wet density differences observed are, therefore, apparently not
due to losses of spore contents during decoating. We did find
that heating of dacB and spmA mutant spores at 708C resulted
in significant losses of DPA. After 45 min at 708C, the wild-
type, dacB deletion mutant, spmA deletion mutant, and dacB
insertion mutant spores had lost 11, 24, 33, and 51% of their
DPA, respectively. This same heating resulted in killing of 29,
72, 86, and 92% of the spores of these strains, respectively. At
least in the case of the dacB deletion mutant spores, this loss of
DPA was also accompanied by a significant decrease in the
spore protoplast wet density (data not shown). Some loss of
DPA from spores upon sublethal heating has been observed
previously (7, 20), generally in the range of what we observed
with our wild-type strain.
Effects of increased spore core hydration on GPR processing

and SASP content. The striking effects of mutations in the
dacB and spm genes on spore heat resistance, presumably due
in large part to effects on spore water content, suggested that
other sporulation or spore parameters influenced by core wa-
ter content might be affected by mutations in these genes. One
such additional parameter is the timing during sporulation of
the processing of the SASP-specific protease GPR from the
zymogen form (P46) to the active form (P41) (36). This event
normally takes place at about the time of final forespore de-
hydration and in vitro is greatly stimulated by dehydration (17,
36). Strikingly, the conversion of P46 to P41 was 45 to 60 min
slower relative to DPA accumulation during sporulation of the
dacB insertion mutant than during sporulation of the wild-type
strain (Fig. 4). However, the final levels of GPR processing
(;50%) were the same in both strains. A similar delay in P46
processing was observed in the spmA deletion mutant but not
in the dacB deletion mutant (data not shown).
Analysis of the SASP accumulated in these strains showed

that as found previously (36), overproduction of GPR in the

wild-type strain resulted in a significant decrease in the SASP-g
accumulated in spores, with a slight decrease in SASP-b (Fig.
5, lanes 1 to 3). The apparent lower levels of SASP at 9 h
(versus 24 h) are in part an artifact of the extraction procedure;
extraction from free spores (at 24 h) is more efficient than
extraction from sporulating cells (at 9 h). Although the dacB
insertion mutant did synthesize SASP-g, this protein was sub-
sequently completely degraded by the time the mutant spore
was released from the sporangium; there was also a significant
loss of SASP-b (Fig. 5, lanes 4 and 5). Once the spores had
been released from the sporangium, there was no further
change in SASP levels in dacB insertion spores for at least 2
weeks (data not shown). The decreases in SASP-b and -g in
these experiments were not seen with the dacB insertion mu-
tant without pPS1669 (data not shown), presumably because

FIG. 4. Processing of P46 and P41 during sporulation of wild-type (A) and
dacB insertion (B) strains. B. subtilis PS1669 (wild type with pPS1669) and
PS2198 (dacB insertion with pPS1669) were grown and sporulated in 23 SG
medium, and samples were taken and GPR and DPA were extracted as described
in Materials and Methods. Aliquots (5 ml of a 1/100 dilution) of GPR extracts
were subjected to SDS-PAGE, protein was transferred to polyvinylidene difluo-
ride paper, and P46 and P41 were detected with a 1/10,000 dilution of anti-GPR
as described in Materials and Methods. The samples in panel A, lanes 1 to 6,
were harvested at 4, 5, 6, 7, 8, and 24 h of sporulation, respectively; those in panel
B, lanes 1 to 6, were harvested at 4, 5, 6, 7, 9, and 24 h of sporulation, respec-
tively. The horizontal bars labeled a and b denote the migration positions of P46
and P41, respectively. The values below the lanes give the percentages of maxi-
mum DPA accumulated by the cultures at these points in sporulation.

FIG. 5. SASP level late in sporulation of wild-type and dacB insertion strains
expressing high levels of GPR. B. subtilis PS1669 (wild type) and PS2198 (dacB
insertion) carrying plasmid pPS1669 expressing high GPR levels as well as PS832
(wild type) were grown and sporulated in 23 SG medium, and samples were
taken, extracted, and subjected to acrylamide gel electrophoresis at a low pH to
resolve the major SASP. Lanes: 1, PS832 harvested at 24 h of sporulation; 2,
PS1669 harvested at 9 h of sporulation; 3, PS1669 harvested at 24 h of sporula-
tion; 4, PS2198 harvested at 9 h of sporulation; 5, PS2198 harvested at 24 h of
sporulation. The horizontal lines adjacent to lane 1 denote the migration posi-
tions of SASP-a, -b, and -g.
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this plasmid increases the level of active GPR 200- to 500-fold
over that in wild-type spores (36).
Germination and outgrowth of mutant spores. Mutations

affecting spmA, spmB, and dacB also produced slight changes
in kinetics of spore germination and outgrowth. The spores of
the spmA in-frame deletion strain did not require heat activa-
tion to achieve the maximum germination rate (Fig. 6A). The
optical density of a suspension of spores of this strain de-
creased faster than that of the wild-type strain upon exposure
to germinants (Fig. 6A). This was also true for spores produced
by strains containing insertion mutations in spmA and spmB
(data not shown). Following heat activation at 708C for 15 min,
germination and outgrowth of the wild-type and the spmA
deletion spores appeared similar (Fig. 6B); however, the total
percent decrease in optical density of the spmA mutant spores
was less than that observed prior to activation. This may be due
to loss of DPA or other spore contents and some spore killing.
Germination of spores produced by strains carrying an inser-
tion or an in-frame deletion in dacB was similar to that of
wild-type spores (Fig. 6). The requirement for heat activation
was difficult to assess with these spores as a result of losses of
optical density and a significant degree of killing upon heating.
Relative to the wild type, there was a reproducible 20- to
30-min delay in the outgrowth of dacB mutant spores in the
absence of heat activation (Fig. 6A). The apparent increase in
this delay following heat activation (Fig. 6B) could be attrib-
uted to heat killing.
Cortex peptidoglycan structural changes in dacB mutants.

Loss of PBP5*, a D,D-carboxypeptidase, might be expected to
alter the degree of peptide cross-linking of the cortex pepti-
doglycan, because cleavage of D-alanine from peptide side
chains by this enzyme renders them unable to serve as donors
in D-alanine–dpm cross-link formation. When we examined
this aspect of cortex structure in the spores of all of our strains,
we found that relative to the wild type, almost twice as much of
the dpm was in cross-links in strains carrying dacB mutations
(Table 2, strains PS1899 and PS2066). In contrast, mutations
affecting spmA, spmB, or both had no significant effect on the
degree of cortex cross-linking (Table 2, strains PS2185,
PS2029, and PS2030). In the course of these analyses of levels
of cortex cross-linking, we noticed that the amount of dpm per
unit of spores appeared to be consistently higher in strains

carrying dacB mutations. We therefore assayed the amount of
dpm relative to the amount of hexosamine present in the
various spore preparations. The amounts of hexosamine per
unit of spores were very similar in all of the strains (data not
shown), indicating that the cortex contents of the spores were
not changed. The ratio of dpm to hexosamine in strains carry-
ing mutations affecting spmA, spmB, or both was identical to
that found for the wild type (Table 2, strains PS2185, PS2029,
and PS2030). However, strains carrying dacB mutations pro-
duced spores containing approximately twice as much dpm per
unit of hexosamine, relative to the wild type (Table 2, strains
PS1899 and PS2066).
Electron microscopy of spores. We prepared electron mi-

crographs of our spore preparations to determine whether the
changes in cortex structure and core wet density that we ob-
served resulted in visible changes in the spore’s appearance.
Indeed, mutations affecting dacB and spmA resulted in signif-
icant changes in the appearance of spore thin sections. In
wild-type spores, the area corresponding to the cortex con-
tained no discernible structure (Fig. 7A). However, in the
spores produced by the strain carrying an insertion mutation in
dacB, a well-defined cortex was visible (Fig. 7B), although in
many spores the cortex did not appear to fill the entire space
between the core and the coat structure. Loss of dacB alone
resulted in the cortex having a similarly well-defined appear-
ance (Fig. 7C). The strain carrying the in-frame deletion of
spmA produced a spore cortex with an intermediate appear-
ance. Some structure was visible in the space between the core
and coats, but its boundaries were generally less well defined
(Fig. 7D).
Previous studies used measurements of electron micro-

graphs of centrally longitudinal thin sections of spores to reveal
a correlation between spore heat resistance and the ratio of the
spore protoplast volume to the sporoplast (protoplast-plus-
cortex) volume (6). We used this same technique to make
estimates of spore protoplast and sporoplast volumes in our
wild-type and mutant spores. The ratio of protoplast volume to
sporoplast volume in wild-type spores was 0.254 6 0.074 (n 5
18). This ratio increased significantly in spores produced by
strains carrying mutations in dacB or spmA. For the dacB
insertion and deletion strains, we calculated ratios of 0.412 6
0.054 (n5 14) and 0.4886 0.063 (n5 13), respectively. Spores
produced by the spmA deletion strain had a protoplast-to-
sporoplast volume ratio of 0.427 6 0.066 (n 5 17).
Effects of mutations eliminating other PBPs. Observation of

spore cortex structural changes and a reduction in heat resis-
tance associated with loss of PBP5* led us to examine these
and other characteristics of spores produced by strains lacking
other PBPs, especially those demonstrated or predicted to be
D,D-carboxypeptidases (PBP5 [8] and the dacF product [48])
and those induced during sporulation (PBP4* [41] and PBP2c
[35]). (We were unable to examine spoVD mutant spores
because these strains do not produce stable spores.) As had
been found previously, we detected no change in spore heat
resistance associated with mutations affecting dacA (PBP5)
(9), dacF (putative PBP) (48), pbpE (PBP4*) (34), or pbpF
(PBP2c) (35). We also found no significant difference between
these spores and those of the wild type when we assayed DPA,
hexosamine, and dpm content, degree of peptidoglycan cross-
linking, spore core wet density, and germination kinetics.

DISCUSSION

We have demonstrated that dacB is the first gene in a three-
gene operon. Expression of this operon appears to originate
uniquely at the previously defined sE-dependent promoter up-

FIG. 6. Spore germination and outgrowth in the presence and absence of
heat activation. The optical density of a purified spore suspension was deter-
mined at the times indicated following inoculation into 23 YT medium contain-
ing 4 mM L-alanine at 378C. The experiment was performed without (A) or with
(B) a 15-min spore activation at 708C prior to inoculation. Symbols: h, PS832,
wild type; ■, PS1899, dacB::Cmr; E, PS2066, in-frame DdacB; F, PS2185, in-
frame DspmA. The optical density is presented as a percentage of the maximum
decrease observed for each individual strain during the experiment to account for
differences in this value among the strains. We attribute these differences to
small numbers (,10%) of germinated spores in some of the preparations and
killing of spores during heat activation. The maximum percentages of decrease in
optical density at 600 nm in the absence of heat activation were 43, 48, 44, and
52% for PS832, PS1899, PS2066, and PS2185, respectively. The maximum per-
centages of decrease following heat activation were 50, 32, 40, and 40%, respec-
tively.
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stream of dacB (38). The second and third genes, spmA and
spmB, appear to be poorly translated, presumably because of a
poor potential ribosome binding site upstream of spmA and a
10-base overlap in the dacB and spmA coding sequences (39).
We note that the poor translation of spmA and spmB we
observed may lead to general instability of the dacB operon
message; whereas the 59 end of the message has been detected
by primer extension (38), an attempt to detect the full-length
message by Northern (RNA) hybridization was unsuccessful
(3). An insertion mutation in dacB was shown previously to
result in the production of spores with reduced heat resistance
(9). Our data demonstrate that this loss of heat resistance is
partially due to a lack of expression of spmA and spmB.
Analysis of the peptidoglycan structure in the cortex of the

dacB (either insertion or deletion) mutant spores revealed that
peptide side chains are attached to 71 to 91% of the muramic
acid residues, compared with 45% in the wild type. Previous
results indicated that peptides were attached to 35% of the
muramic acid residues in the wild-type cortex and that an
additional 50% of the muramic acid was converted to muramic
acid lactam and thus had no side chain (46, 47). It would
appear that the dacB mutant spores contain little, if any, mu-
ramic acid lactam, although further experiments are needed to
verify this. In addition, 78% of the dpm in the dacB mutant
cortex was involved in peptide cross-link formation, compared
with 43% in the wild type. The D,D-carboxypeptidase activity
associated with PBP5* (43), the dacB product, might be ex-
pected to have a role in regulation of the degree of cross-
linking, since removal of the terminal D-alanine of a peptide
side chain results in the inability of this peptide to function as

a donor in D-alanine–dpm cross-link formation. The 70 to 80%
level of cross-linking found in the dacB mutant spore cortex is
at the theoretical limit for cross-linking in a multilayered pep-
tidoglycan structure containing this type of peptide side chain
(22). This suggests that PBP5* may be the major, and possibly
the only, factor involved in regulating the degree of cortex
peptide cross-linking. However, modification of the cortex gly-
can chains may alter the predicted maximum degree of cross-
linking (22). We speculate that cleavage by PBP5* of one or
both of the terminal D-alanines from the original pentapeptide
creates a substrate for subsequent removal of more of the
peptide, a process which could lead ultimately to muramic acid
lactam formation (42). The slow outgrowth of dacB mutant
spores might be due to resistance of the altered cortex to
degradation by the normal cortex lytic enzymes. Enzymes in-
volved in normal vegetative wall expansion could eventually
allow outgrowth of these cells.
Theories suggesting that a mechanical activity of the spore

cortex might be involved in attaining dehydration of the spore
core (25, 45) have incorporated the ability of a loosely cross-
linked peptidoglycan to expand and contract in response to
changes in ionic strength (12, 31). The fact that the spores
produced by our dacB deletion strain exhibit normal dehydra-
tion refutes these theories. An earlier suggestion that the cor-
tex is merely a very highly cross-linked retaining wall involved
in maintaining core dehydration (27) would also appear to be
incorrect. The highly cross-linked dacB mutant cortex should
be an effective retaining wall, yet the loosely cross-linked wild-
type cortex is more effective at maintaining heat resistance.
Spore heat resistance has been found previously to correlate

FIG. 7. Transmission electron micrographs of wild-type, dacB mutant, and spm mutant spores. Purified, decoated spores were fixed, embedded, and sectioned as
described in Materials and Methods. (A) PS832, wild type; (B) PS1899, dacB::Cmr; (C) PS2066, in-frame DdacB; (D) PS2185, in-frame DspmA. The amount of space
between the well-defined cortex structure and the coat layers in the dacB mutant spores was highly variable. Bars, 0.2 mm. p, protoplast or core; c, cortex.
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with a number of spore characteristics, including the amount of
cortex peptidoglycan (18), the ratio of spore protoplast (core)
volume to sporoplast (core-plus-cortex) volume (6), and the
spore core wet density (5, 29). We found no significant differ-
ence in the amounts of peptidoglycan per unit of spores among
our strains, but measurements of electron micrographs indi-
cated that there was a significant increase in the protoplast/
sporoplast volume ratios in dacB insertion, dacB deletion, and
spm mutant spores. Interestingly, this ratio change was found
in both the presence (spm mutants) and absence (dacB dele-
tion) of a change in spore core hydration. It is tempting to
speculate that this increased ratio in the dacB and spmmutants
is due to an alteration in cortex structure, resulting in a shift
from an extended to a compact peptidoglycan conformation.
However, the degree of variation in our measurements does
not allow us to state whether the ratio changes are due to an
increase in protoplast volume, a decrease in cortex volume, or
both. In addition, the potential for artifactual variation in
spore component volume upon preparation for electron mi-
croscopy makes extrapolation of these data to the situation in
viable, hydrated spores questionable.
Gerhardt and colleagues have demonstrated that heat resis-

tance is correlated with core wet density in spores produced by
a variety of species and under differing growth conditions (5,
29). We have now demonstrated a similar qualitative correla-
tion with isogenic spores whose cores appear to differ only in
their water contents. However, the wild-type protoplast wet
density of the spores produced by the dacB deletion strain did
not correlate with their lowered heat resistance, indicating that
cortex structure is one additional factor involved in maintain-
ing heat resistance. This effect may be due to leakage of DPA
and other core solutes from the dacB deletion mutant spores
upon heating, which results in a decreased protoplast wet den-
sity. Indeed, when wild-type and dacBmutant spores are dried,
they exhibit identical levels of heat resistance (32), suggesting
that a defective cortex results in heat sensitivity only when
influx of water into the spore is possible.
At approximately the time of final spore dehydration, 50%

of the spore protease (GPR) is processed from its zymogen
form (P46) to its active form (P41) (36). In vitro processing
of P46 is also greatly stimulated by dehydration (17). When
GPR is greatly overproduced during sporulation in a wild-type
strain, 50% of the protease is still processed to P41 at the
normal time, and this higher level of P41 appears to result in
degradation of a significant portion of the SASP-g and a small
amount of SASP-b (36). When GPR overproduction is carried
out in the dacB insertion or spmA deletion mutants, processing
of the protease takes place with much slower kinetics and 50%
processing is achieved at a significantly later time during sporu-
lation. These data are consistent with a slower dehydration of
the spore protoplast in dacB insertion and spmA deletion mu-
tants than in the wild-type strains. SASP-g was synthesized in
the dacB insertion mutant but, in the presence of increased
amounts of P41, was subsequently degraded completely; a sig-
nificant amount of SASP-b was also lost. These data suggest
that P41 formed in the dacB insertion mutant may be able to
act on SASP more readily than P41 formed in wild-type spores,
possibly because there may be a slightly higher spore core
water content at the time of P41 generation in the dacB spores.
Mutations affecting the spm genes resulted in the production

of spores with reduced core wet density. Delayed GPR pro-
cessing in an spmA deletion strain suggests that the defect in
these spores is an inability to attain normal protoplast dehy-
dration as opposed to an inability to maintain dehydration. The
roles of the spm gene products in spore core dehydration are
unknown, but we can speculate on two possibilities. First, these

proteins might be involved in transport of something into or
out of the forespore. The predicted products of spmA and
spmB have four to five and two highly hydrophobic regions,
respectively, which might function as membrane interaction
or membrane-spanning regions. Second, these proteins might
be required, directly or indirectly, for some modification of
the cortex peptidoglycan structure. Although we detected no
change in the spm mutant cortex chemical structure, a more
detailed analysis might do so. A more subtle change in cortex
structure could be a change in the three-dimensional structure
of the peptidoglycan lattice in the absence of a chemical mod-
ification. None of these possible mechanisms of spm product
action are exclusive; modification of the forespore ionic envi-
ronment via transport could bring about a change in cortex
conformation, which could then lead to a further chemical
modification. Determination of the location of these proteins
in the sporangium (i.e., mother cell cytoplasm, cortical space,
spore core, or mother cell, outer forespore, or inner forespore
membranes) and in vitro analysis of their activities will be
interesting future studies. A more detailed examination of
wild-type, dacB mutant, and spm mutant cortex structures dur-
ing synthesis, dormancy, and germination will further expand
our understanding of the role of this structure in spore core
dehydration and spore heat resistance.
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