
JOURNAL OF BACTERIOLOGY,
0021-9193/99/$04.0010

Oct. 1999, p. 6205–6209 Vol. 181, No. 19

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Spore Peptidoglycan Structure in a cwlD dacB
Double Mutant of Bacillus subtilis

DAVID L. POPHAM,1* JENNIFER MEADOR-PARTON,1 CATHERINE E. COSTELLO,2

AND PETER SETLOW3

Department of Biology, Virginia Tech, Blacksburg, Virginia 240611; Mass Spectrometry Resource,
Boston University School of Medicine, Boston, Massachusetts 02118-25262; and

Department of Biochemistry, University of Connecticut Health Center,
Farmington, Connecticut 06030-330533

Received 12 March 1999/Accepted 27 July 1999

Bacillus subtilis cwlD and dacB mutants produce spore peptidoglycan (PG) with increased cross-linking but
with little change in spore core hydration compared to the wild type. A cwlD dacB double mutant produced
spores with a two- to fourfold greater increase in PG cross-linking and novel muropeptides containing glycine
residues but no significant changes in spore resistance or core hydration.

The peptidoglycan (PG) cortex of bacterial endospores is
required for maintenance of spore core dehydration, heat re-
sistance, and dormancy. This PG differs in structure from that
of the vegetative cell walls of the corresponding species in that
many of the PG peptide side chains are removed either par-
tially, to leave single L-Ala side chains, or completely, with
formation of muramic-d-lactam (22, 24). The decrease in the
number of side chains results in a very low degree of cross-
linking of the PG strands in the spore cortex (1, 14, 22). This
low degree of cross-linking should give the cortical PG a sig-
nificant flexibility, which has been proposed to be required for
achievement of spore core dehydration during spore formation
(8, 21). Recently, it has been suggested that there is a gradient
of cross-linking across the span of the cortical PG, with loose
cross-linking on the inside and high cross-linking on the out-
side, which provides a directional flexibility to this structure
that might participate in core dehydration (13). Recent ad-
vances in methods for rapid analysis of spore PG structure
have allowed the identification of structural changes in several
mutant strains. A Bacillus subtilis dacB mutant, which lacks the
sporulation-specific D,D-carboxypeptidase penicillin-binding
protein (PBP) 5* (4), has a fourfold increase in spore PG
cross-linking compared to the wild type yet has normal spore
core dehydration (1, 14) and only a slight loss of spore heat
resistance due to an inability to maintain dehydration upon
heating (16). A cwlD mutant produces spore PG with no mu-
ramic-d-lactam and a twofold increase in cross-linking (1, 15),
has almost-normal spore core dehydration and normal spore
heat resistance (15), and is unable to degrade spore PG in
order to complete germination (15, 19). The fact that major
increases in the PG cross-linking in these mutant spores had
little effect on spore core dehydration and heat resistance is
suggestive that flexibility of the cortical PG may in fact be
unimportant in achievement of spore core dehydration. How-
ever, it is not certain whether in these mutants the high amount
of spore PG cross-linking is present during the process of spore
core dehydration or is attained only after this process is com-
plete.

Given the significant changes in PG structure in spores of

cwlD and dacB mutants, we decided to determine if there were
even greater changes in PG structure in spores of a cwlD dacB
double mutant and whether this would have any significant
effect on spore phenotype. We constructed a cwlD dacB dou-
ble-mutant strain by transformation of strain PS2066 (DdacB)
(16) with chromosomal DNA from PS2307 (cwlD::Cm) (15,
19) and selection for chloramphenicol resistance; the presence
of each mutation in the resulting strain, PS2422, was verified by
Southern blotting. The single mutants and the double mutant
had vegetative growth rates in 23 SG medium (7) identical to
that of a wild-type strain (PS832), and all produced equal
numbers of spores per milliliter of culture based upon micro-
scopic examination. As observed previously, the colony-form-
ing ability of the cwlD spores was severely reduced (15, 19)
(1023 colonies/spore) and this was unaffected by the addition
of the dacB mutation. When spore germination was assayed as
described (15), the double mutant exhibited a phenotype iden-
tical to that previously found for the cwlD mutant (15, 19).
Relative to wild-type and dacB spores, the cwlD and double-
mutant spores lost optical density and released dipicolinic acid
(DPA) a little more slowly following exposure to germinants.
However, the extents of optical density loss and DPA release
were similar for all spore preparations by 90 min after addition
of germinants. Germinating wild-type and dacB spores re-
leased 45 and 19% of the total spore hexosamine as PG frag-
ments within 90 min, respectively, while the cwlD and double-
mutant spores released ,5%. The latter severe defect is due to
the inability of spores of strains with the cwlD mutation to
hydrolyze their altered spore PG during germination (2, 15,
19). Spore heat resistance was determined by using a method
(15) in which the mutant spores are subjected to a mild ly-
sozyme treatment which allows them to complete germination
and form colonies. As observed previously (15), the wild-type
and cwlD spores had similar values for heat resistance (D85
values of 28 and 33 min, respectively; the D85 is the time at
85°C required to reduce spore viability tenfold), while the dacB
spores had slightly reduced heat resistance (D85 of 16 min).
The heat resistance of the double-mutant spores (D85 of 16
min) was identical to that of the dacB spores. These heat
resistance values correlated well with spore core wet density
values measured by metrizoic acid density gradient centrifuga-
tion of coat-permeabilized spores (9). The wild-type and dacB
spores had identical spore core wet densities (two independent
measurements [13, 16]), whereas the cwlD and double-mutant
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spores had a slightly reduced spore core wet density (reduced
by 0.006 g/ml, three independent measurements). This slight
increase in spore water content is not expected to produce a
discernible change in heat resistance (3, 12). The decreased
heat resistance of the dacB spores is due to the inability of
these spores to maintain core dehydration upon heating (16),
and this is presumably also the case for the cwlD dacB spores.

To determine if changes in spore cortex structure were cor-
related with changes in other properties of these spores, PG
was purified from each of the spore preparations and digested
with a muramidase (Mutanolysin; Sigma), and the digest was
analyzed by reversed-phase high-performance liquid chroma-

tography (HPLC) (Fig. 1) (1, 14). Most of the resulting mu-
ropeptides were identified by cochromatography with previ-
ously identified muropeptides (Table 1). Novel muropeptides
were further purified by using a different reversed-phase
HPLC gradient system and subjected to amino acid analysis
and matrix-assisted laser desorption/ionization (MALDI)
time-of-flight mass spectrometry (14) (Table 2). Newly identi-
fied muropeptides included two disaccharide (DS) pentapep-
tides, i.e., one containing a Gly residue (Fig. 1 and Table 2,
peak 3A [DS-TP-Gly; TP is tetrapeptide]) and one containing
an additional Ala residue (Fig. 1 and Table 2, peak 3B [DS-
TP-Ala]). The presence of glycine in muropeptides from spore
cortex had previously been seen in cwlD single-mutant spores
(muropeptides 1A and 7A) (15) and in the PG of outgrowing
spores (11), but the positions of these glycine residues in the
peptides are uncertain (see below). Muropeptides 3A and 3B
were present in small amounts in the cwlD mutant spores but
had not been previously identified. Other newly identified mu-
ropeptides (Table 2) derived from the double-mutant spores
included peak 8A, a cross-linked dimer of DS-TP-Gly and
DS-TP; peak 9A, a cross-linked dimer of DS-TP-Ala and DS-
TP; peak 13B, a cross-linked trimer of one DS-TP-Ala and two
DS-TP; and peak 13C, a cross-linked tetramer of DS-TP.

The overall structure of the spore PG in the double mutant
revealed a combination of the alterations seen in the two single
mutants as well as newly apparent muropeptides (Fig. 1 and
Tables 2 and 3). The complete lack of muramic-d-lactam
caused by the cwlD mutation (1, 15) was combined with the
high amount of cross-linking caused by the dacB mutation (1,

FIG. 1. HPLC analysis of spore PG muropeptides. PG purified from spores
produced by strains PS832 (wild type) (A), PS2066 (DdacB) (B), PS2307
(cwlD::Cm) (C), and PS2422 (cwlD::CmDdacB) (D) was muramidase digested
and separated by using a methanol gradient as previously described (14). Peaks
are numbered as previously described (14, 15), and the structures of the mu-
ropeptides are given in Table 1. Peaks labeled B are buffer components seen in
control samples. Peaks labeled X are reduction products of muramic-d-lactam-
containing muropeptides; corrections for this reduction were performed in cal-
culation of PG structural parameters (14). No additional peaks were observed
upon longer elution of the samples in panels C and D.

TABLE 1. Muropeptide peaks derived from spore PG

Peaka Structureb
Reference

for
structure

Amino acids
released during
hydrazinolysis

1 DS-TriP 14 Dpm
1A DS-TriP-Gly 15 Gly
2 DS-Ala 14 Ala
3 DS-TP 14 Ala
3A DS-TP-Gly Table 2 Gly, Ala
3B DS-TP-Ala Table 2 Ala
4 DS-TP-TP 14
5 TS-TP (open lactam) 1, 14
6 TS-TP (reduced lactam) 14
7 TS-Ala (reduced lactam) 14
7A DS-TriP-Gly-DS-TP 15 Gly
8 DS-TriP-DS-TP 14 Dpm
8A DS-TP-Gly-DS-TP Table 2 Gly
9 DS-TP-DS-TP 14 Ala
9A DS-TP-Ala-DS-TP Table 2 Ala
10 TS-TP 14
11 TS-TP-TP 14
12 DS-TP-TS-TP (reduced lactam) 14
13 TS-Ala 14
13A DS-TP-DS-TP-DS-TP 15
13B DS-TP-DS-TP-DS-TP-(Ala) Table 2
13C DS-TP-DS-TP-DS-TP-DS-TP Table 2
14 DS-TP-TS-TP 14
17 TS-TP-TS-TP 14
18 HS-TP 14
19 HS-Ala 14
20 TS-TP-HS-TP 14

a Peaks are numbered as shown in Fig. 1.
b Abbreviations: HS, hexasaccharide; TS, tetrasaccharide. Where multiple sac-

charide moieties are indicated they are cross-linked via their peptide side chains
with the first peptide providing the acceptor Dpm. The placement of an Ala
residue in parentheses in muropeptide 13B indicates that this residue could be on
either the first or second acceptor peptide.
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14). The appearance of novel muropeptides 8A, 9A, 13B, and
13C in the double mutant is due to increased cross-linking of
monomer muropeptides that are present in the single mutants.
The presence of a small amount of ineffective cross-links, in
which one of the peptides had been cleaved from the glycan
strand, was previously seen in dacB spore PG (14). A very
small amount of these ineffective cross-links was also found in
the double-mutant spore PG (Fig. 1D, peak 4). The fact that
there are fewer of these ineffective cross-links in the double-
mutant spore PG than in the dacB spore PG suggests that
while a CwlD muramoyl-L-alanine amidase activity may be
responsible for some of this peptide cleavage there must also
be an additional amidase functioning during spore PG synthe-
sis. The percentage of muramic acid residues which retained
peptides of any sort (87%) was increased above the level seen
in the cwlD mutant (66%), and the increased cross-linking of
these peptides may reduce the cleavage to produce single L-Ala
side chains, as seen in the dacB mutant (Table 3) (1, 14). The
degree of effective cross-linking (both peptides attached to
glycans) of the spore PG in the double mutant (expressed as a
percentage of muramic acid residues with cross-linked pep-
tides) was ninefold, fourfold, and twofold greater than those of
the PG from wild-type, cwlD, and dacB spores, respectively
(Table 3). The degree of cross-linking of the PG from the cwlD
dacB spores is similar to values obtained for B. subtilis vege-
tative cell wall PG (6, 17, 23).

The fact that the extremely high level of PG cross-linking in
cwlD dacB spores had no effect on attainment of relatively
normal spore core dehydration suggests that either (i) the
flexibility of the spore PG is irrelevant to core dehydration, (ii)
high degree of cross-linking is achieved only after core dehy-
dration has taken place, or (iii) the high degree of cross-linking
is concentrated in the outer layers of the spore PG and the

proposed gradient of cross-linking within this structure (13) is
still present. Analysis of the PG structure in developing spores
throughout sporulation should generate evidence for or
against these various possibilities, and this work is currently in
progress.

Since the observation of Gly in spore PG was rather novel,
we attempted to determine the positions of the Gly residues in
the appropriate muropeptides derived from cwlD and double-
mutant spore PG. Treatment of the Gly-containing muropep-
tides with fluorodinitrobenzene (FDNB) never resulted in
modification of the Gly residues, as judged by subsequent
amino acid analysis, indicating that the Gly did not have a free
amino group. However, FDNB treatment did result in modi-
fication of all diaminopimelic acid (Dpm) residues in monomer
muropeptides (peaks 1, 1A, 3, 3A, and 3B) and 50% of the
Dpm in cross-linked muropeptides (peaks 7A, 8, 8A, 9, 9A,
and 13B) (the “acceptor” Dpm which is involved in cross-
linking should not be modified). This indicates that the Gly in
these muropeptides is not in a peptide bond to the e-amino
group of the Dpm, in the position of a Gly peptide cross bridge
observed in the PG of some bacterial species (18). This is
relevant to the observation that Lysostaphin, which cleaves
glycyl-interpeptide cross bridges in PG, can exert some effect
on the B. subtilis vegetative cell wall (20) despite the failure to
identify such cross bridges in this species (23). Remaining
possibilities for the position of the Gly are (i) the a-carboxyl
group of the Dpm, (ii) the v-carboxyl group of the Dpm, (iii)
the a-carboxyl group of the D-Glu, and (iv) the carboxyl group
of Ala in DS-TP-Gly. Hydrazinolysis of muropeptide 1A pro-
duced only Gly (Table 1), suggesting that the Gly is attached to
Dpm (if the Gly were on the Glu then the Dpm should also be
recovered as a C-terminal amino acid, as for muropeptide 1
[Table 1]). Hydrazinolysis of muropeptide 3A produced Gly

TABLE 2. Structural data for novel muropeptidesa

Peak

Amt (nmol)

Predicted structure
(M-H)2

calculated
m/zb

(M-H)2

observed
m/zbN-acetylglucosamine N-acetylmuramic

acid Ala Glu Dpm Gly

3A 1 (1) 1.0 (1) 2.1 (2) 1.2 (1) 1.2 (1) 1.0 (1) DS-TP-Gly 999.0 998.7
3B 1 (1) 1.2 (1) 2.9 (3) 1.3 (1) 1.2 (1) 0.1 (0) DS-TP-Ala 1,036.0c 1,034.5c

8A 1 (2) 1.1 (2) 2.0 (4) 1.3 (2) 1.1 (2) 0.6 (1) DS-TP-Gly-DS-TP 1,921.9 1,921.5
9A 1 (2) 1.3 (2) 3.2 (5) 1.7 (2) 1.6 (2) 0.05 (0) DS-TP-Ala-DS-TP 1,936.0 1,935.0
13B 1 (3) 1.1 (3) 2.1 (7) 1.1 (3) 1.3 (3) 0.1 (0) DS-TP-DS-TP-DS-TP-(Ala) 2,859.9 2,859.1
13C 1 (4) 1.0 (4) 2.0 (8) 1.2 (4) 1.2 (4) 0.04 (0) DS-TP-DS-TP-DS-TP-DS-TP 3,712.7 3,712.5

a Peaks are numbered as shown in Fig. 1. All nanomole amounts determined using amino acid and amino sugar analyses (14) are normalized to the amount of
N-acetylglucosamine taken as 1. Values in parentheses are predicted numbers of moles of the residues within the molecule. The placement of an Ala residue in
parentheses in muropeptide 13B indicates that this residue could be on either the first or second acceptor peptide.

b (M-H)2 is the deprotonated molecular ion observed in the negative-ion mode. Calculated m/z values are the mass-to-charge ratios predicted from the amino acid
and amino sugar analyses. Average mass values are given. Observed m/z values are the values measured by MALDI time-of-flight mass spectrometry.

c These are calculated and observed values for the (M1Na)1 ion.

TABLE 3. Spore PG structural parametersa

Strain (genotype)
% of muramic acid with side chain ofb: %

Peptides
with Gly

% of muramic
acid with a cross-
linked peptidecLactam L-Ala TP TriP TP-Ala

PS832 (wild type) 50 24 6 2 25 6 2 2.1 6 0.8 0 0 3.5 6 0.6
PS2066 (DdacB) 46 6 1 12 43 6 2 2.2 6 0.1 0 0 16.5 6 1.3 (13.7)
PS2307 (cwlD::Cm) 0 33 6 1 58 6 1 6.4 6 0.4 1.2 6 0.1 6.3 6 0.7 7.9 6 0.3
PS2422 (cwlD::Cm DdacB) 0 13 6 3 80 6 3 4.8 6 0.4 2.4 6 0.2 3.9 6 1.0 32.4 6 3.0

a Data are averages of two (PS832, PS2066, and PS2307) or three (PS2422) analyses with errors of 1 standard deviation.
b Lactam, muramic-d-lactam. The values given for TP and TriP are the sum of TP and TP-Gly and the sum of TriP and TriP-Gly, respectively.
c The value in parentheses is for effective cross-links; the remaining (ineffective) cross-links involved peptides which had been cleaved from the muramic acid (14).

If no value is given in parentheses then there were not enough ineffective cross-links to alter the value.
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and Ala. Two possible interpretations of this are (i) that the
Gly and the Ala are peptide bonded to the a- and v-carboxyls
of the Dpm and (ii) that this is a mixture of two linear pen-
tapeptides with the Gly in either the fourth or fifth position.
The results for quantitative recovery of amino acids following
hydrazinolysis were not consistent enough to differentiate be-
tween these two possibilities. Hydrazinolysis of muropeptide
3B released Ala. Again, either this additional amino acid could
be on the v-carboxyl of the Dpm or this could be a linear
pentapeptide terminating in two Ala residues. However, we
have found that this muropeptide is also present in the spore
PG of a dacA mutant (10) that lacks the D,D-carboxypeptidase
PBP5. Loss of this protein might be expected to result in the
retention of the linear pentapeptide present in the PG precur-
sors. Hydrazinolysis of muropeptide 8A produced only Gly.
This indicates that the Gly must be the fifth residue of a linear
acceptor pentapeptide. HPLC separation by using a different
buffer system (14) resolved peak 7A into two muropeptides,
each of which gave the identical results of amino acid analysis.
Hydrazinolysis produced only Gly from each of these. Two
potential explanations for this are (Fig. 2) (i) that these two
muropeptides are DS-TriP-DS-TP (TriP is tripeptide) with an
additional Gly attached to either the a- or the v-carboxyl of
the Dpm in the acceptor TriP and (ii) that these two muropep-
tides each have Gly attached to the same carboxyl of Dpm and
that they differ in some other part of the molecule. Although
MALDI postsource decay time-of-flight mass spectrometry has

allowed us to determine the carbohydrate and amino acid
sequences of some muramyl peptides (5), the signals from
muropeptides 7A and 8A containing five free carboxyl groups
were too low to permit fragment ion analysis.

Our data indicates that Gly is present in some cases as the
fourth amino acid in the peptide (muropeptide 1A and poten-
tially 7A) and in some cases as the fifth (muropeptide 8A and
potentially 3A). It is also possible that some Gly residues (and
by analogy some extra Ala residues) are on the v-carboxyl of
the Dpm, a novel position for Gly in PG (18). The origin of
these Gly residues is unclear, and they are seen only under
unique circumstances—in strains with disrupted PG metabo-
lism and in outgrowing spores (11). However, no Gly-contain-
ing peptides are seen in immature spore PG extracted from
wild-type forespores (10). It is possible that these Gly residues
are incorporated into PG due to some amino acid deficiency,
which could arise during spore outgrowth in poor medium or
due to a failure to cleave and recycle peptides during PG
synthesis in sporulation of certain mutants. However, supple-
mentation of cultures of the cwlD dacB mutant 2.5 h into
sporulation with either 1 mM D-Ala or 1 mM L-Ala and anal-
ysis of the resulting spore PG structure showed that these
medium additions had no effect on the incorporation of Gly
residues onto PG (data not shown). An alternative possibility is
that some Gly residues in mutant spore PG are a byproduct of
an abnormal Dpm amidation reaction; indeed, Dpm in the
vegetative wall of B. subtilis is normally amidated on the v-car-
boxyl (23).
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