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Amino acid sequence analysis of tryptic peptides derived from purified penicillin-binding protein PBP2a of
Bacillus subtilis identified the coding gene (now termed pbpA) as yqgF, which had been sequenced as part of the
B. subtilis genome project; pbpA encodes a 716-residue protein with sequence similarity to class B high-
molecular-weight PBPs. Use of a pbpA-lacZ fusion showed that pbpA was expressed predominantly during
vegetative growth, and the transcription start site was mapped using primer extension analysis. Insertional
mutagenesis of pbpA resulted in no changes in the growth rate or morphology of vegetative cells, in the ability
to produce heat-resistant spores, or in the ability to trigger spore germination when compared to the wild type.
However, pbpA spores were unable to efficiently elongate into cylindrical cells and were delayed significantly in
spore outgrowth. This provides evidence that PBP2a is involved in the synthesis of peptidoglycan associated
with cell wall elongation in B. subtilis.

Penicillin-binding proteins (PBPs) are enzymes involved in a
number of reactions of peptidoglycan biosynthesis and have
been divided into three classes based on sequence similarity
(9). In Escherichia coli, the class A high-molecular-weight
PBPs have been shown to possess a transglycosylase activity
involved in polymerization of the peptidoglycan’s sugar back-
bone (13, 18, 37). The class A and class B high-molecular-
weight PBPs of E. coli exhibit transpeptidase activity, which
results in peptide cross-links between adjacent glycan strands
(11–13, 18, 37), while the low-molecular-weight PBPs of E. coli
and Bacillus subtilis are most often carboxypeptidases (9, 15,
38).

In B. subtilis PBPs are involved not only in the synthesis of
the peptidoglycan sacculus but also in the synthesis of both the
germ cell wall and the cortex of the dormant spore. The latter
structure is different from the vegetative cell wall peptidogly-
can in that the spore cortex contains muramic acid lactam
residues (39). Alteration of the spore cortex structure can
affect spore resistance properties as well as spore germination
and outgrowth (3, 10, 23–25).

To understand in detail the contribution of individual PBPs
to cell and spore properties as well as to peptidoglycan struc-
ture in B. subtilis, we have been identifying and characterizing
the genes encoding these proteins (17, 26–29). With the ex-
ception of PBP2b, which is an essential protein (41), the loss of
individual PBPs in B. subtilis has not been associated with
dramatic phenotypic changes (17, 26–29, 40). Indeed, cells
lacking as many as three class A high-molecular-weight PBPs
(PBP1, PBP2c, and PBP4) are viable, exhibiting only a slight
growth defect, indicating a redundancy of function amongst
the different high-molecular-weight PBPs (30). Furthermore,
while PBP2b is thought to be responsible for septum formation
in B. subtilis (41), no single B. subtilis PBP responsible for cell
elongation has been identified. In contrast, mutations in pbpA
encoding PBP2 of E. coli result in the production of spherical

cells, indicating a preeminent role for PBP2 in maintenance of
the rod-like shape of the cell (35).

To date the only major PBP of B. subtilis whose coding gene
has not been identified is PBP2a. This PBP was initially iden-
tified as component II when PBPs were first described in B.
subtilis by Blumberg and Strominger (4) and was later called
PBP2a after the discovery of PBP2b (14). In this work we
identify the gene encoding this protein, characterize its expres-
sion, and demonstrate that while the loss of PBP2a is not
associated with phenotypic changes during vegetative growth,
mutant spores are unable to efficiently make the transition
from a germinated spore to a cylindrical cell during outgrowth.
The evidence presented here predicts that the major role for
PBP2a in B. subtilis is in cell elongation during germination
and outgrowth.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The B. subtilis strains used are de-
rived from 168 and are listed in Table 1. B. subtilis was grown and sporulated at
37°C in 23 SG medium (16). Spores were purified by repeated washes with H2O
and then stored in H2O at 4°C as previously described (20). Bacterial spores were
heat shocked in H2O for 30 min at 70°C prior to germination in 23 YT medium
(16 g of tryptone, 10 g of yeast extract, and 4 g of NaCl, per liter of H2O) with
4 mM L-alanine as described previously (25). Spore heat resistance was measured
as described previously (25) by heating the spores in water at 85°C for 15 min. B.
subtilis was transformed to chloramphenicol resistance (Cmr; 3 mg/ml) as de-
scribed previously (1). E. coli was grown in 23 YT medium with ampicillin (50
mg/ml) at 37°C.

Peptide sequencing, enzyme assays, and membrane and spore cortex prepa-
ration. Strain PS1900, which lacks the abundant PBP5, was grown to an optical
density of around 3.0 in 10 liters of 23 YT medium. Cells were harvested, and
total PBPs were isolated via penicillin affinity chromatography as previously
described (26). Individual PBPs were separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE), transferred to a polyvinyli-
dene difluoride membrane, and stained with 0.1% amido black as described
previously (17, 21). The PBP2a band was cut out and digested with trypsin;
tryptic peptides isolated by high-pressure liquid chromatography (HPLC) were
sequenced as described previously (21). The isolation of B. subtilis membranes
from vegetative cells growing in 23 SG medium at 37°C, labeling of PBPs with
fluorescein–hexanoic-6-amino-penicillanic acid (FLU-C6-APA) and their sepa-
ration using SDS-PAGE was as described previously (30). The spore cortex was
purified essentially as previously described (3) and analyzed by reverse-phase
HPLC after digestion with mutanolysin (Sigma) (3, 23). b-Galactosidase assays
using the substrate o-nitrophenyl-b-D-galactopyranoside with lysozyme extracts
of vegetative cells, germinated spores, and decoated dormant spores were as
previously described (20, 27).
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PCR amplification of pbpA and upstream regions. Two primers were used to
amplify by PCR a 602-bp fragment containing the first 306 bp of pbpA and 296
upstream bp. PBPA1 (30-mer, 59GGCCCTTCTGAAAGAGGATGTGGGAAT
TCC39, nucleotides (nt) 135363 to 135392 in DDBJ D84432) was designed to
take advantage of an EcoRI site present in the sequence (underlined) to aid in
cloning. PBPA2 (34-mer, 39-GATTTAGCTGGTGCGTTCTTGTCGCGCCTA
GGCG59, complementary to nt 135965 to 135990 in DDBJ D84432) contained
an added 59 BamHI site and flanking residues (underlined) to assist in cloning.
The resulting EcoRI-BamHI fragment was cloned into pUC19, generating plas-
mid pTMA1; the insert in this plasmid was sequenced using an automated DNA
sequencer (373 DNA Sequence System; Applied Biosystems) to confirm that the
PCR product had the correct sequence. The EcoRI-BamHI fragment was cut out
of pTMA1 and cloned into pJF751a (36) and pDG268 (2) in E. coli JM83 by
standard methods, generating plasmids pTMA2 and pTMA3, respectively (Fig.
1). pTMA2 and pTMA3 were used to transform B. subtilis to Cmr, generating
transcriptional pbpA-lacZ fusions at the pbpA locus (strain PS2462) and the
amyE locus (strain PS2463); both of these constructs retained a wild-type copy of
pbpA. Finally, a 232-bp SspI-BamHI fragment (note that the BamHI site was
introduced by PCR) within the pbpA coding sequence was cloned into pJH101
(8). The resulting plasmid, pTMA4 (Fig. 1), was used to transform B. subtilis to
Cmr, generating an insertional mutant via a Campbell type integration (strain
PS2465). Southern blot analysis (33) confirmed that all strains had the expected
genomic structures (data not shown).

Primer extension. RNA was extracted as previously described from B. subtilis
PS832 and PS2463 grown in 25 ml of 23 SG medium to an optical density at 600
nm of 2.0 (log phase) (26). Two oligonucleotides, PRA1 (19-mer, 59CAGCCG

GATCGGAAGCGAC39) and PRA2 (23-mer, 59GCCCAGTTCCACAATAAT
CCAGG39) from within the pbpA coding region (Fig. 2) were end labeled with
32P and incubated with 30 to 50 mg of RNA in primer extension reactions as
previously described (26). Sequencing of the pTMA1 template was done with the
appropriate 32P-labeled oligonucleotide using the chain termination method (31)
with the Sequenase kit (U.S. Biochemicals). The primer extension and sequenc-
ing reactions were run on a 6% denaturing gel which was dried and exposed to
X-ray film with an intensifying screen at 280°C.

Light and electron microscopy of wild-type and pbpA outgrowing spores. For
light microscopy, 1-ml samples of germinating and outgrowing spores from cul-
tures of strains PS832 and PS2465 were pelleted in a microcentrifuge, resuspend-
ed in 1 ml of 0.1% glutaraldehyde in phosphate-buffered saline, pH 7.3 (PBS; 137
mM NaCl, 3 mM KCl, 5.4 mM Na2HPO4, 1.7 mM KH2PO4) for 30 min at room
temperature, and washed with 1 ml of PBS. Fixed germinated spores and cells
were photographed by differential interference contrast (DIC) microscopy using
a Zeiss confocal laser scanning microscope with a 1003 Plan-APOchromat oil
immersion lens. Analyses of cell size and volume used Adobe photoshop soft-
ware with DIC images of cells. Statistical analyses of cell dimensions used Excel
5.0 (Microsoft). For electron microscopy, 5-ml samples of pbpA and wild-type
outgrowing spores were harvested at various times as described above, prepared,
and analyzed as previously described (32).

RESULTS

Identification of pbpA. Two different peptides from a tryptic
digest of purified PBP2a were partially sequenced giving SVL
GSVSSSNEGLPSNLLDHYLSL and GATVLTGLQTGAIN
LNTVFKDEPLYI (note that the presence of an internal lysine
residue suggests that this peptide was a partial digestion prod-
uct). These two sequences correspond to amino acids 241 to
264 and 401 to 426 of the predicted protein encoded by a gene
identified as yqgF (DDBJ accession no. D84432), which maps
to about 220° on the B. subtilis chromosome. The predicted
protein encoded by yqgF is 32.7% identical to the penA (pbpB)
gene product, the high-molecular-weight class B PBP2b of Strep-

FIG. 1. Map of the pbpA (yqgF) locus. (A) Open reading frames are indi-
cated by open boxes, and the location and direction of transcription initiation are
given by the arrow. A hairpin structure that is likely to be a transcription term-
inator is shown at the end of the pbpA coding region. (B) Endonuclease restric-
tion map of the pbpA locus. E, EcoRI; S, SspI; P, PstI; H, HincII. (C) Plasmid
constructs used in the generation of transcriptional lacZ fusions (pTMA2 and
pTMA3) and the pbpA insertional mutant (pTMA4). pTMA1 was used in the
construction of pTMA2 and pTMA3.

FIG. 2. DNA sequence upstream and including the N-terminal coding region
of pbpA (bp 135539 to 135807, DDBJ accession no. D84432). The predicted 210
promoter sequence is in boldface, and the transcription start site identified by
primer extension is shown by the vertical arrow. An inverted repeat is underlined
with arrows. The 235 in parenthesis denotes the region where the 235 recog-
nition sequence would be expected. The underlined ribosome binding site (rbs)
is the putative ribosome binding site upstream of the likely translation initiation
codon of pbpA (thick underline). The amino acid sequences of the C terminus
and N terminus of the predicted yqgE and pbpA open reading frames are shown.
The sequences labeled PRA1 and PRA2 are complementary to the two primers
used in primer extension analysis to determine the transcription start point of
pbpA.

TABLE 1. B. subtilis strains and plasmids used

B. subtilis strain
or plasmid Genotype and/or construction Source or

reference

Strains
PS832 Wild type, trp1 revertant of 168 Stock
JT185 dacA::Cmr 38
PS1900 dacA::Cmr, JT1853PS832a 25
PS2462 pbpA-lacZ at pbpA, pTMA2 3 PS832 This work
PS2463 pbpA-lacZ at amyE, pTMA3 3 PS832 This work
PS2465 pbpA::pTMA4 Cmr, pTMA4 3 PS832 This work

Plasmids
pTMA1 Upstream and N-terminal coding region

of pbpA in pUC19
pTMA2 Upstream and N-terminal coding region

of pbpA fused to lacZ in pJF751a
pTMA3 Upstream and N-terminal coding region

of pbpA fused to lacZ in pDG268
pTMA4 Fragment internal to the pbpA coding

sequence in pJH101

a3, transformation of chromosomal or plasmid DNA.
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tococcus pneumoniae (EMBL accession no. X16022) as deter-
mined using tfast software (7) and is 49% similar and 29%
identical to PBP2 of E. coli (EMBL accession no. X04516), the
PBP involved in side wall peptidoglycan synthesis (35). The
predicted protein is 716 residues in length (on SDS-PAGE,
PBP2a runs at a molecular mass of about 79 kDa) with an ami-
no-terminal hydrophobic sequence consistent with membrane
association, as well as the domains conserved in class B PBPs,
suggesting that this protein exhibits transpeptidase activity
(9, 22). These data strongly suggested that we had identified
the gene encoding PBP2a; this was confirmed by insertional mu-
tagenesis (see below). In accordance with nomenclature proposed
by Buchanan et al. (5), we have renamed the yqgF locus pbpA.

Expression of pbpA. A fragment encompassing the first 302
bp of the N-terminal coding region and 296 bp upstream of
pbpA (Fig. 1) was used to generate transcriptional lacZ fusions
to pbpA; these fusions were integrated at both the pbpA locus
(strain PS2462) and the amyE locus (strain PS2463). Analysis
of b-galactosidase expression from these constructs demon-
strated that levels of pbpA transcription appear highest during
vegetative growth, with this level dropping continuously after
entry into sporulation (Fig. 3A). The rapid fall in pbpA-driven
b-galactosidase activity as cells enter sporulation must be due
at least in part to degradation of b-galactosidase but also
suggests that pbpA transcription is decreased during this period
as well. The pattern of expression of the pbpA-lacZ fusion at
the amyE locus was similar to that of the pbpA-lacZ fusion at
the pbpA locus, indicating that the primary pbpA promoter is
within the region between yqgE and pbpA. Surprisingly, expres-
sion of the pbpA-lacZ fusion at amyE was two- to threefold
higher than that of the pbpA-lacZ fusion at the pbpA locus (Fig.
3A). This result was obtained with two different isolates with
pbpA-lacZ at amyE, and Southern blot analysis confirmed that
these strains did not have an additional copy of pbpA-lacZ at
the pbpA locus (data not shown). The higher level of expres-
sion of pbpA-lacZ at amyE may be due to the fact that at 25°
amyE is relatively near the chromosome origin while at 220°
pbpA is closer to the terminus. Consequently, during vegetative
growth there may be more copies of the amyE region of the
chromosome than of the pbpA region.

When spores containing the pbpA-lacZ fusion at either pbpA
or amyE were germinated, b-galactosidase activity began to
increase after 30 to 40 min and continued to increase thereaf-
ter (Fig. 3B and data not shown). This is consistent with pbpA
being expressed when peptidoglycan must be synthesized for
the wall elongation required for spore outgrowth (see below).
We also noted a very low but significant level of b-galactosi-
dase in dormant spores of the strain with the pbpA-lacZ fusion

FIG. 3. Expression of pbpA-lacZ fusions during growth and sporulation and spore germination and outgrowth. (A) b-Galactosidase specific activity measured from
pbpA-lacZ fusion strains grown and sporulated at 37°C in 2 3 SG medium. (B) b-Galactosidase specific activity measured from germinating pbpA-lacZ spores. There
was a 35% decrease in the initial optical density early in spore germination, and the lowest attained optical density was used to calculate specific activities during the
first 40 min of germination. Symbols: O, optical density; Ç, wild-type (strain PS832); ■, pbpA-lacZ at pbpA (strain PS2462); E, pbpA-lacZ at amyE (strain PS2463).

FIG. 4. Primer extension analysis identifying the transcription start point of
pbpA. RNA was isolated and analyzed as described in Materials and Methods,
and primer extension was done with 32P-labeled PRA2 (Fig. 2); the same primer
was used to generate the DNA sequencing ladder. The sequence lanes are
reversed so that the sequence corresponds to that in Fig. 2. The sequence lanes
were visualized after a 48-h exposure of the resulting polyacrylamide gel; primer
extension products were visualized after a 2-week exposure. Lane 1, primer
extension product obtained using RNA from the wild-type strain (PS832); lane 2,
primer extension product obtained using RNA from the strain with a pbpA-lacZ
fusion at amyE (PS2463).
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at the pbpA locus (0.5 Miller unit); however, no b-galactosi-
dase activity from pbpA-lacZ at the amyE locus was observed in
dormant spores (,0.1 Miller unit).

Localization of the major pbpA promoter. Since analyses of
pbpA-lacZ fusion expression suggested that the major pbpA

promoter was between yqgE and pbpA, we looked for the pbpA
transcription start site by primer extension analysis using two
different oligonucleotides from within the pbpA coding region
(PRA1 and PRA2, Fig. 2). RNA was extracted from log-phase
cells of strain PS832, as well as strain PS2463, to take advan-
tage of the elevated levels of the pbpA-lacZ transcript in the
latter strain. Using RNA from either strain, analysis of the
primer extension product with primer PRA2 revealed a band
which initiated at a T residue (denoted 11, Fig. 4) 34 nt
upstream of the putative translational initiation codon. Use of
PRA1 in primer extension analyses also gave the same tran-
scription start site with each of the RNA preparations (data
not shown). Additionally, using either primer, more pbpA
RNA was present in the strain with the pbpA-lacZ fusion at
amyE (Fig. 4); this was expected given the analyses of pbpA-
lacZ expression and the presence of a pbpA promoter at its
own locus as well as at amyE in strain PS2463.

The data given above indicate that the pbpA transcription
start site is identical for both the pbpA transcript and the
pbpA-lacZ transcript at amyE. The identification of the pro-
moter within the PCR fragment further indicates that the in-
tegration of the pbpA-lacZ fusion at pbpA does not generate a
pbpA mutant. Upstream of the identified pbpA transcription
start site there is a 210 recognition sequence (TCTTAC)
which shares three of six residues with the 210 consensus
sequence (TATAAT) for RNA polymerase with sA (Fig. 2).
However, we found no obvious 235 recognition sequence with

FIG. 5. Analysis of PBPs in the wild-type and pbpA mutant strains. Mem-
branes were prepared from 50-ml cultures grown in 2 3 SG medium, harvested
at an optical density of about 2.0, and incubated with 100 mM FLU-C6-APA.
Approximately 10 mg of total membrane protein was run on an SDS–10% PAGE
gel for 4 h at 100 V. The PBPs were visualized with a FluorimagerSI (Vistra) at
500 V and 100 mM scan resolution. The labeled PBPs run in lane 1 and 2 are
from the wild type (strain PS832), and the pbpA mutant (strain PS2465), respec-
tively. PBPs are numbered as previously described (4, 14).

FIG. 6. Germination and outgrowth of wild-type and pbpA spores. Spores were heat shocked at 70°C for 30 min and germinated at 37°C in 25 ml of 23 YT medium
with 4 mM L-alanine. The initial optical density of each culture was approximately 0.4. The inset shows the optical density as a percentage of the initial value during
the first 40 min of germination. Symbols: Ç, wild type (strain PS832); F, pbpA strain (strain PS2465).
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reasonable similarity to that recognized by sA and with appro-
priate spacing to the designated 210 sequence in the pbpA
promoter (Fig. 2). It is of course possible that the transcription
start we have assigned by primer extension analysis is actually
an mRNA processing site or a site where reverse transcriptase
halts in vitro due to template secondary structure. Indeed,
there is a potential RNA hairpin just upstream of the tran-

scription start site identified by primer extension which could
result in either mRNA processing or the stopping of reverse
transcriptase (Fig. 2). Further work may be needed to defini-
tively identify the transcription start site of pbpA.

Effects of a pbpA mutation. To confirm that pbpA encoded
PBP2a and to examine the effects of loss of this PBP, an
insertional pbpA mutant (strain PS2465) was constructed.

FIG. 7. Light microscopy of outgrowing wild-type and pbpA spores. DIC microscopy was used to examine samples from cultures of either pbpA (strain PS2465) or
wild-type (strain PS832) germinating spores. One-milliliter samples were fixed with 0.1% glutaraldehyde in PBS, placed on a polylysine coverslip, and viewed under a
confocal laser scanning microscope with a 1003 Plan-APOchromat oil immersion lens. The times on the left are the minutes after the initiation of spore germination.
Bars, 2 mm.
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Analysis of membranes containing PBPs labeled with FLU-C6-
APA confirmed that strain PS2465 lacked PBP2a and that only
PBP2a disappeared in the mutant strain (Fig. 5).

Analysis of the phenotype of strain PS2465 (pbpA) com-
pared to that of strain PS832 (wild type) demonstrated no
difference in vegetative growth rate in rich media and no mor-
phological differences under light microscopy (data not
shown). In addition, the pbpA mutant sporulated as efficiently
as the wild type, and the pbpA spores were fully heat resistant
(data not shown). Analysis of purified spore cortex by reverse-
phase HPLC following digestion with mutanolysin showed no
differences between the wild type and mutant cortices (data
not shown). Preliminary HPLC analyses of mutanolysin-di-
gested vegetative cell walls also showed no significant differ-
ences between the wild type and pbpA mutant strains (data not
shown).

The initiation of germination of spores of strains PS832
(wild type) and PS2465 (pbpA) was also similar as determined
by monitoring the drop in optical density at 600 nm (Fig. 6,
inset) and the disappearance of phase-bright spores (data not
shown). The pbpA and wild-type spores were morphologically
similar under both light and electron microscopy after 60 min
of germination (Fig. 7 and data not shown), exhibiting similar
length-to-diameter ratios (Table 2). However, the pbpA mu-
tant spores subsequently exhibited a significant delay in out-
growth as compared to wild-type spores (Fig. 6). Between 60
and 90 min the germinated wild-type spores began to elongate;
in contrast, the pbpA spores failed to elongate but instead
swelled and remained relatively spherical (Fig. 7; Table 2).
After 2 h in culture many of the outgrowing pbpA spores did
begin to elongate although at a significantly larger diameter
than the wild-type spores (Fig. 7; Table 2). Interestingly, some
of the cells from the outgrowing pbpA spores were bent and
appeared helical (data not shown and see below), although an
increasing number of pbpA cells resumed a normal morphol-
ogy as the optical density of the culture increased (data not
shown). Even after 4 h in culture, the majority of the pbpA cells
directly derived from spores remained larger in diameter than
did the wild type (data not shown). However, the calculated
average cell volumes of the pbpA mutant and the wild type
remained comparable throughout germination and outgrowth
(Table 2). Comparison of the structures of wild-type and pbpA
outgrowing spores 2 h after the initiation of germination by
electron microscopy confirmed the observations made using
light microscopy. The failure to elongate, the increased diam-
eter, and the bent morphology were clearly evident in the pbpA
mutant (Fig. 8). Additionally, in both wild-type and pbpA out-
growing spores, septa were present in most cells by 2 h after the
initiation of germination (Fig. 8) and in some cells after 90 min
(data not shown).

In order to determine what fraction of pbpA spores could
resume vegetative growth, equal optical density units of pbpA
and wild-type spores were plated on LB medium (17) plates.
The spores were also counted under the microscope to ensure
that there were similar numbers of particles per optical density
unit in each spore preparation. This analysis showed that pbpA
spores formed colonies with about 50% of the efficiency of
wild-type spores and that the mutant colonies contained cells
which looked morphologically identical to wild-type cells (two
separate experiments, data not shown). This suggests that the
pbpA mutation is not generally lethal to spores, as a substantial
number are able to eventually proceed successfully through
outgrowth.

DISCUSSION

In this study, both peptide sequence analysis of purified
PBP2a and insertional mutagenesis of yqgF have identified
yqgF (pbpA) as the gene encoding PBP2a. Analysis of the
expression of transcriptional lacZ fusions to pbpA showed that
the pattern of pbpA expression is consistent with previous
reports of PBP2a levels during growth and sporulation (34).
Furthermore, pbpA-lacZ expression begins to increase 30 to 40
min after the initiation of germination, which is close to the
time PBP2a levels were reported to increase (19). It was re-
ported previously that a small amount of PBP2a was present in
spores 0 to 15 min after the initiation of germination and that
this PBP2a had not been synthesized during germination (19).
Consistent with this latter finding, we found a low but signifi-
cant level of b-galactosidase activity in dormant spores carry-
ing a pbpA-lacZ fusion at pbpA. Since no b-galactosidase was
found in spores carrying pbpA-lacZ at amyE, the enzyme found
in spores containing the lacZ fusion at pbpA could be the result
of read-through from upstream open reading frames encoding
putative proteins with sequence similarity to a superoxide dis-
mutase (SOD) (yqgD) and a protein commonly associated with
SOD (yqgE). The presence of SOD activity has recently been
demonstrated in spore extracts (6).

Insertional mutagenesis of pbpA resulted in loss of PBP2a
but had no effect on the phenotype of cells in log phase or
sporulation or dormant spores. Although pbpA spores initiated
germination normally, these spores had difficulty in the tran-
sition from a relatively spherical, germinated spore to a cylin-
drical cell. Electron microscopic analysis confirmed the in-
crease in diameter of pbpA outgrowing spores compared to the
wild type and demonstrated that septation occurred at about
the same time in both wild-type and mutant outgrowing spores.
These data suggest that outgrowing pbpA spores are capable of
synthesizing peptidoglycan but are initially unable to form it
into a cylinder. We note that outgrowing pbpA spores appear
to have a thicker cell wall than do the wild type, but confirma-
tion of this result requires further study. It will clearly be of
interest to compare both the rates of synthesis and the struc-
tures of peptidoglycan made early in germination and out-
growth of wild-type and pbpA spores.

The phenotypic effect of a pbpA mutation on spore out-
growth confirms a previous suggestion based on the early syn-
thesis of PBP2a during spore germination and outgrowth and
a drop in its expression during stationary phase that PBP2a is
involved in the elongation of B. subtilis (19). However, it is

TABLE 2. Analysis of dimensions of outgrowing
wild-type and pbpA sporesa

Strain Time
(min)

Length
(mm)

Diam
(mm)

length/diam
ratio

Vol
(mm3)

wtb 60 2.31 6 0.37 1.53 6 0.16 1.51 3.30
pbpA 60 2.15 6 0.31 1.69 6 0.24 1.27 3.55

wt 90 5.02 6 1.11 1.33 6 0.09 3.77 6.35
pbpA 90 2.51 6 0.45 1.89 6 0.27 1.33 5.26

wt 120 7.27 6 1.74 1.32 6 0.12 5.51 9.33
pbpA 120 3.79 6 1.54 2.09 6 0.37 1.81 10.60

a The length and width of 50 outgrowing spores sampled at various times after
the initiation of germination were measured from DIC photographs as described
in Materials and Methods. Volumes were calculated based on measurements of
average cellular length and width assuming the cells were a cylinder with a half
sphere on either end. The equation used for this calculation was, as follows:
volume 5 pr2(l 2 d) 1 (4/3)pr3, where l is length, d is diameter, and r is radius.

b wt, wild type.
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FIG. 8. Electron microscopy of outgrowing wild-type and pbpA spores. Outgrowing spores from the wild type, (strain PS832) (A) and pbpA strain (strain PS2465)
(B) were harvested 2 h after the initiation of germination, fixed, and analyzed by electron microscopy. Septa are indicated by the arrows. The round cell in panel A
is in cross section. Bars, 1 mm. Panels A and B are both printed at the same magnification.
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important that during vegetative growth, no morphological
changes are observed in cells lacking PBP2a. This indicates
that PBP2a’s role in vegetative elongation is minimal or that
other PBPs are able to compensate for PBP2a’s contribution to
vegetative cell wall elongation in its absence. One explanation
for the difference in the requirement for PBP2a in cell growth
and spore outgrowth is that other PBPs with compensatory
transpeptidase activity are present in sufficient quantities dur-
ing vegetative growth but are either absent or present in
much lower amounts during spore outgrowth. However, many
of the pbpA cells derived from outgrowing spores eventually
attain a normal morphology, possibly as compensatory PBPs
are expressed in sufficient levels to suppress the pbpA pheno-
type. It is of course also possible that PBP2a has some spe-
cial property, such as localization to a specific part of the
outgrowing spore’s membrane or a unique substrate specific-
ity, which makes it specifically required for efficient spore out-
growth.

We also note that the presence of a low level of PBP2a in the
dormant spore suggests that it could be involved in germ cell
wall synthesis. This latter structure is thought to serve as the
template for the synthesis of the vegetative wall during spore
outgrowth (5). If the germ cell wall template is synthesized
incorrectly, this could result in problems in proper vegetative
wall formation during subsequent spore outgrowth. Again, the
role of the peptidoglycan template in determining cell shape
during both vegetative growth and spore outgrowth is an im-
portant area for further study.

An alternative explanation for the phenotype of the pbpA
mutant is that problems in cortex degradation could delay
outgrowth; however, the presence of a normal cortex structure
in the pbpA mutant argues against this. While the exact nature
of the outgrowth defect in pbpA spores remains to be eluci-
dated, we are also interested in trying to determine what events
allow an outgrowing pbpA spore to eventually form a viable
cell. Events to be studied in this regard include more careful
study of the timing and placement of the first division septum
and the replication and segregation of DNA. As we continue to
further characterize the pbpA phenotype we will also combine
mutations in other PBP-encoding genes with the pbpA muta-
tion. By examining the rates of synthesis and the structures of
peptidoglycan in these multiple mutants, we may gather fur-
ther information pertinent to understanding the function of
individual PBPs in B. subtilis.
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