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The predicted amino acid sequence of Bacillus subtilis ybaN (renamed pdaB) exhibits
high similarity to those of several polysaccharide deacetylases. Northern hybridiza-
tion analysis with sporulation sigma mutants indicated that the pdaB gene is tran-
scribed by EcE RNA polymerase and negatively regulated by SpollID. The pdaB
mutant was deficient in spore formation. Phase- and electron microscopic observa-
tion showed morphological changes of spores in late sporulation periods. The pdaB
spores that had lost their viability were empty. Moreover, GFP driven by the pro-
moter of the sspE gene was localized in the forespore compartment for the wild type,
but was localized in both the mother cell and forespore compartments for phase-gray/
dark forespores of the pdaB mutant. This indicates that GFP expressed in the fore-
spores of the mutant leaks into the mother cells. Therefore, PdaB is necessary to
maintain spores after the late stage of sporulation.

Key words: Bacillus subtilis, pdaB gene, polysaccharide deacetylase, sporulation

mutation, ybaN gene.

When nutrients are abundant, a symmetrically posi-
tioned septum partitions the B. subtilis vegetative cell
and gene expression is mainly controlled by c4. However,
when nutrients are limited, B. subtilis cells begin to pro-
duce spores. After the initiation of sporulation, each cell
divides into a developing cell (mother cell) and a sporan-
gium (forespore), and then gene expression in the mother
cell and forespore is controlled by o and oF, respectively.
When the forespore has become engulfed by the mother
cell, oF and oF are replaced by o¥ and . Following this
event, spore peptidoglycans (cortex and germ cell wall)
are synthesized between the two spore membranes and
the spore coat begins to be deposited on the spore surface.
As the final event, the forespore becomes mature, and
then the mature spore is released through lysis of the
mother cell (1, 2). The released spore is resistant to heat,
toxic chemicals and lytic enzymes. During sporulation,
sigma factors are activated in the order of of, oE, cG and
oX (sigma cascade) (2). For example, oF activation requires
the SpolIR protein, which is a secreted signaling protein
and transcribed by Ecf RNA polymerase. Thus, o is acti-
vated by oF, and oF cannot be activated if o¥ is inactive.
Dipicolinic acid (DPA) begins to be accumulated at the
period of cortex synthesis (3), and then DPA is present in
mature spore core at a high level (4, 5). It has been
reported that DPA contributes to spore dormancy (6).

On systematic genome functional analysis of B. subti-
lis, we found that a pdaB-deficient mutant exhibited a
defect in sporulation. Recently, Eichenberger et al. also
reported that this mutant exhibits a sporulation-nega-
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tive phenotype (7). The PdaB (YbaN) protein shows high
sequence similarity to several polysaccharide deacety-
lases (BlastP in NCBI, Fig. 1). Polysaccharide deacety-
lases including NodB chitooligosaccharide, chitin
deacetylases and peptidoglycan N-acetylglucosamine
deacetylase have various functions: as bacterial nodula-
tion signals in symbiosis, and in maturation of spores in
yeast and modification of peptidoglycans causing resist-
ance to the hydrolytic action of lysozyme (8—10). Recently,
we reported that disruption of the Bacillus subtilis pdaA
gene leads to a complete lack of spore germination and
that the mutant spores are deficient in muramic-5-
lactam, which is one of the major components of the spore
cortex (11). pdaA is a polysaccharide deacetylase homo-
logue and the B. subtilis genome has six paralogs (pdaA,
pdaB [ybaN], yheN, yjeA, yxkH and ylxY). Since we were
curious to know the functions of these paralogs, the ybaN
(renamed pdaB) gene was further investigated.

In this communication, we describe the expression and
characterization of the pdaB gene, and the function of the
pdaB product during sporulation.

MATERIALS AND METHODS

Bacterial Strains and Plasmids—The strains of B.
subtilis and Escherichia coli used in this study are listed
in Table 1. E. coli was grown on Luria-Bertani
(LB) agar medium (16) at 37°C, and then inoculated into
LB medium. B. subtilis was grown on nutrient agar
medium (8 g/liter Bacto Nutrient Broth, 0.12 g/liter
MgSO,-7TH,0, 1 g/liter KCI and 15 g/liter agar, pH 7.0—
7.2) at 30°C, inoculated into DSM (Schaeffer) medium,
which is a nutrient agar medium without agar containing
1 mM Ca(NO,),, 10 uM MnCl, and 1 uM FeSO, (17), and
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YBAN_BACSU 61
PGDA_STRPN 272
CHDE_MUCRO 161
CDA1_YEAST 122
CDAZ_YEAST 112

SWGDERAEP

YBAN_BACSU 123
PGDA_STRPN 333
CHDE_MUCRO 221
CDAL_YEAST 179
CDAZ_YEAST 169

YBAN_BACSU 185
PGDA_STRPN 392
CHDE_MUCRO 283
CDAL_YEAST 241
CDA2_YEAST 231 Wi

then shaken at 37°C. If necessary, ampicillin, tetracycline
and spectinomycin were added to E. coli cultures to final
concentrations of 50 pg/ml, 20 pg/ml and 50 pg/ml,
respectively, and tetracycline, erythromycin and spectin-
omycin were added to B. subtilis cultures to final concen-
trations of 10 pg/ml, 0.3 pg/ml and 50 ug/ml, respectively.

Construction of Plasmids to Produce a pdaB (ybaN)-
Deficient Mutant—To construct a pdaB-disruption plas-
mid, an internal fragment of the pdaB gene was ampli-

fied by PCR using two primers, forward primer ybaN-F

Table 1. Bacterial strains and plasmids used in this study.
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122 Fig. 1. Alignment of amino acid se-
332 quences of PdaB (YbaN) and several
i;g polysaccharide deacetylases. Num-
168 bers are with respect to the N-terminal

amino acid of each protein. Shading
indicates amino acid residues identical
184 to the highly conserved amino acid resi-
gg% dues. YBAN_BACSU, Bacillus subtilis
240 YbaN (PdaB); PGDA_STRPN, Strepto-
230 coccus pneumoniae peptidoglycan N-
acetylglucosamine deacetylase (PgdA);
CHDE_MUCRO, Mucor rouxii chitin

ﬁg deacetylase (CHDE); CDA1_YEAST, Sac-
344 charomyces cerevisiae chitin deacetylase
298 1 (CDA1); CDA2_YEAST, S. cerevisiae
288 chitin deacetylase 2 (CDA2).

and reverse primer ybaN-R, with B. subtilis 168 (wild-
type strain) DNA as the template. The primers used in
this study are listed in Table 2. The PCR fragment was
digested with HindIII and BamHI, and then ligated to
the corresponding sites of pMUTINTS, followed by trans-
formation of E. coli JM109. The resulting plasmid,
pMs3ybaNN, was used to construct a pdaB-deficient mutant.
To construct a double-crossover mutant, BANSdd, pBI-
PRBANG was first prepared as follows. A fragment con-
taining the entire pdaB gene, and its promoter and SD

Strain or plasmid Genotype Source, reference or construction?
B. subtilis strains
168 trpC2 D. Ehrlich
1S86 trpC2 spollAl BGSCP
1S60 leuB8 tal-1 spollG41 BGSC
SpollIGA1 trpC2 spolIIGA1 P. Setlow
1S538 trpC2 spolIIC94 BGSC
1G12 gerE36 leu-2 BGSC
497.1 trpC2 spollID83 (12)
YBANd trpC2 ybaN::pM3ybaN pM3ybaN—>168
BANSdd trpC2 ybaN::spc Linearized pHYBANSP—168
SSPEdg trpC2 sspE::pM4sspE-gfp pM4sspE-gfp—>168
BANSSPEdg trpC2 sspE::pM4sspE-gfp ybaN::spc pM4sspE-gfp—>BANSdd
E. coli strains
JM109 lrecAI A(lac-proAB) endA1 gyrA96 thi-1 hsdR17 relAl supE44 [F' traD36 proAB* Takara

acldlacZ AM15]
C600 supE44 hsdR thi-1 leuB6 lacY1 tonA21 Laboratory stock
Plasmids
pMUTINTS lacZ lacl bla erm (13)
pDG1726 bla spc BGSC
pBluescriptII-SK(+) lacZ bla Stratagene
pHY300PLK bla tet Takara
pGEM3Zf(+) lacZ bla Promega
pM3ybaN pPMUTINTS:: AybaN (lacZ lacl bla erm AybaN) This study
pBIPRBANG pBluescriptIl (SK+)::ybaN (bla ybaN) This study
pHYBANAAMP pHY300PLK::ybaN (tet ybaN) This study
pHYBANSP pHYBANAAMP::spc (tet spc ybaN) This study
pGMSDBAN pGEMBS3ZS (+)::ybaN (bla ybaN) This study
pHYSDBAN pHY300PLK::ybaN (bla tet ybaN) This study
pGMABANU pGEMBSZ{(+)::AybaN (bla AybaN) This study
pGSSPE pGEMSZf(+)::AsspE (bla AybaN) (19)
pM4GFP gfp lacl bla erm (15)
pM4sspE-gfp pMA4GFP:: AsspE (AsspE-gfp lacl bla erm) This study

aAn arrow indicates transformation of the recipient strain by donor DNA. PBGSC, Bacillus Genetic Stock Center.
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Table 2. Primers used in this study.

Primer Sequence (5'—>3') or source Restriction enzyme
ybaN-F g2aagctt ATATCCAAAGAGCTGTCC 4 HindIIl

YbaN-R ttggatccGGTAGGGGGTCTTAATAG 54 BamHI
ybaN-SDB-U geegggatccGTGAAGAGACATTTTATCGG. 44 BamHI
ybaN-GFP-2 gegetetagaacctecaccteegetageCqg TTTACCTCTGCGGATTTG Xbal, Nhel
ybaN-SDU geegggateccTTGACCT-25GGACAAGATAAGGAGGC BamHI

ybaN-SDD gegeggatecaagctt GTAATTACTTTACCTCTGCGy5, BamHI, HindIII
ybaN-proU2-H geegaagcttAATCACTTCTATGTGTGGCy, HindIII
ybaN-proD2-B gegeggatccCTGCTCTCTCATCACCCyy, BamHI

ybaN-PE GGCAGCTGCAAATGCGg;,
-21M13 Universal primer (Takara)
M13RV Universal primer (Takara)

Additional sequences and restriction sites that do not correspond to the sequences near the pdaB (ybaN) locus are
shown by small letters and underlines, respectively. The numbering is with respect to the first G of the transla-

tional start codon of pdaB (ybaN).

sequence was amplified by PCR using forward primer
ybaN-SDB-U and reverse primer ybaN-GFP2, with B.
subtilis 168 DNA as the template. The PCR fragment
was digested with BamHI and Xbal, and then ligated to
BamHI and Xbal-digested pBluescript II SK(+), followed
by transformation of E. coli JM109. The resulting pBl-
PRBANG plasmid was digested with Hincll and Sacll,
and then the digested fragment containing the entire
pdaB gene, and its promoter and SD sequence was
ligated to the Fspl and Sacll sites of pHY300PLK, fol-
lowed by dephosphorylation. After transformation of E.
coli JM109 with the ligation mixture, pHYBANAAMP
was selected by tetracycline resistance. pHYBANAAMP
was digested with Fspl, followed by dephosphorylation,
and then ligated to EcoRV and Hincll-digested pDG1736
(Spcr). After transformation of E. coli JM109 with the
ligation mixture, pHYBANSP was selected by spectino-
mycin resistance. pHYBANSP was then linearized with
BglIl, followed by transformation of B. subtilis 168. The
resulting strain, BANSdd, was a double-crossover recom-
binant as to pdaB deficiency.

Construction of pdaB Complementation Plasmids—
pGMSDBAN was constructed by PCR with primers
ybaN-SDU and ybaN-SDD, and B. subtilis 168 DNA as
the template. The amplified fragment containing the
entire pdaB gene with its SD sequence was digested with
HindIIl and BamHI, followed by ligation to the corre-
sponding sites of pGEM3Zf(+). After transformation of E.
coli JM109, the resultant pPGMSDBAN was digested with
HindIIl and BamHI, and then the fragment containing
the pdaB gene with its SD sequence was ligated to the
corresponding sites of pHY300PLK, resulting in pHYSD-
BAN. pHYSDBAN was used for the transformation of E.
coli C600 to prepare concatemeric DNA. Then the DNA
was used for the transformation of B. subtilis YBANA.

Construction of a Plasmid for Northern Blot Analysis—
The internal fragment of pdaB was amplified by PCR
with primers ybaN-proU2-H and ybaN-proD2-B, and B.
subtilis 168 DNA as the template. The amplified frag-
ment was digested with HindIIl and BamHI, followed by
ligation to the corresponding sites of pGEM3Zf(+). After
transformation of E. coli JM109, pGMABANU was con-
structed.

Vol. 136, No. 3, 2004

Construction of a Strain Containing Green Fluorescent
Protein (GFP)—The sspE gene is transcribed in the fore-
spore compartment by Ec& RNA polymerase (14). A plas-
mid containing sspE (pGSSPE, 14) was digested with
HindIIl and EcoRI, followed by ligation to the corre-
sponding sites of pM4GFP (15). After transformation of
E. coli JM109, the resultant plasmid, pM4sspE-gfp, was
used for the transformation of BANSdd and 168 (wild-
type) to construct the BANSSPEdg and SSPEdg strains,
respectively. These strains are transcriptional GFP
fusion strains. Thus the truncated sspE gene and the gfp
gene are both transcribed by Ec® RNA polymerase.

Transformation of E. coli and B. subtilis—E. coli trans-
formation was performed as described by Sambrook et al.
(16), and B. subtilis transformation was performed by the
competent cell method (18).

Northern Blot and Primer Extension Analyses—B. sub-
tilis cells (15-20 ODygy, units) cultured in DSM medium
were harvested and then suspended in 1 ml of chilled
killing buffer (20 mM Tris-HCI [pH 7.5], 5 mM MgCl,).
After centrifugation at 11,000 x g for 2 min, the pellet
was suspended in 1 ml of SET buffer (20% (w/v) sucrose,
50 mM EDTA, 20 mM Tris-HCI [pH 7.6]) containing lys-
ozyme (final concentration, 6 mg/ml) (14). After incuba-
tion at 9-12 min at 0°C, the suspension was centrifuged
at 11,000 x g for 2 min. The pellet was used for RNA prep-
aration with Isogen (Nippon Gene) according to the man-
ufacturer’s instructions. Agarose-formaldehyde gel elec-
trophoresis was performed as described by Sambrook et
al. (16). The transfer of RNAs onto nylon membranes
(Magnagraph; Micron Separations) was performed with a
vacuum blotter (model BE-600; BIOCRAFT). The DNA
fragment used for preparing an RNA probe was amplified
by PCR with M13 (-21) and M13RV as primers, and
pGMABANU DNA, containing the internal region of
pdaB, as the template. The amplified fragment was
digested with HindIIl, the resulting fragments being
purified by phenol and chloroform treatment, and precip-
itated with ethanol. The RNA probe was prepared with a
DIG (digoxigenin) RNA labeling kit (Roche), and North-
ern (RNA) hybridization was performed according to the
manufacturer’s instructions. Primer extension analysis
was carried out with ybaN-PE as a primer as described
previously (19).
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rl-168 (ybaN) kbaN  gerD

-35.. .

TTTAGGCTGTATGTGAAGAGACATTTTATCGGTTATATTCAATTG

PybaN
-10

TCCATGCTCATAAGATGTAAAACAAGAATGATGGACAAGATAA

SD ybaN
GGAGEjCATCATCAGTGAXTCACTTCTATGTGTGGCACATTA
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168 (wild type) SigF- SigE- SigG SigK-
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Fig. 2. A map of pdaB (ybaN) and the neighboring genes of B.
subtilis (A), and Northern blotting analysis (B) and primer
extension analysis (C) of pdaB. (A) Single and double underlines
indicate the consensus sequences of the o® promoter and the deduced
binding sites of SpollID, respectively. SD, Shine-Dalgarno sequence.
(B) Northern blotting analysis with a pdaB RNA probe. Numbers
indicate the times after the onset of sporulation. RNA was isolated
from each of 168, SigF- (1S86, spolIA), SigE- (1S60, spolIG), SigG~
(spolIIGAL, spolllG), SigK- (1S38, spollIC), SpollID- (497.1, spol-
1ID), and GerE- (1G12, gerE). Twenty micrograms of each RNA was
separated on a 1% formaldehyde-agarose gel. The calculated size of

Density Gradient Centrifugation—Phase-bright and
dark spores, and mother cells were separated by uro-
grafin density gradient centrifugation as described below,
i.e. basically as described by Nicholson and Setlow (20).
Five different concentrations (w/v) of urografin (2.1 ml of
70%, 10.5 ml of 60%, 4.2 ml of 50%, 4.2 m] of 40%, and 4.2
ml of 30% urografin) were added stepwise to a 50-ml cen-
trifuge tube to obtain a density gradient. Then a spore
suspension (4.2 ml of 20% urografin-containing spores)
was added to the top of the gradient, followed by centrifu-
gation at 40,000 x g for 60 min at 4°C. Mother cells were
pelleted to the bottom of the tube, and phase-bright
spores at the middle and phase-gray/dark spores at the
top. Each layer was separated and then the spores were
washed with water.

Phase and Fluorescent Microscopy—Cells exhibiting
green fluorescence were prepared as follows. A transcrip-
tionally fused sspE-gfp strain (BANSSPEdg) was cul-
tured in DSM medium at 37°C for various periods. After
centrifugation of a culture, the cells were washed and
stained with 4,6-diamidino-2-phenylindole (DAPI; final,
1.0 pg/ml; Wako). For fluorescence microscopy, an Olym-
pus BX61 microscope was used with a BX-UCB control

_ _ 6 3 6 3 6 3 6 M
' ' S
oo B

45 45 45

4.74 kb

the detected pdaB mRNA is indicated by an arrow. M, markers (RNA
molecular weight marker 1, digoxigenin-labeling; Roche). (C) RNAs
from wild-type cells cultured in DSM to ¢_, (-2), £, (0), £3 (3), t, 5 (4.5),
and ¢, (6) were used as RNA samples. Signals were detected with 32P-
labeled primer ybaN-PE. A dideoxy DNA sequencing reaction mix-
ture with the same primer was electrophoresed in parallel (lanes A,
T, G, and C). The nucleotide sequence of the sense strand is given
beside the sequence ladder, and arrow and the boldface letter indi-
cate the position and nucleotide at the transcriptional start site,
respectively.

unit and a UPPlan Apo Fluorite phase-contrast objective
(magnification, X100; numerical aperture, 1.3). The dich-
roic mirror cube units for DAPI and GFP contained a
wide-band-pass (330 to 385 nm) excitation filter with a
long-pass (420 nm) barrier filter (U-MWU2; Olympus),
and a band pass (470 to 490 nm) excitation filter with a
narrow-band-pass (510 to 550 nm) barrier filter (U-
MNIBAZ2; Olympus), respectively. The exposure times for
phase-contrast, DAPI, and GFP detection were 0.1 s,
0.008 s, and 0.1 s, respectively. Cells were photographed
on both fluorescence- and phase-contrast microscopy,
using a CCD camera (CoolSNAP HQ; Nippon Roper), and
photo images were analyzed with MetaMorph software
(Nippon Roper). Image overlays and micrograph figures
were prepared with Adobe Photoshop software.

Viability of Mutant Spores—Spores were treated by
heating (80°C, 10 min) and then plated onto LB agar
plates. After incubation at 37°C for 13 h, colonies were
counted. The sporulation ratio was calculated on the
basis of the number of spores and vegetative cells deter-
mined under a microscope. The viability of spores was
calculated on the basis of the numbers of colonies on LB
plates and spores counted under a microscope.

J. Biochem.
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Table 3. Complementation of pdaB (ybaN) with a plasmid
containing the entire pdaB gene.

Strain Bright spores  Gray and dark spores
YBANd (pHYSDBAN) 99% (1062) 0.9% (1)
YBANd (pHY300PLK) 18% (19) 82% (89)
168 (wild type) 99% (117) 0.8% (1)
YBANd 11% (12) 89% (95)

a[n parentheses are the numbers of spores.

Determination of Dipicolinic Acid (DPA) Contents of
Spores—Extraction of DPA from spores was performed
basically as described by Nicholson and Setlow (20).
Determination of DPA was performed by the high sensi-
tive method (Scott and Ellar’'s method) described by
Nicholson and Setlow (20).

Transmission Electron Microscopy of Wild and Mutant
Spores—Spores were fixed with 2% glutaraldehyde and
1% osmium tetraoxide, and then embedded in an epoxy
resin (Spurr; Sigma). Samples were stained with uranyl
acetate.

RESULTS

The B. subtilis genome contains six polysaccharide
deacetylase gene homologues, and one of the genes, ybaN
(named pdaB), exhibits approximately 30% identity with
the germination-associated gene pdaA at the amino acid
level. The pdaB gene encodes a 254-amino acid polypep-
tide starting from a GTG codon, with a predicted molecu-
lar mass of 28,174 Da. A consensus Shine-Dalgarno
sequence (A ;AGGAGG,, the numbering being with
respect to the translational start codon) is present. PdaB
has a potential signal sequence that is cleaved at position
24 (A, FALA,;, the arrow indicating the cleavage point)
with respect to the N-terminal amino acid residue
(PSORT; Prediction of Protein Sorting Signals and
Localization Sites, http:/psort.ims.u-tokyo.ac.jp/). The
upstream and downstream genes are rrnl and kbaNlN,
respectively. These genes are transcribed in different ori-
entations (Fig. 2A). Therefore, pdaB seems to be tran-
scribed as a monocistronic mRNA (Fig. 2A).

(1) Expression of the PdaB Gene—RNAs were pre-
pared from wild-type cells cultured in DSM (Schaeffer)
medium (see Materials and Methods) for various periods,
and then Northern blot analysis was performed with an
RNA probe containing the internal region of the pdaB
gene. For the 168 (wild-type) strain, a strong hybridizing
band was detected at around 0.8 kb at 4.5 and 6 hr after
the onset of sporulation (Fig. 2B). Since the pdaB gene
consists of 762 nucleotide residues (excluding the stop
codon), the size of the transcript reasonably matched the
estimated size of the monocistronic mRNA. The RNAs
from four sigma factor-deficient (null) strains, 1S86
(SigF- mutant [phenotype: SigF-, SigEk-, SigG-, SigK-]),
1S60 (SigE- mutant [phenotype: SigF*, SigE-, SigG-,
SigK-]), spollIGA1 (SigG- mutant [phenotype: SigF+,
SigE*, SigG-, SigK]), and 1S38 (SigK- mutant [pheno-
type: SigF*, SigE*, SigG*, SigK7]), and two regulatory
mutants, 497.1 (SpolIID-) and 1G12 (GerE-), were fur-
ther analyzed by Northern blotting (Fig. 2B). During
sporulation, sigma factors are activated in the order of
oF, oF, 6G and oX (sigma cascade) (2). A hybridizing band
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168 [144]

YBAN [f,4]

168 (pHYSDBAN) [7,4] YBANd (pHYSDBAN) [74]
. o =
) O
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é O
. (o,
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Fig. 3. Phase-contrast microscopy of dormant spores of wild-
type strain 168, pdaB-deficient strain YBANd, and strains
harboring a pdaB-complementation plasmid pHYSDBAN.
Spores were collected from cultures in DSM (with or without 10 pg/

ml tetracycline) at t,5. The addition of tetracycline induced the
expression of pdaB in pHYSDBAN. The white bars indicate 2 um.

was not observed for the SigF- and SigE-deficient
mutants, but was for the SigG- and SigK-deficient
mutants. These results were obtained only in the case of
SigE+ as a transcriptional sigma. The amount of the
pdaB transcript in the SigK- mutant was lower than
those in the wild type strain and SigG- mutant. The rea-
son might be that the stability of its transcript in the
SigK- mutant is slightly lower than those in the SigG-
and wild type strains. SpoIIID and GerE are DNA bind-
ing proteins that regulate transcription from o®- and c¥-
dependent promoters, respectively. The spollID mutation
greatly affected the expression of pdaB, but the gerE
mutation did not affect it significantly. These results
indicate that pdaB was transcribed by EcE RNA polymer-
ase and negatively regulated by SpolIIID.

Primer extension analysis was performed with RNAs
from B. subtilis 168 (wild-type strain) and primer ybaN-
PE. An extended product was detected from ¢; to ¢;, and
the product started at C, which was 34 bp upstream of
the translational start codon, GTG (Fig. 2A and C). The
upstream sequences, ATA and CATAagAT (capital let-
ters, consensus sequence), with spacing of 16 bp, were
identical and very similar to the —35 and —10 consensus
sequences (ATA and CATACA-T, respectively, with spac-
ing of 16 to 18 bp) of sigma E (21). Two sequences
(TAAAACAAGa and ATGGACAAGa) found between —10
and the SD sequence were very similar to the consensus
sequence of SpollID (WWRRACAR-Y; W, A/T; R, A/G; Y,
T/C) (Fig. 2A).

(2) Characterization of a PdaB Disruptant—pdaB-
deficient mutant YBANd showed normal growth, cell
separation and motility, but produced spores that
appeared gray/dark on phase-contrast microscopy,
amounting to 89% of total spores at 48 hr in DSM
medium (Table 3 and Fig. 3). On the other hand, 168
(wild-type) strain spores were phase-bright ones (Table 3
and Fig. 3). Since the mutant spores consisted of a mix-
ture of gray/dark and bright ones, it was examined
whether or not this is caused by the pdaB mutation. A
plasmid (pHYSDBAN) containing the entire pdaB gene
with its SD sequence was introduced into pdaB-deficient
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( A) Fig. 4. Time courses of bright, gray/dark and unusual forespore
formation, and bright and gray/dark free spore formation on

12.0

Number of forespores or spores (X 10%/ml culture)

sporulation of the mutant (A), and their microscopic observation
14.0 - (B). (A) YBAN (pdaB) was cultured in DSM medium at 37°C, and the
numbers of the above-mentioned forespores and free spores were deter-
mined under a phase-contrast microscope. Solid squares, phase-gray/
dark forespores; open squares, phase-bright forespores; solid triangles,
unusual forespores; solid circles, phase-gray/dark free spores; open cir-
cles, phase-bright free spores. (B) Phase-contrast microscopy of sporulat-
ing cells at g, £14, 15, and ¢y5. The circled cells are unusual forespores. The
bars indicate 2 pm.

mutant YBANd, and then the frequency of gray/dark
spores as to total spores was determined. Table 3 indi-
cates that almost all the spores of YBANd harboring
pHYSDBAN were phase-bright, similar to in the case of
168 (wild-type), but introduction of a control plasmid,
pHY300PLK, into the YBANAd strain did not complement
the phenotype (Table 3 and Fig. 3). These results indicate
that the mixed phenotype is caused by the mutation of
pdaB.

(3) Time Courses of Forespore and Free Spore Forma-
tion on Sporulation of the Mutant—To determine the
time when the phenotype of the mutant differs from that
of the wild-type, phase bright and gray/dark spore-form-
ing cells were counted and observed under a phase-con-
trast microscope. PdaB-deficient cells after ¢; (6 h after
onset of sporulation) in DSM medium were observed
under a phase-contrast microscope, and the numbers of
the following were determined: phase-bright forespores,
phase-gray/dark forespores, phase-bright free spores,
phase-gray/dark free spores and unusual forespores (Fig.
4A). Unusual forespores were defined as ones having
phase-dark centers and phase-bright peripheries (Fig.
4b, shown by circles). At intermediate sporulation stages
(¢ to tyy), phase-gray/dark forespores were the major
population among sporulating cells. But at ¢, to ¢y,
phase-bright forespores were the major population and
phase-gray/dark forespores were decreased in number.
This pattern was very similar to that for wild-type sporu-
lating cells (data not shown), because phase-gray/dark

forespores at the intermediate stage of sporulation
became phase-bright ones at the late stage of sporula-
tion. Unusual forespores appeared from the pdaB-
deficient cells after ¢, and the number increased until ¢,;.
Free phase-gray/dark spores increased extensively after
t14, but phase-bright forespores decreased rapidly after ¢,
(Fig. 4A). These results suggest that the free phase-gray/
dark spores were derived from the phase-bright fore-
spores. Figure 4B shows phase-contrast microscopy of
spore-forming cells and free spores. Phase-gray/dark
forespores were found at ¢g, and phase-bright forespores
were found at tg, ¢;, and ¢;3. Unusual forespores were
found at ¢,4 and ¢,,. Free phase-gray/dark spores became
the major population among sporulating cells at ¢,, (Fig.
4B). Therefore, forespores in sporangia showed a change
from phase bright to phase gray/dark during the late
sporulation phase.

(4) Purification and Characterization of Phase-Bright
or Gray/Dark Spores of the pdaB Mutant—To deter-
mine the viability and heat sensitivity of mutant spores,
we separated bright spores and gray/dark spores by uro-
grafin density gradient centrifugation. 1.0 x 108 purified
spores were diluted and plated onto DSM agar plates, or
plated after heating at 80°C for 10 min. After incubation
at 37°C, the numbers of colonies were determined (Table
4). Under the non-heating conditions, 168 (wild-type)
spores gave colonies at about 50% frequency, but phase-
gray/dark spores from YBANd gave colonies at 0.04% fre-
quency. Phase-bright spores from YBANd gave colonies
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Table 4. Effect of heat treatment on germination of the wild
type spores, and phase-gray/dark and phase-bright spores of
the pdaB (ybaN) mutant.

Ratio of viable cells per 108 spores (%)

Strain Non heat Heat
168 (wild type) 51% 49%
YBANd (mixture) 9.1% 4.5%
YBANA (gray/dark spores) 0.04% 0.0087%
YBAN(A (bright spores) 23% 19%

Table 5. DPA contents of the wild type spores, and phase-
gray/dark spores and phase-bright spores of the pdaB
(ybaN) mutant.

Strain DPA content (ug/10° spores)
168 spores (wild type) 57

YBANA spores (mixture) 8.0

YBANd dark spores 0.7

YBANA bright spores 50

at 23% frequency. These results indicated that the phase-
gray/dark spores had almost completely lost their viabil-
ity. Heating did not affect the viability of the wild-type or
mutant bright spores.

DPA is known to be a major component of spores (4, 5).
Beall and Moran, Jr. reported that the spoVR (stage V
[Spore coat formation] sporulation protein R involved in
spore cortex synthesis) mutant produced phase-bright
and dark spores, and could accumulate a little DPA (3).
The phenotype of phase-bright and dark spore production
is similar to that of the pdaB mutant. Therefore, the
amounts of DPA in the mutant dark and bright spores
were determined (Table 5). Phase-bright spores of the
mutant contained a similar amount of DPA to in the wild
type, but phase-gray/dark spores of the mutant contained
only 1.2% of the wild type level. This suggests that the
phase gray/dark spores of the pdaB mutant can not accu-
mulate DPA.

DAPI (5 ms)

Phase contrast

Phase contrast  DAPI (5 ms)

,\
%;/1

Fig. 6. Localization of the SspE-GFP transcriptional fusion
protein. The sspE-gfp transcriptional fusion strain, BANSSPEdg,
was cultured in DSM medium at 37°C until ¢g and ¢,,. After centrifu-
gation of the cultures, the cells were suspended in ultrapure water
followed by staining with DAPI. Phase and fluorescence microscopy
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Fig. 5. Electron micrographs of the wild-type 168 spores and
pdaB-minus YBANA spores. Cells cultured in DSM medium for
48 h at 37°C were collected by centrifugation and then spores (a
mixture of phase-bright and -gray/dark spores) were separated from
vegetative cells by urografin density gradient centrifugation.
Empty spores, A; cortex-less spores, B; deformed spores, C; wild-
type like spore, D. The bars indicate 2 pm.
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(5) Electron Microscopy of the pdaB Mutant Spores—
The refractility observed on phase-contrast microscopy
appears to be largely due to completion of cortex synthe-
sis and dehydration of spores (22). Moreover, since
SpoVR is associated with cortex formation (3), it is pre-
dicted that PdaB is also associated with it. Thus, the
structure of the pdaB mutant spores was observed under
an electron microscope. Electron microscopy (EM) of 168
(wild-type) and pdaB-deficient spores from 48-h cultures
in DSM is shown in Fig. 5. EM of the wild-type spores
revealed bright regions corresponding to the spore core,
gray regions corresponding to the spore cortex, and dark
peripheral regions corresponding to the spore coat (Fig.
5). EM of the mutant showed a heterogeneous population
of spores: empty spores (only the spore coat; A in Fig. 5),

GFP (100 ms) DAPI/GFP overlay

GFP (S5ms) DAPI/GFP overlay

were carried out as described under Materials and Methods. Overlay
indicates a DAPI-staining fluorescence image overlaid on a GFP
image. The exposure times for DAPI and GFP detection are given in
parentheses. The white bars indicate 2 pm.
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cortex-less spores (dark center surrounded by a bright
region; B), deformed spores (C), and a few wild-type like
spores (D). Therefore, it is suggested that PdaB is
involved in cortex formation because the cortex of pdaB
spores is unusual.

(6) Abnormal Localization of Sigma G-Directed GFP in
Spore-Forming Cells of the Mutant—From these results,
it is predicted that substrates in the forespore core can
not be accumulated in the pdaB mutant. Thus, localiza-
tion of sigma G-directed GFP in spore-forming cells of the
mutant was investigated. SspE-gfp is a GFP transcrip-
tionally fused to sspE, and thus its gene was introduced
into BANSdd (pdaB) to produce a pdaB-deficient sspE-
gfp strain (BANSSPEdg). This strain was cultured in
DSM at 37°C, and samples were taken at {5 and £,,. Cells
were stained with a DNA staining fluorescent dye, DAPI,
and then the fluorescence of GFP and DAPI was observed
under a phase-contrast microscope equipped with a fluo-
rescence apparatus. Since the sspE gene is transcribed by
% RNA polymerase (14), GFP is localized in the fore-
spore compartment and free spores for the wild type
sspE-gfp strain (data not shown). Similar to the wild-
type, GFP of the mutant was localized in the forespore
compartment at f3 (Fig. 6). However, cells containing
phase-gray/dark and unusual forespores at ¢,, exhibited
abnormal localization of GFP not only in the forespore
compartment but also in the mother cell compartment
(Fig. 6). Moreover, DNA in mature wild-type forespores
(mature spores in cells) at ¢y, was not stained by DAPI.
But cells containing unusual forespores at t,, exhibited
abnormal staining by DAPI not only in the mother cell
compartment but also in the forespore compartment. A
cE-driven spollID-lacZ transcriptional fusion introduced
into the pdaB-deficient strain did not cause any differ-
ences in the activity or time of expression from that intro-
duced into the 168 (wild-type) strain (data not shown).
Moreover, significant differences between the pdaB-
deficient and wild-type strains were not found for the cC-
driven sspE-lacZ and cX-driven cotD-lacZ transcriptional
fusions (data not shown). These data suggest that the
transcription of the mutant during sporulation was nor-
mal, but that GFP in the forespore compartment at the
middle stage of sporulation (¢;) had leaked into the
mother cell compartment at the late stage of sporulation
(¢99). Therefore, PdaB was necessary to maintain spores
after the late stage of sporulation.

DISCUSSION

About 90% of the pdaB-deficient spores appeared gray/
dark on phase-contrast microscopy. The mutant exhibits
no defect in spore engulfment (¢; in Fig. 4B; data not
shown). During sporulation stages IV (spore cortex for-
mation) to V (spore coat formation) (I), dehydration
seems to be normal, because sporulating cells contained
phase-bright forespores (¢;, in Fig. 4B). However, during
the maturation stage, phase-bright forespores may
become unusual forespores or phase-gray/dark ones (¢;5 55
in Fig. 4B). The refractility observed on phase-contrast
microscopy appears to be largely due to completion of cor-
tex synthesis and dehydration of spores (22). Thus, unu-
sual forespores and phase-gray/dark forespores may be
unable to retain the dehydrated condition.

T. Fukushima et al.

Purified phase-gray/dark spores lacked DPA (Table 5).
Electron microscopy showed that the pdaB-deficient
spores were almost empty or cortex-less (Fig. 5). Beall
and Moran Jr. reported that the spoVR mutant produces
phase-dark spores that are almost empty or cortex-less,
as judged on EM (3). These phenotypes of the spoVR
mutant are similar to that of the pdaB mutant. Moreover,
the spoVR mutant spores accumulated about three-fold
less DPA than the wild-type spores (3). This corresponds
with the decreased DPA accumulation by the pdaB
mutant. It is predicted that the lack of DPA in both types
of mutant spores is involved in cortex formation. As
shown in Fig. 6, GFP expressed in the forespores of the
pdaB mutant leaked into the mother cells. Therefore, cor-
tex formation is required to prevent leakage of the fore-
spore contents into the mother cell, and PdaB is essential
to maintain spores after the late stage of sporulation.

Northern blotting of the pdaB gene using spore sigma
factor-minus mutants indicated that pdaB is transcribed
by EcE RNA polymerase as a monocistronic mRNA (Fig.
2). Primer extension analysis also indicated that the pro-
moter shows high similarity with the oF consensus
sequence (Fig. 2). SpoVB (stage V [spore coat formation]
sporulation protein B, 23), SpoVD (Stage V sporulation
protein D, which is a sporulation-specific penicillin-bind-
ing protein, 24), SpoVE (stage V sporulation protein E,
25), and SpoVR (3) have been shown to play direct roles
in cortex formation. The expression of these genes is con-
trolled by oE. Moreover, it is predicted that the spore cor-
tex is synthesized from the mother cell side (1, 26). PdaB
and these proteins are expressed in mother cells and
associated with cortex synthesis. Recently, Eichenberger
et al. reported that PdaB was localized in the outer fore-
spore membrane (7). Therefore, PdaB produced in the
mother cell compartment is transported into the fore-
spores, and thus the cortex may be a target of PdaB.

Polysaccharide deacetylases such as a peptidoglycan
N-acetylglucosamine deacetylase in Streptococcus pneu-
moniae (10), and several chitin deacetylases in Mucor
rouxii (27) and Saccharomyces cerevisiae (9) deacetylate
N-acetylglucosamine residues. Furthermore, polysaccha-
ride deacetylase homologue PdaA is assumed to be a -
acetylmuramic acid deacetylase, because a deficiency of
it leads to a complete lack of muramic 8-lactam residues
in the spore cortex (11). B. subtilis and B. cereus strains
have high proportions of N-substituted glucosamine resi-
dues in their peptidoglycan components, and they are
particularly rich in the deacetylase (28). Similar to the
peptidoglycans, the spore cortex contains the N-
acetylglucosamine-N-acetylmuramic acid linkage as a
polysaccharide layer. Therefore, the glycans of the spore
cortex may be candidate PdaB substrates.

Various bacilli and clostridia contain pdaB homologous
genes exhibiting extraordinary high similarity. They are
the genes of B. anthracis (encoding 254 aa polypeptide;
fasta E-value of gene product, 7.2e-52), B. cereus (254 aa;
4.1e-51), B. halodurans (253 aa; 1.2e-44), Oceanobacillus
theyensis (251 aa; 2.7e-38), Thermoanaerobacter tengcon-
gensis (239 aa; 2e-27), Clostridium tetani (257 aa, 1.7e-
21), and C. acetobutylicum (255 aa, 6.5e-18). The most
highly homologous gene in B. subtilis is ylxY, and its
product shows an E value of 2.1e-17 and 31.2% identity
with PdaB. However, YIXY is a 319-aa polypeptide and
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PdaB is a 254-aa one, and disruption of ylxY did not
cause any sporulation defect (data not shown). Disrup-
tion of the other paralogs (yheN, yjeA and yxkH) did not
cause any phenotypic difference, including in vegetative
cell morphology, sporulation and germination (data not
shown). We further constructed double mutants between
pdaB and the other paralogs (ylxY, yheN, yjeA and yxkH).
They exhibited sporulation defects similar to the pdaB
single mutant (data not shown).

Since PdaB is associated with sporulation and is
highly conserved in spore-forming bacteria, its biochemi-
cal properties are interesting but remain to be deter-
mined.
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