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A Bacillus subtilis veg mutant exhibited a small reduction of absorbance, a large
reduction of hexosamine release, and slow dipicolinic acid release from spores during
germination with L-alanine as a germinant. But veg spores exhibited normal resist-
ance to chloroform, 2-propanol, lysozyme, and heat. SDS–polyacrylamide gel electro-
phoresis of spore coat proteins revealed no difference in coat proteins between the
wild type and the veg mutant. Northern and veg-lacZ fusion analyses indicated that
the veg gene is transcribed in both the vegetative growth and sporulation phases, and
primer extension analysis indicated an identical transcriptional start point in both
phases. The upstream sequence suggests that veg is transcribed by E�

A RNA polymer-
ase. Veg-GFP fusion protein was detected for vegetative cells and spores, but the fluo-
rescence of mother cells disappeared completely in the late sporulation phase.
Decoated spores containing Veg-GFP exhibited a strong green fluorescence in the
core, but much weaker fluorescence in the cortex.

Key words: Bacillus subtilis, germination mutation, spore coat protein, veg gene, GFP.

Sporulation of Bacillus subtilis is regulated by sporula-
tion-specific sigma factors. After initiation of sporulation,
gene expression is controlled by �F in the forespore com-
partment and �E in the mother cell compartment. Later
in sporulation, when the forespore has become engulfed
by the mother cell, �F and �E are replaced by �G and �K,
respectively (1, 2). The coordinate functions of this cas-
cade of sigma factors eventually transform the cell into a
spore. �A is a major sigma factor in the vegetative growth
phase. During sporulation, �A is also functional and thus
called a house-keeping sigma factor (1, 2).

The veg gene of B. subtilis encodes an 86-amino-acid
polypeptide (3), but its function is not yet known and
there is no significant motif in the amino acid sequence
(Pfam database, Sanger Centre). This gene is, however, a
useful tool for exploration of the mechanism of transcrip-
tion, since it is strongly transcribed in cells growing in a
variety of media (4). Previous reports indicated that veg
is transcribed during the vegetative growth phase and
that a �A consensus sequence is located upstream of the
veg transcription start site (3, 4). Losick and colleagues
also reported that veg was transcribed by �A RNA
polymerase during sporulation (5, 6). The upstream and
downstream genes of veg are yabG and sspF, which are
transcribed by E�K and E�G RNA polymerases, respec-
tively (7, 8). yabG encodes a germination-specific pro-
tease consisting of 290 amino acid residues (7, 9), and its
disruption leads to an altered coat protein composition
(7). sspF encodes a small acid-soluble spore protein

(alpha/beta type SASP) consisting of 61 amino acid resi-
dues (8).

In this communication, we report the characterization
of a veg mutant, localization of the Veg protein, and tran-
scriptional profiles during sporulation.

MATERIALS AND METHODS

Bacterial Strains and Plasmids—Bacillus subtilis 168
trpC and Escherichia coli JM109 recA1 supE44 endA1
hsdR17 gyrA96 relA1 thi� (lac-proAB) [F�: traD36 proAB
lacIq lacZ �M15] or C600 supE44 hsdR thi-1 leuB6 lacY1
tonA21 were used as cloning hosts. A veg-deletion strain
(VEGdd) was constructed as follows. The upstream and
downstream regions of the veg gene were amplified by
PCR with veg-UF (5�-ctcctcgAGCTTGTTATTTTTGCG-
GGG; the underlining and lowercase letters indicate a
XhoI site and tag sequence, respectively) as forward
primer and veg-UR (5�-ggaggatcCGGACAACGTCTTCG-
CCATT; the underlining indicates a BamHI site) as
reverse primer, and with veg-DF (5�-aagaagcTTTTAACG-
GGCAGTGAACCT; the underlining indicates a HindIII
site) as forward primer and veg-DR (5�-ctcctcgAGGAT-
GAACATATCCATA; the underlining indicates a XhoI
site) as reverse primer, respectively, and 168 DNA as a
template. The PCR products were digested with the cor-
responding restriction enzymes, then ligated into HindIII
and BamHI-digested pMUTINT3 (lacZ lacI bla erm) (10).
The resulting recombinant plasmid was used to trans-
form E. coli cells, then plasmid DNA prepared with E.
coli was used to transform B. subtilis 168. Upon double
crossing-over integration, the plasmid was inserted
into the chromosome, resulting in a veg-deficient strain
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(VEGdd). Thus, the gene order in the chromosome is
yabG-5�veg-lacZ-lacI-ori-bla-erm—3�veg-sspF (Fig. 1).

For complementation analysis of the veg mutation, a
fragment containing the promoter, the Shine-Dalgarno
(SD) sequence and the structural gene of veg was ampli-
fied by PCR with VEG-FW (5�-gccgGCGTACAGACATTC-
TAAGC; the lowercase letters indicate a tag sequence) as
forward primer, VEG-TEMPD (5�-gccgGGATCCAAACA-
AAAGGTTCACTGCC; the underlining indicates a BamHI
site) as reverse primer, and 168 DNA as a template. The
PCR product was blunt-ended with a Takara BKL Kit
(Kyoto), then ligated into HincII-digested and dephos-
phorylated pGEM3Zf(+) (Apr, Promega), resulting in
pGMPRveg. BamHI- and XbaI-digested pGMPRveg DNA
was ligated into the BglII and XbaI-digested DNA of
pDHAFB�P (bla amyE::(cat lacI)) derived from pDHAFB
(bla amyE::(cat lacI Pspac)) (11, unpublished results).
The resulting plasmid, pDHPRveg (bla amyE::(cat lacI
veg)), was linearized with PstI and then used for the
transformation of VEGdd. After the double crossing-over
event, a Cmr transformant, AMPRvegdd, containing an
intact veg gene in the amyE locus was constructed.

The nucleotide sequences of all PCR products in this
manuscript were confirmed by sequencing with a DNA
sequencer (Applied Biosystems, model 373A).

Construction of Translational GFP Fusion Strains—To
prepare a VEG-GFP strain containing the veg-gfp trans-
lational fusion, three intermediate plasmids were con-
structed. A fragment containing a signal sequence, Pspac
region, oid sequence and a multicloning site from
pMUTIN4 was prepared by PCR with Spac-MunI (5�-
gcgcCAATTGTACACAGCCCAGTC; the underlining indi-
cates a MunI site and the lowercase letters indicate a tag
sequence) as forward primer, PM-RX2 (5�ccgCTCGAG-
GATTAAGTTGGGTAACGC; the underlining indicates a
SmaI site) as reverse primer, and pMUTIN4 as a tem-
plate. The PCR product was digested with MunI and
SmaI, followed by ligation to the EcoRI and SmaI sites of
pDHAFB. Thus the resultant plasmid, pOIDAFB, con-
tained a Pspac-oid-multicloning site upstream of the
amyE-back region. A gfp-containing plasmid, pQBI63
(bla gfp) (12), was digested with XbaI and BamHI, the
digested DNA fragments were separated by agarose gel
electrophoresis, and a gfp-containing fragment was
extracted with a GenecleanII Kit (Funakoshi). This gfp-
containing fragment was ligated with the XbaI and BglII-
digested pOIDAFB. The resultant plasmid, pOIDGFP,
was digested with HindIII and ApaI, and gfp-containing
fragment was ligated to the corresponding sites of
pMUTIN4, resulting in pM4GFP. VEG-GFP was con-
structed as follows. A fragment containing the 3� region
of the veg structure gene was amplified by PCR with
�VG-U (5�-gccgAAGCTTC32GCTTGATGGGAATTTAGG;
the underlining indicates a HindIII site and the number-
ing is from the translational start codon of veg) as for-
ward primer, VEG-GFP (gcgcTCTAGAA258AATGCCACT-
GAGCTTGC; the underlining indicates a XbaI site and
A258 corresponds to the complementary nucleotide of the
3� terminus of veg) as reverse primer, and a chromosomal
DNA as a template. The amplified DNA was digested
with HindIII and XbaI, followed by ligation to the corre-
sponding sites of pM4GFP. The resultant plasmid,
pM4�vegG, was used for transformation of B. subtilis
168. The resultant VEG-GFP (veg::pM4GFP) was a single
crossing-over recombinant and contained a veg-gfp trans-
lational fusion instead of veg in the chromosome.

Construction of Transcriptional GFP Fusion Strains—
To construct a transcriptional veg-gfp fusion strain,
VEGdg, a fragment containing the 3�-region and its
downstream region of veg was amplified by PCR with
�VG-U (gccgAAGCTTC32GCTTGATGGGAATTTAGG; the
underlining indicates a HindIII site and the numbering
is from the translational start codon of veg) as forward
primer, VEG-TEMPD (gcgcGGATCC282AAACAAAAGGT-
TCACTGCC; the underlining indicates a BamHI site) as
reverse primer, and a chromosomal DNA as a template.
The amplified fragment was blunt-ended with BKL kit
(Takara), then ligated with EcoRV-digested and dephos-
phorylated pBluescriptII (SK+), resulting pBL�veg. After
HindIII and EcoRI digestion of pBL�veg, a fragment con-
taining the 3�-region of veg was prepared by agarose gel
electrophoresis. The fragment was ligated with the corre-
sponding sites of pM4GFP, resulting in pM4veg-gfp. The
pM4veg-gfp plasmid was used to transform B. subtilis
168 by single crossover, resulting in VEGdg (veg::
pM4veg-gfp) containing the entire veg and gfp genes.

To construct a transcriptional cotE-gfp fusion strain,
COTEdg, a fragment containing the 5�-region and its

Fig. 1. A map of veg and the neighboring genes (A), and con-
struction of the VEGdd strain (B). The arrows indicate the
deduced rho-independent terminators with �G values (kcal/mol)
(A). Disruption of the veg gene was carried out by insertion of a
pMUTINT3 derivative into the B. subtilis chromosome. The gene
order at the integration site is shown in panel B.
J. Biochem.
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upstream region of cotE was amplified by PCR with
COTE-HP (gccgAAGCTT-274CTGTTCTCTCTAAACACGG;
the underlining indicates a HindIII site and the number-
ing is from the translational start codon of cotE) as for-
ward primer, COTE-ER (gcgcGAATTC16CCCTGTATTC-
AGACATTCC; the underlining indicates a EcoRI site) as
reverse primer, and a chromosomal DNA as a template.
The amplified fragment was blunt-ended with a BKL kit
(Takara), then ligated with EcoRV-digested and dephos-
phorylated pBluescriptII (SK+), resulting in pBLcotE.
After HindIII and EcoRI digestion of pBLcotE, a frag-
ment containing the 5�-region of cotE was prepared by
agarose gel electrophoresis. The fragment was ligated
with the corresponding sites of pM4GFP, resulting in
pM4cotE-gfp. The pM4cotE-gfp plasmid was used for
transformation of B. subtilis 168 by single crossover,
resulting in COTEdg (cotE::pM4cotE-gfp) containing a
promoter (SigE) region followed by the 5�-region of cotE
and the entire region of gfp.

Culture Conditions—B. subtilis and E. coli were cul-
tured in LB medium (9) at 37�C. For sporulation, DSM
medium (13) was used. If necessary, chloramphenicol (5
�g ml–1), for B. subtilis, and ampicillin (50 �g ml–1), for E.
coli, were added to the medium.

Transformation of E. coli and B. subtilis—E. coli
transformation was performed as described by Sambrook
et al. (14), and B. subtilis transformation was performed
by the competent cell method (15).

�-Galactosidase Assay—The assay was performed
basically as described by Shimotsu and Henner (16). One
unit of �-galactosidase activity was defined as the
amount of enzyme necessary to release 1 nmol of 2-nitro-
phenol from 2-nitrophenyl-�-D-galactopyranoside in 1
min.

Northern Blot and Primer Extension Analyses—Cells
(15 A600) cultured in DSM medium were harvested and
suspended in 1 ml of chilled killing buffer (17). After cen-
trifugation at 12,000 �g for 1 min at 4�C, the pellet was
suspended in 1 ml of SET buffer containing lysozyme
(final, 6 mg/ml). After incubation for 10 min at 0�C, the
suspension was centrifuged at 12,000 �g for 1 min at 4�C.
The pellet was used for RNA preparation with Isogen
(Nippon Gene) according to the manufacturer’s instruc-
tions. Agarose-formaldehyde gel electrophoresis was per-
formed as described by Sambrook et al. (14). The transfer
of RNAs onto a nylon membrane (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 (Takara) as primers, and pGMveg
DNA, containing the internal region of the veg gene, as a
template. The amplified fragment was digested with Hin-
dIII, and then fragments were purified by phenol and
chloroform treatment, followed by precipitation with eth-
anol. The RNA probe was prepared with a DIG RNA
Labeling Kit (Roche Diagnostics), and Northern (RNA)
hybridization was performed according to the manufac-
turer’s instructions. Primer extension analysis was per-
formed as described previously (13), using the VEG-PE
primer (5�-TTGCTTTTAACGTCAGCC; the 5� and 3� ends
corresponding to the complementary nucleotides at posi-
tions 73 and 56 with respect to the 5� end of the veg gene).

Spore Germination and Outgrowth—B. subtilis 168
and disruptants were cultured on LB plates for 12 h at
37�C, then cells were inoculated into 5 ml of DSM
medium and incubated for 4 h at 37�C. After centrifuga-
tion of the preculture, cells were cultured in 50 ml of
DSM medium for 52–60 h (until t48) at 37�C. After centrif-
ugation of the culture, a mixture of free spores and spor-
angia was suspended in 10 ml of deionized water and
washed by centrifugation basically as described by
Nicholson and Setlow (18) until all the cell debris and
vegetative cells had been removed. For routine experi-
ments, the “spore washing” was repeated once daily for 2
weeks. The purified spores (0.3 A580) were heat-activated
at 70�C for 30 min, unless otherwise noted, then diluted
with a 10 mM Tris-HCl buffer (pH 8.4). Germination was
initiated by the addition of L-alanine to a final conc. of 10
mM or AGFK (L-asparagine, D-glucose, D-fructose, and
KCl) to final conc. of 10, 1, 1, and 10 mM, respectively
(19). At appropriate times (0, 30, 60, 90, and 120 min for
routine experiments), the A580 of the mixture was meas-
ured and, if necessary, samples were taken and centri-
fuged in a microfuge. The supernatant (1 ml) was used
for the measurement of released dipicolinic acid as
described by Nicholson and Setlow (18). The rest of the
supernatant was dried up with a concentrator (model
CC-180; Tomy), followed by measurement of the released
reducing groups by the method of Elson-Morgan, with N-
acetylglucosamine as a standard (18). One half ml of a
spore suspension (0.3 A580) was mixed with 2.5 ml of LB
medium or 2.25 ml of LB supplemented with 0.25 ml of L-
alanine solution (10 mM L-alanine in 10 mM Tris-HCl,
pH 8.4), and then germination following outgrowth at
37�C was monitored at A580. To measure hexosamine
release with AGFK as a germinant, the germinant was
removed from spores by membrane filtration (0.30 �m
diameter) after a 30-min incubation at 37�C. The spores
were then washed and resuspended in the 10 mM Tris-
HCl buffer, and the hexosamine released was measured
as described above.

Determination of Solvent and Heat Resistance of
Spores—Chloroform (final 10%), 2-propanol (final 10%),
or lysozyme (final 250 �g/ml) was added to a spore sus-
pension, followed by incubation for 10 min at room tem-
perature or at 37�C in the case of lysozyme treatment.
Heat treatment was performed at 80�C for 10 min.
Treated spore suspensions were diluted and plated on LB
agar. After a 12-h incubation at 37�C, the numbers of col-
onies (CFU) with or without the above treatments were
counted. CFU/spore for VEGdd and 168 without treat-
ment was 42% and 54%, respectively.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis (SDS–PAGE) of Spore Coat Proteins—To purify
spores, urografin density gradient centrifugation was
performed as described by Nicholson and Setlow (18).
The purified spores (5 A580 amount) were solubilized in
0.1 ml of loading buffer [0.12 M Tris-HCl (pH 6.8), 4%
SDS, 5% 2-mercaptoethanol, 20% glycerol, 0.01%
bromophenol blue], and boiled for 5 min, basically as
described by Kodama et al. (20). The resulting samples
were analyzed by SDS–PAGE (14% polyacrylamide) (21).

Phase and Fluorescence Microscopy of Vegetative and
Sporulating Cells—Cells expressing green fluorescence
were prepared as follows. A VEG-GFP strain containing
Vol. 133, No. 4, 2003
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the veg-gfp translational fusion, or VEGdg and COTEdg
strains containing veg-gfp and cotE-gfp transcriptional
fusions, respectively, were cultured in DSM at 37�C for
various times. After centrifugation of their cultures, cells
were washed and stained with 4,6-diamidino-2-phenylin-
dole (DAPI; final concentration, 1.0 �g/ml; Wako). Phase
and fluorescence microscopy was carried out as described
previously (12). To determine localization of the LacZ
protein during sporulation, cells (0.3 A580) were washed
and suspended in 100 �l of ultrapure water, and then a
part of the cell suspension was stained with FDG (fluo-
rescein-di-�-D-galactopyranoside; a final concentration,
0.33 mM) for 30 min at 37�C. Fluorescence microscopy of
FDG-binding spores with an Olympus BX61 microscope
was carried out with the dichroic mirror cube unit for
FDG containing a band-pass (470 to 490 nm) excitation
filter and a narrow-band-pass (510–550 nm) barrier filter.

Preparation of Decoating Spores—Spores were decoated
basically as described by Makino et al. (22). Purified
spores (3 A580 amount) were suspended in 1 ml of decoat-
ing solution 1 (2 M urea, 25 mM 2-mercaptoethanol, 50
mM Tricine-NaOH, pH 9.0) and incubated for 6 h at
37�C. After centrifugation of spores, the above procedure

was repeated once. After centrifugation, treated spores
were suspended in 1 ml of decoating solution 2 (30 mM
SDS, 200 mM 2-mercaptoethanol, 50 mM Tricine-NaOH,
pH 9.0) and incubated for 6 h at 37�C. After centrifuga-
tion of the spores, the procedure was repeated once. The
partially decoated spores were washed several times with
water, then suspended in 1 ml of decoating solution 3 (1
mg/ml trypsin, 50 mM MOPS-NaOH, pH 7.0) and inu-
bated for 12 h at 37�C. After washing with water,
decoated spores were suspended in ultrapure water.

Fluorescence Microscopy of the Decoated Spore—A 0.1-
ml portion of the decoated spore suspension (0.01 A580)
was mixed with 2 �l of 3.3 mg/ml wheat germ aggluti-
nin tetramethylrhodamine conjugate (WGA; Molecular
Probes) and the solution was centrifuged at 15,000 rpm
for 5 min at 4�C. The supernatant was added to 100 �l of
ultrapure water. Fluorescence microscopy of WGA-bind-
ing spores with an Olympus BX61 microscope was car-
ried out with the dichroic mirror cube unit for WGA con-
taining a wide-band-pass (520 to 550 nm) excitation filter
and a long-pass (580 nm) barrier filter.

RESULTS

By systematic genome functional analysis of B. subtilis,
we found that a veg-disrupted spore exhibited very poor
reduction of absorbance during germination with L-
alanine (19). Therefore, we started analyzing the func-
tion of veg especially during sporulation and germina-
tion.

(1) Expression of the Veg Gene—A veg-lacZ fusion
strain, VEGdd, was cultured in DSM medium, and �-
galactosidase activity was determined. Strong activity
was detected during not only the vegetative growth phase
but also the sporulation phase (Fig. 2). To confirm the
results, Northern hybridization analysis of mRNAs from
the wild type was carried out. The veg probe hybridized to
a 0.3-kb fragment throughout the vegetative and sporu-
lation phases (Fig. 3A). Since the veg gene consists of 258
nucleotide residues, and the deduced rho-independent
terminators are located upstream and downstream of the
veg gene (Fig. 1), it was transcribed as a monocistronic
mRNA (Fig. 3A). Previous reports also showed that veg

Fig. 2. �-Galactosidase activity of the veg-lacZ transcrip-
tional fusion strain (VEGdd). Closed and open symbols are �-
galactosidase activity and cell growth (A600), respectively. Circles
and squares are the wild-type and VEGdd strains, respectively.

Fig. 3. Northern blot analysis (A) and
primer extension analysis (B) of tran-
scription of the veg gene. (A) The wild-
type strain was grown at 37�C in DSM, and
cell samples were taken at t–2 (-2), t–1 (-1), t0
(0), t1.5 (1.5), t3 (3), t4.5 (4.5), and t6 (6). RNAs
prepared from the cells were separated on a
gel, and signals were detected with a DIG-
labeled specific veg RNA probe. The posi-
tions of large and small rRNAs (2.7 and 1.5
kb, respectively) are shown by bars, and an
arrow indicates the hybridization band at
the 0.3 kb position. (B) RNAs from wild-
type cells cultured in DSM to t–2 (-2), t0 (0),
t3 (3), t6 (6), and t9 (9) were used as RNA
samples. Signals were detected with 32P-
labeled primer VEG-PE. A dideoxy DNA
sequencing reaction mixture with the same
primer was electrophoresed in parallel
(lanes G, A, T, and C). The nucleotide sequence of the sense strand is given beside the sequence ladder, and the arrow indicates the nucle-
otide at the transcriptional start site.
J. Biochem.
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was transcribed during vegetative and sporulation
phases, and the transcription initiation site during the
vegetative phase was A as shown in Fig. 3B (4). To deter-

mine the transcription start point during the sporulation
phase, primer extension analysis was performed with
RNAs from 168 and the primer VEG-PE. An extended
product was detected for both the vegetative growth and
sporulation phases, and the products started at A, which
was 15 bp upstream of the translational start codon, ATG
(Fig. 3B). The upstream sequences, TTGACA and TtGTA-
cAAT (capital letters, consensus sequence), with spacing
of 14 bp, were identical and very similar to the –35 and
–10 consensus sequences, respectively, of sigma A
(TTGACA and TGNTATAAT, respectively), with spacing
of 14 bp (8).

(2) Morphology and Germination Profiles of Veg-Defi-
cient Spores—The veg-deficient mutant VEGdd showed
normal growth, cell separation and motility, and pro-
duced bright refractive spores in DSM medium (Fig. 4).
The colony-forming ability (CFA) of spores of VEGdd
after heat treatment at 80�C for 10 min was 27%, which
was not significantly different from the level for the wild-
type 168 spores (46%).

After heat activation, germination was measured by
monitoring the decrease in the A580 of a spore suspension
upon the addition of L-alanine or AGFK at 37�C (Fig. 5A).
Spores of VEGdd responded to the germinant, and the
A580 values of the spore suspensions with L-alanine
slowly decreased by about 35% after 180 min, while those
with AGFK decreased by about 45% (Fig. 5A). In con-
trast, the values for wild-type spores decreased rapidly,
by 60% and 45%, with L-alanine and AGFK, respectively.
It has been reported that yabG-deficient (YABGd) spores
show normal germination with L-alanine and AGFK (7).
Therefore, germination of the VEGdd spores with L-
alanine was different from that of yabG-deficient spores
after 180 min (Fig. 5A). During the incubation with L-
alanine, the bright spores of VEGdd changed into two
types: a major population consisting of phase-gray spores
and a minor one of bright spores. After a 360-min incuba-
tion, the gray spores became dark, but bright spores were
still observed. Swelling of the former VEGdd spores
seemed to be poor with L-alanine (Fig. 4). With AGFK, all
of the VEGdd spores became dark, similar to the wild-
type spores (Fig. 4). Dipicolinic acid release by VEGdd
with L-alanine was different from that by the wild type
(63% of the wild-type level after 180 min), but the differ-
ence was smaller with AGFK (Fig. 5B). A great difference

Fig. 4. Phase-contrast microscopy of dormant and germi-
nated spores of wild-type strain 168, veg-deficient strain
VEGdd, and the complemented strain AMPRvegdd contain-
ing the intact veg gene at the amyE locus and the veg-disrup-
tion at the original veg locus, during germination in a buffer
containing L-alanine or AGFK as germinant. Time indicates
the incubation period at 37�C. The bars indicate 2 �m.

Fig. 5. Spore germination of B. subti-
lis 168, VEGdd, AMPRvegdd, and
VEG-GFP with L-alanine and/or
AGFK. (A) The germination of spores of
B. subtilis strains was monitored at A580
at the indicated times after the addition
of germinants and is expressed as the
relative absorbance. (B) The released
dipicolinic acid in the supernatants of
the spore suspensions was measured.
Closed and open symbols indicate ger-
mination with L-alanine and AGFK,
respectively. Circles, squares, triangles,
and diamonds indicate 168, VEGdd,
AMPRvegdd, and VEG-GFP, respec-
tively.
Vol. 133, No. 4, 2003
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between the VEGdd and wild-type spores was found in
the release of polysaccharides containing hexosamine
with L-alanine (Fig. 6). In the case of AGFK, high concen-
trations (1 mM) of glucose and fructose in the germinant
solution affected the background level for hexosamine
determination, thus the germinant was removed by cen-
trifugation after 30 min of incubation, and the spores
were resuspended in the buffer. Hexosamine release by
the VEGdd spores was very similar to that by the wild-
type ones (Fig. 6). A lack of hexosamine release with L-
alanine has been reported for a mutant of cwlD, which
has been deduced to be a cell wall-lytic N-acetyl-
muramoyl-L–alanine amidase gene (23). Although cwlD
mutant spores did not show any outgrowth in a rich
medium at 37�C (23), VEGdd spores showed normal out-
growth in LB + L-alanine (data not shown).

(3) Complementation—The pDHPRveg plasmid con-
taining the intact veg gene was inserted into the amyE
locus of VEGdd. The resulting strain, AMPRvegdd,
exhibited a normal germination profile with L-alanine
(Figs. 4 and 5). Therefore, introduction of the intact veg
gene into the amyE locus complemented the veg-deficient
phenotype.

(4) SDS–PAGE Profile of Spore Coat Proteins and the
Other Properties of the Veg-Deficient Mutant—VEGdd
spores were resistant to chloroform, 2-propanol and
lysozyme, the levels being similar to those of the wild-
type spores (20%, 37%, and 26% CFU/spores for VEGdd,
and 39%, 39%, and 44% for 168, respectively). Spore
coat proteins of VEGdd, the veg-complementing strain
AMPRvegdd, and the wild-type 168 were analyzed by
SDS–PAGE (Fig. 7). The profile of VEGdd was very simi-
lar to those of AMPRvegdd and 168. Therefore, the veg
mutation did not affect the protein profile of the spore
coat.

(5) Localization of the Veg Protein during Sporula-
tion—A veg-gfp translational fusion was constructed as
described in Materials and Methods, and the resultant
VEG-GFP spores were similar to the wild type in germi-
nation including absorbance and microscopic profiles
(Fig. 5; data not shown). Since the veg-gfp gene fully com-
plemented veg deficiency, it was a functional GFP fusion.
Vegetative cells and spores of VEG-GFP exhibited strong
fluorescence (T–2, T0, and T20 in Fig. 8), but the mother
cell compartment exhibited weak fluorescence in the
early sporulation phase and almost no fluorescence in the
late sporulation phase, T20 (Fig. 8). These results indicate
that the Veg protein is localized in spores.

Fig. 6. Hexosamine release from B. subtilis spores during
germination. Closed and open symbols indicate germination with
L-alanine and AGFK, respectively. Circles and squares indicate 168
and VEGdd, respectively. For AGFK, spores were washed after 30
min of incubation (as shown by arrow), and then resuspended in the
Tris-HCl buffer. Released hexosamine in the supernatants of the
spore suspensions was measured.

Fig. 7. SDS–polyacrylamide gel electrophoresis of spore coat
proteins from 168, VEGdd, and AMPRvegdd strains. Coat pro-
teins extracted from spores (1.67 A580) were applied onto a gel as
described in Materials and Methods. M, molecular mass marker
proteins (Biorad); lane 1, AMPRvegdd; lane 2, VEGdd; lane 3, 168.
The molecular sizes of the marker proteins are shown on the left.

Fig. 8. Localization of the Veg-GFP translational fusion pro-
tein. The VEG-GFP strain containing the veg-gfp translational
fusion was cultured in DSM medium at 37�C, and cells were col-
lected at t–2, t0, t8, and t20 followed by DNA staining with DAPI.
Overlay is a DAPI image overlaid on a GFP image. Exposure time
for DAPI and GFP detection are shown in parentheses. White cir-
cles indicate typical spore-forming cells in which mother cells and
spores exhibit a weak (t8) to almost no expression (t20) and a strong
expression (t8 and t20) of Veg-GFP, respectively. Bars indicate 2 �m.
J. Biochem.

http://jb.oxfordjournals.org/


Veg Gene in Bacillus subtilis 481

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

To further investigate the localization inside spores,
VEG-GFP spores were stained with a fluorescent lectin
(wheat germ agglutinin tetramethylrhodamine conju-
gate; WGA). However, spores exhibited weak fluores-
cence, because the spore coat is a strong barrier against
staining. DAPI staining of spore DNA was also very poor.
To improve the staining, spores were decoated before
staining with WGA (Fig. 9). Strong red fluorescence
caused by WGA was found in the peripheral layer of
spores (probably cortex), and strong green fluorescence
caused by GFP was found in the central region of spores
(core) (Fig. 9). The location of GFP was very similar to
that of DAPI staining (data not shown). These results
indicate that the Veg protein was localized in the core
region.

(6) Expression of Veg during Sporulation—Since the
Veg-GFP protein had scarcely been found in the mother
cell compartment after T8, transcription of veg was inves-
tigated with the veg-gfp transcriptional fusion strain
VEGdg. Green fluorescence was strong in the forespore
compartment, but weak in the mother cell compartment
(Fig. 10A). To eliminate the possibility of the instability
of GFP in the mother cell compartment, the cotE-gfp
transcriptional fusion strain COTEdg was constructed.
Strong green fluorescence was found in the mother cell
compartment (Fig. 10B), indicating the stability of GFP
in this compartment. This result is supported by the fact
that cotE is transcribed by RNA polymerases with
mother cell-specific sigma factors (�E and �K) (8). These
results suggest that veg is not transcribed in the mother
cell compartment.

(7) Localization of a Reporter LacZ Protein Transcribed
by � A RNA Polymerase—VEGdd is a transcriptional
fusion of veg with lacZ, and thus localization of LacZ was
determined with FDG. Strong fluorescence was found in
vegetative cells (data not shown) and non-spore-forming
cells (Fig. 10C). DNAs and membranes of spores and fore-
spores after membrane fusion at the engulfment stage
are not stained with DAPI and FM4-64 (membrane
stain), respectively, but those in mother cells are easily

stained (24). Moreover, PsigE- and PsigK-lacZ transcrip-
tional fusion exhibited fluorescence in the mother cell
compartment (data not shown). Previous reports by
Lewis et al. (25) and Kodama et al. (20) also showed that
FDG is permeable into mother cells. Figure 10C shows
that neither spores nor mother cells exhibited fluores-
cence. These results support the inference that the veg
gene is not transcribed in the mother cell compartment in
spite of the presence of the �A promoter sequence.

Fig. 9. Localization of Veg-GFP in spores. VEG-GFP spores pre-
pared from a 48-h culture in DSM were decoated and then stained
with WGA (wheat germ agglutinin tetramethylrhodamine conju-
gate). Overlay is a WGA image overlaid on a GFP image. Exposure
time for WGA and GFP detection are shown in parentheses. Pic-
tures in the second line are enlargements of spores circled in white.
Peripheral and central regions, corresponding to cortex and core,
exhibit strong fluorescence of WGA and GFP, respectively. Bars
indicate 2 �m.

Fig. 10. Localization of GFP and LacZ of the veg-gfp (A), cotE-
gfp (B), and veg-lacZ (C) transcriptional fusion strains.
VEGdg (A) and COTEdg (B) strains were cultured in DSM medium
at 37�C, and cells were collected at t0, t10, and t20 followed by DNA
staining with DAPI. The cotE gene is transcribed by two mother
cell–specific RNA polymerases, �E and �K RNA polymerases (6), and
the cotE-gfp transcriptional fusion was a control of GFP production
in the mother cell compartment. Overlay is a DAPI image overlaid
on a GFP image. Panel C shows localization of LacZ of the VEGdd
strain. Cells were cultured in DSM at 37�C and collected at t10 fol-
lowed by DNA staining with DAPI and by LacZ staining with FDG.
Overlay is a DAPI image overlaid on a FDG image. Bars indicate 2
�m.
Vol. 133, No. 4, 2003
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DISCUSSION

The disruption of veg led to poor germination in the L-
alanine-containing buffer, but this defect was not found
in the AGFK-containing buffer (Figs. 4, 5, and 6). SDS–
PAGE analysis of spore coat proteins did not show any
difference in composition between veg and the wild-type
spores (Fig. 7). Germination defects have often been
found in mutants of the germination-specific cortex-lytic
enzymes (26, 27) and the muramic-�-lactam biosynthetic
enzymes (23, 12). sleB and cwlJ are considered to encode
germination-specific cortex-lytic enzymes (26, 27). In par-
ticular, SleB is the major cortex-lytic enzyme, and sleB-
minus spores completely lack the ability to release hex-
osamine-containing polysaccharides and show a poor
decrease in refractivity during germination (26, 27).
Since these phenomena were similar to those observed
for veg-deficient spores, we quantitated sleB and cwlJ
transcripts of the wild type and veg mutant from t3-t7.5 by
Northern blot analysis. There were no significant tran-
scriptional differences between the wild-type and veg
mutant: 2.2 kb and 0.47 kb transcripts were found with
the sleB and cwlJ probes, respectively, and their inten-
sity and time of appearance in the veg mutant were
almost identical to those in the wild type (data not shown).
Therefore, veg does not affect germination through sleB
and cwlJ expression. The muramic-�-lactam biosynthetic
genes, cwlD and pdaA (yfjS), are transcribed by �E and
�G, and �G RNA polymerases, respectively (23, 12). Both
defects affect germination severely, and they are found in
a buffer containing L-alanine or AGFK. Since veg affected
germination only in a buffer containing L-alanine, it is
not likely that veg influences germination through cwlD
and pdaA.

The veg gene encodes a small polypeptide (86 amino
acid residues), which is assumed to be a typical cytoplas-
mic protein (PSORT and SOSUI databases). To deter-
mine the localization of Veg, a translational fusion strain,
VEG-GFP, and two transcriptional fusion strains, VEGdg
(veg-gfp) and VEGdd (veg-lacZ), were used with the tran-
scriptional cotE-gfp strain COTEdg. The Veg-GFP pro-
tein was found in vegetative cells (Fig. 8). During the
sporulation phase, it was accumulated in the forespore
compartment but not in the mother cell compartment
(Fig. 8). The veg transcription was almost abolished in
the mother cell compartment (Figs. 10, A and C). Previ-
ously Losick and his colleagues reported that �A activity
disappears after asymmetric septation (28). Ju et al.
reported the sigma factor displacement from RNA
polymerase during sporulation (29) and Lord et al. sug-
gested that anti-�A factor may be synthesized or acti-
vated in sporulating cells at about the time of asymmet-
ric septation (30). Recently Li and Piggot (31) reported
that there is sufficient RNA polymerase including �A to
drive PtrpE-sacB’-’lacZ expression in the prespore and in
the mother cell both before and after engulfment. In our
case, the fact that fluorescence was weak or absent in the
mother cell compartment of the transcriptional and
translational gfp fusion strains (Figs. 8 and 10) may be
caused by specific regulator or anti-�A factor correlated
with veg. In contrast, it is interesting that veg is active in
the forespore compartment in spite of the presence of the
�A promoter sequence.

The veg gene is conserved not only in various spore-
forming bacteria [Geobacillus (Bacillus) stearother-
mophilus, Oceanobacillus iheyensis, B. halodurans, B.
anthracis, Clostridium thermocellum, C. perfringens, C.
acetobutylicum, and Thermoanaerobacter tengcongensis],
but also various eubacteria (Listeria monocytogenes, L.
innocua, Staphylococcus aureus, Enterococcus faecium,
Leuconostoc mesenteroides, Lactobacillus gasseri, and
Oenococcus oeni) (BlastP in NCBI and BlastN in the
unfinished database of NCBI). Moreover, the gene order
(yabG-veg-sspF) in the B. subtilis genome is conserved in
Oceanobacillus iheyensis and B. halodurans, and par-
tially conserved in C. perfringens, C. acetobutylicum, and
Thermoanaerobacter tengcongensis (yabG-veg) (complete
genomes in KEGG). The three genes are also neighbors
in G. stearothermophilus and B. anthracis (microbial
genomes in progress in TIGR). Listeria monocytogenes, L.
innocua, S. aureus, E. faecium, L. mesenteroides, L. gas-
seri, and O. oeni do not possess significant orthologs of
yabG and sspF (Blast server in NCBI). These results sug-
gest that the veg gene has two functions: an unknown
function during the vegetative growth phase, and a ger-
mination-related function. Since the veg gene and the
neighboring spore gene are conserved in spore-forming
bacteria, it is very likely that the function of veg is very
important for germination in general.

The molecular mechanism of the veg function is still
obscure. However, this is the first report to describe the
cellular function of the well-known veg gene.
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