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Mutations designated gtaC and gtaE that affect �-phosphoglucomutase activity required for interconversion
of glucose 6-phosphate and �-glucose 1-phosphate were mapped to the Bacillus subtilis pgcA (yhxB) gene.
Backcrossing of the two mutations into the 168 reference strain was accompanied by impaired �-phosphoglu-
comutase activity in the soluble cell extract fraction, altered colony and cell morphology, and resistance to
phages �29 and �11. Altered cell morphology, reversible by additional magnesium ions, may be correlated with
a deficiency in the membrane glycolipid. The deficiency in biofilm formation in gtaC and gtaE mutants may be
attributed to an inability to synthesize UDP-glucose, an important intermediate in a number of cell envelope
biosynthetic processes.

Peptidoglycan and wall teichoic acids (WTAs) are major
constituents of the cell wall in many gram-positive bacteria. It
has been proposed that lipoteichoic acids (LTAs), polymers
anchored in the membrane, and WTAs contribute to the cell
wall electrolyte properties, modulate the activity of peptidogly-
can-degrading enzymes, and maintain cation homeostasis (24).
The biology of WTAs and LTAs has been reviewed recently
(17, 24).

In Bacillus subtilis 168, poly(glycerolphosphate) [poly(Gro-
P)], known as the major WTA, is glucosylated and D-alanylated
at the C-2 position of the 1,3-phosphodiester-linked glycerol
units (17, 24). Absence of either of these substituents does not
affect cell viability, whereas the polymer backbone is an essen-
tial cell constituent (20). Glucosylation of poly(Gro-P) plays an
essential role in the attachment of phage �29 to B. subtilis 168
(34). Mutations associated with a �29-resistant phenotype
were mapped to three loci, gtaA, gtaB, and gtaC (35). Subse-
quently, analyses of gtaB-deficient mutants established that
gtaB is the structural gene of the UTP:�-glucose-1-phosphate
uridylyltransferase (28, 31), the enzyme that catalyzes the for-
mation of UDP-glucose (UDP-Glc) from �-glucose 1-phos-
phate (�-Glc 1-P) and UTP. gtaA (rodD), which has been
renamed tagE, encodes the enzyme for the transfer of glucosyl
groups from UDP-Glc to the poly(Gro-P) moiety of the major
WTA (10, 19). In addition, UDP-Glc is required for the poly-
merization of poly(glucosyl N-acetylgalactosamine phosphate),
the minor WTA (17), as well as for the YpfP-governed syn-
thesis of diglucosyldiacylglycerol, the membrane anchor for
poly(Gro-P) which forms the main chain of LTA (12).

Mutations leading to an �-phosphoglucomutase (�-PGM)
deficiency (i.e., mutations associated with the inability to con-

vert glucose 6-phosphate [Glc 6-P] to �-Glc 1-P) were mapped
to the gtaC locus at 77° on the B. subtilis genome (1, 28). The
gtaC mutants were, however, split into two subgroups; the
PBSZ-sensitive mutants retained the designation gtaC, where-
as the PBSZ-resistant mutants were renamed gtaE (28). In-
spection of the B. subtilis 168 chromosome sequence (16) sug-
gested that the �-PGM (EC 5.4.2.2) gene corresponds to yhxB,
a 1,698-nucleotide open reading frame (encoding 565 amino
acids) whose calculated map position is 85.9°.

In the present study we found that gtaC and gtaE mutations
map to yhxB (designated pgcA in this paper). Below we present
evidence that the �-PGM deficiency correlates with altered cell
morphology and impaired biofilm formation. To further char-
acterize this phenotype, strains bearing mutations in the bio-
synthetic pathway downstream of the �-Glc 1-P formation step
were investigated.

MATERIALS AND METHODS

Bacterial strains, plasmids, phages, and culture conditions. B. subtilis strains
are listed in Table 1. Escherichia coli TOP10 [F� mcrA �(mrr-hsdRMS-mcrBC)
�80lacZ�M15 �lacX74 recA1 deoR araD139 �(araA-leu)7697 galU galK rpsL
(Strr) endA1 nupG], which was used as a host strain for plasmid construction,
and plasmid vector pCR2.1-TOPO were obtained from Invitrogen. Plasmid
pMTL20EC has the backbone of pMTL21EC (25) but the inverted orientation
of the EcoRI-HindIII polylinker.

Phage �29 and a spontaneous clear-plaque mutant of phage �11 (6) were
obtained from laboratory stocks. Bacteria were grown at 37°C in Luria-Bertani
(LB) broth (Difco) or on LB agar (Difco) plates, unless otherwise specified.
For E. coli transformants, ampicillin was routinely used at a concentration of
50 �g/ml.

Plasmid construction. The 1.1-kb DNA segment containing the gtaC189 mu-
tation was amplified by PCR by using genomic DNA from strain L6179 and
oligonucleotides BS449 and BS450. Cloning of the PCR products into pCR2.1-
TOPO yielded plasmid p647. The segment containing the gtaE151 mutation was
amplified by PCR by using strain L6118 DNA with oligonucleotides BS451 and
BS452. Ligation of this 1-kb segment to pCR2.1-TOPO gave rise to plasmid
p648.

Part of the ypfP gene was amplified by using primers VL590 and VL591.
Amplified DNA was digested with EcoRI and HindIII to release the relevant
353-bp fragment that was cloned into EcoRI-HindIII-digested pMTL20EC, re-
sulting in plasmid p701.
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de Médecine, Université de Lausanne, CH-1015 Lausanne, Switzer-
land. Phone: 41 21 692 56 08. Fax: 41 21 692 56 05. E-mail: vladimir
.lazarevic@imf.unil.ch.

† Dedicated to the memory of Catherine Mauël (1943–2004).
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The segment of the gtaB gene (residues 46 to 420 with respect to the start
codon) obtained by PCR amplification with oligonucleotides BS373 and BS374
was digested with BamHI-EcoRI and ligated to the corresponding cloning sites
of pMTL20EC to obtain plasmid p624.

The 1,563-bp segment of strain L6333 extending over the 3� part of the tagE
gene and the 5� part of tagF, which contained the tagE12 (gtaA12) mutation, was
amplified with oligonucleotides BS521 and BS522. The amplified DNA was
cloned into pCR2.1-TOPO, generating plasmid p692.

The 501-bp segment of the 5�-terminal part of ggaA was amplified by PCR with
oligonucleotides BS508 and BS509. Cloning of the EcoRI-SphI digestion product
into pMTL20EC resulted in plasmid p690.

Oligonucleotides. The following oligonucleotides were used in this study:
BS373 (5�-ACGGATCCACACGTTTTCTTCCGGCTACGAAAG-3�), BS374
(5�-ACGAATTCTGGAGTTTCAGCCTGAACAATATCG-3�), BS409 (5�-GA
TTCCAATGGGATGAGCAGGCGAA-3�), BS410 (5�-TTCTCACTCCGGCA
TTGATCTTGTA-3�), BS449 (5�-AGTGACAGAGGCACCCGCTTCATA-3�),
BS450 (5�-GAACAACACCGTTATCAGGCAGGA-3�), BS451 (5�-TTCACAC
CGCTGCATGGAACTGCA-3�), BS452 (5�-CTTTTCACTGTCTTCCAAAGA
TGA-3�), BS521 (5�-CGGAACTGCGTCAATATTGGATAGA-3�), BS522 (5�-
TCCGTTCCTGAACGTCTCTCTTTCA-3�), VL508 (5�-ACAGAATTCTGAT
GGTAGTGTTGACAGCAGTCC-3�), VL509 (5�-ACAGCATGCTACTTTCC
TTCTGCAACTGCTCCG-3�), VL590 (5�-TGACTGCAAATTACGGAAATG
GACA-3�), and VL591 (5�-GCGGTCATCATTTCTGATTCCTTCA-3�).

Susceptibility to phages. A �11 stock was prepared by addition of phage at a
multiplicity of infection of 0.1 to 0.5 to a culture of B. subtilis SL1020 growing at
37°C at an optical density at 600 nm (OD600) of 0.3 in LB medium supplemented
with 0.1% glucose, 5 mM CaCl2, 5 mM MgCl2, and 0.1 mM MnCl2. After massive
lysis, which began about 1 h after infection, cell debris was pelleted by centrif-
ugation (10,000 	 g for 10 min), and the supernatant was filtered through a
0.45-�m-pore-size membrane filter and stored at 4°C. A �29 stock was obtained
in a similar manner. However, the LB medium was not supplemented, and the
multiplicity of infection was 1 to 5.

An overnight culture of the PBSZ-lysogenic B. subtilis strain W23 was diluted
to an OD600 of 0.01 in SA medium (13) and incubated with aeration at 37°C until
the OD600 was 0.3. Mitomycin C was added to a final concentration of 2 �g/ml,
and incubation was continued for 10 min. Cells were harvested by filtration with
a 0.45-�m-pore-size filter, washed with SA medium, resuspended in fresh pre-
warmed SA medium, and incubated at 37°C until lysis was visible. Cell debris was
removed by centrifugation (3,000 	 g, 10 min, 4°C), and the PBSZ-containing
supernatant was filtered through a 0.45-�m-pore-size membrane filter and stored
at 4°C.

Phage stocks were spotted onto fresh streaks of appropriate B. subtilis strains
on LB agar plates and incubated for 16 h at 30°C. Growth inhibition and lysis
revealed sensitivity to phages, whereas resistance was indicated by the absence of
a zone of clearing.

Construction of B. subtilis mutants. B. subtilis competent cells were prepared
by the method of Karamata and Gross (13). For backcrossing the gtaC189,
gtaE151, and tagE12 mutations, strain 168 cells were transformed with approxi-
mately 1 ng of pTRP-H3 (2) together with 2.5 �g of p647 (gtaC189), p648
(gtaE151), or p692 (tagE12). Plating on TS agar (13) without tryptophan allowed
selection of Trp� recombinants. In crosses with pTRP-H3/p647 and pTRP-H3/

p648 a fraction of Trp� transformants acquired resistance to �11 and �29.
Similarly, pTRP-H3/p692 cotransformation yielded a fraction of �29-resistant
Trp� recombinants. Control PCRs (data not shown) confirmed that mutation
transfer occurred by double crossover and not by plasmid integration.

For inactivation of ggaA and ypfP, competent cells were transformed with
plasmids p690 and p701, each containing an internal fragment of the correspond-
ing gene. Transformants were selected on LB agar plates containing 4 �g of
chloramphenicol per ml. Correct plasmid integration was verified by PCR (data
not shown).

DNA methods. B. subtilis genomic DNA was isolated with the QIAGEN
Genomic-tip system (QIAGEN). Plasmid DNA was prepared by the alkaline
lysis method (30).

DNA sequences were determined by primer walking. Sequencing was carried
out by Microsynth (Balgach, Switzerland). The sequence of the pgcA region of
strains 168, L6179 (gtaC189), L6188 (gtaC198), L6118 (gtaE151), and L6125
(gtaE158) was determined from PCR products generated with oligonucleotides
BS409 and BS410.

PCRs were carried out with a Taq PCR Master Mix kit (QIAGEN) by using
1 ng of B. subtilis genomic DNA and 20 pmol of each primer. The PCR involved
30 cycles of denaturation at 95°C for 30 s, annealing at 47°C for 30 s, and
extension at 72°C for 1 min per kb amplified.

Biofilm formation assay. B. subtilis was grown in LB medium adjusted to pH
7 and supplemented with 1 mM MgSO4 and 0.1% glucose (8). Exponentially
growing cultures (OD600, 0.3) were diluted to an OD600 of 0.01, and 100-�l
aliquots of the freshly inoculated medium were dispensed into wells of a 96-well
polyvinyl chloride microtiter plate (Falcon 353911 flexible U-bottom plates avail-
able from Becton-Dickinson Labware), which was incubated at 30°C for 70 h
without shaking. Unbound cells were removed by gentle aspiration, after which
the remaining, adherent cells were heated for 20 min at 70°C (7) and stained by
addition of 150 �l of 0.5% safranin for 5 min. As revealed by an initial experi-
ment with B. subtilis strain 168, fixation by heat reduced the possible loss of the
loosely attached pellicle in subsequent steps. Therefore, heat fixation was per-
formed in all experiments. The wells were rinsed with water five times. The
safranin that stained adherent cells was solubilized in 150 �l of ethanol–0.1 M
sodium citrate (1:1, vol/vol) (pH 4). Biofilm formation was quantified by mea-
suring the A492 with a Multiskan RC plate reader (Thermolabsystems, Helsinki,
Finland). Each strain was assayed three to five times in 20 to 24 wells. The
average values from independent assays were averaged to determine the level of
biofilm formation.

Cell extract preparation. Bacteria were grown at 37°C in 250 ml of TS medium
supplemented with 5 mM MgSO4 and 20 �g of tryptophan per ml. At an OD600

of 0.9, cells were recovered by centrifugation for 10 min at 7,000 	 g and 4°C.
Subsequent steps were carried out on ice or at 4°C by using ice-cold solutions.
The pellets were rinsed with distilled water and resuspended in 5 ml of 100 mM
triethanolamine (TEA) containing 5 mM MgCl2 and 2.2 mM EDTA. The cells
were disrupted by 5-s bursts of sonication that were repeated 10 times at 55-s
intervals. The cell debris and unbroken cells were removed by centrifugation for
15 min at 15,000 	 g. The supernatant was frozen at �70°C and used as a source
of enzyme. The protein concentrations of cell extracts were determined with the
BCA protein assay reagent (Pierce, Rockford, Ill.)

�-PGM assay. �-PGM activity was assayed by determining the rate of con-
version of �-Glc 1-P to Glc 6-P in a coupled reaction with Glc 6-P dehydroge-
nase, which was monitored in terms of NADPH formation. The reaction mixture
contained cell extract (0.1 mg of protein), 0.6 mM 
-NADP, and 1 U of Glc 6-P
dehydrogenase (Sigma) in 1 ml (total volume) of 100 mM TEA containing 5 mM
MgCl2 and 2.2 mM EDTA. The reaction was started by adding 1.5 �M �-D-Glc
1-P. The increase in A340 at room temperature was measured spectrophotometri-
cally (Novaspec II; Pharmacia Biotech). The specific activity was expressed in
nanomoles of substrate converted into product per minute per milligram of total
protein. Control assays in which the mixtures lacked NADP, Glc 1-P, or cell
extract were also carried out.

Fractionation of [2-3H]glycerol-labeled cells. Cells aerated by bubbling were
grown at 37°C in SA medium supplemented with 20 �g of tryptophan per ml, 5
mM glycerol, and 1.5 mM MgCl2. At an OD600 of 0.3, samples were diluted in
fresh medium to an OD600 of 0.01. [2-3H]glycerol (Amersham) was added at a
final concentration of 1 �Ci/ml (37 kBq/ml), and incubation was continued until
the OD600 was 0.320. To determine the incorporation of radioactive glycerol into
the cell wall fraction, 2-ml samples were washed and resuspended in TMS-
lysozyme buffer (1 M sucrose, 50 mM Tris-HCl [pH 8], 8 mM MgCl2, 200 �g of
lysozyme per ml). After conversion of over 95% of the cells into protoplasts,
which occurred after 75 min of incubation at 37°C, the suspension was fraction-
ated (26) in order to determine the amounts of the glycerol label in phospho-
lipids, WTA, and LTA. The amounts of radioactivity in the phospholipids, WTA,

TABLE 1. B. subtilis strains used

Strain Genotype Reference

168 trpC2 16
W23 23
SL1020 metB5 leuA8 thr-5 su3� attSP
 6
L6118 hisA1 argC4 leuA8 ilvA1 gtaE151 28
L6125 hisA1 argC4 leuA8 ilvA1 gtaE158 28
L6179 hisA1 argC4 metC3 pyrA gtaC189 28
L6188 hisA1 argC4 metC3 pyrA gtaC198 28
L6333 purA16 metB5 ilvA1 tagE12a 14
L16114 gtaB::p624 This study
L16134 gtaC189 This study
L16135 gtaE151 This study
L16171 ggaA::p690 This study
L16172 tagE12 This study
L16176 tagE12 ggaA::p690 This study
L16177 ypfP::p701 This study

a tagE12 was previously designated gtaA12.
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and LTA were expressed as the fractions of total glycerol incorporated into the
three relevant fractions.

Microscope observations. A colony grown overnight on LB agar at 37°C was
suspended in 15 ml of LB medium supplemented with either 0.1% glucose or
0.1% glucose and 1 mM MgSO4. Cultures in 160-mm test tubes were shaken (180
strokes per min at a 45° angle) for 6 h at 37°C. For phase-contrast microscopy at
a magnification of 	2,000, a sample was mixed with 0.1 volume of 20% formal-
dehyde and applied to a slide.

RESULTS

Nucleotide sequence of pgcA in wild-type and mutant strains.
The pgcA gene (previously the yhxB gene [16]) of B. subtilis was
reported to encode a 565-amino-acid protein exhibiting simi-
larity to several characterized and many putative �-PGMs
(data not shown). When the similarity search was limited to
characterized �-PGMs, the best score (46% identity) was ob-
tained with the �-PGM of Streptococcus thermophilus (18).

To determine whether gtaC and gtaE mutations map to
pgcA, relevant DNA segments from �-PGM-deficient mutants
L6179 (gtaC189), L6188 (gtaC198), L6118 (gtaE151), and
L6125 (gtaE158), as well as from strain 168, were amplified by
PCR and sequenced. A comparison of the sequences of the
mutants to that of strain 168 revealed specific single-nucleotide
differences (Table 2). The two gtaC mutations and the two gtaE
mutations are located in the 5� and 3� moieties of pgcA, re-
spectively. All of these mutations result in radical amino acid
replacements. The previously published strain 168 genomic
sequence (16) appeared to contain two deletions (47 nucleo-
tides and 1 nucleotide) (Fig. 1). These deletions either had oc-
curred spontaneously in the B. subtilis 168 lineage used in the
sequencing project or were due to the instability of the cor-
responding plasmid clone. Thus, the corrected nucleotide se-
quence with a 581-amino-acid coding capacity (accession num-
ber AJ784890) was considered the wild-type sequence.

Characterization of gtaC and gtaE mutants. To confirm that
the mutations that were identified were indeed responsible for
the characteristic phage resistance spectrum and �-PGM de-
ficiency, mutations gtaC189 and gtaE151 were backcrossed by

pseudolinkage into strain 168. B. subtilis 168 trpC2 competent
cells were cotransformed with pTRP-H3 and either p647
(gtaC189) or p648 (gtaE151). In each cross a fraction of se-
lected Trp� transformants were resistant to both �29 and �11
(data not shown) and formed characteristic round, shiny
colonies (28). Strain L16135 also acquired resistance to the de-
fective phage PBSZ (data not shown), an intrinsic character-
istic of gtaE strains (28). Representative phage-resistant trans-
formants, designated L16134 (gtaC189) and L16135 (gtaE151),
were retained and used for further investigation. Transfer of
the relevant mutation was confirmed by sequencing pgcA in
L16134 and L16135.

As expected, assays of the soluble cell extract fraction of
L16134 (gtaC189) and L16135 (gtaE151) confirmed that
�-PGM activity was severely impaired in both mutants. In our
experimental conditions, the �-PGM activity in strain L16134
(gtaC189) was very low but detectable, whereas the �-PGM
activity in strain L16135 (gtaE151) was undetectable (Table 3).
Therefore, our results showing that single nucleotide substitu-
tions in pgcA led to the characteristic phenotype of gtaC and
gtaE mutants demonstrated that pgcA is the structural gene of
�-PGM.

Role of pgcA in biofilm formation. In contrast to the wild
type, gtaC- and gtaE-deficient mutants are characterized by a
shiny colony morphology, a phenotype shared with mutants
deficient in GtaB. The report that in Vibrio cholerae a differ-
ence in colony morphology correlates with the ability to colo-
nize abiotic surfaces (22) prompted us to investigate a possible
role of the B. subtilis pgcA gene in biofilm formation.

Biofilm formation was assayed by determining the ability of
B. subtilis to attach to wells of microtiter polyvinyl chloride
plates during 70 h of incubation in LB medium supplemented
with 1 mM MgSO4 and 0.1% glucose (8, 32), and it was quan-
tified by staining with safranin. As shown in Fig. 2, biofilm
formation by strains bearing gtaC and gtaE mutations was
greatly diminished compared to biofilm formation by the wild
type. The relatively low level of safranin staining, measured at
A492, was apparently not due to poor growth of the mutants
since the OD600 measured after 46 and 70 h of incubation, as
well as the viable counts after 70 h of incubation, were com-
parable to the values for the wild type (data not shown). More-
over, a decrease in the safranin staining of biofilms produced
by �-PGM-deficient strains did not seem to be due to an
inability of the dye to bind to the mutant cells. Indeed, the
OD600 of suspended untreated biofilms of gtaC and gtaE mu-
tants were about three- and sixfold lower, respectively, than the
OD600 of the wild type (data not shown).

FIG. 1. Alignment of the pgcA sequence from the B. subtilis 168
genome sequencing project (top line) with the pgcA sequence obtained
in this study (bottom line). The numbers are the positions relative to
the pgcA start codon.

TABLE 2. Base changes and resulting amino acid replacements
corresponding to mutations in pgcA

Strain
(mutation)

Base change (amino acid)

From To

L6179 (gtaC189) GGC (162Gly) GAC (Asp)
L6188 (gtaC198) ACT (240Thr) ATT (Ile)
L6118 (gtaE151) GGT (407Gly) GAT (Asp)
L6125 (gtaE158) GAC (418Asp) AAC (Asn)

TABLE 3. �-PGM activity in crude extracts

Strain
(mutation)

�-PGM activity
(nmol � mg of cell

protein�1 � min�1)a

168......................................................................................... 15.9 � 0.9b

L16134 (gtaC) ...................................................................... 0.5 � 0.1c

L16135 (gtaE) ...................................................................... 0

a Enzymatic activity was measured in triplicate samples and is expressed as the
mean � standard deviation.

b The reaction velocity was linear for at least 1 h.
c �-PGM activity decreased with time. Calculation of the activity was based on

the difference in the A340 between samples taken at 30 min and zero time.
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Since the deficiency in �-PGM affects the synthesis of all
known cell envelope anionic polymers (Fig. 3), mutants with
mutations in the gtaB, ypfP, tagE, and ggaA genes, whose prod-
ucts intervene in later stages of the synthesis of envelope poly-
mers (Fig. 3), were constructed and assayed for biofilm forma-
tion. To assess the possibility of a synergistic effect on biofilm
formation of both WTAs [i.e., glucosylated poly(Gro-P) and
poly(glucosyl N-acetylgalactosamine phosphate)], a tagE ggaA
double mutant was constructed and assayed.

As expected, the mutant with a gtaB knockout was also de-
ficient in biofilm formation. Surprisingly, none of other mutants
investigated was significantly impaired in biofilm formation.

Cell morphology of mutants affected in the synthesis of Glc
6-P metabolites. Routine microscopic examination of B. subti-
lis cultures revealed that strains bearing gtaC and gtaE muta-
tions had apparently normal cell morphology on LB agar plates
(Fig. 4A). However, in liquid LB medium they exhibited a
deformed cell shape (Fig. 4B) that was reversed by addition of
1 mM MgSO4 (Fig. 4C) or 1 mM MgCl2 but not by addition of
1 mM CaCl2 (data not shown).

gtaB and ypfP mutants exhibited similar dependence on
Mg2� for cell morphology in LB broth. However, other mu-
tants deficient in portions of the biosynthetic pathway down-
stream of the UDP-Glc formation step (i.e., tagE and ggaA
mutants), as well as the tagE ggaA double mutant, were char-
acterized by apparently normal morphology irrespective of the
presence of additional Mg2� during growth in liquid LB me-
dium.

LTA content of mutants affected in the synthesis of Glc 6-P
metabolites. According to the accepted knowledge concerning
B. subtilis metabolism (Fig. 3), pgcA-, gtaB-, and ypfP-deficient
strains should not be able to synthesize diglucosyldiacylglyc-
erol, the LTA lipid anchor. However, it appeared that in these
mutants incorporation of the poly(Gro-P) moiety of LTA was
comparable to that in the wild type (Table 3).

DISCUSSION

In B. subtilis, Glc 6-P is formed by phosphorylation of glu-
cose that enters the cell, as well as by the 
-PGM (PgcM; EC
5.4.2.6)-governed conversion of 
-Glc 1-P obtained by maltose
degradation (21). On the one hand, Glc 6-P undergoes glyco-
lysis, yielding energy and reducing power, and on the other
hand, it is isomerized by pgcA-encoded �-PGM into �-Glc 1-P,
the precursor of UDP-Glc. UDP-Glc serves as a glucosyl donor
for the synthesis of all phosphate-containing anionic envelope
polymers in B. subtilis strain 168 (Fig. 3).

Sequencing of pgcA in four �-PGM-deficient strains re-
vealed that relevant mutations, originally designated gtaC and
gtaE, map to this open reading frame. In a previous study
based on classical genetic methods, the possibility that the
gtaCE locus contains more than one gene was raised (28). This
possibility may now be understood based on the fact that the
length of pgcA (1.7 kb) corresponds to the length of nearly two
average-size B. subtilis genes, as well as the distinct locations of
mutations previously designated gtaC and gtaE, the latter lo-
cated in the 3�-terminal part of the gene and the former lo-
cated in the 5�-terminal part of the gene.

Analysis of strains carrying gtaC and gtaE mutations con-
firmed that pgcA is the structural gene of �-PGM in B. subtilis

FIG. 2. Quantitation of biofilm formation. The biofilm formed on
polyvinyl chloride after 70 h of incubation is expressed as the A492 of
solubilized safranin from a microtiter plate assay. The data are aver-
ages of three to five independent experiments, each performed in at
least 20 wells. The error bars indicate standard errors of the means.
The differences between the mutants and the wild-type strain appear to
be significant (P � 0.01) except for the ggaA-deficient strain (P  0.05).

FIG. 3. Involvement of glucose derivatives in the synthesis of WTAs
and LTA. Enzymes that catalyze transfer of glucose from UDP-Glc in
the synthesis of the corresponding polymer are indicated by an aster-
isk. ManNAc, N-acetylmannosamine; GalNAc, N-acetylgalactosamine.

TABLE 4. Incorporation of [2-3H]glycerol label into
LTA of parent and mutant strains

Strain (mutation) % of total labela

168....................................................................................... 7.84 � 0.43
L16114 (gtaB) .................................................................... 8.08 � 0.24
L16134 (gtaC) .................................................................... 8.27 � 0.52
L16135 (gtaE) .................................................................... 8.09 � 0.25
L16177 (ypfP) .................................................................... 9.29 � 0.49

a The total glycerol label was the label incorporated into LTA, phospholipids,
and WTA. The values are means � standard deviations of three samples labeled
for five generations at 37°C.
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168. Mutants deficient in �-PGM activity are impaired in bio-
film formation and, in LB broth, display altered cell morphol-
ogy. These phenotypes are more pronounced in gtaE mutants
than in gtaC mutants.

Likewise, inactivation of gtaB also affects biofilm formation.
Since PgcA and GtaB catalyze successive steps in UDP-Glc
synthesis (Fig. 3), the biofilm formation deficiency is likely to
be due to a reduced intracellular pool of UDP-Glc. UDP-Glc
might act as a metabolic signal regulating biofilm formation,
or, alternatively, it may take part in another, unknown, biosyn-
thetic pathway essential for biofilm formation. This could be,

for instance, the synthesis of an exopolysaccharide, as recently
proposed by Branda at al. (3).

The biofilm-forming capacity of B. subtilis has been shown to
depend on Spo0A, the key master regulator that governs entry
into sporulation, and the extracytoplasmic function sigma fac-
tor SigH (4). Biofilm formation is inhibited by catabolite re-
pression (8, 32). Many of the genes differentially expressed
during biofilm formation are involved in motility and chemo-
taxis, phage-related functions, membrane bioenergetics, and
sugar catabolism (32). It is likely that expression of other genes
required for biofilm formation, including pgcA and gtaB, is not

FIG. 4. Cell morphology of the wild-type and mutant B. subtilis strains. Cells grown overnight on LB agar plates at 37°C were resuspended in
liquid media. Samples were taken immediately from LB broth containing 0.1% glucose (A), after 6 h of incubation in LB broth supplemented with
0.1% glucose (B), and after 6 h of incubation in LB broth supplemented with 0.1% glucose and 1 mM MgSO4 (C).
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significantly altered upon transition from the planktonic mode
to the sessile mode.

Interestingly, our strain carrying the tagE12 mutation, which
was not capable of poly(Gro-P) glucosylation, apparently pro-
duced more biofilm than strain 168, while Hamon et al. (9)
reported a twofold decrease in the level of biofilm formation
for a tagE knockout mutant obtained by plasmid integration.
The biofilm defect, as well as the reduced growth rate of the
latter mutant, could have been due to deregulated expression
of the downstream gene tagF that encodes the enzyme cata-
lyzing the extension of the poly(Gro-P) backbone of the major
WTA (27).

Mutations in the pgcA, gtaB, and ypfP genes, encoding en-
zymes which catalyze three consecutive steps in the synthesis
of diglucosyldiacylglycerol (Fig. 3), were associated with aber-
rant cell morphology (i.e., development of grossly deformed
spheres during growth in liquid LB medium). The deforma-
tions were more striking than those reported in previous stud-
ies (29; unpublished data). We can attribute these differences
to chemical variations in the LB medium formulations used
(for instance, the concentrations of bivalent cations), since the
observed mutant morphology was shown to be suppressed by
excess magnesium ions.

The level of the poly(Gro-P) moiety of LTA was not affected
in the pgcA-, gtaB-, and ypfP-deficient mutants, suggesting that
in absence of glucosylated diacylglycerol, LTA is anchored to
the membrane by unsubstituted diacylglycerol (5, 15). Glucosy-
lated forms of diacylglycerol also occur as free membrane
glycolipids in different bacteria, including B. subtilis (12, 15). It
has been proposed that they play a role in membrane stability.
Therefore, it is possible that Mg2� in association with other
membrane constituents can functionally replace missing mem-
brane glycolipids. Replacement of the usual LTA anchor and/
or a deficiency of membrane glycolipids may affect the cell
morphology in a more indirect way (for instance, by impeding
access of magnesium ions to envelope synthetic enzymes).
Raising the Mg2� concentration of the medium would be ex-
pected to palliate this defect. Similarly, Wagner and Stewart
(33) reported that magnesium reversed the altered morphol-
ogy due to a mutation in the major WTA polymerizing enzyme
gene, tagF (rodC). Again, in this mutant, the flow of magne-
sium ions from the medium to the membrane is expected to be
impaired, assuming that the cascade transfer of this cation
from the medium to the membrane involves WTA and LTA
(11).

In conclusion, mutations in pgcA, which encodes the enzyme
that provides a link between glycolysis and envelope biosyn-
thetic processes, have pleiotropic effects, some of which are
correlated with an inability to produce UDP-Glc. The biofilm
formation deficiency may be due to an absence of UDP-Glc,
which may be a precursor of a putative compound required for
biofilm formation, whereas the altered cell morphology may be
correlated with a deficiency of membrane glycolipids.
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ADDENDUM

During the review process for this paper Branda et al. (3)
also reported that yhxB (pgcA) is involved in B. subtilis com-
munity development.
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17. Lazarevic, V., H. M. Pooley, C. Mauël, and D. Karamata. 2002. Teichoic and
teichuronic acids from gram-positive bacteria, p. 465–492. In E. J. Van-
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