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Inorganic polyphosphate in Bacillus cereus:
Motility, biofilm formation, and sporulation
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Chains of inorganic polyphosphate (poly-P) with hundreds of P;
residues linked by phosphoanhydride bonds, as in ATP, are found
in every bacterial, fungal, plant, and animal cell, in which they
perform various functions. In the spore-forming Bacillus cereus, we
have identified three principal enzymes and genes involved in the
metabolism of poly-P, namely, (i) poly-P kinase (PPK), which syn-
thesizes poly-P reversibly from ATP, (ii) exopolyphosphatase (PPX),
which hydrolyzes poly-P to P;, and (iii) poly-P/AMP phosphotrans-
ferase (PAP), which uses poly-P as a donor to convert AMP to ADP,
reversibly. In the null mutant of ppk, poly-P levels are reduced to
<5% of the WT; in the ppx mutant, the PPK activity is elevated
10-fold, and the accumulation of poly-P is elevated ~1,000-fold. All
of the null mutants of ppk, ppx, and pap showed defects in motility
and biofilm formation, but sporulation efficiency was impaired
only in the ppx mutant. These enzymes and genes in B. cereus are
nearly identical to those in the very closely related pathogen
Bacillus anthracis, and, thus, they may provide attractive targets
for the treatment of anthrax.

polyphosphate kinase | exopolyphosphatase | polyphosphate/AMP
phosphotransferase

norganic polyphosphate (poly-P) is a polymer of tens or

hundreds of P; residues linked by high-energy phosphoanhy-
dride bonds. Poly-P is ubiquitous, having been found in all
organisms (archaea, bacteria, fungi, plants, insects, and mam-
mals) (1-3). Several poly-P-metabolizing enzymes have been
purified and characterized, and the corresponding genes have
been cloned and deleted (3-8). The enzyme that is primarily
responsible for reversible poly-P synthesis in Escherichia coli is
poly-P kinase 1 (PPK1), which catalyzes the polymerization of
the y phosphate of ATP into a poly-P chain (5). Poly-P can also
be hydrolyzed to P; either by exopolyphosphatase (PPX) (6) or
by endopolyphosphatase (PPN) (7, 8). In E. coli, the genes for
PPK1 and PPX are under the control of a common promoter.
The inability to accumulate poly-P upon deletion of the ppkppx
operon has produced several striking phenotypes in E. coli,
including the loss of long-term survival in stationary phase;
increased sensitivity to oxidative, osmotic, and thermal stress;
and defects in adaptive growth in minimal medium after a shift
from a rich medium (9-12). The ppkl knockout mutant of
Pseudomonas aeruginosa, PAO1, shows a dramatic deficiency in
motility, an inability to form biofilms, and a loss of virulence
(13). Also, poly-P stimulates the kinase activity of mTOR, which
is the mammalian target of rapamycin that is involved in the
proliferation of mammary cells (14).

Bacillus cereus, the spore-forming Gram-positive Bacillus
found commonly in soil and many other sources, is an oppor-
tunistic pathogen that causes food poisoning manifested by
diarrhoeal or emetic syndromes. It is related closely to the animal
and human pathogen Bacillus anthracis (a potential biological
weapon) and the insect pathogen Bacillus thuringiensis (a pesti-
cide) (15). Recent availability of the genome sequences of B.
cereus 14579 (American Type Culture Collection) and B. an-
thracis A2012 have revealed a large core set of genes (75-80%)
conserved (with 80-100% identity) between these two Bacilli
species, indicating a common ancestor (16, 17).

www.pnas.org/cgi/doi/10.1073/pnas.0407787101

Genes that are highly homologous to E. coli ppkl and ppx and
to P. aeruginosa pap have been found in B. cereus. In this study,
these homologues were cloned and overexpressed in E. coli, and
they were confirmed in their enzymatic activities. Each of the
ppk, ppx, and pap genes was knocked out by deletion mutagen-
esis, and the phenotypes of these mutants are reported here.

Materials and Methods

Reagents. The following reagents were used: ATP, creatine
kinase, DNase I, and RNase A (Roche Molecular Biochemicals);
[y-32P]ATP and [y-32P]P; (Amersham Biosciences); polyethyl-
eneimine-cellulose F TLC plates (Merck); restriction enzymes
(New England Biolabs); and common chemicals (Sigma).

Strains and Plasmids. B. cereus 14579 was obtained from the
American Type Culture Collection; B. cereus suicide vector
pSPUC was a gift from Jo Handelsman (University of Wisconsin,
Madison); B. cereus/E. coli shuttle vector pHT304 was kindly
provided by Didier Lereclus (Institut National de la Recherche
Agronomique, Paris). The full list of strains and plasmids is given
in Table 1, which is published as supporting information on the
PNAS web site.

Media and Growth Conditions. Cultures were grown in LB or
brain—heart infusion (BHI) media; CCY medium (casein hydro-
lysate/yeast-containing medium) (18) was used to assay sporu-
lation. For poly-P accumulation, a Mops-buffered minimal me-
dium contained glucose (4 mg/ml) as a carbon source and
K,HPOy, as the P; source. The low-P; medium contained 0.1 mM
P;, and the high-P; medium contained 2 mM P; (11). Media were
supplemented with ampicillin (250 pg/ml), kanamycin (250
png/ml), spectinomycin (300 pug/ml), tetracycline (10 ug/ml),
chlorophenicol (10 wg/ml), or erythromycin (10 pg/ml) for
selection of antibiotic-resistant transformants of B. cereus.

Plasmid Construction. B. cereus ppk, ppx, and pap coding sequences
were obtained by PCR using genomic DNA as a template. Each
pair of primers yielded a 2.1-kb (for ppk), 1.6-kb (for ppx), or
0.8-kb (for pap) PCR product. For expression in E. coli, the PCR
fragments were digested with Ncol and BamHI and cloned into
pTrc99A predigested with the same restriction enzymes. The
resulting plasmids were designated as pTrc-BcPPK, pTre-
BcPPX, and pTrc-BcPAP, respectively.

For complementation of null mutants, a low-copy-number
plasmid, pHT304, was used (19). The PCR products were
digested with BamHI and HindIII and cloned into pHT304. The
sequences of the primers used are given in Table 2, which is
published as supporting information on the PNAS web site.

Abbreviations: poly-P, inorganic polyphosphate; PPK, poly-P kinase; PPX, exopolyphos-
phatase; PAP, poly-P/AMP phosphotransferase; BHI, brain-heart infusion.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database [accession no. BKO05415 (pap)].

*To whom correspondence should be addressed at: Department of Biochemistry, Stanford
University School of Medicine, B415 Beckman Center, 279 Campus Drive West, Stanford,
CA 94305-5307. E-mail: akornber@cmgm.stanford.edu.

© 2004 by The National Academy of Sciences of the USA

PNAS | December 7,2004 | vol. 101 | no.49 | 17061-17065

>
=
=4
i
=
frr}
-
1%
=)
@




Lo L

P

1\

AR AN

Construction of the B. cereus ppk, ppx, and pap Null Mutants. Null
mutant alleles of ppk, ppx, or pap were obtained by using a
two-step PCR strategy. A 0.9-kb 5’-flanking region and a 0.9-kb
3'-flanking region of ppk were obtained by PCR using the
following primers: K1 (with a BamHI restriction site at the 5’
end) and K2 for the upstream region of ppk; and K3 and K4 (with
a HindIII site at the 5’ end) for downstream of ppk. A tetracy-
cline-resistance gene was also amplified from vector pDG1515
with primers K5 and K6. The 5" of K5 has a tail on it which is
complementary to the 3’ sequence of upstream region of ppk,
and similarly, the 5’ of primer K6 is complementary to the 5’
sequence downstream of ppk. The three PCR products were then
mixed together and used as templates for the second round of
PCR. By using K1 and K4 as primers, the second-round PCR
product (ppk::Tet fragment), which has 5'- and 3’-flanking
regions of ppk and an insertion of the fef resistance gene instead
of the ORF of ppk, was amplified. This sequence was then
digested with BamHI/HindIIl and ligated into the B. cereus
suicide vector pSPUC, which was precut with the same restric-
tion enzymes. The plasmid constructed as described for allelic
displacement of native ppk in the B. cereus genome was desig-
nated as pSPUC-PPK-KO. The plasmids for allelic displacement
of native ppx and pap, designated as pSPUC-PPX-KO and
pSPUC-PAP-KO, were constructed by following the same pro-
cedure. The sequences of the primers that we used are given in
Table 2. DNA fragments were sequenced by the Protein and
Nucleic Acid (PAN) Facility at Stanford University.
pSPUC-derivative plasmids for making the knockouts of ppk,
ppx, and pap were transformed into B. cereus by electroporation
(20). Transformants of single crossovers were selected on tet/
spectinomycin plates. These transformants were then grown in
tet/LB medium for 4—6 days with regular subculturing to allow
for the excision and loss of the plasmid. Cultures were properly
diluted and plated onto tet/TSA plates, and the knockout
mutants (double-crossover recombinants) were obtained as tet-
racycline-resistant but streptomycin-sensitive colonies. Chromo-
somal DNA was isolated from selected mutants, and PCR
analysis was performed to confirm the replacements of the WT
genes by double-homologous recombination events in the ppk,
ppx, and pap loci. The mutants were further verified by enzymatic
assays of PPK, PPX, or poly-P/AMP phosphotransferase (PAP).

Biochemical Assays. Poly-P was extracted and measured by both
radioactive and nonradioactive methods (9, 12). PPK, PPX,
and PAP enzyme activities were assayed as described in refs.
5 and 6.

Surface-Attachment Assay. Cells grown overnight at 30°C in LB
were diluted 1:100 into 200 ul of LB in 96-well polystyrene plates
(Falcon 3911 Microtest III flexible assay plate, Dickinson,
Oxnard, CA) and incubated at 30°C without shaking for 6-18 h.
Biofilm initiation was monitored and quantified by microtiter-
plate assay, as described (21).

Motility Assays. Media for swimming and swarming assays were
LB or BHI containing 0.3% (wt/vol) agarose (GIBCO/BRL) or
0.5% (wt/vol) Bacto-agar (Difco). Plates were inoculated with
bacteria from an overnight LB culture on agar plates with a
sterile toothpick and incubated at 30°C for 8§-10 h for swimming
assays and 12-16 h for swarming assays (13).

Sporulation Assay. Cultures were grown in CCY sporulation
medium (19). Samples were taken at intervals at 6-36 h after
inoculation, diluted in PPM buffer (10 mM phosphate saline, pH
7.4/50 mM KCI/1 mM MgSO,) and plated on LB agar before
and after heat treatment at 70°C for 15 min. The sporulation
efficiency was the proportion of the population that survived the
heat treatment that was counted as colonies the next day (19).

17062 | www.pnas.org/cgi/doi/10.1073/pnas.0407787101
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Fig. 1. Growth-phase dependency of PPK and PPX in B. cereus. With a 1%

inoculum of an overnight culture, B. cereus was grown in LB media at 37°C
with vigorous shaking. At the indicated time points (corresponding to middle-
log, late-log, early-stationary, and late-stationary phases), cells were har-
vested, suspended in TED buffer (50 mM Tris-HCl, pH 7.4/1 mM EDTA/1 mM
DTT), and treated with lysozyme and sonication to give crude lysates for
enzyme assays (see Materials and Methods).

Phenotype MicroArray Tests. Phenotype MicroArray (Biolog, Hay-
ward, CA) analysis was performed. Two independent mutants
with mutations in each gene of ppk, ppx, and pap were examined.
Mutants were compared with the isogenic control strain.

Results

The ppk, ppx, and pap Genes in B. cereus. The genes for the
poly-P-metabolizing enzymes PPK, PPX, and PAP in B. cereus
14579 (18) are highly homologous to those in E. coli and P.
aeruginosa. In B. cereus, the ppk and ppx genes are adjacent (110
bp apart); pap is remote from ppk and ppx. The sequences
homologous to ppk, ppx, or pap were amplified by PCR, cloned,
and overexpressed in the E. coli ppk~ppx~ mutant CF5802;
enzyme assays confirmed the identity of these enzymes (data not
shown).

The deduced amino acid sequence of B. cereus PPK, with 702
aa and a calculated molecular mass of 80.8 kDa, is 33% identical
and 55% similar to that of E. coli and 42% identical and 61%
similar to that of P. aeruginosa PPK1. The deduced amino acid
sequence of B. cereus PPX, with 512 residues and a calculated
molecular mass of 59.1 kDa, is 24% identical and 42% similar to
that of E. coli PPX. The B. cereus PAP, to which no homologue
has been found in E. coli, is presumed to be 267 aa in length with
a molecular mass of 32.2 kDa and 51% identical and 69% similar
to PAP of P. aeruginosa.

Purification and Characterization of PPK. PPK-assay reaction mix-
tures that omitted salt and included poly-P (2 mM poly-P type 15;
Sigma) raised the PPK activity in the cell lysates 10-fold to 3,000
units/mg, which is a level that is comparable with that of PPK1
in E. coli and P. aeruginosa. Expressions of PPK and PPX in B.
cereus are growth-phase-dependent (Fig. 1). During vegetative
growth, PPK reached its maximum in the early stationary phase
and then decreased; PPX peaked earlier and then dropped in the
exponential phase, after which it remained stable.

B. cereus PPK is unique among the bacterial PPKs in its low
pl value of 6 (compared with 8 in the other bacterial PPKs),
lability at low and at high pH, and low affinity to heparin and
phosphocellulose columns. PPK was purified 500-fold from
lysates of the B. cereus Appx mutant by lack of adsorption to
heparin and phosphocellulose and by chromatography on
DEAE-Sepharose. The specific activity is 2 X 10° units/mg
protein, which is a value that is comparable with the PPK1 of E.
coli and P. aeruginosa. The poly-P-synthesizing reaction of B.

Shi et al.
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Fig.2. PAGE analysis of poly-P synthesized by B. cereus PPK. The products of
incubation of [y-32P]JATP with 40 ng of purified B. cereus PPK or 20 ng of E. coli
PPK at 37°C for 30 min were separated by 20% PAGE containing 7 M urea, and
visualized with a Phosphorlmager (Molecular Dynamics).

cereus PPK is processive, producing poly-P with a uniform length
(=700), similar to the product of E. coli PPK1 (Fig. 2).

Null Mutants of ppk, ppx, and pap. Null mutants were obtained by
replacement of the ORFs of ppk, ppx, and pap with a tetracycline-
resistance gene (see Materials and Methods). The enzymatic
activities of PPK in the Appk and PPX in the Appx mutant were
undetectable (<0.1 units/mg protein). The PPX level in the
Appk mutant was similar to that in the WT, but remarkably, the
PPK level in the Appx mutant was ~10-fold higher than that of
the WT. However, an inhibitory complex of PPX with PPK was
not observed in the WT cell lysates on size-exclusion chroma-
tography. On a Tosoh G2000SW-XL HPLC column (Amersham
Biosciences), PPK behaved as a monomer of 80 kDa, but in the
presence of Pjs or Pgs (2 mM in P; residues; Sigma), approxi-
mately one-fifth of the PPK migrated as a tetramer of 320 kDa.
PPX appeared to be a dimer of 130 kDa, whether or not poly-P
was present (Fig. 3).
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Fig. 3. Size-exclusion chromatography of PPK and PPX. Cell lysates of WT
cells were prepared as described in HEDSP running buffer (50 mM Hepes-KOH,
pH 7.6/150 mM NaSO4/2 mM MgCl,/1 mM EDTA/1 mM DTT/2 mM poly-P;s)
(Sigma). After incubation for 30 min on ice, 200 ul of lysates were applied to
aTosoh G2000SW-XL HPLC column, eluted with HEDSP buffer, and assayed for
enzyme activities. Positions of molecular mass standards were thyroglobulin
(670 kDa), bovine y globulin (158 kDa), and chicken ovalbumin (44 kDa).
Arrows at 80 and 320 kDa are judged to mark the PPK monomer and tetramer,
respectively.

Shi et al.

swimming swarming

Appx )

Fig. 4. Swimming and swarming motility of WT and the Appk, Appx, and
Apap mutants. Cells were inoculated on swimming plates [BHI containing
0.3% (wt/vol) agarose] or swarming plates [BHI containing 0.5% (wt/vol)
agar] with an overnight culture (LB agar plates) with a sterile toothpick, and
they were photographed after an 8-h incubation for swimming plates or a
14-h incubation for swarming plates at 30°C.

When E. coli is downshifted from a high-P; (2 mM)-Mops-
buffered minimal medium to low-P; (0.1 mM), poly-P accu-
mulated to a level of ~50 nmol/mg protein (11). Such a poly-P
accumulation was not observed in B. cereus. Under the same
conditions, WT cells accumulated poly-P to a level of only ~2
nmol/mg protein; the Appk mutant had <5% the WT poly-P
level, and the Apap mutant contained poly-P at a level similar
to the WT. Remarkably, the Appx mutant accumulated poly-P
to a level of 2,600 nmol/mg protein, which is ~1,000-fold that
of the WT.

Impaired Motility in the Mutants. Deletion of ppkI in many Gram-
negative strains, such as E. coli, P. aeruginosa, and Vibrio
cholerae, impairs their motility (14, 22). In B. cereus, flagellar
motility observed as swimming and swarming was impaired not
only in the Appk mutant but even more so in the Appx mutant,
despite a massive accumulation of poly-P in this mutant (Fig. 4).
Deficiency in motility was similar in the Apap and Appk mutants.
The motility defects were complemented by introducing the
corresponding gene on a low-copy-number plasmid, pHT304
(data not shown).

Impaired Biofilm Formation in the Mutants. As in the P. aeruginosa
ppkl mutant (13), mutants of ppk, ppx, and pap in B. cereus are
each defective in swimming and swarming, as well as in the
initiation of biofilm formation. Static biofilm formation was
measured by crystal violet staining of attachment to an abiotic
(polystyrene) surface. After a 12-h static incubation, only ~14%
of the WT level remained in the Appk mutant, 10% in the Appx
mutant, and 67% in the Apap mutant (Fig. 5). The deficiencies
were not attributable to impairment of growth, the rates of which
were indistinguishable from the WT.

Impaired Sporulation in the ppx Null Mutant. Confronted by envi-
ronmental stress as in nutrient depletion, the spore-forming
bacteria Bacillus and Clostridium produce dormant spores by
undergoing sporulation. As shown in Fig. 64, B. cereus cells
started to sporulate in CCY medium after 9-12 h of growth, and
sporulation efficiency reached ~90% after 24 h and almost
100% after 36 h. The Appk and Apap mutants showed similar
sporulation efficiency as the WT. Remarkably, the Appx mutant
showed a 3-h delay in sporulation, and the efficiency was only
~60%, even after a 36-h incubation. In the WT cells, PPK
dropped immediately with the start of sporulation, and remained
at =~5% of the level of vegetative cells, whereas PPX was
unchanged during sporulation (Fig. 6B). Consistent with the
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Fig. 5. Abiotic surface attachment of WT and mutants. An overnight LB
culture (2 ul) was inoculated into 200 ul of LB in 96-well polystyrene plates and
incubated at 30°C without shaking. After a 12-h incubation, the media were
removed, each well was rinsed with sterile water, and the surface attachments
were stained with crystal violet, extracted, and measured as described in
Materials and Methods.

PPK activity, the poly-P level in WT cells fell during sporulation
and remained at a level of 1.8 nmol/mg protein in the spores
(Fig. 6B), which is approximately one-third that of the vegetative
cells. The Appx mutant accumulated poly-P to ~60 nmol/mg
protein, which is a level similar to that of Appx vegetative cells.

Discussion

Previous studies of the enzymes and genes in the generation and
use of poly-P in Gram-negative bacteria (e.g., E. coli and P.
aeruginosa) demonstrated the essential roles that poly-P plays in
responses to stresses and for survival (2, 3, 9-12). In this study,
we have explored the distribution of poly-P and the poly-P
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Time (h)
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Fig. 6. Sporulation of WT and mutants. (A) Sporulation efficiency. Cultures
were grown in CCY sporulation medium. Samples at the indicated times were
diluted, heated at 70°Cfor 15 min, and plated on LB agar. Spore frequency was
determined by the population that survived the heat treatment and was
counted as colonies the next day. (B) PPK, PPX enzymatic activities, and the
poly-P level in the sporulating WT cells. Enzyme assays and poly-P determina-
tion were performed as described in Materials and Methods.

17064 | www.pnas.org/cgi/doi/10.1073/pnas.0407787101

enzymes, genes, and metabolic responses in the Gram-positive,
spore-forming B. cereus, which is related closely to the serious
pathogen B. anthracis. PPK, PAP, and PPX and their encoding
genes have each been identified and characterized. Null mutants
of each gene display phenotypic features that interfere with their
behavior and development, such as defective swimming and
swarming motilities (Fig. 4) and diminished attachment to an
abiotic surface (Fig. 5), which is indicative of poor biofilm
development.

Defects in motility are commonly associated with a decrease
in virulence (13) as is poor biofilm formation (13, 22). B. cereus
has alternative forms of flagella-driven motility, such as swim-
ming by individual cells with short and few flagella and swarming
by collective swarm cells with long and many flagellae (23). Each
of the mutants (ppk, ppx, and pap) showed impairment in both
types (Fig. 4). Surface attachment was greatly reduced in the ppk
and ppx mutants but only moderately reduced in the pap mutant
(Fig. 5). The fact that the ppx null mutant showed a more severe
defect than the ppk mutant indicates that these impairments are
likely caused by the fluctuation of the poly-P level in the cell,
rather than the alteration of the PPK activity. Maintenance of
the intracellular concentration of poly-P within a narrow range
may be essential for effectiveness.

The mechanisms by which large fluctuations in poly-P and
related enzymes levels produce the various phenotypic features
require further study. Phenotype arrays showed that all three
mutants had increased sensitivity to the antibiotic reagents
miltefosine and alexidine (Table 3, which is published as sup-
porting information on the PNAS web site). Miltefosine is an
inhibitor of phosphocholine cytidylyl transferase (CTP), which is
a key regulator in phosphatidylcholine biosynthesis (24, 25).
Alexidine is a cationic antiseptic that inhibits glucosyltrans-
ferases which catalyze the formation of glucan from sucrose (28).
Electron microscopy showed that mutants grown in a low-
phosphate, Mops-buffered medium accumulated phase bright
clusters (data not shown), perhaps the result of membrane
invaginations during fixation due to the changes in the cytoplas-
mic membranes or the cytoskelons in the mutants (A. Makhov,
personal communication).

Of the several PPKs isolated from E. coli (5), P. aeruginosa
(13), Salmonella sp. (29), Shigella flexneri (29), V. cholerae (22),
and Helicobacter pylori (3), that of B. cereus is the most distinc-
tive. The PPK of B. cereus has a low pl, fails to adsorb to anion
exchangers, and is stimulated 10-fold in activity in lysates by the
presence of poly-P. This stimulation may be due to facilitating
the formation or stabilization of a more active oligomer of PPK,
as observed with the PPK2 of P. aeruginosa (26, 27), or coun-
teracting a high level of PPX activity. In the ppx null mutant, PPK
activity in the lysates is increased 10-fold, and the accumulation
of poly-P in the cell increased 1,000-fold. No such effects have
been observed with other ppx mutants. The adjacency of ppk and
ppx genes may constitute an operon encoding a PPK-PPX
complex. Inhibition of PPK activity by PPX in such a complex
might account for the heightened PPK activity and the accumu-
lation of poly-P in the ppx mutant. Colocalization of PPK and
PPX has been observed in the E. coli nucleoid (A. Kuroda,
personal communication).

Another distinctive feature of poly-P metabolism in B. cereus
is the lack of its accumulation in response to a nutritional
stringency. Unlike E. coli and P. aeruginosa in which a switch
from a high to a low P; level in the medium results in a massive
accumulation of poly-P (i.e., 50-100 nmol/mg protein), the
response in B. cereus is feeble (i.e., =2 nmol/mg protein). In E.
coli, the ppk mutant is deficient in adapting to stresses and fails
to survive in stationary phase (11). B. cereus possesses both a
rapid, reversible adaptive stress response that is governed by o®
and an ability to differentiate into dormant spores under extreme
conditions (30-32). Although sporulation did not appear to be

Shi et al.
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defective in the ppk mutant with the assay used, it may prove to
be defective under other conditions. For example, sporulation
efficiency in the Myxococcus xanthus ppk mutant is decreased
when induced by glycerol, and in Dictyostelium discoideum, the
ppkl mutant shows a marked delay in fruiting body formation
that precedes sporulation (H. Zhang, personal communication).
Remarkably, the ppx mutant of B. cereus showed a decreased
sporulation efficiency; in spores of the mutant, poly-P accumu-
lated up to 60 nmol/mg protein, >30-fold than in the WT spores.
The lack of poly-P accumulation in response to a nutritional
stringency in WT B. cereus and the defects in sporulation of the
ppx mutant accompanied with poly-P accumulation in its spores
indicate important roles that poly-P plays in development. In the
WT cells, PPK and poly-P levels dropped immediately with the
start of sporulation, whereas the PPX level remained unchanged
(Fig. 6). Loss of poly-P in the cell triggers the start of sporulation,
where Spo0A, the key regulator for initiation of sporulation may
be the target of poly-P regulation in the nucleoid.
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