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BaciUlus subtilis has an alkaline phosphatase (APase) gene family composed of at least four genes. All
members of this gene family are expressed postexponentially, either in response to phosphate starvation or
sporulation induction or, in some cases, in response to both. The phoA gene (formerly called phoAIV and the
phoB gene (formerly called phoAlII) products have both been isolated from phosphate-starved cells, and a
mutation in either gene decreased the total APase expressed under phosphate starvation conditions. Data
presented here show that a phoA phoB double mutant reduced APase production during phosphate starvation
by 98%, indicating that these two genes are responsible for most of the APase activity during phosphate-limited
growth. The promoter forphoA was cloned and used, with thephoB promoter, to examine phosphate regulation
in B. subtilis. phoA-lacZ reporter gene assays showed that the expression of the phoA gene commences as the
culture enters stationary phase as a result of limiting phosphate concentrations in the growth medium, thereby
mimicking the pattern of total APase expression. Induction persists for approximately 2 h and is then turned
off. phoA is transcribed from a single promoter which initiates transcription 19 bp before the translation
initiation codon. PhoP and PhoR are members of the two-component signal transduction system believed to
regulate gene expression in response to limiting phosphate. The expression ofphoA or phoB in response to
phosphate starvation was equally dependent on PhoP and PhoR for induction. lacZ-promoter fusions showed
that both phoA and phoB were hyperinduced, or failed to turn off induction after 2 h, in a spoOA strain of B.
subfilis. Mutations in genes which are required for phosphorylation of SpoOA, spoOB and spoOF, also resulted
in phoA and phoB hyperinduction, suggesting that phosphorylation of SpoOA is required for the repression of
both APases in wild-type strains. The hyperinduction of either APase gene in a spoOA strain was dependent on
PhoP and PhoR. Analysis of a phoP-lacZ promoter fusion showed that the phoPR operon is hyperinduced in a
spoOA mutant strain, suggesting that SpoOA-P represses APases by repressing phoPR transcription. We
propose a model for PHO regulation in B. subtilis whereby the phoPR operon is transcribed in response to
limiting phosphate concentration, resulting in activation of the PHO regulon transcription, including
transcription ofphoA andphoB. When the phosphate response fails to overcome the nutrient deficiency, signals
for phosphorylation of SpoOA result in production of SpoOA-P, which represses transcription of phoPR,
thereby repressing synthesis of the PHO regulon.

Nutrient depletion is a stress frequently encountered by a
bacterium. A consequence of nutrient depletion is the disrup-
tion of exponential growth as the cell enters stationary growth.
During this transition stage, genes which are inactive during
exponential growth express gene products necessary for sur-
vival under the stress condition encountered. Depending on
the environmental conditions, the Bacillus subtilis cell may
either enter a nondividing stationary phase or begin a devel-
opmental program leading to the formation of a resistant
endospore. Certainly, if the gene products expressed in re-
sponse to the stress function to replenish the depleted nutrient
before the commitment to sporulation is made, the cell can
resume vegetative growth.
Some of the functions expressed during the transition stage
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are the production of antibiotics (24), development of compe-
tence for the uptake of DNA (1, 7), synthesis of flagella (11),
and the synthesis of a wide variety of degradative enzymes (8,
10), including alkaline phosphatases (APases) (2, 4, 13). The
APases of B. subtilis are useful as models of enzymes synthe-
sized in response to decreased phosphate concentration (4, 14,
19) or developmental control during sporulation (4, 29). Their
genes can be used to examine the roles of various transi-
tion state regulators involved in phosphate metabolism or
developmental regulation during sporulation. Two APase en-
zymes, APase A (formerly APase IV) and APase B (formerly
APase III), are synthesized during phosphate depletion of B.
subtilis cultures (4, 15, 17), and data presented here show that
the two enzymes are responsible for 98% of that APase
activity.

Genetic analysis has shown that at least three trans-acting
regulators are involved in controlling synthesis of the members
of the APase family during phosphate starvation. Two genes,
phoP and phoR, which show similarity in sequence to procary-
otic two-component signal transduction regulators (20, 34, 35),
are required for phosphate starvation induction of APases (4,
25, 30). phoP is 40% identical to the phoB protein of Esche-
richia coli, the transcription activator protein for the PHO
regulon of E. coli (22, 34, 48). The kinase for phoB of E. coli,
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PHO REGULATION IN B. SUBTILIS 1349

phoR, and the carboxyl-terminal three-fourths ofphoR from B.
subtilis show significant similarity (35). The B. subtilis phoR has
an amino-terminal extension of 137 amino acids not found in
the E. coli phoR. A third gene, spoOA, which is involved in
regulation of gene expression during the transition from
exponential to stationary growth and is essential for sporula-
tion, also influences phosphate starvation-induced APase pro-
duction (17). A mutation in the spoOA gene results in hyper-
induction of total APase activity, suggesting that SpoOA acts as
a repressor in APase regulation. SpoOA, a member of the
regulator class of two-component systems (3), is active when
phosphorylated by either of two kinases, KinA or KinB (and
possibly other, as yet unidentified kinases), via a phosphorelay
involving several of the spoO gene products (3). A major role of
SpoOA-P is to down-regulate abrB transcription (41), thereby
reducing the concentration of the growth-phase repressor of
many postexponentially expressed genes (29, 40), AbrB. The
result of SpoOA phosphorylation is to allow expression of
protease genes (9), antibiotic resistance genes (24, 32), and
other genes repressed by abrB during exponential growth.
Current evidence suggests that the mechanism by which spoOA
regulates the synthesis of APases is not via repression of abrB,
since spoOA mutants show an APase hyperinduction phenotype
(17).
As an initial step toward understanding the molecular

mechanism by which spoOA regulates synthesis of APase
production, the major APase genes affected were identified.
The promoter region ofphoA was cloned, sequenced, and used
to construct phoA-lacZ promoter fusions. Through the use of
phoA-lacZ andphoB-lacZ promoter fusions, we show that both
genes require the PHO regulon regulatory proteins, PhoP and
PhoR, for transcription and that mutations in spoOA result in
hyperinduction of both promoters. The hyperinduction, in
both cases, was dependent on PhoP and PhoR. Mutations in
genes required for phosphorylation of SpoOA (3), spoOF and
spoOB, also resulted in hyperinduction of phoA transcription.
The APase hyperinduction phenotype in a spoOA mutant is
postulated to result from the overproduction ofphoP andphoR
in these mutants.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used
are listed in Table 1. Plasmids for this study were constructed
as follows. To construct pES13, plasmid pES5 (17) was di-
gested with BalI, releasing a 743-bp BalI fragment internal to
the coding region of phoR. The pBC16 Tetr (28) cassette in
pUC19 was released by digestion with EcoRI, which digested
the EcoRI site in the polylinker and the EcoRI site positioned
60 bp 3' of the tet stop codon in pBC16. The resulting
fragment, which contains the tet gene and 1,000 bp 5' of the tet
gene from pBC16, was treated with the Klenow fragment of
DNA polymerase I to fill in the protruding 5' ends, gel
purified, and ligated into the BalI site of the pES5. The
construction of pES5, which contains the complete phoR gene
in pJM103 (17), has been described previously. The ligation
mixture was transformed into E. coli DH5ot. Plasmid pES13
was recovered from one transformant, and the direction of the
Tetr gene within the deleted phoR gene was determined to be
in the same orientation as in the phoR gene.

Several plasmids were used in the construction of pES11, the
plasmid used to construct the phoP deletion strains. PES9
contains the first 968 bp of the phoPR locus, shown in Fig. 5,
inserted into the BamHI and EcoRI sites of pUC19. The DNA
insert was amplified by PCR, using JH642 chromosomal DNA
as a template and primers FMH149 (TTGGATCC8AGGT

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype or antibiotic Sourceresistance

B. subtilis strains
1A254 pheA phoP
1A306 metC3 phoR2 tall
JH13528 pheAl spoOAA204
JH7136 pheAl spoOB136
JH7221 pheAl spoOF221
JH781 pheA1 spoOH81
MH302 trpC2 pheA I phoB::Tn9J7::MLSr
MH3402 trpC2 pheAl phoA::pCE413 Cmr

phoB::Tn9l7::MLSr
MH401 trpC2 pheAl phoA::pCE413 Cmr
MH4040 pheAl trpC2 amyE::pNK45
MH4050 pheAl trpC2 amyE::pNK55
MH5046 pheAl spoOAA204 (abrBTn917)
MH5072 pheAl spoOH81 amyE::pCB619
MH5073 pheAl spoOH81 amyE::pNK45
MH5074 pheAl spoOB136 amyE::pCB619
MH5075 pheAl spoOB136 amyE::pNK45
MH5076 pheAl spoOF221 amyE::pCB619
MH5077 pheAl spoOF221 amyE::pNK45
MH5107 pheAl spoOAA204 amyE::pCB619
MH5108 pheAl spoOAX204 amyE::pNK45
MH5109 pheAl spoOAA204 abrBTn917

pCB619
MH5110 pheAl spoOAA204 abrBTn917

pNK45
MH5117 pheAl trpC2 mdh::Tetr

phoPAEcoRI
MH5124 pheA I trpC2 phoRABall::Tetr
MH5131 pheAl trpC2 amyE::pNK45

phoRABalI::Tetr
MH5132 pheAl trpC2 amyE::pCB619

phoRABall::Tetr
MH5133 pheAl spoOB136 amyE::pNK55
MH5134 pheAl spoOF221 amyE::pNK55
MH5135 pheAl spoOH81 amyE::pNK55
MH5143 pheA1 trpC2 mdh::Tetr
MH5 161 pheAl trpC2 amyE::pNK45

phoPAEcoRI
MH5174 pheAl trpC2 amyE::pCB619

phoPAEcoRI
MH5200 pheAl spoOAA204 amyE::pNK55
MH6192 pheAl trpC2 amyE::pCB619

E. coli strains
SURE

DH5ot

Plasmids
pES5

pES9
pES10
pES11
pES13
pNK45
pNK55

pKL130

mcrA A(mcrBC-hsdRMS-
mrr)171 endAl supE44 thi-] X -

gyrA96 relA1 lac recB recJsbcC
umuC::TnS(Kanr) uvrC [F'
proAB lacIq ZAM15 TnJO(Tetr)]

F- +80dlacZAM15A(lacZYA-
argF)U169 recAl endAI
hsdRJ7(rK iMK) supE44 A
thi-lgyrA relAl

Ampr Cmr (5.6)"

Amp' (3.7)
Amp' (5.4)
Ampr Tetr (8.0)
Ampr Cmr, Tetr (7.3)
Ampr Cmr (10.6)
Ampr Cmr (10.4)

Amp' (5.1)

BGSCa
BGSC
J. A. Hoch
J. A. Hoch
J. A. Hoch
J. A. Hoch
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

This study

This study
This study

This study

This study
This study
This study
This study
This study

This study

This study
F. M. Hulett

(2)

Stratagene

Laboratory
strain

F. M. Hulett
(17)

This study
This study
This study
This study
This study
F. M. Hulett

(17)
This study

a BGSC, Bacillus Genetic Stock Center.
b Size (kilobases) of plasmid is given in parentheses.
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1350 HULETT ET AL.

GTGCTlGATACGGC26) and FMH131 (`109GTCTTYCATC
TCACTAGAG1090). FMH149 contains a BamHI site at the 5'
end of the primer. The numbers refer to positions in thephoPR
locus as shown in Fig. 5. The amplified fragment was digested
with BamHI and EcoRI, gel purified, and cloned into the
BamHI and EcoRI sites of pUC19. The accuracy of the PCR
clone was confirmed by sequencing.
pES10 contains the EcoRIl1208-to-EcoRI2956 fragment from

thephoPR locus shown in Fig. 5 cloned into the EcoRI site of
pES9. The EcoRI fragment was amplified by PCR from a
JH642 chromosomal template by using primers FMH130
(1035GGAAGTAAATGCGAGAGTC105, numbered as in
Fig. 5) and FMH104 (GGAGATCT3224CATCCrACCAG
CATAGG3207, numbered as in Fig. 5), digested with EcoRI,
gel purified, and then cloned into the EcoRI site of pES9. The
accuracy of the sequence across the EcoRI deletion and the 3'
portion of phoP was confirmed by sequencing.
To obtain pES11, pES10 was cleaved with Styl at residue 368

(numbered as in Fig. 5), treated with the Klenow fragment of
DNA polymerase I to fill in the 5' protruding ends, and ligated
to the Tetr gene fragment from pBC16 prepared exactly as
described for construction of pES13.
pNK45 contains a phoA-lacZ transcriptional fusion posi-

tioned between DNA from the 5' portion and 3' portion of the
amyE gene of B. subtilis. The phoA promoter region from
pKL130 was amplified by using primer FMH114, which con-
tains an EcoRI site 5' of the sequence underlined in Fig. 2 and
primer FMH115, which contains a BamHI site 3' of the
sequence identified in Fig. 2. The PCR-amplified DNA and
pDH32 (37) were digested with EcoRI and BamHI, ligated,
and transformed into E. coli SURE. Transformants were
analyzed for plasmids containing inserts of the correct sizes.
The insert in plasmid pNK45 was sequenced, and the sequence
was identical to the sequence in pKL130.

Inverse PCR was used to amplify an extended phoP pro-
moter region from JH642 template DNA. The amplified DNA
was cloned into pDH32 for the construction of a phoP-lacZ
promoter fusion in pNK55 for use in lacZ reporter gene assays.
lacZ fusions used in this study were integrated at the amyE
locus of B. subtilis strains by using pDH32.

Primer extension. B. subtilis 168 cells were grown in LPDM
(13) to induce production of phosphate starvation-inducible
APase. RNA was extracted, and the phoA transcription initia-
tion site was determined by primer extension as described
previously (4). Two different 17-mer oligonucleotide primers
were used; the first was complementary to bases 624 to 644
(FMHO99), and the second was complementary to bases 742 to
760 (FMH1 15) of the phoA sequence (see Fig. 2). A sequenc-
ing ladder was generated by annealing the same primers to
pNK45 and extending them with Sequenase (United States
Biochemical) according to the manufacturer's instructions.
DNA sequencing. Cloned DNA fragments were sequenced

by the dideoxy-chain termination method of Sanger et al. (33)
with Sequenase (United States Biochemical) and a series of
synthetic oligonucleotides that primed at intervals of approxi-
mately 300 nucleotides. Oligonucleotides were purchased from
Operon Technologies Inc. The nucleotide sequences of both
strands ofphoA were determined, and a single strand of clones
generated by PCR was determined to confirm the accuracy of
the PCR reaction.
PCR. Amplification reactions were performed with a Gene

Amp kit (Perkin-Elmer Cetus) according to the manufacturer's
protocol. Oligonucleotides were purchased from Operon
Technologies Inc.

General methods. Transformation of B. subtilis was done by
the two-step transformation method of Cutting and Vander

Horn (6). Transformants were selected for drug resistance on
tryptose-blood agar base (Difco) plates containing glucose
(0.5%) and chloramphenicol (5 ,ug/ml), tetracycline (10 ,ug/
ml), or lincomycin (25 ,ug/ml) and erythromycin (5 ,ug/ml).
Screening for protease phenotype was done on SSG plates (6)
supplemented with 1% skim milk. The ability to sporulate was
tested on SSG plates. Transduction was done by the method of
Cutting and Vander Horn (6). Strains which became poorly
motile in liquid medium were grown on tryptose-blood agar
base plates containing 0.3% agar, motile cells were scraped
from the plate and suspended in brain heart infusion broth
medium (Difco), and the rest of the transduction was per-
formed by the method of Cutting and Vander Horn (6).
Plasmid DNA was purified by using Qiagen columns according
to the manufacturer's instructions.
Growth conditions and enzyme assays. APase activity was

measured in cells that had been grown in the low-phosphate
defined medium described previously (13). For single-point
assays of overnight cultures, the following procedure was used.
A 30-,ul aliquot of a 200-,lI stationary culture grown in
Luria-Bertani medium was used to inoculate 1.5 ml of com-
plete low-phosphate defined medium in a sterile tube (13 by
100 mm). The culture was grown with vigorous shaking for 16
to 18 h. Growth was assessed by measuring the optical density
of the culture at 540 nm. APase activity was assayed in 1 M
CHES [2-(N-cyclohexylamino)ethanesulfonic acid] buffer (pH
9.5) as previously described (13); units are micromoles of
p-nitrophenol made per minute at 37°C. Specific activity was
calculated by dividing the APase activity as assayed (units per
milliliter) by the optical density of the culture.
To determine when APase induction occurred, hourly de-

termination of culture density and APase activity was made on
cells grown under culture conditions described previously (4).
3-Galactosidase was measured as described previously (4).
Nucleotide sequence accession number. The sequence

shown in Fig. 2 has been assigned GenBank accession number
U02550.

RESULTS

APase A and APase B account for 98% of the APase activity
expressed in response to phosphate starvation. Mutations in
phoB (formerly phoAIII), the gene encoding APase B, reduce
total APase specific activity induced during phosphate starva-
tion of the culture to levels 65 to 75% of that measured in a
wild-type strain (2). Mutations in phoA have a more drastic
affect on total APase synthesis, reducing APase specific activity
to 20 to 40% of the wild-type levels (19). To achieve a more
accurate assessment of the contribution of these two APase
genes to the total APase synthesized, a phoA phoB double
mutant, MH3402, was constructed by transforming competent
cells of strain MH302 (phoB) with chromosomal DNA from
strain MH401 (phoA), selecting for Cmr transformants. While
the phoA mutant, MH401, produced approximately 25% as
much total APase as did the wild type, the phoA phoB double
mutant, MH3402, produced only about 2% as much as the
wild-type strain did (Fig. 1). These results show that APase A
and APase B are the major contributors to the total APase
activity induced in phosphate-starved vegetative cells.

Cloning and characterization of the pho4 promoter. The
promoter region and the N-terminal coding region of the phoA
gene were cloned from a HinclI genomic B. subtilis chromo-
somal sublibrary constructed in pKK323-8, using a synthetic
oligonucleotide whose sequence had been determined from a
clone encoding the mature APaseA protein (15). The nucle-
otide sequence of the HinclI clone and the sequence of the
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FIG. 1. APase A (PhoA) and APase B (PhoB) account for 98% of

the total APase specific activity produced during phosphate starvation
induction of APases in LPDM medium. Closed symbols, growth; open

symbols, APase activity; circles, JH642 (APase+) growth and APase
expression; diamonds, MH301 (phoA phoB) growth and APase activ-
ity; triangles, MH302 (phoB) growth and APase activity; squares,
MH3402 (phoA) growth and APase activity. OD540, optical density at
540 nm; wt, wild type.

oligonucleotide (FMHO99) used to identify the clone are

shown in Fig. 2. The deduced protein sequence of the 5' region
of phoA includes sequence which extends into the mature
protein sequence reported previously (15), in addition to new
sequence at the amino terminus of the preprotein. A putative
ribosome binding site, AAGGAGG, is positioned upstream of
two possible translation starts in the open reading frame
encoding APase A, Met codons at position 509 and 518. The
spacing between the ribosome binding site and the Met codon
at 518 is optimal for translation efficiency in B. subtilis (43).

These putative translation start sites precede a sequence
characteristic of translocation signal sequences of gram-posi-
tive procaryotes (44). Depending on the translational start, two
or four positively charged lysine residues are followed by a

stretch of 23 uncharged amino acids which form the hydropho-
bic core of the signal sequence. Two charged amino acids
directly precede the Ala-Ser-Ala, a cleavage site favored by
signal peptidase, which immediately precedes the amino-ter-
minal Lys of the mature APaseA protein (15). Over 500 bp
upstream of the APase A coding region are included on the
Hincll clone.
A single promoter controls phoA transcription during phos-

phate starvation induction. To study the regulation of the
phoA gene, separated from the background of multiple APase
enzymes, a plasmid containing a phoA-lacZ promoter fusion
(pNK45) was constructed, linearized at the PstI site, and
introduced into B. subtilis JH642 by transformation of compe-
tent cells. Such transformants carried transcriptional fusions to
the phoA promoter but retained an intact copy of the phoA
gene, so that the regulation ofphoA promoter-driven 3-galac-
tosidase activity could be studied in APase A' cells. To
compare the kinetics of induction of total APase activity and
phoA promoter activity, strain MH4040 was grown in the
low-phosphate defined medium of Hulett et al. (13), a medium
designed to maximize vegetative APase production in non-

sporulating B. subtilis cultures. In LPDM, APase induction
occurs when the phosphate concentration in the medium
decreases to 0.1 mM (14). Samples were taken throughout
growth and stationary phase and assayed for both APase and
,B-galactosidase activities. Figure 3A shows the kinetics of
appearance of 3-galactosidase and APase in LPDM. Neither
enzyme was expressed during growth, as indicated by the
decreasing specific activity with increasing culture density, but
as the cells entered stationary phase as a result of phosphate
limitation, the specific activities of both enzymes increased,
essentially in parallel.

Primer extension on phoA RNA extracted from phosphate-
starved cells, hour 6 (Fig. 3A), showed that transcription
apparently initiated 19 bp upstream from the putative transla-
tion initiation codon (Fig. 4). The same result was obtained
with each of the two primers shown in Fig. 2, FMHO99 and
FMH115.

5'1 CTCTATATATATGTATCTCT TTTTTTAAATTAATCTTATT
F14H114

101 CTTAATTATTCGTTCTAAAA AAAAGTTTTTAAGGGTATTA

GATTTCTATTATAAGGATAG ATTCCCATCAGAAATAGTCT TGACTTCATGTGACAAATTT

AAGGTGACAAAAAACGAGTG CTTTTGTCATGTTTTATGGG

201 ATGTTTTTCAACATAAAGGA AATAAATGAAAAACTTTCGG GGTCGGCTCATATATCGGAA AAATGAGTGATAAAGTATAT TCGAGGAGAGCTGTGGTTAT

301 CCGCAGTTTTTTTATTTAAA CAAACATATCATGCAAAGAC AGAGAGGTAAAGATTTTTCT GAAAAATGAATGCTTTACAT CAAATAAGGCAAGATAACGA

401 AAAGCGTTTTTTCATTTCCT TACAAGGCTTTACTTATTGT TTACATGATCAACAGCCGCA TTTAACAAAGTTTCCCTAAC ATGATAAACGGAATACATTA
-10 *(+1)

1 M S L F Q N M K S K L L P I A A V S V L T A G I F A G A
501 AAGGAGGCATGAAAAAAATG AGTTTGTTTCAAAATATGAA ATCAAAACTTCTGCCAATCG CCGCTGTTTCTGTCCTTACA GCTGGAATCTTTGCCGGAGC

1*111
32 E L Q Q T E K A 8 A K X Q R X A B I R N V I V M I B D B M G T P Y

601 TGAGCTTCAGCAAACAGAAA AGGCCAGCGCCAAAAAACAA GACAAAGCTGAGATCAGAAA TGTCATTGTGATGATAGGCG ACGGCATGGGGACGCCTTAC
FMHO99

65 1 R A Y R 8 X NNX1 G D T P N N P X L T
701 ATAAGAGCCTACCGTTCCAT GAAAAATAACGGTGACACAC CGAATAACCCGAAGTTAACA 3'

FMH1 15

FIG. 2. DNA sequence of phoA promoter and 5' coding region. The nucleotide sequence of the 760-bp HincII fragment contains the 5'
promoter region, the signal sequence, and the beginning of the sequence encoding the mature protein of thephoA gene. The predicted translation
of the gene is shown below the DNA sequence beginning at base 518. The first 38 amino acids, ending in Ala-Ser-Ala, resemble a typical
gram-positive signal sequence. Amino acids 39 through 58 (underlined) are identical to the first 19 amino acids sequenced from the mature APase
A protein (19). The boldface amino acids are identical to the sequence of the clone encoding the mature protein (15). A potential ribosome binding
site, upstream of the putative ATG translation start codon, is marked with # signs below the base pairs. Primers used in this study are underlined
and named. The transcription start site is marked with an asterisk. The -10 region, TAACAT, is underlined.
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PHO REGULATION IN B. SUBTILIS 1353

FIG. 3. spoOA or genes involved in phosphorylation of SpoOA are required for repression of bothphoA andphoB transcription. Hyperinduction
ofphoA transcription, ofphoB transcription, or of total APase activity observed in a spoOA mutant is reduced by a second mutation in abrB. Graphs
A to F show growth in LPDM (-) and total APase (A) and ,B-galactosidase (,B-Gal) (A) activities from phoA-lacZ or phoB-lacZ. phoA-lacZ data
are presented in graphs A, C, E, and G; phoB-lacZ data are presented in graphs B, D, F, and H. (A) MH4040 (amyE::phoA-lacZ); (B) MH6192
(amyE:-.phoB-lacZ); (C) MH5108 (spoOAA204 amyE::phoA-lacZ); (D) MH5107 (spoOAA204 amyE::phoB-lacZ); (E) MH5110 (spoOAA204
abrBTn917 amyE::phoA-lacZ); (F) MH5109 (spoOAA204 abrBTn917 amyE::phoB-lacZ); (G) MH5075 (spoOB136 amyE::phoA-lacZ); (H) MH5074
(spoOB136 amyE::phoB-lacZ).

phoA andphoB transcription during phosphate starvation is
dependent on PhoP and PhoR.phoP andphoR are members of
the two-component regulatory system of B. subtilis that is
involved in phosphate regulation (25, 34, 35). We have shown
that the phoB promoter used during phosphate starvation, Pv,
is affected by uncharacterized mutations in thephoPR locus in
strains 1A254 and 1A306 (4). We have recently determined
that the IA306 strain contains a mutation in phoP (36).
Deletion mutations in phoP and phoR were constructed to
assess the effects of null mutations in either of these genes on
phoA and phoB transcription. pES13, which contained a
743-bp Ball deletion and the tet gene insertion within thephoR
gene pBC16, was linearized and introduced into JH642, select-
ing for Tetr transformants. The transformants were screened
for Cms recombinants to isolate those in which a double
crossover between the homologous chromosomal DNA and
the cloned DNA had eliminated the vector DNA. A single Cms
phoRABalI::tet transformant, MH5124, was selected for further
studies (Fig. 5). A phoP deletion strain was constructed by
introducing linearized pESll into JH642 and selecting for Tetr
transformants. pES11 contained 500 bp 5' of the phoP pro-
moter into which a tet gene had been cloned, the phoP
promoter, the phoP structural gene with an in-frame EcoRI
deletion, and 1,630 bp of phoR. Tetr transformants were
screened for APase production after 12 h of growth in LPDM.
Seventy percent of the Tetr transformants had reduced APase
production. Chromosomal DNA was isolated from one APase-
deficient transformant, MH5117, and one APase-producing
transformant, MH5143, and used as the template for PCR
amplification reactions, which confirmed the EcoRI deletion in

T G C A P

T
A
A
A
C

AG

ATA/
A/

FIG. 4. Primer extension analysis ofphoA. The end-labeled primer
was annealed to RNA from phosphate-starved vegetative cells cultured
LPDM (lane P) and extended with reverse transcriptase. Lanes T, G,
C, and A are a sequencing ladder generated by annealing the same
end-labeled primer to a plasmid containing the 5' end of phoA and
extending it with Sequenase (United States Biochemical). The asterisk
indicates the base to which the primer extension product maps.

the phoP gene of MH5117 (Fig. 5) but not MH5143 and the
insertion of the Tetr gene in the 5' flanking region of phoP
(Fig. 5) in both strains (data not shown). The strains containing
the deletion mutations inphoP andphoR were grown in LPDM
and compared with JH642 (Fig. 6). Neither deletion strain
produced APase.
The phoA-lacZ promoter fusion from strain MH4040

(amyE::pNK45) and the phoB-lacZ promoter fusion from
strain MH6192 (amyE::pCB619) were introduced into the
phoP (MH5117) and phoR (MH5124) deletion strains. Cmr
transformants were screened for any Amy- phenotype on
starch (Difco) plates. Selected transformants, MH5161 (phoP
phoA-lacZ), MH5174 (phoP phoB-lacZ), MH5131 (phoR
phoA-lacZ), and MH5132 (phoR phoB-lacZ), were cultured in
LPDM, and levels of P-galactosidase and APase were assayed
after 12 h of growth, as shown in Table 2. Phosphate starvation
induction of phoA and phoB required both PhoP and PhoR;
i.e., total APase activity and phoA promoter- and phoB pro-
moter-driven ,B-galactosidase activity were reduced to approx-
imately 5% of the wild-type levels in either a phoP or phoR
mutant.

Mutations in spoOA and in genes involved in phosphoryla-
tion of SpoOA result in hyperinduction of both phoA and phoB.
Cloning and characterization of the phoA promoter made it
possible to assess the individual contribution of APase A and
APase B to the total APase overexpression phenotype of the
spoO mutant strains (17). Chromosomal DNA from strains
MH4040 and MH6192 was used to introduce phoA-lacZ and
phoB-lacZ fusions into the following spoO mutants: JH13528
(spoOAA204), JH7136 (spoOB136), JH7221 (spoOF221),
MH5046 (spoOAA204 abrBTn917), and JH781 (spoOH81).
Transformants were selected for Cmr and screened for inabil-
ity to sporulate and produce amylase. Figure 3 shows the
comparison of phoA-lacZ and phoB-lacZ expression in wild-
type and three spoO mutant strains.
The lacZ promoter fusions in a spoOA mutant strain

(MH5108 [spoOAA204 phoA-lacZ] or MH5107 [spoOAA204
phoB-lacZ]) showed a two- to threefold increase 3-galactosi-
dase activity compared with the isogenic spo+ strain (Fig. 3C
and D). This finding indicates that both APase A and APase B
contribute to the increased APase activity in a spoOA mutant
reported by Jensen et al. (17). When an APase double mutant
(phoA phoB) was constructed in a spoOA background and
assayed to determine the impact on total APase activity, a low
level of APase activity could be measured. The kinetics of
induction of the remaining APase activity paralleled the induc-
tion that was observed for either phoA or phoB and repre-
sented 2% of the total APase activity in the spoOA parent
strain, or equal to 10% of the total APase activity observed in
a Spo+ APase+ strain (data not shown). Taken together, these
data suggest that APase A and APase B are responsible for the
major increase in APase activity in a spoOA mutant, but there
is at least one other unidentified APase gene that is also being
hyperinduced.

Phosphorylation of SpoOA requires SpoOF and SpoOB (3).
To determine the role of phosphorylated SpoOA in the repres-
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EcoRI, 968
EcoRI .1208 Ba I1, 1749

I.

Terminator I

5'ORF r :

phoP

Terminator II

phoR

EcoRI, 968
EcoRI ,1286

Tet R Insert RI Del

Ba11,1749 1.1,2492

|LTet R Insert

BaII

MH5117

MH5124

Deletion

pi0P 1000 11020500 300

FIG. 5. Physical map of DNA from the phoPR region of the B. subtilis chromosome. The locations of phoP, phoR, and upstream genes are
shown by the open arrows. MHS117, the B. subtilis strain containing a 222-bp in-frame deletion within phoP, is deleted for the DNA between the
EcoRI (bp 986) and EcoRI (bp 1208) sites. MH5117 also contains the Tetr gene from pBC16 at the StyI site in the upstream gene. MH5124 contains
a 743-bp BalI deletion (bp 1749 to 2492) into which the Tetr gene of pBC16 is inserted.

Total APase

4 6 8

Time (Hours)

sion of phoA or phoB, the level of ,B-galactosidase from each
promoter fusion was determined in a spoOF mutant (MH5077
[spoOF221 amyE::phoA-lacZ] or MH5076 [spoOF amyE::phoB-
lacZ]) and a spoOB mutant (MH5075 [spoOB136 amyE::phoA-
lacZ] or MH5074 [spoOB136 amyE::phoB-lacZ]). In each case,
the APase promoter-lacZ expression is approximately twofold
higher than in a Spo+ strain, indicating that a phosphorylated
form of SpoOA is required for APase repression (spoOB data
are shown in Fig. 3G and H; spoOF data are not shown).

Jensen et al. (17) noted that the hyperinduction of total
APase in a spoOA abrB double mutant, MH5046 or MH5045,

Is

3

cn

a
I!ECO)

0)

02

FIG. 6. Deletions in phoP or phoR eliminate APase expression.
Shown are growth (solid symbols) and APase activity (open symbols)
in JH642 (0), MH5117 (phoPAEcoRI) (O), and MH5124
(phoRABalI) (A).

TABLE 2. Effects ofphoR and phoP on phoA and
phoB transcription

Sp act' (%)
Strain Genotype

APase 1-Gal

MH4040 phoA-lacZ 0.150 (100) 3,467 (100)
MH5131 phoA-lacZ phoR 0.008 (5b) 49 (1.4b)
MH5061 phoA-lacZ phoP 0.008 (5b) 166 (4.7b)
MH6192 phoB-lacZ 0.150 (100) 1,452 (100)
MH5132 phoB-lacZ phoR 0.011 (7C) 66 (4.5C)
MH5174 phoB-lacZ phoP 0.008 (5C) 105 (7.2c)

a Single-point assay of overnight culture in LPDM medium; expressed as units
of activity per milliliter divided by culture density.

b Percentage of MH4040 APase or ,B-galactosidase (1-Gal) specific activity.
c Percentage of MH6192 APase or 1-galactosidase specific activity.

Sty 1, 368

m11
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FIG. 7. Transcription of thephoPR operon is regulated by spoO genes. Shown are growth in LPDM (e), APase activity (A), and P-galactosidase
(P-Gal) activity (A) for strains MH4050 (amyE::phoP-lacZ) (A), MH5200 (spoOAA204 amyE:.phoP-lacZ) (B), MH5134 (spoOF221
amyE::phoP-lacZ) (C), and MH5133 (spoOB136 amyE:.phoP-lacZ) (D).

was routinely slightly less than that in the spoOA single mutant.
The phoA and phoB-lacZ transcriptional fusions were intro-
duced into strain MH5046 (spoOAA204 abrBTn917) by using
MH4040 (for the phoA-lacZ fusion) or MH6192 (for the
phoB-lacZ fusion) chromosomal DNA and selecting for Cmr
transformants. Figure 3 compares the APase and ,B-galactosi-
dase activities from each promoter fusion in isogenic spo+ (Fig.
3A and B), spoOA (Fig. 3C and D), and spoOA abrB (Fig. 3E
and F) strains cultured in parallel on the same day in the same
preparation of medium to minimize variation. In each case, the
APase and ,-galactosidase levels are slightly lower in the
spoOA abrB double mutant, consistent with the results of
Jensen et al. (17), suggesting that both thephoA and thephoB
promoters are slightly less active in the spoOA abrB double
mutant.
spoOH, which encodes a sigma factor (47) important for

transcription of certain vegetative, transition-state, and early-
sporulation genes, including spoOA (38) and genes necessary

for phosphorylation of spoOA (31), might be expected to
indirectly affect transcription of APases. The phoA-lacZ (from
MH4040 chromosomal DNA) and phoB-lacZ (from MH6192
chromosomal DNA) promoter fusions were introduced into
strain JH781 (spoOH81). Total APase and P-galactosidase
expression (data not shown) was similar to that in Spo+ strains

in both promoter fusion strains, MH5072 (spoOH81 phoB-lacZ)
and MH5073 (spoOH81 phoA-lacZ). These experiments were
repeated in a strain containing an internal deletion of spoOH,
and the results were the same (data not shown).

Since transcription of both APase genes requires PhoP and
PhoR, it seemed possible that spoOA was responsible for
transcriptional regulation of the phoPR operon, thereby indi-
rectly affecting PHO regulon transcription. A plasmid con-
taining a phoP-lacZ promoter fusion, pNK55 (17, 18), was
linearized at the PstI site and introduced into JH642
(Spo+), JH13528 (spoOAA204), JH7221 (spoOF221), JH7136
(spoOB136), and JH781 (spoOH81). A single transformant from
each strain construction was analyzed further.
A comparison of phoPR operon promoter activity levels in

isogenic spo+ and spoO strains (Fig. 7) shows that the phoPR
operon promoter is overexpressed in strains with mutations in
spoOA or in genes required for phosphorylation of spoOA. The
phoP-lacZ expression was similar in the wild type and the
spoOH strain (data not shown). Thus these data indicate that
mutations in the spoO genes analyzed affect transcription of the
APase genes and the phoPR operon similarly, suggesting that
the regulation by SpoOA of APase activity may be indirect,
affecting the levels of PhoP and PhoR, which in turn regulate
transcription of APases.
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DISCUSSION

Nutrient limitation results in activation of genes directed at
overcoming the nutritional deficiency or initiating cellular
differentiation which leads to sporulation in B. subtilis. In
response to limiting phosphate conditions, alkaline phos-
phatase synthesis is initiated, continues for-several hours, and
is then stopped. Although recent studies showed that muta-
tions in early-sporulation genes, spoO genes, resulted in in-
creased accumulation of APases over an extended period of
time in phosphate-limited cultures (17), neither the APase(s)
involved in this response nor the level at which the spoO genes
exert the negative regulation was determined.
Our results show that PhoA and PhoB are the major APase

proteins expressed during phosphate limitation and that both
members of the signal transduction switch responding to
limiting phosphate, PhoP (response regulator) and PhoR
(histidine kinase), are equally required for transcription of
either APase gene during phosphate limitation. This finding
indicates that no Pi-independent controls activate PhoP in the
absence of its cognate sensor, PhoR, at least under the culture
conditions used in this study. In E. coli, a mutation inphoR, the
histidine kinase, results in constitutive expression of the PHO
regulon, removing both repression and induction of the regu-
lon. This constitutive expression is believed to involve cross-
regulation by CreC (formerly PhoM), a sensor kinase induced
by growth on glucose, or to involve acetyl phosphate during
growth on pyruvate (45, 46).

Comparison of the APase promoters used during phosphate
limitation shows that both promoters have -10 regions which
are similar (phoA) or identical (phoB) to the consensus se-
quence for a sigma A promoter. However, there is no similarity
at the - 35 region to any sigma consensus sequence or to each
other. Interestingly, both APase promoters have an identical
6-bp sequence positioned 9 bp 5' of the -10 region,
ITAACA. The significance of this sequence, if any, is un-
known. No sequence similar to the PHO box consensus (23)
for PhoB binding in E. coli (or presumably PhoP in B. subtilis)
was found in either APase gene promoter used during phos-
phate starvation induction. The PHO box sequence noted in
the phoB (APaseB) 5' region could be deleted without chang-
ing the P, promoter activity, suggesting that if PhoP binds
directly to the APase promoters, the binding sequence is
different from that for PhoB of E. coli (4). Preliminary
evidence, obtained by using partially purified preparations of
PhoP for gel retardation studies, suggests that PhoP may bind
directly to the phoA promoter region (21).
Promoter fusion data presented here indicate that the

transcription from the phoA and phoB promoters is repressed
by SpoOA and not strongly affected by AbrB or SpoOH. This
regulation is similar to that reported for gsiA (26, 27), which is
induced transiently at the beginning of stationary phase in cells
growing in nutrient sporulation medium and is also induced
under phosphate-limiting growth. The role of SpoOA in repres-
sion of gsi4 during sporulation induction is believed to be
independent of AbrB and may involve direct binding of
SpoOA-P to the gsiA promoter. Since the gsiA data and the
data presented here for phoA, phoB, and phoP were obtained
under different culturing conditions, further experimentation is
required to determine the significance of the apparently similar
patterns of regulation.
SpoOA-P has a dual role in the regulation of phoB. Data

presented here indicate that when cultures enter stationary
growth as a result of phosphate limitation, SpoOA-P represses
stationary-phase expression of the phoPR operon and thus
APase synthesis. In this case, the phosphate starvation-induc-

ible promoter ofphoB (P), which is dependent on PhoP and
PhoR, is repressed (42). phoB (APase B) is also expressed
during sporulation induction but from a separate promoter, P.
(42). Expression from the P. promoter is independent of PhoP
and PhoR but requires SpoOA and certain stage II sporulation
genes. Thus, SpoOA-P acts to repress phosphate starvation-
induced PhoP/PhoR-dependent expression of phoB in the
stationary phase but is required to activate sporulation-in-
duced expression.
APase regulation differs from transcriptional regulation of

other secreted degradation enzymes, such as proteases, AprE,
and NprE, and a number of other genes regulated by SpoOA
whose transcription occurs only after SpoOA-P represses
transcription of the repressor of late-growth genes (40), AbrB.
Data from spoOF and spoOB mutants, genes of the phosphore-
lay leading to the phosphorylation of SpoOA, suggest that
phosphorylated SpoOA is responsible for repression of APase
gene transcription. Since the cH promoter of the spoOA gene is
responsible for the increased levels of SpoOA after the end of
exponential growth (8), it is surprising that mutations in spoOH
do not relieve the repression of PHO gene expression due to a
decreased level of SpoOA-P and other phosphorelay genes.
One possible explanation is that only low levels of SpoOA-P
are required to turn off APase transcription.
APase A and APase B are secreted proteins which have

been isolated from the culture medium (13) and are also
associated with whole cells, presumably associated with the cell
wall (2, 19). The amino-terminal coding regions of the phoA
gene described here and the phoB gene (15) both contain
amino acid sequences characteristic of gram-positive signal
sequences and peptidase cleavage site immediately preceding
the amino-terminal amino acid of the mature APase protein
(13).
The increased APase accumulation that Jensen et al. (17)

observed in the spoOA mutants during phosphate-limitating
growth is the result of continued expression of multiple APase
genes. Western blot (immunoblot) analysis substantiated the
transcription data showing increased accumulation of APase A
and APase B in a spoOA mutant strain compared with a spo+
strain (16). We suggest that SpoOA represses both APase genes
indirectly by repressing transcription of the genes for the signal
transduction switches, PhoP and PhoR. Pi starvation induction
of the phoPiphoR operon, which is dependent on PhoP and
PhoR (42), was not changed in a spoOA mutant strain, but the
amount and duration of transcription increased. Increased
levels of PhoP were verified by Western blot analysis (21).
Mutations in phoP or phoR are epistatic to spoOA mutations;
phoP spoOA double mutants produce APase enzyme levels
equal to those ofphoP orphoR mutants alone. We believe that
the action of SpoOA on the phoPR promoter is indirect, since
gel retardation of or footprinting on the phoB or phoPR
promoter by SpoOA was not observed (12, 21).
Our current understanding of the regulation of APases and

other PHO regulon genes during phosphate limitation is
diagrammed in Fig. 8. The model is based on data described in
this work and on general principles conserved among two-
component signal transduction systems. When B. subtilis expe-
riences phosphate depletion, APases, which are dependent on
PhoP and PhoR for expression, are synthesized. Since muta-
tions in PhoR are as deleterious to APase production as
mutations in PhoP are, we propose that (under the experimen-
tal conditions used) PhoR alone is responsible for activation of
PhoP, presumably by phosphorylation (22). The activated
PhoP acts as a transcription activator of PHO regulon genes,
including phoA, phoB, and phoPR. Induction continues for
several hours. Because no phosphorylated substrates are avail-
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Promoter

- =ziI
PhoP/PhoR Operon

-IEE . -
-,~~~ v _ PhoPI (P PhoRI

|SpoOA-P 1------_ ---- --Q-----

+ P phoA

Ps Pv phoB

P other pho regulon genes

FIG. 8. Model for the roles of PhoP, PhoR, and SpoOA in PHO regulon regulation. Arrowheads indicate positive regulation; horizontal bars
indicate negative regulation. Factors X, Y, and Z are hypothetical intermediates, indicating (via dashed lines) that SpoOA-P regulation onphoPR
transcription may be indirect or possibly affect phosphorylation of PhoP (factor Z). Arrows with solid lines identify promoters believed to require
PhoP-P for induction.

able, the phosphate response system fails to provide the
limiting nutrient, Pi. The cell abandons the phosphate re-
sponse. The genes encoding the phosphate-sensing genetic
switch, the phoPR operon, are repressed by a second genetic
switch, SpoOA-P, which concomitantly releases other adaptive
response systems from repression by AbrB or enables the cell
to sporulate. The SpoOA-P repression of thephoPR operon is
apparently indirect. SpoOA-P may regulate genes whose
products regulate phoPR transcription through a pathway
independent of PhoP and PhoR or conversely through a
pathway affecting the phosphorylation state of PhoP, which in
turn affects phoPR transcription.
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