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Bacillus subtilis responds to phosphate starvation stress by inducing the PhoP and SigB regulons. While the
PhoP regulon provides a specific response to phosphate starvation stress, maximizing the acquisition of
phosphate (P;) from the environment and reducing the cellular requirement for this essential nutrient, the
SigB regulon provides nonspecific resistance to stress by protecting essential cellular components, such as
DNA and membranes. We have characterized the phosphate starvation stress response of B. subtilis at a
genome-wide level using DNA macroarrays. A combination of outlier and cluster analyses identified putative
new members of the PhoP regulon, namely, yfkN (2',3" cyclic nucleotide 2'-phosphodiesterase), yurl (RNase),
yjdB (unknown), and vpr (extracellular serine protease). Yurl is thought to be responsible for the nonspecific
degradation of RNA, while the activity of YfKN on various nucleotide phosphates suggests that it could act on
substrates liberated by Yurl, which produces 3’ or 5’ phosphoribonucleotides. The putative new PhoP regulon
members are either known or predicted to be secreted and are likely to be important for the recovery of
inorganic phosphate from a variety of organic sources of phosphate in the environment.

When Bacillus subtilis encounters phosphate starvation
stress, it responds by inducing groups of genes that function to
restrict the metabolic consequences of the limited supply of
this essential nutrient. These groups of genes are collectively
referred to as the phosphate (Pho) stimulon. The phosphate
stimulon includes at least two well-described regulons, namely,
the sigma B (¢®) general stress regulon and the phosphate
starvation-specific PhoP regulon. When B. subtilis encounters
phosphate starvation, genes of the SigB regulon are induced by
the alternative sigma factor, o®, and genes of the PhoP regulon
are either induced or repressed by activated PhoP (namely,
PhoP~P).

The o® general stress regulon contains >100 genes (58, 64).
These genes provide a nonspecific response to stress by encod-
ing proteins that protect the DNA, membranes, and proteins
from the damaging effects of stress. Proteins induced by o®
help the cell to survive potentially harmful environmental con-
ditions, such as heat, osmotic, acid, or alkaline shock (6, 21, 23,
26). This protective function is thought to be particularly im-
portant in maintaining the viability of nongrowing cells.

The PhoP regulon currently consists of 34 members. Six
operons (phoPR [56, 60], phoB-ydhF [7, 14], pstSAC-pstBA-
pstBB (3, 67, phoD-tatAD [7, 19], resABCDE [10], and tuaABC
DEFGH [40, 72]) and five monocistronic genes (glpQ [7], phoA
[30, 31], tatCD [34], ykoL [60], and yttP [62]) are induced and
two operons (fagAB and tagDEF (39) are repressed in response
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to phosphate starvation. phoA and phoB encode alkaline phos-
phatases (APases) which facilitate the recovery of inorganic
phosphate (P;) from organic sources (11, 30); phoD encodes a
phosphodiesterase/APase, putatively involved in cell wall tei-
choic acid turnover, and is secreted exclusively by the twin
arginine transporter (fatCD) pathway (34); the pstSAC-pstBA-
pstBB operon encodes a high-affinity phosphate transporter for
the uptake of P; at low P; concentrations (3, 67); glpQ encodes
a glycerophosphoryl diester phosphodiesterase involved in the
hydrolysis of deacylated phospholipids (7); the uaABCDEFGH
operon encodes teichuronic acid biosynthesis; the tag4B and
tagDEF operons encode polyglycerolteichoic acid biosynthesis
(7, 39, 49); and the phoPR and resABCDE operons encode
two-component signal transduction systems PhoP-PhoR and
ResD-ResE (29, 30, 37, 40, 49, 51). The functions of three
putative Pho regulon genes (ydhF, ykoL, and yttP) are currently
unknown (7, 62, 69).

The induction or repression of PhoP regulon genes is me-
diated by the binding of PhoP~P to Pho box sequences: direct
repeats of TT(A/T/C)ACA with a 5-bp = 2-bp spacer (18). For
efficient binding at promoters where PhoP~P is essential and
sufficient for promoter function, four TT(A/T/C)ACA-like se-
quences with an 11-bp periodicity on the coding strand be-
tween nucleotides —60 and —20 relative to the transcription
start site are required. Deletion of a single repeat from the
core binding region severely reduces PhoP binding and tran-
scriptional activation in vivo and in vitro (40). In the case of
genes induced by PhoP~P, the PhoP-binding sites are located
on the coding strand of the promoter region. Repressed genes
usually have consensus sequences on the noncoding strand
(39), although the resD promoter is an exception (75).

Recently, we and others have proposed the inclusion of
additional genes in the PhoP regulon. Ogura and coworkers
(54) analyzed the composition of the PhoP regulon by DNA
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristic(s)

Reference or source

B. subtilis strains

168 trpC2 4

ML6 trpC2 sigBAHindIII-EcoRV::Cm" 32

168-PR trpC2 phoRABall:: Tc* 61
168-MLPR trpC2 sigBAHIndIII-EcoRV::Cm" phoRABall::Tc" 61
BFS1243 trpC2 yurl::Em* MICADO*
YFKNd trpC2 yfkN::Em" MICADO
YBCOdd trpC2 ybcO::Em* MICADO
BFS436 trpC2 yjdB::Em" MICADO
BFA1234-PR trpC2 phoRABall::Tc" yurl::Em* This study
YFKNd-PR trpC2 phoRABall::Tc" yfkN::Em" This study
YBCOdd-PR trpC2 phoRABall::Tc" ybcO::Em* This study
BFA1243-ML trpC2 sigBAHindIII-EcoRV::Cm" yurl::Em" This study
YFKNd-ML trpC2 sigBAHindIII-EcoRV::Cm" yfkN::Em" This study
YBCOdd-ML trpC2 sigBAHindIII-EcoRV::Cm" ybcO::Em" This study
YBCOdd-MLPR trpC2 sigBAHIindIII-EcoRV::Cm" phoRABall::Tc" ybcO::Em"® This study

E. coli strain XL1-Blue

supE44 hsdR17 recAl endAl gyrA96 thi-1 relAl lac [F' proAB*lacI9 lacZAM15 Tnl0 (Tc")]

Stratagene Europe

Plasmids
pMUTIN4 Ap" Em" spoVG-lacZ Py, (8.61 kb) 79
pBluescript II KS(+) Cloning vector, Ap" Stratagene Europe
pphoA pBluescript II KS(+) containing a 978-bp insert of pho4 Ap* This study
pvheK pBluescript II KS(+) containing a 485-bp insert of yheK Ap" This study

“ MICADO, Microbial Advanced Database Organization.

microarray analysis, after overproduction of PhoP. They iden-
tified yycP and yjdB as potential members of the Pho regulon,
although they were unable to confirm this observation by lacZ
reporter gene studies. Pragai and Harwood (62) putatively
identified two additional members of the PhoP regulon,
namely, yhbH and yhaX. These genes had the same expression
characteristics, since their induction in response to phosphate
starvation was dependent on PhoPR and the sporulation-spe-
cific sigma factor, SigE. However, more recent studies (60)
failed to demonstrate binding of PhoP to the control region of
yhaX. This indicates either that yhaX is activated by PhoP
indirectly via another regulatory pathway or that binding of
PhoP~P to the yhaX promoter region requires an additional
factor(s) (60). Consequently, we have not included these genes
as members of the PhoP regulon. PhoP~P is known to func-
tion with Ec® holoenzyme, since it enhances transcription at
the SigE-dependent Pg, promoter of phoPR. Paul and col-
leagues (56) have shown that autoregulation of phoPR involves
the up-regulation of this lowly expressed promoter as well as
the more highly expressed SigA promoters.

To gain a global perspective on the transcriptional responses
of B. subtilis to phosphate starvation, we monitored genome-
wide changes in gene expression during phosphate starvation
using DNA macroarrays. By comparing the response of the
wild-type strain to those of the sigB and phoR mutants, poten-
tial new members of the PhoP regulon were identified and
subsequently analyzed using a combination of Northern hy-
bridization and reporter gene analyses. The data represent the
most comprehensive analysis of the response of B. subtilis to P;
starvation.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Bacterial strains and plasmids are
listed in Table 1. Strains were grown in Luria-Bertani (LB) medium, low-phos-
phate medium (LPM) or high-phosphate medium (HPM) (63). The concentra-

tion of phosphate was 0.42 mM in LPM and 5.0 mM in HPM. When required, the
concentrations of antibiotics were, per milliliter, 0.3 wg of erythromycin, 25 pg of
lincomycin, 12.5 pg of tetracycline, and 5 g of chloramphenicol.

DNA manipulations and general methods. Extraction of plasmid and chro-
mosomal DNA, restriction endonuclease digestion, agarose gel electrophoresis,
transformation of Escherichia coli cells, and PCR and bioinformatical analyses
were carried out as described previously (61, 63). Enzymes, molecular size
markers, and deoxynucleotides were purchased from Roche Diagnostics, Ltd.
(Lewes, United Kingdom) and Amersham Pharmacia Biotech, Ltd. (Little
Chalfont, United Kingdom).

Transcriptome analysis by DNA macroarray hybridization. Total RNA was
extracted from the wild-type strain and phoR and sigB mutants before, during
(Ty), and after entry into the stationary growth phase, which was provoked by
phosphate starvation. Cell harvesting, preparation of RNA, synthesis of radio-
actively labeled ¢cDNA, and hybridization of B. subtilis macroarrays (Sigma-
Genosys, The Woodlands, Tex.) were performed as described by Eymann and
coworkers (22). Each analysis was carried out twice, using two independently
isolated RNA preparations and two different array batches. The arrays were
exposed to a phosphorescent screen which was subsequently scanned with a
Storm 860 PhosphorImager (Molecular Dynamics, Sunnyvale, CA) at a resolu-
tion of 50 wm and a 16-bit color depth. For quantification of the hybridization
signals and background subtraction, ArrayVision software (version 5.1; Imaging
Research, Ontario, Canada) was used. Calculation of normalized intensity values
of the individual spots was performed using the overall-spot-normalization func-
tion of ArrayVision. To avoid extreme expression ratios for genes close to or
below the detection limit, genes with signal intensity values corresponding to less
than twice the background were not counted in the analysis. Subsequently, the
average of the normalized intensity values of the duplicate spots of each gene was
used to calculate the expression level ratios. Data analysis (statistical analysis,
visualization, and generation of lists) was performed using the GeneSpring soft-
ware (version 4.2.12; Silicon Genetics, Redwood City, CA).

The data discussed in this publication have been deposited in NCBI's Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) and are accessi-
ble through GEO Series accession number GSE2667.

Determination of outliers. Genes whose expression differed significantly in
response to phosphate starvation were determined by two independent methods.
The data were analyzed by a method similar to the previously described iterative
outlier analysis (12, 41). In cases where multiple hybridization reactions were
carried out using the same RNA sample, the data were averaged and treated as
a single value. The ratios of the values obtained before (control) and after
phosphate starvation were transformed to log,. The geometric mean and stan-
dard deviation of the entire population were then calculated: any gene which had
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a ratio of more than 2.5 standard deviations away from the mean was considered
an outlier, i.e., significantly induced or repressed. These outlier genes were
subsequently removed from the population, and the means and standard devia-
tions were recalculated. Again, any gene more than 2.5 standard deviations away
from the mean was considered an outlier. This process was repeated until few or
no outliers were detected. In these experiments generally three to four iterations
were needed to identify all outliers in the population. The lists of outliers from
the two independently grown and prepared samples were compared, and only
those genes that were considered to have changed significantly in both data sets
were considered further.

Northern blotting. Total RNA was extracted from B. subtilis strains (168,
168-PR, and ML6) with phenol (42). Northern blot analysis was performed
according to the manufacturer’s instructions, using 5 pg of total RNA per lane
(DIG Northern Starter kit; Roche Diagnostics GmbH, Mannheim, Germany).
Digoxigenin (DIG)-labeled probes for yfkN, yjdB, yurl, and vpr were obtained by
in vitro transcription from T7 RNA promoter-containing PCR products of the
respective genes by T7 RNA polymerase. Synthesis of the templates by PCR was
performed using the following pairs of oligonucleotides: for vpr forward (FOR),
5'-CAGCTATTCTCAGGCTTC-3'; for vpr reverse (REV), 5'-CTAATACGA
CTCACTATAGGG AGAGCTTAATCGTTGGGAC-3'; for yfkN FOR, 5'-
AGGTGCAGGATATCGTAG-3'; for yfkN REV, 5'-CTAATACGACTCACT
ATAGGGAGCCTGATATGTGACACCG-3'); for yjdB FOR, 5'-CTTTAT
CGATTTCTGCGT-3'; for yjdB REV, 5'-CTAATACGACTCACTATAGGG
AGAACAAAGTAATCGTGGCT-3'; for yurl FOR, 5'-CGTATTATCAGC
GGACAC-3'; and for yurl REV, 5'-CTAATACGACTCACTATAGGGAGC
ATTCGAGCAGGACAGA-3'.

Hybridization probes specific for phoA and yheK were DIG labeled by in vitro
transcription from HindIII-linearized plasmid pPhoA and pYheK, respectively,
with T7 RNA polymerase. The plasmids contained sequences internal to the
phoA and yheK genes amplified by PCR with primers pho4 FOR (5'-CGCGAA
GCTTGCCTTACATAAGAGCCT-3') and phoA REV (5'-CGCGGATCCTTG
ATTTCTTCAGATGTG-3") for pPhoA and primers yheK FOR (5'-CGCGAA
GCTTTTCGGGTAGTAGTGTTG-3') and yheK REV (5'-CGCGGATCCTCC
GA ATATTAGCTTTTT-3") for pYheK. The primers included either BamHI or
HindIII restriction sites at their 3" ends (underlined). The PCR products were
cleaved with BamHI and HindIII and inserted into pBluescript KSII linearized
with the same enzymes.

Enzyme assays. Cultures grown in HPM overnight were diluted 500-fold in
fresh LPM or HPM. The cultures were grown at 37°C with agitation at 220 rpm.
Samples were collected at hourly intervals for the determination of the optical
density at 600 nm (ODgq), the APase activity (49), and the B-galactosidase
activity (45), as described previously (62). The concentration of P; in the medium
was assayed (61) after removal of the cells by filtration through a filter of
0.45-mm pore size.

Genetic analysis. The whole genome was searched with the sequence pattern
TTHACA; ;,TTHACA (H = A/C/T) using the Pattern Match function of Subti-
List (http:/genolist.pasteur.fr/SubtiList/) (47). Targets were reported only if they
were located upstream of gene boundaries within 150 bp of the start codon. A
deviation of 1 bp was allowed in each repeat of the above sequence.

Final evaluation of the macroarray data included the consideration of putative
operon structures derived from the genome sequence as well as previously
known operons. Genes induced significantly were analyzed for their transcrip-
tional organization using the SubtiList database (http://genolist.pasteur.fr
/SubtiList/) and Artemis software (www.sanger.ac.uk/).

RESULTS

A combination of enzymatic, proteomic, and reporter gene
studies have shown that when B. subtilis encounters phosphate
starvation, genes of the phosphate stimulon are either induced or
repressed. To characterize the changes in gene expression with
respect to the onset of phosphate starvation, global transcriptome
analyses were performed using DNA macroarrays containing
4,107 protein-encoding genes of the B. subtilis genome (36). In
addition to the wild-type B. subtilis strain 168, sigB- and phoR-null
mutants were also analyzed to facilitate the tentative assignment
of genes to the SigB and PhoR regulons.

Genome-wide analysis of the response of B. subtilis to phos-
phate starvation. B. subtilis strain 168 (wild type) was grown in
LPM, which facilitates phosphate starvation-induced entry into
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stationary phase. The concentration of inorganic phosphate in
the culture medium and APase activity of the culture were
monitored throughout growth, confirming the exhaustion of P;
from the medium and the concomitant induction of the PhoP
regulon (Fig. 1). Samples of culture were removed before,
during, and after the onset of phosphate starvation and used
for the extraction of total cell RNA.

The quality of the extracted RNA was confirmed by North-
ern blot analyses using gene-specific riboprobes specific for
phoA, which belongs to the PhoP regulon (Fig. 1), and yheK,
which belongs to the sigB regulon (data not shown). The RNA
was *>P labeled in a copy DNA reaction using reverse tran-
scriptase and gene-specific primers (Sigma Genosys). The re-
sulting labeled target molecules were hybridized to probes
spotted in duplicate on DNA macroarrays (Panorama B. sub-
tilis gene array; Sigma Genosys). Data from replicate arrays
showed good reproducibility with a typical Pearson correlation
coefficient of ~0.94. Each experiment was performed twice to
generate two biologically independent sets of time course data;
one set of representative growth curves are shown in Fig. 1.
Genes listed in Table 2 were considered significant if they met
the following criteria: (i) included by the outlier analysis (see
Material and Methods) between pre- and postphosphate star-
vation in a single time series; (ii) included from a separate
outlier analysis in an independent time series; and (iii) at least
twofold above the background: if both time points have values
less than twice the background, the gene was excluded from
the analysis. This analysis was designed to eliminate false-
positive results, although this rigorous procedure may lead to
false-negative results.

Analysis of the DNA macroarray data identified 24 genes in
the wild type that were induced in response to phosphate
starvation, several of which were members of the PhoP and o®
regulons (Table 2, previously identified PhoP regulon mem-
bers and remaining wild-type genes). phoB, a member of the
PhoP regulon that encodes a secreted APase, had the highest
induction factor (183-fold). Other well-established members of
the PhoP regulon, such as phoA (APase) and phoD (phospho-
diesterase/APase) were also significantly induced (Table 2,
previously identified PhoP regulon members). However, some
members of the PhoP regulon did not show a significant level
of induction. These included the resABCDE operon, which has
been shown previously (5) to be induced in response to phos-
phate starvation in a PhoP~P-dependent manner. Another
omission is phoPR, which we have recently confirmed to be a
member of the PhoP regulon but which is only weakly induced
(approximately twofold) in response to phosphate starvation
(60). It is likely that this level of induction is not sufficient to be
included in the stringent outlier analysis.

The PhoP regulon also includes the divergent operons tagAB
and tagDEF, encoding proteins responsible for the synthesis of
the anionic polymer, teichoic acid. These genes have been
shown previously to be repressed about twofold in response to
phosphate starvation (39). Together with the concomitant in-
duction of the fua operon, these genes bring about a change in
the composition of the cell wall from one predominately con-
sisting of the phosphate-containing teichoic acid to one com-
posed mainly of the non-phosphate-containing teichuronic
acid (37). The array analysis was not sensitive enough to detect
repression of the tag genes, since their expression was not
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FIG. 1. Representative growth curves and sampling points of various B. subtilis strains grown in LPM. ODy,, values (@), APase production (m),
concentration of P; in the medium (A), and RNA isolation time points are shown for the wild-type strain 168 (A) and phoR-null (B) and sigB-null
(C) mutant strains. Isolated RNA was used for the Northern blots and macroarray experiments. The hybridization for the Northern blot was carried
out with DIG-labeled RNA probes specific for the phoA gene. Five micrograms of RNA was applied per lane; after the filters were capillary blotted,
they were hybridized to phoA-specific riboprobes. For the DNA array analysis, total RNA was isolated and used as the template for reverse
transcriptase incorporating radiolabeled [**P]dATP, which was hybridized to a whole-genome macroarray (Sigma-Genosys, The Woodlands, Tex.).

Normalization and quantification were performed as described in Materials and Methods.
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significantly down-regulated in response to phosphate starva-
tion (44). However, several, but not all of the genes in the fua
operon were included in the outlier analysis as being induced
in response to phosphate starvation.

The changes in induction ratios of PhoP-regulated genes
range from 2 to >100. The differences are often accounted for
by the basal levels of expression. For example, the phoPR
operon exhibits a low change in induction value because of a signif-
icant level of expression during phosphate-replete growth. This
basal expression ensures that phosphate-replete cells synthe-
size the signal transduction pathway required to detect and
respond to declining phosphate concentrations.

The SigB regulon currently contains approximately 120
genes, identified using DNA array analysis and promoter pre-
diction (58, 64). However, only one o®-regulated gene, ydbD,
was significantly up-regulated in the wild type in response to
phosphate starvation. YdbD is a manganese-containing cata-
lase that is thought to prevent oxidative damage by destroying
peroxides and related oxidizing compounds (64). We have
shown that several members of the SigB regulon are induced in
response to phosphate starvation using reporter genes (62) and
Northern blotting (Fig. 1) and confirmed that phosphate star-
vation activates the SigB regulon exclusively via the RsbP phos-
phatase (data not shown). The failure of the DNA arrays to
detect significant levels of induction of other members of the
SigB regulon in the wild type may reflect the relatively low
sensitivity and incremental response of the RsbP energy-sens-
ing pathway (discussed below).

Eight additional genes, namely, yfkN, bpr, glcU (previously
yexE), cotP (previously ydfT), IytB, rapA, yukJ, and yxnB, which
are not currently members of the PhoP and SigB regulons were

significantly induced in the wild type in response to phosphate
starvation (Table 2, remaining wild-type genes). These are
discussed in detail later. In addition, yhaX and yhbH are in-
cluded by the outlier analysis if a later time point is used (7’s).

Sixty-nine genes are significantly repressed in the wild type
in response to phosphate starvation. Many of these genes are
involved in nucleic acid and protein synthesis, including 11 rps
genes, 11 7pl and 5 rpm genes (encoding small and large ribo-
some subunit proteins), 4 rpo genes (encoding components of
RNA polymerase), and 5 genes involved in purine synthesis.
The data confirm previous studies showing that genes associ-
ated with the information processing machinery are down-
regulated in response to growth arrest (27).

Genome-wide analysis of a phoR-null mutant. The global
response of a phoR-null mutant to phosphate starvation (Fig.
1B) was determined to identify PhoPR-dependent genes and
to monitor the cell’s response to the additional stress imposed
by the lack of a phosphate-specific stress response. Twenty-
nine genes were significantly induced in the phoR-null mutant
in response to phosphate starvation according to the outlier
analysis (Table 2, genome-wide analysis of a phoR-null mu-
tant). As expected, none were current members of the PhoP
regulon; however, in contrast to the response of the wild-type
strain, 24 of the phosphate starvation-induced genes were
members of the SigB regulon (7, 58, 64). These data indicate
that, in the absence of a functional PhoP regulon, the extent of
the energy stress detected via RsbP is enhanced, leading to the
significant induction of about one quarter of the genes in the
SigB regulon. This response was reflected in a markedly higher
level of expression of the genes in the SigB regulon in the
phoR-null strain compared to the wild type (Table 3).
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Most of the members of the SigB regulon that are induced in
response to phosphate starvation are of unknown or experi-
mentally unconfirmed function. dps (6) encodes a homologue
of the Dps/PexB protein of E. coli which protects the chromo-
some from acid, heat, and oxidative stress (43); a dps-null
mutant exhibits severely reduced resistance to oxidative stress
(6).yjbC is involved in salt tolerance, and a yjpC-null mutant is
almost as sensitive to salt as a sigB-null mutant (58). Other
SigB-induced genes appear to have a detoxification role; ykz4
(80) encodes a protein that is similar to Ohr, an organic hy-
drogen peroxide resistance protein of Xanthomonas campestris
(46), while yggZ encodes a putative arsenate reductase (64).
gsiB, encoding a general stress protein of unknown function,
showed the highest level of induction (>200-fold) in response
to phosphate starvation. The exceptional stability (half-life of
~20 min) of gsiB mRNA has been attributed to the presence of
a strong ribosome binding site (35).

Four additional genes were induced significantly in the
phoR-null mutant in response to phosphate starvation but are
not currently members of the PhoP and SigB regulons: skf4
(previously ybcO), yrzl, ytzE, and ycsD.

Genome-wide analysis of a sigB-null mutant. The global re-
sponse of a sigB-null mutant to phosphate starvation (Fig. 1C)
was determined to facilitate the identification of SigB-depen-
dent genes and to monitor the cell’s response to the additional
stress imposed by the lack of the general stress response. Forty-
two genes were significantly induced in the sigB-null mutant in
response to phosphate starvation (Table 2, genome-wide anal-
ysis of a sigB-null mutant). As expected, none were members of
the SigB regulon but 16 of the genes were members of the
PhoP regulon (Table 2, previously identified PhoP regulon
members). In confirmation of the findings of Pragai and Har-
wood (62), members of the PhoP regulon were generally up-
regulated in the sigB-null mutant compared to the wild type
(Fig. 2A). A number of genes that are induced in the wild type
in response to phosphate starvation are also induced in the sigB-
null mutant (yfkN, bpr, yjdB, yukJ], ynxB, and rapA). These are
good candidates for inclusion in the Pho regulon and are dis-
cussed in detail below.

A number of genes that were induced in the sigB mutant
during the transition to phosphate limitation were not induced
in the wild type. Four such genes are involved in the synthesis
of antimicrobial compounds: s7f4AA4 and ppsA are involved in
the synthesis of the bioactive lipopeptides surfactin (16) and
plipastatin (78), respectively; skf4 encodes an antimicrobial
peptide (25); and pksE is involved in the synthesis of an anti-
microbial polyketide. bpr, pel, and yhcR, encoding bacillopep-
tidase F, pectate lyase, and a putative 5’ nucleotidase, respec-
tively, are macromolecular hydrolases. asnH, metC, and thrC
are involved in the biosynthesis of amino acids. rapA, spollAA,
and spolIB are involved in sporulation or sporulation-associ-
ated events. yjdB, a gene of unknown function, was previously
identified by Ogura and coworkers (54) as being a potential
member of the PhoP regulon. Our data tend to confirm this
assignment, since the yjdB promoter region contains putative
Pho box-like sequences and this gene is induced in the sigB-
null mutant but not in the phoR-null mutant. The remaining 11
genes (Table 2) are of unknown function.

Clustering of genes based on expression patterns. The anal-
ysis of the macroarray data was extended using K-means clus-
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TABLE 3. Total expression of genes in the PhoP and SigB regulons

Total expression of genes in strain“:

Genes ;
. sigB-null phoR-null
Wild-type mutant mutant
PhoP regulon members 39 4.0 1.1
SigB regulon members 3.4 1.9 9.4

“ Total expression of genes in the PhoP (28) and SigB regulons (58). The data
are shown as a percentage of the total normalized expression levels for that
experiment. Time points were chosen at or close to 7 5. Data for each strain are
an average of two biologically independent experiments.

tering (33). K-means clustering partitions the data into a pre-
determined number of clusters on the basis of the similarity of
their expression profiles. The analysis involves the iterative
reallocation of the cluster members to minimize intracluster
scattering. Using the normalized data, genes with little or no
expression were excluded by using the “filter on expression”
script in the GeneSpring software package, arbitrarily setting
the minimum expression to 1 for at least three out of the six
time points. Genes not conforming to this requirement were
excluded, leaving 2,162 genes in the analyzed data set. We
selected the number of clusters to be 15 with “standard corre-
lation” as the similarity measure. The analysis was performed
on the sigB-null data set, since members of the PhoP regulon
generally show enhanced levels of expression in this back-
ground (see Fig. S1 in the supplemental material). Cluster 13,
containing 139 genes, included 20 genes currently identified as
members of the PhoP regulon (see Fig. S2 in the supplemental
material).

Comparison of the cluster analyses for the wild-type and
phoR-null mutant data sets (see Fig. S3 in the supplemental
material) show, as expected, little or no expression of the PhoP
regulon genes in the phoR-null mutants. This method also
identified vpr, yurl, yfkN, and bpr as potential additional mem-
bers of the PhoP regulon.

Analysis of promoter regions for PhoP-like consensus se-
quences. To identify potential PhoP binding sequences of Pho
member candidates, the B. subtilis genome was interrogated
using the Pattern Match function of SubtiList (http:/genolist
.pasteur.fr/SubtiList/) (47). The PhoP consensus TTHACA, ,
TTHACA (H = A/C/T) (11) can be repeated as few as twice,
as in the case of the res4 promoter that additionally requires
ResD for induction, or as many as eight times in the case of the
tuaA promoter. In all cases there is always an even numbers of
repeats. Only targets which were upstream of gene boundaries
and within 150 bp of the start codon were reported, and in
addition, genes were reported only if they were transcribed
monocistronically or were the first gene in a polycistronic
operon. A deviation of 1 bp from the consensus was allowed in
each part of the search sequence. The pattern match gave good
results with known PhoP promoters, correctly predicting 8 out
of 11 PhoP-regulated promoters (Table 2). PhoP-repressed
promoters, such as tagAB and tagDEF, were not considered, as
their consensus sequence usually comprise two repeats on the
noncoding strand. Of the promoters not identified by this
method, phoP has a very weak consensus sequence (60), and
yttP and glpQ would be included if a 2-bp deviation from the
consensus sequence were used.
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FIG. 2. Northern blot analyses and transcriptional profiles for the
phoA gene. (A) RNA was isolated from wild-type B. subtilis strain 168
(Bs 168) and sigB-null and phoR-null mutants. Bacteria were grown in
LPM, and samples were taken 2 h before (7"_,) and 0 h (7)) and 5 h
(T5) after entry into the stationary growth phase, which was provoked
by phosphate starvation. Five micrograms of RNA was applied per
lane; after the filters were capillary blotted, they were hybridized to a
phoA-specific riboprobe. Transcript size was determined by compari-
son with DIG-labeled RNA size markers (Roche Diagnostics, Mann-
heim, Germany). (B) RNA was isolated from wild-type B. subtilis (168)
(®) and sigB-null (A) and phoR-null (@) mutants grown in LPM.
Samples were taken before, during, and after entry into the stationary
growth phase, which was provoked by phosphate starvation. Total
RNA was isolated and used as the template for reverse transcriptase
incorporating radiolabeled [**P]dATP, which was hybridized to a
whole-genome macroarray (Sigma-Genosys, The Woodlands, Tex.).
Normalization and quantification were performed as described in Ma-
terials and Methods.

Analyses of new potential members of the PhoP regulon.
The outlier analysis identified 29 genes that were induced
significantly in the wild type or sigB-null mutant in response to
phosphate starvation but crucially not in the phoR-null mutant.
Five of these genes, namely, bpr, rapA, yfkN, yukJ, and yxnB,
were induced in the wild type and sigB-null mutant and had not
previously been identified as members of the PhoP regulon;
they were therefore considered to be good candidates for in-
clusion in the regulon. Additionally, yjdB was chosen for fur-
ther analysis, as Ogura and coworkers (54) identified it as a
potential member of the PhoP regulon member in experiments
in which phoP was overexpressed in the absence of the phoPR
operon. Our analysis showed that yjdB was induced in the
sigB-null mutant and had Pho box-like repeats in its promoter
region. rapA was not analyzed further, since its expression in
response to growth arrest has been the subject for previous
studies (73).

Analysis of the transcriptional profiles by K-means cluster-
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ing identified four putative new members of the PhoP regulon,
namely, bpr, yfkN, vpr, and yurl.

We selectively analyzed expression of seven of these putative
new members of the PhoP regulon using strains carrying tran-
scriptional reporter gene fusions generated during the Bacillus
Functional Analyses (BFA) project. In BFA mutants, the tar-
get gene was inactivated using the pMUTIN integration vector
that simultaneously fuses its transcription to a lacZ reporter
gene (79). Mutants were grown in LPM and HPM, and the
production of B-galactosidase and APase was monitored
throughout growth. B-Galactosidase assays were performed on
a minimum of three independent cultures. Additionally, selec-
tive Northern blot analyses were performed on RNA extracted
from the wild type and phoR- and sigB-null mutants during
exponential phase and phosphate starvation-induced station-
ary phase. The hybridization of a riboprobe against a well-
established member of the PhoP regulon, namely, phoA, was
used as a control. These analyses confirmed that little or no
phoA mRNA transcripts were detected at T_,, confirming the
lack of induction of this gene prior to phosphate starvation. As
expected, a single prominent band of ~1.45 kb was detected at
T, (Fig. 2A), disappearing at T, confirming the transient ex-
pression of the PhoP regulon (28) in response to phosphate
starvation. A more intense band was seen at T, in the sigB
mutant than in the wild type, while, as expected, no transcript
was seen in the phoR mutant. The quantitative transcription
profiles for phoA in the wild type and phoR- and sigB-null
mutants obtained from the DNA macroarrays are shown in
Fig. 2B.

yfkN, encoding an extracellular 2',3" cyclic nucleotide 2’'-
phosphodiesterase (13), is a good candidate for inclusion in the
PhoP regulon, since it is induced in response to phosphate
starvation in a PhoR-dependent manner and has a Pho box-
like sequence (Table 2) in the vicinity of its putative ** pro-
moter 38 bases upstream of the GTG start codon. Growth of a
BFA yfkN mutant (YFKNd-PR) in LPM showed the concom-
itant induction of B-galactosidase and APase activities at T,
(Fig. 3). The introduction of a sigB-null mutation into this
strain had very little influence on the induction of yfkN (~100
nmol o-nitrophenyl [ONP]/min/OD unit at 7), while the in-
troduction of the phoP-null mutation reduced it 100-fold (~1
nmol ONP/min/OD unit at 7})). No B-galactosidase activity was
detected in HPM (data not shown), indicating that transcrip-
tion of yfkN was induced only in response to phosphate star-
vation. Northern blot analyses confirmed the induction of the
yfkN transcript in the wild type and sigB mutant and the ab-
sence of this transcript in phosphate-replete conditions (P;
>0.1 mM) (Fig. 4A). The size of the primary transcript (4.45
kb) was consistent with the predicted length of yfk/N, indicating
that this gene comprises a monocistronic operon. Discrete
smaller bands are likely to be processed products (3). The
Northern blot analyses confirmed the data obtained in the
reporter gene experiments and transcriptional profiling (Fig.
4B), namely, that yfkN is induced at T}, in the wild type and sigB
mutant but not in the phoR mutant. yfkN showed fourfold
hyperinduction at 7, in the sigB-null mutant using DNA mac-
roarray, and twofold hyperinduction was detected using B-ga-
lactosidase reporter fusion (Fig. 3 and 4) at T',. On the basis of
this evidence, we have putatively assigned yfkN as a new mem-
ber of the PhoP regulon.
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bpr, encoding bacillopeptidase (71), was also a good candi-
date for inclusion in the PhoP regulon, since it is induced in
response to phosphate starvation in a PhoR-dependent man-
ner and has a Pho box-like sequence (Table 2) in the vicinity of
a SigA promoter and 88 bases upstream of its ATG start
codon. Northern blot analyses, using a bpr-specific riboprobe,
confirmed the induction of the bpr transcript at 7,,, but this
induction was seen in all strains. Since its expression is both
PhoR and SigB independent, we conclude that bpr is induced
in response to growth arrest by an as-yet identified regulator
(data not shown).

yjdB was previously identified by Ogura and coworkers (54)
as being a potential member of the PhoP regulon. The data
shown here support its inclusion in the PhoP regulon, as it is
induced in response to phosphate starvation in a PhoR-depen-
dent manner, and the promoter region contains Pho box-like
sequences (Table 2) 63 bases upstream of the ATG start
codon. Northern blot analyses using a riboprobe specific to the
monocistronic yjdB gene showed induction of a single strong
band of ~0.4 kb at T, which was much reduced at a later time
point (7). The band intensity was highest in the sigB mutant
and lowest in the phoR mutant (Fig. 5A), and this was con-
firmed by the DNA array data (Table 2). The strength of the
transcriptional profiles of yjdB in the wild type and sigB mutant
were similar, whereas little induction was seen with the phoR
mutant (Fig. 5B). On the basis of this evidence and that of
supporting reporter gene data (data not shown), we have pu-
tatively assigned yjdB as a new member of the PhoP regulon.

yurl was identified as a candidate for inclusion in the PhoP
regulon by K-means clustering. yurl encodes an RNase
which shows 78% amino acid identity to the RNase Bsn. Bsn
has no apparent sequence specificity and can hydrolyze
RNA endonucleolytically to yield 5'-phosphorylated oligo-
nucleotides (50). Growth of a BFA yurl mutant, BFA1234,
in LPM showed the concomitant induction of B-galactosi-
dase and APase at T, (Fig. 6). The introduction of a sigB-
null mutation into this strain had little influence on the
induction of yurl (~300 nmol ONP/min/OD unit at T,),
while the introduction of the phoR-null mutation reduced it
300-fold (~1 nmol ONP/min/OD unit at 7},). No transcrip-
tion activity was detected in HPM (data not shown), con-
firming the phosphate starvation-specific induction of yurl.
Northern blot analyses confirmed the induction of the yurl
transcript in the wild type and sigB-null mutant, with a much
lower level of transcript present in phosphate-replete con-
ditions (P; concentration of >0.1 mM) (Fig. 7A). The size of
the primary transcript (~0.9 kb) was consistent with the
predicted length of yurl. A second band of ~0.5 kb that was
observed at T in the wild type and the sigB-null mutant and
to a lesser extent in the phoR-null mutant may indicate
posttranscriptional processing or multiple promoters. The
Northern blot analyses confirmed the data obtained in the
reporter gene experiments and transcriptional profiling
(Fig. 6 and 7), namely, that yurl was induced at 7, in the wild
type and sigB mutant but not in the phoR mutant. On the
basis of this evidence, we have putatively assigned yurl as a
new member of the PhoP regulon. In order to determine
whether the product of yurl was responsible for the nonspe-
cific degradation of RNA in the environment as a source of
P,, the wild type and a yurl-null mutant were grown on LPM
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FIG. 3. Growth and reporter activity of B. subtilis yfkN-lacZ fusion
mutants grown in LPM. (A) ODy, values of lacZ fusion yfkN-lacZ
(®), AsigB yfkN-lacZ (A), and AphoR yfkN-lacZ (@) mutants are
shown with closed symbols. APase activities of yfkN-lacZ (<), AsigB
yfkN-lacZ (1), and AphoR yfkN-lacZ (O) strains are shown with open
symbols. PNP, p-nitrophenyl. (B) Specific B-galactosidase activities of
YyfkN-lacZ (®), AsigB yfkN-lacZ (A), and AphoR yfkN-lacZ (@) strains
are shown with closed symbols.

agar supplemented with RNA. Plate tests confirmed the
absence of a secreted RNase in the yur/ mutant (data not
shown).

vpr was identified as a candidate for inclusion in the PhoP
regulon by K-means clustering. Since no pMUTIN constructs
were available, we used Northern blot analysis and vpr-specific
riboprobes to analyze the transcription of vpr. This confirmed
the transient induction of the vpr transcript in response to
phosphate starvation in the wild type and sigB-null mutant but
not in the phoR mutant (Fig. 8). The size of the primary
transcript (~2.5 kb) was consistent with the predicted length of
vpr, indicating that this gene is transcribed as part of a mono-
cistronic operon. The DNA macroarray data showed that the
transcription levels of vpr were induced threefold in the wild
type and eightfold in the sigB mutant at 7,, compared to the
transcription levels in the phoR mutant. On the basis of this
evidence and the fact that the promoter has PhoP box-like
consensus sequences, we have putatively assigned vpr as a new
member of the PhoP regulon.
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FIG. 4. Northern blot analyses and transcriptional profiles for the
yfkN gene. (A) RNA was isolated from wild-type B. subtilis strain 168
(Bs 168) and sigB- and phoR-null mutants. Bacteria were grown in
LPM, and samples were taken 2 h before (7"_,) and 0 h (7)) and 5 h
(Ts) after entry into the stationary growth phase, which was provoked
by phosphate starvation. Five micrograms of RNA was applied per
lane; after the filters were capillary blotted, they were hybridized to
yfkN-specific riboprobes. Transcript size was determined by compari-
son with DIG-labeled RNA size markers (Roche Diagnostics, Mann-
heim, Germany). The arrows labeled 16S rRNA and 23S rRNA indi-
cate the locations of these TRNA species that are known to trap
smaller RNA species (1). (B) RNA was isolated from wild-type B.
subtilis (168) (®) and sigB-null (A), and phoR-null (@) mutants grown
in LPM. Samples were taken before, during, and after entry into the
stationary growth phase, which was provoked by phosphate starvation.
Total RNA was isolated and used as the template for reverse tran-
scriptase incorporating radiolabeled [**P]JdATP, which was hybridized
to a whole-genome macroarray (Sigma-Genosys, The Woodlands,
Tex). Normalization and quantification were performed as described
in Materials and Methods.

yxnB and yukJ were identified as potential PhoR- and SigB-
independent members of the Pho stimulon, and Northern blot
analyses confirmed their induction at 7, in the wild type and
sigB- and phoR-null mutants (data not shown). To determine
whether yxnB was induced in response to phosphate starvation,
strains containing a reporter gene fusion to yxnB were grown in
LPM and HPM. The data indicated that yxnB was induced at
T, in both high- and low-phosphate media, indicating that this
gene is induced in response to growth arrest, independently of
phosphate concentration (data not shown).

DISCUSSION

Soil-dwelling bacteria, such as B. subtilis, have evolved phys-
iological responses to overcome environmental stress. One of
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FIG. 5. Northern blot analyses and transcriptional profiles for the
yjdB gene. (A) RNA was isolated from wild-type B. subtilis strain 168
(Bs 168) and sigB-null and phoR-null mutants. Bacteria were grown in
LPM, and samples were taken 2 h before (7_,) and 0 h (7;,)) and 5 h
(Ts) after entry into the stationary growth phase, which was provoked
by phosphate starvation. Five micrograms of RNA was applied per
lane; after the filters were capillary blotted, they were hybridized to
yjdB-specific riboprobes. Transcript size was determined by compari-
son with DIG-labeled RNA size markers (Roche Diagnostics, Mann-
heim, Germany). (B) RNA was isolated from wild-type B. subtilis (168)
(®) and sigB-null (A) and phoR-null (@) mutants grown in LPM.
Samples were taken before, during, and after entry into the stationary
growth phase, which was provoked by phosphate starvation. Total
RNA was isolated and used as the template for reverse transcriptase
incorporating radiolabeled [**P]dATP, which was hybridized to a
whole-genome macroarray (Sigma-Genosys, The Woodlands, Tex.).
Normalization and quantification were performed as described in Ma-
terials and Methods.

the most commonly encountered stresses in soil is phosphate
starvation (28). B. subtilis responds to phosphate starvation via
the transient induction of a variety of genes with diverse func-
tions. In this study we have characterized the phosphate star-
vation stimulon of B. subtilis at the whole-genome level using
DNA macroarrays. Although the main aim was to obtain a
global perspective of the B. subtilis cell to the phosphate star-
vation response, comparison of the data with existing informa-
tion obtained using complementary technologies has provided
information on the relative advantages and disadvantages of
DNA array data. To this end, we have characterized the phos-
phate starvation response in wild-type B. subtilis and sigB- and
phoR-null mutants in which the general and specific responses
to phosphate starvation are nonfunctional, respectively. The
data shown here and previously (7, 22, 60) indicate that the
phosphate starvation stimulon consists, at least, of the phos-
phate starvation-specific PhoP regulon and the o® general
stress regulons. The SigB-dependent stress proteins provide a
nonspecific, prospective stress resistance (26), while the PhoP
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FIG. 6. Growth and reporter activity of B. subtilis yurl-lacZ fusion
mutants grown in LPM. (A) ODg, values of lacZ fusion mutant
yurl-lacZ (®), AsigB yurL-lacZ (A), and AphoR yurL-lacZ (®) strains
are shown with closed symbols. APase activities of yurl-lacZ (<), AsigB
yurL-lacZ (), and AphoR yurL-lacZ (O) strains are shown with open
symbols. PNP, p-nitrophenyl. (B) Specific B-galactosidase activities of
yurl-lacZ (®), AsigB yurL-lacZ (A), and AphoR yurL-lacZ (®) strains
are shown.

regulon provides proteins with functions specific for making
alternative sources of phosphate available.

The response of B. subtilis to phosphate starvation has been
extensively studied during the last 15 years. Prominent among
the cell’s response is the induction of APases and a high-affinity
phosphate-specific transporter which cooperatively recover
phosphate from organic sources and transport it into the cell.
Important marker genes involved, namely, gipQ, phoB, phoD,
and pstS (7), were all identified as significantly induced, con-
firming the validity of the methodology. However, it should be
borne in mind that different transcriptomic approaches (e.g.,
DNA arrays, Northern blotting, and reporter gene technology)
do not detect and measure the same elements: although they
usually show the same trends, factors such as mRNA stability
and processing can influence their congruence.

The outlier analysis identified 24 genes in the wild type
which were significantly induced in response to phosphate star-
vation, 15 of which were previously known members of the
PhoP regulon. In contrast, only one of these genes (ydbD) was
a previously known member of the SigB regulon (58). This
method provided a stringent method of analysis which reduced
the identification of false-positive results, but probably at the
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FIG. 7. Northern blot analyses and transcriptional profiles for the
yurl gene. (A) RNA was isolated from wild-type B. subtilis strain 168
(Bs 168) and sigB- and phoR-null mutants. Bacteria were grown in
LPM, and samples were taken 2 h before (7"_,) and 0 h (7)) and 5 h
(Ts) after entry into the stationary growth phase, which was provoked
by phosphate starvation. Five micrograms of RNA was applied per
lane; after the filters were capillary blotted, they were hybridized to
yurl-specific riboprobes. Transcript size was determined by comparison
with DIG-labeled RNA size markers (Roche Diagnostics, Mannheim,
Germany). (B) RNA was isolated from wild-type B. subtilis (168) (®)
and sigB-null (A) and phoR-null (@) mutants grown in LPM. Samples
were taken before, during, and after entry into the stationary growth
phase, which was provoked by phosphate starvation. Total RNA was
isolated and used as the template for reverse transcriptase incorporat-
ing radiolabeled [**P]dATP, which was hybridized to a whole-genome
macroarray (Sigma-Genosys, The Woodlands, Tex.). Normalization
and quantification were performed as described in Materials and
Methods.

expense of excluding genes that are only weakly induced in
response to phosphate starvation.

Hulett and coworkers showed that the resABCDE operon
was induced under phosphate starvation conditions (10) and
that the ResDE two-component system modulates this activity,
as mutations in these genes lead to decreased PhoP regulon
expression (74). However, our experiments provided no evi-
dence for the induction of the res operon in response to phos-
phate starvation. Discrepancies between our results and those
of Hulett and colleagues may be due to differences between in
the growth media or strain genotypes.

The majority of PhoP-regulated genes are expressed at T,
the most notable exceptions being yhaX and yhbH, which are
induced at T (62). The timing of their expression is compatible
with the observation that they are expressed from SigE-depen-
dent promoters. However, we have shown previously that PhoP
does not bind in the region to the yhaX promoter (60), indi-
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FIG. 8. Northern blot analyses and transcriptional profiles for the
vpr gene. (A) RNA was isolated from wild-type B. subtilis strain 168 (Bs
168) and sigB-null and phoR-null mutants. Bacteria were grown in
LPM, and samples were taken 2 h before (7_,) and 0 h (7)) and 5 h
(Ts) after entry into the stationary growth phase, which was provoked
by phosphate starvation. Five micrograms of RNA was applied per
lane; after the filters were capillary blotted, they were hybridized to
vpr-specific riboprobes. Transcript size was determined by comparison
with DIG-labeled RNA size markers (Roche Diagnostics, Mannheim,
Germany). (B) RNA was isolated from wild-type B. subtilis (168) ()
and sigB-null (A) and phoR-null (@) mutants grown in LPM. Samples
were taken before, during, and after entry into the stationary growth
phase, which was provoked by phosphate starvation. Total RNA was
isolated and used as the template for reverse transcriptase incorporat-
ing radiolabeled [**P]dATP, which was hybridized to a whole-genome
macroarray (Sigma-Genosys, The Woodlands, Tex.). Normalization
and quantification were performed as described in Materials and
Methods.

cating either that PhoP regulates yhaX indirectly or that a
product of the Pho regulon is required for its transcription. On
the basis of this evidence, we do not currently include yhaX as
a member of the PhoP regulon. Additionally, because of the
similarity of its induction kinetics, we currently also exclude
yhbH.

Twenty-nine genes were induced significantly in the phoR-
null mutant in response to phosphate starvation. As expected,
none of the currently recognized PhoP regulon genes are in-
cluded, but a large number of these genes belong to the SigB
regulon. They include SigB-dependent genes, such as gsiB and
dps, that were shown previously to be induced in response to
phosphate starvation (7). Dps is required for oxidative stress
resistance and is thought to bind DNA to prevent damage (6).
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Six other SigB-dependent genes were significantly induced in
response to phosphate starvation: yheK, ykzA, ysnF, and csbD
were identified by screening BFA mutants (62), and yjbC and
ytxH were identified in a two-dimensional gel electrophoresis
study of the phosphate starvation proteome (7).

The questions arise as to why the analysis did not include all
members of the PhoP regulon and why no members of the SigB
regulon were significantly induced. One explanation of the
weak response of the SigB regulon may be that its activation by
the RsbP phosphatase on the energy side of the signal trans-
duction pathway is not as strong as the induction by environ-
mental stress that is mediated via RsbU (Fig. 9). Hyperinduc-
tion of the SigB regulon can occur if a mild physical stress is
applied during energy depletion (80).

The overexpression of genes belonging to the SigB regulon
in a phoR-null mutant has been described previously by Pragai
and Harwood (62), who observed a two- to fourfold increase in
expression of SigB-dependent genes. The data obtained from
the DNA arrays show that expression of 124 SigB genes (64) in
response to phosphate starvation was higher in the phoR mu-
tant than in the wild-type strain (Table 3). This increased
expression seems to indicate that the SigB response is propor-
tional to the level of the stress. This might occur if an active
PhoP regulon reduces the extent to which the cellular concen-
tration of ATP falls in response to phosphate starvation. In the
absence of an active PhoP regulon, the cellular ATP concen-
tration may be lower, triggering a greater response from the
energy-sensing pathway of the SigB regulon.

Putative new members of the PhoP regulon. Two methods of
analysis were used to identify new candidate members of the
PhoP regulon: outlier analysis and K-means cluster analysis.
Genes bpr, skfA, yfkN, yjdB, yuklJ, yurl, yxnB, and vpr were
identified as being induced in response to phosphate starvation
and as potential members of the PhoP regulon. Subsequent
Northern blot analysis of these candidate genes identified that
bpr, yxnB, and yukJ were induced at T, in a PhoR- and SigB-
independent manner and are therefore not members of either
the PhoP or SigB regulon. These data confirm the importance
of secondary analysis of candidate genes identified solely by
DNA array data, and a combination of Northern blotting and
reporter gene analyses was used to confirm genes yfkN, yurl,
yjdB, and vpr as putative new members of the PhoP regulon.

Northern blot analysis showed that the yfkN, yurl, yjdB, and
vpr genes were induced transiently at 7, and that this signal
was absent from RNA isolated from a phoR-null strain. North-
ern blot analysis confirmed that each of these genes was tran-
scribed from monocistronic operons: yfkN is transcribed as an
4.45-kb transcript; yurl as transcripts of 0.9 kb and 0.5 kb,
indicating that it may be posttranscriptionally processed; yjdB
as a 0.4-kb transcript and vpr as a 2.5-kb transcript. In the case
of yfkN and yurl, the introduction of a phoR mutation into their
respective BFA strains resulted in the loss of phosphate star-
vation-induced B-galactosidase activity.

Interestingly, many of the previously identified PhoP regu-
lon members and all of the putative new members described
here are known or predicted to be secreted. These include
alkaline phosphatases, phosphodiesterases, glycerophosphoryl
diester phosphodiesterases, and now, a protease, RNase, and
2",3" cyclic nucleotide phosphodiesterase, 2’ (or 3") nucleoti-
dase, and 5’ nucleotidase. These proteins all have the potential
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FIG. 9. Pho stimulon of B. subtilis. Model for the activation of the PhoP and SigB (¢®) regulons in response to phosphate starvation (energy)
stress. The activation of PhoP via phosphorylation by PhoR leads to the induction of genes involved in the recovery and acquisition of P; (28). The
energy-sensing pathway of the SigB regulon is mediated via the Per-Arnt-Sim (PAS) domain of the RsbP phosphatase and RsbQ. Activated RsbP
removes the serine phosphate (P) from RsbV~P, which in turn sequestrates anti-o® factor RsbW. Released from its anti-o factor, SigB is now free
to interact with the core RNA polymerase to induce the nonspecific general stress genes.

for salvaging P; from organic sources in the environment. Ul-
timately, the recovered P; is transported into the cell using the
pit (low-affinity) and the pst (high-affinity) phosphate-specific-
transporters.

Vpr is an extracellular serine protease (71) and may help
recover phosphate from phosphoproteins and has been iden-
tified as a protease capable of processing subtilin (15).

Yurl is predicted to be a secreted protein (76) with nonspe-
cific hydrolytic activity on extracellular RNA to generate 3’ or
5" phosphonucleotides. These phosphonucleotides provide
substrates for APases (e.g., PhoA) and YfkN, which exhibits
2",3" cyclic nucleotide phosphodiesterase, 2’ (or 3") nucleoti-
dase, and 5’ nucleotidase activities (13) to provide a complete
pathway for the recovery of P; from extracellular RNA.

In conclusion, our data show the value of the global tran-
scriptomic analysis that is possible using DNA macroarrays,
and this has enabled us to identify five putative new members
of the PhoP regulon. However, despite using the rigorous out-
lier technique, the technology still identified a number of pu-
tative PhoP regulon genes that were rejected by subsequent
analysis by Northern blotting or reporter gene fusion technol-
ogy. The global transcriptome analysis revealed the relatively
weak induction of the SigB regulon during phosphate starva-
tion and the hyperinduction of this regulon in the absence of
the specific, PhoPR-mediated response.
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