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V{tÑàxÜ I 

A dual function for PhoD in Bacillus subtilis 

The phosphodiesterase PhoD is one of the two identified substrates for secretion via 
the Twin-arginine translocation (Tat) pathway in B. subtilis. Its gene precedes those of 
the Tat translocase components TatAd and TatCd. Together they form the phoD 
operon that is controlled by the PphoD promoter. In response to low amounts of 
phosphate in the growth medium, the PhoPR two-component system is activated, 
resulting in the phosphorylation of the PhoP response regulator. PhoP~P then binds 
to, amongst others, the PphoD promoter to induce the expression of phoD, tatAd and 
tatCd.   
In an attempt to bypass growth in a low phosphate medium to study the secretion of 
PhoD via the TatAdCd pathway, xylose-inducible phoD was ectopically integrated into 
B. subtilis. Despite the presumed absence of the low phosphate-regulated TatAdCd 
translocase, PhoD was detected in the extracellular medium when cells were grown in 
a rich growth medium supplemented with xylose. Further analysis of gene expression 
profiles during these growth conditions revealed a second, regulatory function of 
PhoD, activating its own promoter either directly or indirectly. With this study we 
show that PhoD is possibly a moonlighting protein able to regulate the expression of 
its own operon next to its previously assigned function as a secreted 
phosphodiesterase. 
 
 

Introduction 

Bacillus subtilis is a non-pathogenic soil-dwelling bacterium known for its ability to adapt 
to the numerous stress conditions it can encounter in its natural environment. Such 
adaptations can take place via a signal transduction cascade through two-component 
systems, which allows rapid cellular responses to fluctuations in the environment. During 
growth in a medium with limiting amounts of inorganic phosphate (Pi) at least three 
regulatory systems are responsible for changes in gene expression, of which the first one 
involves the PhoP-PhoR two-component system. The genes regulated by the histidine 
kinase PhoR and the response regulator PhoP are referred to as the Pho regulon. Although 
the PhoP-PhoR two-component system acts as the initial response to low Pi stress by 
inducing Pho-regulon genes, two other systems are also involved in positive and negative 
regulation of the Pho-regulon: ResD-ResE and the phosphorelay resulting in the 
phosphorylation of SpoOA, respectively (Sun et al., 1996).  
The second regulatory system responsible for changes in gene expression comprises the 
alternative sigma factor SigB regulon, which is part of a more general stress response. This 
also includes a number of low phosphate induced genes (Antelmann et al., 2000). A third 
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group of genes of which the expression is induced during growth in a low phosphate 
environment is independent of both SigB and PhoP-PhoR and involves other (unknown) 
factors (Antelmann et al., 2000).  
 
Induction by the PhoP-PhoR two-component system is currently mostly studied to 
understand the adaptation of B. subtilis to low phosphate stress conditions. The Pho regulon 
is activated when external Pi concentrations decrease to less than 0.1 mM (Sun et al., 1996) 
by ATP-dependent autophosphorylation of PhoR. Next, PhoR~P passes the phosphate to 
PhoP, which displays DNA-binding properties and binds to a consensus motif in a range of 
promoter sequences (Liu and Hulett, 1997). PhoP~P-regulated genes include those 
encoding high-affinity Pi transport systems for the uptake of inorganic phosphate (PstS 
system) (Allenby et al., 2004), secreted alkaline phosphatases to liberate Pi from cell wall 
teichoic acids (PhoA, PhoB and PhoD) (Eder et al., 1999;Hulett et al., 1994) and genes 
involved in cell wall polymer turnover, such as tag and tua genes (Qi and Hulett, 1998). 
The promoters upstream of these genes all rely on PhoP~P for activation, although PhoP 
does not have to be phosphorylated to allow DNA binding (Eder et al., 1999). The binding 
of PhoP and PhoP~P is facilitated by a distinct DNA motif, consisting of multiple 
TT(A/T)ACA-like repeats separated by approximately 5 bp (Eder et al., 1999). The core-
binding region for PhoP requires at least four of these repeats. A secondary binding site has 
also been reported for several Pho regulon promoters (Eder et al., 1999).     
 
One of the genes that is part of the Pho regulon is phoD. PhoD is a phosphodiesterase that 
is secreted and resides in the cell wall and the extracellular medium (Müller and Wagner, 
1999). The secretion of PhoD occurs solely via the TatAdCd translocase by means of a 
specific twin-arginine signal peptide (Jongbloed et al., 2000). The phoD gene is located in 
an operon with the tatAd and tatCd genes, which is controlled by the PhoP-dependent PphoD 
promoter. Previous reports have stated that the expression of the phoD operon is completely 
dependent on the binding of several PhoP dimers to a specific PhoP binding region in the 
PphoD promoter during the Pho response (Eder et al., 1999).  
PhoD is one of the two identified Tat substrates for B. subtilis. The second is the iron-
dependent DyP peroxidase YwbN (Sturm et al., 2006), which depends on the second Tat 
translocase of B. subtilis, TatAyCy, for its secretion (Jongbloed et al., 2004). This 
specificity for Tat substrates displayed by the two Tat translocases of B. subtilis is the main 
focus of our studies, and recently published results have already indicated that this 
specificity can be relaxed during overexpression conditions and that the formation of mixed 
Tat complexes is possible (Eijlander et al., 2009). In this study we ectopically integrated 
xylose-inducible phoD into the chromosome of B. subtilis to bypass the necessity for 
growth in a phosphate depletion medium for phoD expression. We investigated the 
production and secretion of X-PhoD, and observed its presence in the extracellular medium 
when cells were grown in a rich medium. Because PhoD is exclusively secreted via the 
TatAdCd translocase and the expression of tatAd and tatCd depends on low amounts of 
phosphate in the growth medium, the secretion of X-PhoD was unexpected. Closer 
inspection using Western Blotting and microarray analysis revealed a second, regulating 
function of PhoD.  
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Results 

Two independent Tat translocases are present in B. subtilis that are each responsible for the 
secretion of one specific substrate identified to date. YwbN is secreted via the TatAyCy 
translocase, whereas PhoD depends on TatAdCd for its secretion. To study the substrate 
specificity displayed by both B. subtilis Tat complexes, attempts were made to bypass the 
necessity for growth in a phosphate depletion medium to achieve phoD expression. Only 
during these growth conditions is the phoD operon expressed, resulting in the production of 
PhoD, TatAd and TatCd with subsequent secretion of PhoD via the TatAdCd translocase. 
However, the limiting Pi conditions cause a considerable amount of stress to the cells, 
resulting in retarded growth compared to growth in rich medium (data not shown). As a 
consequence, overall protein production is significantly decreased, complicating 
biochemical studies to a certain degree.  
 
Production and secretion of xylose-induced PhoD in rich medium 
A B. subtilis strain with xylose-inducible phoD was obtained as described in the Materials 
and methods section. The PxylA-phoD fusion was integrated ectopically in the lacA locus by 
a double crossover event. Growth of this strain in rich TY medium and subsequent 

induction with 1% xylose resulted in 
the production of pre-PhoD (Figure 1, 
lanes cell). Surprisingly, 
immunoblotting of extracellular 
medium fractions with specific 
antibodies showed the presence of 
PhoD in the xylose-induced fraction 
(Figure 1, lane medium +). Because 
the phoD operon, consisting of the 
phoD, tatAd and tatCd genes, is not 
expressed during growth in rich 
medium (Jongbloed et al., 
2000;Antelmann et al., 2000;Eder et 
al., 1996), and secretion of PhoD was 
found to be completely dependent on 
the presence of an intact TatAdCd 
translocase in the membrane 
(Jongbloed et al., 2000), secretion of 
PhoD in the experimental setup as 
described above was unexpected.  
 

 
Ectopically expressed X-phoD results in the expression of tatAd and tatCd  
The second Tat translocase of B. subtilis, TatAyCy, is constitutively expressed and 
responsible for the secretion of YwbN. Recent reports show that heterologous 
overexpression of TatAyCy in a tat null mutant strain of Escherichia coli results in the 

Figure 1  Secretion of xylose-induced PhoD in rich 
medium. Strain B. subtilis 168 X-phoD was
grown in TY medium. When applicable, cells
were induced with 1% xylose (+). After
harvesting, cells were separated from the 
extracellular medium by centrifugation and
SDS PAGE samples were prepared from
both fractions as described in the Materials
and methods section and analysed by
immunoblotting. The presence of Pre-PhoD
and PhoD in the cell and medium fractions is 
indicated. The location of molecular weight
markers is indicated in kDa. 
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secretion of several E. coli Tat substrates into the periplasmic space (Barnett et al., 2009, 
Chapter 3 of this thesis), indicating that this complex is able to recognise and translocate 
other Tat substrates next to YwbN. However, in a tatAdCd mutant strain of B. subtilis, no 
secretion of PhoD was observed in the presence of a TatAyCy complex when the latter was 
produced at wild type levels (Jongbloed et al., 2004) or overproduced (Eijlander et al., 
2009). To nevertheless rule out TatAyCy-dependent secretion of xylose-inducible PhoD in 
rich medium, secretion of PhoD was monitored in a ΔtatAyCy mutant background (Figure 
2, lanes ΔtatAyCy). In accordance with previous observations, PhoD was still secreted into 
the medium, indicating that the TatAyCy translocase is not responsible for the secretion of 
PhoD.  

In contrast, induction of xylose-inducible phoD in a ΔtatAdCd mutant background grown in 
TY medium resulted in a complete abolishment of PhoD secretion (Figure 2, lanes 
ΔtatAdCd), suggesting that the TatAdCd translocase is involved in the secretion of X-
PhoD. To confirm this theory, the presence of the TatAd protein was detected in cellular 
fractions immunoblotted with specific antibodies against TatAd (Figure 3). In contrast to 
growth of B. subtilis 168 X-phoD in TY medium without the addition of 1% xylose (lane -), 
induction of phoD expression with 1% xylose resulted in the concomitant production of the 
TatAd protein (lane +). Since the tatAd and tatCd genes are in an operon together, PhoD is 
secreted in this situation (Figure 1, medium) and TatCd is essential for active translocation 
of pre-PhoD (Jongbloed et al., 2000), it is fair to assume that the expression of the tatCd 
gene is induced as well. These observations suggest that ectopically induced expression of 
phoD in a rich medium induces the expression of its own phoD-tatAd-tatCd operon.  

Figure 2  Secretion of xylose-inducible PhoD in tat mutant strains. B. subtilis 168 ΔtatAyCy X-phoD
and B. subtilis 168 ΔtatAdCd X-phoD were grown in TY medium. When applicable, cells were 
induced with 1% xylose (+). After harvesting, cells were separated from the extracellular medium
by centrifugation and SDS PAGE samples were prepared from both fractions as described in the
Materials and methods section and analysed by immunoblotting. Other labels are as in Figure 1. 

Figure 3  Production of TatAd in the presence of PhoD. 
Strain B. subtilis 168 X-phoD was grown in TY 
medium. When applicable, cells were induced 
with 1% xylose (+). After harvesting, cells were 
separated from the extracellular medium and 
analysed by immunoblotting. The presence of 
TatAd in the cell is indicated. The location of 
molecular weight markers is indicated in kDa.  
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Transcriptional analysis of B. subtilis containing xylose-inducible phoD 
To confirm above described observations, a transcriptional profile of B. subtilis 168 grown 
in TY medium in the presence of xylose was compared to that of B. subtilis 168 X-phoD 
grown in similar conditions using microarray analysis. The results of this study are 
summarised in Table 1, which shows the up-regulated and down-regulated genes in the 
presence of xylose-induced PhoD. The increase of tatAd expression with almost 30-fold 
and tatCd expression with almost 7-fold clearly confirms earlier implications that PhoD 
induces the expression of its own operon, either directly or indirectly.  
 

Table 1  Up- and down-regulated genes after expression of X-phoD in B. subtilis 168. 

 
Other up-regulated genes include some involved in arginine biosynthesis, membrane 
energetics and iron-sulfur cluster biosynthesis. The genes involved in arginine biosynthesis 
argD, carA, carB and argF genes are all located downstream from each other (in a 

Gene ratio Bayes p (Putative) Function/ Functional category 
UP-regulated 
tatAd 29.66 4.44 E-16 Twin-arginine translocation pathway component 
phoD 24.29 0.00 E00 Secreted phosphodiesterase 
tatCd 6.68 1.75 E-06 Twin-arginine translocation pathway component 
argF 7.24 8.56 E-10 Arginine biosynthesis; ornithine carbamoyl transferase 
argD 3.42 3.54 E-07 Arginine biosynthesis; N-acetylornithine aminotransferase 
carA 3.56 7.62 E-07 Arginine biosynthesis; carbamoyl-phosphate transferase arginine  
carB 5.81 7.48 E-10 Arginine biosynthesis; carbamoyl-phosphate transferase arginine  
yojC 5.87 2.55 E-04 Unknown 
yosD 3.56 1.35 E-03 Membrane bioenergetics 
yosR 2.75 9.43 E-05 Membrane bioenergetics; similar to thioredoxin TrxA 
ydeC 4.95 8.34 E-03 Transcription regulation; similar to transcriptional regulator 

(AraC/XylS family) 
ycbU 3.15 4.19 E-08 iron-sulfur cluster biosynthesis; similar to cysteine desulferase 
rocG 2.88 6.77 E-09 glutamate dehydrogenase 
DOWN-regulated 
yuiI -4.48 1.10 E-10 putative bacillibactin esterase, similar to IroE 
dhbA -7.92 0.00 E00 siderophore 2,3-dihydroxybenzoate (DHB) synthesis; 2,3-

dihydro-2,3-dihydroxybenzoate dehydrogenase 
dhbB -7.31 7.60 E-12 siderophore 2,3-dihydroxybenzoate (DHB) synthesis; 

isochorismate synthase 
dhbC -2.97 2.83 E-06 siderophore 2,3-dihydroxybenzoate (DHB) synthesis; 2,3-

dihydroxybenzoate-AMP ligase 
dhbE -3.09 4.16 E-04 siderophore 2,3-dihydroxybenzoate (DHB) synthesis; 

isochorismatase 
feuA -3.22 2.71 E-06 iron uptake system 
ybbA  -4.09 2.00 E-05 similar to enterochelin esterase, associated with iron-transport 
ykuN -3.22 2.54 E-12 membrane bioenergetics; similar to flavodoxin  
ykuO -6.05 8.46 E-14 unknown 
ykuP -5.58 1.22 E-09 membrane bioenergetics; similar to flavodoxin 
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predicted operon) on the B. subtilis chromosome in the described order. In addition, a slight 
increase in rocG expression was observed in the presence of PhoD. RocG is a glutamate 
dehydrogenase, responsible for the conversion of glutamate into 2-oxoglutarate for the 
utilisation of arginine as an alternative carbon or nitrogen source. The increase of 
expression of rocG may be due to up-regulation of the arginine biosynthesis genes, because 
the expression of rocG is induced by arginine in the growth medium (Belitsky and 
Sonenshein, 1998;Gardan et al., 1997), although no other genes involved in the Roc 
pathway were found to be significantly up-regulated. 
The ydeC gene, of which the expression is increased almost 5-fold in the presence of PhoD, 
shows homology with YbbB (renamed to Btr, Gaballa and Helmann, 2007). The btr gene is 
located immediately upstream the feuA, feuB, feuC and ybbA genes, of which feuA and 
ybbA were found to be down-regulated in the presence of PhoD (3.22-fold and 4.09-fold, 
respectively). These genes are all part of a response mechanism to iron-limiting conditions. 
The production and secretion of siderophores (iron-chelating molecules) and subsequent 
uptake of siderophore-ferric complexes by specific uptake systems aid the cell in surviving 
the low-iron stress conditions (reviewed in Moore and Helmann, 2005). In B. subtilis, the 
synthesis of the catecholate trilactone siderophore bacillibactin (BB) requires the products 
of the dhb operon, of which several genes were also found significantly down-regulated in 
the presence of PhoD. The btr gene encodes a predicted AraC-type regulator and an 
additional activator that mediates the BB-inducible expression of the FeuABC uptake 
system (Gaballa and Helmann, 2007). By means of the AraC DNA binding domain, Btr 
binds tightly to the DNA regulatory site, consisting of a direct repeat element, upstream of 
the feuA promoter (Gaballa and Helmann, 2007). It thereby represses expression of the feu 
operon in the presence of iron. The de-repression of Btr is induced upon iron-starvation. 
Since the ydeC gene shows homology to transcriptional regulators of the AraC-family, and 
its expression is up-regulated in the presence of PhoD, it is possible that the feu operon is 
even further repressed by additional binding of YdeC to the upstream region.  
 
 

Discussion 

The B. subtilis Tat substrate PhoD is produced during phosphate starvation conditions due 
to activation of its promoter by the PhoP-PhoR two-component system (Eder et al., 1999). 
The tatAd and tatCd genes are located in the same operon and their protein products form a 
membrane-embedded translocase through which PhoD is secreted (Jongbloed et al., 2000). 
Once secreted, PhoD can act as a phosphodiesterase to liberate phosphate from phosphate-
containing molecules in the cell wall or extracellular medium (Müller and Wagner, 1999).  
In this study we show that PhoD has a dual function because it can also (directly or 
indirectly) induce the expression of its own operon. The ability of a protein to execute 
multiple, unrelated functions is known as ‘moonlighting’ (Jeffery, 1999). During xylose-
induced expression of phoD in a rich medium, in which the Pho response is not activated, 
tatAd and tatCd transcription is increased almost 30-fold and 7-fold, respectively, as 
indicated by transcriptional analysis using microarrays. The difference in transcription 
increase between tatAd and tatCd may be due to the presence of a terminator-like structure 
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in the intergenic region between the tatAd and tatCd genes, which possibly functions as a 
control mechanism to ensure correct stoichiometry between the TatAd and TatCd subunits.  
 
Since no DNA-binding properties of PhoD have been documented, and this property cannot 
be deduced from the PhoD sequence, it is likely that the regulation of the phoD operon by 
PhoD is the result of an indirect effect. Nevertheless, direct regulation of PhoD on its own 
operon cannot be excluded based on the results shown in this study. In fact, based on the 
obtained results in this study, it is tempting to assume a direct effect of PhoD regulation on 
its own promoter, as only a limited number of additional genes was up-regulated in the 
presence of PhoD (Table 1). Notably, phoR and phoP expression was not increased as a 
result of expression of X-phoD. Also, apart from phoD, tatAd and tatCd, no other Pho 
regulon genes were significantly up-regulated during the conditions tested, excluding an 
indirect activation of PhoR or PhoP by PhoD.  
The binding of PhoP and PhoP~P to the promoter region of phoD has been studied 
extensively. A dimer of PhoP~P binds to two consensus repeats, with the spacing between 
these two repeats also playing an important role in both PhoP binding and promoter 
activation (Eder et al., 1999). The upstream region of phoD is shown in Figure 4, with the 
two consensus repeats shown in bold within the PhoP and PhoP~P binding sites (shaded 
grey). Further analysis of the promoter region using the DBTBS database (Sierro et al., 
2008) reveals additional putative binding sites for known transcription factors; matched 
sequence hits with a 5% cut-off include those for LevR, SigA and SigB. Induction of Pho 
regulon genes by general stress sigma factor B was described previously, although the 
expression of phoD is still induced in a sigB mutant strain (Antelmann et al., 2000), 
indicating that B is not required for phoD expression. Also, during this study no B-
dependent genes were significantly upregulated after overproduction of PhoD, leaving a 
role of B in the observed regulation of the phoD operon most unlikely.  
 
 

5’ - GTAAGAGAACAAGAGCCTCCTGCTGAAAAGCCGAAAAAGAAGGGCTTTTTCAGCAGATTGTTTTC 
3’ - CATTCACTTGTTCTCGGAGGACGACTTTTCGGCTTTTTCTTCCCGAAAAAGTCGTCTAACAAAAG 
 
     GAAATAACTGATAAAGAGCACTGAGTCATTCTGCGAAATGGCTCGGTGTTTTTGTTTTTTTAAGA 
     CTTTATTGACTATTTCTCGTGACTCAGTAAGACGCTTTACCGAGCCACAAAAACAAAAAAATTCT 
 
     TCATGTGAAGAAAAATAGGCCGAATGGGCGGCTTGCAAACGACAGGATATGCAGAAAACGCGTCA 
     AGTACACTTCTTTTTATCCGGCTTACCCGCCGAACGTTTGCTGTCCTATACGTCTTTTGCGCAGT 
 
     TTCAGCCAGCTTTCGGCATGTTTCAGCAGCAGGCTTGTGAGGGAAGACCTGTTTTTAATGTTCAG 
     AAGTCGGTCGAAAGCCGTACAAAGTCGTCGTCCGAACACTCCCTTCTGGACAAAAATTACAAGTC 
 
     CGCTTACAATCAGTTCACACTTCTTCACAGTCGTTTAACAATGATTTCCTATAATGGAGACGATC 
     GCGAATGTTAGTCAAGTGTGAAGAAGTGTCAGCAAATTGTTACTAAAGGATATTACCTCTGCTAG 
 
     AATGAGGAGAGAGGGGATCTTGAATGGCATACGAC – 3’ 
     TTACTCCTCTCTAAAATAGAACTTACCGTATGCTG – 5’ 

Figure 3  The upstream region of phoD. PhoP and PhoP~P binding sites (shaded grey), 6-bp 
TT(A/T)ACA-like consensus repeats (bold) as well as the ATG startcodon of phoD (italics and 
underlined), are indicated and were derived from Eder et al. (1999). Putative recognition sites for 
LevR, A and B transcription factors are also indicated. 

LevR SigmaB 

SigmaA 
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To unravel the mechanism of regulation of the phoD operon by PhoD and to identify all 
factors involved, additional genetic and biochemical studies are required. Unfortunately, the 
microarray analysis did not provide direct clues concerning response regulators, activators 
or repressors that may be involved. First, a direct effect of overproduced PhoD on its own 
promoter region must be investigated, for instance by mobility gel shift assays. In addition, 
promoter-lacZ fusions including phoD upstream regions of variable lengths can indicate 
which region is possibly recognised by PhoD.  
If PhoD fails to bind to its own promoter region, it is possible that it can interact with other 
(regulating) proteins, which will have to be identified through (in vivo) crosslinking and/or 
co-purification experiments. Furthermore, even though tatAd and tatCd are normally not 
expressed in rich medium, it will be interesting to investigate whether the regulating effect 
of PhoD happens prior to or after secretion of PhoD. Possibly, PhoD is released into the 
extracellular milieu in undetectable amounts where its phosphodiesterase function may 
trigger the subsequent increased expression of phoD, tatAd and tatCd, for instance through 
the release and uptake of extracellular phosphate.  
 
 

Materials and methods 

Bacterial strains, plasmids and media 
All strains and plasmids used in this study are listed in Table 2. All strains were grown in TY 
(trypton/yeast extract) medium, consisting of Bactotryptone (1%; w/v), Bacto yeast extract (0.5%; 
w/v) and NaCl (1%; w/v). When required, media were supplemented with erythromycin (Em; 5 
µg/ml), spectinomycin (Sp; 100 μg/ml) and/or kanamycin (Km; 10 µg/ml). To induce expression of 
X-phoD, cells were induced with 1% xylose during exponential growth.   

Table 2  Plasmids and strains 

Protein techniques 
For the detection of PhoD, medium and cellular fractions were prepared as described previously 
(Jongbloed et al., 2000). After separation by SDS-polyacrylamide gel electrophoresis, proteins were 
transferred to a polyvinylidene-difluoride (PVDF) membrane (Molecular Probes Inc.) as described 
(Towbin et al., 1979). PhoD was detected with specific antibodies against PhoD (kindly provided by 
J. Müller) and horse radish peroxidase-conjugated donkey anti-rabbit antibodies (Amersham 
Biosciences) according to the manufacturer's instructions.  

 

Plasmids Relevant properties Reference 
   
pAXphoD pAX01 derivative containing phoD; Emr Chapter 5  
   
Strains Relevant properties Reference 
B. subtilis   
168 trpC2 (Kunst et al., 1997) 
168 X-phoD trpC2, lacA::X-phoD; Emr Chapter 5 
168 ΔtatAdCd trpC2, tatAdCd::Kmr; Kmr (Jongbloed et al., 2004) 
168 ΔtatAyCy trpC2, tatAyCy::Spr: Spr (Jongbloed et al., 2002) 
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Preparation of cells for RNA isolation 
Cells were grown in 50 ml of TY liquid medium. When cells reached an OD600 of 0.5, 1% xylose was 
added. Cells were harvested by centrifugation (1 min, 14,000 rpm, 4 ˚C) after 1 hour of induction. 
Cell pellets were immediately frozen in liquid nitrogen. Total RNA was isolated with the High Pure 
RNA Isolation Kit (Roche Applied Science) according to the manufacturer’s instructions. RNA 
quantity and quality were assessed with a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies) and an Agilent Bioanalyzer 2100 with RNA 6000 LabChips (Agilent Technologies 
Netherlands BV).   

Microarray analysis 
DNA microarray experiments were essentially performed as described previously (Lulko et al., 
2007). In short, RNA was isolated from three separately grown replicate cultures of B. subtilis 168 
and B. subtilis 168 X-phoD, prepared as described above. Subsequently, single-strand reverse 
transcription (amplification) and indirect labelling of total isolated RNA, with either Cy3 or Cy5 dye, 
were performed using the CyScribe post-labelling kit (Amersham Biosciences). Labelled cDNA 
samples were hybridized to in-house printed microarray slides containing 70-meric oligo’s covering 
all B. subtilis open reading frames. After overnight hybridization and washing, fluorescent signals 
were quantified with ArrayPro analyzer and processed with MicroPrep (van Hijum et al., 2003). Slide 
data were normalised as described previously (den Hengst et al., 2005), yielding average ratios of 
gene expression levels of the PhoD-producing strain compared to the wild type strain. Expression of a 
gene was considered to be significantly altered when the ratio of differential expression was at least 
two-fold with a Bayes p-value <0.001.  
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