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The biosynthesis of many different types of antibiotics and
other secondary metabolites is regulated by phosphate. Pro-
duction of these valuable compounds occurs only under phos-
phate-limiting nutritional conditions. In a few cases, there is evi-
dence showing that the negative phosphate control is exerted at
the transcriptional level. Recently, it was shown that phosphate
control of antibiotic biosynthesis in Streptomyces lividans and
Streptomyces coelicolor is mediated by the two-component PhoR-
PhoP system that also controls the alkaline phosphatase gene
(phoA). The PhoR protein is a standard membrane sensor kinase,
whereas PhoP is a member of the DNA-binding response regu-
lators. In Escherichia coli and Bacillus subtilis, the phosphorylated
PhoP protein (PhoP�P) activates, in response to phosphate star-
vation, expression of the pho regulon genes by binding to consen-
sus phosphate boxes in the promoter regions (PHO boxes). Ex-
pression of phoA in S. lividans is induced by PhoP�P, and
mutants lacking phoP (or phoR and phoP) do not form PhoA.
These mutants overproduce large amounts of actinorhodin and
undecylprodigiosin. No consensus PHO boxes occur in the up-
stream region of phosphate-regulated secondary metabolism
genes. However, pathway-specific activator proteins (ActII-open
reading frame 4 [ORF4], RedD, CcaR, and DnrI) are known to
bind to these regions. In S. coelicolor, actII-orf4 is positively reg-
ulated by the AfsS protein, which, in turn, is induced by the
phosphorylated AfsR protein. It is likely that the PhoR-PhoP
system exerts its action on actinorhodin and undecylprodigiosin
by a cascade mechanism mediated by AfsR and AfsS. Directed
phoR-phoP gene disruption will be very useful for the construc-
tion of tailored phosphate-deregulated strains overproducing
valuable secondary metabolites.

PHOSPHATE CONTROL OF ANTIBIOTIC
BIOSYNTHESIS: HISTORICAL PERSPECTIVE

The negative control exerted by inorganic phosphate on the
biosynthesis of antibiotics and other secondary metabolites has
been known for many years. Over the last four decades, an
impressive number of antibiotics and secondary metabolites
have been shown to be regulated negatively by phosphate.
These include streptomycin, oxytetracycline, clavulanic acid,
tylosin, echinomycin, cephalosporin, cephamycin C, and thien-
amycin, among many other secondary metabolites (23, 27, 32),
but, surprisingly, the molecular mechanism of phosphate con-

trol has remained obscure (30) in spite of its basic and indus-
trial relevance. It is interesting that inorganic phosphate in the
culture medium controls the synthesis of a large number of
secondary metabolites belonging to different biosynthetic
groups such as, for example, macrolides, tetracyclines, anthra-
cyclines, polyether compounds, aminoglycosides, and amino
acid-derived metabolites such as clavulanic acid, among others
(10, 11, 15, 16, 25). Why are all these compounds repressed by
high concentrations of inorganic phosphate? From a biosyn-
thetic point of view, these groups of metabolites have very little
in common, except that they all are dispensable “secondary”
metabolites. The negative effect exerted by inorganic phos-
phate on the biosynthesis of secondary metabolites is observed
in a wide range of microorganisms, including proteobacteria,
gram-positive bacteria (e.g., actinomycetes), and filamentous
fungi, and probably has a wide ecological role. Martı́n and
Demain proposed that phosphate control is used as a mecha-
nism that triggers secondary metabolite biosynthesis when
phosphate in the environment is depleted and, therefore,
growth of the microorganisms cannot proceed at a normal rate
(28). When the phosphate concentration in the culture me-
dium decreases below a threshold level, bacteria increase their
production of a variety of metabolites that might serve as direct
antagonists to other microorganisms (48) or as biochemical
cross talk signals (17, 38, 51) to enhance survival under harsh
nutritional conditions (26).

A number of scientific studies published since the 1970s
describe the negative effect of high concentrations of phosphate
on the production of a variety of secondary metabolites (reviewed
in reference 27). However, most of these reports are basic ac-
counts of the overall phosphate effect on the control of antibiotic
production and were made before the gene clusters encoding the
biosynthesis of secondary metabolites were sequenced. These
early studies were helpful in designing medium composition to
avoid phosphate control, thereby favoring the production of sec-
ondary metabolites that are expressed at very low levels.

PHOSPHATE CONTROL OF ANTIBIOTIC
BIOSYNTHESIS AT THE TRANSCRIPTIONAL LEVEL

The phosphate control signals of antibiotic biosynthesis, i.e.,
the biochemical intermediates involved in the signal transduc-
tion cascade, have long remained largely unknown. These sig-
nals appear to be integrated with the inputs produced by other
sensors of environmental or nutritional stress, e.g., carbon or
nitrogen limitation (7). Phosphate control of the biosynthesis
of secondary metabolites is exerted at the transcriptional and
posttranscriptional (antibiotic synthases activity) levels (re-
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viewed in references 23 and 30). In at least two cases, it is
clearly established that phosphate control of the biosynthesis
of the secondary metabolites candicidin and oxytetracycline is
exerted at the transcriptional level (3, 34). Expression of the
pabS gene of S. griseus, which encodes the candicidin precur-
sor-forming enzyme p-aminobenzoic acid (PABA) synthase
(3), and expression of the tetracycline biosynthesis genes otcC,
otcX, and otcY (34) are observed only under phosphate-limit-
ing conditions. otcC encodes anhydrotetracycline oxygenase,
and otcY codes for the tetracycline polyketide synthase,
whereas otcX is a gene divergent to otcC encoding a protein of
unknown function (19).

The more advanced studies on phosphate control of second-
ary metabolites have been done with the model actinomycetes
S. coelicolor and S. lividans (11, 16). The synthesis of the S.
coelicolor pigmented secondary metabolites actinorhodin and
undecylprodigiosin is also negatively controlled by high phos-
phate concentrations (11, 16). Actinorhodin is synthesized by a
type II polyketide synthetase, whereas undecylprodigiosin is a
pyrrolic compound derived from proline. Surprisingly, no tran-
scriptional studies were available until recently (see below) on
the molecular mechanism of phosphate control of the expres-
sion of the actinorhodin and undecylprodigiosin genes.

Genes encoding secondary metabolites are frequently linked
in clusters (5, 29). Phosphate control appears to repress the

expression of entire clusters of antibiotic biosynthesis genes,
e.g., genes encoding the activating enzyme PABA-coenzyme A
ligase and a thioesterase, in addition to PABA synthase in the
candicidin gene cluster (6, 9) or the complete pimaricin gene
cluster (2). A question that remains unanswered is whether
each promoter corresponding to phosphate-sensitive genes
contains a phosphate box or whether there is a master gene
encoding a regulatory protein involved in the activation of
antibiotic biosynthetic genes that in turn is controlled by the
inorganic phosphate level.

ARE THERE PHO BOXES IN PHOSPHATE-REGULATED
GENES IN STREPTOMYCES SPECIES?

In E. coli and B. subtilis, about 30 genes belonging to the pho
regulon are controlled by the two-component PhoR-PhoB
(named PhoR-PhoP in B. subtilis) system (18, 46). More genes
of the pho regulon have been identified by proteomics and
transcriptional studies of B. subtilis (1) and by microarray anal-
ysis of Corynebacterium glutamicum (21).

In E. coli, the sensor protein kinase PhoR self-phosphory-
lates under conditions of phosphate starvation (forming
PhoR�P) that transfers its phosphate group to the dephospho-
rylated PhoB. The phosphorylated PhoB activates expression of
about 30 phosphate-regulated genes by binding to the PHO boxes
located in the 5� region of these genes (46). Expression of phoA
and other members of the phosphate regulon takes place under
phosphate-limiting conditions when the PhoB transcriptional ac-
tivator is available in its phosphorylated form (PhoB�P). The
mechanism is essentially identical in B. subtilis (18, 40). PHO
boxes in E. coli consist of 18 nucleotides (C/T)TGTCATA(A/
T)A(A/T)CTGTCA(T/C) formed by two direct repeats of 7 nu-
cleotides (C/T)TGTCAT separated by four adenines or thymines.
This sequence has been found, with minor changes, in the pro-
moters of a variety of phosphate-controlled genes in different
proteobacteria (30, 46) (Fig. 1).

Similar PHO boxes, although with a different consensus se-
quence, occur in B. subtilis. Each box consists of two hexa-
nucleotides [TT(A/T)ACA] repeated in tandem and separated
by three to seven nucleotides (24), in contrast to E. coli, for
which the separation of the two repeats in each PHO box is
always of four nucleotides (Fig. 1).

The full genome sequence of S. coelicolor (4) and S. aver-
mitilis (20, 39) is now available, and some others will soon be
accessible. Several research groups have provided evidence
showing that the production of methylenomycin, actinorhodin,
and undecylprodigiosin in cultures of S. coelicolor is reduced by
high phosphate concentrations (11, 16). Until a few years ago,
it was unclear whether standard PHO boxes might occur in the
upstream regions of antibiotic biosynthesis genes (23). How-
ever, repeated searches to find standard PHO boxes in the
upstream region of act (for actinorhodin) or red (for undecyl-
prodigiosin) genes have been unsuccessful. Similarly, no con-
sensus PHO boxes have been found in the upstream region of
the phosphate-regulated ppk gene of S. lividans (8).

Expression of the act and red genes is regulated by the
specific transcriptional activators ActII-ORF4 (12, 14) and
RedD (37, 44). Similarly, expression of the daunorubicin gene
cluster in Streptomyces peucetius is controlled by the transcrip-
tional activator DnrI (45). The activator proteins ActII-ORF4,

FIG. 1. Phosphate boxes and signal transduction pathway from
PhoR to PhoP. (A) PhoR and PhoP consist of the following two
domains: C, the carboxyl-terminal domain, and N, the amino-terminal
domain. The circled P corresponds to a phosphate group. Each pho
box is formed by two elements arranged in a direct repeat separated by
three to seven nucleotides. Some promoters contain one pho box,
whereas others contain more than one. Two pho boxes are shown in
this figure. This model is based on the information available for B.
subtilis (24), S. coelicolor, and S. lividans (43). (B) Nucleotide se-
quences of the pho boxes of E. coli and B. subtilis.
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RedD, DnrI, and other pathway-specific regulators, such as
CcaR in Streptomyces clavuligerus (41), belong to the group of
SARP (Streptomyces antibiotic regulatory protein) regulators
(50) that form part of the OmpR superfamily (31, 35, 41). It is
possible that the expression of the transcriptional activators
ActII-ORF4 and RedD is controlled by phosphate, but again,
the upstream regions of these genes lack classical PHO boxes.
Initial evidence suggests, however, that the phosphate effect is
mediated by a different sequence in the GC-rich promoters of
Streptomyces species than in E. coli.

THE STREPTOMYCES PhoR-PhoP SYSTEM IS INVOLVED
IN PHOSPHATE CONTROL OF ACTINORHODIN AND

UNDECYLPRODIGIOSIN

After the cloning and characterization of the extracellular
alkaline phosphatase (phoA) gene of S. griseus (36), we found
three putative phosphatase genes in the S. coelicolor genome.
One of them, phoA (the putative extracellular alkaline phos-
phatase gene) showed 71% identity to S. griseus phoA, identi-
fied unequivocally by sequencing of the amino-terminal end of
the purified extracellular alkaline phosphatase (36). The bio-

chemical characteristics of PhoB are unknown and PhoC cor-
responds to a phosphodiesterase.

Recently, the phoR-phoP systems of S. coelicolor and S.
lividans were cloned, and their role in actinorhodin and
undecylprodigiosin biosynthesis in S. lividans was studied by
gene disruption and gene replacement (43). The phoR-phoP
cluster has also been identified and disrupted in the S.
avermitilis genome (H. Ikeda, J. F. Martín, and S. Omura,
unpublished data). In Streptomyces species, PhoR shows all
of the characteristics of a transmembrane sensor protein,
whereas PhoP is a member of the DNA-binding OmpR
family (35). PhoR (426 amino acids; 45.4 kDa in S. coeli-
color) has two hydrophobic, membrane-spanning regions in
the N-terminal domain and a large extramembrane domain
that may serve as a sensor of environmental signals (35, 43).
In B. subtilis the cytoplasmic kinase domain of PhoR is
sufficient for the low phosphate expression of the pho regu-
lon genes (42). The S. coelicolor and S. lividans 24.7-kDa
PhoP protein belonging to the OmpR family contains a
DNA-binding domain in the carboxyl-terminal region (res-
idues 190 to 201) (43).

The S. lividans phoR-phoP deletion mutants (named �phoP

FIG. 2. Proposed cascade mechanism involved in phosphate control of actinorhodin and undecylprodigiosin biosynthesis. The involvement of
the two-component system PhoR-PhoP has been confirmed (see the text). The cascade action of AfsR mediated by AfsS on actII-ORF4 and redD
pathway-specific regulators is based on the results of Umeyama and coworkers (47). The inset shows the binding of phosphorylated AfsR to the
afsS promoter.
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and �phoRP) lacking either PhoP or both PhoR and PhoP
proteins are unable to synthesize extracellular alkaline phos-
phatase, as shown by Western blot analysis. The formation of
alkaline phosphatase was restored by complementation of the
deletion mutants with phoR-phoP, confirming the involvement
(positive effect) of the two-component system in the phosphate
control of phoA in this actinomycete (43). A very interesting
finding is the observation that mutants with phoR-phoP dele-
tions overproduce large amounts of actinorhodin and undecyl-
prodigiosin in a manner that is partially insensitive to phos-
phate (1 to 10 mM) control.

Phosphate control of the biosynthesis of actinorhodin and
undecylprodigiosin was restored by complementation of the
�pho mutants with the phoR-phoP cluster (43). These results
clearly indicate that expression of either primary metabolism
genes such as phoA or genes involved in the biosynthesis of
secondary metabolites such as actinorhodin and undecylprodi-
giosin are under the phosphate control mechanism mediated
by PhoR-PhoP.

THE PhoR-PhoP ACTION ON ACTINORHODIN AND
UNDECYLPRODIGIOSIN MAY BE MEDIATED BY THE

PATHWAY-SPECIFIC REGULATORS

It is possible that there is a phosphate control mechanism of
antibiotic gene expression different from that recognizing the
classical PHO box sequences. It is important to note that,
whereas PhoP exerts a positive regulation on expression of the
phoA gene, as occurs in other bacteria, expression of S. lividans
or S. coelicolor pigments and antibiotics is regulated negatively,
i.e., inactivation of the response regulator PhoP or deletion of
the entire PhoR-PhoP system results in overexpression of ac-
tinorhodin and undecylprodigiosin. This suggests that the
modes of regulation of the alkaline phosphatase and secondary
metabolite genes are different and that the PhoR-PhoP action
on antibiotic gene expression may be mediated through other
DNA-binding proteins, e.g., pathway-specific regulators.

In S. lividans and S. coelicolor, there is a small (63-amino-
acid) protein, AfsS, encoded by a short ORF located in the 3�
region immediately downstream of the regulatory gene AfsR.
AfsS is a rare protein (thus far, it is found only in a few Strepto-
myces species) that contains three repeats of the 11-amino-acid
sequence TXXDHMPXXPA (where X represents any amino
acid) (33). Overexpression of AfsS in S. lividans (or S. coelicolor)
leads to an overproduction of actinorhodin and undecylprodigio-
sin, even in mutants disrupted in AfsR. Recently, Lee et al. (22)
have shown that the afsS gene is the target for the AfsR regulator,
a widespread transcription factor that has ATPase activity (47). S.
lividans has an afsS analogue named afsR2 (49). Floriano and
Bibb (13) reported that AfsS protein stimulates the production of
actinorhodin by enhancing the transcription of the pathway-spe-
cific regulator ActII-ORF4 and that the same occurs in S. lividans
when afsR2 was overexpressed.

A possible cascade mechanism involves a negative effect of
phosphorylated PhoP on the expression of afsS, resulting in
downregulation of actII-ORF4 and redD expression (Fig. 2).
Due to their low concentration, ActII-ORF4 and RedD would
be unable to induce the actinorhodin and undecylprodigiosin
biosynthetic genes. Null phoR-phoP mutants lack the PhoP
response regulator and therefore would be unable to repress

the afs gene, leading to constitutive formation of AfsS, result-
ing in induction of actII-ORF4 and redD and finally in actinor-
hodin and undecylprodigiosin overproduction.

FUTURE PERSPECTIVES

The recent identification of a large number of structural and
regulatory genes involved in antibiotic biosynthesis permits
analysis of the mechanism of PhoR-PhoP-mediated global con-
trol in other Streptomyces species, some of which produce an-
tibiotics, antitumor agents, immunosuppressants, and many
other biologically active compounds of high commercial inter-
est. In all of these cases, phosphate represses the biosynthesis
of these compounds, and a proper understanding of the control
mechanism in these actinomycetes will allow targeted dere-
pression of antibiotic production.
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