










2). Growth rate experiments indicated that phoBV12 cells grew
approximately 1.5 times slower than wild-type cells in PYE and
HIGG minimal medium containing either a low (0.03 mM) or
a high (10 mM) concentration of phosphate (not shown). Thus,
phoB is required for optimal growth of Caulobacter under both
excess and limiting phosphate conditions. Phosphate uptake

measurements indicated that the phoBV12 mutant was defi-
cient in phosphate uptake (Fig. 3).

We quantitated the effect of phosphate starvation on wild-
type and phoBV12 mutant cells by growing both strains to
saturation in HIGG medium containing an excess (10 mM) or
a limiting amount (0.03 mM) of phosphate. The average stalk

FIG. 2. Morphology of wild-type and stalk mutant cells in different media. Strains were grown in either PYE (A, D, G, J, M, and P), HIGG medium containing
10 mM phosphate (B,E,H,K,N, and Q), or 30 mM phosphate (C,F,I,L,O, and R) until saturation. Phase-contrast micrographs of NA1000 (wild type) (A to C), YB720
(phoBV12) (D to F), YB767 (pstS1100) (G to I), YB779 (pstC1101) (J to L), YB778 (pstA1103) (M to O), and YB777 (pstB1105) (P to R) cells are shown. Images of
cells were captured with a digital camera and analyzed with the Metamorph Imaging Software package, version 3.0. The cells shown are representative of the population.
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length for wild-type strain NA1000 growing with excess phos-
phate was 1.9 mm, with a maximum stalk length of 3.6 mm
(Table 2). When NA1000 was grown with limiting phosphate,
stalk length averaged 10.5 mm, with a maximum of 30 mm
(Table 2). The phoBV12 mutant had stalks with an average
length of 2.0 mm, with a maximum of 5.5 mm when grown in
excess phosphate (Table 2). Unlike those of NA1000, the
phoBV12 stalks did not undergo extensive elongation when
cells were limited for phosphate (compare Fig. 2E and F); their
average length was 2.8 mm, with a maximum of 7.6 mm (Table
2). Thus, phosphate starvation caused an average stalk length
increase of 1.4-fold in the phoBV12 mutant, compared to
9-fold in wild-type cells.

To ensure that the phenotype of the phoB insertion deletion
was not due to a polar effect of the mutation, we introduced a
plasmid, pGL10phoB, that contains the phoB gene under the
control of the lac promoter into the phoBV12 mutant. This
plasmid was able to rescue the ability of the phoBV12 mutant
to elongate stalks when starved for phosphate (Fig. 4), indi-
cating that the inability of this mutant to elongate stalks during
phosphate starvation is directly due to the disruption of phoB.
We conclude that phoB is required for the elongation of stalks
in response to phosphate starvation.

phoBV12 cells grown in low phosphate were not uniformly
arrested, as seen with wild-type cells. Many cells of the

phoBV12 mutant arrested with a visible constriction after
phosphate starvation, whereas only a few wild-type NA1000
cells arrested at this stage during phosphate starvation. Thus,
the inhibition of cell division caused by phosphate starvation
seemed to be only partially dependent on phoB. In addition,
phosphate-starved phoBV12 cells elongated less than wild-type
cells (1.5- and 2.4-fold, respectively [Table 3]). This indicates
that the increase in surface area of cells during phosphate
starvation is also partially dependent on phoB.

As shown in the next section, phoB is required for transcrip-
tion of the high-affinity phosphate transport gene pstS. One
interpretation of the inability of the phoB mutant to elongate
stalks during phosphate starvation could be that phoB mutant
cells cannot take up sufficient phosphate to elongate stalks
when starved. Both phoB and pstS mutants are deficient in
phosphate transport, yet the pstS mutant can synthesize long
stalks in low-phosphate medium (Fig. 1I and Table 2). Thus,
the stalk elongation defect of the phoB mutant cannot be
explained by its inability to transport phosphate.

The long-stalk phenotype of the pstS mutant and the tran-
scription of pstS are dependent on phoB. In E. coli, the proteins
of the Pst high-affinity phosphate transporter are thought to
form a repression complex that maintains the PhoB kinase,
PhoR, in an inactive state when phosphate is in excess (52).
Mutations that disrupt the repression complex cause constitu-
tive activation of the Pho regulon. The phenotypes of Cau-
lobacter pst and phoB mutants support a model in which inac-
tivation of pst genes would lead to the constitutive activation of
PhoB and consequently of the Pho regulon. This model pre-
dicts that phoB would be required for the long-stalk phenotype
of the pst mutants. We tested this hypothesis by examining the
phenotype of a pstS1100 phoBV12 double mutant. Cells of the
pstS1100 mutant grown in PYE had a mean stalk length of 5.2
mm (Table 2), whereas cells of a pstS1100 phoBV12 double
mutant had a mean stalk length similar to that of the phoBV12
mutant grown in the same medium (1.4 and 1.5 mm, respec-
tively). This indicates that the long-stalk phenotype of the
pstS1100 mutant grown in PYE requires active PhoB. In addi-
tion, the pstS1100 phoBV12 double mutant grew faster than
the pstSV1100 mutant, suggesting that the slow-growth pheno-

FIG. 3. Phosphate uptake in different Caulobacter strains. 32Pi was added to
a final concentration of 20 mM. Phosphate uptake was measured on cells grown
in HIGG medium containing 10 mM phosphate (open symbols) or no phosphate
(solid symbols) for 5 h. Results are shown for NA1000 (wild type) (squares),
YB720 (phoBV12) (circles), YB767 (pstS1100) (triangles), and YB770 (phoBV12
pstS1100) (diamonds).

FIG. 4. Complementation of the phoBV12 mutant. Cells were grown for 48 h
in HIGG medium containing 0.03 mM phosphate. (A) NA1000 (wild type). (B)
YB732 (phoBV12/pGL10phoB). (C) YB720 (phoBV12). The cells shown are
representative of the population.

TABLE 3. Cell body area of different strains

Strain Growth condition Avg cell body area
(mm2)a

NA1000 HIGG 1 10 mM PO4 0.9 6 0.2
NA1000 HIGG 1 0.03 mM PO4 2.2 6 0.4
YB720 (phoBV12) HIGG 1 10 mM PO4 1.0 6 0.2
YB720 (phoBV12) HIGG 1 0.03 mM PO4 1.5 6 0.4

a At least 1,000 cells were measured in each case.
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type of the pstSV1100 mutant was also due to the activation of
the Pho regulon.

Analysis of the intergenic sequence between the pstS gene
and the upstream gene revealed the presence of three putative
Pho boxes, each with 10 or 11 out of 14 matches to the con-
sensus Pho box sequence of E. coli (Fig. 5). The two upstream
Pho boxes share one 7-bp repeat, and the third Pho box is
located 6 bp downstream of the second. We hypothesize that
PhoB binds to the Pho box of pstS and activates its transcrip-
tion in a manner similar to that in E. coli. We used the pstS-
lacZ transcriptional fusion created by the miniTn5lacZ trans-
poson to determine whether transcription of pstS is dependent
on phoB. In a phoB1 background, the pstS-lacZ fusion pro-
duced 2,800 Miller units of b-galactosidase activity. In the
phoBV12 background, only 300 U were obtained. Thus, high-
level pstS transcription was dependent on phoB.

Effect of a nonpolar mutation in pstB. The genetic organi-
zation of the phoB region suggested that phoB could be part of
an operon with the pstCAB and phoU genes. The stalks of the
pstCAB mutants were not as long as the stalks of the unlinked
pstS mutant. One possible explanation for the less severe phe-
notype of the pstCAB mutants compared to that of pstS is that
the miniTn5lacZ insertions in pstCAB could prevent full ex-
pression of phoB because of a polar effect of the insertions.
This possibility was tested by constructing a nonpolar pstB
insertion mutant, pstB::np (YB1684), that still allowed the
transcription of phoU and phoB (Fig. 6).

When grown in PYE, cells with the nonpolar mutation in
pstB had stalks with an average length of 4.8 mm (Fig. 7 and
Table 2), compared to 5.2 mm for the pstS mutant. The
pstB1105 mutant had stalks with an average length of 1.6 mm
(Fig. 7 and Table 2). When the pstB::np mutation was com-
bined with the phoBV12 mutation (YB1686), cells had a stalk
length similar to that of a pstS1100 phoB mutant (1.3 and 1.4
mm, respectively) (Fig. 7, Table 2). This was comparable to the
length of pstB1105 phoBV12 stalks (1.8 mm) (Table 2). These

data indicate that the phenotype of the miniTn5lacZ pstCAB
mutants was attenuated due to polar effects on the transcrip-
tion of phoB, preventing full stalk elongation.

The timing of stalk synthesis is not dependent on phoB. To
determine if phoB is involved in the timing of stalk synthesis,
we compared the synthesis of stalks in synchronized cultures of
NA1000 and of the phoBV12 mutant. Swarmer cells grown in
minimal-glucose medium were isolated by density centrifuga-
tion, and aliquots of cells were fixed in formaldehyde at 15-min
intervals over a period of 3 h for subsequent microscopic ex-
amination. In both strains, stalks became visible after 45 min.
We measured stalk lengths at different stages of the cell cycle.
Because the growth rates of the two strains differ, we used the
initiation of cell division and the completion of cell division as
morphological landmarks to define similar stages of the cell
cycle. For NA1000, initiation of cell division occurred at 75 min
and the mean stalk length of cells was 0.6 mm. The phoBV12
mutant initiated cell division at 120 min, and cells had a mean
stalk length of 0.7 mm. Cell division was completed by NA1000
cells at 165 min, and the mean stalk length was 0.7 mm,
whereas the phoBV12 mutant completed division at 210 min,
with a mean stalk length of 0.9 mm. Thus, both the proper
timing of stalk synthesis and stalk elongation occur indepen-
dently of PhoB.

DISCUSSION
Caulobacter cells exhibit a remarkable response to phos-

phate starvation. Stalks, usually similar in length to the cell
body (;1 mm), attain lengths of 20 to 30 mm when cells are
starved for phosphate (40). The increase in stalk length results
in an increased surface/volume ratio that is thought to enhance
nutrient uptake (34). Here we report the isolation and char-
acterization of mutants that have increased stalk elongation in
phosphate-rich medium (Skl). skl mutations map to homo-
logues of pst genes (pstSCAB) that encode the high-affinity
phosphate transport proteins of E. coli and other bacteria. The
Skl mutants that permit expression of phoB in Caulobacter are
phenotypically similar to previously isolated but genetically
uncharacterized long-stalk mutants (38). We show that the
phoB gene, which encodes the transcriptional activator of the
Pho regulon, is required for stalk elongation during phosphate
starvation. PhoB was required for the long-stalk phenotype of
Skl mutants and for the transcription of the pstS gene.

E. coli PhoB binds to Pho boxes located in the promoters of
Pho regulon genes, activating or repressing the transcription of
these genes (47). In E. coli, pst mutations induce the Pho
regulon because PhoR is no longer repressed and phosphory-
lates PhoB (Fig. 1). pst mutations also induce the Pho regulon

FIG. 5. Promoter region of pstS and comparison of putative Pho box se-
quences. (A) Sequence upstream of the pstS gene. Pho box-like sequences are
indicated by numbered arrows, with the consensus E. coli Pho box sequence
shown above the Caulobacter DNA sequence for comparison. The stop codon
(TGA) of the upstream PBP1A gene is shown in boldface. The predicted N-
terminal amino acid sequence of PstS is indicated. The sequence shown is to the
site of miniTn5lacZ insertion. (B) Comparison of Pho box-like sequences found
upstream of pstS and pstC with the consensus Pho box sequence of E. coli.

FIG. 6. Construction of a nonpolar disruption in pstB. An internal fragment
of the pstB gene (a and b) was cloned into pBGST18 (a9 and b9) in the same
orientation as the lacZ promoter of the plasmid (Plac). Integration of the plas-
mid by a single crossover generates two truncated copies of pstB. pstB9 is missing
C-terminal coding sequences, and 9pstB is missing N-terminal coding sequences.
The Plac promoter of the plasmid ensures transcription of the downstream
genes.
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in Pseudomonas aeruginosa (20, 27). Our data suggest that the
Caulobacter pst mutations induce the Pho regulon as well. The
morphology of pst mutant cells is similar to the morphology of
phosphate-starved wild-type cells: stalks are long, the cell body
is elongated, and stationary-phase cells arrest before the initi-
ation of cell division. The phenotype of pst mutants and the
morphological changes caused by phosphate starvation are de-
pendent on phoB.

The requirement of PhoB for stalk elongation during phos-
phate starvation does not result from a phosphate deficiency
preventing the synthesis of stalk biomass. Since PhoB is re-
quired for the expression of PstS, phoB mutants might not have
been able to take up sufficient phosphate to synthesize stalk

biomass because of a deficiency in the Pst high-affinity phos-
phate transport system. This is not the case, because pstS and
pstB mutants can make long stalks in low-phosphate medium.
Thus, an active Pst system is not required for stalk synthesis.
The precise role of PhoB in stalk elongation remains to be
determined. Stalk synthesis involves the synthesis of both cell
wall and membrane components and is likely to require the
action of many genes. None of the genes directly involved in
the synthesis of the stalk has been identified. Thus, PhoB could
act directly by binding to the promoters of stalk genes and by
stimulating their transcription, or it could indirectly regulate
those genes by regulating other regulatory genes. The presence
of a PhoB-controlled Pho regulon in Caulobacter was initially

FIG. 7. Comparison of polar and nonpolar disruptions in pstB and a polar disruption in the unlinked pstS gene in a wild-type background and a phoB mutant
background. Phase-contrast micrographs of representative cells of NA1000 (wild type) (A), YB720 (phoBV12) (B), YB767 (pstS1100) (C), YB770 (pstS1100 phoBV12)
(D), YB1684 (pstB::np) (E), YB1686 (pstB::np phoBV12) (F), YB777 (pstB1105) (G), and YB784 (pstB1105 phoBV12) (H) are shown. Strains in the left panels have
the phoB1 allele (A, C, E, and G), and strains in the right panels (B, D, F, and H) have the phoBV12 allele.
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suggested by experiments which showed that the expression of
oprP from P. aeruginosa, a phosphate-regulated gene whose
promoter contains a Pho box, was induced by phosphate star-
vation in Caulobacter (48). Examination of the promoter re-
gions of the Caulobacter pst genes suggests that Caulobacter
PhoB also exerts its regulatory effect by binding to Pho boxes.
The promoter region of pstS contains three sequences homol-
ogous to the E. coli Pho box consensus sequence, and phoB is
required for pstS transcription. Pho box-like sequences are also
present upstream of pstC. The Pho box sequences in both
promoters have 10 or 11 out of 14 conserved residues of the E.
coli Pho box consensus. Pho box-like sequences are found in
the promoter region of phoB-regulated genes in another alpha-
purple bacterium, Rhizobium meliloti (4, 5). The identification
and characterization of Pho box-containing genes in the Cau-
lobacter genomic sequence should help determine the role of
PhoB in stalk elongation and aid in the identification of genes
in the stalk elongation regulatory pathway.

The analysis of synchronized populations indicated that
phoB is not required for the timing of stalk synthesis initiation.
Thus, phoB is the first known regulator of stalk synthesis whose
only developmental function seems to be the control of stalk
length. Mutations in other known regulators of stalk synthesis
cause defects in developmental events other than stalk synthe-
sis. Mutants with mutation of the rpoN gene that encodes the
s54 subunit of RNA polymerase lack flagella and stalks. Mu-
tants with mutation of the pleC histidine protein kinase gene
are resistant to phage FCbK, have inactive flagella, and lack
stalks and pili (10, 14). Mutants of the putative response reg-
ulator gene pleD are motile throughout the cell cycle and fail to
elongate stalks properly (1, 17). The global response regulator
gene ctrA is required for stalk synthesis, cell division, and the
regulation of flagellum synthesis (36).

Our results indicate that while phoB is required for stalk
elongation during phosphate starvation, stalk synthesis is also
slightly stimulated in a phoB mutant grown with excess phos-
phate. This suggests that PhoB negatively regulates stalk syn-
thesis when phosphate is in excess. This hypothesis is sup-
ported by the observation that even though rpoN mutants do
not synthesize stalks when phosphate is in excess, a double
rpoN phoB mutant synthesizes short stalks under the same
conditions (M.G., unpublished results). How can PhoB have
both positive and negative regulatory effects on stalk synthesis?
One possibility is that the stimulation of stalk synthesis in a
phoB mutant grown in a high-phosphate medium is indirectly
caused by the inability of the mutant cells to transport phos-
phate efficiently. Alternatively, phospho-PhoB could directly
activate transcription of a stalk synthesis gene or genes during
phosphate starvation, and unphosphorylated PhoB could re-
press their transcription when phosphate is in excess. There is
precedence for a negative regulatory role for PhoB. In E. coli,
the synthesis of at least 19 proteins is repressed by phosphate
starvation, and at least three of the genes encoding these pro-
teins contain Pho boxes in their promoter (47). In R. meliloti,
phoB genetically acts as a repressor of the pit gene, which
encodes a low-affinity phosphate transport protein (6). It is not
known whether Caulobacter has a low-affinity phosphate trans-
port system analogous to the Pit system of E. coli. In B. subtilis,
the phosphate starvation response regulator PhoP is required
for the repression of the teichoic acid synthesis tagAB and
tagDEF operons (21).

Recent studies have demonstrated that the rate of phos-
phate uptake (per cell, unit dry weight, or protein) and the
specific activity of alkaline phosphatase increased at higher
carbon/phosphorus ratios (13). The rate of phosphate uptake
was higher in stalked cells than in swarmer cells when calcu-

lated per cell or per unit of protein, but the rates were similar
between the two cell types when calculated as activity per cell
surface area, including the surface area of the stalk (13). Stalk
elongation may have additional roles in the environment. The
reduced buoyant density of stalked cells may help keep them at
the air-water interface, an obvious advantage for an obligate
aerobe (33). In addition, stalked cells are often found attached
to surfaces in aquatic environments, where phosphorus is the
most common limiting nutrient. Increased stalk elongation un-
der these conditions would allow cells to extend away from the
surface, thus benefiting from more nutrient flow and avoiding
the competition with other bacteria in a nascent biofilm (33).
Thus, the morphogenetic response of Caulobacter to phos-
phate starvation may have many advantages for this bacterium.
Our results indicate that the Pho regulon is of critical impor-
tance for this morphological response. The challenge will be to
determine how PhoB-regulated genes are involved in stimulat-
ing stalk elongation.
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