JOURNAL OF BACTERIOLOGY, Jan. 2000, p. 337-347
0021-9193/00/$04.00+0

Vol. 182, No. 2

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Regulation of Stalk FElongation by Phosphate in
Caulobacter crescentus

MADELEINE GONIN,' ELLEN M. QUARDOKUS,' DANIELLE O’DONNOL,' JANINE MADDOCK,?
AND YVES V. BRUN'*

Department of Biology, Indiana University, Bloomington, Indiana 47405," and Department of Biology,
University of Michigan, Ann Arbor, Michigan 48109*

Received 29 June 1999/Accepted 22 October 1999

In Caulobacter crescentus, stalk biosynthesis is regulated by cell cycle cues and by extracellular phosphate
concentration. Phosphate-starved cells undergo dramatic stalk elongation to produce stalks as much as 30
times as long as those of cells growing in phosphate-rich medium. To identify genes involved in the control of
stalk elongation, transposon mutants were isolated that exhibited a long-stalk phenotype irrespective of
extracellular phosphate concentration. The disrupted genes were identified as homologues of the high-affinity
phosphate transport genes pstSCAB of Escherichia coli. In E. coli, pst mutants have a constitutively expressed
phosphate (Pho) regulon. To determine if stalk elongation is regulated by the Pho regulon, the Caulobacter
phoB gene that encodes the transcriptional activator of the Pho regulon was cloned and mutated. While phoB
was not required for stalk synthesis or for the cell cycle timing of stalk synthesis initiation, it was required for
stalk elongation in response to phosphate starvation. Both pstS and phoB mutants were deficient in phosphate
transport. When a phoB mutant was grown with limiting phosphate concentrations, stalks only increased in
length by an average of 1.4-fold compared to the average 9-fold increase in stalk length of wild-type cells grown
in the same medium. Thus, the phenotypes of phoB and pst mutants were opposite. phoB mutants were unable
to elongate stalks during phosphate starvation, whereas pst mutants made long stalks in both high- and
low-phosphate media. Analysis of double pst phoB mutants indicated that the long-stalk phenotype of pst
mutants was dependent on phoB. In addition, analysis of a pstS-lacZ transcriptional fusion showed that
pstS transcription is dependent on phoB. These results suggest that the signal transduction pathway that
stimulates stalk elongation in response to phosphate starvation is mediated by the Pst proteins and the

response regulator PhoB.

The gram-negative bacterium Caulobacter crescentus under-
goes an asymmetric cell division to produce two morphologi-
cally and functionally distinct progeny cells (7). The swarmer
cell has a polar flagellum, whereas the stalked cell has a polar
stalk that is a cylindrical extension of the cell membrane and
peptidoglycan layer (19, 30, 39, 41). Stalk synthesis is initiated
coincident with the initiation of DNA replication during the
differentiation of the swarmer cell. In addition to developmen-
tal regulation, the availability of phosphate in the environment
influences stalk synthesis. When inorganic phosphate is in ex-
cess, stalk length averages 1 to 2 wm, which is approximately
the length of the cell body. When Caulobacter is starved for
phosphate, stalk synthesis is stimulated, resulting in stalks 30
pm or more in length (38, 40). The increase in surface/volume
ratio caused by stalk elongation during phosphate starvation is
thought to allow Caulobacter cells to take up phosphate more
efficiently (34). The mechanisms by which Caulobacter cells
regulate their response to phosphate starvation are unknown.

Caulobacter cells are typically found in aquatic ecosystems,
where the most common limiting nutrient is phosphorus (29).
Phosphorus is an essential element and is preferentially im-
ported in the form of inorganic phosphate. When starved for
phosphate, bacteria increase their ability to take up inorganic
phosphate and to utilize organic phosphate sources (37).

The regulatory response to phosphate starvation that results
in the induction of the phosphate (Pho) regulon (Fig. 1) is best
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understood in Escherichia coli (52). The majority of genes of
this regulon are involved in the metabolism of phosphorus
compounds. The Pho regulon genes induced by phosphate
starvation contain a cis-regulatory sequence, the Pho box,
which overlaps with the —35 regions of their promoters and is
required for activation of these genes under phosphate starva-
tion conditions (25). During phosphate starvation, PhoR, the
sensor kinase of the Pho regulon, undergoes autophosphory-
lation. Phospho-PhoR phosphorylates PhoB, the response reg-
ulator of the Pho regulon (46, 51), increasing its affinity for the
Pho box (24, 25). Phospho-PhoB activates transcription of the
Pho regulon genes by binding to the Pho box and interacting
with the o”° subunit of the RNA polymerase holoenzyme (23).
For example, phosphate starvation results in the induction of
the Pho box-containing pstSCAB operon that encodes the high-
affinity phosphate transport system, and phoA, the alkaline
phosphatase gene required for the utilization of organic forms
of phosphate. The PstSCAB proteins form a repression com-
plex with PhoR when phosphate is in excess, thereby inhibiting
expression of the Pho regulon (50). Null mutations in any of
the high-affinity phosphate transport pst genes constitutively
activate the Pho regulon (52).

In this paper, we report the isolation of Caulobacter mutants
that synthesize long stalks in the presence of excess phosphate.
These mutants map to genes homologous to the high-affinity
phosphate transport genes of enteric bacteria. pst mutants
could synthesize long stalks even in low-phosphate medium,
whereas a phoB mutant could not. The long-stalk phenotype of
the pst mutants and transcription of pstS were dependent on an
intact phoB gene. Furthermore, stalk elongation during phos-
phate starvation was dependent on phoB. These results suggest
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FIG. 1. Model of the Pho regulon and organization of pst and pho genes of Caulobacter. (A) The Caulobacter life cycle and effect of phosphate starvation. The life
cycle of swarmer cells is depicted. The newborn swarmer cell spends an obligatory period of its life cycle as a chemotactically competent polarly flagellated cell unable
to initiate DNA replication. Stalk synthesis is initiated at the pole that previously contained the flagellum coincidently with the initiation of DNA replication during
the swarmer-to-stalked cell differentiation. The new stalked cell elongates, initiates cell division, and synthesizes a flagellum at the pole opposite the stalk, giving rise
to an asymmetric predivisional cell. Cell division yields a stalked cell that can immediately initiate a new cell cycle and a swarmer cell. Phosphate starvation yields
elongated cells with long stalks. (B) Model of the Pho regulon. This model is adapted from work with E. coli (52). The PstSCAB proteins form the high-affinity
phosphate transport system. When phosphate is in excess, the Pst complex represses the autophosphorylation of the histidine kinase PhoR. PhoU is required to inhibit
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that pst mutations increase stalk synthesis by activating the Pho
regulon through PhoB.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are described in Table 1. E. coli strains were grown
in Luria-Bertani medium supplemented with 100 pg of ampicillin, 50 pg of
kanamycin, or 100 pg of spectinomycin per ml as necessary. C. crescentus strains
were grown in peptone-yeast extract (PYE) medium (31) or Hutner base—imi-
dazole-buffered-glucose—glutamate (HIGG) minimal medium (32) supple-
mented with 20 g of nalidixic acid, 5 or 20 wg of kanamycin, 1 pg of tetracycline,
or 50 pg of spectinomycin per ml as required. Cells were synchronized by the
Ludox density centrifugation method (12). B-Galactosidase assays were per-
formed as described previously (26), except that cells were permeabilized with
chloroform. Results were expressed in Miller units and represent the average of
four independent measurements with a standard deviation of less than 10%.

Transposon mutagenesis and screening for long-stalk mutants. Caulobacter
sp. strain NA1000 was mutagenized by conjugation with strain YB1329, an E. coli
strain carrying a miniTn5lacZ transposon-bearing plasmid (9; M. R. K. Alley,
unpublished results). Two independent screens were subsequently performed to
isolate transposon insertion mutants displaying a long-stalk transposon pheno-
type in PYE.

In the first screen, mutagenized NA1000 cells were separated by density
centrifugation in a 17% (vol/vol) Ludox gradient, and the uppermost layer of the
gradient was saved. Density centrifugation in a 33% (vol/vol) Ludox gradient
facilitates the separation of stalked cells (top of the gradient) from swarmer cells
(lower part of the gradient) (12). It is thought that the lower buoyant density of
stalked cells is at least in part due to the stalk. Thus, mutants with longer stalks
would likely have a lower buoyant density than wild-type-stalked cells. To con-
firm that cells with long stalks could be separated from wild-type cells, we
compared the buoyant density of wild-type cells with that of cells of a sponta-
neously isolated long-stalk mutant, AE1045. When wild-type and AE1045 cells
were mixed, centrifugation in a 17% (vol/vol) Ludox gradient resulted in two
bands. The band at the top of the gradient was composed predominantly of
long-stalked cells, whereas the band at the bottom of the gradient was composed
mainly of cells with no stalk or wild-type-length stalks. Thus, the uppermost band
of the mutagenized NA1000 cells would be expected to be enriched for long-
stalked mutants. This fraction was washed three times in M2 salts and plated.
The resulting colonies were pooled by resuspending them in PYE, and a second
round of enrichment was performed after overnight growth. Colonies resulting
from this second enrichment were screened for long stalks by phase-contrast
microscopy, and a long-stalk mutant, YB767 (pstS1100), was identified. In the
second transposon insertion mutant screen, mutagenized NA1000 cells were
plated directly onto PYE plates supplemented with 20 pg of kanamycin per ml
and screened for a slow-growth phenotype. The resulting colonies were screened
for long stalks by phase-contrast microscopy. This screen resulted in the identi-
fication of the remainder of the long-stalked mutants described in this paper.

Transducing lysates of the mutants were prepared (11) and used to transduce
the mutant phenotype into wild-type cells to confirm that no secondary muta-
tions contributed to the mutant phenotype.

AP-PCR and DNA sequencing. Genomic DNA isolated as previously described
(18) from the long-stalked mutants was used as the template for arbitrarily
primed PCR (AP-PCR) to determine the location of the transposon insertion
(28). The primers for the first round of PCR were ARB1 (5" GGC CAC GCG
TCG ACT AGT ACN NNN NNN NNN GAT AT 3'), ARB6 (5" GGC CAC
GCG TCG ACT AGT ACN NNN NNN NNN ACG CC 3'), and either lacZext1
(5" GGG TTT TCC CAG TCA CGA CGT TGT 3') or lacZext2 (5'GAT TAA
GTT GGG TAA CGC CAG GGT 3'). The second-round PCR primers were
TnSlacExt (5" GTT CAC CAA TCA AAT TCA CGC GG 3') or TnSlaclnt (5’
GGC GCC TGA ATG GTG TGA ATG GCA 3') and ARB2 (5'GGC CAC
GCG TCG ACT AGT AC 3'). Qiaquick purified AP-PCR products (30 ng) and
the same miniTn5-specific primer that was used in the second round of AP-PCR
were used for sequencing. DNA sequencing was performed on an ABI 373
automated DNA sequencer at the Institute for Molecular and Cellular Biology,
Indiana University, Bloomington. Sequencing was done by using a modification
of the ABI sequencing protocol that includes an initial denaturation step of 96°C
for 1 min prior to cycling and an increase in the number of cycles to 35.
Sequences were analyzed as described previously (18). Preliminary Caulobacter
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genome sequence data were obtained from The Institute for Genomic Research
website at http://www.tigr.org.

Generation of gene disruptions. phoB was disrupted by homologous recombi-
nation with a null allele. A 1-kb Xhol fragment from pJM290 containing the
entire phoB gene was cloned into the Sall site of plasmid pNPTS138, generating
pNPTS138/phoB21. This plasmid cannot replicate in Caulobacter and carries
both a kanamycin resistance gene and the sacB gene that confers sucrose sensi-
tivity. A 2-kb Smal fragment of pHP45() containing a spectinomycin-streptomy-
cin resistance cassette (called the € fragment) was cloned into pNPTS138/
phoB21 to give plasmid pphoBQ12. The Smal digest of pNPTS138/phoB21
released a 159-bp internal fragment of phoB that was replaced by the 2-kb Q
fragment. Plasmid pphoBQ12 was introduced into the wild-type Caulobacter
strain, NA1000, by conjugation. Chromosomal integration of the plasmid by
homologous recombination was identified by selection on PYE plates supple-
mented with 20 pg each of nalidixic acid and kanamycin per ml. Selection for the
loss of the integrated plasmid by a second recombination event was performed by
growing colonies overnight in PYE and plating them on PYE plates containing
3% sucrose. This second recombination event gave rise to strains containing
either a wild-type copy of phoB or a disrupted copy. Strains with a disrupted copy
of phoB were identified by screening sucrose-resistant colonies for resistance to
streptomycin and sensitivity to kanamycin. Southern hybridization was used to
confirm the presence of the () fragment (3).

pstB was disrupted by amplifying and cloning a 400-bp internal fragment from
the gene into plasmid pBGST18, which does not replicate in Caulobacter. The
oligonucleotides used for amplifying pstB were pstB5'Eco (5" GAT CTC GAC
GAA TTC GCC AAG TCG3') and pstB3'Bam (5'GAT CGC GCG GGA TCC
GAC GAG ACG?3'). The resulting plasmid, pBGST18pstBS, was introduced into
wild-type and phoB mutant strains by conjugation. Cells were plated on PYE
supplemented with 20 pg of kanamycin per ml to select for chromosomal inte-
grants. Integration created a duplication of the internal pstB fragment with the
first copy of the gene missing the C-terminal coding region and the second copy
missing the N-terminal coding region. Since the orientation of the lacZ promoter
of the plasmid was the same as that of the pstB fragment in pBGST18pstB5, the
transcription of the genes downstream from the insertion, phoU and phoB, was
controlled by the lacZ promoter.

Microscopy. Cells were fixed in 1.6% formaldehyde, and phase-contrast mi-
croscopy was performed with a Nikon Eclipse E800 light microscope equipped
with a Princeton Instruments Cooled charge-coupled device (CCD) camera,
model 1317. Images of different fields of view were captured with the CCD
camera, and stalk lengths and cell bodies were measured with the Metamorph
Imaging Software package, version 3.0. Automated measurements of cell bodies
were accomplished by thresholding to highlight cell bodies and measuring them
with the “measure object” command. Measurements of background dirt and cells
touching each other were excluded from the final measurements by determining
the high and low measurements for actual cells by hand. Statistical analysis was
performed with GraphPad Prism, version 2.0.

Phosphate uptake assays. Cells were grown overnight in HIGG medium
containing 1 mM phosphate. Cells were chilled on ice and washed three times in
ice-cold HIGG medium with no phosphate to remove phosphate. Cells were
diluted to an optical density at 600 nm of 0.2 in HIGG with 1 mM phosphate or
no phosphate and grown for 5 h. To remove phosphate, cells were chilled,
washed, and resuspended in ice-cold HIGG medium with no phosphate. Prior to
uptake assays, cells were prewarmed to room temperature. Uptake was initiated
by the addition of **P; (ICN) to 20 uM (200 mCi/mmol). Aliquots of 50 ul were
removed every 20 s for a total of 2 min, filtered through PALL Supor membranes
(0.45-pm pore size) presoaked with 100 mM phosphate buffer (pH 7.0), and
immediately washed with four 1-ml aliquots of distilled water. Filters were then
dried, placed in scintillation liquid, and counted.

Nucleotide sequence accession number. The pstB phoU phoB sequence has
been deposited in GenBank (accession no. AF196490).

RESULTS

Isolation of long-stalk mutants. We performed two different
miniTn5/acZ mutant screens to identify genes involved in the
control of stalk elongation. The first screen was based on
differences in buoyant density observed between wild-type cells
and cells with long stalks (see Materials and Methods). To

the expression of the Pho regulon, but is not required for phosphate transport by the Pst system. Deletion of phoU has deleterious effects on growth, and these effects
are dependent on phoB (15). When cells are starved for phosphate, the Pst complex releases PhoR, which autophosphorylates and transfers the phosphate residue to
PhoB. PhoB~P binds to the Pho box sequences of promoters (—10 and bent arrow) and activates the transcription of most genes of the Pho regulon. In a few cases,
binding of PhoB-~P represses transcription. We hypothesize that PhoB~P activates the transcription of a gene or genes whose expression results in an increase in stalk
synthesis. (C) Organization of the pst-pho gene cluster. Genes are represented by arrows, and the sites of transposon insertion in the different mutants are represented
by “lollipop” structures. The thick line labeled PCR under the region between pstC and pst4 indicates the PCR product that was obtained with oligonucleotides from
the end of the phoR-pstC sequence contig and the beginning of the pstA-pstB-phoU-phoB sequence contig. The pstS gene is shown below the pst-pho region because

it maps to an unlinked locus.
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TABLE 1. Bacterial strains and plasmids used in this study
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Strain or plasmid

Description or construction

Source or reference

$80AlacZAMI15 endAI relAl, hsdR17 (r~, m™) supE44 thi-1 \ gyrA relAl F~ A(lacZYA-

Strains
E. coli
DH5a F’
argF)U169
S17-1 E. coli 294::RP4-2 (Tc::Mu)(Km::Tn7)
YB1329 S17-1 Apir pUT:miniTn5lacZ2

C. crescentus

NA1000 Previously called CB15N, a synchronizable derivative of CB15, does not synthesize a
holdfast
AE1045 NA1000 flaN::Tn5lacZ Skl
YB720 NA1000 phoBQ12
YB1630 NA1000 pstS:miniTn5lacZ1100
YB767 NA1000 pstS::miniTn5lacZ1100, transduction of Kan® from YB1630
YB770 NA1000 phoBQI2 pstS::miniTn5lacZ1100, transduction of Kan" from YB1630 into
YB720
YB779 NA1000 pstC::miniTn5lacZ1101
YB1387 NA1000 pstA::miniTnSlacZ1104
YB1389 NA1000 pstA::miniTn5lacZ1102
YB778 NA1000 pstA::miniTn5lacZ1103
YB783 NA1000 phoBQI2 pstA::miniTn5lacZ1103, transduction of Kan® from YB778 into
YB720
YB777 NA1000 pstB:miniTnSlacZ1105
YB784 NA1000 phoBQ12 pstB::miniTn5lacZ1105, transduction of Kan" from YB777 into
YB720
YB1684 NA1000 pstB::pBGST18pstBS (pstB::np)
YB1686 NA1000 phoBQI2 pstB::pBGST18pstB5 (pstB::np), integration of pBGST18pstBS into
YB720
Plasmids
pIM290 6.5-kb EcoRI fragment containing the C. crescentus pstB, phoU, and phoB genes cloned
into pSKII™
pXXphoUB19 1.0-kb Xhol fragment from pJM290 containing the C. crescentus phoB gene cloned into
pKSII* in the orientation of lacZ
pXXphoUB48 1.0-kb Xhol fragment from pJM290 containing the C. crescentus phoB gene cloned into
pKSII* in the opposite orientation of lacZ
pNPTS138/phoB21  1-kb Xhol fragment containing phoB cloned into the Sall site of plasmid pNPTS138
pphoBQ12 2-kb Q fragment of pHP45() cloned into the Smal site of pNPTS138/phoB21
pGL10phoB 1.0-kb Xhol fragment from pJM290 containing the C. crescentus phoB gene cloned into
the Sall site of plasmid pGL10
pBGST18pstB5 400-bp amplified internal fragment of pstB cloned into pBGST18; used to disrupt pstB
pGL10 oriT Kan'
pNPTS138 Litmus 38-derived vector; oriT sacB Kan"
pHP450Q pBR322 derivative, Amp", contains a 2-kb €) Spec" element
pBGST18 A derivative of pPBGS18 containing an RK2 oriT fragment
pSKII* Phagemid, Amp" ColE1 ori f1 ori
pSKII™ Phagemid, Amp" ColE1 ori f1 ori

16

43
9; Alley, unpublished results

12

Alley, unpublished results
This work

42

This work

This work

This work
This work
This work
This work
This work

This work
This work

This work
This work

This work
This work
This work

This work
This work
This work

This work

D. Helinski

Alley, unpublished results

35

45; Alley, unpublished
results

2

2

identify long-stalk mutants, cells that exhibited a lower buoyant
density than wild-type cells were enriched by density centrifu-
gation and were plated. The resulting colonies were screened
for long stalks by phase-contrast microscopy, and a long-stalk
mutant (skl, for stalk length), the skl-1100 mutant, was identi-
fied. The skl-1100 mutant also exhibited very slow growth, and
colonies of this mutant could be distinguished easily from wild-
type colonies by colony size on PYE plates. Mutants affected in
stalk synthesis, such as the rpoN (8), pleC (44, 49), mec (42),
and skl (38) mutants, exhibit a slow-growth phenotype. To
identify additional stalk mutants, we performed a second trans-
poson mutant screen for slowly growing colonies. We screened
12,000 colonies, of which 591 exhibited slow growth. Out of
these, 80 had a stable phenotype that included morphological
defects; one mutant had short or absent stalks with a mutation
that mapped to pleC (not shown), and 15 had stalks longer than

those of the wild type. The six mutants that had the longest
stalks were analyzed further. The kanamycin resistance en-
coded by the miniTn5lacZ transposon and the long-stalk phe-
notype were successfully transduced from five of the long-stalk
mutants (skl-1101 to skl-1105 mutants) into wild-type strain
NA1000 (Table 1), confirming that the transposon insertion
was responsible for the phenotype.

Characterization of the long-stalk mutants. Stalk lengths
were measured in fixed populations of cells after growth in
PYE medium (Table 2). The relatively large variation in length
was probably due to the fact that most of the cells in the
population are relatively young stalked cells, since every cell
division gives one stalked cell and one nonstalked cell. A one-
way analysis of variance was used to determine the statistical
significance of the averages. The six long-stalk mutants were
divided into two classes based on their stalk length (Fig. 2).
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TABLE 2. Average stalk lengths in different strains

Stalk length (pm) with®:

Strain Genotype* HIGG HIGG

PYE +10 mM +0.03 mM

PO, PO,
NA1000  Wild type 1.0£0.3 1.2+04 105+24
YB720 phoBQI2 15+07 20=*08 2.8 +0.8
YB1684  pstB::np 4833 49=*x35 12.1 = 6.8
YB1686  phoBQI2 pstB:np  1.3+0.6 1.9*0.7 2.8+09
YB777 pstB1105 1.6 £0.8 1.9*+0.8 51x1.6

YB784 pstB1105 1.8 +0.7 ND* ND

phoBQI2

YB767 pstS1100 52+33 3.6%26 9.0 +5.0
YB770 pstS110 phoBQ12 14+03 1.5+05 33*+09

“ pstB::np is a nonpolar insertional disruption in this gene. The pstB1105 and
pstS1100 alleles are miniTnSlacZ insertion mutations.

b Stalks were measured for at least 80 cells for each strain. Cultures were
grown to saturation. The statistical significance of the data was analyzed by
one-way analysis of variance with Bonferroni’s multiple comparison post test
with Prism version 2.0+ from GraphPad Software, Inc. Differences between
averages were judged to be extremely significant (P < 0.001), very significant
(P > 0.01), and not significant (P > 0.05). All differences that were described as
significant or not in the text were validated by this test.

¢ ND, not determined.

The skl-1101 through ski-1105 mutants (Fig. 2D, J, M, and P)
all had stalks of approximately the same length, but the ski-
1100 mutant (Fig. 2G) had much longer stalks. The skl-1100
mutant had a mean stalk length of 5.2 pm, compared to 1.6 pm
for the ski-1105 mutant and 1.0 pum for wild-type cells. The
skl-1101 through ski-1104 mutants had mean stalk lengths com-
parable to that of the ski-1105 mutant (not shown). When
starved for phosphate, all of the long-stalk mutants were able
to further elongate their stalks (Fig. 2), but the stalks of the
skl-1100 mutant were still longer (9.0 wm [Table 2]) than those
of the other mutants (5.1 pm for the sk/-1105 mutant [Table
2]). The phenotypes of the skl-1101 to skl-1105 mutants were
indistinguishable unless otherwise noted, and the ski-1105 mu-
tant was therefore used as a representative of these mutants in
subsequent experiments.

The morphology of the ski-71100 mutant was similar to the
morphology of wild-type cells that had been starved for phos-
phate. When wild-type cells are grown to stationary phase with
excess phosphate, they arrest at the late predivisional stage,
with a deep constriction at the division site and no apparent
elongation of the cell body (40) (Fig. 2A and B). When wild-
type cells are starved for phosphate, they arrest as elongated
stalked cells with no constrictions, and their stalks elongate
dramatically (40) (Fig. 2C). Moreover, the cell body area of
phosphate-starved wild-type cells increases 2.4-fold compared
to that of cells grown in high-phosphate medium (Table 3).
The stationary-phase cells of the ski-71/00 mutant grown in
PYE or in high-phosphate medium had an elongated body, and
most cells had not initiated cell division (Fig. 2G and H).

The long-stalk mutations map to high-affinity phosphate
transport (pst) genes. To identify the specific genes disrupted
in each of the mutants, we obtained the DNA sequence flank-
ing the transposon insertion by performing AP-PCR and se-
quencing the PCR products. Sequences were compared to
preliminary C. crescentus genomic sequence data obtained
from The Institute for Genomic Research (TIGR) website at
http://www.tigr.org. The sequence from the TIGR database
was then used to search GenBank. The six long-stalked mu-
tants were disrupted in genes homologous to the high-affinity
phosphate transport system genes (pst) of E. coli. The trans-
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poson insertions of the skl-1102, ski-1103, and skl-1104 mutants
all mapped to pstA. The transposon insertions of the skl-1101,
skl-1105, and ski-1100 mutants mapped to pstC, pstB, and pstS,
respectively (Fig. 1). The Caulobacter sequence fragment that
contained pst4 and pstB overlapped with the pstB-phoU-phoB
sequence we had also determined experimentally (see next
section), yielding the gene order pstA-pstB-phoU-phoB. The
transposon insertion in skl-1102 mapped just downstream of
pstC in a sequence fragment that also contained phoR. Because
pstA is directly downstream of pstC in E. coli, these genes may
also be contiguous in Caulobacter. To test this possibility, PCR
was performed with primers that matched the end of the pstC
sequence fragment and the beginning of the sequence frag-
ment containing pst4. An approximately 600-bp product re-
sulted, the sequence of which confirmed the gene order phoR-
pstC-pstA-pstB-phoU-phoB. The gene organization of this
region is summarized in Fig. 1. Results from transduction ex-
periments showed that pstS could not be cotransduced with
phoB, indicating that pstS was not linked to the other pst genes
as it is in E. coli (not shown). Thus, all long-stalk mutants with
stalks approximately 1.5 wm long had mutations that mapped
to the pstCAB gene cluster, whereas the one with the longest
stalks, the skl-71100 mutant, had a mutation that mapped to the
unlinked pstS gene.

The sequence similarity of the pst genes to E. coli high-
affinity phosphate transport genes suggested that they were
involved in phosphate transport. To test this, we measured the
rates of phosphate transport of wild-type and mutant strains
grown in medium containing either 1 mM phosphate or no
phosphate. Wild-type strain NA1000 had phosphate uptake
rates of 8.7 nmol min ' per mg of protein when grown with 1
mM phosphate and 21.7 nmol min—' per mg of protein when
grown with no phosphate (Fig. 3). In contrast, the pstS1100
mutant had a rate of 0.2 nmol min~' per mg of protein under
both conditions (Fig. 3), indicating that pstS is necessary for
phosphate transport.

phoB is required for stalk elongation during phosphate star-
vation. In E. coli, pst mutations result in the constitutive acti-
vation of the Pho regulon independent of phosphate levels by
activating the phosphorylation of PhoB. The long-stalk Cau-
lobacter mutants, especially the pstS1100 mutant, had a mor-
phology similar to that of phosphate-starved wild-type cells.
This raised the possibility that the pst mutants of Caulobacter
caused the synthesis of long stalks by inducing the pho regulon
in a phoB-dependent fashion. Furthermore, this suggested that
phoB could be required for stalk elongation in response to
phosphate starvation. Sequences with similarity to phoB had
been located approximately 20 kb downstream of the cgtA4 gene
(22; J. Maddock, unpublished data). Cloning and sequencing
of a 2.3-kb EcoRI-Xhol fragment containing the sequence sim-
ilar to that of phoB revealed the 3’ end of pstB, phoU, and
phoB, respectively (Fig. 1).

To determine the role of PhoB in Caulobacter, we replaced
the chromosomal copy of phoB with a phoB insertion deletion
allele. Plasmid pphoBQ12 was integrated at the phoB locus by
homologous recombination, resulting in one wild-type allele
and one null allele of phoB. Cells were plated on PYE-sucrose
to select for either restoration of the wild-type chromosome
(Suc’ Spc® Kan®) or the replacement of the wild-type allele of
phoB with phoBQ12 (Suc’ Spc' Kan®). A total of 192 Suc*
colonies were screened, and 3 were Suc” Spc” Kan®. These
recombinants were verified by Southern hybridization to con-
firm the phoB gene disruption (not shown).

When examined in PYE medium, phoBQ12 mutant cells
were morphologically indistinguishable from wild-type cells,
except that their stalks were slightly longer (Table 2 and Fig.
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NA1000
(wild-type)

YB720
(phoBQ12)

YB767
(pstS1100)

YB779
(pstC1101)

YB778
(pstA1103)

YB777
(pstB1105)
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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 .M phosphate (C,F,I,L,O, and R) until saturation. Phase-contrast micrographs of NA1000 (wild type) (A to C), YB720
(phoBQ12) (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.

2). Growth rate experiments indicated that phoBQ12 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 phoBQ12 mutant was defi-
cient in phosphate uptake (Fig. 3).

We quantitated the effect of phosphate starvation on wild-
type and phoBQI2 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
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TABLE 3. Cell body area of different strains

Avg cell body area

Strain Growth condition

(pm?y
NA1000 HIGG + 10 mM PO, 09 +0.2
NA1000 HIGG + 0.03 mM PO, 22+04
YB720 (phoB12) HIGG + 10 mM PO, 1.0+0.2
YB720 (phoBQ12) HIGG + 0.03 mM PO, 1.5+04

“ At least 1,000 cells were measured in each case.

length for wild-type strain NA1000 growing with excess phos-
phate was 1.9 pm, with a maximum stalk length of 3.6 pm
(Table 2). When NA1000 was grown with limiting phosphate,
stalk length averaged 10.5 pm, with a maximum of 30 pm
(Table 2). The phoBQ12 mutant had stalks with an average
length of 2.0 pm, with a maximum of 5.5 wm when grown in
excess phosphate (Table 2). Unlike those of NA1000, the
phoBQ12 stalks did not undergo extensive elongation when
cells were limited for phosphate (compare Fig. 2E and F); their
average length was 2.8 pm, with a maximum of 7.6 pm (Table
2). Thus, phosphate starvation caused an average stalk length
increase of 1.4-fold in the phoB{I12 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 phoB(I2 mutant. This
plasmid was able to rescue the ability of the phoB{}I2 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.

phoBQ12 cells grown in low phosphate were not uniformly
arrested, as seen with wild-type cells. Many cells of the
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FIG. 3. Phosphate uptake in different Caulobacter strains. 3?P; was added to
a final concentration of 20 uM. 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 (phoBQ12) (circles), YB767 (pstS1100) (triangles), and YB770 (phoBQ12
pstS1100) (diamonds).
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NA1000 YB732 YB720
(phoBQ12, (phoBQ12)
pGL10phoB)

FIG. 4. Complementation of the phoBQ12 mutant. Cells were grown for 48 h
in HIGG medium containing 0.03 mM phosphate. (A) NA1000 (wild type). (B)
YB732 (phoBQ12/pGL10phoB). (C) YB720 (phoB12). The cells shown are
representative of the population.

phoBQI12 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 phoBQ12 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. 11 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 phoBQ12 double mutant. Cells of the
pstS1100 mutant grown in PYE had a mean stalk length of 5.2
pm (Table 2), whereas cells of a pstS1100 phoBQ12 double
mutant had a mean stalk length similar to that of the phoBQ.12
mutant grown in the same medium (1.4 and 1.5 pm, respec-
tively). This indicates that the long-stalk phenotype of the
pstS1100 mutant grown in PYE requires active PhoB. In addi-
tion, the pstS1100 phoBQ12 double mutant grew faster than
the pstSQ1100 mutant, suggesting that the slow-growth pheno-
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CTGCCTT. .. .CTGTCGT pstS-1
CTGTCGT. .. .CTGTGAC pstS-2
CCGTCAT. .. .CTGGCAC pstS-3
CTGTCAT. ...CTGTCAT E. coli

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.

type of the pstSQ/100 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 phoB" background, the pstS-lacZ fusion pro-
duced 2,800 Miller units of B-galactosidase activity. In the
phoBQ12 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 wm (Fig. 7 and
Table 2), compared to 5.2 wm for the pstS mutant. The
pstB1105 mutant had stalks with an average length of 1.6 pm
(Fig. 7 and Table 2). When the pstB::np mutation was com-
bined with the phoB()12 mutation (YB1686), cells had a stalk
length similar to that of a pstS1100 phoB mutant (1.3 and 1.4
wm, respectively) (Fig. 7, Table 2). This was comparable to the
length of pstB1105 phoBQ12 stalks (1.8 pm) (Table 2). These
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pstA pstB pholl phoB
—p—— S —_— chromosome
Plac ><

pholl phoB
—» ——» chromosome

plasmid

pstB' ‘pstB

FIG. 6. Construction of a nonpolar disruption in pstB. An internal fragment
of the pstB gene (a and b) was cloned into pBGST18 (a’ and b’) 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. pstB' is missing
C-terminal coding sequences, and 'pstB is missing N-terminal coding sequences.
The Plac promoter of the plasmid ensures transcription of the downstream
genes.

data indicate that the phenotype of the miniTnSlacZ 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 phoBQ12 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 wm. The phoBQ12
mutant initiated cell division at 120 min, and cells had a mean
stalk length of 0.7 um. Cell division was completed by NA1000
cells at 165 min, and the mean stalk length was 0.7 pm,
whereas the phoB12 mutant completed division at 210 min,
with a mean stalk length of 0.9 wm. 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 wm), attain lengths of 20 to 30 wm 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). sk/ 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
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YB767
(pstS1100)

YB1684
(pstB::np)

YB777
(pstB1105)
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YB720
(phoBQ12)

YB770
(pstS1100, phoBQ12)

YB1686
(pstB::np, phoBQ12)

YB784
(pstB1105, phoBQ12)

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 (phoBQ12) (B), YB767 (pstS1100) (C), YB770 (pstS1100 phoBQ12)
(D), YB1684 (pstB::np) (E), YB1686 (pstB::np phoBQ12) (F), YB777 (pstB1105) (G), and YB784 (pstB1105 phoBQ12) (H) are shown. Strains in the left panels have
the phoB™ allele (A, C, E, and G), and strains in the right panels (B, D, F, and H) have the phoBQ12 allele.

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
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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 7poN gene that encodes the
o>* subunit of RNA polymerase lack flagella and stalks. Mu-
tants with mutation of the pleC histidine protein kinase gene
are resistant to phage ®CbK, 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-
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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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