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Alkaline phosphatase activity and phosphate transport rates in Rhizobium meliloti increased significantly
when medium phosphate levels decreased to approximately 10 M. Both responses were abolished in a Tn5::
phoB mutant, but the mutant could be complemented by a plasmid that contained cloned R. meliloti phoB. The
PhoB™ mutant had a normal symbiosis phenotype under growth conditions that supplied either limiting or
nonlimiting levels of phosphate to the host plant Medicago sativa, suggesting that induction of genes by PhoB

was not required for normal symbiotic function.

Legume plants obtaining nitrogen (N) from symbiosis re-
quire higher levels of phosphate (P) for optimal growth than
legumes grown with N fertilizers (14). Virtually every aspect of
the symbiosis is significantly enhanced by P addition (7, 14, 15,
20, 21). The physiological basis for this P response is not
understood, and little information regarding bacteroid P me-
tabolism and acquisition is available. Free-living rhizobia re-
spond to P stress by increasing alkaline phosphatase (AP)
activity and P transport rates (1, 4, 24, 25). These changes
resemble those seen in Escherichia coli (reviewed in reference
27) with respect to responses to P limitation. In E. coli (27),
control of the PHO regulon is primarily governed by the two-
component regulatory pair PhoR-PhoB (17, 27); PhoR is the
sensor, and PhoB is the cognate regulatory protein. When
environmental P becomes limiting, PhoR transduces this signal
by phosphorylating PhoB, and the phosphorylated PhoB then
activates transcription of genes in the PHO regulon. The PHO
regulon does not respond to P limitation in PhoB™ mutants
(27).

AP is present at a high level in Rhizobium tropici bacteroids
in P-sufficient bean plants, suggesting that inorganic P levels in
the bean symbiosome are low enough to trigger the P stress
response (1). A Rhizobium meliloti mutant lacking a functional
inorganic P transporter has a severe nodulation phenotype (4),
implying that at least during nodule initiation, rhizobia take up
P as the inorganic ion. It is not known if basal-level expression
of this P transporter is adequate for P acquisition during nod-
ule formation or if higher-level expression is required. The
objectives of the present work were to study the basic re-
sponses of R. meliloti to P stress, to determine the P level at
which R. meliloti induces its P stress response, and to isolate an
R. meliloti phoB mutant and assess its symbiotic phenotype as
a means of determining if up-regulation of the PHO regulon is
required for normal symbiosis.

Response of wild-type R. meliloti to P limitation. The mini-
mal mannitol-ammonium chloride medium (MMNH,) de-
scribed by Sommerville and Kahn (26) was modified by replac-
ing the phosphate buffer with 5 mM morpholineethanesulfonic
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acid (MES) and 10 mM morpholinepropanesulfonic acid
(MOPS), and this medium was supplemented with P as
needed. R. meliloti 104A14 (26) was grown to mid- to late log
phase in MMNH, containing 5 mM P and then washed and
resuspended in MMNH,, containing no P or MMNH, contain-
ing 5 mM P. The AP activity and P transport rate were mea-
sured at intervals (Fig. 1). After 8 h of P starvation, AP activity
had increased 20-fold to 4.5 = 0.3 nmol - min~' - 4., !, and
P transport had increased 6-fold to 14 = 0.5 nmol of P - min ™' -
mg of cell dry weight™' (results from three separate experi-
ments each). Thus, AP could be used as a marker enzyme for
the induction of P-sensitive genes.

P depletion experiments were conducted to determine the P
concentration at which AP was induced. Washed cells were
resuspended in MMNH, containing 90 uM P, and the P con-
centration in the medium and AP activity were monitored
during subsequent incubation (Fig. 2). As the medium P con-
centration decreased to approximately 10 uM, AP activity rap-
idly increased. By contrast, in R. tropici AP does not induce
until medium P levels are approximately 1 wM (1). Extracel-
lular polysaccharide production increases in R. meliloti in re-
sponse to P limitation (6, 28) and may contribute to small
changes in optical density, but in our experiments and in R.
tropici (1), culture optical density correlated well with limited
cell division, as determined by viable cell counts (11).

Identification of a phoB mutant. Transposon Tn5 was con-
jugated from E. coli S17-1 (23) into R. meliloti via the suicide
vector pSUP2021 (9). Putative phoB mutants were identified
by first screening for loss of AP activity on MMNH, agar
containing 60 WM P and kanamycin (50 g - ml~ ). Plates were
flooded with a filter-sterilized solution containing 30 mM Tris
(pH 8.5), 50 mM MgCl,, and 0.4% p-nitrophenylphosphate, a
chromogenic phosphatase substrate. Colonies of putative mu-
tants were white, whereas transconjugants that were wild type
for AP activity stained an intense yellow. In subsequent exper-
iments, one AP~ mutant, RmMSU3, was unable to induce
either AP (Fig. 3) or higher P transport rates (Fig. 4) under P
limitation conditions. Extending P starvation to 14 h also failed
to elicit induction of AP. The lack of inducible AP levels or
increased P transport rates under P-limiting conditions was
preliminary evidence that the mutation in RmMSU3 affected
the regulation of the phosphorus stress response.

The single transposon and flanking DNA from RmMSU3
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FIG. 1. Response of R. meliloti wild-type strain 104A14 to P stress. Symbols:
O and [, cells grown with P; @ and m, cells grown without P; O and @, AP
activity; [J and m, P transport. P transport was measured as described by Al-
Niemi et al. (1). AP activity was measured with whole cells by using p-nitrophe-
nylphosphate as the substrate (1). The culture turbidity coefficient was calculated
as follows: y = 0.4024x + 0.0144, where y is the cell dry weight and x is the culture
optical density at 600 nm. The results shown are the results from one of three
experiments in which after 6 h of incubation in P media lacking P the induced
levels of AP and P transport always exceeded the constitutive levels observed
with cells grown in the presence of P by at least 10-fold and 5-fold, respectively.

were cloned as an EcoRI fragment into pBlueScript (Strat-
agene) by using standard methods (22) and were transformed
into E. coli DH5« (22). The DNA sequence was determined in
EcoRI-BamHI subclones by the dideoxy chain termination
method by using Sequenase II T7 polymerase (United States
Biochemical) and the Tn5 sequence 5'-ATGCTGCAGTCAG
TC-3" as a primer to read into DNA adjacent to the transpo-
son. Sequences obtained from these reactions were used to
design commercially prepared primers to sequence the oppo-
site strand. Homology searches of major databases (3) and
sequence alignments (10) revealed that the 150 bp of sequence
adjacent to the transposon was 93% identical to R. meliloti
Rm1021 (19) phoB (GenBank accession no. M96261) at the
nucleotide level, and the inferred peptide sequence was 100%
identical (2). Alignments of the deduced peptide sequence
with the sequences of other gram-negative bacteria revealed
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FIG. 2. AP activity is induced as medium P is depleted. Mid-log-phase cells
were washed and resuspended in MMNH, containing 90 uM P at time zero.
Culture optical density (CJ), whole-cell AP activity (@), and medium P concen-
tration (O) were measured at the times indicated. The P concentration in the
spent medium was measured by the method of Chen et al. (8). The results shown
are from one of three separate experiments that demonstrated induction of AP
when the medium P concentration decreased to approximately 10 wM.
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FIG. 3. Increase in AP activity after P starvation depends on PhoB. Mid-log-
phase cells of R. meliloti 104A14 (wild type) (m), the phoB mutant RmMSU3 (@),
and RmMSU3 complemented by the wild-type phoB allele carried in pTAS (A)
were washed and resuspended in MMNH, containing no P and then incubated
for up to 6 h. In these experiments, AP activity was measured in periplasmic
extracts to demonstrate the reproducibility and reliability of the whole-cell assay
technique used to obtain the data in Fig. 1 and 2. Periplasmic protein extraction,
protein concentration measurement, and AP assays were performed as described
by Al-Niemi et al. (1). These experiments were reproduced three times, and after
6 h of incubation under P stress conditions, the AP specific activities in periplas-
mic extracts of 104A14 and RmMSU3(pTAS5) were found to be at least 15-fold
greater than the AP activities in RmMSU3 or cells incubated in rich P-containing
media (2).

that the deduced peptide sequence exhibited 62% identity and
80% similarity with E. coli PhoB and 56% identity and 76%
similarity with Pseudomonas aeruginosa PhoB. The transposon
insert site was bp 279 and 280 in the coding region of the
681-bp Rm1021 phoB gene.

Cloning of phoB and complementation of the PhoB™ mu-
tant. A 720-bp fragment was cloned from R. meliloti Rm1021
by using PCR (13) (the sense primer was 5'-GCTGTCGTGC
GTAGGAAGGAGT-3" and was located in the 5'-untrans-
lated region of phoB; the antisense primer was 5'-CGGCAC
CTTCGGTCTCAGCTCTCC-3" and extended to within three
amino acids of the C terminus of phoB), and this fragment was
used as a probe in colony hybridizations with a HindIII partial
104A14 subgenomic library (constructed in pBlueScript [Strat-
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FIG. 4. Increase in P transport rate after P starvation depends on PhoB. Cells
were washed in MMNH,, containing no P, resuspended in either MMNH, con-
taining no P (solid symbols) or MMNH, containing 5 mM P (open symbols), and
incubated for an additional 6 h. Cells were then washed and resuspended in
MMNH, containing no P and supplemented with chloramphenicol (50 pg -
ml ™) to stop protein synthesis, and then P transport was measured. R. meliloti
wild-type strain 104A14 (® and O) and phoB mutant strain RmMSU3 with (m
and 0J) or without (A and A) the cloned phoB allele carried on plasmid pTAS.
Similar results were obtained in two other experiments.
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TABLE 1. Symbiotic phenotypes of R. meliloti 104A14 and PhoB™ mutant RmMSU3

Symbiotic responses”

P level Strain

Shoot dry wt No. of nodules Nodule fresh wt Acetylene reduction
(mg plant™1) plant™! (mg plant™!) (pmol - h=! - g of nodules™1)
Low 104A14 72 B 6.7 A 43 A 11.1A
RmMSU3 73 B 6.4 A 43 A 113 A
Uninoculated control 41A
High 104A14 16.7C 83 A 70B 85 A
RmMSU3 152C 72A 7.0B 93 A
Uninoculated control 37A

“ The beginning equilibrium phosphorus levels were 2 to 5 and =25 uM for the low- and high-phosphorus treatments, respectively. Plants were harvested after 6
weeks of culture in a growth chamber at 25°C with a light intensity of approximately 400 pmol - m? - s~ ' and a photoperiod consisting of 16 h of light and 8 h of darkness.
Acetylene reduction was estimated as described by McDermott and Kahn (18). The data shown are the means from at least five replications for each treatment. The
means in each column followed by the same letter are not significantly different (LSD,_g s)-

agene]). A hybridizing 2.3-kb HindIII fragment was identified
and subcloned as a Kpnl-Xbal fragment into broad-host-range
plasmid pCPP30 (5) to create plasmid pTAS. pTAS was trans-
formed into E. coli S17-1 and then mobilized into RmMSU3 by
conjugation (selection with tetracycline [10 pg - ml~']). The
PHO regulatory phenotype of RmMSU3 was corrected by
pTAS, as shown by induction of both AP (Fig. 3) and increased
rates of P transport (Fig. 4) in response to P limitation. The
R. meliloti 104A14-specific primers used for sequencing of the
Tn5-chromosome junctions were also used to confirm the pres-
ence and sequence of the phoB gene in the complementing
HindIII fragment (2).

Symbiosis phenotype of the PhoB™ mutant. The symbiosis
phenotype of the phoB mutant was determined by infecting
alfalfa seedlings in sterile growth box units with washed sus-
pensions of 104A14 and RmMSU3 by using axenic plant
growth conditions as described by McDermott and Kahn (18),
except that the sand was replaced by a mixture of sand and
P-loaded alumina (12). When this technique is used, plants can
be cultured with various amounts of P, and we were able to ask
if PhoB-controlled gene expression was required when the host
plant alfalfa was stressed for phosphate.

Higher phosphate concentrations increased plant dry matter
production and nodule fresh weight in plants infected with
either 104A14 or RmMSU3 (Table 1). The number of nodules
per plant also increased under high-P conditions, but the dif-
ferences were not statistically significant. The data suggests
that average nodule size increased as a consequence of addi-
tional P, but this apparently did not translate into higher ni-
trogen fixation rates as specific nodule acetylene reduction
rates did not differ between P treatments. There were no sig-
nificant differences in any of the parameters studied between
the wild-type and mutant strains at either P level. One hundred
isolates obtained from nodules formed by RmMSU3 were all
resistant to kanamycin (25 pg - ml~1); 20 of these were tested
and found to be unable to induce AP in response to P stress.
These results indicated that the Fix" phenotype was not due to
transposon instability.

The starting P concentration in the low-P plant growth ex-
periments was less than 5 pM and therefore below the P
concentration at which the PhoB-directed P stress response
was induced (Fig. 2). Assuming that the P concentration in the
rhizosphere was similarly low and PhoB-regulated gene expres-
sion in the rhizosphere occurs normally in response to low P
levels, the lack of a nodulation phenotype in RmMSU3 in the
low-P plant growth experiments implies that there is no im-
portant regulatory interaction between PhoB and nodulation
genes. Also, under both high- and low-P plant growth condi-

tions, nodules formed by RmMSU3 were Fix ", suggesting that
loss of a functional PhoB also does not disturb the symbiotic
function of R. meliloti, regardless of the P available for the host
plant. Bardin et al. (4) showed that an inorganic P transporter
was necessary for effective symbiosis. Our results suggest that
PhoB-induced expression of this transporter is not needed to
provide sufficient P for normal nodule development. It is pos-
sible that basal levels of transporter expression are sufficient or
that other regulatory systems might induce the PHO regulon of
R. meliloti in the absence of PhoB. Agrobacterium tumefaciens
Chvl has been shown to complement an E. coli PhoB™ mutant
(16), even though an A. tumefaciens chvl mutant did not have
a PHO phenotype (16). Therefore, it is possible that the Chvl
homolog in R. meliloti (19) may substitute for PhoB such that
up-regulation of PHO genes during symbiosis, if required, is
maintained in RmMSU3. We are currently investigating this
possibility.
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