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In previous work, Rhizobium melioti SU47 produced its alternative exopolysaccharide (EPSb [also called
EPS II]) only in strains that were genetically altered to activate EPSb synthesis. Here we report that EPSb
synthesis is not entirely cryptic but occurred under conditions of limiting phosphate. This was shown in several
different exo mutants that are blocked in the synthesis of the normal exopolysaccharide, succinoglycan. In
addition, EPSb biosynthetic gene expression was markedly increased by limiting phosphate. An apparent
regulatory mutant that does not express alkaline phosphatase activity was unable to produce EPSb under these
conditions. A mucR mutant that was previously shown to produce EPSb instead of the normal exopolysaccha-
ride, succinoglycan, was not sensitive to phosphate inhibition of EPSb synthesis. No evidence was found to
indicate that exoX, which affects succinoglycan synthesis, had any influence on EPSb synthesis. In contrast to
limiting phosphate, limiting nitrogen or sulfur did not stimulate EPSb synthesis as it does succinoglycan.

Several environmental stresses tend to stimulate bacterial
exopolysaccharide (EPS) production. Limiting for nitrogen,
phosphorus, or sulfur stimulates EPS synthesis in a variety
of organisms (20). It has been shown that in Pseudomonas
aeruginosa, starvation for nitrogen or phosphate, or in-
creased medium osmolarity, activates the expression of
algD, an alginate synthesis gene (1, 3). It has also been
demonstrated that prolonged exposure to dehydrating agents
allows P. aeruginosa to switch from a nonmucoid to a
mucoid or alginate-producing form (4).
The EPS that Rhizobium meliloti SU47 normally produces

is succinoglycan. However, a second EPS (EPSb [also called
EPS II]) is produced in strains containing mutations in mucR
(26) or expR (9) and in strains containing extra copies of a
gene cluster involved in EPSb synthesis (9, 26). EPSb differs
markedly in structure from succinoglycan (13), and genetic
studies indicate that EPSb synthesis is independent of suc-
cinoglycan synthesis (9, 26). EPSb can functionally replace
succinoglycan in alfalfa root nodule invasion but is not
required for invasion in a succinoglycan-producing back-
ground (9, 26).
An unusual feature of EPSb was that it appeared to be

cryptic. EPSb production was not observed with wild-type
R. meliloti or with exo mutants, which are blocked in
succinoglycan production (11, 12, 15). This was the case
even under conditions such as limiting nitrogen that favored
succinoglycan synthesis. Nor did EPSb appear to be synthe-
sized during nodulation, since exo mutants did not invade.
Here we report that under a relatively restricted set of
environmental conditions, EPSb is produced by R. meliloti
exo mutants.
To study the effect of limiting phosphate, we used a

modified morpholinopropane sulfonate (MOPS)-buffered
medium (18) containing 50 mM potassium-MOPS (pH 7.4),
55 mM mannitol, 1 mM MgSO4, 0.25 mM CaCl2, 19 mM
sodium glutamate, and 0.004 mM biotin. In some cases, 19
mM NH4Cl was used in place of sodium glutamate. Either
0.1 mM (low-phosphate) or 2.0 mM (high-phosphate)
K2HPO4 was added. The effects of nitrogen and sulfur were
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tested by using M9 (16) medium containing 1% mannitol as a
carbon source and various nitrogen sources in place of
NH4Cl or MgCl2 in place of MgSO4. The effect of osmolarity
was tested by using GYM (7) medium in the presence or
absence of 28 mM mannitol or 200 mM NaCl. The effect of
desiccation was tested by adding 1 or 3% ethanol to YM (22),
LB (16), or M9 medium as previously described (4). Unless
otherwise stated, all experiments were done with medium
solidified with 1.5% Difco Bacto agar. Cultures were incu-
bated at 30°C and scored for mucoidy. Staining with Calco-
fluor, an indication of the presence of succinoglycan, was
tested at the end of the incubation period by smearing
growth onto Calcofluor-containing agar medium (12) and
observing fluorescence after 10 min. Proton nuclear mag-
netic resonance spectroscopy, carbohydrate assay by the
anthrone-sulfuric acid method, and column chromatography
were performed as before (11). ,B-Galactosidase activity (17)
and alkaline phosphatase activity (2) were measured as
described previously. Bacterial strains used in this study are
listed in Table 1. The mucR mutants were made by trans-
ducing (8) the TnS markers from Rm5000 into RmlO21.
Double mutants were made by transduction of the appropri-
ate transposon markers as described previously (5, 8).
Low-phosphate stimulation of EPSb synthesis and EPSb-

related gene expression. With 0.1 mM phosphate but not with
2.0 mM phosphate, colonies of R. meliloti appeared mucoid
after 3 days (Table 2). In the case of the wild-type strain,
RmlO21, this reflects the previously reported stimulation of
succinoglycan synthesis by low phosphate concentrations
(12). More importantly, the same stimulation was observed
with exo mutants that are deficient in succinoglycan synthe-
sis (Table 2 and Fig. 1). The same result was obtained with
either 19 mM NH4Cl or 19 mM sodium glutamate as the
nitrogen source. In contrast, exoB and exoC mutants, which
are deficient in both succinoglycan and EPSb production (9,
26), were nonmucoid, as was a double mucA exoF mutant
specifically blocked in both succinoglycan and EPSb synthe-
sis (26). (The control strain, RmlO21 mucA, is blocked in
EPSb synthesis and produced succinoglycan [26].) These
observations, together with the lack of Calcofluor staining in
the appropriate cases, suggested that EPSb was being pro-
duced in response to low phosphate concentrations. With 2.0
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TABLE 1. Bacterial strains

R. meliloti strain or Relevant characteristic(s) Source or
plasmid Reeatcaatrsi() reference

Strain
SU47 Wild type 21
Rm1021 SU47 Smr F. Ausubel
Rm7061 RmlO21 exoA61::TnS 12
Rm6087 RmlO21 exoFSS::TnS-233 5
Rm8332 RmlO21 exoQ332::Tn5 15
Rm1O21AHKm Rm1021 exo deletion, Nmr 10
Rm7094 RmlO21 exoB94::TnS 12
Rm7025 Rm1021 exoClS::TnS 12
Rm7201 RmlO21 mucA201::TnS 26
Rm8002 RmlO21 Pho- 14
Rm7103 RmlO21 exoX103::TnS 25
Rm7095 RmlO21 exoR95::TnS 6
Rm7096 Rm1021 exoS96::TnS 6
Rm7210 RmlO21 mucR12::TnS This work
Rm7211 RmlO21 mucRI2::TnS-233 This work
Rm5000 SU47 Rif T. Finan
Rm7012 RmSO00 mucR12::TnS 26
Rm7010 RmSOOO mucRI2::TnS-233 26

Plasmid pMuc pLAFR1 cosmid clone of 26
EPSb synthesis genes

mM phosphate, exoA, exoQ, and Rm1021AHKm remained
nonmucoid even after 10 days of incubation.
To confirm the nature of the EPS produced under low-

phosphate conditions, we obtained a water suspension of
exoQ grown on MOPS agar medium with 0.1 mM phosphate
for 6 days, centrifuged the suspension to remove cells, and
performed proton nuclear magnetic resonance spectroscopy.
The spectrum (Fig. 2) confirmed that the EPS was EPSb. We
also examined the EPS produced by exoQ in liquid MOPS-
0.1 mM phosphate medium. After 6 days of incubation, 0.74
mg of glucose equivalents per ml were produced, as opposed
to 0.04 mg/ml in the presence of 1.0 mM K2HPO4. The

TABLE 2. Mucoidy and Calcofluor staining of R. meliloti
strains on MOPS agar medium with low and high

phosphate concentrations

Presence of mucoidy
(Calcofluor staining) with

Strain phosphate concn (mM) ofM:

0.1 2.0

RmlO21 (wild type) ++ (+) +/-
RmlO21 exoA, exoF, exoQ, or Ab + + ()
RmlO21 exoB or exoC - (-)
RmlO21 mucA + +(+ )
RmlO21 mucA exoF - (-)
Rm8002 exoA or exoQ
Rm8002 (Pho-) + +(+)
RmlO21mucR +++ (-) +++
RmlO21 mucR exoA +++ (-) +++
Rm8002 mucR +++(-) NDr
RmlO21 exoX +++ (+) +++
RmlO21 exoX exoF ++ (-) -

" Symbols indicate the degree of mucoidy, while symbols in parentheses
indicate the presence (+) or absence (-) of succinoglycan as determined by
Calcofluor staining. + + +, strongly positive; + +, positive; +/-, equivocal;
-, negative.

b 1, Rm1O21AHKm, a strain that carries a deletion of a major portion of the
exo region (10).

' ND, not determined.

FIG. 1. Mucoidy of R. meliloti strains on MOPS-0.1 mM phos-
phate agar. A, RmlO21 exoQ; B, Rml021 mucA exoF; C, RmlO21
AHKm; and D, Rml021 exoB. Incubation time, 8 days.

carbohydrate was fractionated by Biogel A5m chromatogra-
phy (11) yielding mainly high-molecular-weight carbohy-
drate that eluted with the void volume. This material con-
sisted of EPSb as determined by proton nuclear magnetic
cresonance spectroscopy (data not shown).
Phosphate limitation also induced the expression of a gene

that was required for EPSb production. We constructed a
lacZ fusion in a cluster of genes required for EPSb synthesis
(9, 26) by the introduction of Tn3HoKm into the cosmid
pMuc followed by recombination into the genome as de-
scribed previously (9). That the fusion insertion, muc-
13: :Tn3HoKm, lay within a gene required for EPSb synthe-
sis was shown by the observation that RmlO21 mucR::
TnS-233 muc-13::Tn3HoKm failed to produce EPSb. In
3-day liquid cultures, RmlO21 muc-13::Tn3HoKm produced
57 U of ,-galactosidase activity in MOPS-0.1 mM phosphate
and only 8.0 U in 2.0 mM phosphate. Background in RmlO21
was 2.3 and 2.4 U, respectively. This result indicated that at
least one effect of low phosphate concentration on EPSb
synthesis is at the level of gene expression.
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FIG. 2. Proton nuclear magnetic resonance spectrum of EPS
from RmlO21 exoQ, showing similarity to EPSb (26).
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TABLE 3. Mucoidy and Calcofluor staining of R. meliloti strains on M9 agar with various nitrogen sources

Presence of mucoidy (Calcofluor staining) with nitrogen sourcea
Strain Glu N03- Glu + NH4+ NH4+

(2 g/liter) (2 g/liter) N03-b (0.05 g/liter) (2 g/liter)

RmlO21 (wild type) + (+) + (+) + (+) + (+) - (+)
Rm1021 exoA, exoF, exoQ, or A - (-) - (-) -(-) - (-) - (-)

a Glu, sodium glutamate; N03-, NaNO3; NH4+, NH4C1.
b Glu and N03- each at 2 g/liter.
cA, Rm1O21AHKm.

Common control of alkaline phosphatase and EPSb synthe-
sis. We wanted to test whether EPSb stimulation by low
phosphate concentrations might involve a general phosphate
starvation response. In Escherichia coli, limiting phosphate
induces alkaline phosphatase activity (24). In R. meliloti, the
same low-phosphate conditions that stimulated EPSb syn-
thesis also stimulated alkaline phosphatase activity. Thus,
an overnight culture of Rm1021 in LB Ca2' Mg2+ (12) was
obtained, and the cells were pelleted, washed three times
with H20, and inoculated into MOPS liquid media contain-
ing 0.1 mM and 2.0 mM phosphate. After 8 h of incubation,
alkaline phosphatase activity in 0.1 mM phosphate was 108.3
U but in 2.0 mM phosphate was only 4.8 U.
The response of EPSb synthesis to low phosphate concen-

trations was eliminated by a mutation that also appeared to
affect a general phosphate starvation response. Rm8002 is an
ethyl methanesulfonate-generated mutant of Rm1021 that
was selected for the loss of alkaline phosphatase activity
(14). This mutant expressed less than 0.1 U of alkaline
phosphatase in both low- and high-phosphate media. The
mutation appears to disrupt a regulatory gene, such as the E.
coli phoB gene (24), since Rm8002 was deficient in the
utilization of several different organic phosphate sources
(23). exo mutants in the Rm8002 background were nonmu-
coid on MOPS-0.1 mM phosphate medium (Table 2), indi-
cating that EPSb synthesis did not occur in this background.
This was not due to an inherent inability of Rm8002 to
produce EPSb, since Rm8002 mucR::TnS was mucoid (Table
2; also, see below). In contrast, succinoglycan synthesis
continued to respond to low phosphate concentrations in
Rm8002 (Table 2).

Effects of known EPS regulatory mutations on EPSb syn-
thesis. Phosphate did not affect mucoidy in a mucR mutant
that was previously shown to produce EPSb rather than
succinoglycan (26) or in a mucR exoA double mutant (Table
2). When the development of mucoidy was monitored with
time, no difference between 0.1 mM and 2.0 mM phosphate
could be discerned. This result indicates that the mucR
mutation either alters the mechanism that mediates the
response to phosphate or bypasses phosphate regulation by
affecting another regulatory mechanism. The mucR mutation
did not restore alkaline phosphatase activity in a Rm8002
background.

exoX, a mutation that increases succinoglycan production
(19, 25), had no apparent effect on EPSb synthesis (Table 2),
in agreement with an earlier report (19). The effects of exoR
and exoS mutations (6) on EPSb synthesis were not tested,
since double mutants (exoR exoF and exoS exoF) did not
grow on MOPS medium or YM medium.
Although nitrogen limitation stimulated succinoglycan

synthesis as shown before (6, 12), it did not induce EPSb
synthesis (Table 3). Other conditions that did not induce
mucoidy were low sulfur, dehydration, and high osmolarity
(not shown).

In R. meliloti, the stimulation of succinoglycan synthesis
by limiting nitrogen, phosphate, or sulfur has been reported
(6, 12). In contrast, we have shown here that the stimulation
of EPSb synthesis is restricted to phosphate limitation. This
response appears to be regulated by a phosphate-sensitive
system that also affects alkaline phosphatase expression. As
in P. aeruginosa (3), the phosphate effect was also mani-
fested at the level of gene expression. A regulatory mutation
(mucR) previously shown to stimulate EPSb synthesis al-
tered the response of EPSb to phosphate, while a mutation
(exoX) that increased succinoglycan synthesis appeared to
be restricted in its effect to that EPS. Further studies of the
mucR gene and the genes involved in phosphate regulation
will shed light on the mechanism of EPSb regulation.
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