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Abstract

Sinorhizobium meliloti (Rhizobium meliloti)
2011 has the ability to produce the two acidic
exopolysaccharides succinoglycan (EPS I) and
galactoglucan (EPS II). EPS I is a branched hetero-
polysaccharide composed of octasaccharide
repeating units, whereas EPS II is a linear hetero-
polysaccharide consisting of disaccharide sub-
units. The exo-exs and exp gene clusters are
involved in the biosynthesis of EPS I and EPS II,
respectively. EPS I and EPS II biosynthesis genes
are differentially expressed resulting in a complex
regulation of EPS production in S. meliloti. The
phosphate concentration was identified as an
important factor affecting the expression of exp
genes.

Introduction

Rhizobia are Gram-negative soil bacteria that are
capable of inducing the formation of nitrogen fixing
nodules on the roots of their leguminous host plants.
This process involves specific recognition and progres-
sive differentiation of both bacterial and host cells
(Hirsch, 1992). Sinorhizobium meliloti (Rhizobium
meliloti ), the microsymbiont of Medicago, Melilotus,
and Trigonella plants, is one of the best studied root
nodule bacteria. S. meliloti (Rhizobium meliloti) pro-
duces the acidic exopolysaccharide succinoglycan. It is
composed of octasaccharide repeating units containing
one galactose and seven glucose residues joined
by b-1!3, b-1!4 and b-1!6 glycosidic linkages
(Figure 1) (Reinhold et al., 1994). The repeating unit
can be decorated by acetyl, pyruvyl and succinyl
groups. EPS I is produced in a high molecular weight
(HMW) and low molecular weight (LMW) form (Wang
et al., 1999). Apart from the biosynthesis of succinogly-
can, often referred to as EPS I, S. meliloti has the cryptic
ability to produce a second EPS, designated galacto-
glucan or EPS II (Glazebrook and Walker, 1989). EPS II

contains glucose and galactose residues in the ratio of
one to one joined by a-1!3 and b-1!3 glycosidic
bonds. It is decorated by acetyl- and pyruvyl groups.

Bacterial exopolysaccharides are essential for
the establishment of the nitrogen-fixing symbiosis
between S. meliloti and its host plant. At least LMW
EPS I or LMW EPS II are required for nodule invasion
of alfalfa plants by S. meliloti (Battisti et al., 1992;
González et al., 1996; Wang et al., 1999). The genome
ofS.meliloti consists of one chromosomeand twomega-
plasmids. Two gene clusters directing the biosynthesis
of EPS I and EPS II were identified on megaplasmid 2
(Long et al., 1988; Müller et al., 1988; Glazebrook and
Walker, 1989).

The 27 kb exo-exs gene cluster that contains 19
exo and 2 exs genes directs the biosynthesis of EPS I
(Buendia et al., 1991; Müller et al., 1993; Becker et al.,
1993a,b,c; 1995) (Figure 2A). In addition, five loci
affecting EPS I biosynthesis were identified on the
chromosome. These include exoR, exoS (Doherty
et al., 1988) and mucR (Zhan et al., 1989; Keller et al.,
1995) which are implicated in regulation of EPS produc-
tion, as well as exoC (Finan et al., 1986) and exoD (Reed
et al., 1991). Biosynthesis of EPS II is directed by the 30
kb exp gene cluster that comprises 22 genes (Becker
et al., 1997) (Figure 2B), but the biosynthetic pathway of
EPS II has not yet been elucidated in detail. The exo and
exs genes encode proteins required for the synthesis of
precursors and the repeating unit, decoration, polymer-
ization, export and degradation of EPS I as well as for
the regulation of EPS I production (Leigh and Walker,
1994; Becker and Pühler, 1998). The repeating unit of
EPS I is assembled on a lipid carrier resulting in
polyprenyl diphosphate octasaccharide intermediates
that are subsequently polymerized (Reuber andWalker,
1993).

Regulation of Succinoglycan and
Galactoglucan Production in S. meliloti

Under standard culture conditions in a complex
medium, the S. meliloti 2011 wild type strain produces
EPS I and synthesizes only traces of EPS II. Zhan et al.
(1991) reported that phosphate-limiting conditions
stimulate the production of EPS II by the wild type. In
addition, extra copies of the exp gene cluster resulted
in the biosynthesis of EPS II (Glazebrook and Walker,
1989). The production of EPS II was also observed in
the presence of a mutation in either of the chromoso-
mally located genes expR (Glazebrook and Walker,
1989) or mucR (Zhan et al., 1989; Keller et al., 1995).
An additional regulatory gene, expG (mucS), was
identified on megaplasmid 2 in the exp gene cluster
(Astete and Leigh, 1996; Becker et al., 1997; Rüberg
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et al., 1999). The expG gene product shares weak
homologies with transcriptional regulators of the MarR
family that bind DNA through a helix-turn-helix motif
(Becker et al., 1997). expG is required for the stimula-
tion of EPS II production by extra copies of the exp
gene cluster and under phosphate limitation for
the activation of the expression of the expA and expE
operon (Astete and Leigh, 1996; Rüberg et al., 1999).
Using exp-lacZ transcriptional fusions an increase of
exp gene transcription under phosphate limitation was
detected for all exp complementation groups. This
increase was reduced in strains characterized by a
deletion of expG (Rüberg et al., 1999). Extra copies
of the expG gene also resulted in enhanced transcrip-
tion of the expA, expD and expE operons, but did not
influence the transcription of expG and expC (Rüberg
et al., 1999). Recently, we demonstrated that the
ExpG protein binds to the expA, expG/expD and
expE promoter regions. The high level of exp gene

transcription in a mucR mutant was further elevated
under phosphate-limiting conditions (Rüberg et al.,
1999). The phoB gene was found to be required for the
activation of exp gene transcription by low phosphate
concentrations (Rüberg et al., 1999). In the expA,
expD, expG and expE promoter regions sequences
with similarities to PHO boxes known as the PhoB
binding site in phosphate-regulated promoters in
Escherichia coli were identified (Rüberg et al., 1999).
Two PHO box-like sequences were identified in each
of these promoter regions. Both of these motifs were
required for phosphate-dependent regulation of exp
transcription.

Mutations in mucR resulted in the constitutive
biosynthesis of EPS II and in a reduction of EPS I
production (Zhan et al., 1989; Keller et al., 1995;
Bertram-Drogatz et al., 1998). The MucR protein (Keller
et al., 1995) is highly homologous to AgrobacteriumRos
proteins which constitute repressors of the virC and
virD operons as well as activators of EPS production
(D’Souza-Ault et al., 1993). Moreover, themucR and ros
genes are negatively autoregulated (D’Souza-Ault
et al., 1993; Keller et al., 1995). A potential zinc finger
motif of theC2H2 typewas identified in theMucRandRos
amino acid sequences. D’Souza-Ault et al. (1993)
demonstrated that the A. tumefaciens Ros protein
can specifically bind to the virC/virD promoter region.
The expression of exp-lacZ transcriptional fusions
located in either of the four exp complementation groups
was stimulated in the S. meliloti mucR mutant
background (Keller et al., 1995; Becker et al., 1997;
Rüberg et al., 1999). In contrast, transcription of the
exo-lacZ fusions was only slightly affected by the mucR
mutation (Keller et al., 1995; Bertram-Drogatz et al.,
1998). It was demonstrated that MucR can specifically
bind to the mucR, exoY and exoH promoter regions

Figure 2. Organization and operon structure of the S. meliloti exo-exs and exp gene clusters. Operons are indicated by arrows.

Figure 1. Repeating unit structure of succinoglycan and a galactoglu-
can produced by S. meliloti.
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(Bertram-Drogatz et al., 1997, 1998). This implies that
MucR itself excerts a negative autoregulation as well as
a weak activation of exoY and a weak repression of
exoH transcription (Bertram-Drogatz et al., 1997, 1998).

Adaptation of EPS production to various environ-
mental conditions requires a complex regulatory net-
work involving cross talk between different regulatory
components. Several regulators affecting the produc-
tion of EPS I and EPS II were identified. Results from
analyses of the role of MucR, ExpG and PhoB in the
regulation of exp gene expression resulted in amodel for
this regulatory network (Figure 3) and can serve as a
starting point to understand the molecular mechanisms
of the differential regulation of EPS production in
S. meliloti.
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Becker, A., Küster, H., Niehaus, K., and Pühler, A. 1995. Extension of
the Rhizobium meliloti succinoglycan biosynthesis gene cluster:
identification of the exsA gene encoding an ABC transporter protein,
and the exsB gene which probably codes for a regulator of
succinoglycan biosynthesis. Mol. Gen. Genet. 249: 487–497.
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González, J.E., Reuhs, B.L., and Walker, G.C. 1996. Low molecular
weight EPS II of Rhizobium meliloti allows nodule invasion in
Medicago sativa. Proc. Natl. Acad. Sci. USA 93: 8636–8641.

Hirsch, A.M. 1992. Developmental biology of legume nodulation. New
Phytol. 122: 211–237.

Keller, M., Roxlau, A., Weng, W.M., Schmidt, M., Quandt, J., Niehaus,
K., Jording, D., Arnold, W., and Pühler, A. 1995. Molecular analysis
of the Rhizobium meliloti mucR gene regulating the biosynthesis of
the exopolysaccharide succinoglycan and galactoglucan. Mol. Plant-
Microbe Interact. 8: 267–277.

Leigh, J.A., and Walker, G.C. 1994. Exopolysaccharides of Rhizo-
bium: synthesis, regulation and symbiotic function. Trends Genet.
10: 63–67.

Long, S., Reed, J.W., Himawan, J., and Walker, G.C. 1988. Genetic
analysis of a cluster of genes required for synthesis of the calcofluor-
binding exopolysaccharide of Rhizobium meliloti. J. Bacteriol. 170:
4239–4248.

Müller, P., Hynes, M., Kapp, D., Niehaus, K., and Pühler, A. 1988.
Two classes of Rhizobium meliloti infection mutants differ in
exopolysaccharide production and in coinoculation properties with
nodulation mutants. Mol. Gen. Genet. 211: 17–26.

Müller, P., Keller,M.,Weng,W.M., Quandt, J., Arnold,W., andPühler, A.
1993. Genetic analysis of the Rhizobium meliloti exoYFQ operon:
ExoY is homologous to sugar transferases and ExoQ represents a
transmembrane protein. Mol. Plant-Microbe Interact. 6: 55–65.

Reed, J.W., Glazebrook, J., and Walker, G.C. 1991. The exoR gene of
Rhizobium meliloti affects RNA levels of other exo genes but lacks
homology to known transcriptional regulators. J. Bacteriol. 173:
3789–3794.

Figure 3. Model for the regulation of exp gene expression in S. meliloti.
Lines with an arrowhead and cross hatch indicate positive and
negative regulation, respectively.

Regulation of EPS Biosynthesis in S. meliloti 189



Reinhold, B.B., Chan, S.Y., Reuber, T.L., Marra, A., Walker, G.C., and
Reinhold, V.N. 1994. Detailed structural characterization of succino-
glycan, the major exopolysaccharide of Rhizobium meliloti Rm1021.
J. Bacteriol. 176: 1997–2002.

Reuber, T.L., and Walker, G.C. 1993. Biosynthesis of succinoglycan, a
symbiotically important exopolysaccharide of Rhizobium meliloti.
Cell 74: 269–280.
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