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Abstract 
Polysaccharides produced by the nitrogen-fixing microsymbionts of soybean 

represent a significant commitment of reduced carbon by the organism. This does not 
assure that they play some role in the symbiosis but it would be logical if one or more 
of the types of polysaccharide was important. For exopolysaccharide (EPS)" - the 
extracellular polysaccharide produced in culture, the situation is still confusing and 
is complicated by the fact that many EPS-negative mutants have complex phenotypes. 
For "nodule polysaccharide" (NPS) - the extracellular polysaccharide produced in 
nodules, the situation is also unclear; extensive studies suggest that NPS does not 
play a role in the nodule - where it was discovered and is easiest to document. Some 
role of NPS in the infection process under certain soil conditions is still a 
possibility. For the cyclic ~-glucans, recent evidence indicates that these molecules 
are crucial for the establishment of an effective symbiosis and this is probably true 
because of their ability to "disarm" plant defense mechanisms. 
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1. Introduction 

Soybean (Glycine max (L.) Merr.) forms active nitrogen-fixing root nodules 
with three rhizobial species: Bradyrhizobium japonicum, B. elkanii, and 
Sinorhizobium fredii. This topic is reviewed here because at least three 
different types of polysaccharides are produced by B. japonicum, resulting in a 
nomenclature that is confusing to many workers. Also, there is increasing 
evidence that at least some of these polysaccharides are important components 
for the establishment of effective symbioses. Future efforts to control the 
specificity of legume/rhizobial systems may require manipulation of the 
polysaccharides produced by these bacteria. A more comprehensive review 
relevant to the polysaccharides involved in plant-microbe interactions was 
published recently (Leigh and Coplin, 1992). 

2. Extracellular Polysaccharide (EPS) 

The EPS are the polysaccharides produced in liquid cultures and on agar 
plates - slimy materials familiar to all who have worked with rhizobia. The 
term "capsular polysaccharide" is used to refer to the fraction of the EPS that 
sticks tightly to the bacterial outer membrane; its composition is not different 
from the material excreted and dissociated from the cell wall (Mort and Bauer, 
1982). These molecules have molecular weights in the millions; i.e., they are 
long chains with repeating units that are relatively simple in composition. 
The repeating units of EPS are different for the three species of rhizobia 
infecting soybean (Mort and Bauer, 1982; Lim and Tan, 1983; Huber et al., 1984). 
The basic structure of the three types of EPS are shown below (for simplicity, 
detailed features of the linkages and possible pyruvyl or acetyl substituents are 
not shown): 

B. japonicum 
0-methyl-galactose or galactose 

I 
(- glucose - glucose - galacturonic acid - mannose -) 

B. elkanii 
4-0-methyl-glucuronic acid 

I 
(- rhamnose - rhamnose - rhamnose - ) 

S. fredii (- glucuronic acid - mannose - galactose - glucose-) 

Although the exact function of these sinks for reduced carbon is not known, 
possibilities include protection from predators, protection from desiccation, or a 
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source of reserve carbon (see Leigh and Coplin, 1992). There is little evidence 
for or against the first two possibilities, but the latter possibility seems 
unlikely because, although B. japonicum can degrade its own EPS, B. elkanii 
cannot (Dunn and Karr, 1992; Streeter et al., 1995). (The situation in S. fredii 
has not been determined.) 

Although, for some rhizobia - R. meliloti in particular - EPS is required for 
infection (Leigh and Coplin, 1992), the situation for the soybean rhizobia (and 
other rhizobia forming determinate nodules) is probably different. Most 
studies with putative BPS-mutants show unimpaired infection (see Leigh and 
Coplin, 1992; Gray and Rolfe, 1990). However, studies with mutants of B. 
japonicum USDA 110 having EPS with an altered structure showed delayed 
nodulation of Glycine max, accumulation of phytoalexin in roots during early 
stages of infection or no nodule formation on Glycine sofa (Kosch et al., 1994; 
Pamiske et al., 1994). Thus, the role of EPS may depend on the host genotype. 

3. "Nodule Polysaccharide" (NPS) 

Certain strains of B. japonicum and B. elkanii also produce extracellular 
polysaccharide in nodules - named "NPS" to distinguish it from the EPS 
produced in culture (Streeter et al., 1992). Although copious quantities of very 
viscous, high molecular weight NPS are deposited in the symbiosome space of 
soybean nodules, nitrogen-fixing activity is not seriously impaired (Streeter 
and Salminen, 1993a). Curiously, the structure of B. elkanii NPS is the same as 
its EPS (see above), whereas B. japonicum produces a totally different 
polysaccharide (An et al., 1995): 

2-0-methyl-glucuronic acid 
I 

(- galactose- rhamnose - rhamnose - rhamnose -) 

Equally curious is the fact that B. japonicum cannot degrade its NPS whereas 
it can degrade its EPS (Streeter et al., 1995). Also, the structure of B. japonicum 
NPS is remarkably similar to the structure of B. elkanii EPS/NPS (An et al., 
1995). 
A survey of strains of B. japonicum and B. elkanii revealed that strains that 

dominate nodule formation in soybean fields in the U.S. are most likely to by 
NPS-positive strains (Streeter et al., 1992; Streeter and Salminen, 1993b). 
Specifically, about 70% of the strains tested in serogroups 31 and 123 - bacterial 
types common in U.S. soils - were NPS-positive, whereas the synthesis of NPS 
was rare among members of serogroups that are not commonly found in soybean 
fields. This suggested that NPS might play some role in improving the 
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survival of nodule occupants. Tn5 mutants of B. japonicum lacking the ability to 
produce NPS have been isolated (Streeter et al., 1995). These mutants are 
stable, are EPS+, Nod", and Pix", and, unlike EPS mutants, do not appear to be 
pleiotropic. These mutants were used to study the role of NPS in protecting B. 
japonicum during nodule senescence, but the NPS+, wild-type bacteroids died at 
a rate similar to the NPS- mutants (Streeter et al., 1995). 

Other studies indicated that NPS-positive strains are most common in soils 
having high calcium concentration and high pH (Streeter et al., 1994). In an 
analysis of the NPS phenotype of 450 nodules from field grown plants in 
Western Ohio, nodule occupancy by NPS-forming bacteria was correlated as 
follows: 

%NPS+ vs. pH: r = 0.758** (range of pH values from 5.3 to 7.7) 
%NPS+ vs. Ca cone.: r = 0.743** (range from 895 to 3190 mg Ca/kg dry soil) 
%NPS+ vs. Ca% base saturation: r = 0.703* (range from 53% to 90%) 

Because calcium may inhibit ammonium transport from bacteroids through 
the symbiosome membrane (Tyerman et al., 1995), it was thought that 
deposition of the anionic NPS in the peribacteroid space might sequester Ca++ 
in the nodule. However, studies showed that NPS accumulation in nodules did 
not protect N2 fixation against the inhibitory effects of high calcium (Streeter, 
1998). 
Although NPS was discovered as a polysaccharide deposited inside of 

nodules, NPS might play some role in infection and, in recent unpublished 
studies, this possibility has been investigated by analysis of nodule occupancy 
by isogenic NPS+I- strains in response to adjustment of soil pH. For this study a 
local soil that is essentially void of B. japonicum was inoculated with mixtures 
of isogenic NPS+ and NPS- bacteria. Lowering of soil pH significantly 
decreased nodule occupancy by the NPS+ strains, as would be predicted by the 
correlations from field studies (Table 1). Because Ca levels in soils and soil pH 
are correlated, we still do not know whether pH or Ca is most important in 
affecting NPS formation. 

i 
I 

1 

4. Cyclic ~-Glucans 

The third class of polysaccharides consists of lower molecular weight cyclic 
molecules containing about 13 ~-1-3 and ~-1-6-linked glucose molecules per ring 
(Miller et al., 1990; Tully et al., 1990). S. fredii also produces a cyclic 
periplasmic glucan, but the glucose linkages are ~-1-2 linked, similar to the 
glucans found in other rhizobia (Bhagwat and Keister, 1992; Breedveld and 
Miller, 1994). In the bradyrhizobia, synthesis of these glucans is stimulated by 

~ 
~ 

I 
I 
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Table 1. Nodule occupancy by NPS-forming B. japonicum bacteria ("%NPS+") following 
pH adjustment of soil samples containing mixtures of NPS+ and NPS- strainss 

Treatment Number of nodules analyzed Soil pH %NPS+ 

Native pH 
Altered pH 

89 
87 

6.680.16 
5.870.14 

59_45.4 
41.94.4 

aNodule occupancy determined by viscometric analysis of individual nodules (unpublished 
method). Standard error values (superscripts) for %NPS+ represent 8 different plants; i.e., 
plants = replicates. (The number of nodules analyzed per plant varied slightly between 
plants.) Data for soil pH represent three observations. 

Table 2. Suppression of glyceollin synthesis by B. japonicum cyclic 13-glucans in soybean 
cotyledons- (Adapted from Mithofer et al., 1996) 

Treatment Glyceollin concentration (nmole per cotyledon) 

Control 
Fungal 13-glucan 

200 µg/ml 
2 µg/ml 
0.02 µg/ml 

B. japonicum 13-glucan 
200 µg/ml 
2µg/ml 
0.02 µg/ml 

Fungal + rhizobial 13-glucans 
2 µg/ml + 200 µg/ml 
2 µg/ml + 20 µg/ml 
2 µg/ml + 2 µg/ml 

2.2 

35.4 
23.2 
6.6 

1.4 
3.2 
5.2 

5.8 
5.0 
8.0 

afungal 13-glucan was used to induce glyceollin synthesis in a soybean cotyledon assay. 

low osmotic potentials (Tully et al., 1990; Pfeffer et al., 1994) and the B. 
japonicum glucan is "decorated" with phosphocholine (Pfeffer et al., 1994). 

The biochemistry (delannino and Ugalde, 1993) and molecular genetics 
(Bhagwat et al., 1993; Bhagwat et al., 1996) underlying cyclic glucan synthesis 
have been studied. These latter studies indicate that these periplasmic 
glucans play an important role in nodule formation; for example, a mutant of R. 
fredii unable to produce the ~-1,2-glucan formed ineffective nodules on soybean 



218 J.G. STREETER 

(Bhagwat et al., 1992). Furthermore, it appears that the ~-1-6 linkages in the 
B. japonicum cyclic glucan are of particular importance because only small 
nodule-like structures devoid of bacteroids were formed by mutants of B. 
japonicum that produce glucans consisting only ~-(1-3)-glycosyl linkages 
(Bhagwat et al., 1996). 

Recent studies by Mithofer and colleagues indicate that the B. japonicum 
glucans play a role in suppression of the defense responses of the soybean plant 
(Mithofer et al., 1996). When purified B. japonicum ~-glucan was added to an 
assay in which fungal ~-glucan is used to elicit the synthesis of the 
phytoalexin glyceollin, only low concentrations of rhizobial glucan were 
required to suppress glyceollin accumulation (Table 2). The mechanism by 
which the fungal ~-glucans elicit the defense response in soybean probably 
involves rapid formation of Ca2+ gradients and, interestingly, the B. japonicum 
cyclic glucans also suppress this the Ca2+ response (Mithofer et al., 1999). 
Because the B. japonicum ~-glucans are produced by bacteroids (Gore and Miller, 
1993), these rhizobial glucans could be employed to continue to suppress the 
plant defense response in the functional nodule. 

5. Genetic Complexity of Mutants 

To conclude, the study of rhizobial polysaccharides is complicated by the 
pleiotropic nature of some mutations. For example, mutants of R. 
leguminosarum selected for altered synthesis of one polysaccharide, were found 
to show some defect with respect to synthesis of one or more other 
polysaccharides (Breedveld et al., 1993). Presumably, this is due to the 
interdependence of the biosynthetic pathways or transport of these polymers. 
The effect of this complication is that it is very difficult to draw firm 
conclusions about the role of a polysaccharide without carefully checking on all 
of the facets of the potentially pleiotropic phenotype. The extent to which 
these complications documented for R. leguminosarum relate to B. japonicum is 
not known. However, my experience with putative EPS- mutants of B. 
japonicum is that most produce reduced, but nevertheless detectable, quantities 
of EPS, depending on the medium used (unpublished). 
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