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Abstract: We have examined the diversity of glycoconjugates and cellular lipids of Rhizobium "hedysari" IS 123, a bacterial 
symbiont that specifically nodulates the drought-tolerant forage legume Hedysarum coronarium. IS 123 develops a complete 
capsule consisting of a loose fibrillar network of ruthenium-red-staining acidic polymers and produces two different exopoly- 
saccharides (EPS). EPS-A contains glucose, galactose, mannose, and a noncarbohydrate substitution tentatively identified as 
a lactyl ester. The composition of EPS-B, which includes glucose and galactose, as well as 0-acetyl, pyruvyl, and succinyl 
substituents, is very similar to that of the EPS-I1 described in Rhizobium meliloti. IS123 also makes an 0-acetylated hetero- 
oligosaccharide and unsubstituted P-1,2-glucans. The cellular fatty acid composition of IS123 is dominated by 18:l and 
also includes 14:0, 16:0, 16:1, 30H-16:0, 17:0A, 18:0, 30H-18:0, and 19:OA. Phospholipids of IS123 include 
phosphatidylethanolamine, N-methyl phosphatidylethanolamine, N,N-dimethyl phosphatidylethanolamine, 
phosphatidylcholine, and phosphatidylglycerol. 
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ResurnC : Les auteurs ont 6tudiC la diversit6 des conjugCs glycosidiques et des lipides cellulaires chez le Rhizobium 
<< hedysari,, IS123, un symbiote bactCrien qui produit des nodositCs spkcifiquement chez I'Hedysarum coronarium, une 

ICgumineuse fourragbre tolQante B la siccitC. Le IS123 forme une capsule complkte constituCe d'un rCseau fibrillaire llche de 
polymkres acides, que le rouge de mthCnium colore, et il produit deux exopolysaccharides (EPS) diffkrents. L'EPS-A contient 
les hydrocarbones glucose, galactose, mannose, ainsi qu'un substitut non hydrocarbon6 provisoirement dCsignC c( lactyl ester,,. 
La composition du EPS-B, lequel comporte en plus du glucose et du galactose, les substituts 0-acCtyle, pyruvyle, et succinyle, 
ressemble beaucoup B celle du EPS-I1 dCcrit pour le Rhizobium meliloti. L'IS 123 produit aussi un hCtCrooligosaccharide 
0-ac6tylC et des P-1,2-glucanes non substituCs. La composition cellulaire en acides gras de l'IS123 est dominCe par des 18:l 
et elle inclut Cgalement des 14:0, 16:0, 16:1,30H-16:0, 17:0A, 18:0, 30H-18:0, and 19:OA. Les phospholipides de l'IS123 
incluent la phosphatidylCthanolamine, la N-mCthyl phosphatidylCthanolamine, la N, N-dimCthyl phosphatidylCthanolamine, 
la phosphatidylcholine et le phosphatidylglycCro1. 

Mots cles : Rhizobium, capsule, exopolysaccharides, oligosaccharides, lipides. 
[Traduit par la rCdaction] 
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Note 

Sulla (Hedysarum coronarium) is a Mediterranean forage 
legume known for its tolerance to drought stress, soil alkalinity, 
and soil salinity, as well as for its good agronomic performance. 
This plant species establishes a strictly host-specific root- 
nodule symbiosis with nitrogen-fixing soil bacteria referred to 
as Rhizobium "hedysari" (Cabrera et al. 1979; Casella et al. 
1984; Glatzle et al. 1986). These bacteria carry large symbiotic 
plasmids whose nodulation genes are incompatible with those 
of several other different rhizobia when introduced in the same 
background (Espuny et al. 1987; Ollero et al. 1989). Micro- 
scopic analyses of the R. "hedysari" - sulla root nodule sym- 
biosis revealed several unique morphological features, 
including an infection process involving the development of 
unusual double-walled infection threads in deformed root hairs 
and formation of indeterminate nitrogen-fixing nodules con- 
taining unique cross-shaped bacteroids (Squartini et al. 1993). 
Several lines of evidence, including 16s rRNA sequence 
(Struffi et al. 1993), polymerase chain reaction (PCR) finger- 
printing (S. Selenska-Pobell, personal communication), and 
fatty acid typing (Tighe et al. 1994) indicate a taxonomically 
distinct group of R. "hedysari" strains, prompting efforts for 
the proposal of a new species. Moreover, the symbiotic adapt- 
ability of these bacteria, e.g., their ability to nodulate sulla at a 
bulk soil pH as high as 9.3 (Lupi et al. 1988), encouraged a 
thorough characterization of their biochemical and genetic 
features. Strain IS123, originally isolated from southern Spain, 
is the designated representative of this group and is the strain 
used in the present study aimed at elucidating the diversity of 
its extracellular glycoconjugates and cellular lipid components. 
The purpose of this study was to document several charac- 
teristics of this rhizobial strain, including an evaluation of the 
capsular structure surrounding the cell and a chemical charac- 
terization of extracellular polysaccharides, oligosaccharidic 
components, and cellular lipids. 

Cells were grown for 2 days in wells of glass Petri dishes 
containing 1 mL of BIII broth (Dazzo 1982) at room tempera- 
ture. Carbon-coated Formvar copper grids were floated directly 
on the surface of the broth culture for 1 min, and then blotted 
and stained directly by the glutaraldehyde - ruthenium red - 
uranyl acetate method (Mutaftschiev et al. 1982). Examination 
of the grids by transmission electron microscopy revealed cells 
that were completely enclosed within a loose fibrillar capsule, 
consisting of an extensive network of ruthenium-red-staining 
acidic polymers that aggregated into linear interconnecting 
bundles (Figs. 1A and 1B). These complete capsules were 
delicate and easily lost if cells were centrifuged before exami- 
nation. Thus, R. "hedysari" IS123 produces a true capsule, 
unlike Rhizobium meliloti (Mutaftschiev et al. 1982), but this 
polysaccharide exostructure is more delicate and difficult to 
detect than the true capsules made by Rhizobium legumi- 
nosarum bv. trifolii (Shenvood et al. 1984) or Bradyrhizobium 
japonicum (Vasse et al. 1984). 

Rhizobium "hedysari" IS 123 cells were grown on BIII plates 
at 30°C for 5 days and the total exopolysaccharide (EPS) 
fraction was isolated as previously described (Hollingsworth 
et al. 1984). Total EPS (5 mg) was dissolved in 4 mL of 2 M 
guanidinium chloride - 0.5 M sodium acetate buffer (pH 6.8) 
by vigorous stirring overnight and then loaded onto a Sepharose 
4-B column (75 x 3 cm) equilibrated in the same dissociative 
solvent. Fractions were monitored by the phenol - sulfuric acid 
assay and two distinct fractions were obtained. Fractions EPS- 

A (V,, 70-100 mL) and EPS-B (V,, 100-150 mL) were exten- 
sively dialyzed against distilled water using a dialysis tubing 
with a molecular weight cutoff of 12 000 and lyophilized 
to yield dry weights of 1.5 and 2.8 mg, respectively. Base 
treatment of the polysaccharides was performed by incubating 
3 mg of the total EPS with 3 mL of 0.1 M NaOH for 7 h at 20°C. 
The mixture was then neutralized with 1 M HC1, extensively 
dialyzed against distilled water, and lyophilized. lH-NMR 
spectroscopy and gas chromatography - mass spectrometry 
(GC-MS) analyses of glycosyl components were performed as 
described by Lopez-Lara et al. (1993). 

GC-MS analyses revealed that the glycosyl composition of 
EPS-A consisted of glucose, galactose, and mannose (2:3: 1). 
The lH nuclear magnetic resonance (NMR) spectrum of this 
polysaccharide (Fig. 2A) contained the glycosidic resonances 
corresponding to these hexosyl components between 3.2 and 
5.2 ppm, as well as a doublet at 1.30 pprn (JH = 6.94 Hz). A 
series of selective decoupling experiments indicated that the 
protons corresponding to this doublet at 1.30 pprn were cou- 
pled with a proton with a resonance at approximately 4.14 pprn 
(irradiation of the latter signal resulted in the collapse of the 
doublet at 1.30 pprn into a singlet). The relatively low intensity 
of the signal at 4.14 pprn (as compared with the strong corre- 
lated doublet at 1.30 ppm) may be explained by the influence 
of the nearby irradiation of the residual hemideuterated water 
signal. GC-MS analysis of the alditol acetate derivatives from 
EPS-A did not show any indication of a deoxyhexose whose 
methyl group could have accounted for the doublet at 
1.30 ppm. Furthermore, a mild base treatment of the poly- 
saccharide prior to the 1H-NMR analysis resulted in the disap- 
pearance of this doublet, indicating the base labile character of 
the corresponding moiety (figure not show$). A candidate 
consistent with the above spectroscopic and chemical charac- 
teristics of the moiety responsible for the doublet at 1.30 pprn 
(and correlated proton at 4.14 ppm) would be a lactyl ester 
substituent. Such substituents have been previously described 
in bacterial polysaccharides but not to date in rhizobial 
polysaccharides. 

GC-MS analyses showed that the glycosyl composition of 
EPS-B included glucose and galactose in an equimolar ratio, 
with corresponding resonances in the lH-NMR spectrum 
(Fig. 2B) between 3.2 and 5.4 ppm. The NMR spectrum also 
included complex multiplets at 2.48 and 2.66 ppm, which were 
mutually coupled, and two strong singlets at 2.15 and 
1.46 ppm. Signals at 2.48, 2.66, and 2.15 pprn disappeared 
when the polysaccharide was submitted to a mild base treat- 
ment prior to NMR analysis, whereas the singlet at 1.45 pprn 
was not altered. These resonances were assigned to succinyl 
(2.48 and 2.66 ppm, methylene groups), acetyl (2.15 ppm, 
methyl group), and pyruvyl (1.45 ppm, methyl group) substi- 
tuents, and their relative integrations indicated a ratio of 1:3:4, 
respectively. The qualitative and quantitative composition of 
this EPS-B from R. "hedysari" IS 123 was strikingly similar to 
that of EPS-I1 produced by R. meliloti (Her et al. 1990), differ- 
ing only in the additional presence of a low level of succinyl 
substituents in IS 123 EPS-B. 

A preliminary evaluation of the exopolysaccharides from a 
strain of Rhizobium that nodulates Hedysarum coronarium 

Figures not shown can be obtained upon request to the authors, 
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Fig. 1. Transmission electron micrographs of the surface exostructures of Rhizobium "hedysari" IS123. (A) Fibrillar 
network of the entire capsule surrounding a cell. (B) Higher magnification showing the bundles of ruthenium-red-staining 
acidic exopolymers of the capsule. Bars are 1 p,m in A and 100 nm in B. 

(Ollero et al. 1994) had suggested the occurrence of a high 
molecular weight acidic polysaccharide and a low molecular 
weight neutral glycosidic fraction, whose individual composi- 
tions were not established. Glucose and galactose were indi- 
cated as components of the total exopolysaccharide fraction, 
but no indication of noncarbohydrate substitutions was 
reported. The present study highlights the coexistence in 
R. "hedysari" strain IS123 of two high molecular weight EPSs 
differing in both glycosidic composition and nature of their 
noncarbohydrate substituents. 

A 7-L culture of R. "hedysari" IS123 was grown in BIII 
medium to a cell density of 9 x 108 cells/mL and harvested by 
centrifugation. The lyophilized cells were extracted with a 
mixture of chloroform-methanol-water (5:1:3) by vigorous 
stirring for 24 h. After centrifugation, the organic layer was 
discarded and the mixture of aqueous phase and cells was added 
to two volumes of 1-propanol-methanol(2: 1). Themixture was 
stirred gently for 12 h and then centrifuged. The supernatant 
was dried by flash evaporation and redissolved in methanol- 
water (2: 1); the solution was stirred gently for 12 h and centri- 
fuged. The supernatant was dried and this extract was 
chromatographed through a column of LiChroprep RP18 as 
previously described (Orgambide et al. 1995). Most of the 
material eluted with 15% acetonitrile (15 mg dry weight), while 
elutions with 50 and 100% acetonitrile contained only a small 
amount of phospholipids and were pooled to form a frac- 
tion called PL (ca. 5 mg dry weight). The material that eluted 
with 15% acetonitrile was further chromatographed onto C18 
Sep-Paks (5-mg aliquots dissolved in 2 mL of 5% acetonitrile 
in water) using elutions with 5, 10, 20, 50, and 100% acetoni- 
trile in water. Most of the material eluted in the 5% acetonitrile 
fraction (only trace amounts were recovered in the other elu- 
ates). This sample was further fractionated by semipreparative 

reversed-phase high performance liquid chromatography 
(HPLC) (Selectosil C18, 5 pm, 250 x 10 mm, Phenomenex, 
Torrance, Calif.) using a linear gradient from 25 to 100% 
acetonitrile in water (1.5 mL/min over 35 min, UV detection 
at 214 nm), to yield a fraction called 0 s - I  eluting between 3.6 
and 5.6 min, and a second fraction called 0s-I1 eluting between 
6.0 and 7.2 min. 

GC-MS analysis of the alditol acetate derivatives from 0s - I  
indicated that this oligosaccharide contained glucose and a 
2-0-methylhexose in an approximate ratio of 3:2, respectively. 
The alditol acetate derivative of the latter component had a base 
peak at m/z 117 consistent with a [1CH20Ac-2CHOMe]+ frag- 
ment, an ion at m/z 201 assignable to a [(lCH20Ac-2CHOMe- 
3CHOAc-4CHOAc) - AcOH]+ fragment, an ion at m/z 273 
(mlz: 333 - AcOH), and an ion at m/z 333 attributable to a [M - 
CH20Ac]+ fragment (figure not shown). Also present was an 
ion at m/z 139, for which no fragment could be readily assigned. 

The 1H-NMR of 0s - I  (Fig. 2C) further supported the pres- 
ence of an 0-methylhexose in 0s-I,  since a sharp signal was 
observed at 3.4 ppm consistent with the resonance of the 
methyl group of such a glycosyl moiety. The 1H-NMR spec- 
trum of 0 s - I  also contained typical glycosidic resonances 
between 3.0 and 5.65 ppm, as well as a strong singlet at 
2.05 ppm consistent with 0-acetyl substituents. This latter 
assignment was further supported by the occurrence of a 
deshielded resonance at 5.60 ppm, consistent with the signal of 
a proton carried by an 0-acylated glycosidic carbon 
(Haverkamp et al. 1982). The low-field chemical shift and 
monolithic character of this resonance excluded the possibility 
that the 0-acetyl residue was carried at the C6 position of an 
hexosyl residue. Furthermore, the narrow spectral width of that 
signal (total width at midheight, 9.5 Hz) excluded the involve- 
ment of a transdiaxial coupling constant within the splitting 
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Note 

pattern of that resonance (which would result in a multiplet of 
a total width greater than 12 Hz). This observation readily 
eliminated the C2, C3, and C4 positions of the glucose residue 
as possible sites of 0-acetylation (since the resonances of the 
corresponding protons would all include transdiaxial coupling 
constants), implying that the acetyl groups were carried by the 
2-0-methylhexose. The same reasoning also eliminated the 
possibility that the 2-0-methylhexose had the "gluco-" or 
"manno-" configuration (in the case of a 2-0-methylmannose, 
the only ring proton whose resonance would not include a 
transdiaxial coupling constant is the H2, but the corresponding 
carbon could not possibly be 0-acetylated since this position 
is 0-methylated). The above conclusions concur to indicate that 
the 2-0-methylhexose has the "galacto-" configuration, and 
that its C4 is the site of 0-acetylation of 0s-I,  since the 
resonance of the H3 would include a large coupling constant 
resulting from the H2/H3 transdiaxial relative configuration. 
Although 0s - I  voided on a Bio-Gel P-4 column, its NMR 
spectrum recorded at 25OC had much sharper line resolution 
than what is typically obtained for high molecular weight EPS 
polymers at that temperature, suggesting that it is of relatively 
low molecular weight. Based on the above structural informa- 
tion, 0 s - I  is likely to be related to EPS-B, differing primarily 
in noncarbohydrate substitutions, including the 0-methylation 
of the galactosyl residue, and in the predicted lower degree of 
polymerization. Of potential relevance to this result are the 
findings of culture age-dependent modifications of Rhizobium 
acidic heteropolysaccharides by various noncarbohydrate sub- 
stitutions, e.g., 0-methylation, 0-acetylation, etc., that affect 
the affinity of these polymers to host lectins (Mort and Bauer 
1980; Abe et al. 1984). In addition, native heterooligosaccha- 
rides have been previously found that correspond to the oligo- 
saccharidic repeat unit of the high molecular weight 
polysaccharides in certain rhizobia (Djordjevic et al. 1987; 
Leigh and Lee 1988; Lopez-Lara et al. 1993). 

The second oligosaccharide, 0s-11, contained only glucose 
as the sole glycosyl component. The lH-NMR spectrum 
(Fig. 2D) of this glucan fraction was strictly identical to that of 
low molecular weight P-1,2-glucans previously described in 
several species of Rhizobiaceae (Lopez-Lara et al. 1993, and 
references therein) and contained no signals assignable to 
noncarbohydrate substitutions. 

Total cellular fatty acid analyses were performed according 
to Osterhout et al. (1991) on IS123 cells grown for 5 days 
(stationary phase) on BIII plates. The total fatty acid composi- 
tion of these IS 123 cells was dominated by 18: 1 (42%) and also 
included 14:O (<I%), 16:O (6%), 16:l (I%), 30H-16:O (4%), 
17:OA (<I%), 18:O (7%), 30H-18:O (<I%), and 19:OA (38%). 

Positive-mode fast atom bombardment (FAB) - MS analy- 
sis of the phospholipid fraction obtained from the cell extract 
of IS123 (fraction PL) was performed as described in 
Orgambide et al. (1993). This analysis revealed the presence 
of phosphatidylethanolamine (PE), N-methyl phospha- 
tidylethanolamine (MPE), N,N-dimethyl phosphatidylethanol- 
m ine  (DMPE), and phosphatidylcholine (PC). The major ions 
in the FAB-MS spectrum of this phospholipid fraction were at 
mlz: 718 (PE, 18:1/16:0), 732 (MPE, 18:1/16:0), 744 (PE, 
18:1/18:1), 746 (PE, 18:1/18:0), 758 (MPE, 18:1/18:1), 
760 (MPE, 18: 1/18:0), 772 (DMPE, 18: 1/18: I), 774 (DMPE, 
18:1/18:0), 786 (PC, 18:1/18:1), and 788 (PC, 18:1/18:0). 
These assignments corresponded to the [M + HI+ pseudo- 

Fig. 2. 'H-NMR spectra of the exopolysaccharides EPS-A (A) 
and EPS-B (B), and oligosaccharides 0 s - I  (C) and 0s-I1 (D) 
made by Rhizobium "hedysari" IS123. The residual signal for 
hemideuterated water was presaturated during acquisition of all 
spectra. Ac, acetyl; Lac, lactyl; Pyr, pymvyl; Suc, succinyl. The 
assignment of a lactyl ester substituent in EPS-A is tentative (see 
text). 

EPS-A 

molecular ions for the PE, MPE, and DMPE species and to the 
M+ molecular ions for the PC species. Anegative-mode electro- 
spray ionization (ES) - MS analysis of the same phospholipid 
sample was performed using conditions described by Philip- 
Hollingsworth et al. (1995). This analysis revealed phospha- 
tidylglycerol (PG) as an additional phospholipid species, with 
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prominent molecular ions [M - HI- at mlz: 747 (PG, 
18:1/16:0), 773 (PG, 18:1/18:1), and 775 (PG, 18:1/18:0). The 
occurrence in the positive-mode FAB-MS, as well as in the 
negative-mode ES-MS, of predominant ions that could be 
assigned to various phospholipid species bearing combinations 
of 18:1, 18:0, and 16:O acyl substituents was consistent with 
the predominance of these fatty acids in the total cellular fatty 
acid composition of IS 123. The absence of major phospholipid 
species bearing a 19:OA fatty acid was explained by the fact 
that cells were harvested during the exponential phase before 
unsaturated fatty acids in phospholipids are converted into their 
cyclopropane derivatives (e.g., conversion of 16: 1 and 18: 1 
into 17:OA and 19:0A, respectively), a phenomenon associated 
predominantly with stationary phase metabolism (Cronan and 
Rock 1987). 

The phospholipid composition of R. "hedysari" IS123, 
dominated by components of the PE series and also including 
PC and PG, is related to those reported for R. meliloti 
(Thompson et al. 1983) or R. leguminosarum bv. trifolii 
(Orgambide et al. 1993). A previous study based on fatty acid 
profile comparison (Tighe et al. 1994) had pointed out that the 
fatty acid composition of IS123 also shows common trends 
with those of R. meliloti or R. leguminosarum biovars but 
deviates enough to support the proposal of R. hedysari as a new 
rhizobial species. 

This study provides a molecular inventory of glyco- 
conjugates, fatty acids, and phospholipids made by 
R. "hedysari" strain IS123 in defined BIII medium, and also 
shows that several types of extracellular heteropolysaccha- 
rides, as well as different oligosaccharides, can occur simulta- 
neously in the same culture of Rhizobium. Other studies will be 
directed to ascertain whether this diversity of glycoconjugates 
contributes to the unusual tolerance of this bacterium during 
development of the R. "hedysari" - sulla symbiosis. 
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