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Abstract—A neutral O-specific polysaccharide was obtained by mild acid hydrolysis of the lipopolysaccharide of the plant-growth-

promoting bacterium Azospirillum lipoferum Sp59b. On the basis of sugar and methylation analyses along with 1D and 2D 1H and
13C NMR spectroscopy, including a NOESY experiment, the following structure of the branched hexasaccharide repeating unit of

the O-polysaccharide was established:
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Bacteria of the genus Azospirillum are nitrogen-fixing

organisms that live in association with different plants
in the rhizosphere. Inoculation of Azospirillum results

in a positive effect on plant development under appro-

priate growth conditions.1 Up to now, seven species

have been differentiated within the genus Azospirillum.

Bacterial surface macromolecules such as exopolysac-

charide, capsular polysaccharide and lipopolysaccharide

(LPS) are involved in the associative Azospirillum–plant

interaction.2–6 Studies of these macromolecules, includ-
ing chemical structure elucidation, are important for

understanding at a molecular level the mechanisms that

underlie the formation of effective plant–bacteria associ-
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ations. Serological studies of LPS of azospirilla have

been reported,7,8 but, in contrast to many other Gram-
negative bacteria, no LPS-based serological classifica-

tion has been developed.

The structures of the O-polysaccharides of LPS,

which are the major bacterial-surface antigens, have

been determined only for three Azospirillum strains: A.

lipoferum SpBr17,9 A. brasilense Sp245,10 A. irakense

KBC1.11 Therefore, studies on the structures of Azospiri-

llum O-antigens remain topical. A. lipoferum is the first
Azospirillum species described and also one of the most

studied. In this paper, we report on the O-polysaccha-

ride structure of the LPS from A. lipoferum Sp59b, a

type strain of this species.

An (S)-type LPS sample was obtained in a yield of

2.6% from the water phase of the hot phenol–water

extract of A. lipoferum Sp59b cells. Mild acid hydrolysis
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of the LPS afforded a lipid sediment and a water-soluble

carbohydrate portion, which was fractionated by GPC
on Sephadex G-50 to give a high-molecular-mass O-

polysaccharide. Monosaccharide analysis by GLC of

the alditol acetates obtained after complete acid hydro-

lysis of the polysaccharide revealed rhamnose, galactose

and mannose in the ratios �3:2:1, respectively. Determi-
nation of the absolute configurations by GLC of the

acetylated glycosides with a chiral alcohol indicated that

galactose and mannose have the DD configuration,
whereas rhamnose has the LL configuration.

Methylation analysis of the polysaccharide, including

GLC of the partially methylated alditol acetates, re-

vealed derivatives from terminal, 2-substituted and 3-

substituted rhamnose residues, 3-substituted and 3,4-

disubstituted galactose residues and a 3-substituted

mannose residue. These data showed that the O-poly-

saccharide is branched with a terminal rhamnose residue
and a 3,4-disubstituted galactose residue at the branch-

ing point. They proved also the pyranose form of all

monosaccharides, apart of the 3,4-disubstituted galac-

tose residue, whose pyranose form was confirmed by

NMR spectroscopic data (see below).

Each of the 1H and 13C NMR (Figs. 1 and 2) spectra

of the polysaccharide contained signals for six monosac-

charide residues and were assigned using 2D 1H,1H
COSY, TOCSY, NOESY and H-detected 1H,13C HSQC

experiments (Table 1). The spin systems for three Rhap,

two Galp and one Manp residues were elucidated from a
Figure 1. 500-MHz 1H NMR spectrum of the O-polysaccharide of A. lipoferu

RhapI, E—a-LL-RhapII and F—a-LL-RhapIII.
combined analysis of COSY and TOCSY spectra. The

assignment for one of the galactose residues (GalpI)
was completed by an H-1, H-5 correlation observed in

the NOESY spectrum, which, together with a relatively

large J1,2 coupling constant of �8 Hz, indicated the b-
linkage of GalI. The a-linkage of the other galactose resi-
due (GalpII), which gave a nonsplit H-1 signal, was

established by the C-1 chemical shift at d 97.3 (a value
for b-Galp, a-Galf or b-Galf would be >d 100).12 The
a-linkage of the three rhamnose residues (RhapI-Rha-
pIII) as well as the b-linkage of the mannose residue were
determined by comparison of the C-5 chemical shifts d
70.3–70.7 and 77.3, respectively (Table 1), with those

of the corresponding a- and b-Manp (d 73.7 and 77.4),
a- and b-Rhap (d 69.5 and 73.2).12

The 13C NMR chemical shift data (Table 1) revealed

low-field positions at d 78.2, 79.6, 80.6, 76.9, 79.3 and
80.0 of the signals for Man C-3, GalI C-3, GalII C-3
and C-4, RhaI C-3, and RhaII C-2, respectively, as com-

pared with their positions in the corresponding nonsub-

stituted monosaccharides.12 These displacements by 5–

9 ppm were due to glycosylation effects and defined

the linkage pattern of the polysaccharide.

In addition to intraglycosidic correlation (H-1/H-2 for

a-linked sugars and H-1/H-3, H-1/H-5 for b-linked sug-
ars), the NOESY spectrum showed the following trans-
glycosidic cross-peaks: RhaIII H-1, RhaII H-2 at d 5.07/
4.04; RhaII H-1, RhaI H-3 at d 5.11/3.96, RhaI H-1,Man
H-3 at d 4.98/3.72, Man H-1, GalII H-4 at d 5.12/4.54,
m Sp59b, where A is a-DD-GalpII, B—b-DD-GalpI, C—b-DD-Manp, D—a-LL-



Figure 2. 125-MHz 13C NMR spectrum of the O-polysaccharide of A. lipoferum Sp59b, where A is a-DD-GalpII, B—b-DD-GalpI, C—b-DD-Manp, D—a-LL-
RhapI, E—a-LL-RhapII and F—a-LL-RhapIII.

Table 1. 500-MHz 1H NMR and 125-MHz 13C NMR data of the O-polysaccharide (d, ppm)

Monosaccharide residue H-1 H-2 H-3 H-4 H-5 H-6a H-6b

!3,4)-a-DD-GalpII-(1! 5.20 4.10 4.18 4.54 4.27 3.72 3.83

!3)-b-DD-GalpI-(1! 4.65 3.74 3.74 4.12 3.68 3.80 3.80

!3)-b-DD-Manp-(1! 5.12 4.31 3.72 3.67 3.42 3.77 3.94

!3)-a-LL-RhapI-(1! 4.98 4.16 3.96 3.58 3.82 1.31

!2)-a-LL-RhapII-(1! 5.11 4.04 3.98 3.52 3.92 1.31

a-LL-RhapIII-(1! 5.07 4.07 3.84 3.48 3.84 1.31

C-1 C-2 C-3 C-4 C-5 C-6

!3,4)-a-DD-GalpII-(1! 97.3 68.8 80.6 76.9 71.6 61.9

!3)-b-DD-GalpI-(1! 106.1 71.2 79.6 66.5 76.1 62.5

!3)-b-DD-Manp-(1! 100.9 67.9 78.2 66.8 77.3 62.6

!3)-a-LL-RhapI-(1! 103.3 71.3 79.3 72.7 70.7 18.2

!2)-a-LL-RhapII-(1! 96.1 80.0 71.4 73.6 70.3 18.2

a-LL-RhapIII-(1! 103.5 71.6 71.6 73.4 70.4 18.0
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GalII H-1, GalI H-3 at d 5.20/3.74 and GalI H-1, GalII

H-3 at d 4.65/4.18. These data confirmed the linkage
pattern and defined the sequence of the sugar residues

in the repeating unit.
On the basis of the data obtained, the structure in

Figure 3 was established for the hexasaccharide repeat-

ing unit of the O-polysaccharide of A. lipoferum

Sp59b. Recently, we have determined the structure

of the O-polysaccharide of a strain of another Azospiri-

llum species, A. irakense KBC1 (Fig. 3).11 Remarkably,

although structurally different, the repeating units of

the two Azospirillum O-polysaccharides share the mono-
saccharide composition and a rather uncommon topo-
logy with a disaccharide repeat in the main chain and a

tetrasaccharide side chain.
1. Experimental

1.1. Bacterial strain, growth, isolation and characterisa-

tion of the lipopolysaccharide

Strain A. lipoferum Sp59b (VKM B-1519) isolated from

wheat roots13 was obtained from the All-Russian Col-

lection of Microorganisms (VKM). The culture was con-
tinuously grown in a 10-L ANKUM-2M fermenter at



Figure 3. Structures of the O-polysaccharides of Azospirillum lipoferum Sp59b and Azospirillum irakense KBC1.
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30 �C in a liquid malate medium14 to the late exponen-
tial phase. The cells were separated by centrifugation
and dried with acetone. The dried cells (10 g) were ex-

tracted with phenol–water,15 and the LPS was purified

by GPC on a column (55 · 1.8 cm) of Sepharose CL-
4B in 0.025 M NH4HCO3 pH 8.3. The yield of the

LPS was 2.6% of the dry cells weight.

1.2. Degradation of the lipopolysaccharide

A LPS sample (110 mg) was hydrolysed with aq 1%

AcOH at 100 �C for 4 h, the lipid precipitate (14.5 mg)
was removed by centrifugation (13,000g, 20 min), the

carbohydrate portion was fractionated by GPC on a

column (56 · 2.6 cm) of Sephadex G-50 (S) in 0.05 M
pyridinium acetate buffer pH 4.5 with monitoring by a

Knauer differential refractometer to give a high-molecu-

lar-mass polysaccharide (55 mg).
1.3. Monosaccharide analysis

Hydrolysis was performed with 2 M CF3CO2H (120 �C,
2 h), the monosaccharides were analysed by GLC as the

alditol acetates16 on an Ultra 2 capillary column using a

Hewlett-Packard 5880 instrument and a temperature

gradient of 180 �C (1 min) to 290 �C at 10 �C min�1.
The absolute configurations were determined by GLC

of the acetylated glycosides with (S)-2-octanol as

described.17
1.4. Methylation analysis

Methylation of the polysaccharide was carried out with

CH3I in Me2SO in the presence of sodium methylsulfin-
ylmethanide.18 Hydrolysis of the methylated polysaccha-

ride was performed with 2 M CF3CO2H (100 �C, 2 h),
and the partially methylated monosaccharides were

reduced with NaBH4, acetylated and analysed by

GLC–MS on a Hewlett-Packard HP 5989A instrument

equipped with an HP-5ms column using a temperature

gradient of 150 �C (3 min) to 320 �C at 5 �C min�1.
1.5. NMR spectroscopy

Samples were deuterium-exchanged by freeze-drying

from D2O.
1H and 13C NMR spectra were recorded with

a Bruker DRX-500 spectrometer for solutions in D2O at

27 �C. Chemical shifts are reported with internal sodium
3-trimethylsilylpropanoate-d4 (dH 0.00) and external

acetone (dC 30.45). A mixing time of 200 and 150 ms
was used in TOCSY and NOESY experiments,

respectively.
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