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Chemical composition of lipopolysaccharide (LPS) isolated from an effective (97)
and ineffective (87) strains of R. L viciae has been determined. LPS preparations from
the two strains contained: glucose, galactose, mannose, fucose, arabinose, heptose,
glucosamine, galactosamine, quinovosamine, and 3-N-methyl-3,6-dideoxyhexose, as
well as glucuronic, galacturonic and 3-deoxyoctulosonic acid. The following fatty ac-
ids were identified: 3-OH 14:0, 3-OH 15:0, 3-OH 16:0, 3-0H 18:0 and 27-0H 28:0.
The ratio of 3-0H 14 : 0 to other major fatty acids in LPS 87 was higher that in LPS 97,

SDS/PAGE profiles of LPS indicated that, in lipopolysaccharides, relative content of
S form LPS I to that of lower molecular mass (LIPS IT) was much higher in the effective
strain 97 than in 87.

All types of polysaccharides exo-, capsular-, lipo, (EPS, CPS, LPS, respectively) ex-
amined possessed the ability to bind faba bean lectin, The degree of affinity of the host
lectin to LPS 87 was half that to LPS 97.

Fatty acids (FA) composition from bacteroids and peribacteroid membrane (PBM)
was determined. Palmitic, stearic and hexadecenoic acids were common components
found in both strains. There was a high content of unsaturated fatty acids in bacte-
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Abbreviations: CPS, capsular polysaccharide; EPS, exopolysaccharide; FA, fatty acids; LPS,
lipopolysaccharide; PBM, peribacteroid membrane; R.L viciae, Rhizobium leguminosarum bv. viciae; U,
unsaturation index.
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roids as well as in PBM lipids. The unsaturation index in the PBM formed by strain 87
was lower than in the case of strain 97. Higher ratio of 16:0 to 18:1 fatty acids was
characteristic for PMB of the ineffective strain.

The ability of rhizobia to fix nitrogen in sym-
biosis with legumes is of great economical and
ecological interest. These associations are re-
sponsible for reduction of 120 million tons of
atmospheric nitrogen to ammonia per year. In
agriculture, independence from nitrogenous
fertilizers increases crop production and min-
imizes pollution of water in lakes and reser-
voirs (Freiberg et al, 1997). Carbohydrates
produced by rhizobia play an important role
in the development of nitrogen-fixing symbio-
sis with legumes. Additional surface and
extracellular components including LPS,
EPS, CPS and cyclic f-glucans (Zevenhuizen,
1981} are required for infection of the nodule
tissue by the microsymbiont. LPS and EPS
are the necessary components of the root nod-
ule bacteria (Borthakur et al., 1986; Carlson et
al., 1987; 1992; Carrion et al, 1990; Noel,
1992). The development of symbiosome, an
organella-like structure consisting of bacte-
roid, peribacteroid space and a peribacteroid
membrane within a root nodule cell forms an
essential stage in the symbiotic process
(Bradley et al., 1986; Andreeva et al., 1989;
Agibetov et al, 1991). The functioning of
symbiosomes depends on mutual exchange of
metabolites between bacteroid and the host
plant cell. Lipids play an important role in this
process due to their significant contribution
to membrane permeability. The aim of our
study was to characterize the LPS prepara-
tions of rhizobia, and fatty acids composition
of bacteroids and PBM. Comparative analysis
of LPS from effective (97) and ineffective (87)
bacteria demonstrated differences between
them.

MATERIALS AND METHODS
Plant and bacterial cultures. Vica faba

var. minor Aushra seeds were obtained from
Lithuanian Institute of Agriculture. The seeds

were inoculated with the effective R. L. viciae
97 or the ineffective (R. I. viciae 87) strain ob-
tained from the Russian Institute of Agricul-
tural Microbiology (St. Petersburg, Russia).
Plants were grown in a greenhouse under nat-
ural illumination in sand culture (Zhiznev-
skaya et al., 1997). Five pregerminated seeds
were planted per pot in five independent as-
says. Nitrogen and carbon content was deter-
mined using Roboprep automatic C:N ana-
lyzer. Nitrogenase activity was determined by
measuring acetylene reduction by gas chro-
matography (Hardy et al., 1968; Vasilieva &
Zhiznevskaya, 1988). PBM and bacteroids
were isolated as described before (Izmailov et
al., 1989; Zhiznevskaya et al., 1995).

Lipopolysaccharide and polysaccharide
preparations. LPS, were extracted from
dried bacterial cells with 45% phenol
(Westphal & Jann, 1965) and separated by ul-
tracentrifugation or purified by gel perme-
ation chromatography on Sepharose 4B
(Carlson et al., 1978).

Determination of sugar composition.
Alditol acetates derived from monosaccha-
rides liberated by formolysis (103°C, 16 h) fol-
lowed by hydrolysis of EPS with 0.5 M HoSO4
(100°C, 2 h) as well as by hydrolysis of LPS
with 2 M trifluoroacetic acid (120°C, 2 h),
were determined by gas chromatography. For
analysis of peracetylated alditols from mono-
saccharides containing amino, carboxy or
ketodeoxy groups the LPS samples were
treated as before (Russa et al., 1996) and the
presence of deoxy, acetamido or (derived by
carboxyl-reduction) dideuterio-hydroxy-me-
thylene group were determined using electron
impact (70 V) mass-spectroscopy.

Amino sugars liberated by hydrolysis with 3
M HCI (100°C, 6 h) were determined in a
Hitachi KLA-6 automatic amino acid ana-
lyzer. Uronic acids were estimated by the
carbazole-sulphuric acid reaction (Dische,
1947). 2-Keto-3-deoxyoctonate was deter-
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mined with thiobarbituric aeid (Osborn,
1963).

Extraction of lipids and fatty acids deter-
mination. To separate lipid A from the
polysaccharide part, LPS was subjected to hy-
drolysis with 1% acetic acid at 100°C for 4 h.
Lipid A was then extracted with chloroform,
allowed to dry and solvolyzed with 0.75 M HCL
in methanol (103°C, 5 h) or 2 M HC! in metha-
nol (85°C, 16 h). Concentrated (4-5-fold) sam-
ples were suspended in water and extracted
with chloroform (3-fold).

The lipid extraction from (propanol
prewashed) PBM or bacteroids was per-
formed with a CHClg/CH30H/Ho0 (8:4:3,
by vol.) mixture. The chloroform layer after
dehydration and evaporation was suspended
in diethyl ether/methanol (25: 1, v/v) mixture
containing sodium methoxide, and incubated
at room temperature with stirring. Super-
natants obtained from CH3COOH neutralized
samples were evaporated and fatty acid
methyl esters were extracted with hexane and
analyzed by gas chromatography.

Determination of host-binding activity of
polysaccharides. Lectins were extracted
from seeds of V. faba and purified by affinity
chromatography using Sephadex 100 (Ent-
licher et al., 1970). The hemagglutination titer
of the lectin preparation was 1:1024. Lectin
binding activity of polysaccharides was exam-
ined by the hemaglutination inhibition test
with rabbit erythrocytes.

Gas chromatography and mass-spectro-
metry. Alditol acetates were analyzed on
Chrom-5 chromatograph (with flame ioniza-

tion detector) equipped with a packed column
(120 em % 0.3 em, 3% neopentylglycol suc-
cinate on Chromosorb) at 200°C or on
Hewlett-Packard chromatograph 5980 with
HP-5 capillary column (30 m X 0.25 mm) op-
erating at 150°C for 5 min, followed by
5°C/min increase to a maximal temperature
of 310°C. Fatty acid methyl esters derived
from LPS were analyzed under similar condi-
tions. Analyses of fatty acid methyl ester sam-
ples obtained from bacteroids and PBM were
performed on 5% polyethyleneglycol adipate
on Celite-545 packed column at 200°C.

Electron impact mass spectra of alditol ace-
tates and fatty acids methyl esters were made
at ionization potential 70 eV on HP 5971 mass
spectrometer combined to HP 5980 gas chro-
matograph.

RESULTS

Both tested strains of R. L viciae produce
large amounts of exopolysaccharides and
much smaller quantities of capsular polysac-
charides. Capsular polysaccharides (CPS)
were more intensively synthesized by strain
87. Sugar composition of EPSs was the same
in both strains, but the amount was slightly
lowered in ineffective strain 87 (Table 1).

Lipopolysaccharide preparations consti-
tuted 0.7% and 0.92% of the cells R.L. viciae 87
and 97, respectively. Both preparations were
heterogeneous and on their SDS/PAGE pro-
files two groups of bands, representing LPS |
and LPS II, were observed (Fig. 1). In LPS 97

Table 1. Composition of exopolysaccharides of Rhizobium leguminosarum bv. viciae

(dry mass, %).
Composition strain 97 gtrain 87
Carbohydrates 59.7 + 2.1 535+ 1.8
Glucose 30.0 + 1.2 305+ 1.7
Galactose 6.0 + 0.4 5805
Glucuronic acid 11.2 + 1.3 109+ 1.1
Pyruvic acid 54 +02 5.650.1
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a fraction of high molecular mass components
was dominating, whereas LPS II (deprived of
(-chain) prevailed in lipopolysaccharide of
the ineffective strain 87. Among sugar constit-
uents, glucose and glucuronic acid were pre-
dominating in LPSs of both strains (Table 2).
(3alactose, galacturonic acid, glucosamine,
2-aminogluconie acid, quinovosamine, fucose,
rhamnose, arabinose, and 2-keto-3-deoxy-
octonate were also present in both prepara-
tions. Mannose, galactosamine and 2,3-dia-
minohexuronic acid were observed only in
LPS of 87 cells.

Figure 1. Silver stained SDS/PAGE pro-
files of lipopolysaccharide preparations.

Lanes: 1 and 10 (1 and 1.5 ug LPS, respec
tively) — Salmonella typhimurium LT2; 2, (4 ug)
— 8. typhimurium drd2; 3 (2 ug) — R. L trifolii
TAL;4,6,8(2,5, 10ug)—K. | viciae97,5,7,9
(2, 5 and 10 ug) — R. L viciae 87,

3-Hydroxymyristic, 3-hydroxyisopentade-
canoic, 3-hydroxypalmitic, 3-hydroxystearic
and 27-hydroxyoctacosanoic acids were the
major LPSs constituents of both the effective
and ineffective strains of K. L viciae. Relative
content of two ester linked fatty acids:
palmitic and 3-hydroxyisopentadecanoic acids
was evidently lower in LPS 87 (Table 3).

Fatty acid methyl ester samples derived
from bacteroids of the two strains did not dif-
fer evidently in respect of saturated and un-
saturated fatty acids composition (Table 4)
with dominating palmitic, hexadecenoic,

Table 2. Sugar composition (relative in %) of lipopolysaccharide preparations from R. leguminosarum
bv. viciae strains determined by gas chromatography/mass spectrometry of alditol acetates

Sugar 87 97
Rhamnose 0.7 0.7
Arabinose 0.5 0.5
Fucose 2.1 2.0
Kylose 1.0 0
Quinovosamine 0.75 0.6
3-N-methyl-3,6-dideoxyhexose 0.2 0.8
Mannose 3.5 traces
Glucose® 53.6 48.2
Glucuronic acid ** 12.3 17.4
Galactose* 5.5 2.9
(Galacturonic acid ** 5.5 2.2
Glucosamine *** 2.5 1.0
2-Aminogluconic acid *** 1.3 0.5
Galactosamine 3.6 0
Heptose 1.2 1.9
2,3-DHamino-glucuronic acid 1.0 0
2-Keto-3-deoxyoctonic acid 1.9 2.0

*Determined by integration of peaks formed by ions at 217 m/z; **Determined by integration of peaks formed by ions at
219 mz; ***Ratio GleN to Z-aminogluconic acid was found from integration of peaks of ions at 145 and 146 m/z, respec-

tively.
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Table 3. Lipopolysaccharide fatty acid composition (% of molar ratio) of two R. leguminosarum bv.

viciae strains

Fatty acid Linkage* 87 97

30H 14:0 A+E 388 36.3
16:0 E 1.2 6.3
3-0H 15:0 E 2.3 4.3
3-0H 16:0 A 6.6 8.3
18:1 E 3.2 0

18:0 E 1 0.9
3-0H 18:0 A 8.6** 9.5
27-0H 28:0*** E 38.3 344

*A, amide bound; E, ester linked; **A small amount 3-0H 18:1 was also found; ***Presence of 27-ox0-28:0 as a minor con-

stituent was observed.

octadecenoic, octadienoic and octatrienoic
acids.

Contrary to bacteroids, peribacteroid mem-
branes of root nodules formed by strains dif-
fered significantly in their fatty acid composi-

tion. In PBM 87, fatty acids were mainly satu-
rated (60.7% of total FA). In PBM 97 domi-
nated the unsaturated acids (68.7%), half of
which were polyunsaturated. The unsa-
turation index (UI), as well as the ratio of two

Table 4. The comparison of relative fatty acid composition (%) of bacteroids and peribacteroid mem-

brane (PBEM) from broad bean root nodules

Bacteroids PBM
Fatty acids
97 87 a7 87
i14:0 0.7 0.9 0.8 3.7
i15:0 0.7 = =
i-16:0 1 0.8 . -
ai-17:0 0.1 - 1.7 =
14:0 0.2 = 3.6 2.2
15:0 0.2 = 1.5 1.1
16:0 10.4 10.2 21.5 33.7
17:0 0.2 " = 11
cye-1T7:0 1.4 1.3 - 3.0
18:0 16 2.1 2.3 15.9
A? 16:1 11.2 13.3 - 3.2
AT 1621 0.3 - 10.5 48
A 18 50.0 49.4 3.8 7.9
A% 181 2.0 18 16.8 1.3
18:2 14.2 15.0 80.1 9.7
18:3 5.6 5.2 7.5 2.6
Ul 1.1 0.5
18:2/18:3 4.0 8.7
18:2/16:0 14 0.3
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characteristic FA 18:2/16:0 in PBM 97 sur-
passed that in PBM 87. On comparing FA
spectra for bacteroids with those for PBM it
was found that acids: 16:0, 18:0, 18:1, 18:2
and 18:3 are their obligatory, common com-
ponents.

LPS, EPS and CPS bound actively plant
lectin isolated from V. faba seeds (Table 5).

of nodules on the roots of the host plant. The
bacteria infect the nodule, enter the cyto-
plasm of the plant and create a distinct cell
type called a bacteroid, which is capable of fix-
ing atmospheric nitrogen. During the transi-
tion of bacteria into the endosymbiotic form —
bacteroids, rhizobia are released from the in-
fection thread and surrounded by the peri-

Table 5. Affinity degree (%) of Vicia faba lectin with rhizobial polysaccharides

Polysaccharide Strain 97
LPS 62
CPS 58
EPS 30

Strain 87
35
&0
28

The degree of affinity of LPS 97 was twice as
high as that of LPS 87. Lectin binding activity
of LPS preparations isolated from either
strain was twice as high as that of EPS bind-
ing.

DISCUSSION

Lipopolysaccharide consists of lipid A bound
to a small core oligosaccharide, to which the
O-side polysaccharide chain is attached.
Within Rhizobium spp. the comparison of the
composition of LPS shows as many differ-
ences between strains of a single species as
among different species (de Maagd et al,,
1989). LPS are supposed to be signal mole-
cules in the development of the infection
thread upon initiation of its formation, or re
lease of bacteria from the infection thread
(Noel et al, 1986; Carlson et al., 1987; Han-
cock, 1991). The rhizobial mutants with defec-
tive LPS or lacking some EPS cause forma-
tion of ineffective root nodules or are unable
to form them (Lorkiewicz et al., 1981; Noel et
al., 1986; 1992; Carlson et al., 1987; Geremia
et al., 1987; Carlson et al., 1992; Kannenberg
et al., 1994).

During the symbiosis between Rhizobium
and the plant, the bacteria elicit the formation

bacteroid membrane, form symbiosomes (An-
dreeva et al.,, 1989; Agibetov et al, 1991).
Peribacteroid membrane fulfills various func-
tions: protection of bacteroids against excess
of Oy, exchange of metabolites between host
cell and that of microsymbiont, resulting in
the compartmentation of the prokaryotic and
eukaryotic metabolism (Izmailov, 1996; Oke &
Long, 1999). Lipids in cooperation with pro-
teins play an important role in the transport
function of membranes. Nevertheless, the
data on the FA composition of PBM are still
limited (Bassarab et al, 1989; Genina et al.,
1990; 1993; Kudryavtseva et al., 1995). Unlike
bacteroids, PBM of root nodules formed by
the two strains (97, 87) studied differed signif-
icantly in the qualitative composition of FAs
and the ratio of saturated to unsaturated FAs.
In PBM-87 the predominating lipid compo-
nents were saturated FAs (60.7%), while in
PEM-97 dominated unsaturated FAs (68.7%),
half of which belonged to polyunsaturated
FAs. The unsaturation index as well as the ra-
tio of two characteristic FAs 18:2/16:0 in
PBM-97 was higher than in PEM-87. In PBM
of R. L vicige, as compared with bacteroids,
the content of palmitic and oleic FA is high
with a low level of vaccenic acid. These results
agree with the data obtained in experiments
on Lupinus luteus (Genina et al, 1993,
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Kudryaviseva et al, 1995). The content of
palmitic acid in the PBM of effective root nod-
ules of yellow lupin was three times as high as
in bacteroids but that of octadecenoic acids
(oleic + vaccenic) was half that in bacteroids
where stearic acid predominated (Genina et
al.,1993). Unsaturation index (UI) in R. L
viciae was lower in PBM than in bacteroids of
both strains. Ul of PBM-87 was half that of
PBM-97. The characteristic feature of nodule
effectiveness is the increased ratio of 18:2/
16:0 which for PBM 97 was 1.4 and for
PBM-87 0.3. However, it is interesting to note
that the ratio of 18:2/18:3 was similar in
PBM-87 and PBM-97. It is known that polyun-
saturated acids increase the fluidity of mem-
brane and its permeability. This is why the re-
vealed differences between PBMs in content
of polyenic acids under effective and ineffec-
tive symbiosis may have a functional signifi-
cance (Kudryavtseva et al., 1995). On compar-
ing the FA spectra for free living rhizobia,
their bacteroids and PBM, it was found that
16:0, 18:0 and 18:1 FA are their obligatory
components.

Plant lectins have been implicated as playing
an important role in mediating recognition
and specifity in Rhizobium — legume nitrogen
fixing symbiosis (Planque & Kijne, 1977; van
Rhijn et al., 1998). The data obtained support
the idea that each of the surface rhizobial
glycopolymers performs a particular role in
the nodulation process. Both studied strains
were virulent forms in nodulation of V. faba
and they exhibited LPS, EPS and CPS
lectin-binding activity. The capability of CPS
to interact more actively with pea lectin may
be explained by the smaller molecular mass
and lower viscosity of CPS in comparison with
EPS (Abe et al., 1984). Twice as large lectin
binding capability of LPS-97 than that of the
almost O-chain deprived LPS-87 could con-
firm the supposition that LPS lectin recogni-
tion determines some specific crucial stages
of nodule development.
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lege, University of London, U.K.) for the assis-
tance with C:N analysis and also Dr. Garry
Dobson (Scottish Crop Research Institute,
Dundee, U.K.) for the assistance in the fatty
acid analysis of PBM and bacteroids, as well
as Jadwiga Dolecka for SDS/PAGE analysis
of LPS.
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