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The present work deals with gram�negative asso�
ciative bacteria of the genus Azospirillum, which act as
stimulators of plant growth [1]. Three serogroups of
Azospirillum have been identified for the time being as
a result of studying the serological properties and
structures (chemotypes) of lipopolysaccharides (LPS,
O antigens) [2–4]. These are the major components of
the outer membrane of gram�negative bacteria, usu�
ally containing the antigen determinants responsible
for the serological specificity of bacteria and available
for the interaction with the cells of other organisms.
The O�specific polysaccharides (OPS) of the LPS of
serogroup I azospirilla are linear D�rhamnans cross�
reacting with the antibodies (Ab) specific to LPS of the
strain A. brasilense Sp245 [2, 3]. Serogroup II Azospir�
illum strains are characterized by the presence of het�
eropolysaccharide OPS cross�reacting with the Ab
against LPS of the type strain A. brasilense Sp7 [2, 5].
Serogroup III comprises Azospirillum strains that show
serological affinity to the type strain A. lipoferum
Sp59b. The chemical basis of the serological relation�
ship between azospirilla comprising this serogroup is
the common oligosaccharide motif formed by three
L�rhamnose residues [4]. The presence of similar anti�
gens within somatic LPS, capsular polysaccharides,
and exopolysaccharides has been demonstrated for the
strains A. brasilense Sp7 and Sp245 [6]. The cells of
Azospirillum maintained in liquid media have a
single polar flagellum responsible for motility and
chemotaxis, the important factors for efficient coloni�

zation of plants by these bacteria [1, 7]. The polar fla�
gellum of A. brasilense strains Sp7 and Sp245 is cov�
ered with a sheath formed of LPS molecules, which is
typical of some other bacteria [8–10].

The goal of the present work was to develop a test
procedure for express detection of antigen chiasms
between the strains for taxonomic studies, which is
based on the changing motility characteristics of
microorganisms in the presence of antibodies to the
surface structures of bacterial cells.

MATERIALS AND METHODS

The strains are listed in Table 1.
Azospirilla were cultivated in a malate�salt medium

(MSM) [17]. The bacteria were grown for 18 h in liq�
uid MSM at 30°C.

LPS were extracted with ethylenediaminetetraace�
tic acid (EDTA) disodium salt [10]. Bacterial cells
were washed in a phosphate–saline buffer (PSB;
pH 6.8) and precipitated by centrifugation; LPS were
extracted for 30 min at room temperature in the buffer
(pH 8.5) containing 0.1 M Tris�HCl, 10 mM EDTA,
0.1 mM phenylmethylsulfonyl fluoride (PMSF), and
1% Triton X�100 (EDTA concentration was 0.05 mM
per 1 g of wet cells). The cells were removed from the
extract by centrifugation.

Anti�LPS antibodies were obtained as described
[18]. The Ab were conjugated with gold nanoparticles
for immunoelectron microscopy by the method
described [19].
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Table 1. Azospirillum strains used in the work

Strain Characteristic Source

Azospirillum brasilense

Cd Wild type, isolated in the USA from Bermuda grass roots after 
inoculation with Sp7

[11]

S27 Wild type, isolated in India from the roots 
of the shrub Sericostoma pauciflorum

A.L. Lahiri, CAZRI, Jodhpur, India

Sp7 Wild type, isolated in Brazil from Pangola grass rhizosphere [12]

Sp107 Wild type, isolated in Brazil from wheat roots [13]

Sp245 Wild type, isolated in Brazil from wheat roots [14]

SR8 Wild type, isolated in Russia from Hungarian brome grass roots [15]

SR14 Wild type, isolated in Russia from Hungarian brome grass roots  L.I. Pozdnyakova, IBPPM RAS, 
Saratov, Russia

SR15 Wild type, isolated in Russia from cocksfoot roots [15]

SR32 Wild type, isolated in Russia from wheat roots  L.I. Pozdnyakova, IBPPM RAS, 
Saratov, Russia

SR41 Wild type, isolated in Russia from wheat roots  L.I. Pozdnyakova, IBPPM RAS, 
Saratov, Russia

SR50 Wild type, isolated in Russia from wheat roots  L.I. Pozdnyakova, IBPPM RAS, 
Saratov, Russia

SR55 Wild type, isolated in Russia from wheat roots [15]

SR64 Wild type, isolated in Russia from wheat roots  L.I. Pozdnyakova, IBPPM RAS, 
Saratov, Russia

SR72 Wild type, isolated in Russia from wheat roots [15]

SR75 Wild type, isolated in Russia from wheat seedlings [15]

SR80 Wild type, isolated in Russia from wheat seedlings  L.I. Pozdnyakova, IBPPM RAS, 
Saratov, Russia

SR87 Wild type, isolated in Russia from wheat roots  L.I. Pozdnyakova, IBPPM RAS, 
Saratov, Russia

SR88 Wild type, isolated in Russia from wheat roots  L.I. Pozdnyakova, IBPPM RAS, 
Saratov, Russia

Azospirillum sp.

SR81 Wild type, isolated in Russia from wheat roots  L.I. Pozdnyakova, IBPPM RAS, 
Saratov, Russia

Azospirillum irakense

KA3 Wild type, isolated in Iraq from rice rhizosphere [16]

KBC1 Wild type, isolated in Iraq from rice roots [16]

Azospirillum lipoferum

Sp59b Wild type, isolated in Brazil from wheat roots [12]

SpRG20a Wild type, isolated in Brazil from wheat roots [12]
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Double immunodiffusion was performed accord�
ing to the standard method [2] in 1% agarose gels. The
gels were stained with Coomassie R�250.

For agglutination reaction, 18�h culture cells were
washed by centrifugation and resuspended in PSB to
the values A600 = 1.0–1.2 (l = 1 cm). Cell suspensions
(50 µL) were dispensed into 96�well plates for immu�
nological reactions with the equal volumes of serial
dilutions of anti�LPS Ab solutions (the initial Ab con�
centration was 100 µg/mL) in PSB. The reaction was

considered positive if irregular�shaped precipitate was
formed on the bottom of the respective well.

Bacterial motility in liquid media was studied in
wet mount or hanging drop preparations obtained
from cell suspensions (A600 = 0.5) prepared
as described above and mixed with Ab (1 : 1) (the final
Ab concentrations are given in Results and Discus�
sion). Microscope slides were examined in a
JENAVAL transmission microscope (Carl Zeiss Jena,
Germany) under phase contrast using an objective
with a wide field of view. Observations were recorded
with a DCR�TRV900E video camera (SONY, Japan).
The motility of all cells in the field of view of the
microscope was estimated, with determination of the
average rate of movement in 50–150 randomly
selected motile cells. The video image was analyzed
using a computer program developed by V.A. Kres�
tinenko (Institute of Biochemistry and Physiology of
Plants and Microorganisms, Russian Academy of Sci�
ences), which marks the position of a cell in Cartesian
coordinates in the frame mode [20].

Electron microscopic analysis of bacterial cells was
performed with Libra 120 (Carl Zeiss, Germany) at an
accelerating voltage of 120 kV.

The results were statistically processed using
Microsoft Office Excel 2007. Confidence intervals
were determined for the 95% significance level.

RESULTS AND DISCUSSION

Effect of anti�LPS antibodies on bacterial motility.
Azospirillum cells grown in liquid medium have a long

Fig. 1. The trajectories of movement of A. brasilense Sp245
cells grown in liquid MSM. Scale bar is 10 µm.

50

40

30

20

10

0
100100.10.01 1

60

40

20

80

100

0
0

Motile cells, %
Mean swimming speed 

of motile cells, µm/s

1

2

Concentration of Ab, g/mL

Fig. 2. Variation of the average rate of movement (1) and the number of motile A. brasilense Sp245 cells (2) at increasing concen�
trations of antibodies against the lipopolysaccharide of this strain.
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flagellum (Fla) at one pole of the cell, which is used by
the bacteria to move rectilinearly with random
changes in the direction of motion. Figure 1 shows the
motion trajectories of A. brasilense Sp245 cells, which
is also typical of other Azospirillum strains used in the
work (Table 1).

Addition of homologous anti�LPS Ab at a certain
concentration to the A. brasilence Sp7 and Sp245 cell
suspension had a negative effect on the number of
motile cells and the average rate of their movement
(see, e.g., Fig. 2). In the presence of anti�LPS Ab,
motile bacteria visually showed the abrupt stops of
freely floating cells or transition from translational to
flip�flap motion. The minimum concentrations of
strain�specific Ab considerably reducing motility indi�
ces for the strains Sp7 and Sp245 were 100 and
10 µg/mL, respectively (Fig. 2, Table 2). In case of the
strain Sp7, the number of motile cells dropped from
85.5 ± 2.2% in the control to 3.0 ± 0.8% in the pres�
ence of 100 µg/mL of strain�specific Ab, while their
motion rate decreased from 36.7 ± 2.8 to 21.0 ±
1.7 µm/s (Table 2). The number of motile cells of the
strain Sp245 in the presence of 10 µg/mL of strain�
specific Ab dropped from 85.8 ± 3.8 to 1.1 ± 0.9%,
while the motion rate of swimming bacteria decreased
from 29.9 ± 3.5 to 21.4 ± 2.9 µm/s (Fig. 2). When the
concentration of Ab against Sp245 LPS increased to
100 µg/mL, bacterial motion stopped completely
(Fig. 2). For A. brasilense Sp7, the concentration of
anti�LPS Ab arresting cell motion was 1000 µg/mL.
There was no cross impact of anti�LPS Ab on motility
indices in the serologically different strains Sp7 and
Sp245 [2] (Tables 2, 3).

The latter fact was the starting point for elaboration
of a serological test procedure based on the inhibition
of bacterial motility upon addition of strain�specific

anti�LPS Ab to the cell suspension. The interaction
between Ab and bacteria in this test was assessed by the
motility of all cells in the field of view of the micro�
scope and by the average motion rate of randomly
selected motile cells. Cell aggregates appearing as a
result of Ab interaction with corpuscular antigens were
not taken into consideration. It should be noted that
some bacterial cells (less than 10%) in liquid media
form aggregates irrespective of the presence of anti�
bodies in the medium. Aggregation is typical of
azospirilla and may intensify due to the influence of
some external factors on a bacterial population [21].

The series of experiments for studying cell motility
in ten Azospirillum strains showed that the motility of
some of them decreased in the presence of the Ab
against Sp7 and Sp245 LPS at a concentration of 100
and 10 µg/mL, respectively (i.e., at Ab concentrations
that caused a considerable decrease in motility indices
of the homologous strains) (Table 2). However, cell
motility of the strain Sp107 from serogroup I [2, 3]
changed insignificantly in the presence of 10 µg/mL of
Ab against Sp245 LPS (Table 2). The immunodiffu�
sion test of LPS of two closely related A. brasilense
strains, Sp245 and Sp107 [2, 3] demonstrated minor
antigen differences manifesting themselves in the for�
mation of a small spur in case of coalescence of immu�
noprecipitation bands [10]. This spur demonstrates
that OPSI of the strain Sp107 lacks the antigen deter�
minants that are present in OPSI of the strain Sp245.
It is quite probable that this difference accounts for the
insignificant decrease in motility of Sp107 cells in the
presence of 10 µg/mL of Ab against the LPS of the
closely related strain Sp245 (Table 2). The inhibitory
effect was achieved by enhancing the concentration of
Ab against Sp245 LPS to 1000 µg/mL, which

 
Table 2. Motility of A. brasilense cells in the presence of antibodies against the lipopolysaccharides of strains Sp7 and Sp245

Strain

Azospirillum motility in PSB

without Ab (control) with AbSp245, 10 µg/mL with AbSp245, 100 µg/mL

motile cells, % motion 
rate, µm/s motile cells, % motion 

rate, µm/s motile cells, % motion 
rate, µm/s

Sp7 85.5 ± 2.2 36.7 ± 2.8 84.0 ± 3.3 36.0 ± 3.7 3.0 ± 0.8 21.0 ± 1.7

Cd 87.3 ± 2.6 34.6 ± 3.1 80.4 ± 3.2 35.9 ± 3.4 21.0 ± 1.7 26.0 ± 4.5

SR55 58.3 ± 9.4 27.1 ± 2.4 40.6 ± 8.2 24.3 ± 4.1 7.1 ± 2.1 20.3 ± 1.7

SR80 51.6 ± 9.0 23.1 ± 2.4 51.3 ± 3.4 23.6 ± 2.2 9.5 ± 2.4 15.2 ± 3.1

Sp245 85.8 ± 3.8 29.9 ± 3.5 1.1 ± 0.9 21.4 ± 2.9 82.5 ± 2.2 32.7 ± 1.8

S27 85.2 ± 1.0 30.6 ± 2.0 6.2 ± 3.9 13.7 ± 4.8 82.0 ± 2.0 29.6 ± 3.6

SR15 86.6 ± 3.8 27.8 ± 3.4 5.0 ± 0.9 17.6 ± 2.6 83.9 ± 3.3 28.2 ± 3.9

SR75 60.9 ± 5.4 30.3 ± 3.3 11.4 ± 2.7 23.6 ± 1.9 54.1 ± 4.9 27.3 ± 3.6

Sp107 84.0 ± 2.8 31.3 ± 5.2 81.1 ± 2.9 28.1 ± 2.1 84.1 ± 4.8 33.6 ± 4.5

SR8 85.2 ± 2.2 30.5 ± 3.4 84.3 ± 1.8 29.7 ± 2.9 85.0 ± 1.6 30.5 ± 3.2

PSB, phosphate–saline buffer; Ab, antibodies; LPS, lipopolysaccharide.
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increased the number of Ab against the determinants
common for Sp245 and Sp107 (Table 3).

Visualization of colloidal gold�labeled anti�LPS
antibodies on bacterial surface. Electron microscopy
of the cells labeled with anti�LPS Ab conjugated with
colloidal gold showed the interaction between Ab and
the surface, not only of the cell, but also of the polar
flagellum (sheath) (Fig. 3). Both the cells with polar
flagella densely covered with the label and the bacteria
with less Ab�saturated flagella occurred (Fig. 3).
The latter fact may account for the presence of the

cells that remained motile in the presence of Ab. The
maximum saturation of the cell and flagellum surface
with antibodies may be not the only factor responsible
for bacterial immobilization. Ab contributed to adhe�
sion of the flagellum filament to bacterial cell surface
(Fig. 3).

Thus, the results of microscopy showed that the
decreased percentage of motile cells and the lower rate
of their movement probably resulted from the satura�
tion of bacterial surface with anti�LPS Ab, because the
cell body or flagellum became heavier due to the inter�

Table 3. Results of the interaction of antibodies against the LPS of Azospirillum strains of serogroups I and II with the cells
and lipopolysaccharide extracts

Strain
Stoppage of cell motion by Ab Cell agglutination by Ab, Ab titer Immunoprecipitation 

of LPS extracts

AbSp7 AbSp245 AbSp7 AbSp245 AbSp7 AbSp245

A. brasilense:

Sp7 + – 1 :128 – (++) –

Cd + _ 1 : 256 – (++) –

SR14 + – 1 : 32 – (+) –

SR55 + – 1 : 32 – (++) –

SR80 + – 1 : 128 – (+) –

Sp245 – + – 1 : 512 – (++)

Sp107 – + – 1 : 256 – (++)

S27 – + – 1 : 256 – (++)

SR15 – + – 1 : 256 – (++)

SR75 – + – 1 : 512 – (++)

SR8 – – – – – –

SR32 – – – – – –

SR41 – – – – – –

SR50 – – – – – –

SR64 – – – – – –

SR72 – – – – – –

SR87 – – – – – –

SR88 – – – – – –

Azospirillum sp. 

SR81 – + – 1 : 256 – (++)

A. lipoferum:  

Sp59b – – – – – –

RG20a – + – 1 : 128 – (+)

A. irakense:

KBC1 – – – – – –

KA3 – – – – – –

Ab, antibodies; LPS, lipopolysaccharides; (+) stoppage of cell motion; (++)/(+) two/one precipitation band(s) in the immunodiffusion
reaction.
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action with Ab. It is also probable that the Fla filament
adheres to the bacterial body or to the Fla filament of
another cell.

Interaction of antibodies against LPS of
A. brasilense strains Sp245 and Sp7 from serogroups I
and II with the cells and LPS extracts of other Azospir�
illum strains. The antibodies against the LPS of Sp7
(serogroup II) or Sp245 (serogroup I) halted only the
motion of bacterial strains with the cells agglutinated
by the respective Ab (Table 3). A correlation between
the presence of antigenic chiasms in the immunodif�
fusion reaction and the decrease in cell motility in the
presence of the Ab against Sp7 or Sp245 LPS in the
strains Sp7, Cd, SR14, SR55 and SR80, or Sp245,
Sp107, S27, SR15, SR75, SR81 and SpRG20a,
respectively, was also revealed (Table 3).

In regard to 7 strains interacting with the Ab against
Sp245 LPS, structural identity of the repeating unit of
the OPS, which proved to be a linear penta�D�rham�
nan, was established for A. brasilense Sp245, Sp107,
S27, SR75, and A. lipoferum RG20a [2, 3]. While the
OPS of SR15 is also a D�rhamnan, it has a tetrasac�
charide repeating unit [3]. Our data make it possible to
supplement serogroup I [2, 3] with the strain Azospir�
illum sp. SR81. Azospirillum strains of serogroup II
possess heteropolysaccharide OPS cross�reacting with
Ab against the LPS of A. brasilense Sp7 [2, 5]. The data
on the structure of the repeating unit of OPS obtained
for the three out of five Azospirillum strains
(A. brasilense Cd, A. irakense KBC1, and A. lipoferum
Sp59b interacting with the Ab against Sp7 LPS [2, 5])
account for their serological relationship with

(а) (b)

(c) (d) (e)

Fig. 3. Electron microphotographs of A. brasilense Sp245 cells (from 18�h cultures in liquid MSM) before (a) and after (b–e) their
labeling with the antibodies conjugated with colloidal gold. Scale bar is 1 µm.
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A. brasilense Sp7. The results of this work allowed us to
supplement serogroup II with the strain A. brasilense
SR14.

It should be noted that the results of Ab influence
on bacterial motility may be observed as early as 1 min
after preparing the samples for microscopy (see Mate�
rials and Methods). The cells of the strains motile in
the presence of Ab continued to move even after 30–
60 min of incubation with the antibodies. The charac�
ter of the effect of anti�LPS Ab on cell motility did not
depend on the method of preparing bacterial suspen�
sions. For example, the effects of Ab on the motility of
Azospirillum cells in the cultures not washed from the
cultivation medium or washed and suspended in PSB
were not different.

Thus, the serological test consisting in the inhibi�
tion of bacterial motility by addition of anti�LPS Ab to
the cell suspension is informative for the identification
of the strains that demonstrate antigenic chiasms with
the strains Sp7 and Sp245, which belong to different
serological groups (serogroup II and serogroup I,
respectively). The results of Ab influence on cell
motility are in agreement with the data of such tests as
Ab cell agglutination and detection of the presence of
antigenic chiasms in the immunodiffusion reaction.

The proposed technique for assessment of the sero�
logical relationships between bacteria by the inhibition
of their motility with anti�LPS antibodies includes
determination of Ab concentrations negatively affect�
ing the cell motion of the “model” strain, the relation�
ship to which has yet to be established, and cultivation
of the tested bacterial cultures, as well as preparation
of the samples for light microscopy and assessment of
bacterial motility in the samples. The strains with the
cells immobilized in the presence of the Ab against the
LPS of the “model” strain will be serologically close.
The advantage of this technique is the rapid and simple
detection of microbes with the common antigenic
determinants in the structure of LPS, the predominant
outer membrane components of gram�negative bacte�
ria usually determining their serological specificity,
which is essential for the immunotaxonomic studies of
azospirilla.
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