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Abstract—The involvement of the carbohydrate components of the Azospirillum brasilense Sp245 capsulesin
bacterial protection from the action of extreme factors was investigated. The survival of encapsulated and non-
encapsulated azospirilla exposed to elevated (46-48°C) and below-freezing (20 and —70°C) temperatures,
extreme pH values (2 and 10), and to drying was studied. High-molecular-weight carbohydrate-containing
complexes (lipopolysaccharide—protein complex and polysaccharide-lipid complex) were isolated from the
capsular material of azospirilla. It was shown that the addition of these complexes to the suspension of decap-
sulated cells before exposing them to extreme factors enhanced their survival rates by 15 to 51%.
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To be efficient, the use of azospirilla in agriculture
callsfor the extensive investigation of factors that may
adversely affect their survival. Azospirillaare nitrogen-
fixing bacteria living in the rhizosphere of various
plants. The capsular material of the azospirilla controls
the penetration of oxygen into cells and thus protects
their oxygen-sensitive nitrogenase system [1]. Many of
the recent studies deal with the effect of unfavorable
factors, such as saline stress [ 2], extreme humidity, and
nutrient deficiency [3], on the survival of azospirillain
soil and their colonization of roots. It was shown [4]
that the flocculating cultures of azospirilla with abun-
dant cell-surface polysaccharides are good inoculants
for plants. It was proposed to use the azospirilla encap-
sulated with alginate gel as potential inoculants for
crops [5]. There is indirect evidence that the
exopolysaccharides of azospirilla are extensively syn-
thesized in response to drought and protect them from
dehydration [6]. The capsular material of azospirilla
contains a number of carbohydrate-containing compo-
nents [7], some of which, such as the high-molecular-
weight lipopolysaccharide—protein complex (LPPC)
and the polysaccharide-lipid complex (PLC) [8, 9],
may be responsible for their protection from unfavor-
able factors. The role of capsular polysaccharides is
commonly investigated using mutants deficient in the
synthesis of particular biopolymers. However, the
study of such mutants sometimes gives results that are
difficult to unambiguously interpret because of multi-
ple mutations [10]. In view of this, the protective role
of capsular glycopolymers was proposed to be investi-
gated by decapsulating living bacteria cells. Such an
approach alowed Pirog et al. [11] to show that the high
survival rate of encapsulated Acinetobacter cellsisdue

to the protective action of their exopolysaccharides.
However, unlike the capsular material of acineto-
bacters, that of azospirilla has a complex composition
and isrichin carbohydrates, which comprise up to 55%
of the capsular material at the exponential growth phase
[12]. In view of this, to prove the protective role of the
polysaccharide complexes of azospirilla, it was decided
toisolate and purify these complexes and then add them
to the suspension of preliminarily decapsulated bacte-
rial cells.

The aim of the present work was to study therole of
high-molecular-weight capsular polysaccharidesin the
protection of Azospirillum brasilense cells from the
adverse effect of extreme factors.

MATERIALS AND METHODS

The strain Azospirillum brasilense Sp245 used in
thiswork was a generous gift from J. Débereiner (Bra-
zil). Bacteria were grown in aliquid synthetic medium
[8] at 30°C under shaking. Cellswere deprived of cap-
sules by incubating them, under continuous stirring,
for 7 daysin a 10-fold volume of phosphate-buffered
sdline (PBS) of the following composition (g/l):
KH,PO,, 0.43; Na,HPO,, 1.68; and NaCl, 7.2 (pH 7.2).
At 24-h intervals, cells were harvested by centrifuga-
tion and transferred to fresh PBS. The supernatant was
concentrated tenfold in a vacuum rotary evaporator
and analyzed for the presence of polysaccharides by
the double-immunodiffusion method with antibodies
raised against the glutaraldehyde-treated Azospirillum
cells[13].

Polysaccharides were stripped from the surface of
Azospirillumcells by incubating them in a solution con-
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Fig. 1. Effect of the polysaccharide-containing complexes
LPPC and PLC on the survival of encapsulated and decap-
sulated A. brasilense Sp245 cells at elevated temperatures.
N isthe concentration of viable cellsin the suspension. Bars
1, 2, and 4 represent the concentration of viable encapsu-
lated cells before and after heating to 48 and 46°C, respec-
tively. Bar 3 represents the concentration of viable decapsu-
lated cells after heating to 48°C. Bars 5, 6, and 7 represent
the concentration of viable decapsulated cells after heating
to 46°C without and in the presence of LPPC and PLC,
respectively.

taining 0.85% NaCl and 0.02% sodium azide under
continuous stirring at 4°C for 72 h, after which the cells
were removed by centrifugation. The supernatant,
which contained capsular polysaccharides, was dia-
lyzed through a 12- to 14-kDa cut-off membrane
(Sigma, United States) and then fractionated on a col-
umn (55 x 1.8 cm) packed with Sepharose CL-4B
(Pharmacia, Sweden) using 0.025 M NH,HCO, (pH 8.1)
as the eluant. The fractions eluted from the column
were analyzed for carbohydrates by the reaction with
phenol and sulfuric acid and for proteins, which were
detected by their absorbance measured at 280 nm on an
SF-46 spectrophotometer (LOMO, Russia). The frac-
tions that contained high-molecular-weight LPPC and
PL C [14] were collected.

The polysaccharide-containing complexes were
analyzed for the content of carbohydrates, proteins,
nucleic acids, and 2-keto-3-deoxyoctonate (KDO)
according to the procedures described elsewhere [14].
Transmission electron microscopy was carried out
using a Tesla BS-500 el ectron microscope at an accel-
erating voltage of 70 kV. Encapsulated and decapsu-
lated cells were mounted on a Formvar-coated copper
or nickel grids and incubated for 20 minin adrop of a
phosphate buffer containing 0.2% bovine serum albu-
min (BSA) and 0.02% Tween-20. Then, the grids were
washed with the same buffer from which BSA was
omitted, incubated for 30 min in a solution of colloidal
gold-abeled wheat germ agglutinin, washed with the
buffer and then with bidistilled water, and examined in
the electron microscope.

For survival studies, two suspensions of encapsu-
lated and decapsul ated cells were equalized in their tur-
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Fig. 2. Effect of the polysaccharide-containing complexes
LPPC and PLC on the survival of encapsulated and decap-
sulated A. brasilense Sp245 cells at pH 10. N is the concen-
tration of viable cellsin the suspension. Bars 1 and 2 repre-
sent the concentration of viable encapsulated cells before
and after exposure to pH 10, respectively. Bar 3 represents
the concentration of viable decapsulated cells before expo-
sure to pH 10. Bars 4 and 5 represent the concentration of
viable decapsulated cells after exposure to pH 10 in the
presence of LPPC and PLC, respectively.

bidity (it was adjusted to 1.4 units), which was mea-
sured at 420 nm in 1-cm-pathlength cuvettes on a Spe-
col photoelectric colorimeter (Carl Zeiss, Germany). To
determine the number of viable cells, 0.1-ml aliquots of
bacterial suspensions were diluted 10°-fold in PBS and
plated, in quintuplicate 0.1-ml portions, onto malate-
containing nutrient agar. The average number of cellsin
the suspensions, which was measured in each experi-
ment, was (8.5 + 0.4) x 108 cells/ml.

The thermotol erance of encapsulated and decapsu-
lated cells was evaluated by measuring their survival
after heating at 46 and 48°C for 15 min.

To study bacterial tolerance to freezing, the suspen-
sions of encapsulated and decapsulated cells were kept
at —20°C for 2 days and then at —70°C for 5 days.

The effect of pH on bacterial survival was studied by
incubating cellsin PBS with pH 2 and 10 for 2 h.

To study the resistance of bacteria cells to drying,
2.0-ml aiquots of the two bacterial suspensions were
placed in sterile petri dishes and allowed to completely
dry at 25°C in a thermostated chamber. After 7 days,
2ml of sterile distilled water was added to each dish
and the number of viable bacteriain the resultant sus-
pensions was determined as described above.

The protective role of the polysaccharide-contain-
ing complexes was studied by evaluating bacterial sur-
vival in the presence of LPPC and PLSC, which have
been added, at a concentration of 0.2 mg/ml, to bacte-
rial suspensions before they were exposed to one of the
extreme factors. The working concentration of the
complexeswas chosen in preliminary experiments, tak-
ing into account their yield in the process of isolation
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Effect of the polysaccharide-containing complexes LPPC and PLC on the survival of encapsulated and decapsulated

A. brasilense Sp245 cells upon drying and freezing

Number of viablecellsin 1 ml
Unfavorable factor|” pncapgiated | Decapsulated P+ Decapsulated P+ Decapsulated P+
cells cells cells+ LPPC cels+PLC
Freezing (50+01)x | (91+03)x | <001l | (L2+01)x | <005 | (L3+004)x | <005
x 104 [27] x 103 [37] x 10% [35] x 104 [38]
Drying (45+04)x | (11+03)x | <001 | (L3+01)x | >005 | (L4+02)x | <005
x 10° [33] x 10° [29] x 10° [30] x 10° [27]

Note: Bracketed isthe number of replicate experiments. Data are presented for a confidence level of 95%. P isthe significance level with

respect to * encapsulated and ** decapsulated cells.

from the capsular material and the data available in the
literature concerning the strain Cd [8].

All experimentswere performed in 12—15 replicates
(each replicate experiment included 3-5 identical agar
plates). The results were statistically processed by the
methods described by Rokitskii [15].

RESULTS AND DISCUSSION

The role of carbohydrate-containing capsular com-
plexes in the bacterial tolerance to extreme factors was
studied using A. bradilense Sp245 cells grown in a
mal ate-containing liquid medium to the late exponen-
tial phase (20 h of growth). The cells were deprived of
capsules by incubating them in PBS as described in the
Materials and Methods section. The completeness of
the capsule removal from the cells was controlled by
the double-immunodiffusion method and transmission
electron microscopy. Anaysis by immunodiffusion
with the antibodies raised against glutaraldehyde-
treated azospirilla showed that capsular polysaccha
rides could not be detected in the PBS as soon as after
6—7 days of incubation, even if concentrated solutions
were used for the analysis. It should be noted that these
antibodies are, in fact, monospecific to a lipopolysac-
charide of the outer membrane of bacteria[13], which
isalso present in the capsular material of azospirilla.

Earlier, we showed that the surface of washed
azospirilladoes not interact with the wheat germ agglu-
tinin—colloidal gold complex [9]. Since WGA is capa-
ble of interacting with the bacterial capsular material
[16], the absence of the interaction between the gold-
labeled lectin and the bacterium, which was shown by
electron microscopy, implied the complete removal of
capsular polysaccharides from the bacterial surface.

The decapsulating incubation of bacterial cells for
7 days led to the death of about 70% of cells originaly
present in the suspension. In view of this, the suspen-
sion of decapsulated cells was concentrated to the ini-
tial optical density (OD,,, = 1.4). The viable cells
present in this suspension were motile and could restore
their capsules after 2—3 days of incubation.

To elucidate the tolerance of encapsulated and the
tolerance of decapsulated Azospirillumcellsinthe pres-
ence and absence of polysaccharide-containing com-
plexes, the cells were exposed to extreme temperatures
and pH values and to desiccation, i.e., to the extreme
factors that many microorganisms have to face in
nature.

Temperature is one of the environmental factorsthat
are vital to microorganisms at different developmental
stages. Two temperature ranges are of interest from a
practical standpoint: the temperature range within
which microorganisms can grow and reproduce and
extreme temperatures that induce lethal damage to the
cell [17]. Azospirilla are mesophilic bacteria: they can
grow at temperatures from 4 to 45°C, with an optimum
growth temperature of 32—35°C, and the most favorable
temperature for nitrogen fixation of 33-40°C [18].
Experiments performed in the present study showed
that the number of encapsulated cells that survived
exposure to 48°C for 15 min was2.3 £ 0.9) x
108cells/ml, that is 27% of the initial number of cells
(Fig. 1). Decapsulated cells showed a still lower sur-
vival rate (6% or (0.5 —0.1) x 108 cells/ml). The same
tendency was observed when the exposure temperature
was lowered to 46°C: the survival rates of encapsulated
and decapsulated cells were 58 and 31%, respectively
(Fig. 1). It should be noted that datain the literature on
the thermostahility of azospirilla are scarce and, to the
best of our knowledge, there is no information on the
mechanisms providing for their surviva in the plant
rhizosphere at elevated temperatures.

Bearing in mind that carbohydrates comprise alarge
portion of the capsular material of azospirilla, espe-
cialy at the early stages of culture growth[12], and the
involvement of exopolysaccharides in the protection of
Acinetobacter Sp. from damaging factors [11], we sug-
gested that the LPPC and PLC of the capsular material
of azospirillamay perform protective functions. Proce-
dures for the isolation of LPPC and PLC from the cell
surface were elaborated in our previous works [8, 14].
The extracts purified by gel filtration on a Sepharose
CL-4B column represented homogeneous biopoly-
mers. Their analysis confirmed our previous data [14]
that LPPC, whose yield is 2.5% of the dry weight of
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cells, contains about 22% proteins, 25% carbohydrates,
1.0% nucleic acids, and 1.5% 2-keto-3-deoxyoctonate
(KDO) (the presence of KDO indicates that the com-
plex contains a lipopolysaccharide). Correspondingly,
PLC contains 60% carbohydrates, 8% protein, 1.2%
nucleic acids, and KDO in trace amounts. As shown
earlier [14], the major constituents of the LPPC and
PLC lipids are hexadecanoic (16 : 0), octadecenoic
(18: 1), and hexadecenoic (16 : 1) acids. Thisfindingis
of particular interest, since it is known that glycolipids
are responsible for the thermostability of bacteria
membranes and that the increase in the content of long-
chain saturated and unbranched fatty acids in mem-
brane lipids is one of the protective responses of the
thermophilic bacteria to elevated temperatures [19].
The addition of LPPC and PLC at a concentration of
0.2mg/ml to the suspension of decapsulated cells
before heating increased their survival rate by 18 and
16%, respectively (Fig. 1).

After freezing at temperatures typical of the cryo-
preservation of microbial cultures, the number of viable
encapsulated cells was (5.0 £ 0.1) x 10* cellg/ml, i.e,,
82% greater than that of viable decapsulated cells (see
table). The preliminary addition of LPPC and PLC to
the suspension of decapsulated cells augmented the
number of cells that survived freezing by 25 and 30%,
respectively. One of the causes of the adverse effect of
below-freezing temperatures on living organisms is
their damage at the stages of freezing and thawing. The
crystallization of inter- and intracellular water
adversely affects biological systems. High-molecular-
weight polysaccharide complexes occurring on the cell
surface may enhance the cryotol erance of cells by bind-
ing water and increasing the viscosity of the intercellu-
lar matrix. On the other hand, the unsaturated fatty
acids of these complexes may enhance the cryotoler-
ance of bacteria by increasing the flexibility of their
plasma membranes and changing their phase transition
temperature and permeability [20, 21].

The viability of soil bacteria is largely determined
by the concentration of hydrogen ions in the soil solu-
tion. Azospirillum show the best growth at neutral pH
values (6.9—-7.8); however, at pH about 5.6 and 8.7, this
bacterium remains active [18].

To study the sensitivity of encapsulated and decap-
sulated azospirilla to the concentration of hydrogen
ions, they were placed in mediawith pH 10 and 2. Incu-
bation at pH 10 led to the death of 40% encapsulated
and 66% decapsulated cells (Fig. 2). The addition of
LPPC and PL C to the suspension of decapsulated cells
raised the number of survived cells by 51 and 35%,
respectively. The difference is statistically significant
for P <0.05.

Azospirilla turned out to be more susceptible to
acidic than to akaline pH values. The number of the
encapsulated cellsthat survived exposure to pH 2 dras-
ticaly (by several thousand times) decreased, amount-
ing to (2.0 £ 0.3) x 10* viable cells/ml. Decapsulated
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Fig. 3. Effect of the polysaccharide-containing complexes
LPPC and PLC on the survival of encapsulated and decap-
sulated A. brasilense Sp245 cells at pH 2. N is the concen-
tration of viable cellsin the suspension. Bars 1 and 2 repre-
sent the concentration of viable encapsulated cells before
and after exposureto pH 2, respectively. Bars 3 and 4 repre-
sent the concentration of viable decapsulated cells after
exposureto pH 2 in the presence of LPPC and PLC, respec-
tively.

cells showed survival rates six times worse, amounting
t0 (3.6 £0.2) x 10° viablecdlg/ml (Fig. 3). Theaddition of
LPPC and PLC to the suspension of decapsulated cells
augmented the number of survivors to (4.8 = 0.4) x 10°
and (4.1 £0.1) x 10 cells/ml, respectively. Thus, in the
presence of the polysaccharide complexes in the sus-
pension, the number of surviving cells showed a statis-
tically significant increase (P < 0.05).

Drying is a common phenomenon to rhizosphere
microorganisms. In our experiments, the drying of the
suspension of capsulated azospirilla reduced the num-
ber of viable cells by more than 2000 times. The sur-
vival rate of decapsulated bacterial cells exposed to
drying was 76% lower than that of encapsulated cells
(see table). The addition of PLC and L PPC augmented
bacterial survival by 15-21%. However, the statistical
processing of these results showed that the differencein
the amount of viable cells in the presence and absence
of LPPC was statistically insignificant. At the same
time, the enhancement of bacterial survival by PLC
upon drying was found to be statistically significant.

It can be seen that not only decapsulated but also
encapsulated azospirilla are very susceptible to drying,
freezing, and acidic pH values. This can be explained
by the fact that bacterial cells for the experiments
described here were taken from the exponential growth
phase, athough it is known that the adaptation of
azospirilla to extreme environmental conditions
involves the production of cysts [3] with the intense
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synthesis of exopolysaccharides[6], which occur under
unfavorable growth conditions.

To conclude, the encapsulation of the exponential-
phase azospirilla makes them more tolerant to the
action of some unfavorable factors. Thisisdue, in part,
to the protective effect of the complex biopolymers
LPPC and PLC, which arelocated on the cell surface or
may release into the medium. The experiments
described here made it possible to evaluate the protec-
tive effect of the native capsule of azospirilla and its
polysaccharide-containing constituents. It is evident
that for the inoculation of plants, one should use
Azospirillum cultures grown under the conditions that
are beneficial for the formation of capsules, which pro-
mote the survival of azospirillain soil and their attach-
ment to the plant roots [9].
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