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The genus 

 

Azospirillum

 

 of the class 

 

Alphaproteobac-
teria

 

 currently comprises of 11 species, with some of
them described only recently [1]. Among azospirilla,
the species 

 

Azospirillum

 

 

 

brasilense

 

 attracts most atten-
tion as a model object in studies for associative and
endophytic rhizosymbioses formed by bacteria and
higher plants [2–5]. Azospirilla, representatives of
growth-stimulating rhizobacteria, are characterized by
the large size of their genome: from 4800 kbp in 

 

A

 

. 

 

irak-
ense

 

 to 9700 kbp in 

 

A

 

. 

 

lipoferum

 

 [6]. High information
capacity and plasticity of the genome enables them to
occupy various ecological niches and to exist under

unfavorable conditions due to flexible strategies of sur-
vival [3].

The overwhelming majority of 

 

A

 

. 

 

brasilense

 

 iso-
lates inhabit the roots of cultivated and wild plants from
tropical, temperate and northern latitudes [1–3]. Under
natural conditions, azospirilla have two lifecycle
phases associated with a change in climatic conditions
and vital functions of a host plant. Thus, the phase of
pronounced activity of azospirilla concurs with the veg-
etation period of a colonized plant, while the phase of
dormancy (in winter periods) concurs with the phase of
dormancy of a host plant. The main array of experimen-
tal data on physiology, biochemistry, genetics and ecol-
ogy of 

 

A

 

. 

 

brasilense

 

 was obtained in experiments with
vegetative actively growing cells [2–5]. As to the dor-
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Abstract

 

—Differences in generation of dormant forms (DF) were revealed between two strains of non-spore-
forming gram-negative bacteria 

 

Azospirillum brasilense

 

, Sp7 (non-endophytic) and Sp245 (endophytic strain).
In post-stationary ageing bacterial cultures grown in a synthetic medium with a fivefold decreased initial nitro-
gen content, strain Sp7 formed two types of cyst-like resting cells (CRC). Strain Sp245 did not form such types
of DF under the same conditions. CRC of the first type were formed in strain Sp245 only under phosphorus
deficiency (C > P). The endophytic strain was also shown to form structurally differentiated cells under com-
plete starvation, i.e. at a transfer of early stationary cultures, grown in the media with C > N unbalance, to saline
solution (pH 7.2). These DF had a complex structure similar to that of azotobacter cysts. The CRC, which are
generated by both azospirilla strains and belong to distinct morphological types, possessed the following major
features: absence of division; specific ultrastructural organization; long-term maintenance of viability (for
4 months and more); higher heat resistance (50–60

 

°

 

C, 10 min) as compared with vegetative cells, i.e. the impor-
tant criteria for dormant prokaryotic forms. However, CRC of non-endophytic strain Sp7 had higher heat resis-
tance (50, 55, 60

 

°

 

C). The viability maintenance and the portion of heat-resistant cells depended on the condi-
tions of maturation and storage of CRC populations. Long-term storage (for 4 months and more) of azospirilla
DF populations at –20

 

°

 

C was optimal for maintenance of their colony-forming ability (57% of the CFU number
in stationary cultures), whereas the largest percentage of heat-resistant cells was in CRC suspensions incubated
in a spent culture medium (but not in saline solution) at room temperature. The data on the intraspecies diversity
of azospirilla DF demonstrate the relation between certain type DF formation to the type of interaction (non-
endophytic or endophytic) with the plant partner and provide more insight into the adaptation mechanisms that
ensure the survival of gram-negative non-spore-forming bacteria in nature.
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mant forms (DF) of these bacteria, they have been
described only in few publications. There are works [7,
8] on cyst formation in azospirilla and a publication [9]
with experimental evidence of survival of 

 

A

 

. 

 

brasilense

 

and 

 

A

 

. 

 

lipoferum

 

 in a dormant state within the seeds of
forage herbs. It should be noted that encysted dormant
forms of 

 

A

 

. 

 

brasilense

 

 were obtained in the experiments
[7, 8] only for strain Sp7 grown on solid, semisolid, and
in liquid media with fructose and the minimal content
of a nitrogen source, while the structural type espe-
cially resembling the cysts of 

 

Azotobacter

 

 

 

vinelandii

 

[10] was revealed in dried pigmented colonies [8].
It should be emphasized that azospirilla strains dif-

fer in their interactions with plant partners (associative
and endophytic) and contribution to plant growth and
development [2–5]. Bacterization of seeds with non-
endophytes, e.g. 

 

A

 

. 

 

brasilense

 

 Sp7, rarely results in an
increase in crop yields. Among endophytes,

 

A

 

. 

 

brasilense

 

 Sp245, the strain providing significant
stimulation for host plant growth and development, has
been studied best [2–5]. Both strains colonize wheat
plants during the vegetation period, but the population
of strain Sp245 is localized mainly inside the root while
the population of Sp7 is localized on its surface only
[11, 12]. It is also known that azospirilla have different
localization in ecotopes not only in the vegetative but
also in the dormant phase of development: some strains
survive the period of winter dormancy in seeds [9]
while other strains survive it in soil [13].

In light of the demonstrated ability of 

 

A. brasilense

 

Sp7 to produce cyst-like cells in colonies or flocks, it is
worthwhile to pose a question on survival strategies of
this non-endophytic bacterium under different growth
conditions (as well as of the other, endophytic strain
Sp245 with unknown ways of survival). At the same
time, the survival strategies of these strains associated
with entering dormancy, particularly in the natural hab-
itats, may be different.

The goal of this work was the comparative study of
the formation of dormant cells by two strains of

 

A

 

. 

 

brasilense

 

, Sp7 and Sp245, having distinct types of
interaction with plants, under different conditions.

MATERIALS AND METHODS

The objects of research were gram-negative bacteria

 

Azospirillum

 

 

 

brasilense

 

 Sp7 (ATCC 29145) and Sp245
from the collection of the Institute of Biochemistry and
Physiology of Plants and Microorganisms, Russian
Academy of Sciences (Saratov).

Bacteria were grown in a basal synthetic nutrient
medium containing (g/l): malate, 3.0; yeast extract
(Difco), 0.1; K

 

2

 

HPO

 

4

 

, 3.0; KH

 

2

 

PO

 

4

 

, 2.0; NH

 

4

 

Cl, 1.5;
MgSO

 

4

 

 · 7H

 

2

 

O, 0.2; MnSO

 

4

 

 · H

 

2

 

O, 0.1; CaCl

 

2

 

, 0.02;
FeSO

 

4

 

 · 7H

 

2

 

O, 0.02; Na

 

2

 

MoO

 

4

 

 · 2H

 

2

 

O, 0.002; pH 7.0.
Bacteria were cultivated in 250-ml flasks (with 50 ml of
the medium) at 

 

32°ë

 

 in a shaker (120 rpm) for 36–48 h
to the stationary phase.

The nutrient medium was modified to obtain azospi-
rilla DF by a fivefold decrease in nitrogen (NH

 

4

 

Cl,
0.3 g/l) or phosphorus (K

 

2

 

HPO

 

4

 

, 0.6 g/l; KH

 

2

 

PO

 

4

 

,
0.4 g/l) content. Another approach to produce DF was
based on complete starvation by shifting the stationary
phase culture cells, washed three times from the growth
medium, to saline (0.9% NaCl) solution (SS). Dormant
azospirilla cells formed in post-stationary cultures were
incubated (stored) for 4 months or more: in the spent
(native) culture medium at room temperature
(variant 2) or at 

 

–20°ë

 

 (variant 4) and as a suspension
in SS under the same temperature conditions (variants 1
and 3, respectively).

The viability (CFU) of azospirilla was determined
by inoculation of cell suspensions in respective tenfold
dilutions on agarized medium (1.5% of agar) of the
above composition. The plates were incubated at 

 

32°ë

 

for 3–7 days. Another method involved treatment of
5-

 

µ

 

l-aliquots of suspensions of dormant 

 

A

 

. 

 

brasilense

 

cells with a two-component dye, Live/Dead Baclight
kit (Molecular Probes Inc.), according to the manufac-
turer’s recommendations. Stained specimens were
examined in an Axioplan fluorescent microscope (Carl
Zeiss, Germany) with the 

 

100 

 

×

 

 1.3

 

 objective. At least
20 fields of vision were viewed for cell counting.

Heat resistance of the cells was determined as the
number of viable cells (CFU) remaining viable after
heating of the cell suspensions (0.7 ml) in an ultrather-
mostat at 50, 55, or 

 

60°ë

 

 for 10 min.
Microscopic observations were carried out in a

Zetopan light microscope (Reichert, Austria) equipped
with a phase-contrast device. For electron microscopic
studies, precipitated cells were fixed in 1.5% glutaral-
dehyde solution in 0.05 M cacodylate buffer (pH 7.2) at

 

4°ë

 

 for 1 h, then washed three times in the same buffer
and postfixed in 1% OsO

 

4

 

 solution in 0.05 M cacodylate
buffer (pH 7.2) for 3 h at 

 

20°ë

 

. After dehydration, the
material was embedded in Epon 812 resin. Ultrathin
sections were contrasted for 30 min in 3% uranyl ace-
tate solution in 70% alcohol and additionally stained
with lead citrate according to Reynolds at 

 

20°ë

 

 for
4–5 min. The sections were examined in a JEM-100B
electron microscope (Japan) at the accelerating voltage
of 80 kV.

Measurements were repeated three times in three
independent series of experiments. The results show the
averaged values. The data were statistically analyzed
by the Student’s test (

 

ê

 

 < 0.05).

RESULTS

Since the efficiency of CRC formation is deter-
mined, among other factors, by cultivation conditions
[14, 15], the composition of the nutrient media was
modified in the first series of experiments with the
strains 

 

A

 

. 

 

brasilense

 

 Sp245 and Sp7 in order to create
the unbalance of nitrogen or phosphorus sources: C > N
or C > P. As has already been shown for other bacteria,
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such an unbalance intensifies the biosynthesis of anabi-
osis autoinducers (alkylhydroxybenzenes), which facil-
itate the formation of cyst-like resting cells (CRC)
[14, 15].

 

A. brasilense

 

 Sp245 and Sp7 were cultivated in the
basal and modified media; the grown cultures were then
incubated for 4 months or more at room temperature
(18–20

 

°

 

C). Comparative analysis of these long-stored
cultures revealed the differences between strains Sp245
and Sp7 in their ability to form DF under the same cul-
tivation conditions. Microscopic observations showed
that the highest yield of morphologically differentiated
forms (40–50% of total cell number), resembling
refractile CRC of some non-spore-forming bacteria
[14, 15], was observed for strain Sp7 (non-endophyte)
in post-stationary cultures grown in the medium with a
fivefold decreased initial in nitrogen content (Fig. 1a).
In the stored cultures of strain Sp7 grown in a complete
medium or under a decreased phosphorus content, the
portion of such CRC was much less and did not exceed
3–5%. No dividing and motile cells were revealed in
any of the variants. In the other azospirilla strain, Sp245
(endophyte), analogous CRC were formed only in post-
stationary cultures grown on the medium with a lower
phosphorus content; they accounted for 35–45% of the
total number of cells in the stationary phase culture
(Fig. 1b). In the cultures of strain Sp245 grown on a
complete medium or at a lower nitrogen content, the
portion of CRC was much lower (1–3%) and most cells
(85%) showed signs of autolysis.

Strains Sp7 and Sp245 exhibited the greatest differ-
ences in their adaptation responses to complete starva-
tion. Under these conditions, strain Sp245 could form

DF that morphologically resembled azotobacter cysts
[10]. Luxurant formation of DF of this morphotype
(Fig. 1c) was observed when 

 

A

 

. 

 

brasilense

 

 Sp245 was
cultivated on a medium with a five times decreased con-
tent of NH

 

4

 

Cl till the onset of the stationary phase
(28 h); then the cells were washed from the growth
medium and transferred to a starvation medium (saline
solution, pH 7.2) and resultant cell suspensions were
incubated for 4 months or more at room temperature.

More noticeable differences between the DF of

 

A. brasilense

 

 Sp7 and Sp245 were revealed in their
ultrastructural organization. It should be noted that the
ageing cultures of both azospirilla strains contained no
dividing cells and cells with flagella. CRC of strain Sp7
(the medium with a low nitrogen content, 4 months of
incubation, 

 

T

 

 = 18–20

 

°

 

C) had the following features
differentiating them from vegetative cells (Fig. 2a):
thickening of cell envelopes, presence of intracellular
inclusions of two types: polyhydroxyalkanoates and
polyphosphates, compaction of the nucleoid with elec-
tron-dense DNA strands, and inhomogeneous texture
of the cytoplasm (Figs. 2, 3). In addition to the above
general characteristics, CRC of strain Sp7 differed in
the structure of cell envelopes, basing on which it was
possible to distinguish two structural types of CRC.
The first morphotype of CRC was characterized by
(1) easily distinguishable periplasmic space with low
electron density (Fig. 2b); (2) additional layers in elec-
tron-dense covers, well visible in some cells (Fig. 2c);
(3) a pronounced capsular layer; and (4) extracellular
electron-dense melanin-like granules attached to the
capsular layer.

 

(a)

(b)

(c)

 

Fig. 1.

 

 CRC of

 

 A. brasilense 

 

under phase-contrast microscope: (a) Sp7 and (b) Sp245 in post-stationary (3-day) cultures and
(c) suspensions of Sp245 cells starved in saline solution. Scale bar: 10 

 

µ

 

m.
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Of great interest is the structural organization of Sp7
CRC of the second type formed in cell clumps in the
cultures grown under a decreased initial nitrogen con-
tent and stored under static conditions (without agita-
tion, 

 

T

 

 = 18–20

 

°

 

C). Intact CRC of 

 

A. brasilense

 

 Sp7 of

this type had no capsular layer but were enclosed in a
vast matrix synthesized de novo and represented by the
structures forming numerous folds or piles (Fig. 3a, b).
Apparently, this matrix formed by the exometabolites
of azospirilla provides additional protection for the dor-
mant cells of non-endophytic bacteria from damage,
which is in agreement with the higher heat resistance of
the DF obtained under these cultivation conditions (see
below, Table 1).

The additional test for heterogeneity of DF popula-
tions of 

 

A. brasilense Sp7 was based on fluorescence
microscopic analysis using the Live/Dead stain.
Azospirilla DF differed from each other in the pattern
of fluorescence (intensity and color). For example, the
population of DF formed under C > N unbalance con-
tained, besides single CRC with green fluorescence,
some cells with yellow fluorescence, including those
within the cell aggregates (photographs not presented).

(c)

(b)

(‡)

Gr

OM

C

INC

CPM

Gr
CPM

I

N

OM

Fig. 2. Ultrathin sections of A. brasilense Sp7 vegetative
cells (a) in 36-h cultures and CRC of the first type (b, c) in
4-month cultures grown on the medium with C > N unbal-
ance. Designations: C, capsule; OM, outer membrane;
CPM, cytoplasmic membrane; N, nucleoid; I, inclusions;
Gr, granules on cell surface. Scale bar: 300 nm.

(‡)

(b)

M

M

CW

I

M

I

Fig. 3. Ultrathin sections of Sp7 CRC of the second type
(a, b) in long-incubated cultures (C > N unbalance,
4 months). Designations: M, extracellular thread-like
matrix; CW, cell wall; I, inclusions. Scale bar: 300 nm.
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Some DFs were impermeable to the components of the
Live/Dead kit, i.e. emitted no fluorescence and were
seen only under phase contrast. The fluorescence pat-
tern in some CRC after Live/Dead staining was differ-
ent from the pattern of “live” and “dead” cells; hence,

their impermeability for the components of the dye
could be due to the thickening of cell envelopes, emer-
gence of the capsular layer, and/or presence of an exter-
nal matrix enclosing the dormant cells. The differences
between DF in the Live/Dead staining reflect the heter-
ogeneity in the barrier functions of outer cell envelopes
and membranes. Thus, the DF population of the non-
endophytic strain Sp7 is characterized by diversity of
CRC morphotypes differing in structural organization.

Electron microscopic studies of DF formed after
prolonged (4 months) incubation of A. brasilense Sp245
cultures grown in the phosphorus-limited medium also
showed ultrastructural heterogeneity of the dormant
cells. Intact Sp245 cells of the first morphological type
were characterized by the presence of (1) capsular
layer; (2) thickened cell envelopes; (3) pronounced
periplasmic space with appearance of sublayers; and
(4) finely granular texture of the cytoplasm, where the
nucleoid was poorly visible (Fig. 4b, 4c). This type of
DF differed from vegetative cells (Fig. 4a) and resem-
bled the first type of CRC of strain Sp7. However, the
outer layers of DF of strain Sp245 were less differenti-
ated, the cytoplasm contained fewer inclusions, and the
capsular layer contained no granules. As a whole,
Sp245 DFs of the first morphotype were similar in
structure to CRC of pseudomonads [15].

Starved suspensions of A. brasilense Sp245 were
shown to contain dormant forms analogous to azoto-
bacter cysts [10] (Fig. 5). DF of this type had well dis-
tinguishable intine- and exine-like layers outside the

(c)

(b)

(a)

CPM

N

I

N

C

Cyt

OM

CPM

N

CPM

OM

OM

Fig. 4. Ultrathin sections of A. brasilense Sp245 vegetative
cells (a) in 36-h cultures and CRC (b, c) in four-month cul-
tures grown on the medium with phosphorus limitation.
Designations: Cyt, cytoplasm; other designations see in
Fig. 2. Scale bar: 300 nm.

Gr

OM

E

N

In

CPM

Fig. 5. Cysts of A. brasilense Sp245 in starved suspensions
of cells, originally grown in C > N medium, washed, and
transferred into saline solution. Designations: E, exine; In,
intine; other designations see in Fig. 2. Scale bar: 300 nm.

Cyt
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outer cell membrane, beneath which there was an
expanded periplasmic space filled with electron-dense
granular material. The cytoplasm was lumpy and the
nucleoid was poorly visible. DF of strain Sp245 dif-
fered from azotobacter cysts in the absence of polyhy-
droxyalkanoate inclusions. Thus, endophytic bacteria
A. brasilense Sp245 were also able to form DF of dif-
ferent morphological types, albeit under conditions dif-
ferent from those required for strain Sp7.

Besides morphological and ultrastructural differ-
ences, dormant cells of A. brasilense Sp7 and Sp245
differed in heat resistance (Table 1). CRC of
A. brasilense Sp7 (starting nitrogen deficiency) were
more resistant to heating at 55 and 60°C (10 min) than
DF of strain Sp245. Vegetative cells of azospirilla (con-
trol) did not survive such heat treatment.

Dormant cells of the non-endophytic strain Sp7,
being more diverse morphologically and having a
higher thermal resistance than DF of A. brasilense
Sp245 (endophyte), were interesting for further experi-
ments in order to determine the conditions important
for long-term maintenance of their colony-forming
ability. The cells of A. brasilense Sp7, grown on the
medium with a C > N unbalance, were kept for
4 months under the following conditions: as suspen-
sions of washed cells in saline solution (SS) incubated
at room temperature of 18–20°ë (variant 1); in a spent
culture medium incubated at room temperature

(variant 2); in SS, storage at –20°C (variant 3); and in a
spent culture medium, storage at –20°C (variant 4).

Variant 4 (storage in a spent culture medium at
−20°C) was optimal for long-term maintenance of col-
ony-forming DF (1.2 × 108 CFU/ml, i.e., 57% of the
CFU number in the stationary culture); however, the
percentage of heat-resistant cells was low: 0.004% of
CFU before the heat treatment (Table 2). Under incuba-
tion of A. brasilense Sp7 DF in the spent culture
medium at room temperature (variant 2), the CFU num-
ber decreased (0.8% of the CFU titer of the stationary
phase) with a simultaneous increase in the number of
heat-resistant cells. In this variant, the portion of DF
resistant to heating at 55 and 60°ë was 27% and 1%,
respectively, of the control (before heat treatment)
(Table 2). During CRC incubation in SS at 20°ë for
4 months, the number of viable DF was 1.1 ×
107 CFU/ml (5% of the stationary culture), which was
higher by an order of magnitude as compared with DF
storage in the spent culture medium under the same
temperature conditions (variant 2) or in SS but at
−20°ë. At the same time, the portion of heat-resistant
cells was low in both variants (1 and 3) for the storage
of dormant forms of azospirilla in SS suspensions
(Table 3).

Thus, different storage conditions for DF popula-
tions ensured either the high titer of viable cells or their
heat resistance “quality”, despite the reduction in the

 
Table 1.  Heat resistance of cyst-like cells of A. brasilense Sp7 and Sp245

Strain (type of dormant cells)

Number of viable cells (CFU/ml)

Before heat treatment 
(control)

After heat treatment (10 min)

50°C 55°C 60°C

A. brasilense Sp7 (CRC in the medi-
um with C > N unbalance)

(2.1 ± 0.3) × 108 (1.4 ± 0.3) × 106 (2.0 ± 0.2) × 104 (2.0 ± 0.1) × 104

A. brasilense Sp245 (CRC in the me-
dium with phosphorus limitation)

(3.1 ± 0.3) × 107 (2.1 ± 0.4) × 105 <10 <10

Table 2.  Viability and heat resistance of A. brasilense Sp7 cysts at storage for 4 months

Variant no. Culture storage (incubation) condi-
tions

Number of viable cells (CFU/ml)

Before heat 
treatment

After heat treatment (10 min)

55°C 60°C

– Control (before storage) (2.1 ± 0.3) × 108 (2.0 ± 0.2) × 104 (0.01%) (2.0 ± 0.1) × 104 (0.01%)

Cultures after 4-month storage (incubation) 

1 Saline solution, 20°C (1.1 ± 0.1) × 107 (1.4 ± 0.1) × 104 (0.13%) 0

2 Spent culture medium, 20°C (1.6 ± 0.3) × 106 (4.3 ± 0.4) × 105 (27%) (1.9 ± 0.2) × 104 (1.2%)

3 Saline solution, –20°C (4.0 ± 0.6) × 106 (2.6 ± 0.4) × 103 (0.65%) (1.9 ± 0.4) × 103 (0.5%)

4 Spent culture medium, –20°C (1.2 ± 0.1) × 108 (5.0 ± 0.8) × 103 (0.004%)   (4.1 ± 0.3) × 103 (0.003%)

Note: 3-day culture of A. brasilense Sp7 was used as a control. The percentage of heat-resistant cells out of the number of viable cells in
suspension before heat treatment is given in brackets in the last two columns.
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quantity of DF able to form colonies on the standard
solid medium.

DISCUSSION

The results of our investigation demonstrate that
both non-endophytic (Sp7) and endophytic (Sp245)
strains of A. brasilense are able to produce dormant
cells in their development cycles, with the features nec-
essary and sufficient to qualify them as resting forms of
prokaryotes [16]. They are characterized by the absence
of division; long-term (4 months or more) preservation
of viability; enhanced heat resistance as compared with
vegetative cells; and the specificities of ultrastructural
organization more significant than the structural differ-
ences between dividing and stationary cells, which
points to a cytodifferentiation in these bacteria.

It should be noted that the few studies on the differ-
entiated and dormant forms of A. brasilense offer no
distinct terminology for the state of cell dormancy.
Thus, the term C-forms, which is applied to define
rounded immobile coccoid cells, is used by some
researchers for the description of probably dormant
forms of A. brasilense [17–20] and by other researchers
for the description of physiologically specialized cells,
which are also immobile and rounded [12, 21]. Thus,
immobile, enlarged and rounded forms of A. brasilense
with nitrogenase activity [21] should not be referred to
as dormant forms, because the latter are characterized
by either an absent or undetectable level of metabolism.
Besides, the studies on localization of the endophytic
strain A. brasilense Sp245 in the interior of wheat
roothair cells by the FISH method showed that bacterial
C-forms had the same fluorescence intensity as the veg-
etative cells [11]. This is their distinction in principle
from DF which are not revealed by the FISH method
[22] due to the limitations associated with the low con-
tent of rRNA in dormant forms and/or difficult penetra-
tion of oligonucleotide probe through cell envelopes
[23]. Thus, terminologically, C-forms of azospirilla
include the cells different in physiological state, stabil-
ity and metabolic activity, and are intended either for
survival [17–20] or for protection of nitrogenase from
oxidation [21]. It should be noted that the formation of
dormant cells, differing in structural organization and
metabolic activity (cysts), and of C-forms depends on
many factors: cultivation conditions [7, 8, 19, 21],
interrelations with the plant partner [12, 21], and the
properties of bacteria themselves [24, 25].

Substantial results of the present work are as fol-
lows: (1) evidence of the ability for both azospirilla
strains to generate dormant forms destined for species
survival, in accordance with all criteria accepted in spo-
rology [16]; (2) the demonstrated diversity of DF mor-
photypes differing in ultrastructural organization and
resistance to damaging factors (heat resistance); and
(3) elucidation of the differences between azospirilla
strains in their ability for generation of DF of various
morphotypes under the same cultivation conditions.

Both strains were able to form DF of the CRC type,
although under different conditions: under C > N
unbalance for non-endophytic Sp7 and under phospho-
rus deficiency for endophytic Sp245. Both strains
proved capable of producing differentiated DF similar
to azotobacter cysts, but in strain Sp245 they were
formed under starvation at the transfer of the cells
grown on the medium with C > N unbalance to saline
solution, while in strain Sp7 they were formed under
drying of the colonies or aggregates [7, 8], i.e. in con-
ditions different from those used in the present work.
Note that dormant forms have not been described pre-
viously for the endophytic strain Sp245.

Formation of several types of DF in both
A. brasilense strains, those with simpler organization
(CRC type) as well as differentiated ones, structurally
close to cysts, which differ not only in the details of
ultrastructural organization but also in thermal resis-
tance, is evidence for intraspecies diversity of the dor-
mant forms. It is inherent to many (if not all) microor-
ganisms, as has been previously demonstrated for
streptomycetes, myxobacteria, pseudomonades, and
bacilli [14, 15, 26].

Thus, the same species of azospirilla is potentially
able to form several DF types, although they are devel-
oped under different conditions. The conditions for
obtaining the azospirilla DF used in this work
(decreased concentrations of the phosphorus source or
of the initial nitrogen level) were selected as close to
natural situations as possible. Probably, different
responses of strains Sp7 and Sp245 to a deficiency in
these nutrient elements revealed in the present work
provide the flexibility for species survival as cysts or as
CRC. Taking into account the peculiarities of azospi-
rilla localization in natural systems [11, 12], one may
suppose that the induction of cytodifferentiation is not
only determined by external conditions but is also cou-
pled with the differences in the pattern of interaction
with a plant.

The obtained CRC of the first type in both
A. brasilense strains are analogous to the previously
described dormant forms of gram-negative bacteria
(Pseudomonas) [15]. The novelty of our results consists
in detection of the heterogeneity of the CRC population
of strain Sp7 in fine structures and in the characteriza-
tion of the second CRC morphotype with less markedly
thickened cell envelopes, enclosed in a vast structured
extracellular matrix. The latter was revealed in Sp7 but
not in Sp245 and, apparently, gives an advantage to the
first (non-endophytic) azospirilla strain under stress
resistance, which is in agreement with the data on DF
viability maintenance after heat treatment (Table 1).
The nature of the matrix in the CRC of A. brasilense Sp7
is still unknown and requires further investigation. As a
working hypothesis, it may be suggested that it is
formed of extracellular polymers: a lipopolysaccha-
ride–protein complex (LPPC), a polysaccharide–lipid
complex (PSLC), lectin (a surface glycoprotein) [4, 27,
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28], and free polysaccharides. The behavior of poly-
mers at isolation of LPPC preparations with the molec-
ular mass of about 5 MDa [28] suggests a possibility of
LPPC self-assemblage in aqueous solutions. The LPPC
of A. brasilense Sp7 specifically interacts with lectin,
and the lectin affinity to LPPC is higher than the affinity
to the haptens of this lectin, L-fucose and D-galactose
[4]. It is probable that such high-specific and numerous
interactions between extracellular polymers allow
A. brasilense Sp7 to form a well-structured and exten-
sive matrix.

One more aspect of the problem of bacterial survival
under natural conditions should be mentioned. The nec-
essary properties for DF of microorganisms are preser-
vation of the proliferative ability and gaining resistance
to damaging factors. Our experiments showed that
maintenance of CFU and the percentage of heat-resis-
tant cells in ageing DF populations of azospirilla had an
opposite dynamics dependent on the storage tempera-
ture and storage medium. In variant (2) incubation
(4 months) of Sp7 CRC in the spent culture medium at
20°ë, the number of cells forming colonies on the stan-
dard medium decreased with the simultaneous increase
in the portion of heat-resistant forms (55°ë, 10 min),
probably due to maturation of dormant forms in the
presence of substances with the functions of anabiosis
autoinducers and stress protectors. This polymodal
effect is typical of microbial autoregulators represented
by alkylhydroxybenzenes (AHB) and occurs in a num-
ber of bacteria [29], including A. brasilense (unpub-
lished data). In another variant (1) of Sp7 CRC incuba-
tion, also at room temperature but in saline solution, the
portion of heat-resistant forms was less by two orders
of magnitude, apparently because the extracellular
autoregulators were removed in the course of DF wash-
ing from the native medium. The need for specific con-
ditions and time for CRC maturation and development
of their resistance was confirmed in experiments with
the storage of DF suspensions in a frozen state, which
excluded or greatly decreased the possibility of bio-
chemical processes.

High preservation (57%) of the colony-forming
ability for CRC stored at –20°ë in the spent culture
medium (variant 4), in contrast to variant (3) with sus-
pensions frozen in SS, suggests the necessity for certain
protectors from freezing–thawing stress. However, an
increase in the amount of heat-resistant cells was not
observed in the absence of maturation during storage in
the growth medium at –20°ë (Table 2). Reduction of
the number of DF capable of quick reactivation in
“maturing” populations is explained by the increase in
the degree of dormancy in these DF. Reversion of such
DF to growth needs additional procedures for reactiva-
tion, as have been previously demonstrated for long-
incubated CRC of micrococci and pseudomonades
[14, 15].

The demonstrated diversity of azospirilla DF and
dependence of their proliferative potential and resis-

tance to unfavorable factors on storage conditions, sim-
ulating natural conditions, demonstrate the flexibility
of the survival strategies of these bacteria on plant roots
(probably in caryopsis) and in soils, which is particu-
larly important at alternating cold and warm seasons.

The other salient feature of A. brasilense Sp7 CRC
as dormant bacterial forms ensuring survival and pres-
ervation of the species under non-growth conditions
was their high phenotypic variability, which will be
considered in the next paper.

ACKNOWLEDGMENTS

The work was supported by the Russian Foundation
for Basic Research (project no. 07-04-01011) and
Grant of the President of Russian Federation (project
NSh-676177.2006.4).

REFERENCES

1. Baldani, J.I, Krieg, N.R, Baldani, V.L.D, Hartman, A,
and Dobereiner, J, Genus II Azospirillum, in Bergey’s
Manual of Systematic Bacteriology. Second Edition.
vol. 2. The Proteobacteria. Part C. The Alpha-, Beta-,
and Epsilonproteobacteria, Brenner, D.J., Kreig, N.R.,
and Stanley, J.T., Eds., New York: Bergey’s Manual
Trust, 2005, pp. 7–26.

2. Steenhoudt, O. and Vanderleyden, J., Azospirillum, a
Free-Living Nitrogen-Fixing Bacterium Closely Associ-
ated with Grasses: Genetic, Biochemical and Ecological
Aspects, FEMS Microbiol. Rev., 2000, vol. 24, no. 4,
pp. 487–506.

3. Bashan, Y., Holguin, G., and Bashan, L.E., Azospirillum-
Plant: Physiological, Molecular, Agricultural, and Envi-
ronmental Advances (1997−2003), Can. J. Microbiol.,
2004, vol. 50, pp. 521–577.

4. Molekulyarnye osnovy vzaimootnoshenii assotsia-
tivnykh mikroorganizmov s rasteniyami (Molecular
Basics of the Interactions between Plants and Associated
Microorganisms), Ignatov, V.V, Ed., Moscow: Nauka,
2005.

5. Baldani, J.I. and Baldani, V.L.D., History on the Biolog-
ical Nitrogen Fixation Research in Graminaceous
Plants: Special Emphasis on the Brazilian Experience,
Anals da Academia Brasileira de Ciencias, 2005,
vol. 77, no. 3, pp. 549–579.

6. Martin-Didonet, C.C.G., Chubatsu, L.S., Souza, E.M.,
Kleina, M., Rego, F.G.M., Rigo, L.U., Yates, M.G., and
Pedrosa, F.O., Genome Structure of the Genus Azospir-
illum, J. Bacteriol., 2000, vol. 182, no. 14, pp. 4113–
4116.

7. Sadasivan, L. and Neyra, C.A., Flocculation in Azospir-
illum brasilense and A. lipoferum: Exopolysaccharides
and Cyst Formation, J. Bacteriol., 1985, vol. 163, no. 2,
pp. 716–723.

8. Sadasivan, L. and Neyra, C.A., Cyst Production and
Brown Pigment Formation in Aging Cultures of Azospir-
illum brasilense ATCC 29145, J. Bacteriol., 1987,
vol. 169, no. 4, pp. 1670–1677.



MICROBIOLOGY      Vol. 78      No. 1     2009

DIVERSE MORPHOLOGICAL TYPES OF DORMANT CELLS 41

9. Volkogon, V.V., Mamchur, A.E., Lemeshko, S.V., and
Minyailo, V.G., Azospirilla, endophytes of Gramineae
Plants, Mikrobiol. Zh., 1995, vol. 57, no. 1, pp. 14–19.

10. Sadoff, H.L., Encystment and Germination in Azoto-
bacter vinelandii, Bacteriol. Rev., 1975, vol. 39, no. 4,
pp. 516–539.

11. Assmus, B., Hutzler, P., Kirchhof, G., Amann, R.,
Lawrence, J.R., and Hartmann, A., In situ Localization
of Azospirillum brasilense in the Rhizosphere of Wheat
with Fluorescently Labeled, rRNA-Targeted Oligonu-
cleotide Probes and Scanning Confocal Laser Micros-
copy, Appl. Environ. Microbiol., 1995, vol. 61, no. 3,
pp. 1013–1019.

12. Schloter, M. and Hartmann, A., Endophytic and Surface
Colonization of Wheat Roots (Triticum aestivum) by
Different Azospirillum brasilense Strains Studied with
Strain-Specific Monoclonal Antibodies, Symbiosis,
1998, vol. 25, pp. 159–179.

13. Bashan, Y., Puente, M.E., Rodriguez-Mendoza, M.N.,
Toledo, G., Holguin, G., Ferrera-Cerrato, R., and Pedrin, S.,
Survival of Azospirillum brasilense in the Bulk Soil and
Rhizosphere of 23 Soil Types, Appl. Environ. Microbiol.,
1995, vol. 61, no. 5, pp. 1938–1945.

14. Mulyukin, A.L., Lusta, K.A., Gryaznova, M.N.,
Kozlova, A.N., Duzha, M.V., Duda, V.I., and El’-
Registan, G.I., Formation of Resting Cells by Bacillus
cereus and Micrococcus luteus, Mikrobiologiya, 1996,
vol. 65, no. 6, pp. 782–789 [Microbiology (Engl.
Transl.), vol. 65, no. 6, pp. 683–690].

15. Mulyukin, A.L., Suzina, N.E., Duda, V.I., and El’-
Registan, G.I., Structural and Physiological Diversity
among Cystlike Resting Cells of Bacteria of the Genus
Pseudomonas, Mikrobiologiya, 2008, vol. 77, no. 4
[Microbiology (Engl. Transl.), vol. 77, no. 4, pp. 455–
465].

16. Sudo, S.Z. and Dworkin, M., Comparative Biology of
Procaryotic Resting Cells, Adv. Microb. Physiol., 1973,
vol. 9, pp. 153–224.

17. Döbereiner, J. and Day, J.M, Associative Symbiosis in
Tropical Grasses: Characterization of Microorganisms
and Dinitrogen Fixing Sites, in Proceedings of the First
Int. Symp. on Nitrogen Fixation, Newton, E.W. and
Newman, C.J., Eds., Pullman: Washington State Univ.
Press, 1976, pp. 518–538.

18. Bashan, Y., Levanony, H., and Whitmoyer, E., Root Sur-
face Colonization of Non-Cereal Crop Plants by Pleo-
morphic Azospirillum brasilense Cd, J. Gen. Microbiol.,
1991, vol. 137, pp. 187–196.

19. Eskew, D.L., Focht, D.D., and Ting, I.P., Nitrogen Fixa-
tion, Denitrification, and Pleomorphic Growth in a

Highly Pigmented Spirillum lipoferum, Appl. Environ.
Microbiol., 1977, vol. 34, pp. 582–585.

20. Papen, H. and Werner, D., Organic Acid Utilization, Suc-
cinate Excretion, Encystation and Oscillating Nitroge-
nase Activity in Azospirillum brasilense under Microaer-
obic Conditions, Arch. Microbiol., 1982, vol. 132,
pp. 57–61.

21. Berg, R.H., Tyler, M.E., Novick, N.J., Vasil, V., and
Vasil, I.K., Biology of Azospirillum-Sugar Cane Associ-
ation: Enhancement of Nitrogenase Activity, Appl. Envi-
ron. Microbiol., 1980, vol. 39, pp. 642–649.

22. Amman, R.I., Ludwig, W., and Schleifer, K.H., Phyloge-
netic Identification and in situ Detection of Individual
Microbial Cells Without Cultivation, Microb. Rev., 1995,
vol. 59, no. 1, pp. 143–169.

23. Möter, A. and Göbel, U.B., Fluorescence in Situ Hybrid-
ization (FISH) for Direct Visualization of Microorgan-
isms, J. Microbiol. Methods, 2000, vol. 41, pp. 85–112.

24. Katupitiya, S., Millet, J., Vesk, M., Viccars, L., Zeman, A.,
Lidong, Z., Elmerich, C., and Kennedy, I.R., A Mutant of
Azospirillum brasilense Sp7 Impaired in Flocculation
with a Modified Colonization Pattern and Superior
Nitrogen Fixation in Association with Wheat, Appl.
Environ. Microbiol., 1995, vol. 61, pp. 1987–1995.

25. Biondi, E.G., Marini, F., Altieri, F., Bonzi, L., Bazzica-
lupo, M., and del Gallo, M., Extended Phenotype of an
mreB-Like Mutant in Azospirillum brasilense, Microbi-
ology (UK), 2004, vol. 150, pp. 2465–2474.

26. O’Connor, K.A. and Zusman, D.R., Development in
Myxococcus xanthus Involves Differentiation into Two
Cell Types, Peripheral Rods and Spores, J. Bacteriol.,
1991, vol. 173, no. 11, pp. 3318–3333.

27. Nikitina, V.E., Ponomareva, E.G., Alen’kina, S.A., and
Konnova, S.A., The Role of Cell-Surface Lectins in the
Aggregation of Azospirilla, Mikrobiologiya, 2001,
vol. 70, no. 4, pp. 471–476 [Microbiology (Engl.
Transl.), vol. 70, no. 4, pp. 408–412].

28. Konnova, S.A., Makarov, O.E., Skvortcov, I.M., and
Ignatov, V.V., Isolation, Fractionation and Some Proper-
ties of Polysaccharides Produced in a Bound Form by
Azospirillum brasilense and Their Possible Involvement
in Azospirillum-Wheat Root Interactions, FEMS Micro-
biol. Letts., 1994, vol. 118, no. 2, pp. 93–100.

29. El’-Registan, G.I., Mulyukin, A.L., Nikolaev, Yu.A.,
Suzina, N.E., Gal’chenko, V.F., and Duda, V.I., Adapto-
genic Functions of Extracellular Autoregulators of
Microorganisms, Mikrobiologiya, 2006, vol. 75, no. 4,
pp. 446–456 [Microbiology (Engl. Transl.), vol. 75,
no. 4, pp. 380–389].



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


