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Azospirillum brasilense

 

 is a gram-negative plant-
growth stimulating bacterium whose motility is pro-
vided by two types of flagella [1, 2]. In liquid media,
individual 

 

A. brasilense

 

 cells move (the Mot

 

+

 

 pheno-
type) due to rotation of single polar flagella (Fla) [1]. At
concentrations of Bacto agar in the medium exceeding
0.4%, 

 

A. brasilense

 

 cells produce many lateral flagella
(Laf) [1, 2]. When the wild-type 

 

A. brasilense

 

 cells are
inoculated into media containing from 0.2 to 0.6% agar,
they disperse using Fla and Laf, provided that the latter
are produced. This process is accompanied by the for-
mation of specific regular circular structures [2–4]. The
flagella-aided dispersal of bacteria in the bulk and on
the surface of semiliquid agar is known as swarming
(the Swa

 

+

 

 phenotype) [5]. It should be noted that

 

A. brasilense

 

 cells cannot swarm on the surface of solid
media containing more than 0.6% of agar.

Earlier, we reported on the Omegon Km

 

R

 

 mutants of

 

A. brasilense

 

 Sp245 which were unable to swim and
swarm [3]. The analysis of these mutants showed that
Laf and Fla are produced independently and that the
activity of both Fla and Laf are necessary for bacterial
swarming in semiliquid media. One of these mutants
with an Omegon-Km insertion in the 120-MDa plas-
mid, 

 

A. brasilense

 

 SK048 Fla

 

–

 

, was investigated in
more detail [4]. It was found that this mutant, when
inoculated in a semiliquid medium, spreads with the
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formation of granular inclusions or microcolonies (the
Gri

 

+

 

 phenotype).

The aim of the present work was to investigate the
behavior of nonswarming 

 

A. brasilense

 

 Sp245 mutants
and some selected clones of 

 

A. brasilense

 

 Sp245 and
SK048 in order to ascertain factors responsible for the
Gri

 

+

 

 phenotype.

MATERIALS AND METHODS

 

Bacterial strains.

 

 The wild-type strain 

 

Azospirillum
brasilense

 

 Sp245 was a gift from J. Döbereiner,
EMBRAPA-CNRS, Rio-de-Janeiro, Brazil. The Km

 

R

 

mutants of this strain—Fla

 

–

 

 SK048, Mot

 

–

 

 SK248, Fla

 

–

 

Laf

 

–

 

 SK051, BK570 (this mutant shows normal flagel-
lation and, when placed in media containing 0.2–0.3%
agar, forms swarming rings with diameters about
2.5 times larger than in the case of the wild type
Sp245), the Fla

 

–

 

leaky Laf

 

–

 

 mutants SK454 and SK586,
the Laf

 

–

 

leaky Fla

 

–

 

/Mot

 

–

 

 mutants SK005 and SK531, and
the Fla

 

–

 

/Mot

 

–

 

leaky mutant SK039—were described ear-
lier [3]. The mutant SK048 carries a unique Omegon-
Km insertion [6] in its 120-MDa plasmid [4]. The
strains SK051, SK248, and BK570 carry different coin-
tegrate molecules formed by fusions of an 85-MDa
plasmid with the Omegon vector pJFF350 [7]. In the
mutants SK039, SK454, SK531, and SK586, the Ome-
gon-Km insertion is located in the chromosomal 

 

Xho

 

I
fragment about 23 kbp in size [3]. In the mutant SK237,
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Abstract

 

—This paper describes the formation of single polar bundles of pili on 

 

Azospirillum brasilense

 

 cells,
the twitching motility of cell aggregates, and a new type of social behavior—the dispersal of bacterial cells in
semiliquid agar associated with the formation of granular inclusions (the so-called Gri

 

+

 

 phenotype)—which
is  an alternative to swarming (the Swa phenotype). The wild-type 

 

A. brasilense

 

 cells occurring in a semi-
liquid agar may show either the Swa

 

+

 

Gri

 

–

 

, or Swa

 

–

 

Gri

 

–

 

, or Swa

 

–

 

Gri

 

+

 

 phenotype. The formation of single polar
flagella (Fla) or polar bundles of pili may reflect two alternative states of 

 

A. brasilense

 

 cells. The components
of the Fla system may be involved in the regulation of the phenotypic variation of azospirilla.
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the Omegon-Km insertion is located in the chromo-
somal 

 

Xho

 

I fragment about 29 kbp in size [3].

 

Nutrient media and cultivation conditions.

 

 The
bacteria were grown in a malate-containing saline
medium (MSM) of the following composition (g/l):
malate, 5; K

 

2

 

HPO

 

4

 

, 0.5; KOH, 4; FeSO

 

4

 

 · 7H

 

2

 

O, 0.2,
NaCl, 0.1; NH

 

4

 

Cl, 1; and Na

 

2

 

MoO

 

4

 

, 0.002 [8]. After
autoclaving, the medium was supplemented with sterile
solutions of MgSO

 

4

 

 · 7H

 

2

 

O and CaCl

 

2

 

 to final concen-
trations of these salts of 0.2 and 0.02 g/l, respectively.
In experiments with sugars and amino acids, these com-
pounds were added to semiliquid MSM medium
instead of malate to final concentrations of 1 mM. The
Omegon mutants were grown in the presence of
50 

 

µ

 

g/ml kanamycin (Km). Experiments with calcof-
luor were carried out using TSA medium (Serva) con-
taining (g/l) casein peptone, 15; soybean peptone, 5;

NaCl, 5; and Bacto agar, 20. Calcofluor (Fluorescent
brightener no. 28), purchased from Aldrich, was dis-
solved in distilled water and added to the TSA medium
to a final concentration of 0.1%. The pH of all media
was adjusted to 6.8–7.0.

The motility of bacteria and the morphology of their
dispersal zones were examined by the phase–contrast
microscopy of colonies grown at 30

 

°

 

C for 24–72 h on
the MSM medium containing from 0.2 to 0.9% Bacto
agar. Alternatively, azospirilla were streaked onto the
surface of the MSM medium containing 1.8% agar and
incubated for 42–72 h. The inoculum represented 42-h-
old 

 

Azospirillum

 

 cells washed off from the agar-solidi-
fied MSM medium.

 

Transmission electron microscopy.

 

 20-

 

µ

 

l aliquots
taken from an 18-h liquid or semiliquid bacterial cul-
ture or from a suspension of 48-h cells washed off from

 

1

2 3

4

1

3
8

4

1 1

9

2

10

3

2

7

6

5

2

 

(‡) (b)

(c) (d)

(e)

 

Fig. 1.

 

 Two-day-old 

 

A. brasilense

 

 colonies grown at 30

 

°

 

C on the semiliquid MSM medium containing either (a, b) 0.5 or
(c, d, e) 0.9% agar: (

 

1

 

) Sp245, (

 

2

 

) SK048; (

 

3

 

) SK039; (

 

4

 

) SK005; (

 

5

 

) SK531; (

 

6

 

) SK454; (

 

7

 

) SK051; (

 

8

 

) BK570; (

 

9

 

) SK248; and
(

 

10

 

) SK586. Photograph e shows a magnified view of strain SK048, which is capable of dispersing from the inoculation stab with
the formation of microcolonies.
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the solid MSM medium were applied onto a Formvar-
coated grid. The specimens thus prepared were kept
for 20 min, dried on a sheet of filter paper (Whatman
no. 1), washed with distilled water, and again dried.
The specimens were then contrasted with a 2% solution
of uranyl acetate for 1–5 min and examined under a
Tesla BS-500 electron microscope (Czech Republic) at
an accelerating voltage of 50 kV.

RESULTS AND DISCUSSION

 

The Gri

 

+

 

 phenotype of Omegon 

 

A. brasilense

 

mutants defective in the formation and function of
lateral and/or polar flagella.

 

 The existence of Gri

 

+

 

phenotype in a population of the Fla

 

–

 

Swa

 

–

 

 mutant

 

A. brasilense

 

 SK048 [4] suggested that it may result
from a pleiotropic mutation induced by the Omegon-
Km insertion into plasmid p120.

The present study showed that the Swa

 

–

 

 mutants of
strain Sp245 defective in flagellation or motility due to
the Omegon-Km insertions into plasmid or chromo-
somal DNA may also have the Gri

 

+

 

 phenotype. Indeed,
unlike the swarming strains Sp245 (Figs. 1a, 1c, culture 1)
and BK570 (Fig. 1c, culture 8), the Swa

 

–

 

 mutants stab-
inoculated into media containing 0.2

 

−

 

0.9% agar either
produced colonies along the stab (Fig. 1b, culture 5;
Fig. 1c, cultures 3, 4; Fig. 1d, culture 10) or formed
granular dispersal zones (Fig. 1a, cultures 2–4; Fig. 1b,
cultures 2, 6, 7; Fig. 1d, cultures 2, 3). Usually, the
Mot

 

–

 

 mutant SK248 remained in the stab, but might
also disperse with the formation of granular or granu-
lar–branchy dispersal zones (Fig. 1d, culture 9). In the
media containing more than 0.6% agar, azospirilla
(including the wild type) either remained in the stab or
dispersed over the petri dish bottom, provided that it
was wet (Figs. 1c, 1d).

 

1 2

3 4

5 6

 

Fig. 2.

 

 The morphology of 

 

A. brasilense

 

 Sp245 cells and their Omegon mutants as observed under a transmission electron
microscope: (1, 3, 5) Sp245; (2, 4) SK048; and (6) BK570. Bacteria were grown (1, 2, 6) in the liquid MSM medium for 18 h or
(3, 4, 5) on the solid MSM medium for 42 h. Specimens for microscopy were prepared as described in the 

 

Materials and Methods

 

section. The bars represent 1 

 

µ

 

m. The arrows point at bundles of pili formed at one pole of cells. 
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After 72 h of incubation, the diameter of the granu-
lar dispersal zones formed in the MSM medium con-
taining 0.4% agar by the flagellation-defective Gri

 

+

 

A. brasilense

 

 mutants varied from 7 to 24 mm. In the
medium containing 0.2% agar, the diameter of these
zones was slightly larger.

In the media containing more than 0.4% agar, the
cells of strains Sp245, SK039, SK048, and SK248 had
many lateral flagella [3, 4, 9]. The number of such fla-
gella on the cells of mutant SK454 was low. The diam-
eter of the granular dispersal zones did not depend on
the number of lateral flagella. For instance, the Fla

 

–

 

leaky Laf

 

–

 

 mutant SK454 and the Fla

 

–

 

/Mot

 

–

 

leaky
mutant SK039, as well as the Fla

 

–

 

 and Fla

 

–

 

Laf

 

–

 

 mutants
SK048 and SK051, formed granular dispersal zones of
about the same diameter.

Strain Sp245 and its mutants grown on the solid
MSM medium formed similar colonies and produced
similar 

 

O

 

-specific [10] and calcofluor-binding polysac-
charides. The only exception was strain SK051, which,
when grown on TSA medium containing calcofluor, did
not fluoresce. These data suggest that the new type of
mutant dispersal does not result from the impaired syn-
thesis of cell-surface polysaccharides.

We failed to reveal any abiotic factors that would be
able to influence the dispersal of 

 

A. brasilense cells in
semiliquid media: irrespective of the agar concentration
and the presence of malate, leucine, proline, tryp-
tophan, arabinose, and rhamnose, the nonswarming
Omegon mutants of azospirilla exhibited either the
Swa–Gri– or the Swa–Gri+ phenotype.

Investigation of the Gri+ phenotype of A. brasilense
Sp245 and the phenotypic variation of strains Sp245
and SK048. The possibility could not be excluded that
the new type of bacterial dispersal described above is an
inherent property not only of the Omegon mutants of
A. brasilense but also of some wild-type clones of this
species. To verify this supposition, 2200 individual col-
onies of A. brasilense Sp245 grown on the solid MSM
medium for 42 h were separately transferred onto the
semiliquid MSM medium containing 0.4% agar and
incubated at 32°C for 48 h. Among the 1814 grown col-
onies, six (i.e., 0.3%) had the Swa–Gri+ phenotype
(it should be noted that the phenotype in these six
clones was not so distinct as in SK048 and other mutant
strains) and 81 (i.e., 4.5%) had the Swa–Gri– phenotype.
The other clones dispersed with the formation of
swarming rings from 4 to 20 mm in diameter.

To study the phenotypic stability of these clones,
three Gri+ and several Swa– clones of Sp245 were trans-
ferred to the semiliquid MSM medium either directly or
after intermediate subculturing on the solid MSM
medium. In the case of the direct transfer, two of the
three Gri+ clones gave rise to Swa+ offspring in the first
subculture on the semiliquid medium and the third
clone gave rise to Swa+ offspring in the second subcul-
ture. When the tested clones were intermediately sub-
cultured on the solid medium, all three Gri+ and all

spontaneous Swa– clones gave rise to only Swa+ off-
spring. Therefore, the phenotypes Swa–Gri+ and Swa–

Gri– are unstable, at least under laboratory conditions.
The dominant phenotype in A. brasilense Sp245 popu-
lations is Swa+Gri–.

However, the possibility cannot be excluded that the
mode of A. brasilense dispersal in the plant root exu-
dates in the form of microcolonies or cell aggregates
may be dominant. It should be noted in this regard that,
typically, azospirilla reside on the plant roots as cell
aggregates [11], which are presumably formed with the
involvement of capsular polysaccharides, exopolysac-
charides, and outer-membrane proteins [12, 13].

The study of the behavior of A. brasilense SK048 in
the semiliquid agar MSM medium showed that this
mutant strain produced 10% of Swa–Gri– colonies (the
offspring of these colonies had either the Swa–Gri+ or
Swa–Gri– phenotype) and 90% of colonies with the
Swa–Gri+ phenotype.

The motion of A. brasilense Sp245 cells was
strongly suppressed, if they were grown in liquid
nonaerated cultures. The effect of anoxic conditions on
the occurrence rate of the Gri+ and Swa– phenotypes
was studied in the following experiments: 1-ml aliquots
of the serial dilutions of nonaerated Sp245 cultures
were mixed with a molten MSM medium containing
0.4% agar and poured into petri dishes. The incubation
of these petri dishes at 32°C gave rise to three colonial
phenotypes: the sessile Swa–Gri– phenotype (259 clones),
the dull Swa–Gri+ phenotype (34 clones), and the
Swa+Gri– phenotype (2942 of the 3235 clones exam-
ined).

In other words, the cultivation under anoxic condi-
tions slightly increased the occurrence rates of colonies
with the Swa–Gri– phenotype (8%) and the Swa–Gri+

phenotype (1%). These data suggest that oxygen is nec-
essary for the formation and/or functioning of flagella.
Reportedly, the rotation of the flagella of A. brasilense
cells is driven by the Na+ pump [14]. The subculturing
of several sessile Swa–Gri– and dull Swa–Gri+ colonies
on solid and semiliquid agar media in the same way as
described above showed that these two phenotypes are
unstable.

Similar experiments with the mutant strain
A. brasilense SK048 showed that 4 of the 680 clones
(i.e., 0.6%) grown in the semiliquid agar MSM medium
for 72 h exhibited a mixed phenotype: the granular dis-
persal zone of these four clones extended to form either
small swarming rings (2 colonies) or swarming sectors
(2 colonies). After the intermediate subculturing of
these 4 clones on the solid MSM medium, they all gave
rise to offspring with the Swa–Gri– phenotype after 48 h
of incubation in the semiliquid MSM medium and with
the Gri+ phenotype after 72 h of such incubation.
Among the remaining 676 colonies, 35 colonies had the
Swa–Gri– phenotype and 641 colonies had the Swa–Gri+

phenotype.
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The formation of single polar flagella or polar
bundles of pili is indicative of two alternative states
of A. brasilense cells. According to some data in the lit-
erature, the aggregation and dispersal of bacterial cells
may be mediated by extracellular organelles such as pili
[15, 16].

The transmission electron microscopy of
A. brasilense SK048 cells grown on the solid MSM
medium revealed polar bundles of filamentous struc-
tures which were thinner than flagella (the so-called
bundle-forming pili, Bfp) (Fig. 2, specimen 4). It
should be noted that about 10% of the SK048 cells
grown in liquid aerobic cultures had more or less long
single flagella, but none of the SK048 cells could pro-
duce such flagella during their growth on the solid
MSM medium.

Cells of other Omegon mutants, as well as of the
wild-type strain Sp245, also produced flagella (Fig. 2,
specimens 5, 6) during growth in liquid or on solid
media. The formation of either Fla or Bfp presumably
reflects two alternative states of A. brasilense cells, since
we could never observe Fla and Bfp on the same cell.
This assumption is also confirmed by the fact that the
cultivation of azospirilla under nonaerated conditions,
which are unfavorable to Fla functioning, slightly aug-
mented the occurrence rate of the Swa–Gri+ phenotype.

In all Omegon mutants of strain Sp245 with the phe-
notype close to Swa–Gri+, Fla either was not produced
or was motionless, suggesting that Fla itself or some
components of the Fla system may be involved in the
regulation of the phenotypic variation of A. brasilense
cells. Indeed, the occurrence rate of the Swa–Gri+ phe-
notype among Fla– mutants was considerably higher
than among the wild-type Sp245 cells.

As was shown earlier for some gram-negative bacte-
ria, Bfp are required for the twitching motility and
aggregation of bacterial cells [5, 15, 16]. Twitching
motility depends on the presence of the so-called type
IV pili (Bfp is a variant of such pili) [15–17], which are
capable of cyclic contraction by a hitherto unknown
mechanism [15].

Under laboratory conditions, the twitching motility
of bacteria, e.g., pseudomonads, can be detected by
stabbing them deeply (to the petri dish bottom) into a
1% agar medium and observing the formation of diffu-
sive granular dispersal zones [17]. In the present work,
the twitching motility of A. brasilense cells was
observed not only at the petri dish bottom (Figs. 1d, 1e)
but also on the surface of solid media. For instance, the
twitching motility of aggregated A. brasilense SK048
cells was observed under a phase-contrast microscope
in a drop of a liquid squeezed from the solid growth
medium by pressing a cover glass.

To conclude, the present paper describes the forma-
tion of Bfp and the twitching motility of azospirilla.
The two types of cell motility, one of which is depen-
dent on flagella and the other is dependent on pili, obvi-
ously increases the adaptive capacity of this bacterium.

The derivatives of strain Sp245 described in this
paper may be used for mapping the bfp loci in the
A. brasilense genome and for studying the mechanisms
of the phenotypic variation of this bacterium with
respect to its locomotion.
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