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Extracellular polysaccharides synthesized by Azospirillum brasilense and A. lipoferum were shown on agar
plates and liquid flocculating cultures. The six strains used in this work expressed a mucoid phenotype, yielding
positive calcofluor fluorescence under UV light. The calcofluor-binding polysaccharides were distributed
between the capsular and exopolysaccharide fractions, suggesting exocellular localization. No calcofluor
fluorescence was observed in residual cells after separation of the capsular and exopolysaccharide fractions.
Cellulose content was significantly higher in flocculating than in nonflocculating cultures. Failure to induce
flocculation by addition of cellulose (100 mg/ml) to nonflocculating cultures, together with the sensitivity of flocs
to cellulase digestion, suggested that cellulose is involved in maintenance of floc stability. Different A. brasilense
and A. lipoferum strains bound to a wheat lectin (fluorescein isothiocyanate-wheat germ agglutinin), indicating
the occurrence of specific sugar-bearing receptors for wheat germ agglutinin on the cell surface. The
biochemical specificity of the reaction was shown by hapten inhibition with N-acetyl-D-glucosamine. All six
strains failed to recognize fluorescein isothiocyanate-soybean seed lectin under our experimental conditions. We
conclude that azospirilla produce exocellular polysaccharides with calcofluor- and lectin-binding properties.

Bacteria of the genus Azospirillum have received a great
deal of attention in recent years, following their isolation
from the roots of several forage and cereal grasses (17, 27,
41), their widespread geographic occurrence in tropical and
temperate soils (14, 15, 20), and the increasing number of
reports indicating positive plant response to inoculation with
these bacteria (2, 8, 9, 41). Azospirilla are also known to fix
nitrogen in culture media and to form diazotrophic associa-
tions with the roots of grasses (2, 29, 41). Azospirillum spp.
can be readily isolated from surface-disinfected roots (2, 28,
32; R. B. Lamm, Ph.D. thesis, Rutgers University, New
Brunswick, N.J., 1984), form cell aggregates on or around
the roots (30, 31, 39, 42), and invade the root cortex (28, 31,
32, 41). Nevertheless, knowledge about the basic mecha-
nisms controlling selectivity, infection, and other plant-
bacterium interactions involving Azospirillum spp. is lim-
ited. Recently, we have focused our attention on bacterial
characteristics likely to be involved in cell-cell interactions,
including production and structural organization of exocel-
lular polysaccharides (20, 33, 34; Lamm, Ph.D. thesis).
Production of these polymers is common to many bacteria,
and their role in the establishment of symbiotic (3, 10, 32) or
pathogenic (7, 19, 35) associations with plants has been
extensively studied. Furthermore, the ability to bind to
specific plant lectins and the presence of calcofluor-binding
polysaccharides in rhizobia have been implicated as impor-
tant determinants of bacterial attachment and successful
colonization of legume roots (3, 11, 19, 32, 36, 37).

Preliminary microscopic observation of corn and wheat
roots inoculated with azospirilla revealed the formation of
bacterial aggregates that superimpose over the attachment of
individual cells (unpublished data). These initial studies also
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revealed the presence of two bacterial cell types: highly
motile swarming cells and a sessile type able to form clumps
on or around roots. These two types have also been ob-
served in culture studies (33, 34; Lamm, Ph.D. thesis).
Transfer of nutrient broth (NB)-grown cells into minimal
medium containing either gluconate or fructose as a carbon
source results in loss of cell motility, accumulation of
abundant poly-,-hydroxybutyrate within the cells, and pro-
duction of a thick coat or capsule (33, 34). Scanning and
transmission microscopy revealed that two main forms of
exopolysaccharides exist on the outer surface. One form
appears to be more dense and tightly bound to the cell and is
referred to hereafter as the capsular polysaccharide compo-
nent (CPS). The other looks lighter, extending away from the
cell, and will be referred to as the exopolysaccharide com-
ponent (EPS).

In this paper, we report on the separation of the two
distinctive exopolysaccharide fractions from Azospirillum
brasilense and A. lipoferum strains. The main objective of
the work was to study the relatively specific interactions
between the extracellular polysaccharides and calcofluor, a
stilbene dye which binds cellulose and other p-linked
polysaccharides. Also, binding of specific lectins by the two
Azospirillum spp. was demonstrated.
(A preliminary report of this work has been presented

[M. M. Del Gallo and C. A. Neyra, Proceedings of the 7th
International Congress on Nitrogen Fixation 1988, p. 771].)

MATERIALS AND METHODS

Bacterial strains. The six strains used for this study were
A. brasilense Sp7 (ATCC 29145), Cd (ATCC 29710), and 245
and A. lipoferum 59b (ATCC 29707), Brl7 (ATCC 29709),
and Col 5. These strains were originally isolated from a

broad range of graminaceous plants, including maize (Brl7),
wheat (59b and 245), Hypharrenia rufa (Col 5), Cynodon
dactylon (Cd), and Digitaria decumbens (Sp7).
Inoculum preparation and culture media. All strains were

maintained on nutrient agar (Difco Laboratories, Detroit,
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Mich.) slants at 30°C. The stock cultures were routinely
subcultured into semisolid N-free malate medium (29). Be-
fore inoculum preparation, the cultures from the semisolid
medium were transferred to either tryptic soy agar (TSA;
Difco) or NB (Difco) starter cultures for 24 h at 30°C.

Lectin-binding studies. Inocula from TSA starter plates
were transferred into liquid minimal medium containing 37
mM malate and 19 mM NH4Cl (29) and allowed to grow
overnight. The cultures were then diluted to an optical
density at 545 nm of 0.2. Each strain was streaked with a
0.01-mi disposable loop on agar plates containing minimal
medium supplemented with 13 mM NH4NO3, and the re-
quired carbon sources were added individually. Each carbon
source was separately sterilized and added to the minimal
medium at a final concentration of 55 mM fructose, glucose,
or galactose; 42 mM gluconate, 67 mM arabinose, or 37 mM
malic acid neutralized with NaOH. Nutrient agar or TSA
plates were also included in some experiments. The cultures
were incubated at 33°C for 3 days.

Flocculation studies. Flocs were obtained by using a mod-
ification of the procedure outlined by Sadasivan and Neyra
(33). Phosphate buffer in minimal salts medium was lowered
to 0.01 M (pH 6.8), and a trace amount (20 mg/liter) of yeast
extract (Difco) was added. Iron salt was filter sterilized
before being added to the minimal salts medium. Fructose
and KNO3 used as sources for carbon and nitrogen were
filter sterilized and added individually to the medium at final
concentrations of 8 and 0.5 mM, respectively. The final
volume of the medium was made 1 liter (pH 6.8). The
inoculum was harvested from a log-phase culture grown in
NB by centrifugation at 3,000 x g for 10 min at 4°C. The
pellet was washed three times with equal volumes of 0.01 M
phosphate buffer (pH 6.8) and inoculated into the minimal
medium to an initial optical density at 660 nm of 0.3 to 0.4.
Experiments were conducted in 250-ml flasks containing 100
ml of medium. The cultures were incubated at 34°C on a
Gyrotory shaker (New Brunswick Scientific Co., Inc., Edi-
son, N.J.) at 200 rpm and harvested after overnight incuba-
tion for further characterization.

Extracellular polysaccharides. Eight-day-old plates were
visually characterized for slime production, and the total
mucoid growth was carefully removed from the agar surface
with 20 ml of 0.9% NaCl. The homogenate (saline fraction)
was centrifuged at 10,000 rpm for 15 min at 4°C in a Sorvall
RC-5B refrigerated super-speed centrifuge (Du Pont Instru-
ments, Chadds Ford, Pa.). The EPS fraction was separated
from the supernatant after overnight treatment with 3 vol-
umes of chilled ethanol at 4°C. The ethanol-insoluble EPS
was collected by centrifugation at 20,000 rpm for 20 min. The
CPS fraction was obtained from the pellet of the first
centrifugation after solubilization with phosphate-buffered
saline (0.43 g of KH2PO4, 1.68 g of Na2HPO4, 7.2 g of NaCl
per liter [pH 7.2]) for 7 days at 4°C (24). The suspension was
then centrifuged at 8,000 rpm for 10 min to separate the
residual cells. The CPS fraction contained in the supernatant
was obtained by treatment with ethanol as described above.
The carbohydrate and protein contents of the homogenate
and the EPS and CPS fractions were determined by the
anthrone (13) and Lowry (21) methods by using glucose and
bovine serum albumin (Fraction V; Sigma Chemical Co., St.
Louis, Mo.) as the respective standards. The CPS and EPS
fractions of 3-day-old flocs was obtained by a procedure
similar to that outlined above (24).

Floc yield. The net fresh weight of flocs was obtained by
filtering the flocs through filter paper (Whatman no. 1) and

weighing the paper and the flocs after they were air dried for
30 min.

Floc dispersion by cellulase. Fresh flocs were separated
from the medium by low-speed centrifugation (1,000 rpm) for
10 min at 4°C, and the pellet was washed twice with 0.01 M
phosphate buffer (pH 6.8) and resuspended in 10 ml of the
same buffer. Floc dispersion was determined in the presence
of crude cellulase (EC 3.2.1.4) from Trichoderma viridie
(Type V; Sigma). Cellulase (10 mg dissolved in 2 ml of
sodium citrate buffer [pH 4.6]) was added to 1 ml of floc
suspension and incubated at 45°C for 6 h. Blanks for each
strain were prepared by incubation with citrate buffer alone.
Floc dispersion was recorded visually, and the reducing
sugars liberated were estimated by the colorimetric proce-
dure of Nelson-Somogyi (26). Another batch of flocs were
treated with 10 ml of 1 N NaOH for 1 h at 100°C, and the
alkali-insoluble fraction was washed and treated with cellu-
lase as described above.

Cellulose purification and assay. Flocs were separated from
the medium by low-speed centrifugation and washed as
described above. The washed pellet was treated for 30 min
with the acetic-nitric acid reagent described by Updegraff
(40). The insoluble residue was washed with deionized water
and further digested for 1 h with 10 ml of 67% sulfuric acid.
A proper dilution of the acidic solution was used to deter-
mine cellulose by anthrone analysis (40) with commercial
cellulose (Whatman cellulose powder; W & R Balston, Ltd.)
as the standard.

Phase-contrast and fluorescence microscopy. A modifica-
tion of the procedure outlined by Bohlool and Schmidt (6)
was used for assessment of lectin binding by azospirilla.
Fluorescein isothiocyanate (FITC)-labeled wheat germ ag-
glutinin (WGA; Sigma) and FITC-labeled soybean lectin
(SBL; Sigma) were used as lectins. Smears from 3-day-old
cultures were air dried, heat fixed, and covered for 20 min
with 0.1 ml of 100 ,ug of lectin solution per ml in phosphate-
buffered saline. The stained smears were washed in phos-
phate-buffered saline for 15 min, covered with a cover slip,
and observed for fluorescence with a Nikon Optiphot micro-
scope equipped with an epifluorescence attachment (HBO 50
power supply and a B filter package; 410 to 485-nm interfer-
ence excitation, a DM 505 dichroic mirror, and a 515-nm
barrier filter) with normal optics to ascertain the association
of fluorescence with individual bacterial cells, clumps of
bacteria, or the polysaccharide material surrounding the
cells and to estimate percentages of FITC-WGA- and FITC-
SBL-labeled bacteria. The biochemical specificity of FITC-
WGA binding to bacteria was checked by hapten inhibition
with N-acetyl-D-glucosamine. A solution of N-acetyl-D-glu-
cosamine (5 mg/ml of phosphate-buffered saline) was added
to an equal volume of FITC-WGA solution for treatment of
bacterial samples as described above.

Slimy colonies from 3- to 8-day-old plates were observed
under a phase-contrast microscope after being stained with
alcian blue, which was used as a 1.0% (wt/vol) solution in
95% (vol/vol) ethanol, and carbol-fuchsin as a counterstain
to reveal the presence of acidic heteropolysaccharides.
Neutral ,-glucans were revealed with the fluorochrome
calcofluor (Fluorescent Brightener 28; Sigma). The stain was
used as a 0.1% (wt/vol) solution in 0.5 N saline (pH 6.0) to
assure minimal distortion of cells. Stained preparations were
examined for fluorescence under a long-wavelength UV
lamp and with a Zeiss standard 14 epifluorescence micro-
scope provided with a UV excitation filter (G 365) and a
425-nm barrier filter. A positive reaction was indicated by
emission of blue-green fluorescence.
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TABLE 1. Carbohydrate contents of whole homogenates
(saline fraction) and CPS EPS fractions of A. brasilense and

A. lipoferum strains grown on gluconate agar plates

Carbohydrate (,ug/mg of protein) in:
Bacterial strain Whole

homogenate CPS EPS

A. lipoferum
59b 341 46 27
Br 17 457 178 41
Col 5 451 113 27

A. brasilense
Sp 7 386 197 60
245 485 172 28
Cd 333 152 52

Flocs were also stained directly by using 0.1% (wt/vol)
solutions of Congo red and trypan blue. Microscopic obser-
vations were made under a phase-contrast microscope.
Staining of fresh flocs and EPS and CPS fractions with alcian
blue and calcofluor was done as described above. The
presence of encapsulated cells in flocs was determined by
exclusion of India ink particles (16).

RESULTS

Slime production. All of the strains used in this study
produced mucoid colonies (Muc+ phenotype) on complex
(Nutrient agar and TSA) and synthetic (fructose and glu-
conate) media. Slimy colonies were clearly distinguishable
on 72-h plates, but maximal slime accumulation did not
occur until 6 to 8 days after seeding. A. brasilense Cd
produced a characteristically pink to red coloration on all of
the media tested. The other five strains produced white to
creamy or beige colonies. Aging of the cultures for 2 weeks
or more resulted in production of dark brown pigments by
strains Sp7 and Sp 59b. Microscopic observations of the
slimy growth revealed numerous encapsulated cells, as
indicated by exclusion of India ink particles. Masses of cells
were arranged in the form of a dense glycocalyx containing
acidic polysaccharides, as indicated by positive staining with
alcian blue. Positive calcofluor fluorescence indicated the
presence of 3-glucans, possibly cellulose (44).
CPS and EPS separation. The separation of both CPS and

EPS components of the external surface of azospirilla was
achieved by using differential centrifugation based on differ-
ential solubility properties. A quantitative estimate of the
relative carbohydrate contents of six Azospirillum strains is
shown in Table 1. The loosely bound EPS was readily
solubilized by mild extraction with low salt, and it remained
in the supernatant. The CPS fraction was separated from the
pelleted cells by more prolonged extraction (1 week in
phosphate-buffered saline). The CPS and EPS fractions were
precipitated with 75% ethanol, suggesting that both con-
tained high-molecular-weight acidic polysaccharides. The
carbohydrate content of the CPS fraction was about two- to
fourfold larger than the EPS content, regardless of the
bacterial strain (Table 1). The distribution of total carbohy-
drates between the CPS and EPS fractions agrees well with
results obtained with rhizobia (19, 24).

Lectin-binding studies. Binding of azospirilla to FITC-
WGA produced a characteristic yellow-green fluorescence.
This positive fluorescence was observed with bacteria grown
on a variety of carbon sources, but gluconate was apparently

TABLE 2. Binding of FITC-WGA to A. lipoferum Col 5 grown
on agar plates containing different carbon sources

Carbon FITC-WGA binding
source % Stained cells Fluorescence"

TSA >50 +++
Nutrient agar >50 +
Gluconate >50 +++
Glucose 10-30 +++
Arabinose 10-30 + +
Malate 10-30 +
Fructose 1-10 +
Galactose 1-10 +

" + + +, + +, and +, High, intermediate, and low fluorescence intensities,
respectively.

the best single carbon source (Table 2). Five of the six
strains, except Cd, yielded positive fluorescence with FITC-
WGA (Table 3). The biochemical specificity of the reaction
was shown by hapten inhibition with N-acetyl-D-glu-
cosamine, a competitive analog inhibitor. The presence of
the hapten in the lectin-binding assay resulted in 90 to 100%
reduction of the fluorescence associated with the cells. Most
interesting, however, was the finding that none of the six
strains was able to bind to SBL (Table 3).

Calcofluor binding and flocculation studies. Cells of a
log-phase culture grown in NB, washed, and transferred to
flocculation medium containing fructose (8 mM) and KNO3
(0.5 mM) started to show cell aggregation and snowlike
flakes just 2 h after inoculation. Intensive flocculation was
observed after 4 to 6 h, when the cells began to sediment at
the bottom of the flask. Phase-contrast microscopic obser-
vations of these early sedimenting cells (4 h after transfer)
revealed pleomorphic forms (including motile cells) which
were very lightly covered with exocellular polysaccharides
(Fig. 1A). Continued incubation of cells for 24 to 48 h
resulted in production of macroflocs that settled completely
at the bottom of the flask, leaving behind a clear supernatant
practically devoid of cells. Encapsulated cells obtained from
48-h-old cultures were nonmotile and fully covered with
exocellular polysaccharides, as shown by negative staining
with India ink (Fig. 1B). Removal of the EPS fraction
allowed clear observation of the capsules surrounding indi-
vidual cells.

TABLE 3. Binding of FITC-WGA and FITC-SBL by
A. brasilense and A. lipoferum strains grown

on gluconate agar plates

Bacterial FITC-WGA binding"
strain % Stained cells Fluorescenceb

A. lipoferum
59b >50 +++
Br 17 >50 +++
Col 5 >50 ++

A. brasilense
Sp 7 >50 +++
245 10 +
Cd

" All positive strains developed yellow-green fluorescence, except strain Sp
7, which developed yellow to yellow-green fluorescence. With FITC-SBL,
there were no positively stained cells.
b++ +, + +, and +, High, intermediate, and low fluorescence intensities,

respectively.
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TABLE 5. Cell yields and cellulose contents of flocculating and
nonflocculating cultures of A. brasilense and A. lipoferum

Flocculating cultures" Nonflocculating cultures'
Bacterial
strain Floc yield Cellulose Cell yield Cellulose

(g/liter) (mg/g of floc) (g/liter)' (mg/g of floc)

A. lipoferum
59 b 3.27 7.64 1.61 0.09
Br 17 2.72 6.43 1.23 0.04
Col 5 3.01 5.00 1.12 0.08

A. brasilense
Sp 7 2.34 6.41 1.66 0.11
245 2.16 8.10 1.93 0.08
Cd 1.87 8.02 1.79 0.06

' In minimal medium containing fructose (8 mM) and KNO3 (0.05 mM).
b In NB (Difco).
'The cell yield was obtained after pelleting of 24-h-old NB cultures.

FIG. 1. Phase-contrast microscopy of A. lipoferum cells from
flocculating cultures containing fructose (8 mM) and KNO3 (0.5
mM). Panels: A, 4-h cultures; B, 48-h cultures. Capsules in 48-h
cultures were visualized by negative staining with India ink. Cells
are shown completely covered with EPS (B) and after removal of the
EPS fraction (C). Bar, 10 ,um.

Positive staining of 48-h-old flocs with calcofluor, Congo
Red, and trypan blue provided evidence for the presence of
neutral P-glucans (Table 4). Positive alcian blue staining also
indicated the presence of acidic heteropolysaccharides, as-
sociated with the flocs (Table 4). The relative contributions
of neutral glucans (including cellulose) and acidic het-
eropolysaccharides to the formation and stability of flocs are

TABLE 4. Characterization of flocs from A. brasilense and
A. lipoferum by different staining procedures

Bacterial Staining with":
strain Calcofluor Congo red Trypan blue Alcian blue

A. lipoferum
59b ++ ++ ++ ++
Brl7 + ++ ++ ++
Col S + ++ ++ +

A. brasilense
Sp 7 + ++ + ++
245 + ND + +
Cd + ++ + +

+ +, good; +, fair; ND, not determined.

not known, but probably both are involved. However,
addition of commercial cellulose (100 mg/ml) to the nonfloc-
culating medium did not induce flocculation, even after 48 h
(data not shown). Nonflocculating cultures grown on NB
produced limited amounts of cellulose compared with floc-
culating cultures (Table 5), suggesting that cellulose plays a
role in flocculation, possibly by helping to maintain floc
stability.

Incubation of flocs with crude cellulase resulted in signif-
icant dispersion of the macroflocs, accompanied by release
of reducing sugars (Table 6). Treatment of the flocs with 1 N
NaOH produced an alkali-stable residue that was more
sensitive to cellulase, as evidenced by the higher amounts of
reducing sugars liberated. All of these results, taken to-
gether, support the contention that cellulosic polysaccha-
rides play a functional role in the flocculation process, but
the exact mechanism still remains to be elucidated.

Additional studies showed that calcofluor-binding
polysaccharides in floc cells are localized on the surface as
part of the exocellular fractions CPS and EPS (Fig. 2).
Whole flocs and the CPS and EPS fractions yielded positive
fluorescence with calcofluor (Fig. 2A, C, and D, respec-
tively). The cells obtained after separation of EPS and CPS
fractions failed to show any fluorescence with calcofluor
(Fig. 2B). The CPS fraction looked more extended and
veillike than the granular form of the EPS fraction. The
relevance of this observation remains to be seen.

TABLE 6. Floc dispersion and liberation of reducing sugars upon
cellulase treatment of flocs and alkali-stable residue

of A. brasilense and A. lipoferum

Bacterial Reducing sugars Reducing sugars
strain in whole flocs" in alkali-stable

residue'"'

A. lipoferum
59 b 83.33 220.18
Br 17 102.77 217.64
Col 5 55.55 218.16

A. brasilense
Sp 7 103.78 275.78
245 118.88 322.53
Cd 108.88 326.20

" Expressed as micromoles of glucose liberated per gram of flocs after 2 h
of incubation at 45°C.b Dispersion was fair with all strains.

Dispersion was good with all strains.
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FIG. 2. Microscopy of flocs from A. lipoferum 59b showing positive calcofluor fluorescence (A). No fluorescence was observed after
removal of the EPS and CPS components (B). Positive calcofluor fluorescence was observed in association with the CPS (C) and EPS (D)
fractions. Bar, 10 ,um.

DISCUSSION
This study was initiated as part of a program to identify

and characterize cell surface components of azospirilla that
may be involved in cell-cell interactions and colonization of
grass roots. In principle, the initial interaction between two
symbionts takes place at the surfaces of the two interacting
organisms and particular molecules present at the cell sur-
face may be important in determining the outcome of the
reaction.
The results presented here demonstrated that both A.

brasilense and A. lipoferum strains grow well on a variety of
carbon and nitrogen sources and synthesize abundant extra-
cellular polysaccharides on agar plates and liquid floccu-
lating cultures. These polysaccharides appear to be orga-
nized in two distinct morphological forms: (i) as capsules
tightly bound to the external cell surface (CPS fraction) and
(ii) as slimy polysaccharides loosely attached to the capsules
(EPS fraction). Even though extensive information on the
role of exopolysaccharides is available for several gram-
negative bacteria (3, 7, 9, 10, 32, 35, 43), it would be
premature to define a specific role for either of the two
fractions (CPS and EPS) in the process of infection of grass
roots by azospirilla. Nonetheless, a recent report by
Michiels et al. (22) seems to indicate that the exopolysac-
charides of azospirilla perform similar functions and are
complementary to those produced by rhizobia. They also

present evidence that DNA cloned from A. brasilense sup-
pressed the nonmucoid phenotype of exoB and exoC mu-
tants of Rhizobium meliloti and corrected the inability of
these mutants to produce nitrogen-fixing nodules on alfalfa.
R. meliloti exo mutants on calcofluor-containing media ap-
pear nonfluorescent under UV light. These mutants are
considered to be deficient in one of the major acidic EPS and
form empty, non-nitrogen-fixing nodules on alfalfa. In this
study, all six Azospirillum strains expressed a mucoid phe-
notype that yielded positive fluorescence with calcofluor
under UV light. Slime preparations observed under phase-
contrast microscopy revealed the presence of encapsulated
microflocs, filaments, or chains and individual vegetative
cells. The sequence of events leading to microfloc formation
has been discussed recently by Bleakley et al. (5), who
indicated that A. lipoferum grown on P-hydroxybutyrate
agar accumulated poly-p-hydroxybutyrate, followed by fila-
mentation and septation, and the septating filaments later
produced extensive capsular material (5). Our results are in
line with those presented by Bleakley et al. In addition, we
observed positive calcofluor fluorescence associated only
with encapsulated cells in microflocs but not with the fila-
ments or chains, suggesting that calcofluor-binding polysac-
charides are located in the capsular fraction. The latter was
further confirmed by positive staining of the isolated CPS
fraction with calcofluor (Fig. 2). The results indicated that
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calcofluor-binding polysaccharides are exocellular and were
identified in the CPS and EPS fractions. No positive calco-
fluor fluorescence was associated with the residual cells
after separation of the CPS and EPS fractions. Whole flocs
were positively stained by calcofluor, Congo red, and trypan
blue, suggesting the presence of cellulosic P-glucans (44).
Cellulose is a common constituent of the external surface of
many bacteria (12, 19, 25), but its occurrence in Azospirillum
spp. has been suggested only recently (5, 33) and needs
further confirmation. In this report, however, we have
shown that the cellulose contents of flocculating cultures
were significantly higher than those of nonflocculating, NB-
grown cultures. Thus, cellulose might appear to be associ-
ated with the process of flocculation, probably in relation to
the maintenance of floc stability, rather than playing a role in
floc formation. In fact, addition of commercial cellulose (100
mg/ml of culture) to nonflocculating cultures failed to induce
flocculation. On the other hand, addition of crude cellulase
to a flocculating culture resulted in floc dispersion with
concomitant release of reducing sugars. The physiological
relevance of floc formation and floc dispersion in the rhizo-
sphere still remains to be investigated, although some re-
ports indicate that grass roots inoculated with azospirilla
form thick aggregates of bacteria connected by cellulosic
fibrillar material (30, 39, 42) on the root surface.
The ability to bind to specific lectins and the presence of

calcofluor-binding polysaccharides in rhizobia have been
implicated as important determinants of bacterial attachment
to legume roots and successful colonization (3, 11, 19, 32, 36,
37).

Several lines of evidence indicate that the lectin receptor
is present in the CPS component and binding to legume roots
is limited to encapsulated cell forms (1, 3, 24). Nonetheless,
other polysaccharides (EPS, LPS, and ,3-glucans, including
cellulose) have also been implicated in the process of root
colonization by rhizobia (9, 19, 25). Several authors (17, 31,
39) have also suggested that lectins are involved in the
process of root colonization by azospirilla, but no experi-
mental evidence was provided to support this contention.
The results presented in this work demonstrate the abilities
of different A. brasilense and A. lipoferum strains to bind to
WGA, suggesting the presence of sugar-bearing receptors
for WGA on the cell surface. One important finding was that
binding to WGA was achieved by Azospirillum strains iso-
lated from a wide range of plant species, and therefore the
lectin reaction as an important determinant for selective
colonization, as indicated for the legume-Rhizobium symbi-
osis (3, 4, 11, 37), cannot be directly extrapolated. Nonethe-
less, the binding by azospirilla to WGA, together with the
inability to bind to SBL, is indicative that a certain degree of
specificity for the interaction with lectins does exist. The
biochemical specificity was shown by hapten inhibition by
using N-acetyl-D-glucosamine. Lectins from graminae puri-
fied to date are very closely related to one another, the most
studied being WGA (18, 38). Recently, Mishkind et al. (23)
reported on the isolation of a wheat root lectin that is
structurally and functionally similar to WGA. This finding
(23), together with the results reported here, opens the
possibility to use WGA as a model-type lectin to advance our
knowledge about the role of this protein in the establishment
of grass-bacterium associations.
The findings of the present study may help to further

advance our understanding of the interaction between azo-
spirilla and grass roots and should also facilitate the design of
genetic research aimed at improving the efficiency of these
rhizocoenosis-involving azospirilla.
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