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Soil bacteria that interact with plants largely differ in the ef-
fects that they exert on their host plant. The association be-
tween Rhizobium, Azospirillum, or many pseudomonads and
their host plant(s) is beneficial for plant growth while the in-
teraction of Agrobacterium with its host is pathogenic and
results in plant disease. Despite these differences, it seems
that, at least in some cases, common mechanisms are involved
in the initial phases of the interaction processes.

It is generally assumed that successful interactions are pre-
ceded by proliferation of the appropriate bacteria in the rhi-
zosphere of the plant host (for example Sprent 1989; Bull et
al. 1991). Since most rhizobacteria carry the complex ma-
chinery for motility and chemotaxis, bacterial motility, either
random or chemotactic, is likely to play a role in this early
stage of interaction. Many substances present in root exu-
dates, including .simple sugars and amino acids as well as
more specific nonmetabolizable compounds, have been iden-
tified as chemoattractants for different plant-associated bacte-
ria. Once bacteria are in the vicinity of the root or the seed,
attachment to target cells on the plant surface can occur. In
some interactions, such as the Agrobacterium tumorigenesis,
bacterial adherence to the plant surface has been shown to be

a prerequisite for the further establishment of the interaction

(Matthysse 1987). In contrast, some phytopathogenic bacteria
appear to avoid attachment in compatible interactions (i.e.,
interactions resulting in disease) in order not to trigger plant
defense responses (Sequeira et al. 1977; Young et al. 1986).

In this review, the role of bacterial motility, chemotaxis,
and attachment in four types of bacterium-plant interactions
i.e., in the Agrobacterium pathogenesis, in the Rhizobium-
legume symbiosis, in the Azospirillum-plant root association
and in the interaction of beneficial fluorescent pseudomonads
with plants, will be discussed.

MOTILITY, CHEMOTAXIS, AND ATTACHMENT
INTHE AGROBACTERIUM-PLANT PATHOGENESIS

Role of chemotaxis and motility in tumor formation,

The Gram-negative soil bacterium Agrobacterium tumefa-
ciens causes the tumorigenic disease crown gall on a wide
range of dicotyledonous plants. Plant tumorigenesis results
from the expression of a discrete segment of bacterial DNA,
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the T-DNA, that is transferred from the Ti plasmid into the
nuclei of host plant cells. Processing and transfer of this T-
DNA is mediated by another portion of the Ti plasmid, the vir
region, that is synergistically induced by a family of phenolic
compounds exudated by plant wounds, such as acetosyrin-
gone and hydroxyacetosyringone, together with specific
monosaccharides (for a review see Kado 1991; Winans 1992;
Ankenbauer and Nester 1993).

Agrobacterium spp. are peritrichous motile bacteria and
possess a highly sensitive chemotaxis system which responds
to a wide range of amino acids and sugars. Some of these
sugars galactose, glucose, arabinose, fucose, and xylose have
also been identified as vir gene inducers (Loake et al. 1988;
Cangelosi et al. 1990a). The genes involved in the general
chemotactic response towards amino acids and sugars are lo-
cated on the chromosome (Loake et al. 1988, Cangelosi et al.
1990a). In addition, Ashby et al. (1988) reported that A. tume-
Jaciens C58 also exhibits chemotaxis towards acetosyringone,
one of the major plant phenolic vir inducers. This attraction
requires the presence of virA and virG genes, located on the
Ti plasmid, and occurs at concentrations well below those
necessary for vir gene induction. The authors suggested that
migration towards acetosyringone may constitute the first step
in the specific recognition between A. fumefaciens and its
host plant in the soil. Therefore, specific chemotactic attrac-
tion may guide the bacteria towards plant wounds where the
concentration of inducer is sufficiently high to switch on the
expression of the vir genes. However, these results pointing to
acetosyringone as a positive chemoattractant for A. tumefaci-
ens, were disputed by others. Parke et al. (1987) reported
chemotaxis of A. tumefaciens A348 towards a number of
other aromatic vir inducers such as catechol, gallate, p-
hydroxybenzoate, protocatechuate, and [-resorcylate but
failed to observe migration to acetosyringone at any concen-
tration. In this case, identical results were obtained with the
wild-type strain and a Ti-cured derivative. From these results
it was concluded that the Ti plasmid was not required for
chemotaxis to the aromatic attractants. Moreover, chemotaxis
towards aromatic compounds was found to be constitutively
expressed. Since both groups used different strains in their
experiments, the chemotactic response of A. tumefaciens to-
wards acetosyringone appears to be strain-specific and is
therefore probably not essential for virulence.

Only a few investigators have studied the involvement of
chemotaxis and motility in virulence of A. tumefaciens by




using specific mutants. Using resistance to flagella-specific
bacteriophages as a selection procedure, Bradley et al. (1984)
isolated nonmotile mutants of A. tumefaciens. These mutants
retained both virulence and the ability to attach to plant cells
under laboratory conditions. Hawes et al. (1988) developed
an assay to detect migration of A. tumefaciens cells towards
excised root tips and isolated root cap cells as sources of
wound and nonwound exudates, respectively. Chemotaxis to
both exudates was shown to be independent of the Ti plasmid.
Using this assay, motility and chemotaxis mutants were iso-
lated. To assay the significance of these processes in crown
gall pathogenesis, virulence of these mutants was tested under
a variety of experimental conditions (Hawes and Smith 1989).
Virulence was shown to depend on the soil type and on the
inoculation procedure. When inoculated either directly in
sand or soil or indirectly in sand (i.e., inoculated sand was
allowed to dry and then used for growing plants), virulence of
the motility- and chemotaxis-deficient mutants was indistin-
guishable from the wild-type strain. Only in indirect inocula-
tion assays in soil, the motility and chemotaxis mutants were
avirulent. These results indicate that chemotaxis and motility
of A. tumefaciens towards its host can be critical for virulence
in some environments but are superfluous in others.

Role of attachment in tumor formation.

Site-specific attachment of A. tumefaciens to the plant cell
surface as an essential step in the tumorigenicity, was first
proposed by Lippincott and Lippincott (1969). This statement
was based on the observation that avirulent A. tumefaciens
strains, which were still able to attach, inhibited initiation of
tumor formation by virulent strains, presumably by occupy-
ing all available binding sites on the plant cell surface. In
addition, specific receptors on the A. tumefaciens cell surface
were supposed to be involved since tumorigenesis could not
be blocked by inoculation with heterologous bacteria such as
Rhizobium meliloti and Pseudomonas aeruginosa (Lippincott
and Lippincott 1969).

During the last two decades, evidence has accumulated that
attachment of A. tumefaciens to plant cells is a two-step proc-
ess (Matthysse et al. 1981). In the first step A. tumefaciens
adheres to the plant cell surface as a single cell. In the second
phase, in response to plant factors, A. tumefaciens elaborates
cellulose fibrils that entrap other bacteria resulting in the for-
mation of bacterial aggregates (Matthysse et al. 1981). These
fibrils also cause the bacteria to bind very tightly to the plant
cell surface.

Mutants unable to synthesize cellulose attach to the surface
of their host cells as individual cells but do not form aggre-
gates. These mutants are still virulent but are more suscepti-
ble to being washed off the plant cells (Matthysse 1983), in-
dicating that the fibrils per se are not essential for tumor for-
mation but can be advantageous to the bacteria under certain
environmental conditions.

To date, four genetic loci, chvA, chvB, pscA (exoC), and att,
have been identified as playing a role in the initial attachment
of A. tumefaciens to plant cells. All four loci are located on
the chromosome. Mutations within these loci cause an aviru-
lent bacterial phenotype, pointing to an essential role of the
initial binding of the bacteria in virulence.

chvA and chvB genes were initially identified by Garfinkel
and Nester (1980) in a search for avirulent A. tumefaciens

mutants. These mutants were subsequently demonstrated to
be affected in their ability to bind to plant cells (Douglas et al.
1982). Mutations in chvA and chvB are pleiotropic: The mu-
tants lack flagella resulting in nonmotility and resistance to
some bacteriophages (Bradley et al. 1984) and are defective
in the production (chvB, Zorreguita and Ugalde 1986) or se-
cretion (chvA, Cangelosi et al. 1989) of the cellular and extra-
cellular polysaccharide B-1,2-D-glucan. Since most flagella-
deficient A. tumefaciens mutants are virulent and unaffected
in the binding to plant roots under laboratory conditions
(Bradley et al. 1984; Hawes and Smith 1989), the lack of pe-
riplasmic B-1,2-glucan was proposed to account for the in-
ability of the chvA and chvB mutants to attach and to form
tumors.

The important role of B-1,2-glucans in bacterial virulence
was further supported by the finding that another avirulent,
attachment-defective mutant, a pscA or exoC mutant, also
lacks B-1,2-glucan. pscA encodes a phosphoglucomutase
(Uttaro et al. 1990), an enzyme that is essential for the bio-
synthesis of UDP-glucose. Since UDP-glucose is a primary
component in the synthesis of several polysaccharides, pscA
mutants are even more pleiotropic than the chvA and chvB
mutants. Besides a defective B-1,2-glucan production, pscA
mutants are affected in the biosynthesis of cellulose and suc-
cinoglycan, the major acidic extracellular polysaccharide.
However, the latter two phenotypes are probably not respon-
sible for the avirulence of the pscA mutant since several other
cellulose-negative mutants (see also above; Matthysse 1983)
as well as several mutants deficient in the synthesis of suc-
cinoglycan (Cangelosi et al. 1987) have been proven to be
fully virulent under laboratory conditions.

Although B-1,2-glucans are likely involved in A. tumefaci-
ens attachment, their role seems to be rather indirect, affect-
ing important properties of the cell surface. A. tumefaciens -
1,2-glucans are involved in resistance of the bacteria to low
osmotic pressure and their synthesis is osmoregulated (Miller
et al. 1986). The periplasmic cyclic -1,2-glucan is believed
to maintain high osmolarity in the periplasm during growth of
the bacteria on low-osmotic strength media. chvA and chvB
mutants were indeed shown to grow more slowly than the pa-
rental strain under conditions of low osmolarity (Cangelosi et
al. 1990b). Evidence for the indirect role of B-1,2-glucan in
the initial binding of A. rumefaciens to plant cells was re-
cently given by Swart et al. (1993 and 1994b). When grown
in low-osmotic medium, the outer membrane of a chvB-
mutant lacks an active 14-kDa Ca*-dependent outer mem-
brane protein, named rhicadhesin (Swart et al. 1993). This
protein had previously been demonstrated to be important for
the attachment of Rhizobium leguminosarum bv. viciae cells
to pea roots (Smit et al. 1989b; see also further). The lack of
active rhicadhesin in the outer membrane of the A. tumefaci-
ens chvB mutant was shown to cause the attachment-deficient
and avirulence phenotypes. Motility, attachment to pea root
hair tips, and virulence on Kalanchoé daigremontiona of
chvB mutants of A. tumefaciens could be restored by growing
the chvB mutants in medium of high osmolarity in the pres-
ence of Ca®* (Swart et al. 1994b). The production of inactive
rhicadhesin by the chvA and chvB mutants in low-osmotic
medium and at plant wound sites is therefore thought to be
due to improper osmoadaptation by the lack of periplasmic -
1,2-glucan, which in turn may cause aberrant posttransla-
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tional processing of the rhicadhesin protein in the outer mem-
brane (Swart et al. 1993). A few plant species (including, e.g.,
Solanum tuberosum), however, are infected by A. tumefaciens
chvB mutants (Hooykaas and Schilperoort 1986). A higher
osmolarity at the wound sites of these plant species might
compensate for the lack of bacterial 3-1,2-glucan.

By direct screening for mutants which failed to bind to car-
rot cells in a suspension culture, Matthysse (1987) isolated
five additional attachment mutants. All mutants were aviru-
lent. The mutations (att) were located on the chromosome and
mapped in a region unlinked to the chvA, chvB, and pscA loci.
Phenotypic characterization of the nonattaching mutants re-
vealed no differences as compared to the parental strain in
hydrophobicity, motility, flagella, fimbriae, size of lipopoly-
saccharide and production of cyclic B-1,2-glucan and cellu-
lose. The att mutants however lacked a number of outer
membrane proteins (33, 34, and 38 kDa). At present there is
no evidence whether these proteins are directly involved in
the binding of A. tumefaciens to the host cell surface.

The presence of specific receptor molecules at the plant cell
surface to which A. tumefaciens cells bind has been postu-
lated for a long time and is supported by the observations that
(i) attachment of A. tumefaciens to the host cell surface is
saturable (Neff and Binns 1985) and (i) tumor formation by
virulent strains can be blocked by preinoculation with aviru-
lent but attaching strains (Lippincott and Lippincott 1969). In
addition, tumor initiation of infectious A. tumefaciens cells is
strongly reduced in the presence of externally added pectin
and polygalacturonic acid (Rao et al. 1982). Similarly, Neff
and Binns (1985) observed inhibition of Agrobacterium at-
tachment to plant cells in a quantitative direct binding assay
by a pectin-enriched extract of tomato cell walls. However,
the inhibitory activity of the extract was found to be partially
sensitive to a protease treatment, indicative for the involve-
ment of a proteinaceous component. Therefore, the reduction
of Agrobacterium attachment to the natural plant sites by
pectin and polygalacturonic acid might be nonspecific. Re-
cently, additional evidence for the involvement of a plant cell
wall protein in A. tumefaciens binding was given by two dif-
ferent research groups. Indirect evidence for a vitronectin-like
plant cell surface protein as receptor site for A. tumefaciens
was given by Wagner and Matthyssse (1992) who reported
inhibition of attachment of A. tumefaciens to carrot cells by
vitronectin, a human serum spreading factor. Wild-type A.
tumefaciens was found to bind radioactive-labeled vi-
tronectin, while this ability was strongly reduced in the nonat-
taching chvA, chvB, pscA, and att mutants. Moreover, anti-
vitronectin antibodies recognized polypeptides in a detergent
extract of carrot cells. Extraction of carrot cells with dilute
detergent as well as treatment of the cells with trypsin or
other proteases had previously been shown to remove the
bacterial binding-site from the carrot cell surface (Gurlitz et
al. 1987). In a more direct approach, Swart et al. (1994a) iso-
lated a putative plant receptor molecule for A. tumefaciens
rhicadhesin from pea root cell walls using a bioassay based
on the suppression of rhicadhesin activity. However, this
molecule, a plant cell wall glycoprotein, is probably not a vi-
tronectin-like protein. First of all, its molecular weight (32
kDa) is much lower than that from known vitronectins (see
also further). Secondly, the glycoprotein was not recognized
by a polyclonal antiserum directed against human vitronectin.
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MOTILITY, CHEMOTAXIS, AND ATTACHMENT
INTHE RHIZOBIUM-LEGUME SYMBIOSIS

Role of motility and chemeotaxis in nodulation.

Symbiotic interactions between legumes and bacteria of the
genera Rhizobium, Bradyrhizobium, and Azorhizobium result
in the formation of nodular structures on the stems and/or
roots of the host plant. Within these nodules, the rhizobia
convert atmospheric nitrogen into ammonia; the plant assimi-
lates the ammonia into amino acids and in return supplies the
bacteria with organic carbon sources. The formation of root
nodules requires the activation of the bacterial nodulation
(nod and nol) genes. Transcription of most nodulation genes
is activated by the transcriptional activator protein NodD in
conjunction with specific flavonoids, exuded by the plant
roots or seeds. In turn, the products of the nodulation genes
participate in the production of substituted lipo-
oligosaccharides, the Nod factors which are secreted by the
bacteria and, when perceived by the host plant, induce several
morphological changes including the formation of nodule
primordia in the root of the host-plant (for a review see Long
1989; Carlson et al. 1994; Michiels and Vanderleyden 1994;
van Rhijn and Vanderleyden 1995).

Rhizobia are motile, the flagellation being polar or subpo-
lar in Bradyrhizobium and peritrichous in case of Rhizobium
spp. (De Ley and Rassel 1965; Jordan 1984). The involve-
ment of motility in nodule formation has been studied in sev-
eral Rhizobium and Bradyrhizobium species. When tested un-
der different, although sometimes highly artificial conditions
(i.e., on agar slants, in Fahraeus glass slide assemblies, or in
growth pouches using sterilized soil), nonmotile mutants of R.
meliloti and R. leguminosarum bv. trifolii were generally
found to infect and induce as many nodules on their host
plants as the parental strains (Napoli and Albersheim 1980;
Ames and Bergman 1981; Mellor et al. 1987; Malek 1992).
However, in some of these experiments (Ames and Bergman
1981; Mellor et al. 1987; Malek 1992), the motile wild-type
was always found to have a marked advantage when compet-
ing against equal numbers of the nonmotile isolates, suggest-
ing that motility is a factor in the competition for nodule oc-
cupation under these experimental conditions. Using auto-
claved soils of various textures, Soby and Bergman (1983)
showed that efficient spreading of R. meliloti strictly necessi-
tates motility and chemotaxis. However, their results indicate
that the flagellar motility is dependent of the soil matric po-
tential. A similar effect of the soil moisture tension on motil-
ity was described by Hambdi (1971). Catlow et al. (1990) ob-
served a markedly reduced spread of a nonmotile mutant of R.
leguminosarum bv. trifolii, when compared with the wild-
type, through a steam-treated sandy soil but not in a nonster-
ile soil. In contrast, Liu et al. (1989) demonstrated that in a
nonsterile silt loam soil a nonmotile mutant of B. japonicum
was substantially less competitive than the wild-type.

The above-cited experiments indicate that, while rhizobial
motility contributes to competiveness under some environ-
mental conditions, it may not be of major importance under
others.

Although the role of chemotaxis in nodulation remains un-
clear, several observations indicate positive chemotaxis of
rhizobia towards the root surface. Several sugars and amino
acids that are commonly present in root exudates act as




chemoattractants for rhizobia (Currier 1980; Gaworzewska
and Carlile 1982; Bergman et al. 1988). In addition, analo-
gous to the parallel effect of specific phenolic compounds on
chemotaxis and vir gene induction in A. tumefaciens (Ashby
et al. 1988; Parke et al. 1987), R. meliloti is chemotactically
attracted towards luteolin, a potent flavonoid inducer of
nodulation genes in this species (Caetano-Anollés et al.
1988).

Role of attachment in nodulation.

Initially, the hypothesis that host-specificity in (Brady)rhi-
zobium-legume symbioses results from specific attachment of
homologous rhizobial partners to the host root surface was
put forward. Specific adherence of compatible rhizobia was
proposed to be mediated by specific binding of unique poly-
saccharide moieties present on the bacterial cell surface to
host plant lectins (Hamblin and Kent 1973; Bohlool and
Schmidt 1974) (= lectin recognition hypothesis). In accor-
dance with this hypothesis, Dazzo and Hubbell (1975) and
Zurkowski (1980) observed host-specific attachment of R.
leguminosarum bv. trifolii to root hairs of white clover. Dur-
ing this attachment, the clover lectin, trifoliin A, was thought
to act as a bridge-forming unit between R. leguminosarum bv.
trifolii and clover roots by recognizing unique polysaccharide
receptors on both the rhizobial and root hair cell surface
(Dazzo et al. 1978). Adherence of R. leguminosarum bv. tri-
Jfolii to clover roots was found to be strongly reduced in the
presence of the trifoliin A-haptenic monosaccharide: 2-
deoxy-D-glucose (Dazzo et al. 1978). Similar results, showing
lectin-mediated host-specific attachment, were obtained in
case of the R. leguminosarum bv. viciae-pea and Bradyrhizo-
bium-soybean interactions (Kato et al. 1980; Stacey et al.
1980). Lectin binding sites were found in the extracellular
and capsular polysaccharides (Mort and Bauer 1980; Abe et
al. 1984) as well as in the O-antigenic part of the lipopolysac-
charide of rhizobial outer membranes (Wolpert and Alber-
sheim 1976; Hrabak et al. 1981). However, in contrast to
these reports, other investigators failed to demonstrate any
degree of host specificity at the attachment level. Heterolo-
gous rhizobia were shown to adhere equally well to nonhost
root hairs as did the homologous isolates (Pueppke 1984;
Mills and Bauer 1985; Smit et al. 1989b). Smit et al. (1986)
and Kijne et al. (1988) observed that the conditions under
which the rhizobia were grown strongly influence the attach-
ment capacity of R. leguminosarum bv. viciae to pea root hair
tips. Optimal attachment was always found to coincide with
nutrient limitation and the type of limitation determines
whether host lectins are involved or not (Kijne et al. 1988). R.
leguminosarum bv. viciae cells grown under carbon-limiting
conditions adhere to root hairs in a nonhost specific way
(Smit et al. 1986), while manganese limitation as well as
other limitations (e.g., limitations for oxygen and nitrogen)
leads to an attachment mechanism in which host lectins are
involved (Kijne et al. 1988).

In their study on the adhesion capacity of R. legumi-
nosarum bv. viciae to pea root tips under various physiologi-
cal conditions, Smit et al. (1987) demonstrated that Rhizo-
bium attachment to the legume root hair is a two-steps proc-
ess, similar to the attachment process described for Agrobac-
terium. In the first step R. leguminosarum bv. viciae binds
loosely as single cells directly to the root hair surface. In a

second step additional bacteria accumulate at the adhesion
site forming bacterial aggregates. The latter process is re-
ferred to as cap formation. Two bacterial components were
identified as being involved in these processes: a proteina-
ceous adhesin, called rhicadhesin and cellulose fibrils.

The initial binding of rhizobial cells to the root hair surface
is nonhost specific and is mediated by the rhizobial Ca2*-
dependent surface protein rhicadhesin (thizobial calcium-
dependent adhesin, Smit et al. 1987). The involvement of a
Ca®-dependent adhesin was initially suggested by the obser-
vations that (i) rhizobia, grown under Ca?* limitation, elicit a
strongly reduced binding capacity to pea roots (Smit et al.
1987) and (ii) although Ca?* limitation affects several cell sur-
face features such as the loss of the O-antigenic part of
lipopolysaccharides and the loss of flagella, these character-
istics did not account for the attachment deficient phenotype
(Smit et al. 1989a). Rhicadhesin has been purified using its
capacity to block competitively the adherence of rhizobia to
pea root hairs (Smit et al. 1989b). It is a 14-kDa Ca®*-binding
protein that requires Ca?* for its anchoring in the bacterial cell
surface (Smit et al. 1991). When rhizobia are grown under
conditions of low Ca®* concentration, rhicadhesin is released
from the bacteria into the growth medium explaining the poor
attachment capability of rhizobia grown under Ca®*-limiting
conditions. Rhicadhesin activity has been detected in all
members of the Rhizobiaceae family (including B. japonicum
and A. tumefaciens, see also above), but not in other bacteria
such as E. coli and Pseudomonas putida (Smit et al. 1989b).
Furthermore, rhicadhesin-mediated adhesion of Rhizobiaceae
cells is not restricted to pea root hair tips but occurs with a
number of other plants, including nonleguminous dicotylode-
nous and monocotylodenous species (Smit et al. 1989b).
These results indicate that rhicadhesin-mediated attachment is
a common initial binding mechanism in Rhizobiaceae-plant
interactions and requires a common plant surface component
as a receptor molecule. Recently Swart et al. (1994b) reported
the purification and partial characterization of a putative plant
receptor molecule for rhicadhesin. This molecule, a 32-kDa
glycoprotein, was purified from cell walls of pea roots on the
basis of its ability to suppress inhibition of attachment of R.
leguminosarum bv. viciae to pea roots by rhicadhesin. Rhi-
cadhesin was isolated either from R. leguminosarum bv. vi-
ciae or A. tumefaciens (sec also above). Since an Arg-Gly-
Asp (RGD) containing hexapeptide is also able to suppress
inhibition of attachment by rhicadhesin, the authors suggest
that binding of the putative receptor molecule to rhicadhesin
occurs, as is the case for a variety of animal adhesive proteins
(Pytela et al. 1987) through an RGD attachment site.

The second step in the attachment of rhizobia to root hair
tips involves the adherence of additional bacteria to the root
hair bound bacterial cells and the formation of aggregates at
the attachment site (cap formation). In the R. leguminosarum
bv. viciae-pea interaction, bacterial cellulose fibrils together
with the pea lectin Psl (Pisum sativum lectin) are involved in
this step (Smit et al. 1987; Kijne et al. 1988). Fibril overpro-
ducing mutants of R. leguminosarum bv. viciae exhibit an in-
creased aggregation ability as compared to the parental strain
and form larger caps at the root hair tips. On the other hand,
cellulose-minus mutants completely lack the capacity to form
aggregates and attach as individual cells (Smit et al. 1987).
Optimal cap formation by R. leguminosarum bv. viciae al-
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ways coincides with nutrient limitation, that is limitation for
carbon, nitrogen, oxygen, manganese, or other components.
Among these, carbon deficiency is the only limitation that
leads to cap formation in which the pea lectin is not involved
(Smit et al. 1987). When compared to cells grown under other
physiological conditions, the accumulation of carbon-limited
cells at the root hair tips is strongly delayed while the initial
binding is not affected (Kijne et al. 1988). Apparently, the
lectin accelerates accumulation of additional bacteria imme-
diately after the primary binding step to the root hair surface.
Since rhizobial lectin receptors are found in various polysac-
charide fractions (exopolysaccharides, capsular polyssacha-
rides and lipopolyssacharides) (Mort and Bauer 1980; Abe et
al. 1984), the failure of carbon-limited R. leguminosarum bv.
viciae cells to recognize root lectin may be due to the fact that
the production of surface polysaccharides is probably seri-
ously restricted under these conditions. Furthermore, carbon-
limited cells were also found to be less infective, suggesting
an important role of lectins not only in rhizobial attachment
but also in infection thread formation (Kijne et al. 1988). The
hypothesis that lectins are required for infectivity is consistent
with the work of Diaz et al. (1989). These authors constructed
transgenic clover plants carrying the pea lectin (ps/) gene and
demonstrated that, in contrast to wild-type clover roots, the
transgenic roots could be nodulated by R. leguminosarum bv.
viciae, the normal symbiont of pea. Since R. leguminosarum
bv. viciae was previously shown to attach to clover root hairs,
to induce root hair curling but not to form infection threads
(Yao and Vincent 1976; Smit et al. 1986), these results clearly
demonstrate an additional and primary role of lectins in an
infection step following root hair curling, most probably in
the initiation of infection thread formation.

In case of B. japonicum, pili (fimbriae) have been proposed
to mediate firm attachment to soybean roots (Vesper and
Bauer 1986). In support of this hypothesis a correlation was
found between the proportion of piliated cells in a bacterial
culture and their attachment capacity to hydrophobic plastic
surfaces and soybean roots. Addition of anti-pilus antibodies
was shown to completely block firm adherence of B. japoni-
cum to soybean roots and pilus-minus mutants were reported
to have a severely impaired adhesion ability (Vesper and
Bauer 1986; Vesper et al. 1987; Vesper and Bhuvaneswari
1988). Moreover, the presence of galactose seemed to specifi-
cally inhibit pili-mediated binding of B. japonicum to soy-
bean roots, suggesting the involvement of pili-associated
lectin-like proteins (Vesper and Bauer 1986). More recently,
Ho et al. (1990) isolated a 38-kDa galactose-specific lectin
(BJ38) from the B. japonicum cell surface, which appeared to
be involved in adhesion of B. japonicum to soybean roots.
Using BJ38-specific antibodies and immunomicroscopy,
BJ38 was shown to be located on one pole of the bacteria.
Polar attachment of B. japonicum to soybean roots was me-
diated by the BJ38-containing pole of the bacterium (Loh et
al. 1993). However, BJ38 was not found to be associated with
pili or any filamentous structure.

As described, rhicadhesin is involved in the initial binding
step of rhizobia to root hairs while cellulose fibrils and lectins
determine the second step. In case of B. japonicum, pili and a
galactose specific lectin were found to control firm attach-
ment. Cellulose-minus mutants of R. leguminosarum bv. vi-
ciae are not affected in nodulation of pea under laboratory
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conditions. However, since these mutants are affected in firm
adherence to root hairs, it can be speculated that under certain
environmental conditions, nodulation by these mutants in the
field is more severely affected than the wild-type strain, as it
is the case in A. tumefaciens (see also above). Similarly,
nodulation by a B. japonicum field isolate lacking pili and
affected in firm adherence is reduced on roots which were
exposed to the bacteria for only 1 h prior to planting in
growth pouches as compared to roots which were contacted
by the bacteria for the entire infectible period of 4 to 6 h
(Vesper and Bhuvaneswari 1988). So far, no Rhizobium mu-
tants that lack rhicadhesin have been described. However, in
view of the central role of the initial binding step in the A.
tumefaciens tumorigenesis, rhicadhesin-mediated binding of
Rhizobium to root hairs might be a prerequisite for successful
nodulation.

MOTILITY AND ATTACHMENT INTHE INTERACTION
OF ASSOCIATIVE PLANT-GROWTH-PROMOTING
RHIZOSPHERE BACTERIA WITH PLANT ROOTS

Plant-growth promoting fluorescent pseudomonads.

Certain isolates of Pseudomonas fluorescens and Pseudo-
monas putida have the potential to promote plant growth and
to protect plants against microbial pathogens. These benefi-
cial traits have been attributed to the bacterial production of
siderophores, antibiotics, hydrogen cyanide, and plant growth
hormones (for a review see Dowling and O’Gara 1994).

Extensive colonization of the root surface by pseudo-
monads is essential for an efficient biocontrol activity (Bull et
al. 1991). The O-antigenic part of the lipopolyssacharide was
demonstrated to be essential for efficient colonization of po-
tato roots by P. fluorescens and P. putida but is not involved
in adhesion of the bacteria to the root surface (de Weger et al.
1989; de Weger et al. 1991). Flagella were found to be impor-
tant for extensive colonization of P. putida on potato roots (de
Weger et al. 1987) but not for the colonization of wheat by P,
fluorescens (Howie et al. 1987). The reason why bacterial
motility had such large effects in one experiment but not in
the other is not clear. Based on their results, Howie et al.
(1987) concluded that the main mechanism for dispersal of
pseudomonads over root surfaces is caused by a passive car-
riage downward as the root extends through the soil. How-
ever, the experiments of De Weger et al. (1987) indicate that
the basic colonization pattern resulting from passive dispersal
additionally can be modified by active bacterial motility
and/or chemotaxis.

Several bacterial surface molecules have been implicated in
Pseudomonas-plant root adhesion. However, distinct interac-
tions probably require different mechanisms and the surface
components involved depend on both the bacterial and the
plant species. Fimbriae were found to increase the attachment
of P. fluorescens to corn roots (Vesper 1987). De Mot et al.
(1991) identified a root adhesin in the outer membrane of P
Sfluorescens, displaying in vitro adsorption to seedling roots of
wheat, barley, maize, bean, and sunflower. Sequence analysis
of the structural gene revealed strong homology of the P. fluo-
rescens adhesin with the amino- and carboxy terminal regions
of the porin F proteins (OprF) of P. aeruginosa and P. syrin-
gae (De Mot et al. 1992). A P. fluorescens oprF mutant was
constructed by reversed genetics and the effect of this muta-




tion on P. fluorescens-root attachment was investigated (De
Mot et al., abstract of E.C. Meeting on Microbial Ecology,
Granada, Spain, 24 to 27 October 1993). The adhesion ca-
pacity of the oprF mutant was found to be impaired at low
inoculum levels but was not completely abolished. The
authors therefore suggest that besides the OprF protein of P
fluorescens, also additional surface components must be
functional in the P. fluorescens-root adsorption. The E. coli
maltoporin, LamB, has been reported to carry a specific
binding-site for malto-oligosaccharides (Nakae et al. 1986). A
similar protein-carbohydrate binding might also be responsi-
ble for the adhesion ability of the P. fluorescens porin OprF
protein to plant roots (De Mot, personal communication).
Anderson (1983) described the agglutination of P, putida cells
by a bean root surface glycoprotein, termed agglutinin. P. pu-
tida mutants deficient in the agglutination phenotype (Agg)
showed a reduced ability to adhere to plant roots, to colonize
roots from a seed inoculum and to suppress Fusarium attack
(Anderson et al. 1988; Tari and Anderson 1988). The bacte-
rial component that interacts with the plant agglutinin remains
to be determined. Since no differences were identified be-
tween the Agg™ mutants and the parental strain regarding the
cell surface features pili, flagella, and lipopolysacharides and
since, secondly, the agglutination phenotype is sensitive to
protease treatment, proteinaceous surface molecules are
thought to be involved (Buell et al. 1993). A genetic locus,
termed aggA, essential for the agglutination-mediated attach-
ment of P, putida to plant roots has been identified (Buell and
Anderson 1992). aggA encodes a 48-kDa periplasmic protein
and has been shown to be expressed on plant root surfaces
(Buell and Anderson 1993). The exact function of the perip-
lasmic AggA protein in the agglutination phenotype, how-
ever, remains to be elucidated.

Azospirillum spp.

Bacteria of the genus Azospirillum are diazotrophs that
closely associate with the roots of many grasses including
important agricultural crops such as maize, rice, and wheat.
Plant growth promotion by Azospirillum has been demon-
strated in field and greenhouse experiments (Okon and La-
bandera-Gonzalez 1995; Corich et al. 1995) and attributed to
several mechanisms including nitrogen fixation and auxin
production (for a review see Okon 1994; Vande Broek and
Vanderleyden 1995). To date five species have been identified
within the genus Azospirillum: A. brasilense, A. lipoferum, A.
amazonense, A. halopraeferans, and A. irakense (Tarrand et
al. 1978; Magalhaes et al. 1983; Reinhold et al. 1987
Khammas et al. 1985).

Azospirillum spp. possess a mixed pattern of flagellation:
During growth in liquid media, a single polar flagellum is
synthesized while, in addition to the polar flagellum, peri-
trichous flagella are induced when growing on solidified me-
dia (Hall and Krieg 1983). Azospirillum strains were demon-
strated to exhibit positive chemotaxis in vitro towards several
attractants, including sugars, amino acids, organic acids
(Okon et al. 1980; Barak et al. 1982; Reinhold et al. 1985),
aromatic compounds (Lopez-De-Victoria et al. 1993) as well
as towards root exudates (Heinrich and Hess 1985) and root
mucilage (Mandimba et al. 1986). Furthermore, migration of
A. brasilense cells towards the roots of wheat seedlings has
been shown in sand cultures and in a wet soil (Bashan 1986).

Aromatic compounds were found to be chemotactically de-
tected at concentrations similar to those found in the soil and
in the plant rhizosphere (Lopez-De-Victoria et al. 1993). Ge-
netics of Azospirillum flagellation and chemotaxis is so far
restricted to the species A. brasilense. A. brasilense genes re-
quired for motility in liquid medium, for motility on solid sur-
faces and for general chemotaxis were found to be located on
the chromosome as well as to reside on a 90-MDa
megaplasmid (van Rhijn et al. 1990; Croes et al. 1993).

Using two short-term in vitro binding assays, Michiels et
al. (1991) demonstrated that attachment of Azospirillum to
wheat roots proceeds in two distinct steps, similar to what has
been described for Agrobacterium and Rhizobium. The first
step (the adsorption step), consists of a rapid, loose, and re-
versible binding of Azospirillum to the wheat root, while in
the second phase (the anchoring phase), the bacteria become
irreversibly bound to the root surface. Recently, Croes et al.
(1993), presented evidence that the A. brasilense polar flagel-
lum or a component thereof functions as an adhesin, mediat-
ing adsorption of Azospirillum to root surfaces. Three lines of
evidence were given. Firstly, dissociation of the flagella by
heat or acid was shown to strongly reduce adsorption to
wheat roots by A. brasilense. Secondly, purified polar flagella
were demonstrated to adsorb to wheat roots while purified
lateral flagella did not. Thirdly, five genetically distinct
Azospirillum mutants lacking the polar flagellum were iso-
lated. All showed a severely reduced adsorption capacity to
wheat roots as compared to the wild-type.

A yet unidentified bacterial Calcofluor-binding polysac-
charide (PS) was found to be responsible for the anchoring of
Azospirillum at the root surface in the second attachment step
(Michiels et al. 1991). By means of this Calcofluor-binding
PS, adsorbed azospirilla become firmly attached and addi-
tional free bacteria are entrapped, forming large aggregates at
the attachment site. A. brasilense Cal” mutants that are af-
fected in the production of the Calcofluor-binding PS were
shown to have lost the ability to form flocs in liquid cultures
(Michiels et al. 1990) and to exhibit a strongly reduced an-
choring capacity to wheat roots (Michiels et al. 1991). Ad-
sorption, however, was not affected in these Cal™ mutants.

Mainly because of the lack of an easily scorable plant phe-
notype reflecting a succesful plant interaction, not many
studies, using specific Azospirillum mutants, have yet been
conducted to evaluate a role of bacterial motility, chemotaxis
and attachment in the establishment of the plant association.
Recently, the use of the GUS reporter system has been de-
scribed to study Azospirillum-plant associations (Vande
Broek et al. 1993). Using A. brasilense strains expressing
constitutively the E. coli gusA gene, the main colonization
sites of Azospirillum on wheat roots could be visualized.
During the first days of the association, Azospirillum was
shown to specifically colonize the sites of lateral root emer-
gence and the root hair zones of the primary as well as the
secundary roots. Further proliferation of Azospirillum on the
root surface was found to be dependent on the nitrogen status
of the rooting medium. In a subsequent study (Vande Broek
1994), the effect of specific mutations in the Azospirillum
genome on the colonization ability of wheat roots was inves-
tigated. A. brasilense mutants lacking the polar and lateral
flagella showed a severely reduced colonization capacity,
whereas mutants defective in the production of the Calco-
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fluor-binding PS displayed a wild-type colonization pheno-
type. Whether the reduced colonization capacity of the fla-
gella-deficient mutants is caused by a defective plant root at-
tachment due to the loss of the bacterial adhesin on the polar
flagellum or/and by a hampered motility of these mutants to-
wards the roots, however, still remains to be demonstrated.

CONCLUSIONS

Most rhizosphere bacteria studied so far are motile. Al-
though chemotaxis of plant-interacting bacteria towards root
exudates has been often demonstrated in in vitro experiments
(Heinrich and Hess 1985; Mandimba et al. 1986; Hawes et al.
1988; Caetano-Anollés 1988), it is not easy to demonstrate
the necessity of bacterial motility and chemotaxis for a suc-
cessful interaction with the host plant. Experimental condi-
tions such as the inoculation procedures or the soil type often
determine whether or not bacterial motility and chemotaxis
are essential for the establishment of a plant-bacteria interac-
tion. The influence of the experimental conditions used is
well documented in case of the A. tumefaciens pathogenesis
and the Rhizobium-legume symbiosis. By comparing the
virulence of nonmotile and chemotaxis-deficient A. tumefaci-
ens mutants with that of wild-type stains in sterilized sand or
soil, it was demonstrated that only under conditions whereby
soil is used and whereby bacteria are not directly inocutated
on the plant, motility and chemotaxis mutants are completely
avirulent (Hawes and Smith 1989). When pathogenesis was
tested under other experimental conditions (i.e., in sterilized
sand or by direct inoculation) no difference in the virulence of
these mutants as compared to the wild-type could be found.
Under laboratory conditions, Rhizobium mutants affected in
motility have been reported to induce as many nodules as the
wild-type strains, at least in the absence of competition with
wild-type strains (for instance, Ames and Bergman 1981;
Malek 1992). When coinoculated with the wild type, how-
ever, the nonmotile isolates appeared to be strongly disadvan-
taged in comparison with the parental strains, indicating that
bacterial motility can play an essential role in competition for
nodule occupancy. In contrast, other experiments using auto-
claved soils as well as nonsterilized native soils showed that
under the tested conditions flagellar motility is not a major
factor in rhizobial competiveness (Hambdi 1971; Soby and
Bergman 1983; Catlow et al. 1990). In these soils, rhizobia
were shown to remain restricted to their microsites, irrespec-
tive of motility and chemotaxis. This is probably caused by
the absence of continuous water films between soil pores
and/or adsorptive effects of clay and soil colloids. In accor-
dance with these results, studies with other soil bacteria
showed that bacteria can only spread over measurable dis-
tances in certain native soils when the soil is at saturation
with water or at near saturation conditions, providing water
bridges between the large soil pores (Wong and Griffin 1976;
Bashan 1986; Howie et al. 1987). Under these conditions, it is
likely that the seedling root encounters bacteria when it ad-
vances through these soils, rather that bacteria move actively
towards the root. Once on the root surface, the bacteria can be
passively carried downward by the roots elongating into the
soil. In addition, at this stage, flagellar motility and chemo-
taxis can become important for the localized spread of bacte-
ria in the rhizoplane where root mucilage provides a continu-
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ous water film. Obviously, field releases of well-characterized
nonmotile mutants and isogenic wild-type strains in different
soil types at normal soil moistures are essential to further as-
sess the relative importance of flagellar locomotion for the
establishment of plant interactions under natural conditions.
In this respect, attention has not only to focus on the spread
of bacteria over the root surface but also on aerial parts. In
addition, the question has to be raised whether motility me-
diated by flagella is the only mechanism of active movement
by plant-associated bacteria.  Alternative flagellum-
independent surface translocations have been described in
other bacteria. Two recently studied examples are the
‘twitching motility, mediated by retractile polar type IV pili
in Pseudomonas aeruginosa (Bradley 1980; Henrichsen
1983; Russell and Darzins 1994) and the surface spreading,
requiring cell surface polysaccharides and lipids as reported
for nonflagellated gliding bacteria (Godchaux et al. 1991) and
the enteric bacterium Serratia marcescens (Matsuyama et al.
1995). Noteworthy in this respect is the recent isolation of
type IV pilus genes (pil genes) in P. putida (De Groot et al.
1994). These P. putida pil genes were shown to be expressed
and functional in P. aeruginosa, as concluded from heterolo-
gous expression studies and the restoration of P. aeruginosa
pil mutants for piliation and twitching motility. However,
electron microscopic analyses of P. putida cells grown under
different growth conditions, did so far not reveal the presence
of polar pili on the P. putida cell surface.

That bacterial adherence to plant roots is important for a
successful plant interaction has so far been demonstrated
unequivocally only in the case of the A. tumefaciens tumori-
genesis and for the interaction of fluorescent pseudomonads
with plant roots. A. tumefaciens mutants that are unable to
bind to plant cells, were all shown to be completely avirulent
(Douglas et al. 1982; Cangelosi et al. 1987; Matthysse 1987).
F putida Agg™ mutants, defective in agglutinability by a bean
root surface glycoprotein and in adherence to plant roots were
demonstrated to possess a severely reduced capacity to colo-
nize plant roots and to suppress fungal attack (Anderson et al.
1988; Tari and Anderson 1988).

At this stage it appears that a variety of bacterial surface
components, depending of the bacterial system studied, are
involved in plant root attachment. However, until the molecu-
lar structures of these surface components have been further
analyzed in detail, it is not clear whether these different com-
ponents also represent different binding domains for plant
interaction. It might well be that the same binding domains
are exposed by different structures depending on the bacterial
species studied.

It is striking to observe that in three totally different types
of bacterial plant interactions, namely in the A. tumefaciens
pathogenesis, the R. leguminosarum bv. viciae-pea symbiosis
and the associative interaction of A. brasilense with plants,
attachment to plant roots proceeds through a common
mechanism, consisting of two consecutive steps. In the first
step, mediated by a proteinaceous bacterial adhesin, i.e., rhi-
cadhesin in the case of A. tumefaciens and R. leguminosarum
bv. viciae (Smit et al. 1989b) and a yet unidentified protein
located on the polar flagellum in case of A. brasilense (Croes
et al. 1993), the bacteria adhere loosely as single cells to the
plant root surface. A. tumefaciens chvB mutants affected in
rhicadhesin biosynthesis were shown to be completely aviru-




lent, pointing to the essential role of the initial attachment
step in tumorigenicity (Douglas et al. 1982; Swart et al.
1993). Similarly, A. brasilense mutants lacking the polar fla-
gellum were demonstrated to be severely impaired in wheat
root colonization (Vande Broek 1994). However, it is still
unclear whether the reduced colonization ability of these
mutants is caused by a deficient initial plant root binding or
by an impaired motility. In the second attachment step, the
bacteria become more firmly attached to the plant roots and
additional free bacteria are entrapped resulting in the forma-
tion of large bacterial clusters at the attachment site. Bacterial
polysaccharides were found to be responsible for this strong
adherence and agglutination (Matthysse et al. 1981; Smit et
al. 1987; Michiels et al. 1991). In the case of R. legumi-
nosarum bv. viciae, bacterial growth conditions and espe-
cially nutrient limitations were shown to strongly affect the
characteristics of this second attachment step. To evaluate the
significance of these biochemical data, it will be essential to
characterize the environmental conditions present at the leg-
ume root hairs. The availibility of nutrients in the microbial
habitat may be assessed using a so-called biological sensor
whereby a reporter gene is fused to a promoter responsive to a
chemical signal (De Weger et al. 1994; Loper and Lindow
1994). Interestingly, for the three types of bacterial plant in-
teractions, the second binding step was found not to be a pre-
requisite for a succesful plant interaction under normal labo-
ratory conditions. This raises the question why this second
binding step is conserved among different plant-bacteria in-
teractions. As demonstrated for the A. tumefaciens patho-
genesis, the fibril-mediated adhesion may become essential
under certain adverse environmental conditions, such as
flushing of the wounds by water, strictly requiring a firm an-
choring of the bacteria to the root surface (Matthysse 1983).
In addition, under natural conditions the bacterial appendages
might also be important by enabling the bacteria to colonize
plant tissues before specific interaction. Clearly, field experi-
ments are essential to test this putative role of fibril-mediated
root adhesion in the bacterial colonization capacity and to
examine the significance of firm anchoring in the establish-
ment of the plant association under native soil conditions.
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